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FOREWORD
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Physics, co-organized by the Bogolyubov Institute for Theoretical
Physics, National Academy of Sciences of Ukraine and the Joint Institute
for Nuclear Research (Dubna), was held in Alushta, Crimea on September
3-10, 2011.

The present Proceedings contain written versions of the invited talks,
grouped in two sections: 1. Experiment and 2. Phenomenology &
Theory. Within each section, the talks are ordered alphabetically, by the
first author. The Book contains also contributions by H. Terazawa, who
was invited but could not come, and by G. Stelmakh. To speed up the
publication, we minimized the editorial intervention.

We thank the Authors for their invaluable contributions and apologize for
the black-and-white reproduction of the color figures (due to the limited
budget of the Conference). This omission is fully compensated at our
WEB page: http://crimea.bitp.kiev.ua/, where all papers of the present
Proceedings appear in full color.

The next conference of this series is scheduled to be held in 2013 (late
spring or autumn); Novy Svet (Crimea) is a candidate site for the future
conference.
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Abstract

The DAMA /LIBRA experiment is mainly devoted to the investigation of
the presence of Dark Matter (DM) particles in the Galactic halo by exploit-
ing the model independent DM annual modulation signature. The present
DAMA/LIBRA and the former DAMA /Nal (exposed masses: ~ 250 kg and
~ 100 kg of highly radiopure NaI(T1), respectively) experiments have released
so far a total exposure of 1.17 ton X yr collected over 13 annual cycles. They
have obtained a positive model independent result for the presence of DM
particles in the galactic halo at 8.9 ¢ C.L. Some of the obtained results are
shortly summarized and future perspectives mentioned.

1. Introduction

The DAMA project is an observatory for rare processes located deep
underground at the Gran Sasso National Laboratory of the LN.F.N. It
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is based on the development and use of low background scintillators;
profiting of the low background features of the realized set-ups, many
rare processes are studied [1-19].

The main apparatus, DAMA /LIBRA, is investigating the pres-
ence of Dark Matter (DM) particles in the galactic halo by exploiting
the model independent DM annual modulation signature.

In fact, as a consequence of its annual revolution around the Sun,
which is moving in the Galaxy traveling with respect to the Local
Standard of Rest towards the star Vega near the constellation of Her-
cules, the Earth should be crossed by a larger flux of Dark Matter
particles around ~2 June (when the Earth orbital velocity is summed
to the one of the solar system with respect to the Galaxy) and by a
smaller one around ~2 December (when the two velocities are sub-
tracted). Thus, this signature has a different origin and peculiarities
than the seasons on the Earth and than effects correlated with seasons
(consider the expected value of the phase as well as the other require-
ments listed below). This DM annual modulation signature is very
distinctive since the effect induced by DM particles must simultane-
ously satisfy all the following requirements: (1) the rate must contain
a component modulated according to a cosine function; (2) with one
year period; (3) with a phase that peaks roughly around ~ 2nd June;
(4) this modulation must be present only in a well-defined low energy
range, where DM particles can induce signals; (5) it must be present
only in those events where just a single detector, among all the avail-
able ones in the used set-up, actually “fires” (single-hit events), since
the probability that DM particles experience multiple interactions is
negligible; (6) the modulation amplitude in the region of maximal
sensitivity has to be <7% in case of usually adopted halo distribu-
tions, but it may be significantly larger in case of some particular
scenarios such as e.g. those in refs. [20,21]. Ounly systematic effects
or side reactions able to simultaneously fulfill all the six requirements
given above and to account for the whole observed modulation am-
plitude might mimic this DM signature; no one has been found or
suggested by anyone over more than a decade. At present status of
technology it is the only model independent signature available in
direct Dark Matter investigation that can be effectively exploited.

The DAMA /LIBRA data released so far correspond to six annual
cycles for an exposure of 0.87 tonxyr [17,18]. Considering these
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data together with those previously collected by DAMA /Nal over
7 annual cycles (0.29 tonxyr), the total exposure collected over 13
annual cycles is 1.17 tonXxyr; this is orders of magnitude larger than
the exposures typically collected in the field.

2. DAMA /LIBRA Results

The DAMA /Nal set up and its performances are described in ref.
[1,3-5], while the DAMA/LIBRA set-up and its performances are
described in ref. [16,18]. The sensitive part of the DAMA/LIBRA
set-up is made of 25 highly radiopure Nal(Tl) crystal scintillators
placed in a 5-rows by 5-columns matrix; each crystal is coupled to
two low background photomultipliers working in coincidence at single
photoelectron level. The detectors are placed inside a sealed copper
box flushed with HP nitrogen and surrounded by a low background
and massive shield made of Cu/Pb/Cd-foils/polyethylene/paraffin;
moreover, about 1 m concrete (made from the Gran Sasso rock mate-
rial) almost fully surrounds (mostly outside the barrack) this passive
shield, acting as a further neutron moderator. The installation has a
3-levels sealing system which excludes the detectors from environmen-
tal air. The whole installation is air-conditioned and the temperature
is continuously monitored and recorded. The detectors’ responses
range from 5.5 to 7.5 photoelectrons/keV. Energy calibrations with
X-rays/vy sources are regularly carried out down to few keV in the
same conditions as the production runs. A software energy threshold
of 2 keV is considered.

Several analyses on the model-independent DM annual modula-
tion signature have been performed (see Refs. [17,18] and references
therein). Fig. 1 shows the time behaviour of the experimental resid-
ual rates of the single-hit events collected by DAMA /Nal and by
DAMA/LIBRA in the (2-6) keV energy interval [17,18]. The su-
perimposed curve is the cosinusoidal function: Acosw(t — to) with
a period T = %’r = 1 yr, with a phase ty = 152.5 day (June 2"%),
and modulation amplitude, A, obtained by best fit over the 13 an-
nual cycles. The hypothesis of absence of modulation in the data
can be discarded [17,18] and, when the period and the phase are re-
leased in the fit, values well compatible with those expected for a DM
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Fig. 1: Experimental model-independent residual rate of the single-hit scintilla-
tion events, measured by DAMA /Nal over seven and by DAMA /LIBRA over six
annual cycles in the (2-6) keV energy interval as a function of the time [4,5,17,18].
The zero of the time scale is January 1%t of the first year of data taking. The
experimental points present the errors as vertical bars and the associated time bin
width as horizontal bars. The superimposed curve is A cosw(t — to) with period
T = 27" =1 yr, phase tp = 152.5 day (June 2"¢) and modulation amplitude, A,
equal to the central value obtained by best fit over the whole data: cumulative
exposure is 1.17 ton X yr. The dashed vertical lines correspond to the maximum
expected for the DM signal (June 2"%), while the dotted vertical lines correspond
to the minimum. See Refs. [17,18] and text

particle induced effect are obtained [18]; for example, in the cumula-
tive (2-6) keV energy interval: A = (0.0116 & 0.0013) cpd/kg/keV,
T = (0.999+0.002) yr and to = (146+7) day. Summarizing, the anal-
ysis of the single-hit residual rate favours the presence of a modulated
cosine-like behaviour with proper features at 8.9 ¢ C.L. [18].

The same data of Fig.1 have also been investigated by a Fourier
analysis, obtaining a clear peak corresponding to a period of 1 year
[18]; this analysis in other energy regions shows instead only aliasing
peaks. Moreover, in order to verify absence of annual modulation
in other energy regions and, thus, to also verify the absence of any
significant background modulation, the energy distribution in energy
regions not of interest for DM detection has also been investigated:
this allowed the exclusion of a background modulation in the whole
energy spectrum at a level much lower than the effect found in the
lowest energy region for the single-hit events [18]. A further relevant
investigation has been done by applying the same hardware and soft-
ware procedures, used to acquire and to analyse the single-hit resid-
ual rate, to the multiple-hits events in which more than one detector
“fires”. In fact, since the probability that a DM particle interacts
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Fig. 2: Experimental residual rates over the six DAMA /LIBRA annual cycles for
single-hit events (open circles) (class of events to which DM events belong) and
for multiple-hit events (filled triangles) (class of events to which DM events do
not belong). They have been obtained by considering for each class of events the
data as collected in a single annual cycle and by using in both cases the same
identical hardware and the same identical software procedures. The initial time
of the figure is taken on August 7¢*. The experimental points present the errors
as vertical bars and the associated time bin width as horizontal bars. See text
and Refs. [17,18]

in more than one detector is negligible, a DM signal can be present
just in the single-hit residual rate. Thus, this allows the study the
background behaviour in the same energy interval of the observed
positive effect. The result of the analysis is reported in Fig. 2 where
it is shown the residual rate of the single-hit events measured over
the six DAMA /LIBRA annual cycles, as collected in a single annual
cycle, together with the residual rates of the multiple-hits events, in
the same considered energy interval. A clear modulation is present in
the single-hit events, while the fitted modulation amplitudes for the
multiple-hits residual rate are well compatible with zero [18]. Simi-
lar results were previously obtained also for the DAMA /Nal case [5].
Thus, again evidence of annual modulation with proper features, as
required by the DM annual modulation signature, is present in the
single-hit residuals (events class to which the DM particle induced
events belong), while it is absent in the multiple-hits residual rate
(event class to which only background events belong). Since the same
identical hardware and the same identical software procedures have
been used to analyse the two classes of events, the obtained result
offers an additional strong support for the presence of a DM particle
component in the galactic halo further excluding any side effect either
from hardware or from software procedures or from background.
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Fig. 3: Energy distribution of the modulation amplitudes S,, for the total cu-
mulative exposure 1.17 tonxyr. The energy bin is 0.5 keV. A clear modulation
is present in the lowest energy region, while S,, values compatible with zero are
present just above. In fact, the Sy, values in the (6-20) keV energy interval have
random fluctuations around zero with x2 equal to 27.5 for 28 degrees of freedom.
See Refs. [17,18]

The annual modulation present at low energy has also been an-
alyzed by depicting the differential modulation amplitudes, S,,, as
a function of the energy; the S,, is the modulation amplitude of
the modulated part of the signal obtained by maximum likelihood
method over the data, considering 7' =1 yr and ¢ty = 152.5 day. The
Sm values are reported as function of the energy in Fig. 3. It can
be inferred that a positive signal is present in the (2-6) keV energy
interval, while S,,, values compatible with zero are present just above;
in particular, the S,, values in the (6-20) keV energy interval have
random fluctuations around zero with x? equal to 27.5 for 28 degrees
of freedom. It has been also verified that the measured modulation
amplitudes are statistically well distributed in all the crystals, in all
the annual cycles and energy bins; these and other discussions can be
found in ref. [18].

It is also interesting the results of the analysis performed by re-
leasing the assumption of a phase tg = 152.5 day in the procedure
of maximum likelihood to evaluate the modulation amplitudes from
the data of the seven annual cycles of DAMA /Nal and the six an-
nual cycles of DAMA/LIBRA. In this case alternatively the signal
has been written as: Sox + Sm,k cOSw(t — to) + Zm ksinw(t — tg) =
So,k + Yok cosw(t — t*), where Sp , and Sy, are the constant part
and the modulation amplitude of the signal in k-th energy interval.
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Fig. 4: 20 contours in the plane (Sm, Zm) (left) and in the plane (Yy,,t*) (right)
for the (2-6) keV and (6-14) keV energy intervals. The contours have been ob-
tained by the maximum likelihood method, considering the cumulative exposure
of 1.17 ton X yr. A modulation amplitude is present in the lower energy intervals
and the phase agrees with that expected for DM induced signals

Obviously, for signals induced by DM particles one would expect:
i) Zm,k ~ 0 (because of the orthogonality between the cosine and the
sine functions); ii) Sy, k =~ Y k; iii) t* ~ to = 152.5 day. In fact, these
conditions hold for most of the dark halo models; however, it is worth
noting that slight differences in the phase could be expected in case of
possible contributions from non-thermalized DM components, such as
e.g. the SagDEG stream [7] and the caustics [22]. The 20 contours in
the plane (Sp,, Z,) for the (2-6) keV and (6-14) keV energy intervals
and those in the plane (Y,,,t*) are reported in Fig. 4 [18]. The best
fit values for the (2-6) keV energy interval are (1o errors): S, =
(0.0111+0.0013) cpd/kg/keV; Z,, = —(0.0004+£0.0014) cpd/kg/keV;
Y,, = (0.0111 &+ 0.0013) cpd/kg/keV; t* = (150.5 + 7.0) day; while
for the (6-14) keV energy interval are: S,, = —(0.0001 £ 0.0008)
cpd/kg/keV; Z,,, = (0.0002 &+ 0.0005) cpd/kg/keV; Y, = —(0.0001 £+
0.0008) cpd/kg/keV and t* obviously not determined. These results
confirm those achieved by other kinds of analyses. In particular, a
modulation amplitude is present in the lower energy intervals and
the period and the phase agree with those expected for DM induced
signals. For more detailed discussions see ref. [18]

Both the data of DAMA/LIBRA and of DAMA /Nal fulfil all the
requirements of the DM annual modulation signature.
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Sometimes naive statements were put forwards as the fact that in
nature several phenomena may show some kind of periodicity. It is
worth noting that the point is whether they might mimic the annual
modulation signature in DAMA /LIBRA (and former DAMA /Nal),
i.e. whether they might be not only quantitatively able to account
for the observed modulation amplitude but also able to contempo-
raneously satisfy all the requirements of the DM annual modulation
signature; the same is also for side reactions.

Careful investigations on absence of any significant systematics or
side reaction able to account for the measured modulation amplitude
and to simultaneously satisfy all the requirements of the signature
have been quantitatively carried out (see e.g. ref. [4,5,16-18,23], refs
therein). No systematics or side reactions able to mimic the signature
(that is, able to account for the measured modulation amplitude and
simultaneously satisfy all the requirements of the signature) has been
found or suggested by anyone over more than a decade.

The obtained model independent evidence is compatible with a
wide set of scenarios regarding the nature of the DM candidate and re-
lated astrophysical, nuclear and particle Physics. For examples some
given scenarios and parameters are discussed e.g. in Refs. [2,4-11]
and in Appendix A of Ref. [17]. Further large literature is available
on the topics [24]; other possibilities are open. Here we just recall
the recent paper [25] where the DAMA /Nal and DAMA /LIBRA re-
sults, which fulfill all the many peculiarities of the model independent
Dark Matter annual modulation signature, are examined under the
particular hypothesis of a light-mass Dark Matter candidate parti-
cle interacting with the detector nuclei by coherent elastic process;
comparison with recent possible positive hint [26] is also given.

It is worth noting that no other experiment exists, whose result
can be directly compared in a model-independent way with those
by DAMA /Nal and DAMA/LIBRA. Moreover, concerning those ac-
tivities claiming model dependent exclusion under some largely ar-
bitrary assumptions (see for example discussions in [4,5,17,27, 28])
and generally using marginal exposures, it is worth noting that often
important critical points exist in some of their experimental aspects
(energy threshold, energy scale, multiple selection procedures, dis-
uniformity of the detectors response, absence of suitable periodical
calibrations in the same running conditions and in the claimed low
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energy region, stabilities, etc.); in addition existing experimental and
theoretical uncertainties are not considered.

Finally, as regards the indirect detection searches, let us note that
no direct model-independent comparison can be performed between
the results obtained in direct and indirect activities, since it does not
exist a biunivocal correspondence between the observables in the two
kinds of experiments. Anyhow, if possible excesses in the positron to
electron flux ratio and in the «y rays flux with respect to an assumed
simulation of the hypothesized background contribution, which is ex-
pected from standard sources, might be interpreted in terms of Dark
Matter (but huge and still unjustified boost factor and new interac-
tion types are required), this would also be not in conflict with the
effect observed by DAMA experiments.

3. Upgrades and Perspectives

A first upgrade of the DAMA /LIBRA set-up was performed in Septem-
ber 2008. One detector was recovered by replacing a broken PMT and
a new optimization of some PMTs and HVs was done. The transient
digitizers were replaced with new ones, having better performances
and a new DAQ with optical read-out was installed.

A further and more important upgrade has been performed in
the end of 2010. In fact, all the PMTs have been replaced with new
ones with higher quantum efficiency; this will allow lower software
energy threshold and, hence, the improvement of the performance
and of the sensitivity for deeper corollary information on the nature
of the DM candidate particle(s) and on the various related astrophys-
ical, nuclear and particle Physics scenarios. Since January 2011 the
DAMA/LIBRA experiment is again in data taking in the new con-
figuration. In the future DAMA /LIBRA will also study several other
rare processes as done by the former DAMA /Nal apparatus in the
past [12] and by itself so far [19].
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Motivation of Experiment

The main goal of the presented project consists in the search and mea-
surement of the branching ratio of K? — 7% decays. The experi-
mental setup is optimized for the main purpose but opens some ad-
ditional opportunities for researches of neutral modes of K?-decays.
The K9 — %0 decay is CP-violation decay [1]. In the frame of
Standard Model (SM) the branching ratio of K9 — 7w decay is
proportional to Im (V4 Vi), which represents the height of the Uni-
tarity Triangl [e2] (Fig. 1).

The measurement of this height allows to determine the quark
mixing matrix parameter 7, which is responsible for CP-violation
[3, 4]. The theoretical ambiguities in calculations of branching ratio
of K9 — n% decay are very small, ~1 + 2%. Using the current
values of the Cabibo-Kaboyashi-Maskawa (CixKM) matr parameters,
the branching ratio is equal to (2.8+0.4)x10!! [5], and even small
deviation of the measured value from the theoretically predicted one
will give a direct indication for the existence of “New Physics”.

The most strict upper limit of branching ratio derived from iso-
topic invariance is the model-independent theoretical limit Br(K? —

14
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Fig. 1: The Cabibo-Kaboyashi-Maskawa (CKM) matrix and Unitarity Triangl

7vi) < 4.37 Br(K+t — mvi), the so-called Grossman-Nir limit
(GN) [6]. The decay K — 7w was observed in experiments BNL
E-787 (2 events) and E-949 (1 event). Common analysis of the data
from these experiments results in the branching ratio to be in a range
of 0.27x1071° < Br(K+ — ntwvi) < 3.84x1071° (90% C.L.) [7].
The model-independent GN upper limit for K¢ — n%vi decay is
Br(K? — mvirjgn < 1.68x107° (90% C.L.) and is about 300 times
more sensitive than current direct measurements.

Experimental methods

The experimental setup us shown on Fig. 2.
Experimental difficulties in searches of extremely rare decays are
not only achievement of sufficient efficiency of registration, but also



16 Part 1. EXPERIMENT
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Fig. 2: The KLOD setup

control and understanding of systematic errors. The K2 — 7Ovi
decay is to be identified by the signature of 7°(7% — ) + “nothing”,
where gammas are measured by the electromagnetic calorimeter and
“nothing” is the absence of the signal in the veto-system. The sought-
for decay contains only 2 gammas with the effective mass of 7° in the
final state. At the same time, having considered all decay modes of
K? listed in PDG 8], one can see that 34% of K? decays have 7 in
the final state. On the other hand, all decays, except K? — 7+, have
at least 2 charged particles or 4 gammas in the final state. Thus, the
basic condition for the search is the requirement of presence of only
2 gammas and absence of any other registered particles. The most
dangerous backgrounds are decays of K2 to 27°%, 37° or 27.

The K?-mesons basically decay to multi-particle final states, which
results in small momenta of decay products in the K? rest system.
On the contrary, a spectrum of 7° momenta in the K9 — n%vi decay
is harder due to V-A interaction. Since the momentum in the rest sys-
tem corresponds to the transverse momentum P7 in the laboratory
system, the signal/background ratio can be improved by selection of
70 with high P7. Serious background sources, which are not con-
nected with decays, are interactions of halo and core beam particles
with the material of the setup. As a result, either a single 7° or a A
hyperon with subsequent decay A — 7°n can be produced.

Thus, the decay region of the proposed setup must be in a high
vacuum and be surrounded by a highly efficient veto system. The dis-
tant wall is an electromagnetic calorimeter with a good energy and
position resolution. Non-decayed K9 leave the decay region through
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the beam hole at the center of the calorimeter. A special veto detec-
tor able to efficiently detect gammas from background decays in the
presence of a large flow of beam core particles is installed at the end.

The measurement strategy is to record events with 2 neutral clus-
ters in the calorimeter without a signal from the veto system. The
reconstruction of two clusters into the 7° mass on the assumption
of the infinitely narrow beam allows one to calculate the decay ver-
tex along the beam axis and Pz of 7%, the cutoff of which is the
strongest factor in background suppression. One more important
factor of background suppression is the requirement that the decay
vertex be inside the fiducial volume.

Requirements to the neutral beam following from the proposed
measurement strategy are rather severe:

e the beam must be narrow (R < 5 cm) and well collimated;

e the beam must have small angle deviation, that is be well bal-
anced in transverse momentum Pr;

e the beam must have high intensity (~ 108 K9 /cycle) at the
mean K9 energy ~ 10 GeV;

e the beam must have small contamination by other undesired
neutral particles. Especially, the neutron/K? ratio should be
as small as possible.

The full version of the proposal shows the possibility of construct-
ing a neutral beam at IHEP (Protvino) on the basis of the existing
magnets and accommodating it into the existing beam channel sys-
tem. The beam channel providing a well-collimated highly intense
beam is designed and the calculation of the main parameters of K9
and other components of the beam is presented.

The geometry of the detector (Figure 1) is dictated by the re-
quirement of air-tightness for good efficiency of gamma registration

[9]-

Comparison with Other Experiments

Now only one experiment on registration of theK? — n%v decay is
under way. The best upper limit of 5.7x10~7 (90% C.L.) (as of the
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T a ble 1: Particle fluxes per spill

| &0 | n | o
Without Pb  7.7x107 8.3x10% 3.1x10'°
With Pb 5.4x107 5.2x108  7.4x108

| n/Kr, | v/KL | y/n
Without Pb 11 402 37
With Pb 10 14 1.4

beginning of 2006) was obtained by the KTeV-E799 experiment [10]
through observing the Dalitz-decay 7° — ete . An advantage of
this method is a possibility of measuring the decay vertex, which does
not require a narrow beam. The disadvantages are a small probability
of the Dalitz-decay and the background from K,3-decays (K2 —
nteFyr) due to misidentification of 7 as e*. Table 1 shows the
parameters of the running and planned experiments on the given
subjects. After closure of the KOPIO (BNL) [i] and KAMI (FNAL)
[11] projects the parameters of the KLOD setup can be compared only
with the running E-391A (KEK) experiment [12] which will also finish
soon. The last two-month data-taking run (RUN-III) was carried out
at the end of 2005. The sensitivity is limited by the intensity of the
12 GeV proton accelerator and might ideally reach the level of 10710,
Recently the authors have announced a new upper limit 2.1x10~7
(90% CL) [13] based on ~10% RUN-I statistics. Data processing
continues and the analysis of the full data set will probably allow the
level of the Grossman-Nir limit to be reached.

The goal of the E391a experiment was to show the reliability of the
method and to understand the background sources. This is the first
step for the high beam intensity experiment with a sensitivity level
of ~ 10713 at the proton accelerator J-Park [14]. But now it is clear
that moving the E391a setup to a new accelerator, as was initially
intended, does not solve this problem. The global modification or a
completely new setup will be required.

Recently the proposal of the experiment has been published [15].
They proposed the step-by-step approach. The goal of the first step
is to observe the decay (~ 3.5 events at the level of SM). In view of
target share with other experiments, a non-optimal extraction angle
and a low-energy K9 beam, it will require three years of data taking.
At this stage the E391a setup with some modifications will be used.
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For example, it is considered to replace the Csl calorimeter with
its big cells and inadequate radiation length by a more suitable CsI
calorimeter from the KTeV experiment.

At the next (main) step it is proposed to construct a new opti-
mized neutral beam line, to use a higher-energy beam, and to con-
struct a new setup. Three more years of data taking will allow a
detailed study of the K9 — 7%v& decay by collecting ~ 100 events
with a good S/N ratio. Considering the delay in the construction of
the J-Park and high priority of the neutrino program, the results of
the first step can be expected not earlier than 2013 [16].

Our experiment will have the following features and advantages:

1. The primary proton beam energy as high as 60-70 GeV provides
a higher K? yield and allows a larger extraction angle of the
secondary beam, which improves the K9 /neutron ratio.

2. A higher energy of the K2 beam (the mean energy of the neutral
beam is considered to be ~ 10 GeV) decreases the inefficiency
of the veto-system for soft gammas from background decays.
Moreover, to retain acceptance at low energy, the setup should
be located near the target, which deteriorates the background
conditions. On the other hand, higher energy results in increas-
ing size and cost of the setup.

3. The ability of the calorimeter to measure the incident angle of
gammas helps to suppress backgrounds.

4. A high visible ratio of deposited energy in the veto detectors due
to thin converter layers allows a decrease in the veto threshold
to 1 MeV.

5. The veto system of independent cells can be used not only
for background suppression but also for gamma measurements,
which may increase acceptance for K9 — 7% . In addition,
calibration of the main detectors is simplified and their ineffi-
ciency can be monitored using the real events.

It is worth mentioning that the proposed setup is generally a set
of calorimeters. The collaborating institutes have rich experience in
designing, constructing and operating such detectors in home and
foreign experiments.
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Estimation of Background Suppression and
Sensitivity of Experiment

Characteristics of the complete experimental setup were also stud-
ied independently using GEANT-3 and GEANT-4. The results were
compared and verified. The beam profile and the spectra, obtained
from the beam line simulation, and the inefficiency functions of de-
tectors were used in the simulation.

The following cuts were used for estimation of the contribution
from the main background K?-decays:

o The reconstructed energy of each gammais larger than 0.15 GeV.
e The reconstructed energy of each gamma, is smaller than 6 GeV.

e The reconstructed transverse momentum of 7° is larger than
120 MeV/c.

e The reconstructed decay vertex must be inside the decay vol-
ume.

e The decay vertex reconstructed from the clusters using gamma
angles must agree within £+ 0.5 m with the decay vertex recon-
structed from the cluster on the assumption of the 7° mass.

e The center of gravity of 2 clusters in the calorimeter must be
at a distance more than 20 cm from the beam axis.

e The distance between the gamma clusters must be larger than
15 cm.

Table 2 shows the contribution of the most essential background
decays. The estimation was done by generating the number of events
for the given decay 10 times (100 times for K9 — 27° decay) larger
than required for observation of one K2 — m%vi event with the given
acceptance. No events of any background decay (except K9 — 27°)
were observed in the simulation. The limit for K — nTe v was
obtained from the simulation of K? — 7~ e*v with allowance for the
difference in registration inefficiency between 7+ and e*. The major
part of K9 — 27° backgrounds comes from events with 2 gammas in
the beam veto.
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Table 2

Background source Number of backgrounds normalized to SES
(single event sensitivity) at SM level

K? decays, yielding at least one  0.26 (7%70)
gamma. Caused by inefficiency < 0.1 (vy)

for gammas < 0.1 (n%7%70)
K? decays, yielding charged <0.1(r eTv)
particles. Caused by inefficienc < 0.01 (rTev)

y for charged particles

The acceptance for the K? — 7lvir decay with the above cuts
was estimated to be ~18%. In the decay region 4.8% of K? de-
cays occurred. Thus, with the beam of intensity 10% {5.4x107}
K? /spill, the sensitivity of the experiment for 10 days of data taking
(~10* spills/day) can be calculated as:

1x(10%)x (108{5.4x107}) x (4.8 x10 %) x (18 x 10~ ?)xBr(2.8x 10 *!) ~

2.4{1.1} events.

Setup Construction Stages

A beam with the required characteristics is the basic condition for the
success of the experiment. Therefore, realization of the project must
begin with design and construction of the beam line with detailed
simulation and optimization of all its elements. Under favorable con-
ditions this work can be completed within 1-1.5 years. By that time
the equipment for measurement of beam characteristics and their
comparison with the design parameters should be prepared.

Most detectors of the setup are well-studied calorimetric struc-
tures and do not demand detailed researches of their prototypes. In
particular, for making a decision on creation of the step veto-system
of the main decay volume only one counter should be assembled for
optimization of manufacturing technology and for demonstration of a
possibility of creating self-supported modules. The only exception is
the beam veto and, probably, the forward electromagnetic calorime-
ter. If they are similar in design, it is possible to create a common
prototype which will also be necessary for studying beam character-
istics. This means that it should be made simultaneously with the



22 Part 1. EXPERIMENT

beam line, whose operation should comply with the accelerator beam
time schedule.

Mass production of all detectors should start 0.5-1 year after ac-
complishment of the beam line construction. This delay is assumed
to be used for beam survey. Also, detailed simulation carried out in
parallel allows us to simplify the design of the detectors before their
production.

The total time from the beam line designing to the beginning of
the experiment is expected to be 4-4.5 years. Two years of data taking
should allow measuring or, at least, observing K? — n%vi decay.
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Abstract

One of the main ingredients of nuclear astrophysics is the knowledge of the
thermonuclear reactions responsible for the stellar luminosity and for the
synthesis of the chemical elements. Deep underground in the Gran Sasso
Laboratory the cross section of the key reactions of the proton-proton chain
and of the Carbon-Nitrogen-Oxygen (CNO) cycle have been measured right
down to the energies of astrophysical interest.

1. Introduction

Only hydrogen, helium and lithium are synthesized in the first min-
utes after the big-bang. All the other elements of the periodic table
are produced in the thermonuclear reactions taking place inside the
‘cosmic cauldrons’. i.e. the stars [1]. Nuclear astrophysics studies all
the reactions which provide the energy to the stars and realize the
transmutation of the chemical elements. In particular, the knowl-
edge of the reaction cross-section at the stellar energies is the heart
of nuclear astrophysics. The reaction rate in the hot plasma of a
star, with temperatures in the range of tens to hundreds of millions
Kelvin, is obtained by weighting the reaction cross section o(E) with
the energy distribution of the colliding nuclei: a Maxwell-Boltzmann
¢(E) peaked at energies of 1-10 keV. The product between o(E) and
¢(E) identifies the energy window where the reaction occurs in the
star: the Gamow peak. Inside the Gamow peak, which is far below
the Coulomb energy arising from the repulsion between nuclei, the

23
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reaction can take place only due to the quantum mechanical tunnel

effect:
o(8) = 2D exp(27n), )

where S(FE) is the astrophysical factor (which contains the nuclear
physics information) and 7 is the Sommerfeld parameter, given by
27n = 31.29 Z, Z»(u/E)*/?. Z, and Z, are the nuclear charges of
the interacting particles, p is the reduced mass (in units of amu), and
E is the center of mass energy (in units of keV).

At these energies the cross sections are extremely small. Such
smallness makes the star life-time of the length we observe, but it
also makes impossible the direct measurement in the laboratory. The
rate of the reactions, characterized by a typical energy release of a few
MeV, is too low, down to a few events per year, in order to stand out
from the laboratory background. Instead, the observed energy depen-
dence of the cross-section at high energies is extrapolated to the low
energy region, leading to substantial uncertainties. LUNA, Labora-
tory for Underground Nuclear Astrophysics, started twenty years ago
to run nuclear physics experiments in an extremely low-background
environment, the Gran Sasso Laboratory (LNGS), to reproduce in
the laboratory what Nature makes inside the stars.

In particular, we have installed two electrostatic accelerators un-
derground in LNGS: a compact 50 kV “home-made” machine and a
commercial 400 kV one. Common features of the two accelerators
are the high beam current, the long term stability and the precise
beam energy determination. The dolomite rock of Gran Sasso pro-
vides a natural shielding equivalent to at least 3800 meters of water
which reduces the muon and neutron fluxes by a factor 10° and 102,
respectively.

2. The Resonance and the Solar Neutrino
Problem

The initial activity of LUNA has been focused on the *He(*He,2p)*He
cross section measurement within the solar Gamow peak (15-27 keV).
Such a reaction is a key one of the hydrogen burning proton-proton
chain, which is responsible for more than 99% of the solar luminosity.
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Fig. 1: The cross section of 2He(3He,2p)*He. Data from LUNA and from other
experiments

A resonance in its cross section at the thermal energy of the Sun was
suggested long time ago to explain the observed 8B solar neutrino
flux. As a matter of fact, such a resonance would decrease the relative
contribution of the alternative reaction *He(a,7)"Be, which generates
the branch responsible for “Be and B neutrino production in the Sun.

The experimental set-up was made of eight 1 mm thick silicon de-
tectors of 5x5cm? area placed around the beam inside the window-
less target chamber filled with 3He at the pressure of 0.5 mbar. The
simultaneous detection of two protons has been the signature which
unambiguously identified a *He(3*He,2p)*He fusion reaction (Q-value:
12.86 MeV). Fig. 1 shows the results from LUNA [2,3] together with
higher energy measurements [4-6] which stop just at the upper edge
of the thermal energy region of the Sun. For the first time a nuclear
reaction has been measured in the laboratory at the energy occur-
ring in a star. At the lowest energy of 16.5 keV the cross section
is 0.02 pbarn, which corresponds to a rate of about 2 events/month,
rather low even for the “silent” experiments of underground physics.
No narrow resonance has been found and, as a consequence, the as-
trophysical solution of the 8B and 7"Be solar neutrino problem based
on its existence has been definitely ruled out.
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3He(a,y)"Be (Q-value: 1.586 MeV), the competing reaction for
3He burning, has been precisely measured by LUNA both by detect-
ing the prompt v rays and by counting of the decaying "Be nuclei.
Thanks to our small error, the total uncertainty on the "Be flux went
from 9.4 to 5.5% [7].

3. The Composition of the Sun Core and the Age
of the Universe

MN(p,y)1®0 (Q-value: 7.297 MeV) is the slowest reaction of the CNO
cycle and it rules its energy production rate. In particular, it is the
key reaction to know the *N and %0 solar neutrino flux, which
depends almost linearly on its cross section.

In the first phase of the LUNA study, data have been obtained
down to 119 keV energy with solid targets of TiN and a 126% germa-
nium detector. This way, the five different radiative capture transi-
tions which contribute to the 14N(p,y)!%0 cross section at low energy
were measured. The total cross section was then studied down to
very low energy in the second phase of the experiment by using the
4r BGO summing detector placed around a windowless gas target
filled with nitrogen at 1 mbar pressure. At the lowest center of mass
energy of 70 keV a cross section of 0.24 pbarn was measured, with an
event rate of 11 counts/day from the reaction.

The results obtained first with the germanium detector [8,9] and
then with the BGO set-up [10] were about a factor two lower than
the existing extrapolation [11,12] from previous data [13,14] at very
low energy (Fig.2). As a consequence, the CNO neutrino yield in the
Sun is decreased by about a factor two.

In order to provide more precise data for the ground state cap-
ture, the most difficult one to be measured because of the summing
problem, we performed a third phase of the 14N(p,y)'%0 study with
a composite germanium detector. This way the total error on the
S-factor has been reduced to 8%: S1,14(0)=1.57+0.13 keV barn [15].
This is significant because, finally solved the solar neutrino problem,
we are now facing the solar composition problem: the conflict between
helioseismology and the new metal abundances (i.e. the amount of
elements different from hydrogen and helium) that emerged from im-
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Fig. 2: Astrophysical S(E)-factor of the 4N(p,y)!50 reaction. The errors are
statistical only (the systematic ones are similar)

proved modeling of the photosphere [16]. Thanks to the relatively
small error, it will be possible in the near future to measure the car-
bon and nitrogen content of the Sun core by comparing the predicted
CNO neutrino flux with the measured one. As a matter of fact,
the CNO neutrino flux is decreased by about 30% in going from the
high to the low metallicity scenario. This way it will be possible to
test whether the early Sun was chemically homogeneous [17], a key
assumption of the standard Solar Model.

The lower cross section is affecting also stars which are more
evolved than our Sun. In particular, the lower limit on the age of
the Universe inferred from the age of the oldest stellar populations,
the globular clusters, is increased by 0.7-1 billion years [18] up to 14
billion years and the dredge-up of carbon to the surface of asymptotic
giant branch stars is more efficient [19].

4. Hydrogen Burning at High Temperature

The solar phase of LUNA has reached the end. A new and rich pro-
gram of nuclear astrophysics mainly devoted to CNO, Mg-Al and Ne-
Na cycles has already started with the measurement of 1°N(p,y)%0
[20] and ?Mg(p,v)?¢Al [21]. Due to the higher Coulomb barrier of
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the reactions involved, these cycles become important at temperature
higher than the one of our Sun: hydrogen burning in the shell of mas-
sive stars and Novae explosions. Relatively unimportant for energy
generation, these cycles are essential for the synthesis of the differ-
ent isotopes. In particular, LUNA is now measuring 7O(p,y)®F,
the bridge reaction connecting the second to the third CNO cycle
and 2H(a,y)® Li, the key reaction of big-bang nucleosynthesis which
determines the amount of primordial ®Li in the Universe.

5. Helium Burning

LUNA has shown the advantages of the low background environ-
ment on the study of the hydrogen burning processes at the stellar
energies. Natural evolution is the exploitation of the underground
environment to study the next step in the fusion chain towards %6Fe
(the element with the highest binding energy per nucleon): the he-
lium burning. In particular, 12C(a,7)¢0, the “Holy Grail” of nuclear
astrophysics, which determines the abundance ratio between carbon
and oxygen, the two key elements to the development of life. This
abundance ratio shapes the nucleosynthesis in massive stars up to
the iron peak and the properties of supernovae. Of great significance
are also *C(a,n)'®0 and ??Ne(a,n)**Mg, the stellar sources of the
neutrons which synthesize most of the trans-iron elements through
the S-process: neutron captures followed by 5 decays. This exciting
and ambitious program requires a dedicated space of about 150 m?
where to install a 3.5 MV accelerator in an underground laboratory.
A letter of intent has been submitted to LNGS in 2007, a possible
place to host the accelerator has been identified and a proposal will
be ready soon. We are confident that the study of helium burning
will be the next step of underground nuclear astrophysics.

6. Conclusions

LUNA started underground nuclear astrophysics twenty years ago in
the core of Gran Sasso, below 1400 meters of dolomite rock. The
extremely low background has allowed nuclear physics experiments
with very small count rate, down to a few events per year. The impor-
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tant reactions responsible for the hydrogen burning in the Sun have
been studied for the first time down to the relevant stellar energies.
In particular, the measurement of *He(*He,2p)*He has shown that
nuclear physics was not the origin of the solar neutrino puzzle. The
cross section of >He(a,~)"Be has been measured with two different
experimental approaches and with a 4% total error. Thanks to this
small error, the total uncertainty on the “Be solar neutrino flux has
been reduced to 5.5%. Finally, the study of *“N(p,y)!°O has shown
that the expected CNO solar neutrino flux has to be decreased by
about a factor two, with an error small enough to pave the way to
the measurement of the central metallicity of the Sun. When applied
to stars more evolved than the Sun our cross section measured has in-
creased by 0.7-1 billion years the age of the Universe and made more
efficient the dredge-up of carbon to the surface of asymptotic giant
branch stars. Over the years LUNA has experienced the important
progress achievable in the comprehension of the hydrogen burning
thanks to the underground environment. In the next two decades
underground nuclear astrophysics will try to improve the picture of
stellar nucleosynthesis by studying the key processes of the helium
burning inside the stars.
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Abstract

The CMS experiment at the Large Hadron Collider has collected more than
2 fb~! at the center-of-mass energy of 7 TeV, with peak values of the instan-
taneous luminosity reaching 2 x 1033 cm~2s~!. Recent running has seen an
increase in the average number of interactions per bunch crossing, testing the
capabilities of the acquisition and trigger systems. Selected CMS results are
presented from the proton-proton run, with approximately 1 fb—!, including
results on high cross-section Standard Model processes and on searches for
new physics.

1. Introduction

The Large Hadron Collider (LHC) has become operational in 2009.
High-energy physics runs took place in 2010 and 2011 [1], with proton-
proton collisions at a center-of-mass energy of 7 TeV and peak values
of the instantaneous luminosity reaching, at the time of this confer-
ence, 2 x 103% ecm~2s7!. Six experiments are currently operating
at the LHC: two so-called omni-purpose detectors, ATLAS [2] and
CMS [3,4], which are performing a general research program, two
dedicated detectors, ALICE [5] and LHCb [6], specifically designed
for heavy-ion physics and b-physics, respectively, and two special pur-
pose experiments: TOTEM [7] and LHCf [8]. The CMS Collabora-
tion consists of over 3000 scientists, engineers and graduate students
from 173 institutes spanning 40 Countries.

31
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Heavy Flavour physics, Top physics and Higgs searches are not
discussed in this note as they have been reported in separated talks
and can be found elsewhere in these proceedings [9]. Public CMS
results are available at [10]. Only a selection will be discussed in the
following.

2. The CMS Detector

The central feature of the CMS detector [4] is a superconducting
solenoid, of 6 m internal diameter, providing a field of 3.8 T. Within
the field volume are the silicon pixel and strip tracker, the lead-
tungstate crystal electromagnetic calorimeter (ECAL), and the brass-
scintillator hadron calorimeter (HCAL). Muons are measured in gas-
ionization detectors embedded in the steel return yoke. In addition to
the barrel and endcap detectors, CMS has extensive forward calorime-
try, assuring very good hermeticity with pseudorapidity coverage up
to high values (|n| < 5).

The electromagnetic calorimeter (ECAL) contains 75 848 lead
tungstate (PbWOy,) crystals (25.8 X long in the barrel, 24.7 Xq long
in the endcaps). Scintillating crystals are the most precise calorime-
ters for energy measurements and they provide excellent energy res-
olution over a wide range, as well as high detection efficiency for
low energy electrons and photons. The ECAL has an energy resolu-
tion of better than 0.5% above 100 GeV. The 15K-channel HCAL,
when combined with the ECAL, measures jets with a resolution
AE/E ~ 100%/VE @ 5%.

Muons with pseudorapidity in the range || < 2.4 are measured
with detection planes made of three technologies: Drift Tube cham-
bers (DT), Cathode Strip Chambers (CSC) and Resistive Plate Cham-
bers (RPC). The readout has nearly 1 million electronic channels.
Matching the muons to the tracks measured in the silicon tracker
should result in a transverse momentum (pr) resolution between 1
and 5 %, for pr values up to 1 TeV.

The inner tracker measures charged particles within the |n| < 2.5
pseudorapidity range. It consists of 1440 silicon pixel and 15 148 sil-
icon strip detector modules, chosen for their radiation hardness and
small amount of material, corresponding to about 30% of the radia-
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tion length Xy. The tracking system provides an impact parameter
resolution of the order of 5 ym and a transverse momentum resolution
of about 1.5% for 100 GeV particles.

3. Recent Operation

As of the end of August 2011, CMS has recorded 2.27 fb~lout of
2.52 fb~ldelivered by the LHC, for an efficiency of 90%. Roughly
90% of the recorded data has been certified as “golden” for all physics
analysis. An average of 98% of the subdetector channels are oper-
ational and in the readout. One of the key challenges for the LHC
experiments is reducing the O(10 MHz) collision rate to O(100 Hz).
At CMS, the first-level (L1) trigger is implemented in hardware, and
it combines information from the calorimeters and muon systems to
accept less than 100 kHz of events. The High Level Trigger (HLT)
system is implemented in software, allowing an enormous flexibility,
and selects roughly 300 Hz of events to store for offline physics anal-
ysis. The number of bunches in the LHC was slowly increased over
the 2011 run, culminating in ~ 1300 bunches colliding in CMS. Since
July 2011, the luminosity has been steadly increased, resulting in an
increase of the number of proton-proton interactions per bunch cross-
ing (“pile-up”), with more than 10 interactions per bunch crossing at
the luminosities of Summer 2011.

CMS finds that the mean number of reconstructed vertices stays
linear as a function of luminosity per bunch. The efficient reconstruc-
tion of vertices separated by as little as 1 mm allows for offline objects
such as jets and isolated leptons to be corrected event-by-event for
pileup effects by removing contamination from vertices not associated
with the physics process of interest. To ensure a high level of physics
performance, it is important to maintain low trigger thresholds even
with increasing pileup. This is achieved also by forming triggers from
combinations of multiple objects, for example multiple leptons and
isolated leptons, instead of a single lepton.

4. Soft QCD and Jet Physics

Using minimum bias events CMS has measured the average transverse
momentum and pseudo-rapidity distributions of charged tracks down
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Fig. 1: Left: Two-dimensional two-particle correlation function, for /s = 7 TeV,
for high multiplicity (N > 110) events with 1 < pt < 3 GeV. The sharp near-side
peak from jet correlations is cut off in order to better illustrate the structure
outside that region. Right: Inclusive jet differential cross section, as a function
of pr, for six different rapidity intervals, scaled by the factors shown in the leg-
end for easier viewing. The next-to-leading-order (NLO) theoretical predictions,
corrected for nonperturbative (NP) effects via multiplicative factors, are superim-
posed. The statistical uncertainties are smaller than the symbol used to represent
each data point

to very low transverse momentum (pt ~ 50 MeV), in a large pseudo-
rapidity interval (|| < 2.5) for three different collision energies (0.9,
2.36 and 7 TeV) [13]. The data are corrected for trigger and event
selection efficiency, for effects of tracking inefficiency and secondary
tracks originating from the decay of long-lived particles and for prod-
ucts of interactions with the beam pipe and the detector material. At
higher energies we observe an increase in the density of particles in
data stronger than in model predictions. In high multiplicity events,
a pronounced structure [14] emerges in the two-dimensional corre-
lation function for particle pairs with intermediate pr of 1-3 GeV,
2.0 < |An| < 4.8 and A¢ ~ 0. This is the first observation of such a
long-range, near-side feature in two-particle correlation functions in
pp or pp collisions. (Fig. 1, left).

Inclusive jet pr spectra have been produced for all three jet ap-
proaches used in CMS, i.e. based on the purely calorimetric informa-
tion; based on the information of the charged particles associated to
jets, as reconstructed by the tracker, to improve the measurements of
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the calorimeters; combining all information available from the vari-
ous sub-detectors (Particle-Flow or PF). The measured cross sections
are found to be in agreement with next-to-leading order perturbative
QCD calculations, within the experimental and theoretical uncertain-
ties [15]. With the PF approach the distributions can be extended to
a low pr value of 18 GeV (Fig. 1, right).

5. Electroweak Bosons and Di-bosons

The production of the electroweak gauge bosons in pp collisions pro-
ceeds mainly via the weak Drell-Yan (DY) process consisting of the
annihilation of a quark and an antiquark. The production process
pp = W + X is dominated by ud — W and da — W, while pp
— Z + X is dominated by u@ and dd — Z. Events containing W
and Z bosons produce very clean signals and provide unique samples
to calibrate and understand the CMS detector response to leptons,
jets and missing energy. In addition, the excellent level of theoretical
and experimental understanding of these processes allows electroweak
tests at the LHC at an unprecedented level of precision. CMS uses
a wide range of final states to measure cross sections, asymmetries,
polarizations and differential distributions in general.

5.1. W and Z production

W events are selected [12] by using a loose single-lepton (electron or
u) trigger. Leptons are required to have pr > 25 GeV and pseu-
dorapidity n within the trigger fiducial volume. Lepton isolation is
enforced by requiring low tracker and calorimeter activities within a
cone of AR = +/(An)? + (A¢)? < 0.3. Events with a second lepton
are vetoed to suppress the Drell-Yan background. The W signal yield
is extracted from a fit to the missing transverse energy (Er) distri-
butions of the events passing the selection criteria. Separate fits to
missing ET spectra in events containing positive and negative lep-
tons allow to extract o(W™) and o(W ). Luminosity uncertainties
cancel in their ratio. The selection of Z events [12] requires pairs of
isolated leptons with pr > 20 (25) GeV for Z — uTp~ or Z — ete™,
respectively, and n within the fiducial detector and trigger accep-
tances. The invariant mass of the two leptons is required to be in
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the range 60-120 GeV for signal extraction, which is performed via
a simultaneous fit of the Z signal yield and efficiencies. Theoreti-
cal uncertainties affect acceptance determinations. In particular, the
PDF uncertainty, the modeling of initial-state radiation, higher-order
QCD effects, electroweak corrections, final-state radiation, and fac-
torization and renormalization scale.

The inclusive W and Z production cross sections times branching
ratios (B) at a center-of-mass energy of 7 TeV are determined as:

o(pp — WX) x B(W — £v) = 10.31 £ 0.02(stat.)
+0.09(syst.) & 0.10(th.) + 0.41(lumi.) nb, (1)

o(pp — ZX) x B(Z — £7£7) = 0.974 £ 0.007(stat.)
+0.007(syst.) £ 0.018(th.) £ 0.039(lumi.) nb. (2)

Good overall agreement of the inclusive cross section measure-
ments and their ratios with theoretical predictions at NNLO is found.

The Berends-Giele scaling has been tested measuring the ratios
o(V +njets)/o(V + (n — 1)jets), confirming that the ratio is approxi-
mately independent on the number of jets n. The ratio as a function
of n has been parametrized as a + #x n. The fitted values for a and
B give the latter close to zero, as expected.

5.2. Diboson production

First measurements of the WZ and ZZ production cross sections at
7 TeV, and updated measurements of the WW cross section have been
performed with 2011 data.Results are based on data corresponding
to an integrated luminosity of 1.1 fb~!. The leptonic decay modes
of the W and Z bosons are considered and the final states include
electrons, muons, taus and missing transverse energy. The following
cross sections are determined:

o(pp— WTW ™+ X)=55.3+3.3(stat.) £6.9(syst.) £3.3(lumi.) pb, (3)
o(pp—=WZ+X)=17.0+2.4(stat.)£1.1(syst.) £1.0(lumi.) pb,  (4)
o(lpp— ZZ+X)=3.84+1.5(stat.) £0.2(syst.) £0.2(lumi.) pb. (5)

The measured cross sections are found to be consistent with the Stan-
dard Model.
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6. Searches for New Physics

Plenty of new CMS results are available with a data sample of about
1 fb=! [16]. Searches in CMS focus on very different topologies and
emphasize complementarity between analyses, with a large variety of
signatures. The use of several kinematic observables and well un-
derstood “objects” (leptons, photons, jets, missing transverse energy)
allows to exploit the detector strong assets and drive the search strate-
gies.

6.1. SUSY Searches

Results include hadronic searches and signatures with one or more
(same-sign or opposite-sign) leptons, or photons. Data-driven back-
ground estimation is emphasized, to avoid reliance on the tails of
SM MC distributions. A variety of methods are used, although they
generally involve using a control sample for each background to ex-
tract an estimate for the search region. All SUSY searches find data
in agreement with the SM background expectations. A representa-
tive distribution from SUSY searches is shown in Fig. 2 (left), while
Fig. 2 (right) shows a combined summary of several searches in the
my /2 — mo plane of CMSSM.
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Fig. 3: Left: Total transverse energy ST, for events with the multiplicity of N = 2
objects in the final state. The shaded band is the background prediction obtained
from data (solid line) with its uncertainty. Non-multijet backgrounds are shown
as colored histograms. Also shown is the predicted black hole signal for three
different parameter sets. Right: Observed and expected limits, at 68% and 95%
C.L., for e+jets and mu+jets channels combined. The integrated luminosity is
573 pb—lfor the electron channel and 821 pb~!for the muon channel

6.2. Exotica Searches

Among the large variety of exotica analyses, the searches for micro-
scopic Black Holes are performed by requiring the spectacular pres-
ence presence of multiple energetic jets. leptons, and photons, plus
large total transverse energy (Fig. 3, left). A good agreement with
the expected Standard Model backgrounds, dominated by QCD mul-
tijet production, has been observed for various multiplicities of the
final state. Stringent model-independent limits on new physics pro-
duction in high-multiplicity energetic final states have been set, along
with model-specific limits on semi-classical black hole masses in the
4-5 TeV range for a variety of model parameters.

The existence of a fourth generation of elementary fermions, a
new replica of the known three generations of chiral matter, may
provide a sufficiently large CP violation and may account as well for
the asymmetry between matter and antimatter. Provided the mass
difference between the fourth generation quarks ¢’ and b’ is lower than
the W mass, their existence is not excluded by precision electroweak
measurements. Furthermore, within the framework of the Standard
Model, the ' and b’ masses are constrained to be below approximately
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550 GeV by unitarity conditions. The possible phenomenology of
fourth generation quarks is discussed in [17].

Fourth generation b’ and t' quarks are extensively searched for
in CMS. The t' quarks are assumed to decay to a W boson and a b
quark, with subsequent semileptonic or dileptonic decays of the WW
pair. Assuming strong pair production of ¢’ quarks, lower limits are
set on the t' quark mass in the range 420-450 GeV at 95% confidence
level.

7. Conclusions

The CMS experiment is in good operating conditions and has proved
to be able to cope well with the challenge of instantaneous luminosity
values higher than 1032 cm~2s5~!. No evidence of new physics has
been obtained so far. Plenty of new results are being published by

the CMS Collaboration.
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Abstract

The BES-III experiment successfully takes data since 2009. For at least next
ten years it will remain the world leading experiment in the 7-charm domain.
Here the status of the BES-III experiment is presented and the recent results
in charmonium physics and light hadron spectroscopy are reviewed.

1. The BEPC-II/BES-III Project

BEPC-II/BES-III is a major upgrade of the BES-II experiment at
the Institute of High Energy Physics CAS in Beijing. The BEPC-
IT is a double-ring eTe~ collider providing e*e~ beams in the en-
ergy range of /s = (2 — 4.6) GeV and a design peak luminosity of
103 cm~2s~1. The BES-III apparatus [1] is a new high performance
general purpose detector for measurements in the 7-charm energy re-
gion. It consists of the following main components: a helium-based
Main Drift Chamber, a plastic scintillator Time-of-Flight system, a
CsI(T1) Electromagnetic Calorimeter, and a Muon Counter. Accep-
tance of charged particles and photons is 93% of 4, and the charged
particle momentum and photon energy resolutions at 1 GeV are 0.5%
and 2.5% respectively.

The physics data taking started in March of 2009 and so far BES-
III has collected the world largest data samples of J/¢ data (225M
events), 1" data (1060 events), ¥(3770) data (2.9 fb ') data and a
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unique sample of (4010) data (0.5 fb~"). The achieved peak lumi-
nosity is 0.65 x 1033 cm—2sL.

The main goals of the experiment are precision measurements
in the 7-charm domain that are possible with unprecedentedly high
statistics to be accumulated [2].

The most interesting results are discussed in the next section.

2. Physics Results

2.1. Light hadron spectroscopy
2.1.1. The pp near threshold enhancement in J/v¢ — ypp

The anomalously strong enhancement in the pp invariant mass was
first observed by BES-II collaboration in J/v¥ — vpp [3]. Its impor-
tant peculiarity is that it is not clearly seen in ¢(2S) — ypp, T — ypp
and ¢(2S) — wpp, making unlikely a possibility for it to be a pure
final state interaction (FSI) effect. There are different speculations
on its nature and the most intriguing one is that it comes from a pp
bound state, sometimes called baryonium.

The huge statistics of the BES-III experiment allows to perform
a detailed study of this structure. The first published results [4] on
¥(2S) = nta J/¢Y(J/Y — vpp) confirms BES-II observation (see
Fig. 1). In the analysis the data are fitted under assumption that the
enhancement is produced by a S-wave state, giving M = 186175, %7
MeV, I < 38 MeV at 90% C.L.

Recently a study of J/¢ — ~ypp has been performed. The prelim-
inary results of partial wave analysis show that preferable quantum
numbers are 0~ and that the data description is significantly im-
proved if FSI corrections are taken into account. The preliminary
fit results are: M = 1832.5 + 5(stat) 13 (syst) £+ 19(mod) MeV and
I’ < 45 MeV at 90% C.L.

2.1.2. X(1835), X(2120) and X(2370) in J/¢ — yntn—n’

The state X(1835), decaying to =7~ 7', was discovered by the BES-
IT collaboration in the J/v radiative decay [5]. The study was mo-
tivated by an observation of the pp near threshold enhancement dis-
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Fig. 1: The pp invariant mass for ¢/ — ntn~J/4, J/¢ — yppis shown. The solid
line is the fit result, the dashed line is a background function and the dash-dotted
indicates variation of an acceptance

cussed above. Its possible interpretations include a pp bound state,
a glueball, a radial excitation of 1’ meson etc.

The BES-III analysis of this channel [6] confirms BES-II and re-
ports an observation of two new states X(2120) and X(2370). The
results of the fit to the #+7 %' invariant mass spectrum are given
in the Table 1. An important note is that the fit doesn’t take into
account a possible interference. The photon angular distributions
for X(1835) are consistent with expectations for a pseudoscalar, but
other possibilities are not excluded.

To determine spins, parities and to get more precise measurements
of these states a partial wave analysis is needed, which will be possible
as much higher statistics is available.

2.1.3. X(1870) and n(1405) in J /v — w(ntn—n)

The decay J/v — w(r 7~ n) can be used to study 7(1405) production
mechanism and a possible production of X (1835) that is important
for a glueball search.

T able 1: Analysis results for J/9 — yntn—n'

resonance M(MeV) I'(MeV) stat. sign.
X(1835) 1836.5 + 3.015:¢ 190.1 +9.07%8 200
X(2120) 2122.4 +6.7757 83 +1613] 7.20
X (2370) 2376.3 +8.7132 83 +177¢g* 6.40
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The BES-III collaboration reports an observation of new process
J/¢ — wX (1870), X (1870) — anT with the statistical significance
more than 7.2¢ [7]. Also in the lower 77~ 7 mass region clear signals
of f1(1285) and n(1405) are seen and corresponding branching ratios
measured for the first time. The 7177 mass spectra fit is performed
under assumption of no interference resulting in M = 1877.3+6.373"}
MeV and T’ = 51 + 127}° MeV. With the current statistics it is im-
possible to distinguish whether X(1870) is due to X (1835), 72(1870),
interference of both or is a new state. Further study using PWA will
be performed as more J/v data are accumulated.

2.2. Charmonium spectrum and transitions

The charmonium spectrum and transitions are a perfect laboratory to
test various QCD models and phenomenological mechanisms. Due to
an interplay of perturbative and non-perturbative effects they allow
one to study QCD beyond the perturbative regime.

2.2.1. h. in ¥’ — 7°h,

The h, is the least studied charmonium state below DD thresh-
old. The precise measurement of its mass allows one to calculate
a hyperfine 1P mass splitting AMys = (M (3P;)) — M(*Py), where
(M(®Py)) = §(My,, + 3M,y,, + 5M,_,). This may give a hint to a
spin-spin interaction of heavy quarks. Also the Br(¢’ — w°h.) is a
measure of an isospin violation in hadronic decays.

At BES-III ¢’ — 7%h, is studied both exclusively and inclusively
via registeration of a E1 photon from the h, — 1. decay [8]. Fits
to the 7% recoil mass (see Fig. 2) allow one to measure a branching
ratio for the ¥’ — 7°h. decay and width of h. for the first time.
Combining results of inclusive and exclusive channels one obtains the
first measurement of Br(h. — 77.). These values a found to be
Br(¢' — n°h) = (8.4 + 1.3 +1.0) x 1074, T'(h,) = 0.73 £ 0.45 +
0.28 MeV and Br(h, — yn.) = (54.3 £ 6.7 £5.2) x 1072.

2.2.2. n. resonance parameters from ' — yn,

Despite 7. has been known for a long time its mass and width are
known by an order of magnitude worser then for J/v, ¢' and x.s. Be-
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sides there are significant discrepancies in the 7, mass measurements
between earlier experiments with radiative J/1 transitions and recent
studies with two photon processes.

In the BES-III inclusive analysis 7. is reconstructed from six
hadron modes KsKn, KKn°, 2K2rn°, nmn, KsK3n, 6r. The si-
multaneous fit to the mass spectrum takes into account the interfer-
ence between 7, signal and non-7. decays (treated as 0~ compo-
nent). The interference phases for different modes are found to be
consistent with the same value and a single parameter is used in the
final fit. Two solutions of relative phase are found, one for construc-
tive interference and the other for destructive, however 7. mass and
width remain unchanged regardless which solution is taken. It yields
M =2984.3+0.6+£0.6 MeV,I" = 32.0+1.2+£1.0 MeV that is currently
the world best measurement, being consistent with two-photon pro-
duction and J/¢¥ — 7n. result by CLEO collaboration. This result is
preliminary.

2.2.3. M1 transition J/¢¥ — yn.(2S)

The 7.(2S) state is observed for the first time in charmonium de-
cays at BES-III. The KgKr invariant mass spectrum (see Fig. 3) is
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Fig. 3: The 1.(2S) signal from the K gKm invariant mass spectrum

fitted with x.s, 7.(2S) and background contributions. The 7.(25)
significance is found to be greater 5o. This result is preliminary.

2.3. Charmonium decays
2.3.1. ¥ — P, (P =7=%n,n’)

The radiative decay ' to a pseudoscalar is important for testing
various phenomenological mechanisms like vector meson dominance,
the n. — ") mixing, two-gluon couplings ¢g states and a final state
radiation by light quarks.

The BES-III reports the first evidence for o' — ym°, 9’ — 5 and
a new measurement of ¢’ — yn' [9] (see Table 2).

The ratio Rx = % where X is J/4 or 1', can be pre-
dicted from the first order perturbation theory: it is expected that
Ry ~ Rj;y. Recently, CLEO collaboration reported Ry < Rj/y,
with Ry < 1.8% at 90% C.L. and R;,y = (21.1 +£0.9)% [10]. The
BES-III analysis yields Ry = (1.10 £ 0.38 & 0.07)%, confirming the
CLEO result. Such a small Ry value challenges our understanding
of charmonium states.

Table 2: 9 — yP (P ==%n,7')

decay channel | Br(x1079) | BrPPG(x10-9) [14] | sign.
P — ym0(v7) 1.58 +0.40 £+ 0.13 <5 4.60
¥ — yn(37) 1.38 & 0.48 + 0.09 <2 4.30

Y = ynp(rtr g, yntaT) 126 £3+8 121+ 8
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2.3.2. Xcg =YV, V = (p,w, )

Doubly radiative decays v’ — yXcJ, Xes — YV, where V is one of p°,
¢ and w mesons, provide information on the flavour content of x.s
states and on the gluon hadronization dynamics in this process. Re-
markably the branching ratios of these channels measured by CLEO
collaboration [11] appeared to be much larger than ones predicted by
the theory.

The BES-III collaboration presents [12] new measurements of
Br(xc1 — vp°) and Br(x.1 — yw), the first observation of x.1 — ¢
and upper limits for y. and x.2 decays to these final states. The
branching ratios measured by BES-III are in agreement with CLEO
results. It is also shown that decays x.1 — YV are dominated by the
longitudial component. The branching ratios of x.1 — vV are shown
in Table 3.

2.3.3. Xeg > VV,V = (w,p)

Several modes of x.s decays have been reported by BES-III: the first
observation of x.1 — @@, xc1 — ww and xc.o — we; 40 evidence for
Xc1 — we [13]. The precision of branching ratio measurements have
been improved compared to the current world average values [14] (see
Table 4).

The unexpectedly high branching ratios x.1 — V'V indicate a
significant violation of the helicity selection rule. In addition the
measurements for xy.; — wyp provides the first indication of the rate
of doubly OZI suppressed x.s decays.

3. Future Prospects

The BES-III running plan for 2012 is to collect 1 billion J/v events
and 0.7 billion 9'. The preliminary program for 2013-2015 includes

Table 3: ¢’ - vV (P =p,weyp)

decay channel | Br(x1079) | sign.
Xel —> Y@ 25.8 +5.2+2.3 60

Xel = 1P 228 +13 + 22 > 100
Xcl = YW 69.7+7.2+6.6 > 100
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Table 4: xXcg — pp, ww, we

decay channel Br(x1079) | BrPPG(x10-9) [14]
Xc0 —+ PP 8.0+0.3+0.8 9.2+1.9

Xel — Q@ 44+0.3+05 —

Xc2 — 9P 10.7+0.3+1.2 14.8 +2.8

Xc0 — Ww 954+0.3+1.1 22.0£7.0

Xel — WW 6.0 +0.3 0.7 -

Xc2 — Ww 89+03+1.1 19.0 6.0

Xc0 — Wy 1.2+0.14+0.2 -

Xcl — WP 0.22 +0.06 + 0.02 -

Xc2 — W < 0.2 at 90% C.L. -

taking data at higher energies (¢(4170), R-scan), accumulating more
than 20 fb™! data at ¢(3770), acquiring data for 7-physics.
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Abstract

This document presents results of the ATLAS collaboration at the Large
Hadron Collider at CERN on Standard Model and Heavy Ions physics.
Proton-proton collisions were recorded at an energy /s = 7 TeV with a total
integrated luminosity of 45 pb~! in 2010 and up to 1.1 fb~! in 2011. Sev-
eral analysis are presented: the inclusive production cross sections of leptons,
photons and jets, the production cross sections for W+ — lv, Z/y* — 1l and
cross section measurements of dibosons. Results are compared to the predic-
tions of perturbative QCD calculations and are in good agreement. Lead-lead
collisions were recorded at an energy ,/syny = 2.76 TeV in 2010 with an in-
tegrated luminosity of 9.17 ub—!. The document reports on the production
of W and Z bosons and on an asymmetry in dijet production.

1. The ATLAS Detector and Data Taking

The ATLAS (A Toroidal LHC ApparatuS) detector [1]! consists of an
inner detector (ID) tracking system surrounded by a superconducting
solenoid providing a 2 T magnetic field, electromagnetic and hadronic
calorimeters, and a muon spectrometer (MS). The ID consists of pixel

LATLAS uses a right-handed coordinate system with its origin at the nominal
interaction point (IP) in the centre of the detector and the z-axis along the beam
pipe. The z-axis points from the IP to the centre of the LHC ring, and the y axis
points upward. Cylindrical coordinates (r, ¢) are used in the transverse plane, ¢
being the azimuthal angle around the beam pipe. The pseudorapidity is defined
in terms of the polar angle § as n = —Intan(6/2).
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and silicon microstrip detectors inside a transition radiation tracker.
The electromagnetic calorimeter is a lead liquid-argon (LAr) detec-
tor in the barrel (|n| < 1.475) and the endcap (1.375 < |n| < 3.2)
regions. Hadron calorimetry is based on two different detector tech-
nologies. The barrel (|| < 0.8) and extended barrel (0.8 < |n| < 1.7)
calorimeters are composed of scintillator/steel, while the hadronic
endcap calorimeters (1.5 < |n| < 3.2) are LAr/copper. The forward
calorimeters (3.1 |n| < 4.9) are instrumented with LAr/tungsten and
LAr/copper, providing electromagnetic and hadronic energy mea-
surements, respectively. The MS consists of three large supercon-
ducting toroids and a system of three stations of trigger chambers
and precision tracking chambers.

In the year 2010 the ATLAS experiment has collected 45 pb~* of
data (in 2011 up to June, 1.1 fb~ ') from p-p collisions at a center-
of-mass energy of 7 TeV. The data used in the Heavy Ions analy-
ses were recorded during the LHC Pb-Pb run at collision energy of
VSyn = 2.76 TeV in the fall of 2010 and correspond to 9.17 ub~*
integrated luminosity. Monte Carlo (MC) simulated event samples
with full detector simulation are used to model the signal and the
backgrounds [2].

2. Standard Model Results

An understanding of electron, muon, photon and jet production in p-
p collisions is a prerequisite for measurements and searches including
these particles in the final state. Moreover, the inclusive production
of these particles can be used to constrain theoretical predictions.

At low pr the inclusive electron and muon spectra are dominated
by decays of charm and beauty hadrons. The electron and muon
cross sections are measured in the range 7 < pr < 26 GeV and
In| < 2.0 with respectively integrated luminosities of 1.3 pb™ ! and
1.4 pb ' [3]. After subtraction of the W/Z/y* contribution, the
differential cross sections (see Fig. 1) are found to be in good agree-
ment with predictions of NLO+NLL and NLO calculations using the
program FONLL [4,5]. Comparisons are also made to the NLO pre-
dictions from the POWHEG |6, 7] program and the Leading Order
expectations from PYTHIA [g].
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Fig. 1: (left) electron and muon differential cross-sections as a function of the
charged lepton transverse momentum for |n| < 2.0. The ratio of the measured
cross-section and the other predicted cross-sections to the FONLL calculation is
given in the bottom of each plot. The Pythia (LO) cross-sections are normalised to
the data in order to compare the shape of the spectra. (middle) measured (dots)
and expected (shaded area) inclusive prompt photon production cross-sections,
and their ratio, as a function of the photon Er and in the range |n| < 0.6. (right)
inclusive jet double-differential cross section as a function of jet pr in different
regions of |y|. For convenience, the cross sections are multiplied by the factors
indicated in the legend. The data are compared to NLO pQCD calculations to
which non-perturbative corrections have been applied

Photon production occurs at leading order via quark-gluon scat-
tering, gqg — g7, or quark-antiquark annihilation, ¢¢g — gv. The
measurement of photon production provides a clean test of the QCD,
using a colorless probe which produces a well localized signal in the
detector. The observed differential cross-section, as a function of Er,
is shown in Fig. 1 (middle) [9]. A good agreement is observed with the
NLO computation from Jetphox [10] using the CTEQ 6.6 PDFs [11],
especially for Er > 50 GeV. The lower region is more difficult to
model, being affected by a larger contribution from fragmentation.

Inclusive single-jet double-differential cross sections are measured
as a function of pr and y in the region pr > 20 GeV, |y| < 4.4,
where the rapidity y = %ln% is used instead of n for jets and
massive particles [12]. Fig. 1 (right) shows the inclusive jet cross
section compared with the NLO pQCD prediction from NLOJET
[13] to which non-perturbative corrections have been applied. Data
and theory are in good agreement over several orders of magnitude
although some differences are observed at high jet pr and |y|.
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Fig. 2: (left) measured and predicted fiducial cross sections times leptonic branch-
ing ratios, (oWt 4+ W) vs 0 Z/v+. The ellipses illustrate the 68% CL coverage
for total uncertainties (full green) and excluding the luminosity uncertainty (open
black). The uncertainties of the theoretical predictions correspond to the PDF
uncertainties only. (right) measured W charge asymmetry as a function of lepton
pseudorapidity |n;| compared with theoretical predictions calculated to NNLO.
The kinematic requirements are pr(I) > 20 GeV, pr(v) > 25 GeV and mp > 40
GeV. Theoretical points are displaced for clarity within each bin

To select W boson events in the electron channel, one isolated
electron with tight identification is required with Er > 20 GeV and
|n| < 2.47 [14]. For the W boson events selection in the muon chan-
nel, one isolated muon with pr > 20 GeV and || < 2.4 is required.
The missing transverse energy is required to be larger than 25 GeV
while the transverse mass has to be larger than 40 GeV. The same
selections are also used for the Z events selection, but instead of
one, two oppositely charged same flavour leptons are required with
an invariant mass between 66 and 116 GeV. As shown in Fig. 2, the
measured W and Z/v* cross sections are found to be described by
Next-to-Next-to-Leading Order (NNLO) QCD calculations based on
a number of different PDF sets. In p-p collisions the overall produc-
tion rate of W+ bosons is significantly larger than the corresponding
W rate, since the proton contains two u and one d valence quarks.
The measurement of the lepton charge asymmetry:

_ daWH/dm — dUWz,/dnl
daWH/dm + dUWz,/dnl

(1)

l

can contribute significantly to the understanding of PDFs in the par-
ton momentum fraction range 1073 < z < 10~!. Systematic ef-
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Fig. 3: Summary of several Standard Model total production cross section mea-
surements compared to the corresponding theoretical expectations. The dark
error bar represents the statistical uncertainly. The red error bar represents the
full uncertainty, including systematics and luminosity uncertainties. All theoret-
ical expectations were calculated at NLO or higher.

fects on the W production cross section measurements are typically
the same for positive and negative muons, mostly canceling in the
asymmetry. Measurements in the electron and muon channels are
presented in Fig. 2 with predictions obtained with MCNLO4 [15] and
different PDF sets. The data are broadly compatible with all the pre-
dictions with different PDF sets, though some are slightly preferred
to others.

The WW, W Z and Z Z production cross sections in p-p collisions
were also measured using leptonic decay channels. Their production
rates are sensitive to the triple gauge couplings of the W and Z bosons
and their production are important backgrounds to many Standard
Model searches. Based on 2011 data, with an integrated luminosity of
1fb !, a total of 414 WW candidates are selected with an estimated
background 40% [16], 71 W Z candidates with 15% background [17]
and 12 ZZ candidates with negligible background [18]. Fig. 3 sum-
marizes several Standard Model total production cross section mea-
surements, including the diboson ones. They are well compared to
the corresponding theoretical predictions.
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Fig. 4: (left) inclusive muon pr spectrum in Pb-Pb collisions fitted (solid line)
by two components: signal W — pv in p-p collisions with Pythia at \/syn =
2.76 TeV and a background parametrization (dashed line) obtained from studies
of c¢ and bb — p + X in p-p collisions. (right) Rpc for W bosons as a function
of centrality, showing consistency with binary collision scaling.

3. Heavy Ions Results

Heavy ion collisions at the LHC can produce a hot and dense state
of matter where the relevant degrees of freedom, quarks and glu-
ons are thermalized. The higher LHC energies open the possibility
to probe the primary binary (nucleus-nucleus) collisions via the W
and Z bosons which, not interacting with the colour medium, can
provide a direct measurement of the binary collisions. This can be
used to normalize the production mechanisms of various other pro-
cesses. In the analyses, Pb-Pb collision centrality is characterized by
the total transverse energy, Y E7, measured in the ATLAS forward
calorimeter. The full data sample is divided into four bins of collision
centrality, 40-80%, 20-40%, 10-20% and 0-10%. For Z bosons, events
are selected containing two muons with a py > 20 GeV and opposite
charges are required. For W selection, Fig. 4 (right) shows the uncor-
rected inclusive muon spectrum for the entire sample. The spectrum
shows a steep power law fall off up to 30 GeV where the presence of
muons from the W decays appears prominently. The yields are cor-
rected by the reconstruction efficiency, derived in each centrality bin
using Monte Carlo. Yields are estimated as a function of centrality,
relative to the most peripheral centrality bin (40-80%), normalised
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Fig. 5: (top) Dijet asymmetry distributions for data (points) and unquenched
Hijing with superimposed Pythia dijets (solid yellow histograms), as a function
of collision centrality (left to right from peripheral to central events). Proton-
proton data from sqrt(s)=7 TeV, analyzed with the same jet selection, is shown
as open circles. (bottom) Distribution of Delta-phi, the azimuthal angle between
the two jets, for data and Hijing+Pythia, also as a function of centrality.

by the mean number of binary collisions relative to the most periph-
eral bin. Due to the large statistical errors on the normalised yield
in the Z sample, it is not possible to draw strong conclusions on any
centrality dependency [19]. On the other hand, for W bosons there is
an indication that W bosons are indeed produced at the initial phase
of the collisions and do not interact with the medium [20].

ATLAS also studies the in-medium QCD energy loss (“jet quench-
ing”), by looking at events with two imbalanced jets [21]. The jet
energy imbalance is expressed in terms of the asymmetry A; =
%, where E7 is the transverse energy of the highest Ep jet
in the event and Er. is the transverse energy of the highest Ep jet
in the opposite hemisphere (A¢ > 7/2, with A¢ the azimuthal angle
difference between the jets). Figure 5 shows dijet asymmetry and dis-
tributions for dijets in six centrality intervals obtained by requiring
E7r1 > 100 GeV and E7s > 25 GeV. The measured distributions are
compared to distributions obtained from the Pythia+Hijing Monte
Carlo sample. Jets reconstructed with a smaller radius show the
same modifications as seen in the original measurements while the
A¢ distributions remain unmodified even in the most central colli-
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sions. The consistency between these results strongly argues against
the explanation that the modification results from fluctuations in the
underlying event.

4. Conclusion

Production cross section measurements of various Standard Model
processes have been performed by ATLAS in p-p collisions at the
Large Hadron Collider, at /s = 7 TeV with 2010 and 2011 data.
Theoretical predictions are in good agreement with all measurements
within statistical and systematic uncertainties. In lead-lead collisions,
the production of W and Z bosons has been observed. From the
absence of suppression of the number of W — uv events as a function
of collision centrality we can conclude that neither the W bosons, nor
the muons, interact with the medium. conversly, jets are found to be
suppressed in central events by a factor two relative to peripheral
events, with no significant dependence on the jet energy.
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CONTRIBUTION
OF Ga EXPERIMENTS
FOR UNDERSTANDING THE PHYSICS
OF THE SUN AND THE PHYSICS
OF NEUTRINO
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Institute for Nuclear Research RAS,
Moscow 117312 Russia

Abstract

The Russian-American experiment SAGE began to measure the solar neu-
trino capture rate with a target of gallium metal in December 1989. Mea-
surements have continued with only a few brief interruptions since that time.
Assuming the solar neutrino production rate was constant during the period
of data collection, combined analysis of 168 extractions through December
2007 %ives a capture rate of solar neutrinos with energy more than 233 keV of
65.4f3:(1)(stat.)f%:g(syst.) SNU. The weighted average of the results of all Ga
solar neutrino experiments, SAGE, Gallex, and GNO, is now 66.1 3.1 SNU,
where statistical and systematic uncertainties have been combined in quadra-
ture. New test of SAGE was made with a reactor-produced 37Ar neutrino
source. The ratio of observed to calculated rates in this experiment, combined
with the measured rates in the three prior >! Cr neutrino-source experiments
with Ga, is 0.87 & 0.05. A probable explanation that this low result is over-
estimation of the cross section for neutrino capture by the two lowest-lying
excited states in 7! Ge has not been confirmed. Other explanations might be
a statistical fluctuation or a real physical effect of unknown origin, such as a
transition to sterile neutrinos. Possibilities of SAGE for investigation of tran-
sitions from active to sterile neutrinos with Am?2 > 0.5 eV? with a sensitivity
to disappearance of electron neutrinos of a few percent are discussed.
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1. Introduction

The Ga experiments were built to measure the capture rate of solar
neutrinos by the reaction "*Ga+v, —7! Ge+ e~ and thus to provide
information to understand the deficit of neutrinos observed in the
37Cl experiment [1] and in experiment Kamiokande [2]. The feature
that distinguishes the Ga experiment from all other past or present
solar neutrino detectors is its sensitivity to the proton-proton fusion
reaction, p +p — d + e' + v., which generates most of the Sun’s
energy. Ga experiments have provided the only direct measurement
of the current rate of this reaction.

Initially there existed two Ga solar neutrino experiments. SAGE
with a 50 tons Ga metal target started its operation in 1990 and it
still continues running. Gallex’ target contained 30 tons of gallium
in a form of GaCl; solution and this experiment measured the solar
neutrino capture rate from 1991 to 1997. In 1998 it was reconstituted
under the name of GNO and it took data until 2003. This paper
gives results of these experiments and combines them with SAGE
data. The experiment SAGE is presented more detailed as it is still
running.

2. SAGE

The SAGE experiment is in a dedicated deep-underground laboratory
excavated into the side of Mt.Andyrchi in the Northern Caucasus
mountains of Russia. The rock overburden is equivalent to 4700 m of
water and the measured muon flux at the location of the experiment
is (3.03 £0.10) x 107?/(cm?s). The mass of gallium used in SAGE
at the present time is 50 tons.

"IGe has been extracted from the Ga target to measure the solar
neutrino capture rate every month from January 1990 to the present
time. The extraction procedures are described in Ref. [3-5]. Because
only a few "' Ge counts are detected from each extraction, a single run
result has a large statistical uncertainty and thus little significance.
The combined result of each year of SAGE data since its beginning
is shown in Fig. 1.
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Fig. 1: Combined SAGE results for each year. Shaded band is the combined best
fit and its uncertainty for all years. Vertical error bars with 68% confidence

The systematic uncertainties in the experiment have been consid-
ered in detail in Refs. [3,4,6].Total value of uncertainty is fg:g SNU L.

For all SAGE data from January 1990 through December 2007
(168 runs and 310 separate counting sets) the global best fit capture
rate is 65.4730 SNU, where the uncertainty is statistical only. If
one considers the L-peak and K-peak data separately, the results
are 67.274% SNU and 64.07}% SNU, respectively. The agreement
between the two peaks serves as a strong check on the robustness of
the event selection criteria. Including the systematic uncertainty, our
overall result is 65.4731 (stat.) T35 (syst.) SNU.

3. Combined Ga Results

The waveform data from the Gallex experiment has recently been
re-evaluated by Kaether using a new pulse-shape analysis method [7]
and the result is 73.175:0 737 SNU. The result of the GNO experiment
was 62.972-512-2 SNU [8]. If we combine the statistical and systematic
uncertainties in quadrature, then the weighted combination of all the
Ga experiments, SAGE, Gallex and GNO is 66.1+3.1 SNU. (Present
Ga experiment result.)

IIn radiochemical experiments the capture rate has been conventionally ex-
pressed in “SNU units”, defined as one neutrino capture per second in a target
that contains 1036 atoms of the neutrino-absorbing isotope, in our case "' Ga.
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4. The pp Neutrino Flux from the Sun

The measured capture rate in Ga experiments is the sum of the rates
from all the components of the solar neutrino flux, which can be
expressed as following:

[pp + "Be + CNO + pep + ®B | Ga] = 66.1(1 & 0.047) SNU.

We have ignored here the tiny hep-neutrino contribution and have
combined the neutrino fluxes from 3N, '*0, and '“F decay into a
single component of the solar neutrino flux, called here “CNO”.

Using results of measurements of neutrino fluxes in Borexino [9]
and SNO [10] and capture rates obtained in the chlorine experiment
[1] we have calculated the contribution of each component of solar
neutrino flux into the capture rate measured on Ga [6]:

[Be | Ga] = 19.1(1 4 0.12) SNU,

B | Ga] = 3.6(1032) SNU,

[CNO + pep | Ga] = 3.68(1 &+ 1.0) SNU,
[pp | Ga] = 39.7(1 + 0.14) SNU.

5. Contribution to the Physics of the Sun

The neutrino capture rate on Ga 39.7(1 & 0.14) SNU corresponds to
the value of pp-neutrino flux arriving on the Earth without chang-
ing its flavor ®¢, = 3.38(1 £ 0.14) x 10'°/(cm?®s). If use the value
of survival factor P.. = 0.561(17093%) then the value of total pp
flux produced in the Sun arriving on the Earth with mixing flavors
is ®iotal = 6.0(1 + 0.14) x 10'°/(cm?s). There is a good numerical
agreement between this result and the flux values of pp neutrino pre-
dicted from the two recent solar models with different composition
Q;‘;tal = 5.97 4 0.04 and 6.04 + 0.03, both in units of 10'%,/(cm?s).

Ga experiments: (I) have shown deficit of solar neutrino in the
entire energy range; (II) presented direct experimental evidence of
proton-proton chain in reactions of thermonuclear synthesis in the
Sun; (III) have shown the correctness of SSM and LMA solution
for neutrino oscillations. There is thus excellent agreement between
theory and experiment for the Ga experiments.
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T able 1: Results of all neutrino source experiments with Ga

experiment | source | ratio | reference
GALLEX 51Cr-1 0.95+0.11 [7,11]
GALLEX 51Cr-2 0.81 +0.11 [7,11]
SAGE SlCr 0.95+0.12 [12]
SAGE 37Ar 0.79 & 0.10 [13]
Average 37Ar, 51Cr 0.87 £ 0.05 [6,14]

6. Source Experiments

The experimental procedures of the SAGE and Gallex experiments,
including the chemical extraction, counting, and analysis techniques,
have been checked by exposing the gallium target to reactor-produced
neutrino sources whose activity was close to 1MCi.

The results, expressed as the ratio R of the measured "*Ge pro-
duction rate to that expected due to the source is R = 0.87 &+ 0.05,
more than two standard deviations less than unity (see Table 1). The
quality of fit to the average value is quite high (x*/DOF = 1.9/3,
GOF = 59%).

All possible explanations for this unexpectedly low result are dis-
cussed in detail in Ref. [6]. Foremost among these was overestimation
of the cross section for neutrino capture to the lowest two excited
states in "' Ge, which could yield a value of R as small as 0.95. Other
explanations might be a statistical fluctuation or a real physical ef-
fect of unknown origin, such as a transition to sterile neutrinos or
quantum decoherence in neutrino oscillations [15]. The interpreta-
tion of the Ga source experiments in terms of oscillations to a sterile
neutrino with Am? ~ 1 eV?, as well as the agreement of these re-
sults with the reactor experiments Bugey, Chooz, and Gdsgen and
the accelerator experiments LSND and MiniBooNE is considered in
detail in Ref. [16]. If transitions to a sterile neutrino are occurring,
the region of allowed oscillation parameters inferred from the four Ga
source experiments is shown in Fig. 2.

7. The New Source Experiment

We believe that new experiments are necessary to understand the
low result of the Ga source measurements. One such experiment at
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Fig. 2: Region of allowed mixing parameters inferred from gallium source exper-
iments assuming oscillations to a sterile neutrino. Plus sign at Am? = 2.15 eV?2
and sin?(26) = 0.24 indicates the best-fit point

Fig. 3: Schematic drawing of proposed neutrino source experiment. R1 and R2
are the ratios of measured capture rate to predicted rate in the inner and outer
zones, respectively. Outer radii r of the two zones and diameter of source reentrant
tube are indicated in mm

the Research Center of Nuclear Physics (RCNP), Osaka that should
provide information to better determine the cross section for neutrino
capture at low energy is completed [17]. The result is the measured
cross section which gave a slightly larger value than was roughly esti-
mated by Bahcall and therefore it slightly amplifies the discrepancy
observed in calibration measurements. Another experiment, which
we intend to pursue, is an improved version of the Ga source mea-
surements. Our plan, as schematically pictured in Fig. 3, is to place a
51Cr source with initial activity of 3 MCi at the center of a 50-tonne
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target of liquid Ga metal that is divided into two concentric spheri-
cal zones, an inner 8-tonne zone and an outer 42-tonne zone. If the
neutrino capture cross section is that calculated by Bahcall [18] and
oscillations to sterile neutrinos do not occur, then at the beginning
of irradiation there is a mean of 65 atoms of "Ge produced by the
source per day in each zone. After an exposure period of a few days,
the Ga in each zone is transferred to reaction vessels and the "'Ge
atoms produced by neutrino capture are extracted.

If oscillations to a sterile neutrino are occurring with mass squared
difference of Am? and mixing parameter sin”(26) then the rates in
the outer and inner zones of gallium will be different and their ratio,
for the specific case of sin?(26) = 0.3, will be as shown in Fig. 4.

In contrast, experiments with reactor and accelerator neutrinos
suffer from several disadvantages. The neutrino energy E is dis-
tributed over a wide spectrum and the dimensions L of the sources
and detectors are on the scale of several meters. Other disadvantages
of a reactor or accelerator experiment are that the knowledge of the
neutrino flux incident on the target is usually significantly worse than
with a neutrino source and that, with some targets, there are appre-
ciable uncertainties in the cross section for neutrino interaction.

If in new experiment in which a very-intense °'Cr source irra-
diates a target of Ga metal that is divided into two zones there is
either a significant difference between the capture rates in the two
zones, or the average rate in both zones is considerably below the
expected rate, then there is evidence of nonstandard neutrino prop-
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erties. The proposed experiment has the potential to test neutrino
oscillation transitions with mass-squared difference Am? > 0.5 eV2.
This capability exists because the experiment uses a compact nearly
monochromatic neutrino source with well-known activity, the dense
target of Ga metal provides a high interaction rate, and the special
target geometry makes it possible to study the dependence of the rate
on the distance to the source.
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FINAL STATE INTERACTION
OF PIONS IN K* — 7#*n%2% DECAY
AND 7w SCATTERING LENGTHS

S.R. Gevorkyan
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In 2003-2004 the collaboration NA48/2 at the CERN SPS collected
a large amount of data (~ 6 x 107) on the decay K* — 7*7%x°.
The dependence of the distribution on the invariant mass of two neu-
tral pions Mo (Fig. 1) shows a cusp-like anomaly in the vicinity of
charged pions threshold Myo = 2m. [1,2].

As was pointed out by N.Cabibbo [3] this anomaly is a result of
charge exchange process 777~ — %70 in the decay K+ — n¥atn—
The amplitude of the decay KT — 77 7%#° reads:

T =Ty + 2ia,kTy; ag(ntn™ — 7%720) = f2 ; aO; (1)

To(KT — ntn%70); Ty (KT — ntn~nt) — unperturbed (without fi-
nal state interaction) amplitudes; ag, az — s-wave 77 scattering lengths
in the isospin I = 0 and I = 2 states; k = ++/MZ2, — 4m? - the rela-
tive momentum of charged pion in the reaction 7t + 7~ — 70 + #0.

Under charged pions threshold this momentum becomes imagi-
nary k = ik thus

_ 2k2
IT|? = T2 + 4%T1;M§0 > 4m?,
02,2 _
P2 = 12 4 4 L% = 02)K T2 - AT a2 am ()
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Above the threshold MZ, > 4m? the decay rate is proportional to
the square of scattering lengths difference (ap — az)?, the fact known
for many years [4] while under threshold Mg, < 4m? the decay rate
acquires interference term linear in (ap —az). Such irregular behavior
of the decay rate at threshold allows one to extract the value of the
difference (ap — a) fitting the experimental data [1,2] on the rate of
K* = 757970 decay.

For many years the semileptonic decay K* — 7t n~etv (K4 de-
cay) was seen as a cleanest method for measurement of 7 scattering
lengths due to only two pions in the final state and well known connec-
tion between the pions phases difference in s and p- wave states with
scattering lengths [5]. In addition it is desirable to know scattering
lengths values with highest possible accuracy as at present the Chiral
Perturbation Theory (ChPT) predicts their values with unusual for
strong interaction precision (~ 2%).

The discovery of cusp effect by NA48/2 collaboration open a new
challenges for precise determination of scattering lengths. The fit
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of the experimental distribution making use of two theoretical mod-
els [6, 7] being the extension of Cabibbo approach to higher order in
scattering lengths (~ a?) allows to determine the them with accuracy
comparable to theoretical predictions [1,2].

Nevertheless there are two issues unsolved in the above models.
At charged pions threshold one has to account for electromagnetic
interaction of pions, leading to bound states (pionium atoms) just
under threshold. In Fig. 2(a) the result of the fit without electromag-
netic effects is shown [1]. The discrepancy at charged pions threshold
is a result of neglect of this effect in the theoretical approaches. The
better fit can be obtained (Fig. 2(b)), when the authors add a free
parameter relevant to a term describing the expected formation of pi-
onium atoms decaying to 7°7° at threshold. However the extracted in
such a way probability of pionium atom creation K+ — 7+ + A 4, -
normalized to the K* — n¥7T7~ decay rate turn out to be twice
larger than the theoretical prediction [8].
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The second problem closely connected to the bound state forma-
tion is the absence of a reliable way in upgraded approaches [6,7]
to estimate the contribution of higher order terms in strong interac-
tion. To account for electromagnetic interaction leading to unstable
bound states one needs expressions for decay amplitudes including the
strong interaction between pions in all orders,the task which can’t be
obtained in the framework of two mentioned above [6, 7] theoretical
models.

To resolve these challenges, we make use the well known methods
of non-relativistic quantum mechanics. The amplitudes of kaon decay
to two pions can be presented as the convolution of the unperturbed
amplitude My(r) with the two pions wave functions describing strong
interactions in the 7t7—; 7%7° states and appear to be a solution of
couple Shrédinger equations [9]:

M.(K »7ntn) = /\I’j(r)MO(r)d3r;

M, (K — n°n°%) = /\I/I(T)Mo(r)d%; (3)

—ATV (1) + U (r) + Uen ¥y (r) = 2T (r);
—AT,(r) + Upn U (r) + Unc¥e(r) = E2T, (7). (4)

Here k., k,, are pions relative momenta in charge 777~ and neutral
7070 pairs, while Uy, are relative potentials in 77 elastic and charge
exchange interaction. Assuming that only s-wave scattering wm scat-
tering take place and strong potentials with sharp boundary U, >
ki(n), making use the known asymptotic behavior of wave functions
and unitarity constrains we obtain a set of relations expressing the
decay amplitudes through unperturbed one My., My,, and 77 scatter-
ing amplitudes f, (777~ — 7%7%), fo(ztr —7T77), fu(xl7® —
m070)

. ) ace(1 — iknany,) + ikna?
M. = MOC(]' + lkcfcc) + tknMon fo;  fee = z;

D )

_ . . 2

Moy = Mo (1 + ik fon) + iheMoc o fo = 2ol hellee) ket
fo=2: D=(1-iketce)(l — iknany) + knkea2. (5)
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In the case of exact isospin symmetry in the vicinity of threshold
these amplitudes manifest itself through the scattering lengths:

_az—ag _ap + 2as _ 2ap +a:

Qg = 3 y OGnn = 3 y o Qee = 6 (6)

To account for electromagnetic interaction among the pions we took
advantage of well known receipt [11]. It turn out that to include the
electromagnetic interaction in the considered approach it is sufficient

to do a substitution: ik, — 7 = dlog[GO(k;ZHFO(kT)] where Fy, Gy

T=7ro
are the regular and irregular solutions of the Coulomb problem (Hy-
pergeometric functions). In relevant region kro < 1 (ro — strong
potential radius):

T =ik — am [log(—2ikrg) + 2y + ¥ (1 — i€)];

Re = —am log(2kr) + 2y + Re(1 = i6)] € = 5

Im 7= kA2, A= exp (%£>|F(1+z’§)|. (7)

Here v = 0.5772 is the Euler constant while (&) = 'ﬂoiig(g)—di—
gamma function.

Inclusion of the electromagnetic interactions in a such way leads
to the bound state in the very narrow region under charged pions
threshold and correctly accounts for the electromagnetic interaction
in all kinematical region [10]. It seems that the difference between
predicted rate for creation of pionium atoms and fit result at thresh-
old is due to the fact that in the vicinity of threshold besides the
bound states there are contribution from unbound pairs, whose elec-
tromagnetic interaction gives almost the same size contribution as
the pionium decay [12].

Another place where the developed approach can be applied is
the K.4 decay. As was mentioned above it is ideally suited for deter-
mination of w7 scattering lengths. From experimental data on K4
decay the phases difference between s and p pions states § = §; — dp,
can be extracted.
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The preliminary analysis of the experimental data obtained by
NA48/2 collaboration leads to large discrepancy between the predic-
tion for the value of scattering length ao from ChPT and its value
obtained from experimental data [13] on K4 decay.

As was shown in works [14,15] this discrepancy is due to the
neglect of isospin breaking effects in the experimental data processing.
Account [14] for the electromagnetic interaction between the pions
in the decay K* — nt7w ev and isospin breaking effects due to
the possibility of charge exchange reaction among the pions in the
final state [15] allows to adjust the data for scattering lengths from
NA48/2 and theoretical predictions.

The considered approach can be applied to the wide class of the
decays with two or more hadrons in the final state, leading to better
understanding of strong interaction and giving the unique possibil-
ity to check different theoretical models predictions for meson-meson
interactions at low energies.
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Abstract

The observation of neutrinoless Double Beta Decay would reveal the Majorana
nature of the neutrino and could give information about the absolute mass
scale and mass hierarchy of the neutrino. Moreover, if this process were
observed, it would imply the non-conservation of lepton number and would
be a further confirmation of new physics beyond the Standard Model. It
is then clear why many experiments are trying to observe this extremely
rare process. Among the various experiments, interesting perspectives are
related to the bolometric technique. Cuoricino, a tower of 62 TeOg2 crystals
operated as bolometers for the study of neutrinoless Double Beta Decay of
130Te, obtained the best limit in the study of this process. Based on these
results CUORE, an array of 988 bolometric detectors with a total mass of
741 kg, has been designed.

1. The Neutrinoless Double Beta Decay

Since the first evidence in the 1960’s, many experiments have pro-
vided compelling evidence for neutrino oscillations from one flavor to
another [1]. Neutrino oscillations imply that neutrinos have mass,
and prompted by this discovery, the question of whether neutrinos
are Dirac or Majorana particles has become one of the issues at the
forefront of particle and nuclear physics. Unfortunately, up to now,
oscillation experiments haven’t given information about the absolute
mass scale and mass hierarchy of the neutrino. Also for this reason,
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great interest has been aimed in experiments able to determine the
absolute neutrino masses.

Direct neutrino mass measurements are based on the analysis of
the kinematics of charged particles emitted together with neutrinos
in weak decays. The most sensitive measurements, involving electron
neutrinos, are based on the study of the shape of the § spectrum
end-point. B-decay experiments are sensitive to an incoherent combi-
nation of the mass eigenvalues, called effective electron neutrino mass
mg and defined as

(ms) = (im?weiﬁ)” g 1)

where U,; are the elements of the first row of the PMNS matrix [2].
The best limits on mg come from the Mainz and Troitsk [3] tritium
B-decay experiments: mg < 2.3 eV.

Cosmological constraints on neutrino masses come from the ob-
servation of the Cosmic Microwave Background (CMB) anisotropies
and from the study of large scale structures. These observations are
sensitive to the sum of the three neutrino masses

3
Y= Zml (2)

The CMB data of the WMAP experiment, combined with super-
novae data and data on galaxy clustering can be used to obtain an
upper limit on ¥ < 1.7 eV [4].

Neutrinoless Double Beta Decay (OvDBD) experiments are sensi-
tive to a coherent sum of the mass eigenvalues called effective Majo-
rana mass and defined as

3 CN\1/2
(mss) = (Do mUaile™) ", (3)
i=1

where a; are parameters containing the two Majorana phases. The
OvDBD plays a primary role since it can also give important infor-
mation on the nature of the neutrino (Dirac or Majorana) and on the
Standard Model. Indeed the OvDBD would imply a lepton number
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violation (AL = 2) resulting in a further confirmation of new physics
beyond the Standard Model.

From the experimental point of view, what is measured to evaluate
the effective Majorana mass is the decay half life Tlo/”2 of the process

L |mgsl® o0 2 s00
Tor = 5 ~GVIM™P, (4)
1/2 e

where m, is the electron mass, G is the two-body phase-space fac-
tor and M is the Nuclear Matrix Element (NME). While G° can
be calculated with reasonable accuracy, the NME value is strongly
dependent on the nuclear model used for its evaluation.

OvDBD searches rely on the measurement of the two electron sig-
nal. Since the energy of the recoiling nucleus is negligible, the sum
of kinetic energy of the two electrons is equal to the Q-value of the
transition. This monochromatic signal is the main signature used
by all the experiments. On the other hand, given the rarity of the
process, the gathering of the OvDBD counts is complicated by the
presence of background events in the energy region under investiga-
tion which can hinder the searched signal. The performance of the
different OvDBD experiments is then usually expressed in terms of
an experimental sensitivity S°, defined as the process half-life cor-
responding to the maximum signal that could be mimicked by the
background fluctuations at a given statistical significance level

Ngane 'MT

“w VBar )

5%
where 7 is stoichiometric coefficient, W is the molecular weight of
the active mass, a is the isotopic abundance (i.a.), € is the detection
efficiency, T is the measurement live time [y], M is the detector mass
[kg], B is the background level [counts/keV /kg/y] and finally A is
the energy resolution [keV]. Despite its simplicity, this equation has
the unique advantage of emphasizing the role of the essential experi-
mental parameters.
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2. Experimental Approaches

Many 0vDBD experiments have been proposed in the last years. This
multiplicity is a good strategy since different nuclei are studied and
several experimental techniques, with different impact of backgrounds
and systematic errors, are used. One of the most promising is the
calorimetric approach where the detector is made of the 0vDBD ma-
terial since it allows the study of large quantities of isotope with an
excellent energy resolution.

The most used techniques with a calorimetric approach are solid
state detectors, phonon detectors and scintillators. Solid state de-
tectors and phonon detectors allow to achieve excellent energy res-
olutions (less than 1% in the region of interest) and also give the
possibility to build massive experiments (up to 1 ton). The bolomet-
ric technique has also the advantage that a wide choice of different
materials can be used as absorber. This last feature is very important
since in the case of 0vDBD searches it could allows to cross check a
possible evidence on different isotopes.

Bolometers can be essentially sketched as a two-component object:
an energy absorber in which the energy deposited by a particle is
converted into phonons and a sensor that converts thermal excitations
into a readable signal. The absorber must be coupled to a constant
temperature bath so the accumulated heat flows to the heat sink and
the absorber returns to the base temperature with a time constant
that, in first approximation, is 7 = C/G, where C is the heat capacity
of the bolometer and G is the thermal conductance of the link. The
temperature variation induced by an energy release E in the absorber
can be then written as

AT(t) = ge*%. (6)

In order to obtain a measurable temperature rise the heat capacity
of the absorber must be very small: this is the reason why bolometers
need to be operated at cryogenic temperatures (of the order of 10-
100 mK).

As mentioned above, the bolometric technique allows to study a
wide variety of OvDBD candidates. The choice of the *°Te (Q-value
2527.54£0.013 keV [5]) comes from a good compromise between differ-
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ent requirements that characterize a OvDBD experiment. First of all
the high natural abundance that allows to reach an high sensitivity
even without enrichment which is expensive and difficult.

Once decided the isotope, the tellurium dioxide (TeO2) was chosen
as absorber. This choice is motivated by the favorable characteristics
of these crystals if compared with Te ones (higher Debye temperature,
better mechanical properties and good intrinsic radiopurity).

3. Cuoricino

The Cuoricino experiment, operated at the Laboratori Nazionali del
Gran Sasso (LNGS) from early 2003 to June 2008, was a 139 Te-based
search for OvDBD. It consisted of an array of 62 TeOy bolometers
with a total mass of 40.7 kg.

Cuoricino, thanks to its very low background level of 0.169 +
0.006 counts/keV /kg/y in the Region Of Interest (ROI), allowed to
reach the best sensitivity on OvDBD of *°Te ever obtained [6] and
it was an important benchmark for CUORE. In addition to provid-
ing important information on the underground operation of a large
array of bolometers, Cuoricino allowed to study in detail the differ-
ent sources of spurious counts that limit the sensitivity of bolometric
experiments. In particular Cuoricino has given strong indications of
the existence of an important contribution to the background in the
OvDBD region due to surface contamination of the setup materials.

In Figure 1 the Cuoricino single-hit (anticoincidence between crys-
tals) background spectrum is reported. For the sake of clarity in
the figure the two regions in which the background is predominantly
caused by gamma particles or alpha particles are shown. Above
2615 keV, a flat continuum with several a peaks is clearly visible.
The origin of the flat continuum is still a delicate issue. The most
likely guess is that the flat continuum between 3-4 MeV can be as-
cribed to interactions of degraded a coming from the surfaces of the
copper frames or of the crystals. Extending to lower energies, the
flat continuum can give significant contributions to the background
counting rate in the ROL

No evidence of a OvDBD signal is found in the analyzed data.
By applying a maximum likelihood procedure we obtain a 90% lower
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Fig. 1: Cuoricino single-hit (anticoincidence between crystals) background spec-
trum (black). The total energy spectrum of all Cuoricino detectors during calibra-
tion measurements is also shown (red). For convenience it is normalized to have
the same intensity of the 2615 keV line of 2°8 Tl as measured in the background
spectrum. In the figure the two regions in which the background is predominantly
caused by gamma particles or alpha particles are shown

limit for the lifetime set to:
T/, (M0 Te) > 2.8 x 10** years (90%C.L.)

The evaluation of an upper limit for the effective Majorana mass
is strictly related to the Nuclear Matrix Elements. Using the latest
calculations by different authors [6] the lower limit on the effective
Majorana mass fixed by Cuoricino is in the range:

(m5ﬁ> < 300-710 meV

4. CUORE-0

CUORE-0 will consist of 52 CUORE-type crystals, selected from the
already available CUORE crystals. The bolometers will be stacked in
13 planes into a single CUORE-like tower operated in the refurbished
Cuoricino cryostat. The total mass of 39Te will be about 11kg.
CUORE-0 main purpose is to test the assembly procedure, the gluing
and the wiring for CUORE but it will be also a sensitive OvDBD
experiment in its own right. With an expected energy resolution in
the ROI of 5 keV, CUORE-0 may improve the current Cuoricino limit
on OvDBD by a factor of two within 1.5y of live time. Preparations
for CUORE-O0 are on schedule and data taking will start within 2011.
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Fig. 22 The CUORE modular structure. On the left: two contiguous floors
composed by four 5 x 5 x 5 cm?® crystals each. At the center: a CUORE tower
in which 13 single modules are held together. On the right: the entire CUORE
detector built of 19 towers

5. CUORE

The CUORE (Cryogenic Underground Observatory for Rare Events)
experiment [7] is the natural evolution of Cuoricino. It aims at search-
ing for OvDBD of TeO, with an effective Majorana mass sensitivity
of a few tens of meV. It is presently under construction in the Hall A
of the Gran Sasso Underground Laboratory.

The CUORE detector is an array of 988 cryogenic bolometers ar-
ranged in 19 vertical towers for a total mass of 741 kg, corresponding
to 206 kg of 13°Te. In Figure 2 the single module (i.e. one floor of one
CUORE tower), the single tower and the entire CUORE detector are
reported.

The experiment will take great advantage from the tightly packed
structure thanks to the high background rejection capability that can
be obtained by operating the detectors in anti-coincidence mode.

Assuming to reach the CUORE background goal of < 1072
counts/keV /kg/year, after 5 years of live time, CUORE has a lo
sensitivity to the 0vDBD half-life of T{)/Vz = 1.6 x 10?6 y and thus
a potential to probe the effective Majorana neutrino mass down to
41-95 meV [8].

In 2009 the production of CUORE crystals started at SICCAS
Jiading with a production capacity of about 30 crystals/month [9].
The production of crystals is systematically controlled and each pro-
duction phase is certified. Very strict certification conditions were
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applied for the dimensions of the crystals and for the quality of sur-
face processing. Moreover, a dedicated cryogenic setup, the CUORE
Crystals Validation Runs (CCVR), mounted and operated in Hall C
of LNGS is used to test TeO» crystals. The tests are performed on
crystals randomly chosen from each production batch and is aimed
at checking the radioactive contamination level of crystals and their
bolometric performance. Limits on crystals bulk contaminations ob-
tained with these bolometric tests are well below the concentration
limits requested for TeO, crystals to be used in CUORE experi-
ment [9].

The CUORE cryostat is made of six nested vessels and its base
temperature is expected to be as low as 6 mK. Three lead shields are
used to protect the detector from environmental radioactivity and
from contaminations in the building materials. A 25 cm thick octago-
nal lead layer outside the cryostat shields the detector from radiations
coming from the bottom and from the sides. An equivalent shielding
against radiation coming from the top is placed inside the cryostat,
just above the detector. This is a 30 cm thick lead disk with a diame-
ter of about 90 cm. Just below it, copper disks totaling an additional
8 cm shields are placed. An additional shielding of detector’s sides
and bottom is provided by a 6 cm lead layer. Outside the external
lead shield a 18 cm thick polyethylene layer will be added in order to
thermalize environmental neutrons that will then be absorbed by a
2 cm layer of H3BO3 powder contained in the hollow space between
the lead and the polyethylene itself.
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Abstract

This contribution to the proceedings summarizes the latest results from the
MINOS experiment. The experiment uses an intense neutrino beam optimized
for vy, or ¥, production and two detectors: one located at Fermilab, and one
situated 735 km away from Fermilab at the Soudan underground laboratory
in Minnesota, to study the phenomenon of neutrino oscillations. By observing
disappearance of v, ( 7,) from the beam, MINOS can measure the oscillation
parameters: atmospheric neutrino mass splitting Am? (Am?) and sinZ(26023)
(sin?(2023)). The result of a search for v. appearance in the v, beam is also
reported.

1. Introduction

The MINOS experiment uses an intense accelerator beam of neutrinos
to make the precise measurement of neutrino oscillation parameters
that were first determined in interactions of atmospheric neutrinos [1].
In this region, the neutrino oscillations are dominated by the channel
v, — V., but it is possible that a small fraction of muon neutrinos
oscillates into electron neutrinos. The experiment studies the phe-
nomenon of disappearance of muon neutrinos or muon antineutrinos
from the beam. It also searches for the appearance of electron neu-
trinos due to the sub-dominant v, — v, oscillation mode.

The neutrino beam is produced at Fermilab and directed into two
MINOS detectors [2]: Near (ND) situated 1km down the beamline
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and Far (FD) situated 735 km away from Fermilab at the Soudan
underground laboratory in Minnesota. Both MINOS detectors are
tracking, sampling calorimeters composed of 2.54cm thick planes of
iron and lcm thick planes of plastic scintillator. The reported results
are based on an exposure of 7.25 x 102° (2.95 x 102°) protons on target
for the v, (v,) disappearance analysis and 8.2 x 10?° protons on
target for v, appearance analysis. All measurements were performed
according to the rules of blind analysis.

2. Disappearance of Muon Neutrinos and
Antineutrinos

The probability of disappearance of muon neutrinos from the beam,
in the model of neutrino oscillations can be described by the approx-
imated formula:

1.27Am2L
Py, »v,) ~1- sin?(2623) sin? %,

where E,[GeV] is the neutrino energy and L[km] is the distance from
the target. Thus, from the v, disappearance analysis the two pa-
rameters of the neutrino oscillation model: Am? and sin®(26s3) can
be derived. Similarly, the 7,, disappearance analysis gives access to
parameters A2 and sin®(2653).

Muon neutrinos (antineutrinos) can be detected by looking for
the products of the interactions v, (7,) + Fe — p~ (u*) + X. The
characteristic feature of such interactions is the presence of a long,
muon track emerging from the hadronic shower X. The neutrino
energy is reconstructed as the sum of the muon energy and energy of
the hadronic shower. The reconstructed neutrino energy distribution
in the Far Detector and the ratio of the FD data and the expected
spectrum for an exposure of 7.25 x 10%° protons on target are shown
in Figure 1. The energy spectrum is compared to the Monte Carlo
predictions with and without oscillations. The shaded area shows
the predicted background. The resulting best fit of the oscillation
model gives |Am?| = (2.3273:3%) x 1073eV? and sin®(2623) > 0.90
(90% confidence level) [3].

MINOS has previously made the first direct measurement of os-
cillation parameters for muon antineutrinos [4]. The data has been
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Fig. 1: Left: Comparison of the reconstructed neutrino energy spectrum in the
Far Detector with the predictions for the v,-CC energy distributions with and
without oscillations. The shaded area shows the predicted background. Right:
Ratio of the FD data and the expected v, energy spectrum in the absence of
oscillations. Line represents the best oscillation fit curve
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Fig. 2: Left: Comparison of the reconstructed neutrino energy spectrum in the
Far Detector with the predictions for the 7,-CC energy distributions with and
without oscillations. The band around the oscillated prediction represents the
total systematic uncertainty. Right: Ratio of the FD data and the expected v,
energy spectrum in the absence of oscillations. Line represents the best oscillation
fit curve

taken with the beam optimized for 7, production. Assuming iden-
tical v, and 7, oscillation parameters, the MINOS measurements
for muon neutrinos and muon antineutrinos were consistent at the
2.0% confidence level. Presented results are for an increased expo-
sure from 1.71 x 10%° to 2.95 x 10%° protons on target. The re-
constructed neutrino energy distribution in the Far Detector and
the ratio of the FD data and the expected spectrum for an expo-
sure of 2.95 x 10%° protons on target are shown in Figure 2. The
energy spectrum is compared to the Monte Carlo predictions with
and without oscillations. The resulting best fit of the oscillation
model gives |Am?| = (2.6215 3% (stat) £ 0.09(syst)) x 10~3eV? and
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Fig. 3: Comparison of the allowed regions and best fits for the 7,, parameters
from the 2010 and 2011 analyses. The MINOS allowed region for v, oscillation
is also shown

sin?(2023) = 0.951019(stat) & 0.01(syst) Figure 3 shows the allowed
regions for the antineutrino oscillations parameters for the old and
new antineutrino results, compared to the MINOS allowed region for
neutrino oscillations. MINOS measurements for muon neutrinos and
muon antineutrinos are now consistent at the 42% confidence level.

3. Appearance of Electron Neutrinos

Observation of electron neutrino appearance in the beam of muon
neutrinos, in the atmospheric oscillation domain, would imply a non-
zero value of the mixing angle ;3. The probability of v, appearance,
P(v, — ve), is expressed by the formula that depends not only on
013, but also on the unknown CP-violation phase dcp, on the neu-
trino mass hierarchy and other parameters of the neutrino oscillation
model.

Electron neutrinos can be detected by looking for the products
of the interactions v, + Fe — e~ + X. In MINOS, electrons are ex-
pected to produce compact showers, spanning only a few planes and
strips. The reconstructed energy distribution in the Far Detector for
an exposure of 8.2 x 102° protons on target is shown in Figure 4.
The black points represent the data. The histogram shows the ex-
pected background (unfilled area) and the contribution of v, — v.
signal (filled area) for the best-fit value of sin?(26;3) = 0.041. The
largest background to the search originate from the neutral current
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Fig. 4: Reconstructed neutrino energy spectrum for the v.-CC candidate events
in the Far Detector. The black points represent the data. The histogram shows
the expected background (unfilled area) and the contribution of v, — v, signal
(filled area) for the best-fit value of sin?(2613) = 0.041

interactions. Smaller background is related to the intrinsic electron
neutrino component of the beam and charged current v, interactions
where most of the energy is transferred into hadronic state. Ad-
ditional background component in the Far Detector is due to the
charged current interactions of tau neutrinos from the v, — v, oscil-
lations. Figure 5 shows the allowed ranges and best fits as a function
of CP-violation phase § for normal and inverted neutrino mass hierar-
chy. The dashed line indicates the CHOOZ 90% C.L. upper limit [6].
The results of a search for v, appearance in the v, beam give the
upper limit of 2sin?(f23)sin®(26;3) < 0.12(0.20) at 90% confidence
level for 6cp = 0 and the normal (inverted) neutrino mass hierarchy.

4. Conclusions

The MINOS experiment performed the measurement of atmospheric
parameters of the neutrino oscillation model, independently for muon
neutrinos and muon antineutrinos. The resulting mass-squared dif-
ferences are the most precise measurements to date. MINOS has
also made the attempt to measure the mixing angle ;3. This study
found that 2 sin®(f23) sin®(26;3) < 0.12(0.20) at 90% confidence level
for cp = 0 and the normal (inverted) neutrino mass hierarchy. This
result significantly constrains the 613 range allowed by other experi-
ments.
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Abstract

The OPERA experiment in the underground Gran Sasso Laboratory (LNGS)
was designed to perform the first detection of neutrino oscillations in appear-
ance mode through the v, — v, channel. The v, signature is provided by
the identification of the 7-lepton created in its charged current interaction.
The OPERA hybrid apparatus consists of a large mass emulsion film/lead
target complemented by electronic detectors. It is placed in the high energy
long-baseline CERN to LNGS neutrino beam (CNGS) 730 km away from the
neutrino source. The OPERA experiment is currently in data taking and
analysis, and the first v, candidate event was observed in 2010. In this re-
port, the status of the OPERA experiment and statistical significance of the
first candidate observed so far are presented.

1. Introduction

In 1962, Maki, Nakagawa and Sakata proposed that oscillation may
exist between massive neutrinos of different flavours [1]. In 1998, the
Super-Kamiokande experiment established the deficit in atmospheric
v,, due to their disappearance through the oscillation mechanism [2].
The goal of OPERA is to detect v, — v, oscillation in the ap-
pearance mode in the CERN CNGS beam by detecting the decay
topology of the 7 induced in the v, charged current interactions [3].
OPERA is exposed to the long-baseline CNGS v, beam [4], 730
km away from the source. The beam is optimized for the observation
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Fig. 1: The OPERA detector

of v.CC interactions. The average neutrino energy is ~17 GeV. The
7, contamination is 2.1% in terms of interactions, the v, and 7, con-
taminations are together lower than 1%, while the number of prompt
v, is negligible.

2. The OPERA Detector

The challenge of the OPERA experiment is to achieve the very high
spatial accuracy required for the detection of 7 leptons (whose decay
length is of the order of 1 mm in this experiment) inside a large-mass
active target. The hybrid detector [5] is composed of two identi-
cal Super Modules (SM), each consisting of an instrumented target
section of a mass of about 625 tons followed by a magnetic muon
spectrometer (Fig. 1). A target section is a succession of walls filled
with elements called bricks, interleaved with planes of scintillator
strips, the Target Tracker (T'T). The TT allows the initial localiza-
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OPERA emulsion film

lead plate

Fig. 2: An ECC brick, OPERA emulsion films and lead plates

tion of neutrino interaction by providing also its time stamp. A
brick is an Emulsion Cloud Chamber (ECC) module consisting of 56
1 mm thick lead plates interleaved with 57 nuclear emulsion films
(see Fig. 2). It weights 8.3 kg and its thickness corresponds to 10 ra-
diation lengths along the beam direction. Tightly packed removable
doublets of emulsion films called Changeable Sheets (CS) are glued to
the downstream face of each brick. They serve as interfaces between
the TT planes and the bricks to facilitate the location of neutrino
interactions. Complex brick handling ancillary facilities are used to
bring emulsion films from the target up to the automatic scanning
microscopes [6].

An emulsion film is made of two layers of nuclear emulsion gel
44 pm thick deposited on each side of a 205 pm thick plastic base of
12.5 x 9.9 cm? [7]. A track of a minimum ionizing particle is shown
in Fig. 3. Emulsion records charged particles as 3D tracks with sub-
micron resolution. ECC technique is adequate to recognize 7 decay
topologies as proven by the DONuT experiment [8].

3. Location of Neutrino Interactons

The experiment is currently in the phase of its fourth year of data
taking and of data analysis. The CNGS neutrino beam status shown
in Table 1. The total number of protons on target was 12.65 x 101°
as of 20 Aug. 2011. The results presented in this report are based on
the decay search analysis of 2738 events from 2008 and 2009 samples.
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Fig. 3: The microscopic image of a Minimum Ionising Particle (M.L.P.) track in
a developed emulsion film

In order to analyse the primary vertex a volume scan is performed
over a 1 cm? area in at least 2 films upstream and 6 films downstream
of the vertex lead plate. When a secondary vertex is found the kine-
matical analysis of the whole event is performed. This analysis makes
use of the angles measured in the emulsion films, the momenta de-
termined by multiple Coulomb scattering as measured in the brick,
the momenta measured by the magnetic spectrometers, and the total
energy deposited in the instrumented target acting as a calorime-
ter [9-11].

By applying this procedure, the first v, candidate event was ob-
served in 2010, as reported in detail in [9].

4. Signal Detection Efficiencies and Physics
Background

Charged charmed particles own lifetimes similar to that of the 7 lep-
ton and share analogous decay topologies. The finding efficiency of
the decay vertices is therefore also similar for both types of particles.
Comparing the observed charm event sample in size, decay topolo-
gies and kinematics with expectations from simulations constitutes a

T able 1: Status of CNGS neutrino beam as of 20 Aug. 2011

Year | Beam days | Protons on target | Events in the bricks
2008 123 1.78 x 1012 1698
2009 155 3.52 x 101° 3693
2010 187 4.04 x 1019 4248

2011 Ongoing 3.31 x 101° 3304
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direct way to verify that prompt-decay selection criteria and their cor-
responding efficiencies as well as backgrounds evaluations. Recently
published cross-sections by the CHORUS experiment [12] have been
used in the simulation. The results of this comparison are shown in
Table 2.

The expected numbers of events in the various 7 channels for the
nominal number of 22.5 x 10'° p.o.t. and for the fraction of the 2008
and 2009 runs analysed so far are shown in Table 3. Full mixing
and Am2, = 2.5 x 1073 eV? are assumed. The total number of
signal events expected to be eventually detected has decreased from
10 as quoted in the experiment proposal [3] to 8. This reduction was
essentially due to the lower efficiency in location of the interaction
vertex resulting from a more reliable knowledge of the detector and
of the analysis procedures.

The main source of background to all 7 decay channels is consti-
tuted by charged charmed particles that decay into similar channels
and are produced in v, CC interactions where the primary muon is
not identified.

The second main source of background in the 7 — h decay channel
comes from one-prong inelastic interactions of primary hadrons pro-

T able 2: Comparison between charm event topologies observed
and expected from simulations including background

Topology Observed Expected events
events Charm Background Total
Charged 1-prong 13 15.9 1.9 17.8
Neutral 2-prong 18 15.7 0.8 16.5
Charged 3-prong 5 5.5 0.3 5.8
Neutral 4-prong 3 2.0 <0.1 2.1
Total 39 39.1+75 3.0+0.9 42.2+8.3

Table 3: Expected numbers of observed signal events for 22.5 X 1012
p.o.t. and for the analysed sample of the data accumulated in the 2008

and 2009 runs

Decay Number of signal events expected for
channel 22.5 x 1019 p.o.t. Analysed sample
T 1.79 0.39

T >e 2.89 0.63
T—h 2.25 0.49
T — 3h 0.71 0.15

Total 7.63 1.65
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duced in NC interactions, or in CC interactions where the primary
lepton is not identified and in which no nuclear fragments can be
associated with the secondary interaction. This has been evaluated
with Monte Carlo Simulation and cross-checked with measurements
(Fig. 4).

All background sources are summarized in Table 4. Systematic
errors of 25% on charm background and of 50% on hadron and muon
backgrounds are assumed. Errors arising from the same source are
combined linearly, otherwise in quadrature.

5. Signal Statistical Significance

One v, candidate event is observed in the 7 — h decay channel
that passes all the selection cuts; assuming full mixing and AmZ; =
2.5 x 1072 eV? 0.49 + 12 events are expected for this decay mode
in the currently analysed sample . The background in this channel
is estimated to be 0.05 £ 0.01(syst.) event. The probability of the
event not to be due to a background fluctuations and thus the sta-
tistical significance of the observation is 95%. Considering all decay
channels, the numbers of expected signal and background events are
respectively 1.65 +0.41 and 0.16 +0.03(syst.), the probability for the
event to be background being 15%.

T a ble 4: Expected numbers of observed background events from
different sources for the nominal number of 22.5 x 10'? p.o.t. and for
the analysed sample of the data accumulated in the 2008 and 2009
runs. The quoted errors are systematic ones

Decay Number of background events expected for

channel 22.5 x 10! p.o.t. Analysed sample

Charm |Hadron |Muon| Total |Charm|Hadron|Muon| Total
T—pu 0025 000 0.07 0094004 000 0.00 0.02 0.0240.01
T—e 022 000 000 022+005 005 000 0.00 0.05+0.01

T—h 014 0.11 0.00 0.24-+£0.06 0.03 0.02  0.00 0.05+0.01
T —3h 0.18 0.00 0.00 0.18+0.04 0.04 0.00 0.00 0.04+0.01

Total  0.55 0.11 0.07 0.73+0.15 0.12 0.02 0.02 0.16 +£0.03
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6. Conclusions

The OPERA experiment is aiming at the first detection of neutrino
oscillations in direct appearance mode where the oscillated neutrino
is identified. The experiment is currently in the phase of its fourth
year of data taking and of data analysis, and one v, candidate event
was observed.

The results presented in this report are based on the decay search
analysis of 2738 events from 2008 and 2009 samples. The observation
of a v, candidate event is compatible with the expectation of 1.65
signal events. The significance of the observation of one decay in the
7 — h channel is 95%.
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Abstract

We are preparing a new experiment to search for time-reversal violation by
measuring the transverse muon polarization (Pr) in K+ — 7%t v decay at
J-PARC. The physics potential in terms of the discovery of new physics is
competitive with other experiments currently being prepared. The detector
system will be an upgraded version of our previous KEK-PS E246 experiment
which should produce §Pp ~ 10~ 4.

1. Introduction

The Standard Model (SM) of subatomic physics provides an incredi-
bly successful description of all the existing experimental data. Nev-
ertheless it is not thought to be the complete theory; it contains 26
free parameters including the non-zero neutrino masses and the CP-
violating phase in the Cabbibo-Kobayashi-Maskawa (CKM) matrix.
Numerous extensions to the SM have been proposed; most contain
additional imaginary phases since it is well known that the CKM
CP-violation is not large enough to explain the Baryonic Asymmetry

95
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of the Universe [1]. Since any Lorentz invariant field theory is ex-
pected to conserve CPT, a non-zero measurement of Time-Reversal
Violation (TRV) implies a corresponding CP-violation; therfore TRV
searches can also reveal new sources of CPV [2].

The transverse muon polarization Pr = §, - (P,+ X pro) in KT —
mutv (K,3) decay is a T-odd triple product correlation. This was
first suggested by Sakurai [3] as a clear signature of TRV since the fi-
nal state interactions (FSI), which arise from higher order loops in the
electromagnetic interaction, are small (~107%). Even more impor-
tant is the fact that the SM contribution to Pr is considerably smaller
(~10~7). Therefore, a Pr search is a search for physics beyond the
SM. Various extensions to the SM such as multi-Higgs doublets, lep-
toquarks, R-parity violating-SUSY or squark-family mixing-SUSY al-
low Pr values as large as ~ 10~ 3, just below the current experimental
limit from our previous E246 experiment [4] at KEK. In the (V-A)
theory of the SM the K 3 hadronic decay matrix element can be writ-
ten in terms of two form factors, f(g?). Since the strong interaction
conserves CP both these form factors must be real. Hence, if the
ratio £(¢?) = f_(¢?)/f1(¢?) has a non-zero imaginary component this
TRV effect will imply the presence of a new scalar(S) or tensor(T)
interaction. Pr is related to Im(£) by a kinematic factor which has
been carefully optimized for our experiment.

2. Time-Reversal Violation Experiment with
Kaons (TREK) at J-PARC

Our new T-violation experiment at J-PARC [5] is based on an up-
grade of our previous E246 detector [6]. TREK will have about ten
times more acceptance, twenty times more integrated beam flux and a
substantially improved analyzing power compared to E246. This will
produce a factor of ~ 20 improvement in sensitivity (§Pr ~ 107%),
which will put the experiment well into the region where new physics
effects might appear.

In order to optimize the performance of the experimental system,
several improvements to the detector system are now underway. The
principal concept of the experiment, namely the use of a stopped KT
beam with the application of the muon field in the azimuthal direction
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Fig. 1: End (and side) views of the superconducting toroidal spectrometer (STS)
used in E246

parallel to the Py component is being retained. The following modi-
fications (in relative order of importance) are being implemented: 1)
an active muon polarimeter with a more uniform magnetic field for
muon spin preservation, 2) two new central region GEM chambers for
improved charged particle tracking, 3) a new K7 scintillating fibre
target with finer segentation, 4) an avananche photo-diode (APD)
and faster amplifier for the CsI(T1). Our detailed simulations indi-
cate that a one year run at J-PARC with the new detector should
provide a statistical and systematic accuracy of ~ 107%.

The most important upgrade item is the adoption of an active
polarimeter and a new muon holding field magnet. This will allow
a determination of the muon stopping position for each event which
renders the experiment free from the background and systematic er-
ror associated with the ambiguities in the muon stopping distribu-
tion. This large acceptance (~ 3) polarimeter will measure both the
positron energy and the emission angle and it will greatly increase the
analyzing power. A uniform 0.03 T magnetic field will be applied at
the muon stopping position in order to ensure the preservation of the
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Fig. 2: Comparison of the tracking elements in E246 and TREK. By adding the
new GEM chambers C0 & C1 we will be able to improve the track resolution and
reduce the kaon decay-in-flight (Kr2-dif) background

muon spin polarization by decoupling it from any ambient stray mag-
netic fields. Two drift chamber designs (with parallel plates or muon
tubes) have been tested using full scale prototypes and a one sector
prototype magnet has also been constructed. The data analysis for
the muon tube polarimeter is now underway.

For the new TREK experiment at J-PARC one of the most se-
rious systematic errors will be the background contamination from
kaon decay-in-flight (K, 2-dif) events. In order to improve the track-
ing resolution we will add a new high-rate cylindrical GEM track-
ing chamber with a spatial resolution better than 0.1 mm around
the target system plus 12 new GEM planar tracking chambers with
< 0.1 mm resolution at the outer surface of the CsI calorimeter
as shown in Fig. 2. Detailed simulations indicate that the kaon
decay-in-flight (K 2-dif) fraction in the K3 data should be ~0.2%,
which is small enough to reduce the resulting systematic error below
6Pr = 104

The new scintillating fibre target (¢ = 7.5 cm) will consist of
492 square fibres (3.0 mm). Each fibre will be read out using a new
Hamamatsu MPPC. These small solid state PMTs offer the advantage
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of compactness and low cost compared to either conventional single
or multi-anode PMTs.

Given the higher beam rate at J-PARC, we will need to employ
avalanche photo-diodes (APD) with a faster current preamplifier for
the upgraded CsI(T1) readout. The output from the amplifier system
will be digitized by FADCs, which will provide a powerful method to
resolve pulse pileup.

With these detector upgrades the total systematic error will be
suppressed to below 10~%. In E246, one of the largest contributions to
the systematic error was the muon field alignment. The rotation (4,)
around the z (KT-beam) axis is the most troublesome introducing
dPr ~ 5x10~* because its effect cannot be cancelled using the normal
fwd — bwd subtraction scheme. Since the precision of the magnetic
field measurement (~1 mr) with a Hall probe is not sufficient to
reduce the systematic uncertainty to the desired value, we plan to
determine the §, misalignment using experimental data.

In order to reduce this systematic uncertainty, we will utilize a
new analysis method using the arbitrary initial muon spin phases at
the polarimeter (6p). The time integrated asymmetry due to any
possible detector misalignments is a simple function of y namely,
A(bp) = 6, cosby — 4, sin By where ¢, is the effect from a field rotation
around the radial direction. We can then calculate two asymmetries
Agum and Agig as the sum and difference of Agyq and Apwq using the
measured asymmetries for forward and backward pions, respectively.
This leads to

Asum(eo) = [Afwd(oo) + Abwd(OO)]/z =6, cosfy — 0, sinfy, (1)
Agin(0o) = [Aswa(fo) — Abwa(60)]/2 = F(Pr,6o), (2)

where F(Pr,6p) is the Ap asymmetry arising from a non-zero Pr.
We obtain no effects of Py in Ag,, and no effects of misalignments
in Agisr, thereby enabling a very clean extraction of a small Pr signal
even with finite magnetic field misalignments.

3. Progress Report

We have cut and polished the ends of the 500 scintillator bars in the
TRIUMF scintillator shop. We then milled a 1 mm groove along one
side of each bar into which was glued a 1.4 m long Kuraray Y-11
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WLS; the far end was then connected to a Hamamatsu MPPC using
the same coupling system developed for the T2K FGD. Fig. 3 shows
a picture of the green WLS fibre glued into the 3 mm scintillating
bar and Fig. 4 shows the energy deposited in 1 bar by pass through



A SEARCH FOR A TIME-REVERSAL VIOLATING... 101

cosmic rays. The average energy deposited in 3 mm (~ 0.6 MeV
corresponds to ~ 18 photo electrons(pe)); hence we observe an overall
light output of ~ 30 pe/MeV. The detection efficiency for minimum
ionizing particles with a threshold cut of ~ 5 pe is 97%.

4. Summary

We are currently preparing a new experiment to search for Time-
Reversal Violation at J-PARC by measuring the transverse muon
polarization (Pr) in K+ — 7%u*v decays with a stopped K+ beam.
The detector system is an upgraded version of our previous KEK-PS
E246 experiment. The improved detector will reduce both the statis-
tical and the systematic errors by a factor of ~ 20, which will allow
us to explore the region between the current upper limit ~2x10~3
down to the 10~* level with a total experimental uncertainty of 10~4.
This will either reveal new physics or, at the very least, provide more
stringent constraints on the many various extentions to the current
SM theory.
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Abstract

The Mini-Booster Neutrino Experiment (MiniBooNE) is a short baseline
Vy — Ve (Py — De) neutrino oscillation experiment at Fermilab, USA. The
primary goal is to confirm or refute the oscillation signal observed at the LSND
experiment at Los Alamos [1] under the two massive neutrino model. For the
neutrino mode analysis, there is no excess of ve candidate event over back-
ground in the energy region where one expects signals with Am2 ) ~1 V2,
but more than 30 excess is observed in the low energy region [2]. This excess
is not explained by known systematics. For the anti-neutrino mode, we again
observe a 7. excess in the low energy region, and moreover, we also observe
an excess in the energy region where we expect an excess from LSND-like
neutrino mass splitting, Am%SND [3]. The latest update, in summer 2011
shows a lower significance with the two massive neutrino model over the null
hypothesis, but the compatibility with the model is higher. however, a model-
independent analysis shows the excess of 7. candidate events in the full energy
region is incompatible with the null hypothesis at 20 level.

1. MiniBooNE Experiment

The MiniBooNE experiment uses the Booster Neutrino Beam (BNB)
to produce a mostly v, (7,) neutrino beam. The neutrinos are de-
tected by the MiniBooNE detector, a spherical tank mineral oil-based
Cherenkov detector. Figure 1 shows a schematic overview of the Mini-
BooNE experiment.
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Fig. 1: The overview of the MiniBooNE experiment. The top left is a picture of
the Fermilab, including the Booster and the target hall. The top right is a picture
of MiniBooNE detector, inserted picture shows inside of the detector, black inner
tank region and white outer tank region. The bottom sketch shows the Booster
Neutrino Beamline (BNB)

1.1. Booster neutrino beam (BNB) [4]

The “primary” protons are extracted from the 8 GeV Fermilab Booster
in a ~1.6 us pulse, typically at 2-5 Hz and ~ 4 x 10'2? protons per
pulse. Then these protons are sent to the beryllium target located
inside of the magnetic horn. The collision of protons and the tar-
get creates a shower of “secondary” mesons, mainly pions. For the
neutrino (anti-neutrino) mode running, 7" (7~) are focused by the
toroidal magnetic field created by the horn, and the decay in flight
of these pions creates a wide band “tertiary” neutrino (anti-neutrino)
beam, with average energy ~800 (~600) MeV. Since MiniBooNE is
a v, = Ve (U, — D) neutrino oscillation appearance experiment,
beam produced v, (7.) are “intrinsic” background and we need pre-
cise predictions for their distributions. Although they provide only
0.6% of the flux prediction in both neutrino and anti-neutrino mode,



104 Part 1. EXPERIMENT

we further constrain their errors from control samples. For the anti-
neutrino mode, the contamination of neutrino background is sizable.
This is tuned from an in situ measurement of charged current (CC)
pion production in anti-neutrino mode. This is possible because of
7w~ absorption in the detector, and CC pion sample is dominated by
CCr* from the v, contamination in the #, beam [5].

1.2. MiniBooNE detector [6]

The MiniBooNE detector is a mineral oil-based Cherenkov detector,
and it is located 541 m down stream from the target. The 610 cm
radius spherical tank is separated into an inner region and an outer
region by the optical barrier at 575 cm radius, as can be seen in
Fig. 1, top right picture. In the inner region, 1,280 8-inch PMTs are
equipped, and the outer region has 240 8-inch veto PMTs. These
PMTs collect the light from Cherenkov radiation from charged parti-
cle tracks created by neutrino interactions. It can also see the small
amount of scintillation light. The charged particle tracks are recon-
structed by using both Cherenkov and scintillation information.

1.3. Track reconstruction [7]

The charge and time information from each PMT is used to construct
charge and time likelihood functions, which are used to reconstruct
particle tracks under assumption of particle type. Figure 2 shows
how different topologies of Cherenkov ring patterns are related to
each particle type. The particle track fitters are designed to find
particle energy and direction.

1.4. Neutrino cross section models

Since a neutrino oscillation signal is the excess of data over prediction,
we need to know the neutrino cross sections a priori. It is important
to understand the v, CC quasi-elastic (CCQE) interaction model be-
cause it is related to v.CCQE interactions (oscillation signal events)
under the lepton universality. Since the lepton kinematics of v, CCQE
interactions are used to reconstruct the neutrino energy, v, CCQE is
the ideal place to understand neutrino interaction kinematics. The
modified relativistic Fermi gas model successfully describes v, CCQE
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Fig. 2: Typical MiniBooNE interactions. From top to bottom, a v, charged
current quasi-elastic (CCQE) event, a ve CCQE event, and a neutral current 7°
production event. The left column shows their interaction, next two columns
shows features of tracks and Cherenkov rings from these particles. The right
most column are event displays of candidate events. The each sphere represents
a PMT hit, and size and color represent charge and timing

kinematics [8]. Then, we reconstruct neutrino energy from the mea-
sured energy and angle of the charged lepton.

For the oscillation analysis, the biggest misID is the 7° from the
neutral current (NC) interaction. Therefore, understanding of its
kinematic distribution as a background is crucial. We modified the
predicted NCn® distribution based on our measurement [9]. This not
only corrects the distribution, but also constrains its error from 30%
to 5%, because now the error of the prediction of this background is
not from the interaction model, but from our measurement.

2. Neutrino Cross Section Measurements

Thanks to absolute flux prediction and fitters, we measured many ab-
solute flux-averaged differential cross section, including CCQE, NC



106 Part 1. EXPERIMENT

d’s 2
W{cm IGeV)
-

X

MiniBooNE data (6N;=10.7%)

[ viiBooNE daavith sapearar

shapeerror
MiniBooNE datawith total error

RFG model with M~1=103 GeV, x=1.000
RFG model with M =135 Gev, x=1.007

12 14 EERC Gey)

16| —— NOMAD datavith toal error
T U datawith total eror

D
/7
=

o (cm?)
-
I
G

o
,,,,,,,, RFG mode with M /=103 GeV,x=1.000

10 g ey kg

RFG model with M =135 GeV, k=1.007
Freaudcon win M, -1 03 oV

0* 1 10 EJFC(Gev)

Fig. 3: The v, CCQE absolute cross section result. The left plot is the flux-
averaged double differential cross section, as a function of muon kinetic energy and
muon scattering angle. The 10.7% normalization error is not shown in the plot.
The right plot is the flux-unfolded total cross section, as a function of neutrino
energy. Notice left is described with measured variables and is nuclear model
independent, while the detail of right plot (tails of the distributions) depends
on the nuclear model because it is a function of model dependent reconstruction
variables

elastic, NC 7° production, CCr™ production, and CC 7° production
interactions [10]. Indeed, MiniBooNE measured v, cross sections of
89% of all interaction types possibly measured in this energy range
(~800 MeV). We focus on the measurement of the flux-averaged dif-
ferential cross sections, where most of them are measured first time
in history. They are a function of measured variables (e.g. muon
energy, pion angle, etc) and thus nuclear model independent. Figu-
re 3 left is an example of such a cross section. The cross section is
traditionally shown as a function of the neutrino energy. Although
neutrino energy is a model dependent parameter and the obtained
cross section is hard to interpret, it is still useful to compare with
other results (Fig. 3 right). Notice all neutrino cross sections mea-
sured by MiniBooNE, including CCQE, are higher than historically
known values. This motivate a lot of theoretical work on neutrino
cross sections, and upcoming MiniBooNE 7,, cross section results [11]
will be the best place to test theoretical models.

3. Neutrino Oscillation Analysis Results

MiniBooNE began data-taking in summer 2002, and it will finish in
summer 2012. The signature of v, — v, (7, — 7e) is a single isolated
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electron (positron). Since the detector is not magnetized, the analysis
is almost identical for neutrino mode and anti-neutrino mode.

3.1. Other analyses
3.2. Neutrino mode oscillation analysis results

For the neutrino mode, MiniBooNE collected 6.46 x 10?° protons
on target (POT), corresponding to over 10° neutrino interactions.
Figure 4 left shows the v, candidate distribution, as a function of
neutrino energy, together with the predicted background. Under the
two massive neutrino model, we would expect a sizable excess at
> 475 MeV if Amfqyp is correct. Since this is not observed, we can
reject possible Amfqyp values from the parameter space with 90%
C.L. However, we observed more than 3o excess at < 475 MeV. This
excess is not understood by known systematics.

3.3. Anti-neutrino oscillation analysis results

For the anti-neutrino mode, the last published result is based on
5.66 x 1020 POT. Figure 4 right shows our summer 2011 update,
where we include 50% more data. It also includes the constraint of
the intrinsic v, from K-decay based on a SciBooNE measurement [12],
where the SciBooNE detector is located upstream of the MiniBooNE
detector. In our previous analysis, the excess in entire energy re-
gion was 43.2 + 22.5. The summer 2011 update shows 57.7 + 28.5,
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thus the significance of excess over null hypothesis stays the same in
a model independent way. However, as you see from Fig. 4 right,
the excess below 475 MeV grew while the excess at higher energy
shrank. The sizable excess at lower energies more closely resembles
the neutrino mode distribution (Fig. 4, left) compared to the analy-
sis with fewer statistics. This reduces the significance of two massive
neutrino model over the null hypothesis, and now it is 91.1% C.L.
whereas it was 99.4% favored before [3]. However, interestingly, the
best fit point gives higher compatibility with LSND-like Amfqyp,
and now it is 35.5% (it was 8.7% in [3]). After finishing data taking,
we expect to have a further ~30-40% more data.

Although the absence of the near detector makes it difficult, we
can perform a shape-only disappearance analysis [13]. This is specifi-
cally the first 7, disappearance experiment targeting around Am? ~1-
10 V2. The neutrino mode result is further refined by the joint
analysis with SciBooNE [14].

Since MiniBooNE excesses are not understood by the Neutrino
Standard Model, they may be the signal of new physics. In par-
ticular, Lorentz violation motivated models can qualitatively repro-
duce the MiniBooNE low energy excess [15]. We tested Lorentz
and CPT violation, by fitting the sidereal time distribution of os-
cillation candidate events with a general function derived from the
Standard Model Extension (SME) [16]. There was no statistically
significant time variation, and limits are placed on several SME co-
efficients [17].

4. Conclusion

MiniBooNE is a short-baseline neutrino oscillation experiment at Fer-
milab. Updated anti-neutrino mode results show a slightly higher sig-
nificance of the excess than the previous result in a model-independent
test. The significance of the two massive neutrino oscillation hypoth-
esis over the null hypothesis is reduced, but the compatibility with
the massive neutrino oscillation hypothesis has increased. We expect
a further ~30-40% of data at the end of running, summer 2012.
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SCIBOONE, A NEUTRINO CROSS
SECTION MEASUREMENT
EXPERIMENT AT FERMILAB

Teppei Katori for the SciBooNE collaboration

Massachusetts Institute of Technology, USA

Abstract

The SciBar Booster Neutrino Experiment (SciBooNE) is a v, (#,) neutrino
cross section measurement experiment at Fermilab. The primary goal was to
measure neutrino interaction cross sections of interest to the T2K experiment
and to make neutrino oscillation measurements with MiniBooNE. The data
was taken from summer 2007 to summer 2008.

1. SciBooNE Experiment

Figure 1 shows a schematic overview of the SciBooNE experiment.
The Booster Neutrino Beamline (BNB) sends 8 GeV protons from
the Booster to a beryllium target, which produces v, and 7, by the
decay in flight of mesons (mainly pions). The SciBooNE detector
is located 100 m downstream of the target, and 540 m downstream
is the MiniBooNE detector. The BNB is the ideal beam to study
neutrino interactions expected at T2K [1], because its flux average,
~800 MeV, is close to JPARC neutrino beam (Fig. 1, top right).
More detail on the BNB can be found elsewhere [2].

1.1. SciBooNE detector

Figure 2 left shows the SciBooNE detector. The SciBooNE detector
consists of three parts, a vertex detector “SciBar”, an electromagnetic
calorimeter “electron cacher (EC)”, and an iron-scintillator sandwich
“muon range detector (MRD)”.

110
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Fig. 1: Overview of the SciBooNE experiment. The top left is a picture of
Fermilab, including SciBooNE and MiniBooNE detector locations, as well as the
Booster and the target hall. The top right plot shows the neutrino flux comparison
with arbitrary unit. The BNB has a similar average energy to JPARC, and this
makes BNB the ideal place for the SciBooNE experiment

1.1.1. SciBar

SciBar is an organic scintillation bar X-Y tracker, weighing roughly
15 tons (3x3x1.7 m®), with a total of 14,366 channels. A scintilla-
tion bar has dimension 1.3x2.5x300 cm?3, and it is made of extruded
polystyrene, co-extruded with TiO; at the outer layer as a reflec-
tor. The doping is 1% PPO (fluor) and 0.03% POPOP (wave length
shifter). Each has a hole in the middle to insert a green-to-blue wave
length shifting fiber, which bring the signals to 64 ch multi-anode
photo-multiplier tubes (MAPMTs). The scintillation bars were orig-
inally extruded at Fermilab for the K2K experiment at KEK (2003).
After the experiment, it was dismantled, shipped back to Fermilab,
and reassembled for the SciBooNE experiment (2007).
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Fig. 2: (Left) The SciBooNE detector, from left to right, SciBar, EC, and MRD.
(Right) event display of a typical muon-neutrino charged current charged pion
production (v, CCnt) event [3]. The long muon track, which stops in the MRD
after penetrating SciBar and EC, and short pion track, are identified. Low energy
proton tracks are often missed

1.1.2. Electron Catcher, “EC”

To enhance the particle ID of electrons, the EC is located right behind
the SciBar. This 256 channel lead foil-scintillation fiber calorimeter
has 11 radiation lengths to covert gamma rays efficiently. This was
originally made for the Chorus experiment at CERN (1994), then
used at the HARP experiment at CERN (2001), and finally transfered
to Fermilab (2007).

1.1.3. Muon Range Detector, “MRD”

This iron-scintillator sandwich detector can range out up to 0.9 GeV
muons. The tracks are measured by 362 scintillator paddles con-
nected to 2-inch PMTs.
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Fig. 3: Examples of vertex activity measurements. (Left) This is the distribution
of maximum deposited energy in a scintillation bar around the vertex for the
u + 7 candidates in the CCrt sample [3]. We do not see any contribution from
coherent 71 production. (Right) This is the equivalent plot for NCx® sample [6],
where we clearly see the contribution of coherent 7° productions

2. SciBooNE Cross Section Measurements

SciBooNE collected 0.99 x 10?° protons on target (POT) in neutrino
mode, and 1.53 x 10?° POT for anti-neutrino mode. The average
neutrino energy for v, (7,) mode is ~800 MeV (~600 MeV).

2.1. Coherent pion production measurement

The coherent pion production measurements have rather confusing
results and they do not emerge to a single picture yet. The charged
current charged pion production (CCrT) measurement from K2K
implies no coherent pion production [4], although MiniBooNE shows
nonzero coherent contributions from its neutral current neutral pion
production (NCz°) measurement [5]. This clearly violates the naive
expectation from isospin symmetry, where the CC coherent pion pro-
duction rate is twice as high as that of NC coherent pion production.
SciBooNE results support both [3,6], non-existence of CC coherent
pion and existence of NC coherent pion production. Since SciBar is
a vertex detector, it can measure the nuclear break-up. We then uti-
lize energy release near the vertex, called “vertex activity”, because
coherent interactions should not break up the nuclei and thus ver-
tex activity should be small. Figure 3 shows the vertex activity plot
for the CCrt and NCrn° samples. The u + 7 candidates in CCrT
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Fig. 4: v, CC inclusive cross section per nucleon on polystyrene (CgHg) target

sample show the absence of a coherent 7 production contribution,
but the NCz° sample clearly shows the contribution of coherent 7°
production. This new technique is more robust than estimating the
coherent fraction with a kinematic template fit based on a specific
cross section model (e.g. MiniBooNE [5]).

2.2. CC inclusive cross section measurement

The neutrino cross section measurement in the 1 GeV range is hin-
dered by various nuclear effects (re-scattering, absorption, charge ex-
change, etc), so called final state interactions (FSIs). The CC inclu-
sive measurement is insensitive to FSI compared with CC quasielastic
(CCQE) measurements [7], where the number of tracks depends on
FSI. The CC inclusive measurement is the sum of all channels with
a single muon in final state, and all possible hadronic final states are
integrated. Figure 4 right shows the result. Although the unfold-
ing method is dependent upon the cross section model, two results
based on different simulations agree. Notice the measured cross sec-
tion around 1-2 GeV is higher than the historically known value,
and is consistent with MiniBooNE [8] and MINOS [9], but not with
NOMAD [10] and MINERvA #,CCQE preliminary [11]. There is
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decay are sensitive to 2 track samples (and also 3 track samples but with lower
statistics), and the 1 track sample is dominated with pion decay neutrinos

a tremendous amount of work to be done in order to understand
this [12].

3. SciBooNE for Neutrino Oscillation Physics

Because of its location (Fig. 1), the SciBooNE detector can serve as
a near detector for the MiniBooNE neutrino oscillation experiment.
Using the v, induced multi-track samples, we constrain the number
of v, coming from kaon decay [13], which is one of the intrinsic back-
ground for MiniBooNE and has large uncertainty (40%). This anal-
ysis is possible because kaon decay originated muon neutrinos tend
to be higher energy and tend to make multi-tracks in SciBooNE. As
can be seen from Figure 5, this is true for both neutrino and anti-
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Fig. 6: An excluded region by SciBooNE-MiniBooNE joint analysis. Two in-
dependent fit methods (black solid and red dashed lines) extend the previously
excluded region from the MiniBooNE only fit around Am?2 ~5-40 MeV?

neutrino mode. After the fit, we found the K+ production rate to be
0.85+0.11, ~ 15% lower rate than the prediction with ~13% error.
Not only do SciBooNE and MiniBooNE share the same beamline,
both have carbon as a target material (SciBar=CgHs,
MiniBooNE=CH;). Therefore simultaneous analysis can improve the
MiniBooNE v, disappearance result [14]. Figure 6 is the result. Al-
though the MiniBooNE systematic error is dominated by MiniBooNE
detector error which doesn’t cancel by simultaneous analysis, we can
still extend the excluded region around Am? ~5 to 40 €V? due to
reductions in flux and cross section error by roughly a factor two.

4. Conclusion

SciBooNE is a 1 GeV range neutrino cross section experiment at
Fermilab. The high resolution tracker “SciBar” is useful to measure
complex event topologies, such as CC pion production. The vertex
activity measurement provides a way to determine local energy de-
posits which cannot make a track and would otherwise be ignored.
A synergy with the MiniBooNE experiment also produces interesting
results.
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NEUTRINO EXPERIMENT
AT FERMILAB
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Abstract

The Liquid Argon Time Projection Chamber (LArTPC) is a promising detec-
tor technology for future neutrino experiments. MicroBooNE is an upcoming
LArTPC neutrino experiment which will be located on-axis of the Booster
Neutrino Beam (BNB) at Fermilab, USA. Data taking will start from early
2014. The R&D efforts on this detection method and related neutrino inter-
action measurements are discussed.

1. Liquid Argon Time Projection Chamber
(LArTPC)

Since the LArTPC was first proposed [1], the detection technique has
mainly been developed by an Italian collaboration [2]. Its physics
potential, especially in neutrino interaction measurements, has been
demonstrated [3]. The notable features of this detector are its three-
dimensional and calorimetric reconstruction capabilities for charged
particle tracks (Figure 1, left).

The ArgoNeuT experiment was the first US LArTPC to take data
in a neutrino beamline [4]. Although the fiducial volume is small, it
can use the MINOS near detector [5], located behind of the ArgoNeuT
detector, as muon range stack. Table 1 summarizes the ArgoNeuT
detector parameters.
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Fig. 1: (Left) The working principle of a LArTPC. A charged track in the TPC
volume ionizes argon atoms and create ionization electrons. An imposed electric
field (500 V/cm) causes electrons to drift toward readout anode wire planes and
be collected. The signals from the wire planes provide 2 dimensional informa-
tion about the event. The drift time of the ionization electrons gives the third
coordinate. In other words, the time information is “projected” onto the third
dimension. The combined wire and time information allows the tracks to be re-
constructed in three dimensions. (Right) A drawing of the MicroBooNE cryostat
with the TPC and PMT arrays on the left wall. The neutrino beam is perpen-
dicular on the paper plane, and electrons are drifted toward the left where wire
planes are located in front of the PMTs

2. MicroBooNE

Although ArgoNeuT mainly focuses on detector R&D, MicroBooNE
(Figure 1, right) will focus on 50% R&D and 50% physics. In a
LArTPC, single electron tracks can be distinguished from gamma
rays that have converted to et —e™ pairs by utilizing the conversion
length of the gamma ray and % of the electron. Thus, MicroBooNE
will have excellent particle identification for v, (7.) appearance os-
cillation experiments, where gamma, rays are backgrounds. This dis-
crimination power can be used to study the MiniBooNE low energy
excess [6].

2.1. Detector R&D

MicroBooNE is one of the key steps on the path to a future large
LArTPC detector, such as LAr20 (Tab. 1), which is a candidate de-
tector for a long baseline neutrino experiment (LBNE) [7].
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Table 1: Summary of 3 US LArTPCs

|  ArgoNeuT | MicroBooNE | LAr20
Cryostat volume 0.7 ton 150 ton 25,000 ton
TPC volume 0.25 ton 89 ton 16,700 ton
Max. drift length 0.5 m 2.5 m 2.5 m
Electronics JFET (293 K) CMOS (87 K) CMOS (87 K)
# of channel 480 8,256 ~645,000
Wire pitch 4 mm 3 mm 3 mm
# of wire plane 2 3 3
Light collection none 30 of 8’PMT TBD

2.1.1. Fermilab materials test system (MTS)

Table 1 summarizes the MicroBooNE parameters. The MicroBooNE
detector has a bigger fiducial volume than the ArgoNeuT detector,
and it requires a longer drift length of ionization electrons to see the
charged particle tracks. As such, the liquid Argon is required to have
a higher purity. For MicroBooNE, to preserve > 50% of electrons to
be drifted without attaching to electro-negative impurities, we need
to achieve ~ 100 ppt level of oxygen-equivalent impurity concentra-
tion [8]. In order to achieve this goal, we have several test facilities.
The Fermilab MTS cryostat “LUKE” (Figure 2, left) has a window
at the airlock region. The test material is inserted and sample cage
is lowered into the LUKE volume, which is filled with high purity
liquid Argon. The impurity is monitored in the Argon gas and liquid
regions. All materials used inside of the MicroBooNE cryostat are
required to be tested by MTS.

2.1.2. Liquid Argon Purity Demonstrator (LAPD)

Presumably, we cannot evacuate an ultra-large cryostat, such as
LAr20 [7], before filling it with liquid Argon in order to remove im-
purities. LAPD (Figure 2, right) is a 30 ton vessel with 2 copper
(Oxygen) and 2 Zeolite (water) filters [9]. We are testing a way
to “push out” all impurities inside the vessel by flowing Argon gas
through it, rather than evacuating the whole vessel. The purity and
temperature are monitored at several places inside the tank. These
provide important inputs for the design of a large LArTPC.
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Fig. 2: (color online). (Left) The Fermilab MTS cryostat, “LUKE”. In this picture,
a scientist prepares a test sample in the sample cage. (Right) The Liquid Argon
Purity Demonstrator (LAPD). Zeolite filters are seen in front and the 30 ton
vessel is seen in back

2.1.3. Electronics

For a large cryogenic detector, signal pre-amplifiers need to be located
inside of the cryostat. We are currently studying such electronics. Al-
though MOSFET itself works better with liquid Argon temperature
(87K), careful design is required for the electronics to work in the
cryogenic environment. A CMOS preamplifier test is an ongoing ef-
fort at BNL.

For the data taking, we are planning to use two different trigger
modes, one for beam events and one for possible supernova events.
The TPC wire read-out is performed by 12 bit 2 MHz ADCs. For
beam events, lossless Huffman coding is enough to compress the data,
but for supernova events, where at least 1 hr continuous buffering is
required, further compression techniques are necessary. In order to
avoid any loss, so called “dynamic decimation” is under study.

2.1.4. LArSoft

LArSoft [10] is a general purpose framework used for all US LArTPC
projects. It simulates from neutrino interactions through to a full
detector simulation based on GEANT4 to generate TPC wire signals.
Then fully automated reconstruction techniques are applied. LArSoft
is developed and maintained by All US LArTPC collaborators. The
data analysis of ArgoNeuT is also based on LArSoft. Figure 3 shows
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Fig. 3: A typical neutrino interaction event display from ArgoNeuT. Top figure
shows the induction plane, and the bottom figure shows the collection plane of the
TPC. The color represents the heights of the pulses on the wires. These are raw
data, before Fourier deconvolution to remove electronics noise. Here, 4 gamma
rays from the decay of 2 7° can be seen

a typical neutrino interaction event display in ArgoNeuT. Here, we
can see the production of 2 7° which decay to 4 gamma rays, as well
as other tracks.

2.1.5. Cryogenic large PMT system

MicroBooNE will employ 30 8-inch cryogenic PMTs. Figure 4 (left)
shows the PMT unit mechanical model. Since the prompt component
of scintillation light is much faster (6 ns) than the electron drift veloc-
ity of the TPC (1.6 m/ms), scintillation light can be used as a trigger
for the TPC detector. These PMTs have platinum coating under the
photo-cathode that works below 150 K. The PMT base is custom
designed in order to function in the cold environment. The vacuum
UV (VUV) scintillation light from the liquid Argon is shifted to the
blue region by wave length shifting plates. Figure 4 (right) shows a
picture of our set up of the PMT test stand at the Fermilab proton
assembly building (PAB).
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Fig. 4: (Left) A mechanical model of a PMT unit of MicroBooNE. A 8-inch
cryogenic PMT is supported by 3 PEEK (Polyether ether ketone) posts with a
wave length shifting plate on top. The wave length shifting plate is an acrylic
plate, coated with a mixture of Tetra-Phenyl butadiene (TPB) and polystyrene
as a wave length shifter. TPB shifts 128nm VUV scintillation light into the
blue region, where the bi-alkali photo-cathode is the most sensitive. (Right) The
PMT test stand at Fermilab PAB. We immerse 4 PMTs simultaneously in liquid
nitrogen for testing to save the cooling time

2.2. Physics

On the order of 10,000 interactions are expected in many channels.
On top of this, we expect on the order of 40,000 v,CC and 7,700
7, CC interactions per year from the upgraded 700 kW NuMI beam
(~6E20 POT/year) for the NOvA experiment [15],

Neutral current elastic (NCE) scattering is uniquely sensitive to
the iso-scalar part of the axial current form factor, which is generally
related with As, the strange quark spin component of the nucleon.
As relates the elastic scattering form factor and the parton distribu-
tion function (PDF),

1

G5(Q*=0) = As = /As(x)dz ,

0

which is measured through semi-inclusive DIS experiments [11]. How-
ever, the obtained values disagree with As from a neutrino NCE mea-
surement [12]. To determine As, measurements of low energy protons
are crucial. MicroBooNE will be able to resolve very short proton
tracks (a design goal is to measure ~ 1.5 cm, equivalent to ~ 40 MeV
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kinetic energy). Such tracks are unmeasurable with Cherenkov [13]
and fine-grained tracking detectors [14]. Obviously, how to handle the
final state interaction (F'SI) of such low energy protons is an issue.

Among the possible interaction measurements, MicroBooNE may
be the first to observe two nucleon short range correlations in an
unambiguous way with neutrinos (#¥2NSRC). The nucleon correlation
is a recent hot topic in nuclear physics. Key points from a series of
recent electron scattering experiments, mainly from JLab, are; (1)
for a heavy nuclei, ~20% of nucleons are in a 2NSRC state [16], (2)
90% are proton-neutron pair [17], and (3) 2 ejected nucleons’ initial
states are kinematically correlated [18]. In a v,CC interaction, this
interaction signature is a triple coincidence; a muon with 2 correlated
protons,

vu+X(n—p)—>p +p+p+X'.

There is wide-spread speculation that ¥»2NSRC may contribute to
recent large neutrino cross section results from MiniBooNE [19], Sci-
BooNE [20], and MINOS [21]. All modern neutrino experiments
measured higher cross sections than have been predicted, except
NOMAD [22] and MINERvVA preliminary results [23]. From the the-
oretical point of view [24], 2NSRC, together with meson exchange
currents, enhance generally hard to identify multi-nucleon emission
channels. However, high resolution LArTPC technology has the abil-
ity to track low energy protons, and it has the potential to identify
V2NSRC for the first time in history. This process may shed light on
neutrino cross section measurements around 1 GeV.

3. Long baseline Neutrino Experiment (LBNE)

An ultra-large LArTPC, LAr20 (Tab. 1) is a candidate far detector for
LBNE [7]. The size of the detector as well as the number of channels
required will be very large. However, due to an alternating anode and
cathode plane structure, the drift length of electrons will be the same
as in MicroBooNE. An array of wave-guides could be used as an event
trigger, and the R&D of such a new detector is ongoing [25]. The
low misidentification rate of gamma rays resembling single electrons
makes LAr20 an ideal detector to search for v, (7.) appearance in
order to study #;3 and the CP violation phase [7].
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4. Conclusion

LArTPC is a promising detection technology for a future large neu-
trino detector. The MicroBooNE experiment will serve as a place
for R&D of this future experiment. For the primary physics goal,
it is the ideal experiment to investigate the MiniBooNE low energy
excess thanks to its ability to separate an electron from electron-
positron pair from a single gamma ray. Furthermore, MicroBooNE
is both a high resolution and high statistics neutrino cross section
experiment. Data taking is expected to start from early 2014.
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THE PANDA DETECTOR AT FAIR
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Abstract

The PANDA collaboration propose a general purpose detector running with
p-beam for the upcoming FAIR project. A programmable apparatus with
a p-beam was designed to target a wide range of investigations on hadron
physics while being flexible for new upcoming physical phenomena in this
field. The design requirements and the setup will be described. Furthermore
the technical infrastructure and expected performance will be discussed.

1. Introduction

The aim of the PAN D A experiment is to investigate many aspects of
hadron physics, exotic particles, charmonium spectroscopy, hypernu-
clei and new forms of matter with a p-beam having variable momenta
at high precision. This is described and presented in detail separately
during this conference [1] and elsewhere [2]. The technical environ-
ment and the high energy storage ring are discussed there as well.
The major key points nevertheless will be summarized here for the
design requirements. The PANDA detector (Fig. 1) is designed as a
programmable spectrometer to target the physics of strong interac-
tion in a variety of experiments.

2. Detector Design Requirements

For these investigations a p-beam will be used have full access to all
quantum numbers. A variable beam momentum between 1.5 GeV/c
and 15 GeV/c is foreseen. This corresponds to a center of mass

127
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Fig. 1: The PANDA detector consists of a target spectrometer on the left side
and a forward spectrometer on the right side. The total length is about 12 m.
The diameter of the target spectrometer is about 3.5 m

energy between ~2.25 GeV and ~5.46 GeV. The beam can be tuned
to various conditions. A high precision setup with a high resolution
dp/p < 4 x 1075 at a luminosity of 103! cm2s~! will be available.
This will be achieved by electron cooling. With a stochastic cooling
a high luminosity setup at 2 x 1032 cm~2s~! with a resolution dp/p <
10~* can be used. The duty cycle of the f-beam will be with 2000 ns
beam on (with sub-structure) and 400 ns beam off which is near to
continous beam.

The planned luminosity versus time L(t) (Fig. 2(a)) is partitioned
in two stages which generally run in cycles (tcycle = tprep +texp). Dur-
ing the preparation stage the beam is tuned for the experiment and
lasts for the time ¢,,ep. The luminosity is increased to the desired
value Ly, before the experiment is started. In the experiment stage
the luminosity decreases due to interaction with the target. Reach-
ing the lower value of the luminosity Lo, the experiment will be
suspended and the p-beam regenerated. The various time intervals
depends on the experimental setup. The preparation time tpyp, is in
the range of ~120 s — ~290 s. Due to the wide variability of the
p-beam momenta the cycle time ¢.yce varies widely in the range of
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Fig. 2: (a) Beam luminosity versus time (b) Setup of the micro vertex detector

~1280 s — ~4820 s. For a constant target density (red line) the in-
teraction rate is higher at the beginning of the experiment than at
the end, yielding in lower efficiency of data taking. Depending on the
variability of the target density the interaction rate can be tuned to
best performance over the whole experiment time (green line). The
1/e-beam lifetime is in the range of ~1540 s — ~35500 s.

The design requirements are various. To cover partial wave anal-
ysis for exotic particles a full 47-acceptance is needed. Investigations
of charmonium decays require high vertexing resolution. The pro-
grammability of a physics engine makes high tracking resolution and
good particle identification necessary. Rare interactions require high
trigger rates and precise event selection. A modular system of sub-
detectors and variable targets support investigations of full final state
reconstruction.

3. PANDA Detector

These detector design requirements can be targeted by developing
various novel detector techniques and modular readout design. There-
fore the PANDA detector (Fig. 1) consists of two parts. The target
spectrometer (left side) is built around the interaction point while
the forward spectrometer (right side) covers the forward acceptance.
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T able 1: Parameters for Pellet and Cluster Jet target

target Pellet | Cluster Jet
density < 4 x 105 atoms/cm? < 8 x 10'* atoms/cm?
interactions ~100 per pellet adjustable
structure ~0.5 cm no time structure
size diameter 20-30 pm 1k-100k atoms
flow rate ~10k pellets/s continous
feature usable for vertexing variable density

3.1. Targets

For the fixed target setup various target sources are possible [3]. The
two major techniques are pellet and cluster jet targets. Both tech-
niques use usual materials like Hy, D2, N2, Ne, Ar and others. The
parameters of these target are summarized in Table. 1. At a lumi-
nosity of 2 x 1032 cm~2s~! with 10'! stored p-atoms the resulting
average interaction rate is estimated to be ~20 MHz.

For the future solid fiber targets of C, CHy and other materials
are foreseen.

3.2. Target Spectrometer

The target spectrometer has a compact shell structure. From the
interaction region to the outside a vertex detector, tracker detector,
particle identifying detector, calorimeter, magnet and muon detectors
are stacked.

The micro vertex detector (Fig. 2(b)) [4] consists of two inner
barrels of Si-hybrid detectors and two outer Si-strip detectors. In the
forward direction four Si-hybrid detectors and two mixed detectors
are combined. The cell size of the Si-hybrids are 100x100 ym while
the Si-strips have a pitch size of 130 pym in the barrels and a pitch size
of 70 pm in the discs. A continous readout is designed. The ToPiX
(CMOS 130 nm) readout chip is used for ~11M pixels. For the ~200k
strips n-XYTER or APV25-S1 will be used. The main challenge to
measure the displacements is a low material budget (< 10%Xo) for
polar angles below 140°.

The goal for the central tracker is to have momentum resolution
below 1% with low material budget. It supports particle identifica-
tion by a measurement of energy deposition. Optimized gas-electron-
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(a) (b)

Fig. 3: Setup of the central tracker options (a) Straw Tube Tracker (b) Time
Proportional Chamber

multipler disc detectors cover the forward region. The innermost disc
has a 90 cm diameter while the outermost has 148 cm diameter. The
polar angle acceptance reaches from 3° to 20° and has space reso-
lution below 100 pym. For the barrel part of the central tracker two
concepts are under investigation. The first solution — straw tube
tracker — (Fig. 3(a)) [5] uses ~4.5k pressure stabilized tubes with
1 bar overpressure. The gas mixture consists of Ar/CO; with a ra-
tio 90:10. As tube material W/Re-wires and 27 pm Mylar surfaced
with 30 nm aluminium were selected. The second solution — time
proportional chamber — (Fig. 3(b)) [6] has the same two half cylin-
der shape with a length of 150 cm, an inner radius of 15 cm and a
outer radius of 42 cm. This gas detector has 700 | volume and has a
Ne/CO2(+CH4/CF4) mixture. Continous readout with sampling is
used.

For the particle identification detectors based on DIRC (detection
of interally reflected Cherenkov radiation) are used (Fig. 4(a)) [7].
The barrel DIRC — improved BaBar DIRC — consists of 96 fused
silica bars with the dimensions 17x33x2500 mm3. Micro-channel-
plates (~10k channels) are used as readout in a local 1 T magnetic
field. Dispersion correction will be done with time propagation mea-
surements. For polar angles in the range 22°-140° pions and kaons
in the momentum range 0.5-4.0 GeV /c will be separated better than
30. Around the barrel DIRC scintillating tiles are used to sepa-
rate pions and kaons in the momentum range 0.4-0.7 GeV/c better
than 30 and for polar angles range 22°-90°. The scintillating tiles
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Fig. 4: (a) Setup of the particle identification detectors and electromagnetic
calorimeter of the target spectrometer (b) Setup of the novel disc DIRC

have a granular structure by using 3x3 cm? pads and readout based
on Si-based photon detection. With timing resolution below 100 ps
event timing and pattern recognition of the barrel DIRC can be im-
proved. In the forward direction a disc DIRC (Fig. 4(b)) is foreseen.
It uses several novel techniques in this field to separate pions and
kaons in the momentum range 0.5-4.5 GeV/c and for polar angles
range 5°-22°. A thin fused silica disc is used as radiator. Bars
based on lithium-fluoride are attached to correct passively for dis-
persion. As an alternative dichroic mirrors can be used to select the
measured wavelength. A Parallel-to-point optic element maps propa-
gation photon angles to spatial positions on position sensitive photon
detectors. These photon detectors are based on micro-channel-plates
or Si-photon detectors as the magnetic field of 1 T cancels other pho-
ton detector solutions. Moderate timing resolution below 300 ps will
be used to separate different signatures.

The next shell consists of an improved PWO-II based electro-
magnetic calorimeter (Fig. 4(a)) [8]. It operates at —25 °C with a
temperature variation below 0.1 K. The crystals are built in such a
way that in any direction the same material budget for homogenity is
available. As readout vacuum-photo-triodes and Apfel ASIC [8] are
designed for the barrel part. For the other parts large area avalance
photo diodes with high quantum efficiency and sampling ADC are
foreseen. With in total ~16k PWO-crystals and a thickness of 22
radiation lengths almost 47 coverage can be achieved. Detection of
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v in the range from a few MeV to 10 GeV can be obtained. The
relative energy resolution is targeted to be below 1.5%/vE+0.3%
([E] = GeV).

A superconducting solenoid magnet with 2 T magnetic field, 1.8 m
coil diameter and 2.6 m coil length surrounds the calorimeter [9].
Outside an instrumented yoke with a muon system based on micro
drift tubes is used to detect muons below 15 GeV/c.

3.3. Forward Spectrometer

The forward spectrometer combines a dipole magnet, forward tracker,
forward particle identification detectors, forward calorimeter, muon
range sytem and a luminosity monitor.

The normal conducting dipole magnet has a magnetic field inte-
gral of 1 Tm, 1.3 m opening width and 0.6 m opening height [9]. As
forward tracker adjusted straw tubes in several layers are used. The
forward tracking system has a planar shape with each two times 16
straw tubes each for a polar angle coverage below 10° horizontal and
below 5° vertical.

The particle identification system consists of three parts. The first
part is a ring imaging Cherenkov detector. It will be similar to the
HERMES RICH detector with improvements [10]. Before and behind
it forward time-of-flight detectors based on fast scintillator BC408 are
placed. In total 46 slabs (140 x 10 x 2.5 cm?®) and 20 slabs (140 x 5 x
2.5 cm?) achieve a timing resolution below 50 ps and 30 pion-kaon-
separation in the momentum range 2.8-4.7 GeV/c. As an alternative
resistive plate chambers are under investigation. The third part is
an electromagnetic and hadronic Shashlyk calorimeter. A module
consists of 380 layers of 0.3 mm lead and 1.5 mm scintillator. The
total length is 680 mm with a transverse size of 55 x 55 mm?. Each
module has 36 BCF-91A wavelength-shift-fibers (0 1 mm) for light
collection and has 20 radiation lengths material budget. Conventional
photo-multipliers are used as readout. A monitor for gain and aging
effects is based on LEDs. The active area comprises 3 x 1.5 m2. In
total 374 super modules of four modules achieve a relative energy
resolution of 5.6%/E + 2.4%/vVE + 1.3% ([E] = GeV).

The rear end of the spectrometer is equipped with a muon range
system. In total 37 layers of micro drift tubes contain ~4k tubes,
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~30k wires and ~75k stripes. Finally a luminosity monitor (Fig. 5(a))
is used for luminosity normalisation based on low t elastic scattering.
It consists of four double sided planes with a distance of 10 cm at
11 m behind the interaction point. Each plane has 8 trapezoidal
Si-strip detectors, rotated by 22.5° to each other. The acceptance
ranges from ~0.115° to ~0.458°.

3.4. Infrastructure

Due to similar signal and background signatures a central trigger is
not available. Therefore the readout of each detector is running con-
tinuously or self triggered. Each single hit information will be tagged
with a timestamp distributed over SODA (synchronisation of data
acquisition) (Fig. 5(b)) [11]. The timing resolution achievable at the
FEE (front end electronics) is below 20 ps and will distribute system
informations to the FEE as well. A first hit information collection
for each detector is done in the data concentrators (mixed color box).
Over a high meshed network (cyan color box) the data for a burst
are collected in computer nodes (single color box). For data reduc-
tion of several orders of magnitude the network and computer nodes
reconstruct events and suppress coarse background [12].

For the detector control system a locally and remotely accessible
system is foreseen [13]. It is based on AFECS, EPICS and MonalLisa
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T able 2: Reconstructed events per year for various particles

events particle
~ 2 x 10° J/®
~ 2 x 107 X
~ 2 x 107 DD
~ 2 x 108 EE

which are used successfully in large-scale experiments and infrastruc-
tures such as CERN, JLAB and others. For offline analysis a grid
system based on AliEn and MonalLisa is used. This grid system was
already successfully used to perform all the simulation and recon-
struction for the PAN DA physics book [2].

3.5. Performance

The achievable performance of the PAN DA detector, with assumed
50% event reconstruction efficiency, results in an integrated lumi-
nosity of ~8 pb~! per day or ~3 fb~! per year for a luminosity of
2x10%2 cm~? s7!. Fine scans to measure mass differences below
100 keV at a mass resolution of 10% are expected to be available. A
wide range of hadronic and electro-magnetic decay modes are ready
for investigations. The amount of reconstructed events per year for
some selected particles are summarized in Table 2.

4. Summary

The PANDA experiment at FAIR targets a wide range of questions
on nucleon structure. For this a general purpose detector is foreseen
to run with high luminosity and precise beam momenta. A vari-
able p-beam in combination with various targets is used. For precise
measurements and monitoring rare interactions many new techniques
were developed. Existing technologies were optimized to fit require-
ments in space and performance. With this programmable appartus
new physics phenomena can be addressed as well.
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Abstract

The latest oscillation results obtained in the off-axis accelerator neutrino ex-
periment T2K are presented. In the data sample, corresponding to 1.43x 1020
protons on target, 6v. candidate events pass the selection criteria, while the
expected number of background events for sin? 2613 = 0 is 1.5 + 0.3 (syst.).
The probability to observe six or more candidate events due to background
is 0.7%, equivalent to 2.50 significance.

In the v, -disappearance analysis the obtained atmospheric oscillation pa-
rameters are consistent with results from the Super-Kamiokande and MINOS
experiments.

1. Introduction

T2K is a second generation long baseline (LBL) accelerator neutrino
experiment: in contrast to the first generation experiments, like K2K,
MINOS and OPERA, T2K has neutrino detectors located slightly
offset with respect to the initial proton beam (off-axis angle is 2.5°).

Experiment T2K (Tokai-to-Kamioka) is an International Collab-
oration of about 500 members from 58 institutes of 12 countries.
The source of muon neutrinos and near detectors are located at the
Japan Proton Accelerator Research Complex (J-PARC, Tokai Vil-
lage, Ibaraki Prefecture, Japan), while as a far detector the well-
known Super-Kamiokande (SK) detector located at 295 km is used
(Kamioka, Gifu Prefecture, Japan).
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A primary goal of the T2K is a measurement of the only un-
known mixing angle 613 by detecting the electron neutrinos at the
far detector in the initially almost pure muon neutrino beam (“v,-
appearance”).

A secondary goal is a precision measurement of so-called atmo-
spheric oscillation parameters (f23, Am2;) by detecting a deficit of
muon neutrinos at the far detector (“v,-disappearance”).

2. Physics Motivation: Neutrino Oscillations

At present it is known that neutrinos are produced and detected in
weak interactions as leptons of three flavours: electron v, muon v,
and tau v, (for a detailed review of neutrino parameters see [1]).
Neutrino flavour eigenstates |v,) (@ = e, u,T) are not equal to the
neutrino mass eigenstates |v;) with mass eigenvalues m; (i = 1,2, 3).
A conversion from the mass basis to the flavour basis is governed by
the 3x 3 unitary matrix Upyns (Pontecorvo-Maki-Nakagawa-Sakata)
[2,3], which can be parametrized in such a way, that it only depends
on 3 mixing angles and one CP-violating phase: 612,023,613 and dcp.

Two of these four parameters are measured in solar/reactor and
atmospheric/accelerator experiments, respectively: 6152 =~ 34° and
023 =~ 45°. The corresponding mass squared differences, defined as
Am?; = m? —m?, have the following values: Amj, ~ 7.6 x 10°
eVZ/ct and |Am3;| ~ 2.4 x 1073 eVZ/c*. The sign of the AmZ; is
remained undetermined (“mass hierarchy problem”).

The best upper limit for #1353 was obtained in 1999 by the reac-
tor experiment CHOOZ and slightly corrected in 2010 by the LBL
experiment MINOS: #;3 < 11° (sin®26;3 < 0.15) [4,5]. If 613 has
non-zero value, then one can study a potential CP-violation in the
lepton sector.

The “appearance” probability P(v, — 1) to observe an electron
neutrino at the distance L from the source of the muon neutrinos
with an inital energy E depends on the mixing angles, mass squared
differences and L/FE ratio:

(1)

Am2,L
Py, = ve) = sin®(26;3) sin® (f33) sin’ ( mas ) ‘

4F,
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The “disappearance” probability P(v, — v,) in two-flavour oscil-
lation scenario has the following form:

2
P(v, — v,) ~ 1 — sin’®(26,3) sin® (%) . (2)

Using the equations (1)—(2) and other inputs one can compute the
expected number of events Ngi and the neutrino energy spectra at
the far detector and compare them with observed number of events
NgPs and the measured energy spectrum. Fitting these two numbers
and/or energy spectra it is possible to get the parameters in question
(8, Am?).

3. T2K Experimental Method

Muon neutrinos in the accelerator experiments are produced as ter-
tiary particles of proton interactions in a special target. In the
T2K [6] protons are accelerated at J-PARC in three stages: 1) at
LINAC — up to 400 MeV (currently 181 MeV); 2) at Rapid Cycling
Synchrotron (RCS) — up to 3 GeV; 3) at Main Ring (MR) — up to 30
GeV, after which the protons are extracted into the neutrino beamline
in 8 bunches per spill (6 before November 2010).

Neutrino beamline consists of two main parts: primary section,
which transports the protons from the MR to a target, and secondary
section, where the secondary particles (pions, kaons etc.) are pro-
duced and decayed. The positive pions produced in a graphite target
are collected and focused into the decay volume by three horns. Muon
neutrinos are mainly produced in the 7 t-decays: 7+ — utv,. Unde-
cayed hadrons and low energy muons (p, < 5 GeV/c) are absorbed by
the beam dump, which is followed by the muon monitors (MUMON)
providing the information on the intensity and profile of the high en-
ergy muons. In order to check the intensity, direction, profile and
losses of the proton beam the primary section is equipped with many
beam monitors.

The near detector complex ND280 is located in a specially ex-
cavated pit at about 280 meters from the target. It consists of two
independent detectors (Fig. 1): the INGRID at 0° with respect to the
proton beam axis (on-axis), and the ND280 at 2.5° (off-axis). The
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ND280m

Fig. 1: T2K experimental setup: a) a schematic view; b) near detectors: INGRID
(left) and the off-axis ND280 (right)

on-axis near detector INGRID (Interactive Neutrino GRID) is used
to monitor the neutrino beam profile, direction and interaction rates
on the day-by-day basis. The off-axis near detector ND280 consists
of a w0-detector (POD), a tracker with two fine-grained detectors
(FGD) sandwiched by three time projection chambers (TPC).The
tracker and POD are surrounded by the components of the electro-
magnetic calorimeter (ECAL), and all of them are installed inside an
UA1/NOMAD magnet which provides a magnetic field of 0.2 T in
the direction perpendicular to the off-axis beam (X-direction). The
yoke of the magnet is instrumented as a side muon range detector.
The main function of the off-axis ND280 complex is to measure the
neutrino flux, energy spectrum, interaction rates and cross-sections
before the oscillation.

The far detector SK is a 50-kton water Cherenkov detector (22.5 kt
in the fiducial volume, FV) located at 295 km also at 2.5°. SK de-
tector consists of two main parts: the inner detector (ID) with about
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11,100 photomultipliers (20" Hamamatsu PMT) and the outer de-
tector (OD) with about 1900 PMTs (8"). The main feature of SK
detector is an excellent particle identification of muons and electrons
with about 99% efficiency.

The main advantages of the off-axis conception are as follows:
1) at 0° the neutrino energy is propotional to the parent pion mo-
mentum E, ~ p., while at 2.5° the neutrinos have almost monochro-
matic spectrum with a high beam intensity; 2) the neutrino energy
peak corresponds to the first oscillation maximum; 3) the beam v,-
contamination at SK is low (~ 1%); 4) the background from the neu-
tral current (NC) v,-interactions at the high energy tail is consider-
ably suppressed.

4. T2K Experimental Data and Selection Criteria

T2K beam data taking was started in January 2010 and paused be-
cause of the Great East Japan Earthquake in March 2011. An analy-
sis of ve-appearance [7] and v,-disappearance events was carried out
for 1.43x10%° protons on target (p.o.t.) collected in the first two runs
Run I (Jan—Jun 2010) and Run IT (Nov 2010-Mar 2011). The beam
power reached 145 kW in March 2011 with 9x10*3 protons per pulse.

A direction of the off-axis beam during the Runs I and IT had being
checked by means of the MUMON and INGRID which demonstrated,
that the beam direction was stable well within +1 mrad (1 mrad shift
corresponds to about 2% shift of the E, peak energy at 295 km).
INGRID also showed a very stable neutrino interaction rate of about
1.5 events per 10'* p.o.t.

The signature of the neutrino interaction in the SK detector is
a single electron- or muon-like Cherenkov ring caused by a lepton
from a charged-current quasi-elastic (CCQE) process in the water:
vp+n — I~ + p, where [ = e,u. The main backgrounds in case
of the v.-appearance are the intrinsic v, from the beam and NC-
interactions with 7% — v in the final states: vx +n — n + m° when
one photon is missed and another one mimics the electron. In case of
the v,-disappearance the main background comes from the charged-
current processes with one charged pion in the final state (CClr):
vp+n—op +n+ntory,+p—opuT +p+at.
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In order to reject these background events the selection criteria
were fixed from Monte Carlo (MC) studies before the data were col-
lected. The observed number of events Ngtf(s obtained after applying
these selection criteria is compared to the expected number of events
NgK » computed taking into account a neutrino flux, cross-section pre-
dictions and using a normalization factor from the analysis of events
in the off-axis near detector. For the neutrino flux prediction at SK
many inputs were used: the beam monitor data; the hadron produc-
tion calculations based on the results of the NA61/SHINE CERN
experiment [8] and FLUKA MC simulations, also the GEANT3 with
GCALOR simulations and cross-sections based on models and exter-
nal measurements.

To satisfy the general selection criteria related to the ve-appearance
and v,-disappearance analyses the event at SK should have the fol-
lowing parameters: its timing is within the range from —2 to 10 us
around the beam trigger time; it’s a fully-contained (FC) event which
means that the vertex and the ring are within the ID, and there is no
activity in the OD. 121 events survived these criteria. This number
was reduced to 88 after demanding the energy deposited in the ID to
be at least 30 MeV (visible energy Eyis) and the vertex to be in the
fiducial volume (FCFV) constrained by an inward 2 meter distance
from each ID wall. 41 events have a single Cherenkov ring: 8 e-like
and 33 p-like.

5. ve-appearance Results

Six out of 8 e-like events have Ej; > 100 MeV and no delayed-
electron signal. To suppress misidentified 7° mesons, the recon-
struction of two rings is forced, and a cut on the two-ring invari-
ant mass Mi,, < 105 MeV/c? is imposed. To suppress the back-
ground from the intrinsic v, component, the reconstructed neutrino
energy required to be E.*¢ < 1250 MeV. No events were rejected
after the last two cuts, so, the number of the candidate v.-events is
NgPs = 6. The expected number of events computed for sin? 20,5 = 0
is Ng& = 1.5 £ 0.3, where the total systematic uncertainty "325%
is taken into account. The probability to observe 6 or more events
for sin® 2613 = 0 is 0.7% (2.50 significance). 90% confidence inter-
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Fig. 2: Contours for v.-appearance parameters: the 68% and 90% C.L. regions
for sin?26;3 for each value of dcp for normal (left) and inverted (right) mass
hierarchy

vals for 013 calculated by the Feldman and Cousins method [9] are
as follows (Fig. 2): 0.03 < sin®26;3 < 0.28 for a normal mass hier-
archy (Am2; > 0) and 0.04 < sin® 20,3 < 0.34 for an inverted mass
hierarchy (Am3; < 0).

6. v,-disappearance Results

The 33 events with a single p-like ring are further checked to re-
ject CClm background events by requiring one or zero delayed elec-
trons (from the muon decay) and the reconstructed muon momen-
tum p, > 200 MeV/c: 31 events survived. Under a null oscillation
hypothesis the expected number of v, is 104 with a systematic un-
certainty T152%, which corresponds to a 4.50-significance exclusion
of this hypothesis. The reconstructed neutrino energy spectrum at
SK demonstrates a clear oscillation pattern (Fig. 3).

The atmospheric oscillation parameters were extracted using two
independent fitting methods: A) finding a maximum of a likelihood
function with varying systematic errors, and B) minimizing a special
x? with fixed systematic errors. Both methods gave very close best
fit results consistent with the previous measurements by MINOS and
SK: sin® 26>3 ~ 0.99 in the method A (0.98 in method B), Am32, =
2.6 x 1073 eV?/c*.
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Fig. 3: Reconstructed neutrino energy spectrum at SK (left) and data/MC ratio
(right) for v,-disappearance events

7. Conclusions

The latest oscillation results obtained in the first off-axis accelerator
neutrino experiment T2K are presented. In the data sample, corre-
sponding to 1.43x10%° p.o.t. (2% of the final T2K goal), 6v, candi-
date events pass the selection criteria, while the expected number of
background events for sin®26;3 = 0 is 1.5 + 0.3 (syst.). The prob-
ability to observe six or more candidate events due to background
is 0.7%, equivalent to 2.50 significance. At 90% C.L., the data are
consistent with 0.03(0.04) < sin” 2013 < 0.28(0.34) for dcp = 0 and
normal (inverted) hierarchy.

In the v,-disappearance analysis the obtained atmospheric oscilla-
tion parameters are consistent with results from the SK and MINOS
experiments.

J-PARC plans to restart the work of the accelerator complex in
December 2011, and T2K is going to resume the data taking as soon
as possible.
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Abstract

By 2011 PHENIX experiment at Relativistic Heavy Ion Collider of the
Brookhaven National Laboratory completed 10 year of data taking in p+p,
d+Au, Cu+Cu and Au+Au collisions at different energies. Accumulated data
revealed increasingly detailed picture of the hot and dense matter created in
heavy ion collisions. RHIC’s unique feature — ability to accelerate polar-
ized protons helped to further expand physics reaches of RHIC experiments.
This paper highlights recent PHENIX results for direct photons produced in
p+pand nucleus-nucleus collisions together with first observation of W-boson
production in polarized p+pcollisions which directly demonstrates the parity
violating coupling of the W to light quarks.

1. Direct Photon Measurements in PHENIX

The data presented in this paper are from p+p , d+Au , Cu+Cu
and Au+Au data sets at /syy = 200 GeV taken with the PHENIX
detector [1] in 2004-2008. The PHENIX central arms, each cover-
ing £0.35 units of pseudorapidity around midrapidity and 90° in az-
imuth, contain charged-particle tracking chambers and two kinds of
electromagnetic calorimeters. The BBC and Zero-Degree Calorime-
ters (ZDC) are used for minimum bias event selection and centrality
determination (when appropriate).

Among the observables used to probe the high temperature and
high density phase of heavy nucleus collisions direct photons are con-
sidered of particular interest. Nuclear modifications to the yield of
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Fig. 1: (color online) The fraction r of direct photons in the inclusive photon
yield as a function of pt in p+p , d+Au , Cu+Cu and Au+Au (min. bias)
collisions [2]. The error bars and the boxes represent statistical and systematic
uncertainties, respectively. The curves are from an NLO pQCD calculation

direct photons reflects medium effects on contributing production
mechanisms. Hard scattered photons produced early in collision his-
tory are not expected to flow. The rate and azimuthal asymmetries
of photons produced at low to medium pr (1-5GeV/c) [2,9] will be
influenced by the emission from expanding medium and reflect initial
anisotropy of the collision region.

Direct photons yields, their low and gamma-jet correlations are
measured by statistical subtraction of the estimated meson (mainly
7°) decay photon contribution from the inclusive photon and v-h
samples. An alternative method for measuring direct photons is pro-
vided by the low-mass eTe™ pairs produced by a higher order QED
correction to the real photon emission process. Any source of real
photons must also emit virtual photons and their yield is related to
that of real photons. In the low mass region, where the pt of the
ete™ pair is much greater than its mass (me. < pr), the yield of the
intermediate virtual photons is approximately the same as that of
real photons. Therefore, in this quasi-real virtual photon region, the
production of real direct photons can be deduced from measurements
of ete™ pairs.

Figure 1 shows the fraction r, = m‘lﬁ% of the direct photon
component in p+p , d+Au , Cu+Cu and Au+Au collisions, respec-
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Fig. 2: (color online) Invariant cross section p+p and invariant yield Au+Au of
direct photons as a function of pr [2,4,5]. The solid curves on the p+p data
represent NLO pQCD direct photon calculations [3]. The dashed curves on the
Au+Au data show the p+p fit scaled by Taa. The solid curves on the Au+Au
data are an exponential fit plus the Th o scaled p+p fit

tively. The curves represent the expectations from a NLO pQCD
calculation [3]. The three curves correspond (from top to bottom) to
the theoretical scales set to u = 0.5 pr, pr, and 2 pr, respectively.
While the fraction 7 is consistent with the NLO pQCD calculation
in p+p and d+Au, it is larger than the calculation in both Cu+Cu
and Au+Au for pr < 5 GeV/c.

In Figure 2 the direct photon yield in Au+Au computed using
the relation dN* (pr) = 7, x dNI*!(pr) is compared in to the direct
photon data from [4,5] and NLO pQCD calculations. In central
collisions it shows excess over collision scaled p+p data, and the shape
of the excess is well described by the exponential with inverse slope
T ~ 220 MeV. If the direct photons in Au+Au collisions are of
thermal origin, the inverse slope T is related to the initial temperature
Tinit of the dense matter. In hydrodynamical models, Tjni; is 1.5 to 3
times T due to the space-time evolution [6].

If photons are radiated inside an expanding matter having az-
imuthally anisotropic momentum distribution, their momenta add or
subtract for radiation along or opposite to the motion. Neglecting
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Fig. 3: (color online) Left panel: Comparison between elliptic flow (vz) of 7°
and inclusive photons in minimum bias Au+Au collisions. Right panel: Direct
photon flow in the most central Au+Au collision computed using a subtraction
procedure

pion mass, thermal photons must have the same or greater elliptic
flow (vs) as pions [7].

An earlier low pr measurements of photon flow for 7° and in-
clusive photons has been published in [8]. Using recent (2007) high
statistics p+p and Au+Au data PHENIX extended pr range for v
measurements to 15 GeV/c and dramatically improved vy precision
in the low to medium pr range.

To correct for a large contribution from hadron decays, predom-
inantly from 7% (~80%) and n (~15%), and for cluster merging for
high pr 7%’s the vy flow of the direct photons was calculated as
oy = Bl ol ™ chere Ry (pr) = N™(pr) /N (pr) is
the direct photon excess ratio, and N"¢ = [™eas _ hadr jg £
inclusive photons. The vy values for 7#° in minimum bias Au+Au
events are compared to similar data for inclusive photons in Figure 3
left panel [9]. The v, data for direct photons in the most central
Au+Au events are shown in the right panel in the same Figure.

The two sets of points (inclusive photons and 7°) are barely differ-
ent in the thermal pr range indicating the dominance of the photons
with flow values close to that of hadrons. Qualitative conclusions of
the left panel are confirmed quantitatively in the right panel display-
ing subtraction data for direct photons in the most central Au+Au
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collisions. Below pr ~ 5 GeV/c v of direct photons has value com-
parable to that of hadrons. At higher pr it drops to zero as expected
if photons produced in hard scattering (reverse compton scattering
and quark-antiquark annihilation) dominate in that pr range.

2. Cross Section and Parity Violating Spin
Asymmetries of W+ Boson Production in
Polarized p+p Collisions at /s = 500 GeV

The role and interplay of the constituent and sea quarks in the proton
spin is one of the key questions in the particle physics. Theoretical
predictions vary between nearly equal contributions from all flavors
of sea quarks to the preponderance of d over @ in the proton sea. The
W production at RHIC provides sensitivity to (A% — Ad) missing
in SIDIS measurements due to fragmentation function uncertainties.
In polarized proton-proton collisions the longitudinally polarized w
and d are accessed through a measured single spin asymmetry of
the decay leptons A; = 77— where 0., () is the cross section for a
positively(negatively) charged leptons from W bosons produced in the
scattering of a longitudinally polarized proton with positive(negative)
helicity on an unpolarized proton. For leptons detected in forward
(backward) directions this asymmetry is nearly equal to Ag/q(Ag/9),
the asymmetry measured in the central region is a linear combination
of polarized parton distribution functions which must be combined
with other measurements for a flavor separation.

In the 2009 Run at RHIC there were polarized p+p collisions at
v/8= 500 GeV for physics for the first time. The data accumulated at
PHENIX over a four week period (integrated luminosity of 8.6 pb~1),
allowed a first look at W production as a tool for studying the pro-
ton spin. The average polarization of the beams was 0.39 £+ 0.04.
During that Run, only the central arms of PHENIX which cover
|n| < 0.35 in rapidity were ready to record the high pr leptons that
arise from W decay. PHENIX employed a combination of electromag-
netic calorimeters, drift chambers and pad chambers in the PHENIX
central magnet to measure and identify particles. A variety of cuts
(positions, timing, and an E/p) reduced the backgrounds from QCD
processes (mostly pion production) to a level where a Jacobian signal
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Fig. 4: (color online) Background subtracted spectra of positron (upper panel)
and electron (lower panel) candidates before the isolation cut compared to the
spectrum of W and Z decays from an NLO calculation [14,15]. The gray bands
reflect the uncertainty of the background

in the electron and positron pr spectra could be seen; see solid red
histogram in Figure 4. For the purposes of determining the longitu-
dinal single-spin asymmetry, an additional isolation cut was made:
we required that total amount of additional energy and momenta in
a cone of radius 0.5 in  and ¢ around the identified cluster was less
than 2 GeV. This last cut reduces the background in the signal re-
gion (30 < pr < 50 GeV/c ) by a factor of about 4 (see dashed blue
histogram in Figure 4). We are not able to exclude events due to Z
production and decay from our data sample; the number of Z events
expected is small, about 7% of the W™ sample and about 30% of the
W~ sample.

To compute the W= production cross sections, we used the NLO
and NNLO calculations to subtract the Z contribution in our sample
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Fig. 5: (color online) Inclusive cross sections for W leptonic decay channel of this
measurement and pp measurements [12,13,16,17]. Statistical and systematic un-
certainties were added here in quadrature. The curves are theory calculations [18]

and to correct for W decays that were outside of the detector accep-
tance. The contribution from Z decays is 6.9% for W and 30.6%
for W—. The fraction of the total cross section within |y| < 0.35
in rapidity, pr > 30 GeV/c, and |A¢| < 7 is estimated to be 11.3%
of positrons from W+ and 7.4% of electrons from W—. The the-
oretical uncertainties from NLO and NNLO calculations and var-
ied parton-distribution functions (PDFs) [10,11] are small compared
to other sources of systematic uncertainty. With these corrections,
o(pp—=WTX) x BROWT = etr,) = 144.1 + 21.2(stat) 731, (syst) +
21.6(norm) pb, and o(pp > W~ X) x BRW™ — e 1) = 31.7+
12.1(stat) "3%" (syst) & 4.8(norm) pb, where BR is the branching ra-
tio. These are shown in Fig. 5 and compared to published Tevatron
and SppS data [12,13,16,17].

To calculate the spin asymmetry, the sample with the isolation cut
was used to minimize the background contamination. To reduce the
ambiguity of charge misidentification to a negligible level, a further
cut was applied to the bend angle () to be || < 1 mr. When
a polarized beam collides with a unpolarized beam, the raw parity
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Fig. 6: (color online) Longitudinal single-spin asymmetries for electrons and
positrons from W and Z decays. The error bars represent 68% CL. The the-
oretical curves are calculated using NLO with different polarized PDFs [14]

violating single spin asymmetry is defined by

Nt —-—R-N-

_ N AR N 1
LTNF+R- N (1)

where N1 is the number of events from a beam of positive helicity
and N~ is the number of events from a beam of negative helicity,
and R is the ratio of the luminosity for the positive and the negative
helicity beams. The longitudinal spin asymmetry is then calculated
from the measured asymmetry according to

.D
Ay =52 (2)

where P is the beam polarization and D is a dilution correction to
account for the remaining background in the signal region.

Figure 6 compares measured longitudinal single-spin asymmetries
to estimates based on a sample of polarized PDFs extracted from fits
of DIS and semi-inclusive DIS data [14]. The experimental results
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are consistent with the theoretical calculations at 6-15% confidence
level for A‘{r and at 20-37% for AS . The observed asymmetries are
sensitive to the polarized quark densities at © ~ My /+/s ~ 0.16, and
directly demonstrate the parity violating coupling between W bosons
and light quarks.

3. Summary

The direct photon production data accumulated by PHENIX confirm
the unique role of direct photons in probing the sQGP evolution and
its properties. Consistency between high pr yields of direct photons
in heavy ion collisions and collision scaled p+p yield confirms collision
scaling. The low pr behavior of direct photons in central Au+Au col-
lisions is dramatically different from all other particles exhibiting an
order of magnitude exponential enhancement as pyr — 0 suggestive
of thermal emission from the sQGP. The assumed thermal nature of
low to medium pr photons is further confirmed by the presense of a
large flow of direct photons in pr range below 5 GeV/c.

We also present here the first measurements of production cross
section and nonzero parity violating asymmetry in W and Z pro-
duction in polarized p + p collisions at /s = 500 GeV. The results
are found to be consistent with theoretical expectations and similar
measurements of AeLi [19]. RHIC luminosity and PHENIX detector
upgrades in progress will make it possible in the future to significantly
reduce the uncertainties for A; and to extend the measurement to
forward rapidity, which will improve our knowledge of flavor sepa-
rated quark and antiquark helicity distributions.
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Abstract

Some aspects of a design concept [1] for a high luminosity e*-nucleon collider
of 1.3 TeV centre of mass energy are presented!. It could be realized at
CERN’s existing LHC beam facility with the addition of a 60 GeV electron
ring or linear accelerator, extendable up to ~140 GeV. The detector under
design has to meet the high precision requirements of the physics program
along with challenging constraints from the interaction region design.

Introduction

The new electron-hadron collider, the Large Hadron electron Collider
(LHeC), exceeds the integrated luminosity collected at HERA by two
orders of magnitude and the kinematic range by a factor of twenty in
the four-momentum squared, @2, and in the inverse Bjorken z. Elec-
trons of 60 GeV up to 140 GeV collide with LHC protons of 7000 GeV
with an ep design luminosity of about 1032 cm~2s~!. The physics pro-
gram is devoted to an exploration of the TeV energy frontier, comple-
menting the LHC and its discovery potential for physics beyond the
Standard Model with high precision deep inelastic scattering (DIS)
measurements. These are projected to solve a variety of fundamen-
tal questions in strong and electroweak interactions continuing and
extending the unique analysis of DIS lepton-hadron scattering into
unknown areas of physics and kinematics. A huge physics potential

1The list of authors can be found in [1].
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is opened also by the (Q?, 1/z) region accessible in electron-ion (eA)
scatterings at the LHeC which is by four orders of magnitude larger
compared to previous lepton-nucleus DIS experiments. Half of the
LHeC is already built — the LHC.

For the new electron accelerator two design configurations are
being discussed: the electron beam circulates in the existing LHC
tunnel — Ring-Ring design (RR) — and the alternative, less invasive
with respect to the existing LHC infrastructure, the construction of
a new linear accelerator complex, with options for energy recovery —
Linac-Ring option (LR). Prior to the technical design phase, which
starts 2012, the electron accelerator design decision will be taken ini-
tiating the schedules for the TDR, prototyping, industrial production
and installation of the accelerator and detector components. The cur-
rent goal is the inauguration of the LHeC in time with the maximum
luminosity phase of the LHC, tentatively planed for 2023. Its design
is for synchronous pp and ep operation collecting as much as possi-
ble integrated luminosity with the LHeC detector, required for the
analysis of rare and new physics processes, preferentially occurring
at high Q? and large Bjorken z.

The physics program let to some selected requirements for the
detector design.

e The detector should be modular and flexible to accommodate
the high acceptance as well as the high luminosity running fore-
seen for the two main physics programs.

e The detector design will be based on recent detector develop-
ments in order to meet the ambitious physics requirements, us-
ing settled technology, avoiding extended R&D programs and
being of comparatively reasonable cost.

e Good vertex resolution for decay particle secondary vertex tag-
ging is required, which implies a small radius and thin beam
pipe optimized in view of synchrotron radiation and background
production.

e The tracking and calorimetry in the forward and backward di-
rection have to be set up such that the extreme asymmetry of
the production kinematics is taken into account by layout and
choice of technology for the detector design and to ensure high
efficiency measurements.
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Fig. 1: Schematic Layout of the LHC (grey/red) with the bypasses of CMS and
ATLAS for the ring electron beam (blue) in the RR version. The e injector is a 10
GeV superconducting linac in triple racetrack configuration which is considered
to reach the ring via the bypass around ATLAS

Accelerator Complex

The default electron beam energy is chosen to be 60 GeV. For the
design study it has been assumed that ep collisions take place at
point 2 which currently houses the ALICE experiment. The elec-
tron ring (Fig. 1) bypasses CMS and ATLAS towards the outside of
the ring in separate tunnels of about 1.3km length each, which also
host the electron rf and cryogenics equipment. A similar bypass may
be foreseen for the LHCb experiment. The maximum energy one
may achieve with the ring arrangement could reach about 120 GeV
requiring, however, many parameters to be extreme as the rf power
and synchrotron radiation effects increase oc E2. The linac layout
(Fig.2) is similarly optimised for luminosity and cost. This results
in two s.c. linacs of 1km length each, which are traversed three
times to achieve the 60 GeV energy while the luminosity is enhanced,
by likely more than an order of magnitude, using energy recovery
by decelerating the spent beam. Energies significantly higher than
60 GeV can be achieved with a straight linac arrangement for which
a principle design, choosing 140 GeV, is included in the design re-
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Fig. 2: Schematic layout of the 60 GeV linac in racetrack configuration. The
circumference matches 1/3 of the LHC

port [1], possibly complemented with 10 GeV stages for energy re-
covery.

Many parameters of the ep collider are determined by the LHC
hadron beams. A selection of parameters is given in Tab.1 for E, =
60 GeV. For the RR configuration, the §; , functions and luminosity
values correspond to the 1° optics, in which the first e beam magnet
is placed 6.2m apart from the IP. In a further, the high luminosity
option the § functions are smaller and the luminosity is enhanced by
a factor of 2. This is achieved by placing the first magnet at 1.2m
distance from the IP which restricts the polar angle acceptance to 8-
172°. The eT intensity value in the LR configuration reflects current
expectations and may be surpassed with dedicated R&D.

Special attention is devoted to the interaction region design, which
comprises beam bending, direct and secondary synchrotron radia-
tion, vacuum and beam pipe demands. First considerations have
been made for the civil engineering. The ring requires for each by-
pass a new tunnel of about 1.3km length. The ring injector has a
length of about 150m and may be placed at the Prevessin site on
surface, which would require a transfer tunnel to reach the ATLAS
bypass, or possibly in a new cavern underground. The 60 GeV race-
track arrangement for the linac requires a new tunnel of about 9 km
length. It is envisaged to place it inside the LHC, at the depth of the
LHC, in order to minimize the interference with land surrounding
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T able 1: Parameters of the RR and RL configurations

| Ring | Linac
electron beam
beam energy E. [GeV] 60
e~ (e') per bunch Ne-[107] 20 (20) 1(0.1)
e~ (et) polarisation [%] 40 (40) 90 (0)
bunch length [mm] 10 0.6
tr. emittance at IP ve5 ,  [mm] 0.58,0.29 0.05
IP B function 3; , [m] 0.4,0.2 0.12
beam current [mA] 131 6.6
energy recovery intensity gain - 17
total wall plug power [MW] 100
syn rad power kW] 51 49
critical energy [keV] 163 718
proton beam
beam energy E, [GeV] 7000
protons per bunch Np-[1011] 1.7
transverse emittance yeh ,  [um] 3.75
collider
Lumin. e~p (etp) [1032cm~2571] 9(9) 10(1)
bunch spacing [ns] 25
rms beam spot size o,y [pm)] 30,16 7
crossing angle 6 [mrad] 1 0
L.y =ALea [1032cm~257 1] 0.3 1

the CERN site and to avoid a clash with the proton injection line
TI2.

Detector Design

The physics program depends on a high level of precision, as for the
measurement of as, and on the reconstruction of complex final states,
like the charged current single top production and decay or the pre-
cision measurement of the b-quark density. The detector acceptance
has to extend as close as possible to the beam axis because of the
interest in the physics at low and at large Bjorken z.

The detector for the LR or the RR options can be nearly identical
apart from two notable differences. For the RR case the high lumi-
nosity (£ ~ 10®®* em~2s~!) may be reached by inserting focussing
quadrupoles near to the interaction point. This requires the inner
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Fig. 3: Left The LR detector in the r-z plane with its components and the
characteristic dipole and solenoid placement between the electromagnetic and
the hadronic calorimeters. The proton beam, from the right, collides with the
electron beam, from the left, at the IP which is surrounded by a central tracker
system complemented by large forward and backward tracker telescopes followed
by sets of calorimeters. The detector dimensions are ~ 14 m in z and a diameter
of &~ 9m. Right: The option B of the detector (RR option only). The larger
solenoid surrounds the hadronic calorimetry. The volume outside the solenoid is
filled with an approximately uniform magnetic field of 1.5 T and is instrumented
with 3 multilayers of muon chambers. The overall dimensions of this detector
configuration are about 11 m length and 8 m diameter

detector to be modular allowing for a transition between the phase
of maximum luminosity and of maximum polar angle acceptance (1°
and 179°), respectively. In the LR case an extra dipole field through-
out the entire interaction region is required to separate the e and
the p/N beams along with a larger beam pipe due to the wider syn-
chrotron radiation fan (inner beam pipe wall: elliptical ~10cm in
-x-direction, circular inner radius of 2.2 cm x-direction). In order to
ensure optimal polar angle acceptance, the innermost subdetector di-
mensions have to be adapted to the beam pipe shape. A further
general demand is a high modularity enabling much of the detector
construction to be performed above ground for keeping the installa-
tion time at a minimum, and to be able to access inner detector parts
within reasonable shut down times.

The LHeC detector is asymmetric in design, reflecting the beam
energy asymmetry, consisting of an inner silicon tracker, with ex-
tended forward and backward parts, surrounded by an electromag-
netic calorimeter. In the baseline detector configuration (Fig. 3-left)
it is separated from the hadronic calorimeter by a solenoid with
3.5 T field which incorporates a dipole, in the LR case. The hadron
calorimeter is enclosed in a muon tracker system. The dimensions of
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the detector are constrained by the radial extension of the beam pipe
in combination with maximum polar angle coverage (1° and 179°) for
forward going final state particles and backward scattered electrons
at low Q?, respectively. The outer radial size is mainly determined
by the requirement of full energy containment of hadronic showers
in the calorimeter. The dipoles for the LR cannot be of a too large
radius to act on the beam. For the physics performance it can be
advantageous to place the solenoid outside the hadronic calorimeter.
This option, termed B, has also been studied for the RR case and
is shown in Fig. 3-right. In any case the main detector is comple-
mented by hadron tagging detectors in the forward direction and a
polarimeter and luminosity measurement system backwards, see [1].

As shown in Fig. 4-left the baseline detector has the solenoid in
between the two calorimeters, combined with a dipole field in the
LR case. The main detector is subdivided into a central barrel and
asymmetric forward and backward end-cap regions, which differ in
their design. The RR configuration may require separate data taking
phases with maximum polar angle acceptance, for physics at low and
high z, and with ultimate luminosity, for electroweak physics and the
search for rare phenomena. Correspondingly, the LHeC inner detec-
tor is designed here with a modular structure. Figs.4-right shows
the detector with the low S quadrupoles inserted to reach the high-
est luminosity. It is under discussion that the maximum luminosity
option is not pursued as tentatively it promises only a factor of two
enhanced luminosity.

Tracking

The constraints given by the magnet system (dipole/solenoid) force
the tracking detectors kept small in radius. The design of the tracking
detectors (Fig. 4-right) inside the electromagnetic calorimeter adopted
here is an all-Silicon detector, with very high resolution. All of the
components need power and cooling, influencing the material budget
of the tracker system which should be kept as low as possible. The
technology used must be advanced at the industrial level, radiation
hard and relatively cheap. A good candidate aren_in_p single sided
sensors [2]. The total area of Si is 34 m? to be compared e.g. with
the 220 m? of Si of the CMS tracker.
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Fig. 4: Left: The baseline configuration (LR case). In the central barrel, the
following components are considered: a central silicon pixel detector (CPT); sili-
con tracking detectors (CST,CFT/CBT) of different technology; an electromag-
netic calorimeter (EMC) surrounded by the magnets and followed by a hadronic
calorimeter (HAC). An electron at low (Q2,z) is scattered into the backward
silicon tracker (BST) and its energy measured in the BEC and BHC calorime-
ters. In the forward region similar components are placed for tracking (FST)
and calorimetry (FEC, FHC) of TeV energy final states. Right: The 7z cross
section of the main detector for the RR detector version in which the luminosity
is maximised by replacing the forward and backward tracker telescopes by low
B quadrupole magnets. The polar angle acceptance is thus reduced to about
8 — 172°. As compared to the high acceptance detector the forward/backward
tracking has been removed and the outer calorimeter inserts have been moved
nearer to the interaction point

The sensors, integrated electronics, readout/trigger circuitry, me-
chanics, cooling, etc. available today have to be used in order to
meet the goal of installation in the early 2020’s. Conventional wire
bonded or bump bonded solutions may be cost efficient and rely on
components available today. An example is the 2_in_1 strip sensor
design with p;-trigger functionality discussed by the CMS upgrade
design group [3]. The 2_in_1 sensor design is an elegant way of
saving resources when designing a tracker.

Calorimetry

The baseline design foresees a modular structure of independent elec-
tromagnetic (EMC) and hadronic (HAC) calorimeter components.
The design of the EMC modules vary for the very forward region,
where energies up to ~ 5TeV are expected. In the barrel and the
backward region a precise measurement of the scattered electron
with energy O(60 GeV) is paramount. Based on experience with
H1 and ATLAS the EMC the default choice is a Liquid Argon (LAr)
Calorimeter. The superconducting dipoles (light grey in Fig. 4-left)
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are placed in a common cryostat with the detector solenoid (dark
grey) and the LAr EMC (green) (see details in [1]). The HAC is an
iron-scintillator tile calorimeter [5] providing the required mechani-
cal stability for the inner LAr and Magnet cryostat and guiding the
return flux of the magnetic field, as in ATLAS [6]. The restrictive
geometry of the forward /backward insert calorimeters (Fig. 4-left) re-
quires a non-conventional and challenging design based on previous
developments e.g. [8] and is using tungsten as the absorber mate-
rial, in particular for the forward inserts.? For the hadronic absorber,
also copper might be considered as an alternative. The choice of the
sampling calorimetry for all calorimeter parts is motivated by the
good experience from past experiments along with considerations on
the available technologies, and cost, although other approaches (Dual
Readout Calorimetry [9], etc.) could be considered.

Muon Detector

The two LHC general purpose detectors, ATLAS and CMS, combine
Drift Tubes and Cathode Strip Chambers for precision measurements
along with Resistive Plates Chambers and Thin Gap Chambers for
Trigger and second coordinate measurements e.g. [11]. A similar
approach (e.g. [12]) can also be considered for the LHeC. Three muon
double detector layers (Fig. 3-left -z view of the baseline detector A)
are mechanically attached to an iron structure which provide the
return flux of residual magnetic field from the inner solenoid. Of
particular interest is the design for option B (Fig. 3-right), where by
means of a second larger active return shielding solenoid surrounding
the muon detector, an iron free area with almost constant field (1.5 T)
would provide precise muon tracking as was first proposed by the 4th
concept detector collaboration for the ILC [10].

Status and Next Steps

The draft design report is being reviewed in 2011 by referees ap-
pointed by the CERN directorate, dealing with the physics, accel-

2 About 26 cm of tungsten will absorb electromagnetic showers completely and
will contain the hadronic shower to a large extent (& 30Xp + ~ 10Ar) and over
a large range of energy.
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erator, detector and special aspects of the project, including a cost
estimate. The updated report is being prepared for publication. The
LHeC has to run while the LHC is still operational. This defines 2023
(the long shutdown LS3) as the natural and mandatory timeline of its
realization. Preliminary studies and simulations indicate the validity
of the proposed design concepts. More studies and results are being
collected and presented in the Conceptual Design Report [1].
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Abstract

The CMS silicon tracker is the largest silicon detector ever built. It consists
of a pixel detector with 66 million channels and a 200 m? area silicon strip
detector with 10 million read out channels. The presentation describes the
operation of this detector in 2010 and 2011 at the LHC during proton-proton
as well as heavy ion collisions. Reconstructed photon conversions and nuclear
interactions are used to evaluate the material description of the tracker. The
resolution and efficiency of the track and vertex reconstruction are measured
with data and compared to the results from simulation. Finally, an outlook
is given to the considerations towards an upgrade of the CMS silicon strip
tracker for the operation at the high luminosity upgrade of the LHC. Beside
the challenges to develop sensors withstanding the high radiation field, CMS
is exploring options and developing solutions that would allow to include
tracking information into the Level-1 trigger of CMS.

1. Layout of the CMS Silicon Tracker

At CERN, the European Laboratory for Particle Physics in Switzer-
land, the Large Hadron Collider LHC started operation in 2009. In
the first years, the LHC produces proton-proton collisions at a cen-
tre of mass energy of 7 TeV with an envisaged luminosity of up to
10%* cm~2s~!. A running period colliding lead ions took place at
the end of 2010 and is also foreseen for the end of 2011. To exploit
this machine several experiments went into operation to analyze the
collisions, among them the multi-purpose experiment CMS.
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Fig. 1: Schematic cross section through the CMS tracker. Each line represents a
detector module. Double lines indicate back-to-back modules which deliver stereo
hits

The CMS detector [1] consists of several shells of different detec-
tor elements. Particles created in the collisions in the very centre of
the detector will first traverse the ‘Tracker’, a system of silicon sen-
sors designed to provide a precise and efficient measurement of the
trajectories of charged particles.

This Tracker is geometrically divided into several substructures
(see figure 1): the pixel detector very close to the interaction point
and the Silicon Strip Tracker (SST) consisting of the inner barrel
detector (TIB), the inner discs (TID), the outer barrel (TOB) and
the two end cap detector systems (TEC). The overall length of the
Tracker is 5.4 m with an outer diameter of 2.4 m.

The pixel detector consists of three cylindrical layers of hybrid
pixel modules surrounding the interaction point at radii of 4.4, 7.3
and 10.2 cm. Two discs of pixel modules on each side complement the
pixel detector. Figure 2 shows a graphical view of the pixel detector
and a cut through the central part.

The pixel detector modules are built as hybrid pixel assemblies
containing the components described in the following. The active
silicon sensors are realized on high-resistance n-substrate, with an
implanted pn-junction and a pixel cell size of 100x150 ym?. Indium
bumps are deposited onto the sensors for subsequent connection to
the readout electronics. The readout electronics consists of custom
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Fig. 2: View of the pixel detector (left) and cut through the central part (right)

ASICs fabricated in a commercial 0.25 ym process. Each chip pro-
cesses the signals from 4160 pixels. Up to 16 chips are bump bonded
onto one sensor wafer. On top of the sensor and chip assembly is a
low mass multilayer printed circuit board holding an additional con-
trol chip and other components. Further details of the technology
used for the pixel detector can be found in [2].

The SST surrounds the pixel detector and adds 10 layers of strip
detectors in the central region (4 TIB, 6 TOB). In addition, 3 small
and 9 large detector discs (TID and TEC) are located on either
side [3]. The basic construction element of the silicon strip tracker
is a module. The supporting frame of a module is made of carbon
fibre or graphite. Glued onto the frame is a Kapton layer to electri-
cally isolate the frame from the silicon and to provide the electrical
connection to the silicon backplane. Depending on the module type,
silicon strip sensors with different strip pitches, sensor thicknesses
(320 pm and 500 pm) and material resistivities are used [4]. A ce-
ramic multilayer circuit holds the readout chips and the auxiliary
chips. A glass pitch adapter is mounted between the hybrid and the
first silicon sensor to match the different pitches of the sensor strips
to the chips’ input pads. Wire bond connections between the indi-
vidual channels of the readout chips and the pitch adapter, between
the pitch adapter and the first sensor, and where applicable, between
the two sensors provide the electrical connections. The modules of
the TIB, the TID and the four inner rings of TEC consist of only one
silicon sensor, whereas the modules of the TOB and the three outer
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Table 1: Some key parameters of the SST construction

Area of active silicon ~ 200 m?
Number of silicon sensors 24,244
Different sensor designs 15
Number of modules 15,148
Mechanically different module designs 27
Number of strips = 9,300,000
Number of electronics channels = 9,300,000
Number of readout chips = 73,000
Number of wire bonds = 25,000,000

Fig. 3: A module for the TEC subdetector of the CMS silicon tracker

rings of TEC hold two sensors. All barrel modules are of rectangular
shape. The modules of the discs have a wedge shape in order to form
rings. Figure 3 shows a production module of the second ring of the
TEC. The first two layers in TIB and TOB, the first two rings in TID
and the rings 1, 2, and 5 in TEC are instrumented with double-sided
modules. These are made of two independent single-sided modules,
mounted back to back and rotated by 100 mrad with respect to each
other. Table 1 lists some numbers illustrating the overall dimensions
of the SST.

The SST was completed at CERN using the tracker integration
facility — a clean room with facilities to assemble, connect and operate
parts of the tracker in turn. The sealed SST was finally transported
to the experimental area and lifted down into the cavern. On Decem-
ber 15, 2007 the tracker was inserted into its final place inside the
experiment CMS. The pixel detector was completed independently
and, after the installation of the LHC beam pipe in CMS, the pixel
detector was inserted into the tracker in April 2008.
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2. Detector Operation 2010 and 2011

2.1. Pixel Detector Operation

The pixel detector was operated in 2010 and 2011 with a coolant
temperature of +7.4 °C. With increasing irradiation of the sensors
the temperature will have to be decreased for future runs. In the
winter stop of 2010, a test with a coolant temperature of —10 °C was
performed and the calibration of the temperature dependent digital-
to-analog converters was demonstrated successfully.

The pixel detector has to withstand the highest particle rate den-
sities and is therefore also exposed to the heaviest radiation damage
of all CMS subdetector systems. During p-p collision, on average
3000 pixels are hit per bunch crossing and read out with a Level-1
trigger rate close to 100 kHz. During the Pb-Pb run of the LHC in
2010, the trigger rate was only about 150 Hz whereas the number
of pixels hit per event was up to 30,000 for central collisions. These
condition changes made it necessary to update the firmware of the
pixel Front End Driver (FED) several times to cope for example with
the different event sizes.

During the 2010 and 2011 operation, 96.9% of the Read Out Chips
(ROCs) were fully functional. Some problems, e.g. with slow ana-
logue outputs, could also be fixed by firmware updates. Other prob-
lems, such as bad modules, were repaired during the winter shutdown
end of 2010. The fact that the pixel system can be accessed for main-
tenance independently from the SST has paid off in this respect.

The CMS data-taking efficiency was about 92% with the pixel
detector contributing only about 6% to the inefficiency.

The pixel hit efficiency was calculated as the ratio of found pixel
hits to the number of expected hits. The expected hits were deter-
mined from the extrapolation of charged tracks to the pixel modules
and from a search for a hit within a defined area around the impact
point. Excluding known defect pixels, the hit efficiency in both the
barrel and the end caps is above 99%. The spatial resolution of the
pixel modules is shown in figure 4 for both the transverse and the
longitudinal coordinate. The result as a function of the cluster size is
in very good agreement with Monte Carlo simulations as can be seen
in the figure.
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Fig. 4: Transverse and longitudinal pixel spatial resolution as a function of the
cluster size. Full dots and triangles are measurements, open symbols are simula-
tions

2.2. Strip Detector Operation

The SST is a very large system and hence the operation is very com-
plex. The cooling of the SST uses CgF14 which is forced by two
cooling plants through 180 lines. The temperature in 2010 and 2011
was set to 4 °C which is sufficiently low taking into account the low
radiation load accumulated so far. During the 2010 operation, two
lines were leaky and had to be closed. Nevertheless, the leakage rate
increased over time reaching unacceptable levels. In the 2010 winter
stop, an intervention took place resulting in the closure of three ad-
ditional lines. The present low leak rate of 0.7 kg/day is acceptable
and stable over months. The modules connected to the closed cooling
loops show slightly higher temperatures but can be operated safely.

The power supply system for the SST has to provide up to 60 kW
electrical power. 2000 power supply units provide the low and high
voltages needed by the detector modules. The location of the power
supplies is within the LHC cavern and, as a consequence, the access
is limited to periods when the LHC machine is stopped. The failure
rate in 2010 was about 1% and is decreasing during 2011.

The status of the functionality of the SST channels at the end of
August 2011 shows 97.7% of fully working channels, stable over time.
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Fig. 5: Measured spatial resolution for strip sensors of TIB (strip pitches 80 pm
and 120 pm) and TOB (strip pitches 122 pym and 183 pm)

The SST has been designed with high redundancy, and therefore
the low number of malfunctioning channels has no influence on the
physics performance of the detector.

The data aquisition of the SST has been running very stably and
it has collected high-quality physics data with an uptime of greater
than 98.5% during the p-p runs in 2010 and 2011.

The signal-to-noise ratio of the different strip modules depends on
the strip geometry, the thickness of the sensors, and on the module
design (single- or two-sensor modules). The signal-to-noise values
for tracks perpendicular to the silicon plane (most probable value of
the distributions) have been measured to be 18.5, 19.4, 23.9, 18.4 and
22.4 for TID, TEC (thin sensors), TEC (thick sensors), TIB and TOB
modules, respectively. The hit efficiency of the SST was measured to
be 99.9% in an analysis excluding known defect modules. The strip
sensor hit resolutions were measured using tracks passing through
regions with sensor overlaps. The results are shown in figure 5 for
tracks perpendicular to the sensor surface as a function of the strip
pitch for various sensor types. All measured spatial resolutions are
well below the binary resolution given by the strip pitch.

More details on the operational performance of the pixel detector
and of the SST can be found in references [5] and [6].
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for photon conversions (left) and for nuclear interactions (right) in data (x-y bin
size 0.5x0.5 cm?)

3. Tracker Performance

The overall tracker performance is largely affected by the material
of the tracker itself. The tracker material modifies the trajectories
of charged tracks through bremsstrahlung, photon conversion, nu-
clear interactions, multiple scattering, and energy loss. It is therefore
of utmost importance to have a precise description of the material
distribution in order to correctly treat all these effects in the de-
tector simulation. To check the consistency of the tracker simulation
with the material distribution of the real detector the vertices of pho-
ton conversions and nuclear interactions are reconstructed using data
(see figure 6) [7]. A quantitative comparison of data and simulation
is shown in figure 7 for several radial bins corresponding to specific
substructures. Overall, the observed relative agreement is about 10%,
except for a localized larger discrepancy in one area.

As an example for the tracker performance the measured impact
parameter resolution is shown in figure 8 as a function of the track
pr [8]. The resolution is better for higher track momenta as ex-
pected, as these particles are less deflected by multiple scattering
while traversing the material of the beam pipe. The comparison with
the simulation proves the excellent understanding of the detector.

An important figure of merit of the CMS tracker is the resolu-
tion of the muon transverse momentum. This parameter depends on
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the precise knowledge of the material distribution, the tracker align-
ment, the knowledge of the magnetic field, and on the reconstruction
algorithm. Figure 9 shows the measured transverse momentum res-
olution for muons originating from the decay of J/i¢ mesons from
early collision data. These muons have on average a momentum of a
few GeV/c. At this energy the reconstruction of the muons in CMS
is dominated by the Tracker data and is therefore an excellent tool
to study the performance of the Tracker. The muon resolution is
found to be in quite good agreement with simulation, except for the
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Fig. 9: Resolution of the muon transverse momentum as measured with about
40 nb~! of integrated luminosity (black line) compared to the Monte Carlo resolu-
tion computed from Monte Carlo truth (red points) and from a fit (black squares).
The gray band represents the error on the fitted function for data computed from
the errors on the parameters

transition region from the barrel to the end caps where a difference
of about 5% is observed. More details on this study can be found in
reference [9].

4. Future Upgrade of the SST

The present CMS strip tracker is designed to be operated for a life-
time of 10 years at the LHC design luminosity of 1034 cm~2s~!. The
lifetime of the silicon detector is limited by the radiation induced
change of the doping concentration in the substrate and by the sub-
sequent need for an increase of the operating voltage. The planning
of the CERN management foresees to upgrade the LHC machine
in steps towards a possible luminosity of about 5x103* cm™2s7! at
around 2020. At this luminosity the particle flux emerging from the
interaction point exceeds the capabilities of the present CMS tracker
and of the present CMS trigger system. As a consequence of both
the predicted end of the tracker lifetime and of the need for a more
performant tracker at the increased luminosity, CMS is planning to
construct a new tracker [10].
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The challenges for the construction of this new tracker are mani-
fold:

e The upgraded tracker has to perform up to an integrated lumi-
nosity of about 3000 fb~!. To withstand the enormous radia-
tion doses the development of new sensor materials is required,
especially for the innermost regions.

e The particle fluxes are expected to be an order of magnitude
larger compared to the present tracker. In order to keep the
channel occupancy low, smaller cell sizes are needed what leads
to an increase in channel numbers.

e The new Tracker has to provide data for the Level-1 trigger
decision logic. This is mandatory for CMS to maintain the
overall Level-1 trigger rate within 100 kHz.

e Despite the higher number of channels the power dissipation
must not be increased compared to the present tracker.

e The amount of material in the tracker volume, e.g. in the sup-
port and cooling structures, has to be significantly reduced.

On all these listed aspects research and development is ongoing
within the CMS collaboration. To cope with the expected data rate
and with the requirement to provide trigger Level-1 input, a hier-
archical baseline strategy is followed [11]. Detector modules are be-
ing developed which are able to discriminate the particles’ pr by
two closely spaced (&1 mm) silicon modules. The strong CMS mag-
netic field bends the trajectories of charged particles and the angle
of the through going particle is therefore a function of pr (see the
sketch in figure 10 for explanation). Rejecting particles below a pr
of 1-2 GeV/c locally reduces the amount of data to be processed sig-
nificantly. Two layers of such modules (“double stacks”) may then
be mounted spaced by about 1-2 cm. The combined information
from both layers is then used to find track elements, named “track-
lets”. Tracklets from several double stacks are then combined to form
Level-1 tracks. The performance of various tracker geometries with
different numbers of double-stack layers and of simple tracking layers
is under study using simulation tools developed for this purpose.
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Fig. 10: Concept of a double sensor module capable to reject low pr tracks

5. Summary

CMS has commissioned the worlds largest silicon detector. The LHC
collision data collected with the CMS tracker have demonstrated the
excellent performance of this scientific device. The measured perfor-
mance parameters are in good agreement with simulation, proving
that the detector is well understood. The reliable reconstruction of
tracks and vertices provides an excellent input for the CMS physics
analysis. Despite the fact that this detector has only started its op-
eration, the development of its replacement has already started. The
challenges ahead for the new tracker are huge and hence a long de-
velopment time is foreseen to construct the new device in time for
the LHC high-luminosity operation phase.
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Abstract

We present several measurements of the top quark pair production in data
collected by the CMS detector at the LHC at a centre-of-mass energy of 7 TeV.
We use data collected during the years 2010 and 2011. We give an overview
of the top pair cross-section measurement analyses at CMS, presenting all
the exploited channels. We use dilepton, lepton + jets and fully hadronic
topologies. In the dilepton channel we look for a final state containing two
electrons or muons and high missing transverse energy and at least two jets. In
the lepton + jets and hadronic channels one or two W bosons originating from
the top quark is allowed to decay hadronically; we therefore require repectively
at least 4 or 6 jets. b-jet identification is used in order to enhance signal
purity in the final selection. We also present advanced analysis techniques
such as data-driven background estimation. The results of the measurements,
including systematic uncertainties, are presented and discussed. They are
then compared with the theoretical predictions and with the current results
of the CDF and DO collaborations at the Tevatron, and an outlook of expected
progress of the CMS experiment is given.

1. Introduction

Top quark physics is essential to the understanding of the electro-
weak sector of the Standard Model as it allows for many types of
precision measurements to be performed As the heaviest of quarks
the top also couples maximally to the Higgs field. Those measure-
ments are crucially important to better constrain the mass of the
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Fig. 1: Graphical summary of top pair decay channels

Higgs boson and to test the robustness of the Standard Model. Top
topologies are also a good window to physics beyond the Standard
Model.

Top topologies provide an excellent benchmarking tool to a wide
array of ingredients used in physics analyses at the LHC. Lepton
identification and excellent resolution on missing transverse energy
(E7) is essential in di-lepton and lepton+jets topologies, while per-
formant jet reconstruction algorithms and energy scale and efficient
b-jet identification (b-tagging) are useful in all the channels. Top
physics is therefore a laboratory for analysis techniques.

At the LHC at a centre-of-mass energy of 7 TeV top pairs are
dominantly produced via gluon fusion. An approximate NNLO cal-
culation of the top pair production cross-section at 7 TeV is given
to be o4 = 163ﬂ(1) pb by Kidonakis et al. Figure 1 summarises the
top pair decay modes. All those channels are exploited by the CMS
collaboration.

2. The CMS Detector

CMS [1] is a general-purpose particle detector located at the LHC
proton-proton collider at CERN. The detector features a super-con-
ducting solenoid with an internal diameter of 6 m and an axial mag-
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Fig. 2: The CMS detector

netic field of 3.8 T. The solenoid encloses the pixel detector, the
silicon tracker, the crystal electromagnetic calorimeter and the brass
and scintillator hadron calorimeter. A steel flux return yoke stands
outside the solenoid and is instrumented with gas ionisation detec-
tors, which constitute the CMS muon system. A view of the CMS
detector can be seen on figure 2.

The presence of excellent all-silicon tracking enables CMS to use
particle-flow algorithms to reconstruct physics objects. Such algo-
rithms make use of information coming from all the sub-detectors to
reconstruct each object. The presented results use up to 1.14 fb! of
integrated luminosity.

3. Top Pair Production Cros-section Extraction

The lepton-+jets channel [2] features a relatively clean signature where
the multi-jet background can be kept under control. Events are trig-
gered using single-lepton terms and exactly one isolated lepton and
central jets with high travserse momentum are required. A veto on
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di-events is applied so as to reduce the Z+jets background. The
main backgrounds are W+jets production and multi-jet production;
the latter is estimated from data from a side-band sample of loosely
isolated leptons. In order to measure the production cross-section
a simultaneous kinematic fit of predicted template shapes to data
is performed in both the electron and the muon channel, using a
minimum-likelihood technique. In each channel both the exclusive 3-
jet bin and the inclusive 4-jet bins are used; missing transverse energy
is used in the 3-jet bin while the mass of the hadronically decaying
top is used in the 4-jet bin as they are the most discriminating vari-
ables between signal and background. Such a simultaneous fit allows
better shape constrains. This analysis, performed on 36 pb~! of 2010
data, yields a production cross section of U?t- = 173+35+7 (lumi.) pb.
The analysis can be improved upon by using flavour information
[3]. A b-tagging working point with 55% b-tag efficiency and 1.5%
mis-tag rate is chosen and either one or two b-tagged jets are required.
The fit is then performed on the secondary vertex mass, which allows
better discrimination against light-flavour backgrounds, in bins of
Njets and Np.ags. Since jet energy scale and b-tagging efficiency are
correlated parameters which can induce large variations to the yield in
each bin, they are treated as nuisance parameter in the fit procedure.
This yields a production cross section of ag—'tag =173 £ 9 (stat.) £
17 (syst.) £ 7 (lumi.) pb; systematic uncertainties are dominated by
jet energy scale. This is CMS’ most precise single measurement.
The di-lepton channel [4] features a very clean signature but
requires good lepton identification and good resolution on missing
transverse energy. Events are triggered using di-lepton terms. Ex-
actly one pair of oppositely charged, isolated leptons are required,
along with one or two central jets. A cut on missing transverse energy
(50GeV in the 1-jet bin, 30 GeV in the 2-jet bin) is applied in the ee
and pp channels. The main background is the Z/y+jets production
and is estimated from data by counting the number of Z+jets events
in a Z mass window of 76 < M;; < 106 GeV and comparing the yields
with simulation. A b-tagging working point featuring 80% signal effi-
ciency for a 10% mis-tag rate is chosen. The cross-section is extracted
by performing a counting experiment on the distribution of jet multi-
plicity for the ee, ey and pp channels combined. This result has been
obtained with 1.14 fb ! of 2011 data. This yields a production cross
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section of o}y = 169.9 & 3.9 (stat.) £ 16.3 (syst.) &= 7.6 (lumi.) pb, the
dominant systematic uncertainties being b-tagging and lepton iden-
tification. This channel has been extended by adding the ur decay
mode [5], using 1.09 fb~! of 2011 data. Events are triggered using
single-muon terms, and one muon and one oppositely-signed tau are
required each with pr > 20 GeV. At least two jets with pr > 20 GeV,
one of which being b-tagged, are also required, along with a missing
transverse energy cut of 40 GeV. The main background comes from
jets faking taus. The probability for a jet to fake a tau is estimated on
data selected with high-pr jet triggers, in which the trigger-matched
jet is not considered so as to avoid trigger bias; real tau contribution
is subtracted using simulation. The cross-section is extracted from
the reconstruction of the top quark mass using a kinematic fit. This
yields of; = 148.7 + 23.6 (stat.) £ 26 (syst.) = 8.9 (lumi.) pb. The
uncertainty is dominated by the fake tau background estimation, tau
identification and b-tagging.

The last mode investigated by CMS is the all-hadronic decay
channel [6]. This measurement has been performed with 1.09 fb~" of
2011 data. It is very challenging as the multi-jet background coming
from QCD interactions is very large. Events are required to contain 6
jets, the four leading having pr > 60 GeV, the fifth pr > 50 GeV and
the sixth pr > 40 GeV. Events with more jets are kept provided the
additional jets satisfy pr > 30 GeV. At least two jets are required to
be b-tagged with a working point giving a 38% b-tag efficiency and a
mis-tag rate of 0.12%. The two W bosons are reconstructed using the
non b-tagged jets, assuming a mass of 80.4GeV; the top quarks are
then reconstructed with the two W and the b-tagged jets, assuming
m; = mz. The combinations are then fitted, and the events with
P(x?) > 1% are kept. The multi-jet background is estimated from
a side-band data sample in which 6 non b-tagged jets are required.
The events are then reweighted so that the jets’ kinematics match
that of the b-tagged jet sample. The kinematic fit is then performed
on the reweighted sample. The shape of the multi-jet background is
then given by the reweighted data. The cross-section is extracted via
a minimum likelihood fit of the signal and background shapes to the
observed distribution of the top mass. This yields ai‘{adm = 136 +
20 (stat.) £ 40 (syst.) = 8 (lumi.) pb. The uncertainty is dominated
by jet energy scale, b-tagging and the multi-jet background model.
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Fig. 3: CMS results from 2010 and 2011 and combination of 2010 results. The
shaded bands represent the NLO and NNLO calculations

This difficult measurement has been achieved thanks a very good
understanding of the CMS detector.

4. Combination of the CMS Results and
Comparison with Theory

The CMS results obtained with 2010 data are combined [7] so as to
reduce the systematic uncertainty on the total cross-section measure-
ment. The combination is done using the so-called BLUE method [8],
which assumes uncorrelated systematics between the considered chan-
nels. The combination yields a top pair production cross-section of
oSMS = 154 + 17 + 6 (lumi.) pb. This is to be compared with the
MCFM NLO calculations, which give oNV© = 158 +23 pb. All the
CMS results presented here are summarised, along with with com-
bination, on figure 3, while a superimposition of the Tevatron and
CMS results with theoretical calculations can be seen on figure 4.
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Fig. 4: Top pair production cross-section as a function of centre-of-mass energy.
Blue crosses represent Tevatron results while the red cross represent the CMS
2010 combined result. The measurements agree with theoretical predictions

Those plots show that the CMS results are now starting to constrain
NLO calculations.

5. Conclusion

The full set of top pair production cross-section measurement made
with the CMS detector has been presented. Results have been ob-
tained with 2010 and 2011 data and include up to 1.14 fb!; they have
been obtained in the di-lepton, semi-leptonic and all hadronic decay
channels. When combined using the BLUE method, the 2010 results
yield a total production cross-section of oy = 154+ 1746 (lumi.) pb.
This value agrees with theoretical calculations. Including more recent
results in the combination will further decrease the systematic uncer-
tainty and further constrain the NLO and NNLO calculations.
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Abstract

The main topic of the HERMES experiment at DESY was to investigate the
spin structure of the nucleon, namely the decomposition of nucleon spin into
contributions from quark and gluon spins and their orbital angular momenta.
Many exciting, unexpected results have been obtained at HERMES by mea-
suring inclusive, semi-inclusive as well as exclusive processes in deep-inelastic
lepton scattering. An overview of most recent results of the analysis of HER-
MES experimental data is presented.

1. Introduction

The HERMES experiment was designed to study/resolve the so called
“Proton Spin Puzzle” originating from the measurement of European
Muon Collaboration in 1988 indicating that only a small fraction of
the proton spin is carried by quarks [1]. Conceptually, the nucleon
spin can be decomposed from the contribution of the spin of its con-
stituents (the quarks and gluons) and their total orbital angular mo-
menta. The HERMES experiment aims to obtain information on all
these contributions by measuring cross section asymmetries from the
inclusive, semi-inclusive and exclusive processes in deep-inelastic scat-
tering (DIS), respectively. Particularly, the possible role of the quark
orbital angular momentum is addressed by studying hard exclusive
processes such as deeply virtual Compton scattering (DVCS) which
are interpreted in terms of generalized parton distributions (GPDs).

186
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Another field of investigations which could provide insights into the
yet unmeasured quark orbital angular momenta is the study of trans-
verse momentum dependent (TMD) parton distribution functions in
semi-inclusive DIS. They are needed for a complete understanding of
the nucleon structure and describe the correlation between the quark
or the nucleon spin with the quark transverse momentum, which leads
to a three-dimensional description of the nucleon structure in the mo-
mentum space. This paper presents a selection of interesting new
results obtained by the HERMES Collaboration over the past year.
HERMES used the longitudinally polarized (P max = 0.6) elec-
tron or positron beam of 27.6 GeV scattered off longitudinally or
transversely polarized hydrogen and longitudinally polarized deu-
terium targets (PQ{I’D ~ 0.85) [2] or unpolarized gaseous targets inter-
nal to the HERA storage ring. The scattered leptons and produced
particles like hadrons of different type or photons were detected by
the HERMES spectrometer [3]. The particle identification capabil-
ity of the experiment were significantly enhanced in 1998 when the
threshold Cerenkov detector was upgraded to a dual ring imaging
system (RICH). The average lepton identification efficiency was at
least 98% with hadron contamination of less than 1%. In the end
of 2005, a recoil detector (RD) was installed in the target region of
HERMES, the main purpose of which was the detection of the recoil
target protons in order to enhance access to hard exclusive processes.

2. Inclusive DIS: Structure Function F),

The statistics collected at HERMES with unpolarized hydrogen and
deuterium targets is highly competitive with respect to other fixed
target experiments. This motivates the new extraction of the struc-
ture functions F} and F§ [4] determined using a parametrization
of existing data for the longitudinal-to-transverse virtual-photon ab-
sorption cross section ratio. The HERMES results provide data in
the range 0.006 < z < 0.9 and 0.1 GeV? < Q2 < 20 GeV?, covering
the perturbative to non-perturbative transition region of QCD in a
so-far largely unexplored kinematic region, while they are in agree-
ment with existing world data in the region of overlap.The measured
cross sections are used in combination with data from other exper-
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Fig. 1: Semi-inclusive DSAs binned in Pj in z-slices. The plots are overlaid
with polynomial fits to measure possible P, | dependences

iments, to perform fits to the photon-nucleon cross section, using
the functional form from the Abramowicz-Levin-Levy-Maor (ALLM)
model [5]. The deuteron-to-proton cross section ratio is also reported
by HERMES.

3. Semi-Inclusive DIS: Double-Spin Asymmetries

Longitudinal double-spin asymmetries (DSAs) in DIS have been an
valuable source of information about the spin-structure of the nu-
cleon [6]. Recent interest in unintegrated structure functions has
encouraged a re-analysis of the HERMES dataset in order to pro-
vide semi-inclusive longitudinally-polarized double-spin asymmetry
data with multi-dimensional kinematic dependences. Presenting the
measured DSAs in two dimensions, e.g. in z and pn, (respectively
denoting the hadron’s energy fraction and the transverse momentum
with respect to the momentum of the virtual photon), can provide
additional information on the character of quark fragmentation. It
can also help to unravel both the parton distribution and fragmen-
tation function product as well as the flavor structure tangled in the
sums.

Figure 1 shows the results for the asymmetry A as a function of
pp for three different values of x for charged pions from the proton
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Fig. 2: Hadron charge-difference asymmetries for pions from the proton and pions
kaons and undifferentiated hadrons from the deuteron target

target and charged pions and kaons from the deuteron target. These

data were fit with a series of low-order polynomials in z and pp .

Within the measured uncertainties no pp; dependence is seen.
Another goal of the re-analysis of HERMES double-longitudinally-

polarized dataset is to examine the hadron charge-difference asym-

metries A’lﬁ_’f, shown in Fig. 2 for pions from the proton and pions,

kaons and combined hadrons for deuterium target. The latter result
has been compared with similar measurement from COMPASS [7],
and they are found to be consistent despite considerably different Q2
values.

A variety of new parton distribution functions (PDFs) describing
the (spin-orbit) correlations between the quark or nucleon spin with
the quark transverse momentum arise in the case when the cross
section is not integrated over the transverse momentum pr of the
quarks. At leading-twist, eight TMDs enter the semi-inclusive DIS
cross section in conjunction with the fragmentation functions (see
e.g. [8])-

The amplitudes of three DSAs related to so called ‘worm-gear’
TMD g5 are extracted together with six previously measured ampli-
tudes of single-spin asymmetries (SSAs) [9,10] using HERMES data
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Fig. 3: Results for the 2(cos(¢ — ¢5))? | DSA amplitudes for pions and charged
kaons as a function of z, z or pp . The shaded bands represent the systematic
uncertainty. A common 8% scale uncertainty arises from the precision of the
beam and target polarization measurement

recorded during the 2003-2005 running period with a longitudinally
polarized electron/positron beam scattered off a transversely polar-
ized hydrogen gas target. Fig. 3 shows the results for the 2(cos(¢ —
os)) 2 | asymmetry amplitudes for pions and charged kaons as a func-
tion of z, z or pp, . The results show a positive amplitude for 7~ and
possibly also for 7+ and K*. For 7° and K~ they are found to
be consistent with zero. The amplitudes for the sub-leading twist
DSAs, not shown here, are both consistent with zero for all measured
mesons.

4. Exclusive Processes

The measurements of hard exclusive productions of mesons and real
photons (DVCS) opens an exciting new field in understanding the
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nucleon structure in terms of GPDs, accessible in these processes.
Depending on the type of the produced particle in the final state, the
measurements are sensitive to different combinations of GPDs. The
interest in this field was significantly increased when it was shown that
certain GPDs are related to the total angular momentum carried by
partons in the nucleon [13].

4.1. SDMS In Exclusive p° Production

Hermes previously published results on spin density matrix elements
(SDMEs) in exclusive p° production [11]. In order to determine
SDMEs from experimental data, they were considered as being in-
dependent free parameters in the fit of the production and decay
angular distribution of the vector meson. This is referred to as the
“SDME method”.

SDMEs are dimensionless quantities and therefore depend on ra-
tios of amplitudes rather than on amplitudes themselves. SDMEs can
be rewritten in terms of amplitude ratios. In an alternative method
of fitting the angular distribution, these ratios are considered as being
independent free parameters. This method is referred to as the “am-
plitude method”. In order to extract the helicity amplitudes them-
selves, experimental data on the differential cross section with respect
to the Mandelstam ¢ variable, ds/dt (which is proportional to the sum
of squared moduli of all the amplitudes) are required in addition to
the experimentally determined amplitude ratios. An analysis of these
combined data would allow the extraction of the moduli of all ampli-
tudes and of the phase differences between them with the common
phase remaining undetermined.

The re-derived results on SDMEs obtained from the amplitude
method [12] are found to be consistent with those determined from
the SDME method [11]. On the other hand the new method enhanced
the sensitivity for polarized SDMEs.

4.2. Double-Spin Asymmetries In DVCS

DVCS is the one of the cleanest process that can be used to con-
straint GPDs via Compton form factors (CFFs). HERMES has pre-
viously published results on various asymmetries measured in hard
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exclusive leptoproduction of real photons from a nucleon or nuclear
targets [14-21]. The asymmetries arise from the DVCS process and
its interference with the Bethe-Heitler process.

A new results on DSAs in exclusive electroproduction of real pho-
tons from a transversely polarized hydrogen target measured with
respect to the product of target polarization with beam helicity and
beam charge, and with respect to the product of target polarization
with beam helicity alone was published [22]. They are related to
the real part of the same combination of Compton form factors as
that determining the previously published transverse target single-
spin asymmetries through the imaginary part [16]. The results for
the double-spin asymmetries are found to be compatible with zero
within the uncertainties of the measurement, and are not incompati-
ble with the predictions of the only available GPD-based calculation.

Due to different kinematic prefactors, the amplitudes of DSA re-
lated to the real part of the interference term are suppressed com-
pared to those extracted from transverse target single-spin asymme-
try. Therefore, in contrary to the latter case they do not have signif-
icant sensitivity to the CFF £ regarding the measured uncertainties.
Nevertheless, they may serve as additional constraints in global fits
to extract GPDs from measurements.

4.3. DVCS With Recoil Detector Information

In previously published HERMES results mentioned in section 4.2
the exclusive events were selected using the missing-mass technique
without detection of recoiling particles. The signal in this case con-
tains also the contribution from associated A resonance production.
In order to ensure exclusivity and to reduce the background from the
associated BH process, a RD was installed at HERMES at the end of
2005. It was in operation using unpolarized hydrogen and deuterium
targets from 2006 to 2007.

In Fig. 4 the amplitudes of the single-charge beam-helicity asym-
metry are given for exclusive samples including those extracted from
ep — epy events with detection of the recoiling target proton. For
comparison, the unresolved events were selected by standard missing-
mass technique, the unresolved-reference events from this unresolved
sample by requiring the missing 4-momentum to be within the ac-
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Fig. 4: Amplitudes of the single-charge beam-helicity asymmetry for each of the

exclusive sample (see t

ext)

ceptance of the RD, and the pure events were selected using the
kinematic event fitting.

5. Outlook

In spite of many years of experiments, a detailed decomposition of the
spin of the nucleon remains elusive. With the recent HERMES re-
sults some new information have been obtained. More precise results
from HERMES data analysis of semi-inclusive and exclusive DIS are

expected in future.
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Abstract

A representative sample of CMS analyses in Heavy-Flavor Physics, based on
proton-proton collision data collected in 2010 and 2011 at a center-of-mass
energy of 7 TeV, are reviewed, including measurements of heavy quarkonia
as well as open b-quark production. The status and prospects of the searches
for rare B decays and measurements of CP violation in the B sector are
presented.

1. Introduction

The importance of Heavy-Flavor Physics in the latest years is mainly
due to the need of testing Quantum Chromo-Dynamics and the way
it reproduces measured production cross section and polarization of
beauty and charm quarks in hadronic interactions. Moreover, Heavy-
Flavor final states can be used as a test-bench for physics beyond
the Standard Model, including CP violation, for example through
the study of new resonances and rare decays. The CMS Experi-
ment at the CERN Large Hadron Collider has a rich Heavy-Flavor
Physics program thanks to the excellent performance of the wide-
coverage muon system and the tracking system consisting of silicon
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pixels and strips. Some representative studies with proton-proton
collision data at /s = 7 TeV, collected mainly in 2010, are described
in these proceedings in order to give a taste of the quality of the
ongoing effort focussing on common points shared by different analy-
ses.

The CMS muon system is interlayered in the return yoke of the
3.8 T solenoid and surrounds the tracking system and the calorime-
ters of CMS up to a pseudorapidity of || = 2.4. Three different
technologies are exploited as muon detectors: drift tubes in the bar-
rel region, cathode strip chambers in the end-caps and resistive plate
chambers for fast triggering purposes. Tracking of charged particles
at CMS is performed with silicon strip tracker complemented by a sil-
icon pixel detector for precise vertexing and to improve track quality.
The resolution on primary vertex measurement has been determined
in early 7 TeV proton-proton collisions to be ~ 25 (~ 20) um in the
transverse (longitudinal) plane, when ~ 30 tracks are used in the re-
construction. A detailed description of the CMS detector, as well as
more details on its subsystems and their performance, can be found
elsewhere [1-3].

2. Heavy Quarkonia Production

The double-differential production cross-sections of Heavy-Flavor res-
onances have been measured by CMS, including prompt and non-
prompt fractions. The event selection technique is common to the
studies looking for a J/4 in the final state. The measurement of J/v
and 9(285) production cross section relies on the clear dimuon signa-
ture of one possible final state. Events are selected with either single
or double muon trigger, each muon is requested to satisfy some qual-
ity constraints in terms of associated tracks and both tracks in the
muon pair must point to the same primary vertex within the typical
extrapolation resolution. The signal yield is extracted by fitting the
signal and background shapes in a certain muon pair invariant mass
window. The differential cross section is then calculated as

d? (0' X B) Nsignal

dprdy  Acceptance x Efficiency x Luminosity x AprAn’
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Fig. 1: Measured prompt (left) and non-prompt (right) (2S) production cross
section as a function of both %(2S) pr and rapidity

The prompt and non-prompt fractions are extracted via a two-di-
mensional fit to the dimuon invariant mass and to L;,,, the most
probable distance in the transverse plane between the primary vertex
and the dimuon vertex. The main systematic uncertainties affecting
the measurement of J/¢ and ¢(2S) prompt and non-prompt frac-
tions include the tracker misalignment, the modeling of b lifetime,
the resolution on primary vertex, the background shape determina-
tion in mass sideband regions and the different efficiency in detection
of muons from the prompt and non-prompt categories. These frac-
tions have been found to be in a reasonable agreement with NRQCD
predictions, with the only exception of non-prompt fractions at high
pr, as shown in Fig. 1.

The (2S) peak is used as a benchmark for the observation [4] of
X (3872). The final state chosen for the simultaneous observation of
¥(2S) and X (3872) is J/¢p mtm~ — ptu T . Pairs of tracks of
opposite charge are selected as pion candidates, besides muon pair
selection which is the same as the J/¢ one, and all the four tracks
are constrained to a common vertex. The measured ratio between
o X B for X(3872) and v(2S) is 0.087 & 0.017 (stat.) & 0.009 (syst.).
Also the production of T states has been measured by CMS at the
LHC in pp collisions in dimuon final states [5]. The results for the
measurement of the production cross section times branching ratio
can be summarized as: 7.37 i0.13(stat.)fg:gé(syst.) + 0.81(lumi.) nb
for T(18), 1.90 + 0.09(stat.) T9:39(syst.) + 0.24(lumi.) nb for Y(2S),

1.02 & 0.07(stat.)TO 1! (syst.) £0.11(lumi.) nb for T(3S).

—0.08
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3. Exclusive B-hadron Production

The production of B-hadrons is measured in exclusive channels in
final states with J/¢ in association with other tracks. Three stud-
ies were performed using similar techniques. The first measurement
of the process B* — J/¢p K* at the LHC [6] employed a double
muon trigger for the J/1 selection, requiring muons to have opposite
charge, invariant mass within (1.95,3.25) GeV/c?, and an additional
track sharing the vertex and assumed to be the K* candidate. The
measurement of B® — J/¢ Kg — J/v w7 x~ [7], besides the J/1) se-
lection, requires two additional tracks with opposite charge, assumed
to be pions, with invariant mass close to the Kg one. The third
measurement [8] concerns the decay of BY into J/1¢ in the final
state utu~ KT K~. Major backgrounds come from J/1 and misre-
constructed B — J/vy — K*(892). The signal yield of each channel
is extracted for each bin in transverse momentum and rapidity with
a maximum likelihood fit to the hadron mass mp and to the proper
decay length L., x mp /pE. The proper decay length is measured
as a consistency check and found to be in agreement with the world-
average value. All the measured double-differential cross sections are
in reasonable agreement with the predictions of MC@NLO in terms
of shape and absolute normalization, as shown in Fig. 2 for B* as
an example.

4. Open b-quark Production

The measurement of open-beauty production relies on the identifica-
tion and measurement of jets from b-quarks [9]. Data are selected
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with a single muon trigger. All tracks are clustered in jets with anti-
kr algorithm. Jets from b-quarks are identified from muons in jets.
The fraction of muon momentum orthogonal to jet, pﬁ,‘?l, is used to
discriminate different flavor fractions. Templates from Monte-Carlo
(MC) simulated data (b- and c-jets) and data (light quark back-
ground) are built and their relative weight is fitted to data. Light
flavor and ¢ are merged together as they are indistinguishable. The
overall b-fraction is measured to be about 46%. The systematic
uncertainties are dominated by the shape of pif! templates: signal
template is validated with a b-enriched sample selected from muons
with large impact parameter, with a measured b-fraction of ~ 86%.
Other systematic uncertainties are due to the data-driven light fla-
vor background template, MC generation and fragmentation models.
The double-differential cross section is measured, as well as the total
value, in the muon acceptance region pr > 6 GeV/c and |n| < 2.1:
o = 1.32+0.01(stat.)£0.30(syst.)£0.15(lumi.) ub, to be compared to
MC@NLO prediction of 0.95+ 1531 (scale) +0.09(m;) +0.05(pdf) ub.
Differential cross sections are shown in Fig. 3. A complementary mea-
surement [10] employs an event sample with muons and jets identified
with secondary vertex b-tagging, allowing for an enriched sample with
b-fraction around 86%. Secondary vertices from tracks with high im-
pact parameter significance are usually associated to long-lived par-
ticles, as b-flavored hadrons are. At least three tracks with hits in the
Pixel Detector are required to define a secondary vertex. The cross
section is measured to be 108 £ 1(stat.) & 17(syst.) = 4(lumi.) nb, to
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be compared to MC@NLO prediction of 114 £733 (scale) + 3(m;) £
5(pdf) nb.

Inclusive b-jet production can be measured without muons for the
determination of the b-fraction [11]. Secondary vertices are searched
for in data which have been selected with a single jet trigger. The
purity of the sample is measured in two complementary ways to be
~ T5%. The first strategy fits the distribution of vertex invariant
mass to templates from MC. The second one is based exclusively on
MC flavor fractions and tagging efficiencies. The measured double-
differential cross section is in agreement with MC@QNLO predictions
except for jet pr > 100 GeV/c and jet rapidity larger than 1.5, as
shown in Fig. 5.

Correlated production of bb pairs is important as bb pairs repre-
sent a background for many rare processes. The production cross
section has been measured in the final state with opposite-charge
muon pairs [12]. Muon pairs are selected with a low pr threshold
and resonant states such as Z, T and Ji are rejected using invariant
mass information. The sample composition is defined with a fit to
muon impact parameter templates from either MC (beauty, charm,
in-flight decays) and data (prompt muon production). Templates for
single muon are symmetrized to classify each muon pair. The bb frac-
tion is measured to be 0.651+0.003, as shown in Fig. 4, resulting into
a measured cross section times branching ratio of 26.18+0.14(stat.)+
2.82(syst.) £ 1.05(lumi.) nb, to be compared to MC@NLO prediction
of 19.95 + 0.46(stat.) "4 55 (syst.) nb.

Angular distributions of bb pairs are affected by the final state
topology of the parton-parton elementary process and a precise mea-
surement of them can give important hints to understand heavy flavor
jet production mechanism. Data are collected with a single jet trigger
at different energy thresholds [13], requiring the absolute value of the
jet pseudorapidity to be lower than three and candidate b-hadrons to
be within the tracking volume. Two secondary vertices, with more
than three tracks each, identify the candidate BB pair. The vector
joining the secondary and the primary vertex is used to define the
flight direction of each b-hadron. The b-hadron momentum is calcu-
lated from the sum of the momenta of all the tracks associated to
the secondary vertex. The strategy is validated from MC, where the
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Fig. 5: Measured b-jet differential cross section compared to the MC@QNLO cal-
culation

measured flight directions are compared to the generated ones re-
sulting in typical angular separations in the 7 X ¢ space smaller than
0.05. Major backgrounds come from misreconstructed secondary ver-
tices, cC processes with D-meson final states, sequential B — D with
two secondary vertices and light flavor QCD. The measured angular
correlations are shown in Fig. 6.
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5. Rare Decays and CP Violation

Besides all the heavy-flavor production studies, also CP violation
studies and searches for rare decays have started at CMS. One of
the most interesting searches is the search for rare decays B —
pp and BY — pp [14]. Data are selected from a low pr dimuon
trigger sample. The dimuon invariant mass is required to be in the
(4.9,5.9) GeV/c? interval. The selections are optimized using MC
signal events and data sideband events with m,, < 5.2 GeV/c? and
my, > 5.45 GeV/c?, to be blind and unbiased in the signal region.
The selection criteria include muon pr > 4.5 GeV/c (4 GeV/c for
the second muon), pr of the candidate B larger than 6.5 GeV/c,
and track-based isolation criteria on candidate B. Main backgrounds
come from semileptonic B decays in association to a misidentified
hadron, other rare decays such as B; — K K and misreconstructed
secondary vertices. The search is simultaneous for B® — utpu~ and
BY — ptp~. B* — J/i K% is used for relative normalization:

0 +,,—

B(B%Bg)”) x Acc(B?) x Eff(B — ptp™) x fo =
B(BE— J/putp |K*

- (N(Ziﬂmcﬂ) D chec(B)XBI(B* > T bl 1K) o




HEAVY-FLAVOR PHYSICS 203

Event selection is validated with a B® — J/¢[u*u"]¢ sample. The
observed yields in the signal windows are consistent with the SM
expectation for signal and background. The following upper limits
for the branching fractions have been obtained: 1.9 x 10~% at 95%
CL for B — ptp~ and 4.6 x 1072 at 95% CL for B® — ptpu~.

6. Summary

The CMS experiment is competitive in heavy-flavor physics measure-
ments with pp collisions, finding its strength in the Silicon Tracker
and in the Muon System, which can provide precise identification and
measurements of muons, tracks and vertices. The event selection and
data analysis techniques proved to be sound and effective and some
of them are successfully shared among different search channels.
The CMS experiment could perform interesting heavy-flavor physics

measurements also with heavy ion collisions, which are widely docu-
mented elsewhere, such as the suppression of excited T (nS) states.
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LATEST RESULTS FROM ALICE
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Abstract

In this paper selected results obtained by the ALICE experiment at the LHC
will be presented. Data collected during the pp runs taken at 1/s=0.9, 2.76
and 7 TeV and Pb-Pb runs at ,/snn=2.76 TeV allowed interesting studies
on the properties of the hadronic and nuclear matter: proton runs gave us
the possibility to explore the ordinary matter at very high energy and up
to very low p¢, while Pb-Pb runs provided spectacular events where several
thousands of particles produced in the interaction revealed how a very dense
medium behaves, providing a deeper picture on the quark gluon plasma(QGP)
chemical composition and dynamics.

1. Detector Description

The most important requirements for a general purpose heavy ion
experiment at the LHC are a powerful particle identification over a
wide momentum interval, a robust tracking capability in a very high
multiplicity environment and a very low cut in transverse momentum
p;- The ALICE detector matches these needs using several detectors,
and implementing almost all the known particle identification (PID)
techniques. A robust tracking and the vertex finding are provided by
the Internal Tracking System (ITS), made by three different silicon
based detectors, followed by a large volume TPC [1]. As fas as the
PID is concerned, each detector covers a different range of momen-
tum: dE/dz vs p; is provided by ITS and by TPC, particle masses
difference, reflecting in a different time of flight and Cherenkov angle,

204



LATEST RESULTS FROM ALICE 205

Fig. 1: Sketch of the ALICE experiment

is measured by the Time Of Flight (TOF) and by the High Momen-
tum Particle Identification System (HMPID). Electrons are tagged
by the Transition Radiation Detector (TRD), «-rays by the Photon
Spectrometer(PHOS), electromagnetic shower by the EMCAL, while
muons from the forward muon arm. The barrel, immersed in a 0.5
T solenoidal magnetic field, is made of several detectors: the Silicon
Pixel Detector (SPD), the closest to the interaction point (IP), is fol-
lowed by the Silicon Drift Detector (SDD) and by the Silicon Strip
Detector (SSD). These dominate the vertex resolution, ranging from
250 pum (p;=0.2 GeV/c) to 20 pm (p;=10 GeV/c).

Placed at a radius ranging from 0.85 to 2.5 m, the large TPC,
consists of two 2.5 m long drift volume (~88 m?®), separated by a
central cathode. The large number of samples allows the TPC to
measure the track dE/dz with a 5% error. The TOF is a high seg-
mentation MRPC detector (~ 150,000 channels) with an excellent
time resolution, better than 100 ps, placed over the full azimuthal
angle and |n|<0.9. It provides a 3o discrimination for 7/K and K/p
up to 2.5 GeV/c and 4 GeV/c respectively. The goal of the TRD de-
tector, made of a radiator and a drift chamber operated with Xe/CO»
mixture (85%/15%), is the tagging of the electrons. The PHOS, the
EMCAL and the HMPID are additional detectors with partial cover-
age of the central barrel. The largest detector in the forward region
is the “muon arm”, consisting of an hadron absorber, MWPC cham-
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bers, a 0.7 T dipole followed by RPCs to tag muons and to and
measure their p;. Several small and important detectors run in the
forward and backward region and close to the beam pipe: T0, VO,
Photon Multiplicity Detector (PMD) and the Forward Multiplicity
Detector(FMD). Spectator protons and neutrons are detected by the
Zero Degree Calorimeters (ZDC), consisting of two sets of calorime-
ters placed at + ~116 m from the IP. More information on detector
design and performance can be found in [1].

2. Results from Proton-Proton Collisions

One of the initial ALICE goals in the pp run is the fine tuning of the
detector Monte Carlo simulation. Although a first successful com-
missioning was performed with cosmic ray data, hadronic collisions
offered the possibility to make a step forward in the detector under-
standing and Monte Carlo modelling. As an example photon tagging
allowed a measurement of the material budget radial distribution.
This gave the possibility to improve the detector knowledge and to
obtain a much better detector simulation, where the 7 yield as a func-
tion of the distance from the IP nicely agree in the data and in the
MC. Proton runs are a rich source of physics, where ALICE exploits
its peculiarity, making use of the low momentum cut.

Multiplicity studies

Multiplicity studies provide informations on the energy density of
the interaction and is one of the primary information needed to test
Monte Carlo simulation. Moreover this is a basic variable, so that a
quick comparison between the four LHC experiment is made avail-
able. ALICE measured the charged particle multiplicity per pseudo-
rapidity interval dN /dne, at 4/5=0.9, 2.36 and 7 TeV, with the av-
erage charged particle multiplicity per unit of rapidity ranging from
(3.81 &+ 0.01 (stat) £ 0.07 (sys)) to (6.01 = 0.01 (stat) + 0.20,-0.12
(sys)). While data agree nicely with the other LHC detectors, none
of the investigated models (Pythia, Phojet) and their tunes describe
the average multiplicity and the multiplicity distribution well. At
v/ = 0.9 and 2.36 TeV, the Pythia tunes Perugia-0 and D6T fail
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in reproducing the average multiplicity, while Phojet does not repro-
duce data at 4/s=7 TeV and is far away from describing the increase
in multiplicity from 1/5s=0.9 TeV to /s=2.36 TeV and from 1/s=2.36
TeV /s=7 TeV. At 0.9 TeV, the high-multiplicity tail of the distri-
butions is best described by the Phojet model, while at 2.36 TeV,
Pythia tune ATLAS-CSC is the closest to the data.

The situation does not improve when considering the particle p;
prediction: the transverse momentum distribution at 900 GeV and
the dependence of average py on Ny, is not reproduced by the ATLAS-
CSC Pythia tune [10]. At present we do not have an event genera-
tor/tune that can reproduce the LHC data in a satisfactory way.

Strange baryons

The yields and p; spectra of identified charged particle (x, K, p)
and neutral strange particles (K°, ®, A, Z) have been measured at
4/$=0.9 and 7 TeV. While the ¢ is properly reproduced by Pythia
(especially by the D6T tune), the K° transverse momentum spectrum
is overestimated by the Pythia tune ATLAS-CSC and Phojet below
0.75 GeV /c but is lower by a factor of ~ 2 in the p; range 1-3 GeV/c.
As far as strange baryons is concerned, Phojet and Pythia tunes are
well below the data by a factor ranging from 3 to 10, depending on
the baryon and on the particle p;. Moreover data taken at 1/s=7 TeV
shows the ratio £2/E is underestimated by Pythia of a factor up to
6. From an experimental point of view it’s worth noting the ratio of
A/KO agrees very well with the STAR data taken at /s=200 GeV
and the ratio Z/A is within the error.

J /1 study

J /v study has been one of the most compelling evidence for quark
gluon plasma formation more than two decades ago. The study of
this vector meson suppression at higher energy allows a big step in
the understanding of the color field mechanisms at work in this new
state of the matter. Proton-proton runs offer the possibility to test
the detector performance in J/¢ detection and a reference data for
Pb-Pb analysis. ALICE can detect the J/9— putu~ channel taking
advantage of the forward muon arm detector (2.5 < y < 4) and the
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J/1— eTe™ channel by using the barrel detectors (|5| < 0.9). AL-
ICE measurement at central rapidity reaches p;=0 and is therefore
complementary to the CMS data, available at |y| < 1.2 for p; > 6.5
GeV/c, and ATLAS, which covers the region |y| < 0.75 and p; > 7
GeV/c. At /s =T TeV the ALICE measured cross section is [2]:

o7/4(ly] <0.9) = 10.7 + 1.2(sta.) &+ 1.7(sys.)+

+1.6(A =1) — 2.3(A = —1) b, (1)

07/4(2.5 <y <4)=6.31%0.25(sta.) + 0.80(sys.)+

+0.95(A = 1) — 1.96(A = —1) pb, (2)

where A=1 is for fully transverse and A=-1 for longitudinal polariza-
tion. The J/v decaying into muons are compared to those detected
by LHCb at 2.5 < y < 4, finding a good agreement. In the bar-
rel region the CMS data (|y| < 2) and ATLAS (Jy| < 0.9) can be
compared with those detected by ALICE only for py > 7 GeV. It is
worth noting these results refer to inclusive production, therefore the
measured yield is a superposition of a direct component and of J/v
coming from the radiative decay of higher-mass charmonium states.

3. Results from Pb-Pb Collisions

Data collected during the 2010 gave a first look at the hot and dense
medium formed at ,/syn=2.76 TeV when Pb-Pb ions collide.

Energy density

The energy density available in the Pb-Pb interactions is much larger
with respect to the p-p one, resulting in a very high number of
particle produced. At ,/syn=2.76 TeV and for central collisions,
ALICE measured an average density of primary charged particles at
midrapidity (Nen) = (1584 + 4(stat)£76(sys)). Normalizing per par-
ticipant pair, we obtain dNey/dn/(0.5Npart)=(8.3 £0.4(sys)), about
a factor 2 higher with respect to RHIC. This is larger than most
of the predictions and about 50% more than expected from simple
phenomenological extrapolations from RHIC energy: the logarithmic
law that described the multiplicity dependence with energy, does not
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hold anymore. Following the Bjorken approach the average energy
density has been derived. The average amount of transverse energy
produced per unit of pseudorapidity per participant pair in central
collisions is about 9 GeV, a factor ~3 larger than at RHIC (the larger
multiplicity at LHC being accompanied by an increase in the aver-
age transverse momentum of the produced particles), corresponding
to an energy density of about 15 GeV/fm3. The centrality depen-
dence of the charged particle multiplicity is rather mild, favouring
models incorporating some mechanism (such as parton saturation)
moderating the increase with centrality of the average multiplicity
per participant pair.

Nuclear modification factor R4

The partons generated by a ion-ion collision at high energy, experi-
ence high energy loss collisions in the hot dense medium, showing a
high opacity to their traveling inside. The depletion in the hadron
yield is a powerful probe to investigate this effect. The nuclear modifi-
cation factor Ry 4 is defined as the ratio of the charged particle yield
in Pb-Pb to that in pp, scaled by the number of binary nucleon-
nucleon collisions Ngoi. ALICE measured the nuclear modification
factor R44 of inclusive charged particle momentum distributions out
to py=20 GeV /¢, where the spectra are dominated by leading jet frag-
ments. ALICE performed a first analysis [3] where the prediction at
v/§=2.76 TeV was extrapolated from the data collected at 4/s=0.9
and 7 TeV. The analysis was improved after data at ,/s=2.76 TeV
where taken. The two analysis agree quite well within the systemat-
ical error and show the R 44 ratio has a minimum at around 6 GeV,
where the suppression is stronger than at RHIC (,/syn= 0.2 TeV),
and then rises smoothly towards higher momentum. This latter fea-
ture is not evident has not been seen in the published RHIC data.
However, initial state effects (shadowing/saturation), which presum-
ably are very strong at LHC and which might depend on both im-
pact parameter and momentum transfer, can complicate a straight
forward interpretation of the data and the comparison between dif-
ferent beam energies. The powerful ALICE PID allows the study of
R 4 4 for different hadrons separately. R 44 looks almost universal for
p>6 GeV/c; at low py the A baryon don’t show any nuclear modifi-
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Fig. 2: ALICE Ry 4 for the two different analysis(left) and compared to RHIC
results(right)

cation factor (R44 ~ 1) while K behaves like all the other hadrons.
It is worth noting D mesons are expected to show a smaller nuclear
modification factor, since the main source of energy loss (gluon ra-
diation) is depleted by the Casimir effect for heavy quark. This is
found, although with a still high statistical error, in the data where a
larger R4 4 is found for D°, D" in the interval 4 GeV /c<p;<5 GeV/c.

Elliptic flow

The elliptic flow represents a powerful test to investigate the hydrodi-
namical properties of the quark gluon plasma. A perfect fluid shows a
very small viscosity: this can be studied by looking at the efficiency in
transferring the geometrical collision system anisotropy into momen-
tum anisotropy. The distribution of the azimuthal angle, measured
with respect to the reaction plane, is expanded into Fourier terms,
where the second coeflicient is the so called “elliptic flow”, v5. The
large elliptic flow observed at RHIC, is described reasonably well by
theoretical models based on relativistic hydrodynamics with a QGP
equation of state and a ratio of the shear viscosity to the entropy den-
sity within a factor of ~5 by the supposed universal lower bound of
1/4m. This indicates the QGP expands as a nearly perfect fluid. The
first ALICE results [4] shows the elliptic flow at /sNn=2.76 TeV is
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Fig. 3: ALICE J/v¢ measurement in the forward region compared with RHIC
results

~30% larger with respect to RHIC. Nevertheless the v, as a function
of p; is close to the RHIC measurement, showing the system hydro-
dynamic properties at RHIC and LHC are similar. The increase of
the elliptic flow observed at LHC therefore comes from the increase of
the average p;. An important difference with respect to RHIC results
is the elliptic flow study for different hadrons separately. While at
RHIC the vy/ng, where ng is the number of hadron valence quark,
is similar for pion, kaons and protons, at LHC just pion and kaons
v2/ng is compatible; protons have a lower vy /n,, showing the quark
scaling does not hold for p; < 0.5 GeV/c.

J /1 suppression

J /1 measurement is one of the key measurement for a high energy
heavy ion experiment. For p;>0 and 2.5<y<4, ALICE tags the J/¢
through the J/¢ — putp~ channel. A rather small J/v suppression
of about 0.5 was observed, practically independent of centrality: this
is a smaller suppression than that observed at RHIC. An interest-
ing result is the comparison with ATLAS, where data are taken only
at py > 6.5 GeV/c, shows a much stronger centrality dependence
and suppression, hinting for a p; dependence of the J/¢ suppression.
The measurement of the J/¢ in the J/9» — ete™ channel is chal-
lenging with the present statistics and large hadronic background.
However the signal has been extracted in the centrality class 0-40%
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and the central to peripheral (40-80%) ratio (Rcp) has been evalu-
ated. Within the large systematic uncertainties, the dielectron Rcp
is compatible with ATLAS and ALICE di-muon Rcp measurements.

The above results hint at J/1¢ regeneration in hot matter at LHC
energies, but it is worth noting the J/¢ production can be modified
by the initial state effect which could modify the medium: ALICE
needs a p-Pb run as reference to disentangle the contributions from
cold nuclear matter.

Alice Coll., J. Phys. G: Nucl. Part. Phys. 30, 1517 (2004).
Alice Coll., Phys. Lett. B 704, 442 (2011).

Alice Coll., Phys. Lett. B 696, 30-39 (2011).

Alice Coll., Phys. Rev. Lett. 105, 252302 (2010).

A



QUESTS FOR PANDA EXPERIMENT

E.A. Strokovsky!
for the PANDA Collaboration

Y Joint Institute for Nuclear Research
Dubna, Moscow region, 141980, Russia
e-mail: Eugene.Strokovsky@lhep.jinr.ru

Abstract

The physics program of the PANDA experiment at FAIR, studying antipro-
ton interaction with protons and nuclei at intermediate energies, is briefly
outlined. Some selected points of the program are discussed in more details.

1. The FAIR complex (Facility for Antiproton and
Ion Research)

The PANDA Experiment will be one of the key experiments at the
Facility for Antiproton and Ion Research (FAIR) which is under con-
struction and currently being built on the area of the GSI Helmholtz-
zentrum fur Schwerionenforschung in Darmstadt, Germany. This new
generation facility will provide excellent instrumental basis for re-
search in fundamental as well as applied physics. The present general
scheme of the FAIR is shown in Fig. 1.

The central part of FAIR is a synchrotron complex providing in-
tense pulsed ion beams (from p to U). Antiprotons produced by a
primary proton beam will then be filled into the High Energy Stor-
age Ring (HESR) and will collide with the fixed target inside the
PANDA Detector (Fig. 2) described in the dedicated talk [3]. Start
of operating of the SIS100 accelerator and the HESR ring is planned
for 2017 year.
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Table 1: Planned beam parameters from the SIS100/300 complex

Program Max. kinetic Intensity Average
energy per spill intensity
Beams of radio- | 0.4 = 1.5 GéV/u | 5-1011 3.1011/sec
active all elements for expts big duty
ions up to U at storage || cycle at
ring fixed targs
Antiprotons 14 GeV 5.101°
Dense Up to 34 GeV/u 2-109/sec
nuclear Uranium big duty
matter (with SIS-300) cycle
Plasma Ions 1-10'2
physics 04 -1 GeV/u
Atomic Tons 109 /sec
physics 1-10 GeV/u big duty
cycle

Research Communities at FAIR

Hadron Physics
with antiprotons
of 1.5-15GeV/c

Plasma Physics:  x600
higher target energy
density 600kJ/g

Special Features.
« 50ns Bunched beams

RS

HESR
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« Electron cooling of secondary beams "

« SC magnets fast ramping
« Parallel operation
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Fundamental Studies (HI & p)
Applications (HI)

Fig. 1: The FAIR complex [1]. Existing GSI accelerators are shown at left in
gray. Future elements (in colour) include the SIS100/300 heavy-ion synchrotron,
the HESR ring, the CR and NESR rings, the superconductive separator Sup-FRS
and the storage ring for nuclear fragments (NESR) as well as the main detectors
PANDA and CBM. The UNILAC/SIS18 will serve as injector for SIS100/300
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cooling of p up to Ty;, ~ 14 GeV and e~ cooling for Ty;, < 9 GeV

2. PANDA for Physics of Strong Interactions

The PANDA Collaboration with more than 450 scientist from 17
countries intends to do basic research on various topics around the
weak and strong forces, exotic states of matter and the structure of
hadrons. The present PANDA physics program is presented in the
“PANDA Physics Book” [4].

This program includes several directions, namely: (1) study of
QCD bound states (i.e. charmonium spectroscopy, D-meson spec-
troscopy, gluonic excitations (hybrids, glueballs), (multi)strange and
charmed baryons as shown in Fig. 3) what has fundamental impor-
tance for quantitative understanding of QCD; (2) non-perturbative
QCD dynamics; (3) hadrons in the (finite) nuclear medium and, in
particular, charmonia absorption in the nuclear matter and estima-
tion of the charmonium-nucleon interaction; (4) physics of hypernu-
clei (including formation of hypernuclei containing two hyperons);
(5) study of nucleon structure by detecting electromagnetic final
states like eTe™ or uTu~ (what probes the electromagnetic form-
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Fig. 3: QCD systems to be studied at PANDA

factors in the time-like region) or the MMT-DY pairs (what gives
an access to the structure functions) as well as probing of the “gen-
eralized distribution amplitudes” by detecting hard exclusive meson
production (for example, the p+p — yn° channel); (6) some aspects
of the electroweak physics, including CP-violation processes.

There is a possibility to investigate productions of some of the
listed QCD objects on short-range NN correlations in nuclei either
in subthreshold region or in the region forbidden for p interaction
with free nucleon.

2.1. Charmonium

Open problems and questions concerning charmonium were discussed
at this Conference by I.Denisenko in his talk about results from BES-
III [5]; see also [6]. Therefore only two most important features of
charmonium study with the PANDA detector are outlined here.

First, in the $p annihilation all mesons, with any J¥¢ quantum
numbers can be formed, while in the eTe™ annihilation only JFC =
17~ mesons can be produced from the virtual photon.
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Second, the extraordinary beam monochromaticity (in the high
resolution mode of the HESR) allows to perform scanning of the
resonance line by the fine changing of the beam energy.

Indeed, let the cross section for the formation of a resonance with
spin J in the process pp — ¢c — (final state) is given by the well
known Breit-Wigner formula:

S 2J+1 w BrinBrouI's 1)
BW 4 K (Bom— Mg)’ +T%/4’

where Mpg is the resonance mass, I'g is its total width, Br;, and
Broyt are the branching ratios into the initial and final states and
E., is the center-of-mass energy.

The number of detected final state events (Nevent) is a convolu-
tion of the cross section (2) and the beam energy spread function
f(ECm) (SEcm):

Nevent = Lo {5 / dEcm - f(Ecma (SEcm) *OBW (Ecm) + U'bckg} ) (2)

where opcxe corresponds to background processes. It is obvious that
parameters Mg, I'g and the product Br;, Brout can be extracted by
measuring the formation rate Neyent for that resonance as a function
of the c.m. energy E., provided the beam energy spread is much less
than the I'r. The fine scans of resonance lines allow to measure their
masses with accuracy up to ~ 100 KeV and widths up to ~ 10 %
because the beam monochromaticity Ap/p ~ 107° corresponds to
the mass uncertainty AM ~ 20 KeV [7].

2.2. Non-perturbative QCD dynamics

Several physics problems are considered in the ”PANDA Physics
Book” [4] within this direction, in particlular the binary annihila-
tion channel pp — Y'Y into hyperon pairs. Some spin observables
can be measured for this channel, including those for the = Z case.
To the same direction belongs the old puzzle discovered at LEAR:
strong violation of the OZI [8] rule in some channels of the §p anni-
hilation at rest [9,10]. The strongest effect was observed in annihi-
lation channels pp — ¢y and in the Pontecorvo reaction pd — ¢n
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where the 4-momentum transfer to the meson squared is the biggest
(in absolute value): the ratio of yields R(¢n/wn) = (156 + 29) x
10~3. Similar observation exists for other Pontecorvo reactions with
deuterons, namely d — KtX~ and pd — K°A, where the yield
ratio R(KTX~/K°A) = 0.92 + 0.15 while OZI-rule predicts for this
ratio = 0.012. Another example concerns the pp — ¢¢ channel: the
measured cross section o (¢¢)exp ~ 4 ub while according the OZI rule
it must be o (¢p¢p) = o (ww)tan? (§ —6;) ~ 10nb (here 6, 6; are the
mixing angles). It is worthwhile to note that the o (ww) cross section
was not measured yet and a theoretical estimate is used here.

To explain the observations, it was suggested the model of polar-
ized strangeness sea in nucleons and some observable consequences
were predicted [11]. But present data about the contribution to the
nucleon spin from the strangeness sea show that, being negative, this
contribution is rather small [12]: (As + A8)g2 ,,, = (G0 —as) /3 =
—0.08 £ 0.01 (stat.) £ 0.02 (syst.) .

PANDA experiment can provide data to solve the puzzle by look-
ing at pp — (¢9), (ww), (K*K*), (pp) ... binary channels. In parti-
clular, yield estimates for pp — (¢¢) show that the best world statis-
tics can be obtained within 1.5 hours of measurements (the expected
rate is ~ 2 events/sec in high luminosity mode of the HESR) [13].

2.3. Hadrons in medium

The idea of modification of particle properties in nuclear medium is
quite old. There are many well known examples for this (for example,
neutron is stable in meduim while it is unstable in free space, the
lifetime of hypernuclei differs from that of the free A etc).

Studies of A-excitations in nuclei and pion propagation in nuclear
matter (as well as search for effects of poin condensate in nuclei) per-
formed in 80’s had shown existence of collective phenomena when
pion propagates in nuclear medium [14] and stimulated ideas about
possibility of partial restoration of the SU(4) symmetry in nuclear
medium. One of important observations is that theoretical predic-
tions made for infinite nuclear matter must be modified in application
to the finite nuclear medium.

Annihilation of  in nuclei provides a way to study possible mod-
ification of DD spectra in nuclear medium. The reason for this is
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nuclear

Fig. 4: Hypernuclear physics relations with other branches of physics

based on idea of partial restoration of chiral symmetry in nuclear
medium as well as on present theoretical ideas that spectra of sys-
tems built from light quarks are sensitive to quark condensate (which
may differ in nuclear matter from that in empty space) while spectra
of (€c) systems are sensitive to gluon condensate [4], [15]. The “in-
medium” mass can be reconstructed from di-leptons (in the ¢ c case)
or hadronic decays of the D-mesons.

In addition, the pA annihilation will be used as a tool for extract-
ing experimental information about J/¢-nucleon interaction.

2.4. Hypernuclei

Hypernuclei, i.e. systems where at least one nucleon is replaced by a
hyperon (Y'), allow access to a whole set of nuclear states with extra
degree of freedom: the strangeness. There is a variety of consequences
for different branches of physics (Fig. 4).

For example, as concerns nuclear physics: (1) probing of nuclear
structure and its possible modifications due to the presence of a hy-
peron; (2) tests and experimental estimations of shell model param-
eters; (3) description of nuclear matter in terms of quantum field
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theories and effective field theories (EFT). For particle physics the
immediate output is for: (1) study of the Y N and Y'Y forces; (2) uni-
fied description of the baryon-baryon interaction in terms of poten-
tials; (3) study of weak decays when A — wN is suppressed, but
AN — NN and AA — NN are allowed (this gives access to study
weak interaction between four baryons); (4) production of double
hypernuclei with two A-hyperons; (5) production of hyperatoms (or
multi-strange atoms); (6) use of hypernuclei as doorway to exotic
quark states (like H-dibaryon).

3. Summary

The PANDA experiment will use the antiproton beam from the HESR
colliding with an internal proton (for a number of topics — nuclear)
target and a general purpose spectrometer to carry out a rich and
diversified hadron physics program.

The experiment is being designed to fully exploit the extraordi-
nary physics potential arising from the availability of high-intensity,
cooled antiproton beams. The aim of the rich experimental program
is to improve our knowledge of the strong interaction and of hadron
structure [4].

Significant progress beyond the present understanding of the field
is expected due to drastic improvements in statistics and precision of
the future data.
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Abstract

The JINR team participates in a preparation of the two space experiments:
TUS and NUCLEON, together with SINP MSU that is principal investiga-
tor and the other space organizations. The TUS space experiment is aimed
to study energy spectrum, composition and angular distribution of the Ul-
tra High Energy Cosmic Rays (UHECR) at E ~ 1020 ¢V. The TUS mis-
sion is planned for operation at the end of 2011 at the dedicated “Mikhail
Lomonosov” satellite. The main aim of the NUCLEON space experiment
is the measurement of the cosmic rays flux, composition and a possible
anisotropy in the energy range 10'!-5x10'4 eV. The NUCLEON mission
is planned for operation at the end of 2013.

1. Introduction

The TUS space experiment is aimed to study energy spectrum, com-
position and angular distribution of the Ultra High Energy Cosmic
Rays (UHECR) at E ~10%° eV. The TUS mission is planned for
operation at 2012 at the dedicated “Mikhail Lomonosov” satellite.
The TUS detector will measure the fluorescence and Cherenkov light
radiated by EAS of the UHECR using the optical system — Fresnel
mirror-concentrator of 7 modules of ~ 2 m? area in total. A produc-
tion of the flight model of the optical system is in progress. Status of
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Fig. 1: Left: the TUS detector at the “Mikhail Lomonosov” satellite, right: scheme
of NUCLEON detector at the RESURS type satellite

the Fresnel mirror production, the method and results of its optical
parameters measurement are presented

The TUS project task is an experimental study of UHECR. The
fluorescent and Cherenkov radiation of Extensive Air Showers (EAS)
generated by UHECR particles will be detected at night side of the
Earth atmosphere from the space platform at heights 400-500 km.
It will make it possible to measure the CR spectrum, composition
and arrival directions at E > 7 x 10'° eV beyond the GZK energy
limit. There are two main parts of this detector: a modular Fresnel
mirror and a matrix of PMTs with corresponding DAQ electronics.
The SINP MSU (main investigator), JINR and Consortium “Space
Regatta” together with several Korean and Mexican Universities are
collaborating in the TUS detector preparation. The TUS mission
is now planned for operation at the dedicated “Mikhail Lomonosov”
satellite shown in Fig. 1.

Main TUS parameters are: mass < 60 kg, power consumption
~ 65 W, data rate 200 Mbytes/day (1 EAS event contains ~ 80
Kbytes), Field-of-View + 4.5 degree, number of pixels 16 x16 (Hama-
matsu type R1463 PMT: 13 mm tube diameter, multi-alcali cathode,
UV glass window), pixel FOV = 10 mrad, Fresnel mirror area is
1.8 m?2, focal distance 1.5 m.

Photo detector and electronics consists of 256 PMT pixels with the
time resolution 0.8 s and the spatial resolution 5x5 km (for the orbit
height of 500 km). The digital integrators allow us to use the same
photo detector to study different phenomena in the atmosphere in
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wide time interval: from ~ 100 ps (EAS) to 1 ms — 100 ms (transient
luminous events, TLE) and up to 1 s (micrometeors). A prototype
of such photo detector was tested during 2 years of “Universitetsky-
Tatiana” mission [1].

In the TUS photo detector box the pinhole camera is added for
study of TLE. The pinhole camera consists of multianode PMT and
a hole at the focal distance from the PMT cathode. In design of the
camera the multianode PMT of JEM-EUSO type is used [2]. The
JEM-EUSO UV sensor will be tested in TLE data taking by the
pinhole camera.

The main idea of this project is to develop a method and to design
a scientific instrument being able to measure the Cosmic Ray (CR)
flux, composition and a possible anisotropy in the energy range 10!
5x10'* eV with the high precision charge resolution. At the same
time the principal condition is that this instrument should be rela-
tively light (weight < 200 kg) and of small dimensions (size <1.0 m?)
to be of use on regular serial Russian satellites as an additional load.
That makes possible long duration (5 years) regular flights and pro-
vides the rather low price of the project.

The NUCLEON charge range sensitivity is up to Z > 30. Such a
measurement is motivated by the “knee” problem: change of the slope
and composition in the cosmic ray energy spectrum from E~27 to
E 390 at energies about 10'® €V and the CR anisotropy measurements
in MILAGRO [3], ARGO YBJ [4], TIBET [5] and IceCube [6] at the
10-100 TeV energy intervals. The NUCLEON instrument is planned
to be launched by the KOSMOS type satellite (Fig. 1) in 2013 with
exposure time in orbit of about 5 years.

2. Status of the TUS Fresnel Mirror Production
and Tests

The Fresnel mirror module prototypes were produced and tested in
2008-2009. The mirror module consists of the multilayer carbon plas-
tic and aluminium honeycomb support to keep its properties stable
in the day and night part of the space orbit cycle with the tempera-
ture difference of +80 °C. In Fig. 2 the technological Fresnel mirror
module and the fiducial net are shown inside of a thermo vacuum
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ESEEREE
Fig. 2: Left: the mirror module test in thermo vacuum camera at temperature

480 °C and pressure 0.02-1.0 atm. Right: the preassemble of the technological
Fresnel mirror before tests

camera during tests at temperature =80 °C and pressure 0.02-1.0
atm. The fiducial net reflection was used to check the mirror optical
quality. The tests gave a positive result — no essential difference in
the mirror properties was found. The image lines were obtained by
the off-line reconstruction fit of reflected fiducial net lines to quantify
deviations between expected and measured mirror surface.

The technological prototype of the segmented 7-module Fresnel
mirror produced in 2010 is shown in Fig. 2. The mirror was success-
fully tested according to the space qualification requirements. Test
devices with the mirror are presented in Fig. 3.

The main TUS collaboration task is production of flight model
of the Fresnel mirror in 2011. The work is in progress: eight lateral
and two central modules were fabricated and covered by reflective
aluminium and protective MgF, layers. Various measurements of
the optical parameters of the mirror modules were fulfilled. At the
moment the flight TUS Fresnel mirror production is at the conclusive
phase.

3. The Optical Parameter Measurements

The optical parameters measurement is the important part of the
TUS preparation program. Results of this measurement are impor-
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Fig. 3: The technological Fresnel mirror at space qualification tests

Entries 71038 Entries 71038

— 20 Mean x -0.6072 | == 20 Mean x -0.6072

E r Meany 1.774 E E Meany 1774

= 450 RMSx 5079 = 15; RMSx  5.079

> [ RMSy 4.265| > £ RMSy 4265
10 10/

o o
=
%42'
o o0

-1of 10
-15: -5
E -m.” : o1 M| N N | I |
2 g b b b QU
X, [mm] X, [mm]

Fig. 4: The laser beam spot image distribution on the focal screen for the lateral
Fresnel mirror modules (left panel) in comparison with the photo-receiver pixel
size (right panel)

tant for future data analysis, especially for an evaluation of the sys-
tematic uncertainties. Also in this measurements the best mirror
modules were selected among all produced ones.

The special procedure was elaborated to measure the mirror mod-
ule optical parameters. The Eclipse 700/1000 coordinate measuring
machine from Carl Zeiss, complimented by a laser head and a web
camera, was used for the PSF (point spread function) measurements
of the lateral and central TUS Fresnel mirror modules.

An example of the PSF measurement for the lateral Fresnel mirror
modules is presented in the Fig. 4. The two-dimensional x, y-web
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Fig. 5: Left: the PSF angular dependence of the lateral Fresnel mirror module.
Right: the spot image distribution on the focal screen for the central mirror
modules

camera coordinate plot of the laser beam images on the focal mirror
plane is shown. The PSF parameters are by the definition RMSx and
RMSy of this distribution which are RMSx = 5.1 mm and RMSy =
4.3 mm — both are reasonably inside of the photo receiver pixel size
that is 15x 15 mm?.

The PSF dependence of angles between light source (parallel laser
beams) direction and the mirror optical axis that is important for the
EAS track image reconstruction on the PMT matrix was measured.
An example of such dependence for the lateral mirror module is pre-
sented in the Fig. 5. The green and magenta ellipses correspond to
PSF positions at ¢ = 0° and ¢ = 45° respectively and § = 1°, 2°, 3°.
4° those are angles between laser beam direction and optical axis, the
blue ellipses correspond to PSF positions at ¢ = 90° and § = 1.5°,
3.0°, 4.5° etc. The PSF angular dependencies for the other lateral
modules are similar.

4. The NUCLEON Space Experiment Preparation

The design, production and tests of the NUCLEON trigger system
including the trigger electronics is the JINR responsibility including
the FE and DAQ electronics to elaborate the 1-st and 2-nd level
trigger signals. The trigger module consists of two X-, Y-planes of 16
scintillator strips and each plane is equipped by the pair of 1-channel
PMTs and a 16-channel PMT.
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Fig. 6: Left: three modules of the NUCLEON flight trigger system prototype.
Right: the technological NUCLEON detector at the design bureau “Arsenal”
(St. Petersburg) test facility

The trigger system has a few levels of duplication to provide re-
liability during 5 years of the data taking in space. The prototype
trigger system was produced and tested at the SPS CERN H2 test
beams of the 7~ energy interval 200-350 GeV and of MIPs — halo
muons. The conclusion is the trigger system technical parameters
correspond to the initial requirements to the triggers of the 1-st and
2-nd levels: the tuning of the 1-channal PMT HV and the thresholds
of the DAQ electronics give the possibility to suppress 350 GeV 7~ -
events down to 6x107° as is needed for the NUCLEON experiment
in space. The beam test result is shown in Fig. 7.

5. Conclusion

The technological TUS mirror was successfully tested in 2010 accord-
ing to the space qualification requirements. The optical parameters
of the flight mirror are in reasonable correspondence both with the
Field-of-View of the TUS photo receiver as well as with the PMT
pixel size. The TUS mission is planned for operation at the 2012
at the dedicated “Mikhail Lomonosov” satellite for 3 years of data
taking [7].

The complex space qualification tests of the NUCLEON tech-
nological apparatus were fulfilled at the ARSENAL space center of
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Fig. 7: Left: assembling of the technological NUCLEON detector prototype for
the CERN SPS beam test. Right: result of the trigger efficiency system test at
the 350 GeV 7~ beam

St. Petersburg in 2010 and at the SPS CERN H2 test beams after-
wards which are presented in Fig. 6 and Fig. 7. The flight NUCLEON
detector production is in progress including the micro calorimeter.
The NUCLEON collaboration aim is to be ready for a launch and
the data taking from orbit at the end of 2013.
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Abstract

The H1 and ZEUS collaborations at the electron-proton collider HERA are
publishing their final analyses based on the final statistics and on the combi-
nation of their data sets. These results are an important input to the determi-
nation of the proton structure to be used in the predictions for proton-proton
processes at the LHC. The most recent results obtained at HERA on inclusive,
jet and heavy flavour cross sections and their impact on the determination
of the proton structure are discussed. The proton parton distribution func-
tions (PDFs) determined using the HERA data as sole input are presented.
Predictions for cross sections at the LHC based on these PDFs are shown.

1. Introduction

Since the end of data taking at the electron-proton collider HERA in
June 2007, the two collaborations H1 and ZEUS are finalising their
analyses using their full statistics. The main goal of the analyses is
a deeper understanding of QCD and in particular of the proton par-
ton distribution functions (PDFs). These are extremely important
because of their large impact on the predictions of cross sections at
the LHC. The HERA data cover a kinematic region in Bjorken z cor-
responding to the rapidity plateau for the LHC processes. Therefore
a precise measurement of the proton PDFs in the HERA region pro-
vides through DGLAP evolution accurate PDFs for the LHC regimes.

The cross sections of inclusive neutral- (NC) and charged-current
(CC) deep inelastic e*p scattering (DIS) allow an accurate determi-
nation of the valence- and the sea-quark content of the proton, as
well as of the gluon. A further improvement of the understanding of
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the proton PDFs comes from other more exclusive QCD processes,
like jet and heavy flavour production. The study of such exclusive
processes allows on one hand the test of theoretical predictions based
on fits using inclusive data only. On the other hand, the precision
reached on these measurements is so high that they can be used as
important input to QCD fits. The H1 and ZEUS collaborations are
combining their results in order to achieve the best possible precision.
In this paper, a selection of the most recent H1 and ZEUS combined
results is presented.

2. Inclusive Measurements

Inclusive NC and CC DIS cross sections are measured at HERA to
investigate the proton structure and to determine the proton PDFs.
A combination of the H1 and ZEUS inclusive cross sections based
on the data collected between 1994 and 2000 (HERA I running) has
been published [2].

The combination of the data sets was done using a x? minimi-
sation method [2]. The x? function takes into account the corre-
lated systematic uncertainties for cross-section measurements, thus
achieving a reduction of the systematic in addition to the statis-
tical uncertainties. The combined cross sections are significantly
more precise than the individual measurements over the whole kine-
matic range. The total uncertainty of the combined measurements
is typically smaller than 2% for 3 < Q2 < 500 GeV? and reaches 1%
for 20 < Q2 < 100 GeV?, where Q2 is the negative four-momentum
squared of the intermediate boson. In Fig. 1 (left), the combined
HERA I NC cross sections are shown separately for the e”p and the
eTp data samples, and compared to theoretical predictions based on
the HERAPDF1.0 PDF set (described below).

The HERA I combined H1 and ZEUS inclusive cross sections were
used as the sole input to extract the HERAPDF1.0 PDF set [2]. The
data at low z determine the sea-quark and the gluon distributions
while the large-z data constrain the up and down valence quark dis-
tributions. Due to the accuracy of the input data, the HERAPDF1.0
PDFs have a precision of the order of a percent in the medium-z
region, which corresponds to the rapidity plateau region of the LHC
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Fig. 1: Left: HERA I combined (H1 and ZEUS) NC cross sections for e~ p and
et pinteractions. Right: jet production at DO compared with predictions obtained
using HERAPDF1.0

measurements. To test the validity of the PDFs in a kinematic re-
gion not covered by the data used to extract them, predictions for
jet production at the Tevatron were produced. The description of jet
production at DO [3] is good, as shown in Fig. 1 (right).

The statistical precision of the combined HERA I data is lim-
ited in the high-z and high-Q? regions. The precision in this region
can be significantly improved by adding the NC and CC cross sec-
tions measured using the data collected in the HERA II running
period (2003-2007). This corresponds to a three-fold increase in the
overall statistics and especially a 10-fold increase in the e~ p data
sample.

The combination of the HERA I and partial [4,5] HERA II data
samples has been recently released as a preliminary result [6]. The
only missing data are the ZEUS NC e™p cross sections for HERA II [7]
which were released after this combination was performed.

The improved precision of the HERA I+II combined data is clearly
visible when Fig. 1 (left) is compared to Fig. 2 (left), where the
HERA Iand HERA I+II NC cross sections are shown. The uncertain-
ties are visibly reduced in the high-z and high-Q? regions. The data
are compared with predictions based on the HERAPDF1.0, which
describe the data well.
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Fig. 2: Left: HERA I+II combined NC cross sections for e“p and etp interac-
tions. Right: ATLAS inclusive jet double-differential cross sections as a function
of the jet pr in different central regions of rapidity |y|

The HERA I+II combined cross sections have been used as the
sole input to extract the HERAPDF1.5 PDF set [8]. Predictions
based on the HERAPDF1.5 are compared to jet cross sections mea-
sured at ATLAS [9] in Fig. 2 (right). The predictions based on the
HERA data alone are able to well describe jet production at ATLAS.

3. Jet and Heavy Flavour Production

Although very precise proton PDFs can be obtained by using only
inclusive NC and CC cross section measurements, the inclusion of jet
and heavy flavour production can further improve the results. In this
section, two recent results obtained using jet and charm data in the
PDF fits are discussed.

3.1. Jet production and o,

The data sample used for the extraction of the HERAPDF1.5 PDF
set was enlarged by including jet cross section measurements [10] to
extract the PDF set HERAPDF1.6 [11]. The use of jet cross sections
in the fit allows the simultaneous determination of the PDFs and the
strong coupling constant, as. This was not possible in the previous
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c

fits yielding HERAPDF1.0 and 1.5, as the correlation between the
gluon PDF and a;(Mz) is too strong when inclusive data alone are
used.

A new parameterisation of the PDFs was introduced in order to
allow a greater flexibility in the gluon density. This helps to avoid
a parameterisation bias when more data, which are sensitive to the
gluon distribution, like jet production, are included. The fit to the
NC and CC data as included in HERAPDF1.5, but using the new
PDF parameterisation, is referred to as HERAPDF1.5f.

The power of the fits to determine a; using inclusive or inclu-
sive+jet data is well illustrated in Fig. 3 (left), where the x? of the
HERAPDF1.5f and HERAPDF1.6 with free o, is shown as a func-
tion of as(Mz). The HERAPDF1.5f fit shows a shallow minimum,
while the HERAPDF'1.6 fit with the addition of the jet data provides
a strong constraint on as.

3.2. Charm production

The combined H1 and ZEUS measurement of the charm contribution
to the proton structure function Fy, F5° [12], was used to investigate
the PDF fit formalism, in particular the role of the charm mass pa-
rameter in the different models [13] used by different groups of fitters.
In all models, the threshold behaviour of heavy quarks is controlled
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by the parameters mZ‘fg’dEI. The charm data are sensitive to the value

of m™°del and to the scheme used for the treatment of heavy quarks

in the PDF fits.

For each of the different heavy-flavour schemes, a fit to the com-
bined F3° data together with the published combined HERA I data
was performed. In each implementation, an optimal value of mmode!
was determined corresponding to the best description of the data.
The obtained values for m™°%®! show a sizable spread, from 1.26 to
1.68 GeV. However, the description of the data is satisfactory in each
of the schemes as long as the corresponding m™°d¢! is used.

Without the charm data, the available data could not be used to
distinguish between different values of m™°9¢l. Predictions for W and

Z production at the LHC showed a sizable spread when m™°®! was

C
varied between 1.2 and 1.8 GeV in order to estimate the prediction
uncertainties due to the choice of this parameter, or when different
schemes were considered at a fixed value of m™°4¢l. The uncertainty
on the prediction for W and Z can be significantly reduced when
model

my is constrained by the HERA data and the optimal value of
mm°del js used in each model, as shown in Fig. 3 (right).

The inclusion of the F§® measurements in the PDF fits can there-
fore help to reduce the uncertainties on the W and Z production

cross sections at the LHC in a model-independent way.

3.3. HERAPDF1.7

Recently, a preliminary set of PDFs, HERAPDF1.7 [14], was released,
extracted including inclusive, jet and charm data altogether. The
quality of the fit confirms the consistency of the data between differ-
ent measured processes. This is the first step towards a HERA fit
including all possible precision information from inclusive and exclu-
sive processes for the determination of the proton structure.

4. Conclusions

The H1 and ZEUS collaborations are combining their data in order
to achieve the best possible precision in the measurement of inclu-
sive neutral- and charged-current DIS cross sections, jets and heavy
flavour processes. Precise sets of parton distribution functions have
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already been published using the data collected during the HERA 1
data-taking period. Now, a better precision is provided by including
the HERA II data and by including jets and heavy flavour measure-
ments. The HERA proton PDFs provide reliable predictions for cross
sections at the LHC.
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Abstract

We present the new result of a search for the decay u™ — et based on the
data of muon decays collected by the MEG detector in 2009 and 2010. We
performed a likelihood analysis on the combined data-set with a sensitivity
of 1.6 x 1012 and set an upper limit on the branching ratio B(uT — ety) <
2.4 x 10712 at 90 % confidence level. This is five times stricter limit than the
previous experimental limit.

1. Introduction

The conservation of lepton flavor in the standard model (SM) is con-
sidered to be accidental; it is just as a consequence of the absence
of neutrino masses and there is no explicit gauge symmetry for it.
Definitive observations of the neutrino oscillations now imply finite
neutrino masses, hence a new physics where the lepton flavors are
no longer conserved. Nevertheless, in the minimum extension of
SM with finite but tiny neutrino masses, lepton-flavor violating pro-
cesses in charged lepton sector (cLFV) are highly suppressed and out
of experimental reach (B < 1075!). However, introduction of new
physics such as supersymmetric grand-unified theories generally in-
duces cLFV, possibly as large as the existing experimental limits [1,2].
Therefore, improving limits of cLFV would give stringent constrains
on such models, while an observation of cLFV process can be a clear
indication of new physics beyond the SM. The search for the decay
uT — ey gives one of the most stringent limits to such scenarios.

237
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The existing limit is B < 1.2 x 107 (90% CL) set by the MEGA
experiment in 1999 [3]. The MEG experiment [4] at Paul Scherrer
Institue (PSI) started physics data acquisition in 2008 aiming at the
search for the decay down to the sensitivity of O(107!3). The first
result based on the initial three months data was reported in [5]. In
this paper, we present a new result based on MEG data collected in
2009 and 2010.

The event signature of u™ — e*+ decay is characterized by kine-
matics of a simple two-body decay. The positron and photon are
coincident in time, emitted back-to-back, and each of them has an
energy of half of muon mass, 52.8 MeV. To use this kinematic sig-
nature, we experimentally use positive muons stopped in material.
Using positive muons prevents nucleus in the material from forming
muonic atoms. There are two kinds of backgrounds. One is a physics
background from a radiative muon decay, ut — etr.v,y (RMD).
It becomes a prompt background when the two neutrinos carry off
little energy. However, the branching fraction to such phase space
is highly suppressed, and it can be well under control with reason-
able detector energy resolutions. The other is an accidental overlap
of a high-energy positron from a normal muon decay, u* — etv.7,
(Michel decay) with an uncorrelated high-energy gamma ray from
RMD, annihilation-in-flight of positron or bremsstrahlung. The rate
of the accidental background can be written as Rycc < (Ru)? - fe+ fy
(A®,,)? - Atey, where R, is an instantaneous rate of muon beam; f.
and f, are the positron and gamma ray background yield at the signal
region shown in Fig. 1 and 2, respectively; A®., and At.,, are reso-
lutions of angle and timing measurements, respectively. At our muon
rate and with our detector resolutions, the accidental background
becomes dominant. The keys of the experiment to suppress it are a
continuous positive muon beam and precision detectors for positron
and gamma ray with spatial, temporal, and energy resolutions.

2. Experimental Setup

We conduct the experiment at the wE5 beam-line in PSI acceler-
ator facilities. The primary proton beam from the 590 MeV ring-
cyclotron at a current of 2.2 mA has a time structure of 50 MHz.
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signal energy (z ~ 1) is abundant signal region (y ~ 1) is highly sup-
pressed

It is fast enough compared to the muon lifetime, resulting in a con-
stant decay rate of muon which is the best from the viewpoint of
background suppression. The beam-line provides the world’s most
intense DC surface muons. The surface muons, which are fully po-
larized, are transported with being purified, focused, and degraded
through the MEG beam transport system consisting of a Wien filter,
triplet magnets, and beam transport solenoid, and finally stopped in
a thin target composed of 205 pum polyethylene/polyester sheet. The
remaining polarization of the decaying muon along the beam axis is
measured to be (P,) = —0.89 £ 0.04. The stopping rate is tuned in
at 3 x 107" /sec.

The MEG detector consists of a superconducting spectrometer
and a liquid xenon (LXe) detector (Fig. 3). It covers about 10% of
solid angle. Positrons are measured by the spectrometer, called CO-
BRA (COnstant-Bending-RAdius), consisting of a superconducting
magnets specially designed to form a highly graded magnetic field,
a set of drift chamber system (DC) to measure the trajectory of
positrons, and two sets of timing counters (TC) of plastic scintilla-
tors. The gradient field enables us to efficiently measure high-rate
positrons by a preferential acceptance to high momentum as well as
by quickly sweeping particles away from the tracking volume. The
corresponding gamma rays emitted in the opposite side are detected
by the LXe detector. Excellent properties of LXe such as high stop-
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Fig. 3: Schematic of MEG detector

ping power, high light yield, fast response, and homogeneity fit our
requirements. It measures the energy, timing, and position of inci-
dent gammarays at the same time with 900-liter LXe as a scintillation
medium and 846 photomultipliers directly immersed in LXe.

Measurement of Michel positrons gives us tools of calibration of
the spectrometer; the precisely-known Michel spectrum, especially
its kinematical edge, gives the energy scale and the momentum res-
olution; two-turn events are used to measure the angular resolution
by comparing the angles at the matching point reconstructed inde-
pendently with each turn. A part of each run was taken with neg-
ative pion beam and LH, target to produce neutral pions through
the charge-exchange reaction. The decay 7° — 27 was measured to
calibrate the LXe detector. Because of its kinematics, we can get
almost monochromatic gamma rays at energies of 55 and 83 MeV
by selecting events with the two gamma rays emitted back-to-back
(644 > 170°) with a tagging Nal detector placed at the opposite
side of the LXe detector. They are used to measure the energy scale
and the resolution. The relative time is calibrated with RMD which
are time coincident events. The positions of intra-/inter-detectors
are calibrated with cosmic rays as well as optical surveys of detector
alignment. The performance of the detector is summarized in Ta-
ble 1. An improvement of time resolution in 2010 was given by the
upgrade of the electronics, while the worse tracking resolutions were
due to an increase in noise in DC coming from the HV distributor.



SEARCH FOR p — ey DECAY MEG LATEST RESULT 241

Table 1: Summary of the performance

Dataset | og, ® op., Oty 000y [Ty €e €y pte
(MeV) (%) | (psec) (mrad) (%) | (%) | (10'%)

2009 0.31 1.9/2.4 146 14.5/13.1 40 58 6.5

2010 0.32 1.9/2.4 122 17.1/14.0 34 59 11

2)for the core component with fraction of 80(79)% for 2009(2010).
b)for deep (> 2 ¢cm) / shallow (< 2 cm) events from the detector surface.
)the total number of muons stopped on the target.

3. Analysis and Result

Observables used to discriminate signal from backgrounds are the
following: gamma-ray energy (E,), positron energy (E.), time differ-
ence of the two particles (te,) and angle difference between gamma-
ray direction and reverse direction of positron (6., and ¢.. for polar
and azimuthal angles, respectively). Events around the signal re-
gion in (E,,t.)-plane were hidden until the analysis was fixed. The
detector calibration and performance evaluation were done using cal-
ibration samples and events outside the hidden box (sideband data).
The backgrounds can also be estimated using sideband data: t..-
sideband for the accidental one and E,-sideband for the RMD one.

We estimate the number of ™ — e+ signal (Ngg), RMD (Ngwmp),
and accidental background BG (Ngg) in a pre-defined fit region with
an unbinned maximum likelihood fit. The fit region is taken widely
enough to estimate the background distributions. An extended max-
imum likelihood is build as,

NNohse*N _ (MrMp—(Nrmp))? _ (Wpa—(Npa))?
L(Nsig, Nrvp, NBg) = —+——¢ 2oRmp e 2B
Nobs-
Nevs /N, N N
sig - RMD o BG
AT (- se+ TR ra + RE @), w

where &; is a vector of the five observables for the i-th event, and S,
R, and B are probability density functions (PDFs) of signal, RMD,
and BG, respectively. Nyps is the observed total number of events
in the fit region, while N = Ny, + Nrmp + Npg is the expected
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one. (Ngmp)(= 79.4) and (Npg)(= 881.7) are the numbers of RMD
and BG events extrapolated from the sidebands together with their
uncertainties oryp (= 7.9) and opg (= 15.1), respectively. The PDFs
are obtained mostly from the experimental data on the event-by-event
basis to incorporate the position-dependent LXe detector response
and tracking quality for each positron as well as correlations among
tracking variables. To compute a reduced one-dimensional confidence
interval on Ny, a profile likelihood ratio [6] is formed as,

L(Nsig, Nemp (Nsig), Naa (Nsig))
L(Nsig, NemD, NBa)

Ap(Nsig) = ) (2)

where NRMD(Bg) (Nsig) are given by the Nrvp(sa) that maximize
the likelihood for fixed N, while single hat numbers are the best-fit
values. This profile likelihood ratio is used as the ordering principle
of the unified approach of confidence interval construction [7].

To convert Ngg to the branching ratio, we divide it by the ef-
fective total number of measured muon decays. To reduce the sys-
tematic uncertainty from the beam instability and the variation of
detector condition, we use Michel decay and RMD acquired simul-
taneously with the physics data as the normalization channels. The
results from the two channels, which have independent systematic
uncertainties each other, are in good agreement and combined to
give the normalization factor of the combined data-set (2009+2010),
B(pt — eTy) = Ngg /(3.3 £0.2) x 102,

The sensitivity of this search is defined as a median of upper-
limit distribution over an ensemble of toy-MC experiments with null
signal. The branching-ratio sensitivity at 90% CL is evaluated to be
1.6 x 10712, We confirmed this sensitivity with experimental data; we
performed the likelihood analysis on several comparable analysis win-
dows in t.y-sideband by shifting the reference of the time difference
which give results of upper limits of (1 — 3) x 10712,

We opened the hidden box when all the studies were completed.
Figure 4 shows the event distributions inside the box for the combined
data-set. Events with high signal likelihood in descending order of
S/(frR + fgB), where fr = 0.1 and fg = 0.9 are the fractions of
the RMD and BG events in the fit region, were carefully checked
and no strange behavior of detectors was found for all those events.
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Fig. 4: Event distributions of combined data-set (a) in (Ee, Ey)-plane after
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tively are applied, where ©. is opening angle between the two particle directions.
The contours of signal PDF at 1-, 1.64-, and 2-0 are superimposed. Events with
the highest relative signal likelihood are numbered. Same events in the two plots
are numbered correspondingly

The profile likelihood ratios of each data-set as well as the combined
one are shown in Fig. 5. The 2009 data show some excess of events
where the best-fit value is at Ngg; = 3.4 with the p-value for the
null signal of 8%, whereas the 2010 data show the negative fluctua-
tion of the background. The combined data are in good agreement
with the background expectation. The confidence region is computed
with taking into account possible systematic effects by fluctuating the
PDFs and normalization factor for each toy-MC experiment in accor-
dance with their uncertainty values. The impact on the shift of the
branching ratio upper limit is about 2% in total: the largest contribu-
tions come from the uncertainties of the offsets of the relative angles,
the correlations in the positron observables, and the normalization.
The 90%-CL upper limit on the branching ratio is given as,

B(pt —ety) <2.4x107'2 (90% CL). (3)

This is a five times stricter constraint than that of previous experi-
ment.
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4. Conclusion

We searched for the unexplored region of the lepton-flavor violating
decay ut — ety with a sensitivity of 1.6 x 10~'2. The MEG 2009 and
2010 combined data are consistent with null signal hypothesis, and
set a new constraint to the existence of the decay, B(u™ — eTvy) <
2.4 x 10712 (90% CL). This is five times tighter than the previous
limit.

MEG continues data acquisition at least until the end of 2012 and
is expected to reach the sensitivity of a few times 10713,
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Abstract

We report on 2010-2011 searches for physics beyond the standard model from
the D@ and CDF collaborations at the Tevatron. The analyzed data sam-
ples of pp collisions at a center-of-mass energy of 1.96 TeV correspond to an
integrated luminosities of 4-9 fb—1.

1. Introduction

Extensions of the standard model (SM) predict the appearance of
new particles or of event excesses in final states rarely observed in
the SM. New or improved limits were placed in searches conducted in
2010-2011 by the D@ and CDF collaborations for processes predicted
by Extra Dimension theories, production of the fourth generation of
quarks and neutrinos, and for processes resulting in final states with
same sign leptons. We present also analyses that show deviations
from the SM predictions: the observation of an unexpected peak in
the dijet invariant mass distribution in the W + 2jet final state, the
measurement of the forward-backward asymmetry in t£ production,
and the measurement of the like-sign dimuon charge asymmetry.
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Fig. 1: The invariant mass distributions obtained in (a) D0 diphoton [1], (b) CDF
dielectron [2], and (¢) CDF dimuon [3] analyses.

2. Searches for Extra Dimensions

2.1. Randall-Sundrum gravitons in dilepton final states

The Randall Sundrum (RS) model proposes that gravity and the SM
particle and fields are located in separate space branes and predicts
spectra of the heavy graviton states. The graviton (G) production
is parameterized by the k/M p; parameter, where k is the curvature
scale of the extra dimension and Mp; = Mpl/\/g_ﬂ' is the reduced
Plank scale. The RS-gravitons would preferably decay into photon
or lepton pairs. The D@ and CDF collaborations study the v+, ee,
or pu invariant mass spectra in which RS-gravitons would appear as
narrow resonances. These distributions obtained by the most recent
analyses are shown in Figure 1. No resonances were observed and
95% C.L. limits on the mass of the lightest graviton were set for the
spectra of k/M p; values (Figure 2). For k/Mp, = 0.1 RS-graviton
masses are excluded up to 1050 GeV by the D@ analysis of diphoton
and dielectron data samples [1], and up to 1111 GeV by the CDF
searches in diphoton, dielectron and dimuon datasets [2, 3].

2.2. Randall-Sundrum gravitons in the diboson final states

RS-gravitons can also decay to boson pairs. Figure 3(a) shows the
95% C.L. limits on the graviton mass obtained by the D@ collabora-
tion in the analysis of G - WW and G — W Z decays in the final
states with two leptons, two jets and missing transverse energy Fr,
or in the final state with three leptons and Fr [4]. The RS-graviton
mass is excluded in the 300-754 GeV region. The CDF collabora-
tion analyzed the G — ZZ decay in the Il + 2jet, Il + 2v and four
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Fig. 3: (a) The 95% C.L. limits on RS graviton production in G — WW channel
as a function of the graviton mass, D@ [4]; (b) The 95% C.L. limits on o(pp —
G — ZZ), combined 41, llvv, and [ljj final states, CDF [5].

lepton final states [5]. In the four-lepton mode four resonance-like
events that correspond to the invariant mass of the ZZ system near
325 GeV were found; analysis of the first two final states show agree-
ment with the standard model predictions. Figure 3(b) shows the
combined limits on the RS-graviton mass. The 95% C.L. observed
and expected limits on the production cross section of RS-graviton
with a mass of 325 GeV are 0.17 and 0.28 pb respectively.

2.3. Universal Extra Dimensions

Universal extra dimensions (UED) models assume that all SM fields
can propagate to extra dimensions. The D@ collaboration studied the
one extra dimension case that is compactified with radius R.. In this
model a pair of Kaluza-Klein photons can decay through gravitational



248 Part 1. EXPERIMENT

=1 UED (PYTHIA 6.421), AR,=20

> = E|
@ DX 6.3 fb -y le dat. 5
3 Yy sample data = 2 1k DZ63 10" B LO cross section -
2 By e -+ SM + GMSB (A =120 TeVv) J © observed limit
= SM + UED (R = 460 GeV) — - - - expected limit
% sm 3 I expected limit =10 |
2 Aed 7 expected limit =20 7
wi/z 3
[ R ok 4
[Z7] misidentitied electrons 3
,,,,,,, [ misidentified jets E _———-———————m > <
""""""""""" 3 1= 760 780 500 520 540 560 500
ool ] m;. [GeV]
E | e 3 480 500 520 540 560 580 600 620
107 C | | , b m, [GeV]
o 50 100 150 200 250 300 380 400 420 440 460 480 500
Missing E_[GeV] R7 [GeV]
(2) (b)

Fig. 4: (a) The Er distributions for data, SM backgrounds and UED and GMSB
signals, DO [6] ; (b) The expected and observed 95% C.L. exclusion limits as
function of the compactification radius R, ! of the UED model.

interactions into photons and gravitons. Gravitons escape detection,
resulting in vy + Fr signature which was analyzed using 6.3 fb !
of DO data [6]. The Fr distribution of the ¥+ events is shown in
Figure 4(a). The data are in agreement with the SM predictions
and values of the compactification radius R, ! were excluded below
477 GeV at 95% C.L, as shown in Figure 4(b). This analysis also
places limits on the parameters of the gauge mediated supersymmetry
breaking model (GMSB), in which the same signature appears as a
result of processes with GGy final state if the gravitino is the lightest
SUSY particle.

3. Searches for Fourth Generation Quarks and
Neutrinos

There are a number of standard model extensions predicting fourth
generation particles. For the fourth generation quarks it is assumed
that they would have masses larger than the top quark mass and then,
when decaying, produce event signatures similar to those from top
quark decays. The fourth generation neutrino would be a mixture of
unstable and stable mass eigenstates Ny and Ny (where the stable Ny
state may be the least massive fourth generation particle) that can be
produced at the Tevatron via the pp - Z/v* — NoNy — N1ZN1Z
process. Searches for pair productions of top (¢ ) and down (b') fourth
generation quarks were performed by CDF [7,8] assuming ¢ —
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Fig. 5: (a) The 95% C.L. limits on the pair production of the 4t" generation quarks

t', CDF [7]; (b) Plot of observed 95% C.L. cross section limits for spectrum of
Mpo and My mass points, CDF [10].

WbWb — lvggbb and bb — WiWE — WWbWWb — lvqq'qq'b
decay cascades using respectively 4.8 fb ! and 5.6 fb ! data samples.
In the ¢ analysis events were required to have exactly one high pp
lepton, large 7, and at least four energetic jets. One of these jets was
required to be from b-quark decay (b-tagged). The Hr =}, Er +
Er;+ FEr and the reconstructed mass of the ¢’ were used to check for
the presence of new high mass quarks. In the b analysis events with
a lepton (e or p), Fr > 20 GeV at least five jets (one b-tagged) were
selected and the Hp was used as discriminator from SM top quark
production. No excess of events over the SM predictions was observed
and cross section limits at 95 % C.L. on the pair production of t',
shown in Figure 5(a), and b quarks were calculated. The production
of fourth generation ¢ quarks with a mass below 358 GeV and b
quarks with a mass below 372 GeV was excluded. A similar D@
search [9] for the ¢ quark using 5.6 fb~! data sample resulted in an
exclusion of M(t') below 285 GeV.

Search for fourth generation neutrinos was conducted by the CDF
collaboration using a 4.1 fb~! data sample [10]. The final state with
two leptons, and two jets from Z boson decay and large missing
transverse energy was analyzed. No excess of data over the SM back-
grounds were found and the 95% C.L limits were set of order 300 fb
for the spectra of M1 and My> mass points, shown in Figure 5(b).
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Fig. 6: The invariant mass distributions of ee (a), ey (b), and pp (c) pairs,
CDF [11].

4. Signature Based Searches in Rare SM Final
States

4.1. Same-sign dileptons

The CDF collaboration performed a search for new physics in like
sign dilepton events with a 6.1 fb~! dataset [11]. The results were
examined via predictions of simplified SUSY or UED theories, same-
sign top quark production models and the pair production of the
generic doubly charged Higgs (HT7T).

In the SM the like-sign signature is very rare, real like sign lepton
events are largely from W Z and Z Z production. The dominant back-
ground comes from events in which the second lepton is due to the
semi-leptonic decay of a b- or c-quark meson, largely from W + jets
production or t£ production with semi-leptonic decays. The invariant
mass distributions of ee, ey, and pp pairs are shown in Figure 6. The
Er, Njets, lepton pr and the Hr were also examined. No deviation
from the SM model predictions were observed and upper limits on
the production cross section of the probed processes were calculated.
Figure 7(a) shows the observed and expected limits on like-sign top
quark production for the different chirality modes of the ¢t pairs.
Limits on supersymmetric quark production in the (mili ,mg) plane
are shown in Figire 7(b). Figire 7(c) shows the limit curves for the
H** — ee/eu/ee production. Depending on the theory model and
the decay channel the H™' analysis exclude m(H*) in the 190—
245 GeV range.
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Fig. 7: Results of the CDF analyses [11] of the like sign dilepton events: (a) The
observed and expected 95% limits on like-sign top quark production times for the
different chirality modes of the tt pairs; (b) The 95% limits on supersymmetric
squark production in the (m).(li,mq) plane; (c) The 95% limit curves on the

H*t* — ee/eu/ee production cross section.

4.2, SUSY dileptons with taus

The CDF collaboration also analyzed the same sign dileptons final
states with one hadronically decaying tau lepton using a 6.0 fb—!
data sample [12]. This mode is important for SUSY models that al-
low the process q7 — Xi + X3 — 7¥uv + 1717 = X0y + XTI
where the decay of charginos and neutralinos to taus is dominant and
%) is the stable lightest SUSY particle. The trilepton events with
opposite signs leptons were used to validate the dominant SM back-
grounds (Z — 77 and W + jets), and the selection sensitivity to the
same sign lepton events was optimized using a Fr cut tuned for each
(M)a!: , M) signal point. Figure 8(a) shows the Fr distributions for
the events with same sign 7i and 7e. With a good agreement between
data and backgrounds a 95% C.L. limits on signal production cross
section were obtained for the analyzed SUSY models. Figure 8(b)
shows the limit contours for the Simplified Gravity Model assuming
Mo =120 GeV and Br(x; — 7% + X)=100%.

5. Tevatron Results Deviating from SM
Predictions

5.1. Heavy resonance in the W + 2jet final state

In the beginning of 2011 the CDF collaboration observed a peak in
the dijet invariant mass distribution in the W + 2jet final state us-
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Fig. 8: (a) The Fr distributions for the events with same sign 7y (top) and 7e
(bottom), CDF [12]; (b) The 95 C.L limit contours for the Simplified Gravity
Model with M=120 GeV and Br(xf — 7% + X)=100%.

ing 4.3 fb~! of data [13]. The number of events in the peak exceed
the SM predictions by 3.20 and can be assigned to production of an
unknown particle X with a mass near 145 GeV via pp — XW. This
analysis has been later updated based on a 7.3 fb~! data sample [14],
the obtained dijet invariant mass distribution is shown in Figure 9(a).
The significance of the excess increased to 4.20 with the estimated
production cross section of X particle of 3.0+0.7 fb. The DO collabo-
ration analyzed a 4.3 fb~! [15] dataset with selection criteria similar
to those that were used in the CDF searches but does not confirm the
result. No excess was observed and limits on the cross section were
set as a function of Mx, shown in Figure 9(b). For Mx = 145 GeV
D@ excludes production cross sections above 1.9 fb at 95% confidence
level.

5.2. Forward-Backward asymmetry in ¢t production

The CDF and D@ experiments study the ¢ production asymmetry
Agp = (Ny — Ny)/(Ng¢ + Ny) where Ny is the number of events with
positive rapidity difference Ay = y; — yz between the top and anti-
top quarks, and IV, is the number of events with Ay < 0. The SM
predicts a small positive asymmetry confirmed by the earlier mea-
surements based on 1 fb~! datasets [16]. However in the 5.3 fb~!
analysis of ¢¢ production in the lepton+jets channel [17] CDF found
a 3.40 discrepancy between measured A% = 0.475 + 0.114 and pre-
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for M,z < 450 GeV and M,z > 450 GeV; (c) Distributions of Ay from D@ [19]
lepton-+jets analysis.

dicted Ay, = 0.088 £ 0.013 asymmetries. The asymmetry is larger
for the subsets of events with the reconstructed tf mass, Mz, greater
than 450 GeV and with large Ay. The recent CDF analysis of the
tt production in the dilepton channel using a 5.1 fb=! dataset [18]
reports a deviation of 2.30: Agp(measured) = 0.42 £ 0.15 + 0.05, to
be compared with Ay (predicted) = 0.06+0.01. Again a larger asym-
metry is observed at My > 450 GeV. In the D@ lepton-+jets analysis
of a 5.4 fb~! dataset [19] the measured Ay, asymmetry disagree with
SM predictions by up to 3o but with no dependencies on M;; or Ay.
The distributions of Ay from the CDF dilepton and from the D@
lepton+jets analyses are shown in Figure 10.
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5.3. Dimuon charge asymmetry

The DO collaboration updated the measurement [20] of the like-sign
dimuon charge asymmetry in semi-leptonic decays of b hadrons, Agl =
(Nt = N, 7)/(N, T + N, 7) using a 9.0 fb~! data sample [21].
N;r * and N, ~ are the number of events containing two positively
charged or two negatively charged muons, respectively, both of which
are produced in prompt semi-leptonic b-hadron decays. The result,
AP, = —0.787 £0.172 £ 0.093 differs by 3.90 from the 4%, = (2.3 +
0.6) x 10~* prediction of the standard model, and provides evidence
for anomalously large CP violation in semi-leptonic neutral B decay.

6. Summary

Searches for physics beyond the standard model were performed in
4-9 fb~1 data samples by the CDF and D@ collaborations. The
measurements of the forward-backward asymmetry in ¢f production
and of the like-sign dimuon charge asymmetry that deviate from the
standard model predictions can be a signs of new physics, but need to
be confirmed with the full Tevatron datasets analyses and results from
the LHC experiments. The dijet invariant mass distribution peak is
not confirmed by the D@ . Presented searches for the SM extensions
show no excess in the analyzed final states and a set of 95% C.L.
limits on the masses of the new particles and on the parameters of the
examined models are obtained improving previous Tevatron results.
The complete documentation on D@ and CDF BSM analyses can be
found, respectively, at [22] and [23].
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Abstract

An overview of the ATLAS experiment running at the LHC is given. The
detector main features are described, together with the reconstruction and
trigger performance. Some results of searches for new phenomena beyond the
Standard Model based on data collected during 2011 are briefly discussed as
examples of the unprecedented ATLAS physics performance.

1. Introduction

The ATLAS experiment (A Toroidal LHC ApparatuS) [1] is a multi-
purpose experiment running at the LHC (Large Hadron Collider),
the main accelerator facility at CERN, the European Laboratory for
Particle Physics in Geneva, Switzerland. At its design luminosity
(10** cm~2s71), the LHC will provide 23 inelastic proton-proton col-
lisions for each bunch crossing at a center-of-mass energy of 14 TeV
(presently this project value is set to 7 TeV).

The ATLAS program aims to reach important results over a wide
range of physics processes, starting from known Standard Model pro-
cesses (QCD, B-physics, gauge bosons, top quark, di-bosons) toward
unknown processes predicted at (very) low cross-sections, such as
Higgs searches, and other phenomena Beyond the Standard Model
(BSM), like new W' or Z' bosons, Supersymmetry, Extra Dimen-
sions and other Exotic physics processes. Two examples of searches
for di-object resonances will be provided, to give an idea of the ex-
cellent detector performance in direct searches for new particles.

256
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Fig. 1: A schematic view of the ATLAS detector

2. The ATLAS Detector

The detector of the ATLAS experiment is composed of concentric
shells of specialized sub-detectors arranged in a cylindrical symmetry
around the beam axis: an inner tracking detector inside a solenoidal
magnetic field of about 2 T, a calorimetric system for energy measure-
ments and a large air-core muon spectrometer that extends for about
44 m in length and 25 m in diameter. The detector has been designed
to achieve high granularity, full coverage in solid angle, fast response
and readout, radiation hardness especially near the interaction point.
Its structure is shown in Fig. 1: the inner part of the apparatus is
made up of a Pixel detector, a Silicon Central Tracker (SCT) and
a Transition Radiation Tracker (TRT) which ensure a highly precise
vertex reconstruction (~ 15 pm in the transverse plane) and trans-
verse momentum (pr) resolution (o, /pr ~ 0.038%pr ® 1.5%). The
electromagnetic (EM) calorimeter is made up of a liquid-Argon (LAr)
based detector with accordion-shaped kapton electrodes and lead ab-
sorber plates; it is surrounded by a hadronic (Had) calorimeter which
uses plastic scintillating tiles in the central region and additional
liquid-Argon for higher |n| (Fwd) with tungsten or copper absorber.
Both calorimeters allow for very efficient particle identification and
very good energy resolution up to || <4.9: og/E ~ 10%/vVE ®0.7%
(EM) and o /E ~ 50%/vE ®3% (Had). The Muon Spectrometer is
composed of four different types of gas-based chambers: Monitored
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Fig. 2: Integrated luminosity collected by ATLAS until September 2011

Drift Tubes (MDT), Resistive Plate Counters (RPC), Cathode Strip
Chambers (CSC) and Thin Gap Chambers(TGC); it is able to iden-
tify and reconstruct muon tracks up to |n| < 2.7 with a relative pr
resolution better than 10% up to 1 TeV.

The experiment recorded about 45 pb~! of proton-proton colli-
sions in 2010. Data taking resumed in March 2011, with a gradually
increasing peak luminosity (reaching 2.5 x 1033 cm 25! by the sum-
mer). The total integrated luminosity at the time of writing is more
than 2.5 fb~! (Fig. 2). In 2012, the LHC plans to continue to run in
similar conditions at the same center-of-mass energy and then, after
a long shutdown, a new run is foreseen at higher energy.

The ATLAS experiment collects the data delivered by the LHC
with very high efficiency, as shown in Table 1, and the operational
fractions for every single subdetector are very close to 1. Inefficiencies
in the liquid-Argon calorimeters have been properly taken into ac-
count in the various physics analyses and have been partly recovered
in the reprocessing of the data. The magnets were not operational
for a 3-day period at the start of data taking in 2011. The exact data
selection criteria applied depend on the subdetectors needed for each

T able 1: Data taking efficiency, expressed in percentage, of all the
ATLAS subdetectors during 2011

Inner Trackers Calorimeters
Pixel SCT TRT LAr EM LAr Had LAr Fwd Tile
99.9 99.8 100 89.0 92.4 94.2 99.7
Muon Detectors Magnets
MDT RPC CSC TGC Solenoid Toroid

99.8 99.7 99.8 99.7 99.3 99.0
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physics analysis: for this reason there are different possible selections
of collected data, based on the quality of the data recorded by the
subdetectors of interest.

The ATLAS trigger and data acquisition system, although de-
signed to acquire 200 Hz, is presently capable of supporting a rate as
high as 400 Hz. Especially depending on the increasing luminosity
and on the purposes of the physics analyses, which can evolve as time
passes, the definition of the trigger menus in ATLAS is very flexible
and is continuously updated. During 2011, the primary triggers for
each type of object have been based on increasing lowest unprescaled
pr thresholds: for instance this is presently set to 22 GeV for elec-
trons, 20 GeV for muons, 80 GeV for photons, 240 GeV for jets, 60
GeV for missing Er. Tighter triggers will be used as the luminosity
increases in the future. Reconstruction of raw data is first made at
Tier-0 (CERN) and the outputs are then distributed to Tier-1 cen-
ters for physics analysis. At the end of every single run, a subset
of the data is analyzed for calibration purposes in a fixed 36-hours
period, after which the full reconstruction is performed. Finally, the
data become available on the grid in usually less than one week. The
number of jobs per day running on Tier-1 and Tier-2 centers is about
one million: they concern physics analysis, simulation, reprocessing
and other purposes.

3. ATLAS Physics Performance

The data collected in year 2010 have been very useful to measure and
check ATLAS performance [2] on relevant physical quantities. The
quality of lepton reconstruction is tested selecting events with Z or
J/ ¥ bosons decaying to ete” or p*pu~, and measuring the width of
the dilepton invariant mass peak: in the case of dileptons from Z,
the Gaussian width of a resolution function (Crystal Ball) convolved
with a Breit-Wigner line shape is found to be 1.7 GeV and 2.0 GeV
for electrons and muons, respectively. In the left plot of Fig. 3 all the
relevant di-muon mass peaks are visible over more than three orders
of magnitude, with an impressive agreement with Monte Carlo [3].
The calorimeter systems allow the jet energy scale to be mea-
sured with a systematic error lower than 3% over a wide jet pr range.
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Fig. 3: Left: Di-muon invariant mass distribution as obtained on data (black
points) and on simulation (blue line). Right: Resolution in z and y components
of missing transverse energy (red points for proton-proton collisions and black
squares for lead-lead) as a function of total transverse energy

The electromagnetic calorimeter features good resolution and linear-
ity down to very low cluster energies (the width of the 7° peak in
the di-photon mass spectrum is ~20 MeV). The missing transverse
energy (ES%%) is another quantity which ATLAS measures with very
good accuracy: as shown in the right plot of Fig. 3, the resolution in
its components is nicely fitted as a function of total transverse energy
and is found to be lower than 10 GeV up to several hundred GeV [4].
Also b-tagging represents a crucial tool for studying Standard Model
processes and beyond: the SV0 algorithm, based on the significance
of the signed decay length of the reconstructed secondary vertex, has
been designed to reach a 40% to 60% efficiency on b-jets against 0.2%
to 1% mistag rate coming from light flavour jets, for a jet pr in the
range from 20 to 150 GeV.

4. Searches for Di-object Resonances

Among the many interesting recent ATLAS results concerning Stan-
dard Model [5] and beyond [6], in this section two examples of anal-
yses performed with the ATLAS detector are shown, based on very
simple signatures in which two physics objects are involved.

The first example concerns the search for resonances in the di-
jet invariant mass spectrum [7]. The analysis is based on events
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Fig. 4: Left: Observed di-jet mass distribution (points) fitted using a binned
QCD background (fit) distribution described by the function f(z) = pi(1 —
z)P2gpstralnz. in the lower panel the bin-by-bin significance of the data-
background difference is shown. Right: Limit setting using o X A theory curves
for excited quarks (blue dashed) and axigluons (green dot-dashed); black circles
are the 95% CL upper limit from data as a function of di-jet invariant mass, the
black dotted curve shows the 95% CL upper limit expected from Monte Carlo
and the light and dark yellow shaded bands represent the 68% and 95% contours
of the expected limit, respectively

with at least two jets with pr > 30 GeV in the region |n| < 2.8.
The di-jet mass spectrum was analyzed by computing the Poisson
probability in different mass regions covering at least two bins of the
distribution (left plot of Fig. 4) and the most interesting peak was
found in the interval [1.16, 1.35] TeV (vertical lines), but was found
not significant. Three possible scenarios have been considered to
account for new physics explaining di-jet resonances, in case they were
found: Excited quarks (following quark-like quantum numbers from
quark-gluon production models), Axigluons (high mass states with
favored coupling to two quarks rather than two gluons) and Color
Octet Scalars (like s8, a prototype for many possible exotic colored
resonances). Using 0.81 fb~—! of ATLAS data, both the expected
and the observed 95% confidence level (CL) upper limits for these
objects are brought to about 3 TeV for excited quarks and axigluons
(as shown in the right plot of Fig. 4) and to ~1.8 TeV for the s8
scenario. For each new physics model considered in the figure, the
observed (expected) limit occurs at the crossing of the theoretical
curve (representing cross-section times acceptance, or o x A, in dashed
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Fig. 5: Left: Di-electron invariant mass spectrum, compared to the stacked sum
of all expected backgrounds, with three examples of SSM Z' signals overlaid.
Right: Expected (colored bands) and observed (red line) 95% CL limits on o B
and expected cross-sections for SSM production and two E6-motivated Z' models
with lowest and highest cross-section for the combination of the electron and muon
channels. The uncertainties of theoretical curves are represented by the thickness
of the corresponding curves.

colored lines) with the observed (expected) 95% CL upper limit curve.
If systematic uncertainties were not included in this analysis, limits
would have been 60 GeV higher.

Another important result is the search for dilepton resonances [8],
coming from different possible theoretical scenarios, like a Z' boson
in the Sequential Standard Model (SSM) or in the E6 gauge group
breaking up into SU(5) and two additional U(1) groups, motivated
by Grand Unification Theory. The selection is based on exactly two
opposite sign electrons (or muons) with pr > 25 GeV and satisfying
adequate selection criteria in order to optimize the rejection of the
Standard Model background, dominated by Z/v* going in two lep-
tons, and including dibosons and dileptonic ¢¢. In the plot on the left
of Fig. 5, the di-electron mass distribution obtained on more than 1
fb~1 of data is superimposed on the Monte Carlo expectation, sepa-
rated into all its relevant contributions, together with three possible
simulated scenarios of SSM Z' bosons. A similar plot is also obtained
for di-muons. The Standard Model Monte Carlo is normalized to data
in suitable control regions near the Z mass peak. In order to evalu-
ate the 95% CL upper limits, the plot on the right of Fig. 5 shows,
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as a function of di-lepton invariant mass, the expected cross-section
times branching ratio (¢ B) for the considered theoretical models su-
perimposed on the expected and observed experimental limits (both
electron and muon channels combined): the observed limits are 1.83
TeV for the SSM and range from 1.50 TeV to 1.64 TeV for the E6-
motivated models. These results update a previous analysis obtained
by ATLAS with 2010 data [9].

5. Conclusions

As of September 2011, the ATLAS experiment is smoothly running at
the LHC and has collected more than 2.5 fb~! of data with very high
efficiency and excellent physics performance of all of its subdetectors.
Although there is still no definitive evidence of Higgs boson, excluded
within Standard Model in a wide mass range [6], new mass limits are
being set on Supersymmetry and on many other BSM phenomena,
improving the results obtained by other collaborations so far or by
ATLAS itself using 2010 data. As the integrated luminosity increases,
ATLAS will continue to investigate unexplored regions to possibly
discover new physics processes.
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Abstract

Here we describe elastic proton+proton (p+p) scattering measurements at
RHIC in p+p collisions with a special optics run of * ~ 21 m at STAR, at the
center-of-mass energy /s = 200 GeV during the last week of the RHIC 2009
run. We present preliminary results of single and double spin asymmetries.

1. Introduction and Theoretical Formalism

Elastic scattering of polarized protons at small four momentum trans-
fer squared —t is described by interference of Coulomb and nuclear
amplitudes. Coulomb amplitude is calculable by QED and such in-
terference provides a unique opportunity to study the dynamics of
the strong interaction in the nonperturbative region. The total cross
section was measured to very high energy and turned out to be in a
good agreement with the description by the Regge pole exchange. At
ultra relativistic energies the main contribution comes from Pomeron
or, in modern terms, multigluon exchange [1]. Most of the pre-
vious experiments were done with unpolarized beams and targets.
The first measurement with polarized protons at high energies in the
Coulomb nuclear interference (CNI) region (/s = 19.4 GeV was done
in E704 experiment [2] with moderate precision. RHIC with its po-
larized beams [3] published a number of accurate measurements with
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Vs = 6.8 —21.7 GV [4,5] in last few years. But only one mea-
surement with a limited statistics exists so far in the collider energy
range [7].

Elastic scattering of two identical particles with spin % is described
by 5 helicity amplitudes [8,9]. Two amplitudes ¢;(s,t) = (+ +|M|+
+) and ¢3(s,t) = (+ — |[M| + —) produce no spin-flip, two other
¢2(s,t) = (+ + |[M| — =) and ¢4(s,t) = (+ — |[M| — +) produce
double spin-flip and the last ¢5(s,t) = (++ |M|+ —) produces single
spin-flip. Each of the amplitudes can be written as a sum of hadron
and Coulomb amplitudes ¢; = ¢$™ + ¢?. Electromagnetic part is
calculable from QED. It is believed that the main hadron contribution
to the cross section comes from non-flipping amplitudes so the optical
theorem could be written as oot = 4T”Im((;ﬁl + ¢3)|t=0. Other hadron
amplitudes are expected to be small and are parametrized in terms

of Im¢; = Im(¢1 + ¢3)/2:

¢2 = 2r2lméy, ¢4 = WT4IHI¢+7 ¢s =

— rsImg. (1)

The differential cross section and asymmetries can be written in terms
of the amplitudes:

T = TSP 161 + 16aP + 165 + [oul? + 4165P), (2)

AN = = Im{gi (1 + 6 + s - 0}, 0
xS = 016+ Re(sin — s300)),

Ass " = T {Re(6165 + dudi), @

where Ay is the single spin asymmetry and Ayy and Aggs are the
double spin asymmetries.

2. Experiment

The layout of the experiment is shown in Fig. 1. Protons scattered at
very small angles at the interaction point (IP) travel inside the beam
pipe utill they reach the Roman Pot (RP) detectors located in the
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Fig. 1: Layout of the setup for small-t measurements with the STAR detector (in
the center)

RHIC tunnel on both sides of the STAR detector. Each RP contains
four silicon microstrip detectors and a trigger scintillation counter.
During the 2009 run, we were able to insert RP detectors to be as
close as 12 o (o being the beam size) from the center of the beam
pipe. Two RP’s with detectors inserted horizontally (at 55.5 m from
IP) and another two RP’s vertically (at 58.5 m) were used at each
side of IP. More details of the detectors can be found in [11]. The
coordinates measured by the detectors relate to the scattering angles
at IP by the transport matrix:

() =7 (0), ©

where index gp denotes a particular Roman Pot. The positions of the
RP’s were selected so that the error introduced by unknown position
of the interaction point was minimal. More details on the detector
layout, alignment and performance can be found at [12].

3. Analysis

Elastically triggered events were selected for rescontructions and the
cuts are briefly described below.

(A) Clusters of consecutive strips with charge values above 50 from
their pedestals were found. We ignore rare clusters larger then
5 strips, because there were a lot of noise among them.

(B) A threshold depending on the cluster width was applied to the
total charge of each cluster. This gave us better signal to noise
ratio for clusters of 3 and 4 strips. After these cuts we had
individual plane efficiencies above 99% as shown in Fig. 2.
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Fig. 2: Calculated efficiency of each Si detector plane/chain (A,B,C,D), in each
elastic arm (end and dead strips excluded): Arm 0 (EHI-WHO or east horizontal
inner — west horizontal outer detectors); Arm 2 (EVU-WVD or east vertical up
and west vertical down detectors); Arm 1 and Arm 3 likewise

(C) Clusters in the planes of the same orientation (horizontal/z or
vertical/y) within the same RP were merged and we required
that their coordinates were within 200 pm (2 strips) from each
other.

(D) Clusters in z and y orientations form a track and opposite pairs
of tracks formed from each side of the IP were chosen.

(E) Transport equation (5) was solved for each side.

(F) The strongest criteria of elastic events selection is the collinearity
cut which was realized by requiring x?, where x> = (8¢t —
0e24)% o2 + (0% — 65*%)? /o2 and o0, and o, are typically
0.057 mrad, to be < 9. The correlation between the angles can
be seen in Fig. 3.

About 21 millions events out of about 33 million elastic triggers
written during the run were selected for asymmetry calculations.
Using the square root formula [6, 7], raw asymmetry as function
of azimuthal angle ¢ for only ++ and —— bunch polarizations can
be written as:
(Pp + Py)AN cos(9)

_ VNN (n—¢)— VN (§)NF (7 —¢)
VNTH@N=(r = ¢) + VN~ (SN (7 — ¢)

,  (6)
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Fig. 3: Elastic correlation — difference in scattering angles at IP for particles
scattered to the east and west in = and y in 2 dimensions (on the left) and 1
dimension (on the right)

where 6(¢) = PgPy (Ann cos?(¢) + Asssin®(¢p)), N¥(¢) — number
of events with bunch polarization pattern ij at the azimuthal angle
¢. Pp,y are polarizations of the blue and yellow beams, measured
by HJET and pCarbon polarimeters [13]. The polarization values
averaged for the time of our data taking were: Pgp + Py = 1.224 +
0.066, Pg — Py = —0.016 + 0.066 and PgPy = 0.375 £ 0.041 (errors
shown here include global systematic uncertainties). From double
spin asymmetries measured by [7] we know that §(¢) is less than
0.01. Using other different bunch polarization combinations, other
raw asymmetries can be introduced similarly to (6); particularly, the
so-called “wrong combination” is shown here:

Pp + Py)AN COS(¢)
o _
_ VN (N (x—¢)— VN T ()Nt~ (7 - ¢) 1)
VNT=(@N=F(r =) + /N~ F )N+~ (7 - ¢)

The preliminary results of ey (¢) and €,y (¢) are presented in Fig. 4
for 0.005 < |t| < 0.010 (GeV/c)?. Using (6), we fitted the raw asym-
metry to extract Ayx’s in 5 ¢-bins.

Double spin raw asymmetry is given by the equation:

5(¢) = PBPy(ANN COSz(¢) + Ass sin2(¢)) =
++ - +- -+
U L = o
++ - +— =¥\
=+ =)+ =+ =)
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for 0.005 < |t| < 0.010 (GeV/c)?

Here L% are relative luminosities for the corresponding polarization
pattern. For the preliminary results we used relative luminosities
obtained from counts of inelastic triggers produced by the vertex
position detector (VPD) and beam-beam counters (BBC). The sys-
tematic uncertainty in the normalization can be estimated by the
difference between VPD and BBC normalizations which turned out
to be 0.25%. We hope to reduce this uncertainty taking advantage
of other normalization sources.

4. Results

The preliminary results on the single spin asymmetry are shown in
Fig. 5 in comparison with theoretical curve without hadron spin-flip
(black line) and with the best fit allowing non zero hadron spin-
flip (green line) (see [14] for formula). Only statistical errors have
been included. Fig. 6 shows fitted value of 75 with contours showing
confidence levels of 1, 2 and 30. No evidence for contribution of
hadron spin-flip amplitude ¢5 is seen.

The preliminary results on double spin asymmetries are shown
in Fig. 7. Though some effects of the order of 10~2 could be seen,
they are small and comparable with the normalization uncertainty. A
careful study of systematic effects produced by normalization should
be done before making any conclusions.

Our preliminary results agree with the hypothesis that only Pomeron
exchange, which contributes only to spin non-flipping amplitudes ¢;
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and ¢3, survives at high energies. with other aforementioned mea-
surements of the proton-proton elastic scattering with /s > 10 GeV,
we see no evidence of contribution of other amplitudes.

5. Summary

We had a very successful run with the physics program with tagged
forward protons at RHIC in 2009, in which nearly 33 million events
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with elastic triggers were collected. We have so far focussed on data
analyses in elastic scattering topics such as Ay, r5, Ayny and Agg.
We are finalizing our optimizations and systematic studies in our
analyses and hope to have final results in near future. There is cer-
tainly more to do to fully explore physics potential and discovery
possibilities at RHIC.
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Abstract

We describe the development of Analytic Perturbation Theory (APT) in
QCD, called Fractional APT (FAPT), which has been suggested to apply
the renormalization group evolution and QCD factorization technique in the
framework of APT. Then we show how to resum perturbative series in the
one-, two- and three-loop FAPT. P(t). At the end, we discuss the application
of this resummation approach to the estimation of the Adler function D(Q?)
in the Ny = 4 region of Q2.

1. Short History of Analytic Approach in QCD

The QCD Analytic Perturbation Theory (APT) was initiated by
N.N.Bogolyuov et al. paper of 1959 [1], where ghost-free effective
coupling for QED has been constructed. Then in 1982 Radyushkin
and Krasnikov and Pivovarov [2] using the same dispersion technique
suggested regular (for s > A?) QCD running coupling in Minkowskian
region, the well-known 7! arctan(n/L). The real realization of this
technique into QCD was initiated by Igor Solovtsov and his co-authors
in the mid-90s. In 1995 Jones and Solovtsov using variational ap-
proach [3] constructed the effective couplings in Euclidean and Min-
kowski domains which appears to be finite for all Q2 and s and sat-
isfy analyticity integral conditions (1). Just in the same time Shirkov
and Solovtsov [4], using the dispersion approach of [1], discovered
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ghost-free coupling A;[L], Eq. (4a), in Euclidean region and ghost-
free coupling A, [L], Eq. (4b), in Minkowskian region, which satisfy
analyticity integral conditions

A@) =@ =@ [ 2000w
R —s+ie (o
Wi(s) = B[A1] (5) = zim/_ ) AT()do. (1b)

The last coupling coincides with the Radyushkin one for s > A2,
Due to the absence of singularities in these couplings, Shirkov and
Solovtsov suggested to use them for all Q2 and s. Quite soon this
construction was developed [5] in a closed scheme. See the history
details in the recent review paper [6]. The whole construction is
known since then as the Analytic Perturbation Theory.

The next step, made by Bakulev, Mikhailov, and Stefanis as an
answer for a call of [7] (see below), generalizes the APT by including
fractional powers of coupling, as well as products of coupling powers
and logarithms [8] and for this reason, it was named the Fractional
APT. At the same time, it appears possible to sum up nonpower
series in the (F)APT [9-11].

2. Basics of APT in QCD

In the standard QCD PT we know the Renormalization Group (RG)
equation in the [-loop approximation

-1
a S’L[L] = —d})[L] [1 + k;c,c alyy [L]] (2)

for the effective coupling o, (Q?) = a)[L]/By with L = In(Q?/A?),
Bf = bo(Nys)/(4m) = (11 — 2Ny /3)/(4mw).t Then its one-loop solu-
tion generates Landau pole singularity, a(;)[L] = 1/L. As a conse-
quence, the perturbative power series for the Adler function, D(Q?) =

1We use notations f(Q?) and f[L] in order to specify the arguments we mean —
squared momentum Q2 or its logarithm L = In(Q2/A2), that is f[L] = f(AZ-eL)
and the QCD scale parameter A is usually referred to Ny = 3 region.
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do + >}~ di a*[L], being reasonably good in the deep UV region of
Q?, at Q2 = A? has the unphysical pole — in marked contrast to the
analyticity property of the Adler function. Indeed, it should have a
cut along the negative axis of 2, but can not have any poles in Eu-
clidean domain, Q% > 0. APT was suggested as a resolution of this
contradiction: From the very beginning we demand that improved
coupling, as well as all its integer powers, should have the right ana-
lytic properties, i.e. be represented as dispersive integrals, see (3).

By the analytization in the APT for an observable f(Q?) we mean
the Kéallen—Lehmann representation

[7(@)],. = / Ty, 3)

o+ Q% —ie

1
with ps(o) = - Im [f(—a)]. Then in the one-loop approximation

p1(o) =1/4/L2 4+ x? and

A [L] :/0 U”1+(22 do = %—ﬁ (4a)

2, [Ls] = 162/ pi(o) do = 1 arccosL (4b)

s o T 1/71-2+L§’

whereas analytic images of the higher powers (n > 2,n € N) are:

Gim)-atwlal @)
An[Ls]) ~ m—1) | dL (L)) ¢
Note that at L > 1 the pole remover ~ e~ ~ e~1/2, In other words,
Kaillen-Lehmann analyticity in the Q2 plane generates nonperturba-
tive e 1/ correction. This correction guarantees the absence of spu-
rious Landau-pole singularity and ensures the correspondence with
perturbative o, (Q?) at Q% > 1 GeVZ.

In the left panel of Fig. 1, we show the so-called Distorting Mirror
for analytic couplings in the Minkowski and Euclidean regions for
2;(s) and A;(Q?). We see that in the IR domain one has universal
finite IR values A; (0) = 2(;(0) = 1. Moreover, starting from the two-
loop level analytic couplings reveal loop stabilization of IR behavior.
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Fig. 1: Left panel: Distorting Mirror for analytic couplings in the Minkowski and
Euclidean regions for 2;(s) and A1(Q?). Right panel: Comparing 2, [L] (right
panel) vs. L for fractional v € [2, 3]

This yields practical loop- and renormalization-scheme-independence
of A;(Q?), %1(s), and higher expansion functions, for details see [6].

In the APT, in addition to the regular behavior of couplings, one
has to have nonpower expansions for physical observables. Indeed, if
in the standard pQCD for an observable D we have?

Dpr(Q?) = do+diay(Q%) +d2a?(Q?) +dsa®(Q%) +...;(5a)
Rpr(s) = do+dias(s)+ds a?(s) +7r3 ag(s) + ..., (5b)

then in the APT we should use the nonpower functional expansion

Dapr(Q%) = do+di AL(Q?) + d2 A2(Q?) + d5 A3(Q°) + ... (5c¢)
RAPT(S) = d() + dl 9[1(8) + d2 9[2(8) + d3 9[3(8) + ... (5d)

This provides the better loop convergence and practical renormalization-
scheme independence of observables.

3. From APT to FAPT

At first glance, the APT is a complete theory providing tools to pro-
duce an analytic answer for any perturbative series in QCD. How-
ever, in 2001 Karanikas and Stefanis [7] suggested the principle of
analytization “as a whole” in the Q2 plane for hadronic observables,
calculated perturbatively. More precisely, they proposed the ana-
lytization recipe for terms like foldxfoldy a5 (Q*zy) f(z) f(y) which

2Here r3 and higher-order coefficients r, differ from ds and d, by the w2
terms.
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can be treated as an effective account for the logarithmic terms in
the next-to-leading-order approximation of the pQCD. Indeed, in the
standard pQCD one also has:
(i) the factorization procedure in QCD that gives rise to the appear-
ance of logarithmic factors of the type: a”[L] L;
(ii) the RG evolution that generates evolution factors of the type:
B(Q?) = [Z2(Q%)/Z(p*)] B(u*) which reduce in the one-loop ap-
proximation to Z(Q?) ~ a”[L] with v = vy/(28s) being a fractional
number.
All that means that in order to generalize the APT in the “analyti-
zation as a whole” direction, one needs to construct analytic images
of new functions: a”, a” L™,.... This task was performed in the
framework of the so-called FAPT suggested in [8]. Now we briefly
describe this approach.

In the one-loop approximation, using recursive relation (4c) we
can obtain explicit expressions for A, [L] and 2, [L]:

1 Flet,1-v)

Lv T(v) ’

sin [(v — 1) arccos (L/v/7? + L?)]
m(v — 1) (x2 + L2)7/2

A[L] = (6a)

A,[L] =

(6b)

Here F(z,v) is the reduced Lerch transcendental function which is
an analytic function in v. The couplings A,[L] and 2, [L] have very
interesting properties, which we discussed extensively in our previous
papers [8].

In the right panel of Fig. 1, we show in comparison how 2, [L] and
A,[L] depend on L for fractional values of v.

To demonstrate the importance of taking into account the FAPT,
that is using A,[L] and 2A,[L] instead of (A;[L])” and (2A;[L])", we
show in the left panel of Fig. 2 the values of the normalized deviations
Am(L,v) =1 — (24[L])" /A,[L] in the Minkowski domain.

The construction of the FAPT with a fixed number of quark fla-
vors, Ny, is a two-step procedure: we start with the perturbative
result [a(Q2)]V, generate the spectral density p, (o) using Eq. (3),
and then obtain analytic couplings A,[L] and 2, [L] via Egs. (4).
Here Ny is fixed and factorized out. We can proceed in the same
manner for N;-dependent quantities: [a,(Q% Ns)]” = 5, (0; Ny) =
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Fig. 2: Left panel: Comparing 2, with ()" for fractional » = 0.62 (solid line),
1.62 (dotted line) and 2.62 (dashed line). Right panel: Deviation A%l [L]/A5"[L)
of the global coupling relative to the fixed-Ns coupling in the FAPT.

pu[Ls; N¢| = py (o) /b4 = A,[L; Ny] and 2, [L; Ns] — here Ny is fixed
but not factorized out.

The global version of the FAPT [8], (2009), which takes into ac-
count heavy-quark thresholds, is constructed along the same lines but
starting from global perturbative coupling [a£°*(Q?)]", being a con-
tinuous function of Q? due to choosing different values of QCD scales
Ay, corresponding to different values of Ny. We illustrate here the
case of only one heavy-quark threshold at Q% = m2, corresponding to
the transition Ny = 3 — Ny = 4. Then we obtain the discontinuous
spectral density

pi(0) = 0(Lo < La) Py (L3 3]+ 0 (La < Lo) PolLo + Maid] (1)

with L, = In (O'/Ag), Ly=1In (m?/A%) and Ay = In (A%/A?) for
f =4, which is expressed in terms of the fixed-flavor spectral densities
with 3 and 4 flavors, p,[L,; 3] and p,[L, + Ag; 4]; note here that L, +
As = In(o/A2). However, it generates the continuous Minkowskian
coupling

AL [L] =0 (L < Ly) (ﬁ,,[L; 3]+A43ﬁ,,) +0(Ly <L) A, [L+Xg; 4] (8a)
with Ay, = A, [La+ Ag; 4] — A, [L4;3] and the analytic Euclidean
coupling A& [L]

Ly

S Bu|Lo;3] = BylLo + a3 4
A;‘,”’[L]:AV[L+)\4;4]+/ [ 1]+6L[—L, Lar, . (sv)

—00
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To demonstrate the magnitude of the threshold corrections, we
show in the right panel of Fig. 2 the values of the normalized devia-

tions AL, [L] = Ag°*[L] — A, [L+ Ag;4] in the Minkowski region (for
more details see [10,11]).

4. Resummation in the One-loop (F)APT

We consider now the perturbative expansion of a typical physical
quantity, like the Adler function and the ratio R, in the one-loop
APT. Due to limited space of our presentation we provide all formulas
only for quantities in the Minkowski region:

RIL] =) dnAn[L]. (9)

We suggest that there exists a generating function P(t) for the coef-
ficients d,, = d,,/dx:

Jn:/ P(t)t"'dt with /P(t)dtzl. (10)
0 0

To shorten our formulae, we use for the integral [ f(t)P(t)dt the fol-
lowing notation: ((f(t)))p(¢). Then the coefficients d,, = dy ((t" ")) p(y)
and, as has been shown in [9], we have the exact result for the sum
in (9)

RIL] = dy (([L —t])) p(e) - (11)

The integral in variable ¢ here has a rigorous meaning ensured by the
finiteness of the coupling 2 [t] < 1 and fast fall-off of the generating
function P(t).

In our previous publications [10,11], we constructed generaliza-
tions of these results, first, to the case of the global APT when heavy-
quark thresholds are taken into account. Then one starts with the
series of type (9), where ,[L] are substituted by their global analogs
2> I] (note that due to different normalizations of global couplings,
Ag°"[L] ~ A,[L]/B}, the coeflicients dj, should also be changed).
Then

RSlob[L] = d10(L<L4)((A42l1[t] + QllliL—é; 3]>>p(t)

+ ORI [N~ e s (12)
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where A2, [t] = m,,[L4 + A — t/Ba 4] - 91,,[1:3 —t/Bs; 3].
The second generalization has been obtained for the global FAPT.
Then the starting point is the series

REP[L] = Z dp A5T (L] = dy Z((th))P(t) AR, (L] (13)
n=1 n=1

and the result of summation is a complete analog of Eq. (12) with
the substitutions

v—1
t ) ve dx’ (14)

1—=z

1
Pit)=P,(t)=| P

0=rw=-[ r( -
do = do Q[,,[L], Ay [L — t] = 9114_,,[[/ — t], and A4Ql1 [t] = A4911+,,[t].
All needed formulas have also been obtained in parallel for the Eu-
clidean case, for details see [10,11].

5. Higher-loop Resummation in FAPT

Here we discuss the generalization of the FAPT resummation ap-
proach of the previous section for the case of the two- and three-loop
QCD running coupling.

We start now with the non-power series (v = 0 corresponds to the
APT case) of the type

SILFl=di Y Falll = di S (" ey FarslLl,  (15)
n>1 n=1

where F[L] denotes one of the analytic quantities A [L], AV[L], or
pW[L]. So, actually we need to resum the series

W Lit; F] = > "' Fopu[L, (16a)

n>1
related to the original one in a simple way

Sy[L; Fl = di (Wu[Lit; Fl) pyy - (16b)
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5.1. Two-loop FAPT

In the two-loop approximation we have more complicated recurrence
relation as compared with the one-loop one, Eq. (4c):

1
n-+v

Friw[L] = Frprtu[L] + €1 Fapoyo[L] (17)

with ¢; being the corresponding coefficient in Eq. (2). In order to
resum the series W, [L; t; F] we need to introduce the “two-loop evo-
lution” time

t 1
i) =t—c n[ + 01] ; T2(t) T/t (18)
We obtained the following resummation recipe
Wy[L,t; F] = Fuqa[L] + A(v) e 72(t) Fa[Le o]
1
. oL v
00 [ [tFonlled) - 2 Fopalle]] ds (19)

0

with L, = L + 12(t 2) — 12(t), Lt = L — 72(¢), and A(v) being a
Kronecker delta symbol. Interesting to note here that it is possible to
obtain an analogous, but more complicated recipe for the case when
F is the analytic image of the two-loop evolution factor a” (14 c1a)?,
see in [11] for more detail.

5.2. Three-loop FAPT

We describe here the recently obtained results on resummation in
the three-loop FAPT.3 In this case the recurrence relation has three
terms in the r.h.s.

1
n+v

Friw[L] = Frprru[L] + &1 Fagoyo[L] + 2 Frysiw[L] (20)

3These results have been obtained in collaboration with my Ph.D. student,
Irina V. Potapova.
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with ¢, being the corresponding coefficient in Eq. (2). We introduce
the “three-loop evolution” time by

2
ci — 2c¢ tA c1 c1+t
t)=t t — | ——=1n|1 t];(21
T3() + A a,I‘Cﬁ.Il|:202+Clt:| 2 Il|: + C2 ’( )
dT3(t) . ].
=m(t) = ————— .
dt 7'3() ]_+Cl/t+02/t2

Then our resummation recipe is

W,,[L, t; ]'-] = ]:V+1[L] + A(V) C2 T3(t) ]'-3 [Ltyg] + t]'-,,Jrz[L]

. o+ cov .
h(t) / . [t Frorllesl = 22 FoalLes) + 28 FrualLe ]
0
o+ 1t Rl (22)

with Lt,z =L + T3(t2) — T3(t) and Lt,O =L - T3(t).

6. Resummation for Adler Function

Here we consider the PT power series of the vector correlator Adler
function (labeled by the symbol V) [12]

DylL]=1+Y d, (“S[L]>n. (23)

™
n>1

Due to d; = 1 coefficients d, coincide with d,,. We suggested [11] the
model for the generating function of the perturbative coeflicients d,
(see the first row in Table 1)

_det —(t/c)e /e
B c(62 -1)

gntl —p
02 -1

Py (t) with dY = ¢! ['(n). (24)

Our prediction df = 27.1, obtained with this generating function
by fitting the two known coefficients d2 and ds and using the model
(24), is in a good agreement with the value 27.4, calculated in Ref.
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T able 1: Coefficients d,, for the Adler-function series with Nf = 4.
The numbers in the square brackets denote the lower and the upper
limits of the INNA estimates

| | PT coefficients |d1 do ds dy ds |

|1 | pQCD results with N; = 4 [12] |1 152 2.59 27.4 — |

2% |Model (24) with ¢ = 3.544,6 = 1.3252| 1 1.53 2.80 30.9 2088
2 |Model (24) with ¢ = 3.553,8 = 1.3245(1 1.52 2.60 27.3 2025
2~ |Model (24) with ¢ = 3.568,8 = 1.3238/ 1 1.52 2.39 23.5 1969
3 “INNA” prediction of [11] 1 1.44[3.5,9.6] [20.4, 48.1] [674,2786)

[12]. Note that fitting procedure, taking into account the fourth-
order coefficient dy, produces the readjustment of the model pa-
rameters in (24) to the new values {c = 3.5548, § = 1.32448} —
{c = 3.5526, § =1.32453}. The corresponding values of coefficients
dY are shown in the third row labelled by 2 in Table 1.

In order to understand how important are the exact values of the
higher-order coefficients d,,, we employed our model (24) with two
different sets of parameters ¢ and &, shown in rows labelled by 2T
and 2~ in Table 1. One set, 27, roughly speaking, enhances the exact
values of the coefficients d3 and d4 by approximately +8% and +13%,
correspondingly, while the other one, 27, — reduces them in the
same proportion. All coefficients of these models are inside the range
of uncertainties determined in [11] using the Improved Naive Non-
Abelinization (INNA). Moreover, the difference between the analytic
sums of the two models in the region corresponding to Ny = 4 is
indeed very small, reaching just a mere £0.05%. This gives an evident
support for our model evaluation.

Now we are ready to estimate the relative errors, AY[L], of the
APT series? truncation at the Nth term:

N
DL =1+ fr—’; AL, (25)

\% _ PV

Here DY [L] is the resummed APT result in the corresponding I-loop
approximation, see Egs. (11), (19), and (22) with substitution » — 0.

“Note that power series (23) has v = 0 — for this reason we use here the APT
approach.
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Fig. 3: The relative errors AY;(Q?) evaluated for different values of N: N = 1
(short-dashed red line), N = 2 (solid blue line), and N = 3 (dashed blue line) of
the truncated APT given by Eq. (25), in comparison with the exact result of the
one- and two-loop resummation procedure represented by Egs. (11) and (19)

In Fig.3 we show these relative errors for N = 1, 2, 3, for the one-
and two-loop cases (calculations for the three-loop case is not yet
finished). The main result is in some sense surprising: The best order
of truncation of the FAPT series in the region Q2 = 2 — 20 GeV? is
reached by employing the N2LO approximation, i.e., by keeping just
the da-term.

We may also compare the numerical values for the resummed
quantities, obtained in different loop approximations. We take for
this comparison the following l-loop QCD scale parameters at Ny = 3
flavors: A=Y = 201 Mev, AY™? = 379 MeV, and A=) = 385 MeV,
which have been determined from the condition that the APT pre-
diction for the ratio R.+.- (s = m%) should coincide with the “ex-
perimental” value 1.03904, determined in [12]. We obtain the follow-
ing values of the resummed Adler functions DX; @ at Q2 =2 GeVZ:
1.1221, 1.1223, and 1.1257 — for [ = 1, Il = 2 and [ = 3, respec-
tively. We see here a very good stability of our result with respect
to loop-order variation. We can also compare our two-loop value
(1.1223) with the recent estimate in [13], where the value DY, (Q2 =
2 GeVz) = 1.1217 has been obtained in the two-loop approximation
using the so-called generalized Pade summation method, — we ob-
serve a good agreement of both methods.

7. Conclusions

We conclude with reminding that in the APT one has practical re-
normalization-scheme independence and quick loop convergence that
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improves the situation with the role of higher-loop corrections. As
a result of quick loop convergence, the two-loop level is practically
sufficient. The Fractional APT (FAPT) provides an effective tool
to apply the APT approach for renormgroup-improved perturbative
amplitudes.

In both the APT and FAPT approaches we describe the resum-
mation procedures that produce finite resummed answers for pertur-
bative quantities if one knows the generating functions P(t) for the
perturbative coefficients.

Using quite simple model generating function P(t) for the Adler
function D(Q?) we show that already at the N2LO, i.e. with tak-
ing into account the ds A, term, being the analog of d; a2 term, an
accuracy is of the order 0.1%.
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HARD SCATTERING ON LIGHT
NUCLEIL: A CONVENIENT WAY TO
STUDY PARTON CORRELATIONS

Giorgio Calucci and Daniele Treleani
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Abstract

The one-body partonic distributions in the hadrons are well investigated using
electromagnetic or weak interactions.

If we wish to exploit the same procedure to study the two-body distri-
butions we should study the very rare events with multiple electromagnetic
or weak interactions on the same hadron. The alternative is to study events
with hard QCD double scattering of partons of the same hadron, such events
become more and more abundant when the energy of the colliding hadrons
grows. In fact at very high energies even the parton at small fractional mo-
mentum z may suffer collisions with momentum transfer large enough to allow
a perturbative treatment [1-14].

1. Motivation

What do we mean by correlation?. The word can express at least
two properties of the multiparticle production: 1-uncorrelated pro-
duction is described by Poisson distribution of the multiplicities, ev-
ery deviation from this distribution represents a number correlation.
2-two parton can be correlated in phase space, e.g. in fractional light-
cone momentum and transverse coordinate, this will result in a cor-
relation of the final products, like jets.

Typical processes where correlations may show up and play a rel-
evant role are the multiple partonic interaction that take place in
hdronic high energy interactions. If the total energy is really high

289
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even parton with small fractional momentum, and so large flux, can
suffer scattering with large momentum transfer so that their interac-
tion can be treated in perturbative QCD. An efficient tool to study
correlations is given by the effective cross section and its generaliza-
tions: one defines the effective cross section as gegx = 05%/(2- 0p).
og is the integrated inclusive cross section for one hard scattering,
op is the integrated inclusive cross section for two hard scatterings.

This definition can be generalized for K-hard scatterings: in par-
ticular for triple scattering by defining the dimensionless parameters
73 through o3 = (05)3/[3!(0es)?73].

Intuitively: o is related to the size of the hadron, but this is not
completely true there are possible concurrent effects from correlations
among the partons and differences in multiplicity distribution.

This can be exemplified by two extreme situations:

1. Configurations with high multiplicity are frequent so many double
collisions are produced and then o.g becomes small.

2. Partons are strictly correlated so that if one collides, another
collides, again g.¢ becomes small.

Observing multiple collisions both on free nucleons and on nu-
cleons bound in light nuclei helps in separating the different form of
correlations.

2. Double Nucleon-Deuteron Collision

This process is described by the following cut forward graphs.

Snnn

a) b)
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The graph a) describes a collision where one bound nucleon in-
teracts twice and the other is a spectator, the information we get is
essentially the same as we get from free-nucleon collision.

The graph b) describes a collision where both bound nucleon in-
teract once, the multiplicity distribution and the possible correlations
enter differently on the proton side and on the deuteron side, some
new information is made available.

The cross sections when both nucleons interact and when only
one nucleon interacts (twice) are respectively

1
ni = e [ Tlenes b W)/ 2, AT/ (2 - 2),6) %
L d0(x1,21) dé(2s,5) |¥n(Z, B
o, s, Z(2-2)
x dBdZ [ dbididwidzdSi/8 6(B + by — by — 1 + Ba),
i=1,2
1
O2,0 = @ /F($1,$2,b1,b2)r($'1/Z, ©5/Z, B, B2) X
L d0(x1,21) dé(2s,25) |¥n(Z, B
o, s, Z(2-2)
x dBdZ [ dbididwidzidSi/8 6(by — by — B1 + Ba).
i=1,2

The ingredients of these expression are: I'(z} /Z, 81), I'(z1, z2, b1, ba),
one and two parton structure function of the hadron, ¥p(Z, B),
deuteron wave function.

The variables are the fraction of light-cone momenta and the
transverse position. There is a further graph describing a collision
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where both bound nucleon interact once, but the light-cone momenta
carried away on the left are different from the same momenta carried
away on the right, there is a mismatch on the nuclear wave function
which makes the overall contribution smaller. If we look more closely
to this graph we realize that the contribution is really small when
the momenta carried out by the partons are different, it becomes
more and more sizable when the light-cone momenta of the two par-
tons approach the same value. Note finally that the same process
can happens on Tritium or on 3He nucleus, in this case we have at
least one spectator nucleon and so nothing really new is found in
comparison with the Deuteron case.

3. Triple Collision

Here we find the following graphs (drawn for the Triton case). In
the first graph we find two spectators (one spectator if the target is
a Deuteron). In the second graph all three bound nucleons interact
(only Triton). The third and fourth graph correspond both to two
intercting bound nucleons; the fourth graph is an interference term.
Also here we have for the interference terms a mismatch in the lon-
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gitudinal variables of the nuclear wave function, the case where this
contribution is relevant is now when the non diagonal parton carries
away small momentum.!

From the graphs we get the analytical expression as before in the
double-collision case. The most relevant new element is the three-
body distribution I's(z;, z2, 23, b1, b2, b3). As an example we give the
analytical expression for the diagonal contribution to the triple par-
ton scattering cross sections on Deuteron when one nucleon interacts
twice and another once, are thus expressed as:

2
a3 P 24 = (27)8 [(z1, 2,35 51, 52, 83)['(21, 22; b1, b2)T (235, b3) x
do do do 4®p(Z, B 2
6 do do p(Z,B) B x

A0y 9, 495 |0 — 2(43 /2 + 15/ Z)
X ds1dsadss dbydbadbs 0(by —bs —s1+82) 6(b1 —bg—s1+83) X
X dridrodrs dzydzedzs dQ1dQdQs /8% 6(Zy + Zo — 2) ¥

x dZ1dZ2/ 71 2> .

We see explicitly wherefrom the correlations may find their origin:
We have the size of the one-body, two-body, three-body distributions
I', they control how much the final distribution in number deviates
from a Poissonian distribution, and there is the dependence on z;, b;
of the I', in particular how much the two-body and three-body distri-
butions differ from a factorized expression. If we look at the way in
which these elements enter in the final expressions we see two relevant
features: the combinations of the I'; for light nuclei are different from
the combination in nucleon-nucleon collision, the I'; are integrated
together with the nuclear wave functions, These facts can yield new
informations about the partonic structure of hadrons, not only about
one-body, but also about two-and-three-body distributions.

It is possible to give a more explicite form to the relevant elements
of the partonic distribution, but at the price of being more model
dependent.

IMoreover there are crossed graphs, as in the double collision.
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4. Conclusions and Outlook

Light nuclei provide a tool to analyze the partonic structure of the
hadrons. They allow multiple scatterings in conditions different from
hadron-hadron collisions and so with a different role of the parameters
of the distributions.They are sufficiently simple, they do not blur the
fundamental aspects of the interaction: the main aim is to investigate
the many-body aspects of the partonic distributions.

A relevant role in the analysis sketched here is played by the
knowledge of the nuclear wave function. The relative motion of the
nucleons within the nucleus is with good appoximation non relativis-
tic, to use this kind of wave function in a highly relativistic process as
the collision we are interested poses essentially a kinematical prob-
lem together with a problem of normalization. The nuclear wave
function has a relevant role in the various interference terms: they
become important when the fractional momentum (or the difference
in momenta) of the outgoing partons are small with respect to the
spread of the wave function, note the both quantities to be com-
pared are measured by the variables x, Z that are boost-invariant.
In the cases we are considering the internal motion is nonrelativis-
tic with good approximation; for heavier nuclei, where the relative
motion requires a relativistic treatment further complications may
arise.

For experiments on light nuclei we can foresee also some sort of
checks: in fact the Deuteron-Deuteron collison, (and possibly Deute-
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ron-Triton and Triton-Triton) in the same kinematical condition would
be described by the same set of parameters, and so in principle we
would not get new information, but we could look for the consis-
tency of the whole treatment (the graph gives an example of the D-D
process).
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WEAK NEUTRINOS-MATTER
INTERACTIONS DUE TO
CONTRACTION OF THE
ELECTROWEAK MODEL
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Abstract

The very weak neutrinos-matter interactions especially at low energies are ex-
plained at the level of classical fields with the help of the gauge group contrac-
tion of the standard Electroweak Model. The neutrinos-matter cross-sections
change with the neutrino energy are connected with the energy dependence
of the contraction parameter.

1. Introduction

The standard Electroweak Model based on gauge group SU(2) xU(1)
gives a good description of electroweak processes. Due to this model
the W- and Z-bosons was predicted and experimentally observed at
the end of the last sentury. Higgs boson is now searched at the mod-
ern LHC. The gauge group of the model is the product of two simple
groups. In physics it is well known the operation of group contrac-
tion [1], which is connected with introduction of special zero tending
contraction parameter. This operation transforms, for example, a
simple or semisimple group to a nonsemisimple one. Usually for bet-
ter uderstanding of a physical system it is useful to investigate its
limits for limiting values of its physical parameters. In this paper we
discuss the modified Electroweak Model with the contracted gauge
group SU(2;7) x U(1). We explain at the level of classical fields the
vanishingly small interactions neutrinos with matter especially for low
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energies and the decrease of the neutrinos-matter cross-section when
energy tends to zero with the help of contraction of gauge group. We
connect dimensionless contraction parameter j — 0 with neutrinos
energy.

2. Standard Electroweak Model

We shall follow the books [2]- [4] in description of standard Elec-
troweak Model. The Lagrangian of this model is given by

L=Lg+ L+ Lg, (1)

where boson sector Lg = L4 + Ly involve two parts:

1 1
La= 857 (Fuv)? Z(B;w)Z
_ 1 Fl 2 F2 2 F3 2 1 B 2 2
__Z[( ,uu) +( ,uu) +( ;1,1/)]_1( MV) ()
is the gauge field Lagrangian and
1 A 2
Ly = 5(Du¢)'Dyudp — 7 (¢'6 = %), 3)
where ¢ = 21 ) € C, are the matter fields, represents the matter
2

field Lagrangian.
The fermion sector is the sum of the lepton Ly and quark Lg
Lagrangians. The lepton Lagrangian is taken in the form

Ly = L}i7,D,L; + efir, D,e, — hlel (' Ly) + (Li¢)e,],  (4)

where L; = ( Zl ) is the SU(2)-doublet, e, is the SU(2)-singlet, h,
1

is constant, 7o = 79 = 1, 7, = —T7, 7, are the Pauli matrices, ¢ € C
are the matter fields and e,, e;,; are the two component Lorentzian
spinors.

The quark Lagrangian is given by

Lo = Qli7,D,Q; + ulir, D, d,—
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—hald} (6" Q1) + (@] #)dr] — hu[ul (BT Q1) + (Qf D)us],  (5)
where left quark fields form the SU(2)-doublet Q; = ( le > , right

quark fields w,,d, are the SU(2)-singlets, ggl = €irdr, €00 = 1, €5 =

—1is the conjugate representation of SU(2) group and h,,, hgq are con-

stants. All fields u;, d;, u,,d, are two component Lorentzian spinors.
The covariant derivatives are given by the formulas:

D,e, =0 e, —ig' QAL e, cosby +ig'QZ e, sinb,,

. g —
D,uLl = B‘LL; — ZE (WJT+ + WM T_) Ll—

. g . .
—szM (T3 — Qsin® Bw) Ly —ieA,QL,, (6)
where Ty, = 174,k = 1,2,3 are the generators of SU(2), Ty = Ty +
1T5, @ =Y + T3 is the electrical charge, Y is the hypercharge, e =
g9' (g% + g'*)~2 is the electron charge and sinf,, = eg~!. The gauge
fields

-

1

1
+ _ L (Al ;A2 _ 3
Wi = /2 (Au:':lAu)’ Z, = 715 (gAu gBu)’
Ay = 2 (443 +gB,) (7)
H 2+ g? g AT 9P
are expressed through the fields

3

Au(2) = —ig ) TiAf(2), Bu(z) = —ig'Bu(2), (8)
k=1

which take their values in the Lie algebras su(2) and u(1), respec-
tively.

From the viewpoint of electroweak interactions all known leptons
and quarks are divided on three generations. Next two lepton and
quark generations are introduced in a similar way to (4) and (5). Full
lepton and quark Lagrangians are obtained by the summation over all
generations. In what follows we shall regarded only first generations
of leptons and quarks.
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3. Modified Model

We consider a model where the contracted gauge group SU(2;j) x
U(1) acts in the boson, lepton and quark sectors. The contracted
group SU(2;j) is obtained [5] by the consistent rescaling of the fun-
damental representation of SU(2) and the space C»

= (5)-( 5 #) (%) -0

detu(j) = |af” + 1B =1, u(j)u’(j) =1 (9)

in such a way that the hermitian form
212(5) = 72|z * + |22 (10)

remains invariant, when contraction parameter tends to zero 57 — 0
or is equal to the nilpotent unit § = ¢, 12> = 0. The actions of the
unitary group U(1) and the electromagnetic subgroup U(1)c, in the
fibered space Cy(t) with the base {22} and the fiber {z;} are given
by the same matrices as on the space Cs.

The space C»(j) of the fundamental representation of SU(2; )
group can be obtained from C; by substituting z; by jz;. Sub-
stitution z; — jz; induces another ones for Lie algebra generators
T, — jT1, To — jT2, Ts — T3. As far as the gauge fields take their
values in Lie algebra, we can substitute the gauge fields instead of
transforming the generators, namely:

1 41 2 : 42 3 3
A, —jA,, A, — A, A, — A, B,— B, (11)

For the gauge fields (7) these substitutions are as follows:
WE = W5, Z,— Zu, Ay — Ay (12)

The fields L; = ( :ﬁ ) , Q= ( Z; > are SU(2)-doublets, so their

components are transformed in the similar way as components of the
vector z, namely:

v, — jl/l, e — ey, u; — jul, dl — dl. (13)
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The right lepton and quark fields are SU(2)-singlets and therefore
are not transformed.
After transformations (12), (13) and spontaneous symmetry break-

0
ing with ¢v%¢ = ( v ) the boson Lagrangian (2),(3) can be repre-

S

sented in the form
Lp(j) = LY () + LgH(j) =

1 1 1 1
=5 (auX)2 - 5miX2 - ZZW’ZHV + EmzzZuZu - Z]:MV]:MV_'_

. 1 _ _ int/ -
wt { W i b T, aa)

where as usual second order terms describe the boson particles con-
tent of the model and higher order terms L%} are regarded as their in-
teractions. So Lagrangian (14) include charded W-bosons with iden-

tical mass mwy = %gv, massless photon A,, neutral Z-boson with
the mass mz = $1/¢% + ¢'2 and Higgs boson x, m, = V2Xv. The
lepton Lagrangian (4) in terms of electron and neutrino fields takes
the form

Li(5) = e;rii'uauel + eiiruauer — me(e;[el + e;rer)+

cos 20
Za)Twe;r%uZuel —eel 7, A e — g cosByelT, Ae,+
w

+¢'sinOyelr,Z e, + 5° {u;mam + v 7, 2+
w

_9
2cosf

+ 9 [y)%uwjel +e;r%uW;yl}} =Lpy+j2Lry.  (15)

V2

The quark Lagrangian (5) in terms of u- and d-quarks fields can be
written as

Lo(j) = d'i7,0,d + dlit,8,d, — mq(did + d'd,)—

g
cos 0,

1 2
(5 ~ 5 sin’ 0w> d'7,7,d— ng%MAHd—
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1 1
—gg' cos Oy diT,Aud, + gg' sin0,dl1,Z,d,—

+35° {uTiﬁLB,Lu +ulit,0uy — my (ulu + ulu,)+

g 1 2 _ 2e _
cos 6y, (5 3 sin’ 0w> u e+ §UTT"AMU+

9
+_
V2

2
(W7 W d+d 7, W, u] + gg' cos Oy ul T, A, u,—

2
—gg' sinOwUITMZMur} = Loy +3°Lq,s, (16)

where m, = hv/v/2 and m, = hyv/v?2, mq = hqv/y/2 represents
electron and quark masses.
The full Lagrangian of the modified model is the sum

L(j) = Lp(5) + Lo(j) + Lz(j) = Ly + j*Ly. (17)

The boson Lagrangian Lg(j) was discussed in [6], where it was shown
that masses of all particles of the Electroweak Model remain the same
under contraction j2> — 0. In this limit the contribution j2L; of
neutrino, W-boson and u-quark fields as well as their interactions
with other fields to the Lagrangian (17) will be vanishingly small in
comparison with contribution L, of electron, d-quark and remaining
boson fields. So Lagrangian (17) describes very rare interaction neu-
trino fields with the matter for low energies. On the other hand,
contribution of the neutrino part j2Ly to the full Lagrangian is risen
when the parameter j2 is increased, that again corresponds to the
experimental facts. The dependence of j on neutrino energy can be
obtained from the experimental dates.

In the mathematical language the fields space of the standard
electroweak model is fibered after the contraction in such a way that
neutrino, W-boson and u-quark fields are in the fiber, whereas all
other fields are in the base. In order to avoid terminological misun-
derstanding let us stress that we regard locally trivial fibering, which
is defined by the projection in the field space. This fibering is un-
derstood in the context of semi-Riemannian geometry [7,8] and has
nothing to do with the principal fiber bundle. The simple and best
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Fig. 2: Neutrino elastic scattering on quarks.

known example of such fiber space is the nonrelativistic space-time
with one a dimensional base, which is interpreted as time, and a
three dimensional fiber, which is interpreted as proper space. It is
well known, that in nonrelativistic physics the time is absolute and
does not depend on the space coordinates, while the space proper-
ties can be changed in time. The space-time of the special relativity
is transformed to the nonrelativistic space-time when dimensionfull
contraction parameter — velocity of light ¢ — tends to the infinity
and dimensionless parameter 7 — 0.

4. Rarely Neutrino-Matter Interactions

To establish the physical meaning of the contraction parameter we
consider neutrino elastic scattering on electron and quarks. The cor-
responding diagrams for the neutral and charged currents interactions
are represented in Fig. 1 and Fig. 2.

Under substitutions (12),(13) both vertex of diagram in Fig. 1,a)
are multiplied by j2, as it follows from lepton Lagrangian (15). The
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propagator of virtual fields W according to boson Lagrangian (14) is
multiplied by 2. Indeed, propagator is inverse operator to operator
of free field, but the later for W-fields is multiplied by 52.

So in total the probability amplitude for charged weak current
interactions is transformed as My — j2Myy. For diagram in Fig.
1,b) only one vertex is multiplied by j2, whereas second vertex and
propagator of Z virtual field do not changed, so the corresponding
amplitude for neutral weak current interactions is transformed in a
similar way Mz — j2Myz. A cross-section is proportionate to an
squared amplitude, so neutrino-electron scattering cross-section is
proportionate to j*. For low energies s < m}, this cross-section
is as follows [3]

m

g* 7
Opve = G%‘Sf(é‘) = f(g)a (18)

where G = 107°-L; = 1,17-107° GeV~2 is Fermi constant, s

is squared energy in c.m. system, £ = sinf,, f(§) = f(£)/32 is
function of Weinberg angle. On the other hand, taking into account
that contraction parameter is dimensionless, we can write down

ove = joo = (Grs)(Gr f(£)) (19)
and obtain

§%(s) = VGrs ~ fn—\f (20)

Neutrino elastic scattering on quarks due to neutral and charged
currents are pictured in Fig. 2. Cross-sections for neutrino-quarks
scattering are obtained in a similar way as for the lepton case and
are as follows [3]

o) =Gisf(€), of =Gish(¢). (21)

Nucleons are some composite construction of quarks, therefore some
form-factors are appeared in the expressions for neutrino-nucleons
scattering cross-sections. The final expression

Tun = GpsF(£) (22)

coincide with (18), i.e. this cross-section is transformed as (19) with
the contraction parameter (20). At low energies scattering inter-
actions make the leading contribution to the total neutrino-matter
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cross-section, therefore it has the same properties (19),(20) with re-
spect to contraction of the gauge group.

5. Conclusion

We have suggested the modification of the standard Electroweak
Model by the contraction of its gauge group. At the level of clas-
sical (non-quantum) gauge fields the very weak neutrino-matter in-
teractions especially at low energies can be explained by this model.
The zero tending contraction parameter depend on neutrino energy
in accordance with the energy dependence of the neutrino-matter in-
teraction cross-section.

The limit transition ¢ — oo in special relativity was resulted in
the notion of group contraction [1]. In our model on the contrary the
notion of group contraction is used to explain the fundamental limit
process of nature.
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Abstract

Recent data on elastic proton-proton scattering measured by the TOTEM
Collaboration at the LHC are scrutinized with special emphasis on the dip-
bump structure in the differential cross section.

First results on elastic proton-proton scattering from the LHC at
7 TeV appeared recently [1]. The data on the differential cross sec-
tions cover the range 0.36 < —t < 2.5 GeVZ2. In the measured range
a single minimum at —t = 0.53 GeV? is clearly seen and no more
dips are observed at larger |¢t| (no recurrences). None of the exist-
ing models of elastic scattering succeeded to predict the value of the
differential cross section in the dip region: they are off by a factor
from 2 to 4, as seen in Fig. 4 of the TOTEM paper [1]. While the de-
parture of the predictions for total cross section differ from the new
data [2] only quantitatively, typically by about (10-20)%, the dip
(or dips), that can be created in many ways, deviate from the data
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Fig. 1: pp elastic differential cross section as measured recently by the TOTEM
Collaboration [1] at the LHC. Our predictions are shown in orange

qualitatively, as seen from Fig. 4 of Ref. [1]. Thus, the dip-bump
phenomenon is critical in understanding the dynamics of diffraction.

The existing models (for a recent review see, e.g. [3]) largely can
be classified by the following criteria (implying also “mixed options”):

1. Models with or without the Odderon (apart from the Pomeron)
making pp and pp scattering different!);

2. The dip is created at the “Born” level, e.g. by geometrical
consideration (sharp edge of a “black disc”-like profile function or a
“hole” in its center — a “ring” replacing the “disc”);

3. The diffractive pattern arises from unitarity correction to the
otherwise smooth cone in ¢: e.g. in the Glauber-Sitenko approach to
rescattering.

1The contribution from secondary Reggeons at the LHC can be neglected,
see [5].
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The experimental data on proton-proton elastic and inelastic scat-
tering emerging from the measurements at the LHC, call for an ef-
ficient model to fit the data and identify their diffractive (Pomeron)
component [3]. To this end, there is a need for a reasonably simple
and feasible model of the scattering amplitude, yet satisfying the basic
theoretical requirements such as analyticity, crossing and unitarity.
In our opinion, the expected (dip-bump) structure in the differential
cross section is most critical in discriminating models of high-energy
diffraction, although other observables, such as the rate of the in-
crease of the total cross sections, the ratio of the elastic to total cross
section, details concerning the shape of the elastic cross section, such
as its “break” at small |¢| and flattening at large |¢| are important as
well.

In the present paper, rather than sticking to a particular model,
we perform an “anatomic” analysis of the dip phenomena by means
of a most general expression for the differential cross section sug-
gested by Phillips and Barger (PB) [4] in analyzing the ISR data on
pp scattering, where the dip phenomenon was first observed in 1972.
The approach of PB is the simplest universal way of modeling the
phenomena: independent of the dynamics, the dip (diffraction min-
imum) arises from the interference of two (linear) exponentials in ¢
with a relative phase ¢:

‘2—‘: = |V Aexp(Bt/2) + VC exp(Dt/2 + i¢)|?, (1)
where VA, B, v/C, D and ¢ were determined independently at each
energy, i.e. energy dependence enters here parametrically.

We use this formula to fit the pp elastic scattering data from the
ISR energy region up to 7 TeV at the LHC. The PB formula fits
the data reasonably, as shown in Fig. 2. The observed behavior of
the extracted parameters v/A, B, v/C, D may suggest simple Regge-
type energy dependence, namely: the Donnachie-Landshoff [6] type
parametrization for the rise of the cross sections with energy, v A —
VA(s) = v/A1s and similarly vC — /C(s) = +/C15°, next B —
B(s) = By + By lns and D — D(s) = Do + D; In s, where s implies
a dimensionless s/1000 GeV2. In doing so a constant term can be
added in (1), although its presence/importance may be a matter of
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Fig. 2: Results of a fits to pp data with the PB parametrization

debate [6]. In Fig. 3 the extracted parameters are compared to these
simple parametrizations.

We proceed further by inserting the assumed energy dependence
of the parameters directly into Eq. (1) and fitting the free parameters
to the data. The results of this approach are shown in Fig. 4, and in
Table 1.

To summarize, we have “translated” the experimental data on
elastic pp scattering from the ISR to the LHC from the ¢-dependent
differential cross section, for fixed values of s, into a limited num-

T able 1: Parameters obtained from the fit to the pp data

Parameter name | Value
VA 2.2 101
Bo 1.4
B: 3.010°1
Ve 7.0 103
Dy 9.8
D, 4.6 10—1
€1 1.4
€2 1.1
¢ 3.5
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ber of s-dependent parameters appearing in Eq. (1). Since this
parametrization is simple and universal, the above results can be
used in further modifications/generalizations, e.g. those of Regge-
pole type, like those of Refs. [5] or [7]. Notice that the predictions
of Ref. [7] are confirmed by the recent LHC data both on elastic
differential and total cross sections. It should be also remembered
that model-building is only a transitory, albeit important, stage in
the study of the strong interaction. More ambitious are attempts to
understand the phenomena by means of a physical picture, such as
that of Ref. [8] based on (re)scattering of the constituents - quarks
and gluons.
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NON-COMMUTATIVE MODEL
OF QUARK INTERACTIONS

V.V. Khruschov
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Abstract

A non-commutative model of quark interactions with the generalized O(2,6)
symmetry in quantum phase space is considered. The model is based on
the Snyder-Yang algebra, which includes in the relativistically invariant way
two parameters p. and A. with dimensionality of mass and length. The
equations of motion obtained in the framework of the model contain the
rising potentials which provide the confinement of color particles. The values
of the parameters u. and A, as well as the masses of constituent and current
quarks are estimated.

1. Introduction

Now it is generally accepted that QCD is the theory of strong interac-
tion of quarks and gluons. As is known QCD operates with quantum
color fields of quarks and gluons defined in the conventional four di-
mensional Minkowski spacetime M; 3 [1,2]. QCD has considerable
verification at high interaction energies, however some problems re-
main unsolved in the low energy region, such as a confinement of
color particles and a violation of chiral invariance of the massless
QCD lagrangian.

An origin of confinement, the interesting physical phenomenon,
is under active study from the begining of the QCD era [3]. Today
we have no rigorous proof of this fact in spite of considerable efforts.
Color particle confinement is investigated in the frame of different
approaches, for instance, such as the lattice QCD, the Schwinger-
Dyson equations, massive transverse gluons, potential models, etc
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[4-7]. In the present paper we consider a non-commutative model
of quark interactions, that has the ability to solve the problem of
color particle confinement. This model is based on the Snyder-Yang
algebra (SYA) [8,9] for operators which have the meaning of angular
momenta and generalized momenta and coordinates of color particle.

The SYA is dependent on two new fundamental constants with
dimensionality of mass and length, which are responsible for non-
commutativity of momenta and coordinates. The maximal non-com-
mutativity of momenta and coordinates is accomplished in the frame
of the generalized Snyder-Yang algebra (GSYA) with three new con-
stants with dimensionality of mass, action and length, additional
to the standard ones ¢ and £ [10]. In the construction of non-
commutative model of quark interactions, it is convenient to use an
additional prerequisite, namely, the O(2,6) invariance in a phase space
of a color particle, which have been proposed in Ref. [11].

2. Restrictions for Color Particle Motion Based on
Extended Symmetry in Quantum Phase Space

Since we assume that coordinates and momentum components of a
quantum color particle can be non-commutative in the general case,
let us start with GSYA to be considered in the following form [8-11]:

(Fij, Fri] = i(gjx Fa — 9ixFj1 + 9uFjr — 951 Fix),

[Fij, pe] = i(9jxPi — 9irDj),

[Fij, qx] = i(gindi — 9ir5),

[Fij, 11 =0, [pi, q;] = t(gi; ] + KFij),

[pi, I = i(W’qi — kpi), @i, I] = i(kgi — XNpi),

[pi,pj] = b’ Fyj,  lai,q5] = iN*Fy, (1)

where ¢ = h = 1, F};, p;, =; are the generators of the Lorentz group
and the operators of momentum components and coordinates, corre-
spondingly, I is the “identity” operator, ¢, j,k,1 = 0,1,2,3. The new
quantum constants g and A have dimensionality of mass and length
correspondingly. The constant « is dimensionless in the natural sys-
tem of units.
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When applying the algebra (1) to the description of color particles
the condition k = 0 can be imposed. Actually it is known the nonzero
k leads to the C'P—violation [10], however strong interactions are
invariant with respect to the P-, C- and T-transformations on the
high level of precision, so x = 0. In this case we obtain the reduction
of GSYA to SYA with k = 0 for strong interaction color particles.
Denoting p as p. and A as A, we write the following commutation
relations without the standard commutation relations with Lorentz
group generators, which are shown above (see Egs.(1)).

[0, aj] = iA2Fy5,  [piypj] = ipaFyj. (2)

We take into account difficulties arisen when one try to prove
the confinement on the basis of only the QCD first principles, so we
suppose that the nonperturbative OCD interaction have the property
of an approximated or exact extended spacetime symmetry beyond
the Poincare symmetry. In our model we turn from the Poincare
symmetry in the Minkowski spacetime to the inhomogeneous O(2,6)
symmetry in a phase space of a color particle [11].

In this way we consider the generalized model for a color particle
motion, when coordinates and momenta are on equal terms and form
an eight dimensional phase space: h ={h%|h? = ¢*, A = 1,2,3,4,
p=0,1,2,3 h4 =7p* A=5,6,7,8 u=0,1,2,3}. P={P4|PA =
piu’A: 172’374’1“":0’172’37 PA :Uq‘L?A = 5’677’87l“":
0,1,2,3}. The constants 7 and o have dimensions of length and
mass square, correspondingly. Their values can be chosen on the
phenomenological ground or with the help of some functions of the
quantum constants u, £ and A. So the generalized length square

L% = hthy, (3)
and the generalized mass square
M? = PAP,, (4)

are invariant under the O(2,6) transformations, where h4 = gaph®,
gap = g*B = diag{1,-1,-1,-1,1,-1, -1, —1}.
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Thus we propose that for strong interacting color particles the
generalized differential mass squared has the physical meaning:

dM? = (dpo)® — (dp1)® — (dp2)” — (dps)*+

+0’2(qu)2 — 0,2(dq1)2 — 0'2(dQ2)2 — 0'2(dQ3)2 =
= (dm)* + o?(ds)®. (5)

An important point is that the coordinates ¢* and the momentum
components p# are the quantum operators satisfied Egs.(1) or Egs.(2)
in the frame of this approach.

Under these conditions the new Dirac type equation for a spinorial
field ¢ has the following form:

YAP4 = My, (6)

where y4 are the Clifford numbers for the spinorial O(2,6) represen-
tation, i.e.
YAy 4By = 2448, (7)
One can take the product of eq.(6) with yAP4 + M and apply
egs.(1), then the following equation for ¢ can be obtained
(pipi + 0'2qiqi + 2Ei<jsijFij+
+208°1)9p = M%), S° = %CO,S” - %cif, (8)
where
C° =v""go0 + ¥’ 911 +¥*7" g22 + ¥ gss,

COI — 7172/1’2 4 75,‘/60,2)\2 + (,‘/176 _ 72,‘/5)0.,4/,

C”? =1 +°7"? X + (79" — v*4%) o,
CO3 — 7174N2 + 75780_2)\2 + (7178 _ 7475)07?/,
Cl2 — 7273N2 + 76770,2)\2 + (7277 _ 7376)07?/,
013 — 7274”12 4 76780,2)\2 + (,‘/278 _ 74,‘/6)0,,41,
C% =’y + 970"\ + (vP1° — vy on. (9)

Eq.(8) contains the oscillator potential, which restricts a motion
of a color quark. Besides that we broke the inhomogeneous O(2,6)
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symmetry with the help of the commutation relations (1). In the
special case k = 0 and the commutation relations (2) for SYA we will
obtain more simple expressions for the C° and C'*/, but the form of
the Eq.(8) will remain unchanged.

Eq.(8) can also be applied for a description of a confinement of
boson particles such as diquarks and gluons with the same confine-
ment parameter o. Moreover, in order to include interactions of
quark with gluons, photons, W*- and Z-bosons, one can use a gen-
eralized minimum interaction principle and makes the substitution:
P—P-Y ng“ where g; are interaction constants and A ;are matrix
gauge fields.

3. Estimations of Quark Masses and the p. and A,
Constants

Let us consider some consequences of this approach for determina-
tion of color quark characteristics. From the relations (2) it immedi-
ately follows nonzero uncertainties for results of simultaneous mea-
surements of quark momentum components. For instance, let 9y /5 is
a quark state with a definite value of its spin component along the
third axis. Consequently,

[p1,p2] = il‘i/2a (10)
thus
ApiApy > pZ /4 (11)
and if Ap; ~ Aps, one gets
Apr > pe/2, Apz > pc/2. (12)

We see that the components of the generalized quark momentum
pi1,2 cannot be measured better than one-half a value of p. [11].

One can get estimations of the u. and A, values using the quark
equation (8). As it is seen, m? and p? entered into Eq.(8) can be
considered as current (q) and constituent (Q) quark masses squared,
respectively. So Eq. (8) indicates that the conventional relation for a
current quark pZ . = m? in this case should be transform to

pPP=k2+M> M=m+A (13)
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for a constituent quark, where M is a constituent mass, k, is an effec-
tive value of the quark momentum. A and k, take into account the
contributions from the additional terms of Eq. (8). To estimate the p.
and A, values with the help of the constituent quark mass M and the
current quark mass m, a ground state iy in a meson has been con-
sidered neglecting an orbital angular momentum contribution L.
We use the values of quark energies and its masses evaluated in the
framework of the relativistic model of quasi-independent quarks [12]
together with Egs. (13). By this means we obtain the following pa-
rameters of the constituent and current u-, d-, s-, ¢c-, b-quarks within
a few percents of the relative uncertainty for these values (Table 1).

T able 1: Parameters of Q- and q-quarks in MeV’s at k. = 130 MeV

Quark | u | d | s | c | b
Q energy 335 339 486 1608 4950
Q mass 309 313 468 1603 4948
g mass 5 9 164 1299 4644

The quark parameters written in the Table1 are not in contra-
diction with the values, which have been determined as in the frame-
works of various models, as in the QCD frameworks [13,14]. Notice
that the masses presented above are evaluated at the 130 MeV scale.
Now that we have obtained the quark parameters, the p. and A,
values are readily evaluated: p. ~ 180 MeV, A; ~ 0.36 Fm.

4. Conclusions

The convenience of the considered non-commutative model of quark
interactions with the generalized O(2,6) symmetry resides in its abil-
ity to include the dimensional parameters, namely p. and A., in the
relativistically invariant way and in an explicit form. This model is
able to describe a confining particle, since in the framework of the
model the equations of motion (7) and (8) contain the rising poten-
tials which provide the confinement of the particle.

It is interesting that p. value estimated above is approximately
equal to the critical temperature T, of the deconfinement phase tran-
sition. If it is not accidental, then an adequate description of the
quark-gluon plasma is impossible without incorporating the consid-
ered non-commutativity of dynamical observables of color particles.
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The further investigation of properties of the model is being carried
out at present.
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Abstract

The present flagship program of Joint Institute for Nuclear Research in Dubna
assumes the experimental study of hot and dense strongly interacting QCD
matter and polarization phenomena at the new home facility. This goal is
proposed to be reached by (i) development of the existing 6 AGeV supercon-
ducting synchrotron — Nuclotron as a basis for generation of intense beams
over atomic mass range from protons to gold and light polarized ions, (ii) de-
sign and construction of the Nuclotron-based Ion Collider fAcility (NICA)
with the maximum nucleon-nucleon center-of-mass energy of /syny = 11 GeV
and averaged luminosity 1027 cm~2s~! for Au+Au collisions, and (iii) design
and construction of the MultiPurpose Detector (MPD) and Spin Physics De-
tector (SPD) at intersecting beams. Realization of the project will lead to
unique conditions for research activity of the world community in the field of
relativistic nuclear and spin physics.

1. Introduction

The new Nuclotron-based Ion Collider fAcility (NICA) is under con-
struction at the Joint Institute for Nuclear Research (JINR) in Dubna
[1]. The research program of the planned experiments at this facility
is relevant to understanding the key astrophysical phenomena like
the evolution of the early Universe after the Big Bang, formation and
structure of neutron stars or the origin of cosmic rays, as well as —
to clarifying the physics of relativistic heavy ion collisions and spin
phenomena [2—4].

Investigation of hot and dense nuclear matter produced in rela-
tivistic heavy ion collisions is a challenging task in modern physics.
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It provides information on the in-medium properties of hadrons and
nuclear matter equation of state, allows for a search of possible man-
ifestations of the deconfinement and/or chiral symmetry restoration
phase transitions, mixed phase and critical end-point by scanning
various excitation functions in beam energy, atomic number and col-
lision centrality. A number of new phenomena has already been dis-
covered: strong stopping power of colliding nuclei, strong collective
flows of secondary particles pointing to a formation of a new form of
matter at top RHIC energies behaving like almost ideal and rapidly
expanding liquid, constituent quark number scaling of the elliptic
flow, a plateau in the apparent temperature at SPS energies and a
broadening of transverse momentum distributions at higher energies,
irregularities in the beam-energy behavior of the K/m ratio, dras-
tic enhancement of multistrange hyperon production, suppression of
J/v production at SPS energies, essential broadening of the vector
meson spectral functions, strong in-medium modification of produced
fast hadrons and jets pointing to jet quenching during propagation
through the excited nuclear matter, indications on the chiral mag-
netic effect from three-particle correlations and their disappearance
at \/synN < 20 GeV.

Different phases of strongly interacting matter are shown in the
phase diagram of Fig. 1. One may see that the heavy-ion experiments
at RHIC and LHC probe the region of high temperature and low net
baryon density where circumstantial evidence has been obtained for a
new kind of QCD matter, the strongly interacting quark-gluon plasma
(sQGP), existing above a critical temperature T, ~ 160 — 170 MeV
and behaving as an almost ideal liquid. In the other corner of the
phase diagram, at a high net baryon density, the matter is decon-
fined even at a low temperature and, as predicted, correlated quark-
antiquark pairs form a color superconductive phase. Such phase may
be created in the interior of neutron stars. A fascinating peculiarity
is offered in an intermediate region of the phase diagram, where the
critical end-point is expected to be located and the phase transition
of the excited nuclear matter becomes of the 1st order. The position
of the critical end-point is strongly model dependent, the predictions
lying in the region of temperature T ~ 160-170 MeV and baryon
chemical potential ug ~ 200-700 MeV. The comprehension of this
part of the phase diagram is far from being complete due to the
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lack of sufficiently accurate data in the corresponding energy domain
V5NN < 10 GeV. Particularly, the absence of fluctuation and femto-
scopic signals of the critical end-point and the onset of deconfinement
is likely [4,5] due to expected dramatic decrease of the partonic phase
in this energy range [6]. The search for these phenomena can thus be
successful only in dedicated high statistics and precise experiments.

As a response to this quest, GSI declared construction of a big
accelerator complex FAIR with the extracted heavy-ion beams at
Ejap, = 4-35 AGeV, /syn = 3-8 GeV; the first stage SIS-100 (Epap <
11 AGeV) to be available in 2019 and the second one SIS-300 — after
2020. At the BNL-RHIC, the pilot experiments have already been
performed at the collider energies reduced from ,/syny = 200 GeV
to 7.7, 11.5, 19.6 and 39 GeV despite the loss in the luminosity by
2-3 orders in magnitude at the lowest energies; the low energy scan
program at RHIC will continue in 2012 by taking the data at the
energy /syy = 27 GeV.

The NICA energy range /syy = 4-11 GeV is very much lower
than those of the RHIC and the LHC, and partly overlaps with the
lowest energies available in the RHIC energy scan and the energies
of the fixed-target experiments at SPS and FAIR. It sits right on
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top of the region where the net baryon density is expected to be the
highest achievable in terrestrial experiments. In this energy range,
the excited nuclear matter occupies the maximum space-time volume
in the mixed quark-hadron phase (similar to that of the water-vapor
coexistence phase).

Besides the heavy ion beams, the NICA will also provide the po-
larized proton and deuteron beams up to the c.m.s. energy of 27 GeV
for pp collisions with the luminosity higher than 103° cm—2s~!. The
high intensity and high polarization (> 50%) will provide a unique
possibility for spin physics research, which is of crucial importance
for the solution of the nucleon spin problem (“spin puzzle”) — one
of the main tasks of the modern hadron physics. Particularly, a
study of the Matveev-Muradyan-Tavkhelidze-Drell-Yan (MMT-DY)
processes, not requiring the input from the poorly known fragmenta-
tion functions, can be done in the kinematic region not available in
other experiments.

2. NICA Layout

The NICA collider complex is shown on Fig. 2. The construction of
this facility is based on the existing buildings and infrastructure of the
Synchrophasotron/Nuclotron of the JINR Veksler-Baldin Laboratory
of High Energy Physics. The accelerator chain includes heavy-ion
and polarized particle sources (KRION-6T and SPP), RFQ injector,
heavy- and light-ion linacs (HILac and LU-20), booster ring, Nu-
clotron and superconducting collider rings. The peak design kinetic
energy of gold ions in the collider is 4.5 AGeV. Beam cooling and
bunching systems are foreseen to achieve the average luminosity of
102" em~2 s~ ! in the Au+Au collisions. The project design presumes
the continuation of some of the fixed-target experiments, including
those with polarized beams from the Nuclotron. The concept of the
NICA project was first presented and discussed at the round table
discussion in October 2006, the present project status is available in
the Conceptual Design Report [2] and the Technical Design Report
is close to its completion. Two interaction points are foreseen at the
NICA collider, thus providing a possibility for two detectors to oper-
ate simultaneously. The MultiPurpose Detector (MPD) is optimized



THE PROJECT NICA 323

Superconducting accelerator complex NICA
(Nuclotron based lon Collider fAcility)

Fixed target experiments Spin Physics
area (b.205) Detector (SPD)
Extracted beams from = Ty
Nuclotron \

HV

KRION-6T
and HiLac

(3.5 MeV/u) \ \

% \ == Booster (3-660 MeV/u) Multi-Purpose
LU-20 B Q\ inside Synchrophasotron Detector (MPD)
(S MeV/u) - g ﬂ Nuclotron yoke
0,6-4,5 GeV/u
Cryogenics

Fig. 2: Location of the NICA collider in the JINR accellerator complex area

for the study of properties of hot and dense nuclear matter produced
in heavy-ion collisions and the Spin Physics Detector (SPD) — for the
study of spin phenomena in the collisions of light polarized ions.

The NICA complex is aimed at the basic science research, yet
beams of particles intended for physics experiments may find another
applications. In particular, JINR has already accumulated essential
experience in conducting biomedical research and in performing can-
cer therapy. The proton and ion beams from the linacs, booster and
Nuclotron are well suited for applications and will greatly enhance
the JINR capability in many important areas of applied sciences,
radiation technology and medicine.

3. The Detectors: MPD and SPD

Due to the high complexity of the search for the critical end-point and
mixed phase in relativistic heavy ion collisions and large uncertainties
in the predicted signals, an accurate scanning of the considered phase
diagram domain in the collision energy, impact parameter and sys-
tem size is utterly needed. In this respect, it is important to provide
a uniform detector acceptance over the whole energy range of inter-
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est. The operation in the collider mode, as proposed in the NICA
project and in the low-energy RHIC program (however, with the lu-
minosity by several orders of magnitude lower than planned in the
NICA project), naturally satisfies this demand and has an advantage
as compared with the fixed-target mode (SPS, FAIR).

The MPD setup [2] is designed to explore the phase diagram of
strongly interacting matter produced in heavy-ion collisions at NICA.
It has to cover a large phase space, be functional at high interaction
rates and comprise high efficiency and excellent particle identification
capabilities in a high track multiplicity environment and allow for a
controlled selection of the event centralities. The MPD detector con-
cept matching these requirements comprises the central detector and
two optional forward spectrometers, the latter covering the pseudo-
rapidity region 2 < || < 3.

The central detector consists of a barrel part and two end-cap
trackers located inside the magnetic field. The latter are aimed for
precise tracking over pseudorapidity range 1.2 < || < 2. The bar-
rel part covers the pseudorapidity region of |n| < 1.2. It consists of a
tracker and particle identification system. The principal tracker is the
time projection chamber (TPC) supplemented by the inner tracker
(IT) surrounding the interaction region. Both IT (silicon strip de-
tector as a baseline) and TPC have to provide precise track finding,
momentum determination, vertex reconstruction and pattern recog-
nition. The energy loss (dE/dz) measurements in the TPC gas will
provide an additional capability for particle identification in low mo-
mentum region. The high performance time-of-flight (TOF) system
must be able to identify charged hadrons and nuclear clusters in the
broad rapidity range and up to total momentum of 2 GeV /c. The fast
forward detectors will provide the TOF system with the start signal.
In addition, the electromagnetic calorimeter will identify electrons,
photons and measure their energy with high precision. Its high gran-
ularity together with excellent energy resolution and good timing
performances will enhance the overall efficiency and particle identi-
fication capabilities of the MPD detector. Particles emitted in very
forward /backward directions will be detected by fast forward detec-
tors, beam-beam counters and zero degree calorimeters. They will be
used for trigger definition, centrality determination and reconstruc-
tion of the position of the interaction point.
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The following measurements will be done in the first stage: mul-
tiplicity and spectral characteristics of identified hadrons probing en-
tropy production and system temperature at freeze-out; event-by-
event fluctuations in multiplicities of various particle species, mul-
tiplicity ratios, charges and particle transverse momenta as generic
properties of critical phenomena; collective flow effects, particle cor-
relations and femtoscopy with identified particles characterizing col-
lective phenomena and space-time evolution of the excited matter. In
the second stage, the electromagnetic probes (photons and dileptons)
will be measured.

The NICA facility will also give unique possibilities for spin physics.
For this, the SPD setup [3] at the second interaction point is designed
similar to the PAX setup at FAIR. It assumes nearly 47 acceptance,
minimal radiation length to provide an effective detection of lepton
pairs and a good angular resolution to allow for a measurement of
azimuthal spin asymmetries in a wide kinematic region. The basic
SPD parts are: a toroid magnet system with the integrated field
of ~0.4 T-m, inner tracker (Silicon or MicroMega), main tracker
(drift chambers or straw tubes), Cherenkov counter, electromagnetic
calorimeter, trigger counters and EndCap detectors. Also considered
is the possibility of so-called beam-dump muon detector.

The following measurements are assumed: MMT-DY and J/v
production processes with longitudinally and transversally polarized
proton and deuteron beams for the extraction of unknown or poorly
known parton distribution functions; spin effects in baryon, meson
and photon production; spin effects in various exclusive reactions
and diffractive processes; spin-dependent cross sections, helicity am-
plitudes and double spin asymmetries (Krisch effect) in elastic reac-
tions; spectroscopy of quarkonia; polarimetry.

4. Conclusions

The project of the Nuclotron-based Ion Collider fAcility, NICA, is be-
ing realized in JINR. It will make it possible to study very important
unsolved problems of the physics of strongly interacting matter and
spin phenomena. The design and organizational work on this project
started in 2006, and its realization assumes several stages: upgrade
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of the Nuclotron facility, preparation of the NICA technical design
report, start of the prototyping of the NICA, MPD and SPD ele-
ments (2007-2012); design, construction and assembling (2012-2016);
commissioning (2017). Worldwide cooperation is anticipated at all
stages of the project as well as — in the elaboration of the scientific
program.
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Abstract

The theory unifying the spin, charges and families predicts the number of
families and their properties, explains the origin of the scalar and vector gauge
fields and their properties, manifesting at low energies effectively the Higgs,
Yukawa coupling and known gauge fields, respectively. The theory predicts
that the fourth family could possibly be observed at the LHC, while the stable
fifth family baryons might constitute the dark matter. It also predicts that
searching for scalar fields will show up the differences between the Higgs and
the scalar fields.

1. Introduction

The standard model of the electroweak and colour interaction, built on
several assumptions for which we have no explanation yet, offered an
elegant new step in understanding the origin of fermions and bosons.
The next step models must, to propose relevant measurements, an-
swer at least the questions:

e What is the origin of the families? How many families do we
have?
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e What is the origin of the scalar field (the Higgs) and the Yukawa
couplings?

e Where does the dark matter originate?

There are also several other questions which need the urgent an-
swers, like: What is the origin of the known charges and correspond-
ingly of the gauge fields? Do all the charges originate in one charge?
Where does the dark energy originate? What is the origin of the
fermion-anti-fermion asymmetry? What is the dimension of space
time and the origin of its signature? What is the role of symmetries,
discrete, continuous, global and gauge? How do phase transitions de-
termine properties of elementary fields — fermions and bosons? What
is the origin of fields causing inflation? How can the vacuum energy of
the second quantized fields be explained in the cosmological model?
How can gravitational field be quantized? And others.

The authors of the standard model made the essential new step
beyond the hadron physics by assuming that i. there are the colour,
weak and hyper charges, ii. there are the family members, colour
and colourless, left and right handed which differ in the weak and
hyper charges, iii. and there is besides the vector gauge fields also
the scalar field and the Yukawa couplings.

A lot of advises what to measure and how to observe the next step
beyond the standard model are published. I don’t see that propos-
als, which just continue the standard model ideas, by enlarging the
number of families, or by explaining the appearance of families by
the SU(n) groups and the Yukawa couplings by the scalar dynamical
fields in the (bi-) fundamental representations of the SU(n) groups,
or even by treating some of family members — the right handed neu-
trinos — independently of the other members, can have a chance to
show the right way beyond the standard model.

That all the charges emerge from only one and might even unify
with the spin is the idea which Kaluza and Klein started almost
hundred years ago. For the unification of all the charges and corre-
spondingly of the gauge fields speaks, in addition to the elegance and
simplicity of such a theory, also that the scale of the colour phase tran-
sition (at which all the quarks would gain the same mass of ~ 300
MeV/c? if there would be no electroweak break) is connected with
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(or even triggered by) the electroweak phase transition, otherwise we
would have two completely independent measures for a meter.

The theory unifying the spin, charges and families (to be called
the spin-charge-family-theory) explains the appearance of families, of
the scalar and vector gauge fields and proposes the unification of spin
and charges. It predicts the number of families, their properties and
the properties of scalar and gauge fields. It predicts the fourth family
at the low energy regime and explains the dark matter as clusters of
the stable fifth family members.

2. Short Presentation of the
Spin-Charge-Family-Theory

A simple starting Lagrange density [1,2] for spinors in d > (1 + 3),
which carry two kinds of spin — the Dirac one (described by ~¢,
59 = £ (ya4 —4b4%)) and the additional one (described by 5%, with
the same Clifford algebra properties as v* and anti commuting with
y2, §ob = L (5°4* — 4°5%), there exists no third kind of the spin) —
no charges, and interact with only the gravitational field through the
vielbeins and the two kinds of the spin connection fields, the gauge
fields of S%° and S,

1 - 1
[’f = 5 (E¢ 'Yap0a¢) + h.c. y Poa = faaPOa + ﬁ {paaEfaa}fa
1 1~ ..
Poa = DPa— isabwaba - isabwabaa (1)

manifests (after particular breaks of the starting symmetry) in d =
(14 3) two groups of four massless families. The gravitational gauge
fields are assumed to appear in the action

s:/ ddechr/ d’z E (¢ R+ &R) (2)

through the vielbeins (f%,, f%, €%, = 6°) and the spin connection
fields of two kinds (wape = f¥ Waba and Dape = [ Waba) as fol-
lows: R = % fa[afﬁb] (Waba,ﬂ — Weaa wcbﬁ) aR = % fa{afﬁb] (a’aba,ﬁ -
Weaa@hp), with folofftl — faaghb _ fabgfa  These gauge fields
manifest in d = (1 + 3) as the gauge fields of the observed charges
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and as the scalar fields which contribute to the two successive breaks
(fI‘OIIl SO(l, 3) X SU(2)] X SU(Z)[[ X U(].)[[ X SU(3) into SO(]., 3) X
SU(2)rxU(1); x SU(3) and further to SO(1,3) xU(1) x SU(3)), and
determine, together with the gauge fields, the low energy properties
of fermions and bosons.

A short overview of properties of the two kinds of scalar dynamical
fields — one (the gauge fields of S%) distinguishing only among the
members (a,a € (u,d,v,e)) of a family, the other (the gauge fields
of §%%) only among the families — is made and the influence of scalar
fields on properties of the mass matrices of twice (decoupled) four
families and on the gauge fields presented. In the ref. [5] and the
references cited there more information cane be found.

To see that the action of Eq. (1) manifests after the breaks of
symmetries [2,5,6] all the known gauge fields, with the mass ma-
trices included, let us rewrite formally the action for a Weyl spinor
of (Eq.(1)) as follows

Ly = 97" (om— Y, 9*TM AN )Y +

A,i
{ Z 1/_)781703 1/)} +
s=7,8
the rest, (3)

where m = 0,1,2,3 and 74¢ = Za,b cAiyy §ob, {14 rBi} . =
i0AB fAilk Ak Tndex A enumerates charges and g is the coupling
constant to a particular gauge vector field AZ¢. Before the elec-
troweak break A = 1 stays for the weak charge, A = 2 for the hyper
charge and A = 3 for the colour charge. The first row of Eq.(3) man-
ifests the dynamical part, while the second row manifests the mass
term. In the mass term (3. _; ¥y°pos ¥), in which the summa-
tion runs only over s = 7,8, the operators v° transform quantum
numbers of the right handed members into those of the left handed
partners. To the mass matrix two kinds of spin connection fields
contribute pos = f7spos + ﬁ {pa' ) Efas}—a Do = Po — %Sabwaba’ -
18%@aps, and we have correspondingly also 747 = e cAiy, §ab
{,;;Ai, 7:Bj}7 _ Z'(SABfAijk,’:Ak‘

The scalar fields which originate in S%* and couple to only the
upper four families are responsible with their nonzero vacuum expec-
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tation values for mass matrices of the upper four families on the tree
level. The lower four families stay massless up to the electroweak
break, when the scalar fields which are orthogonal to the ones which
determine mass matrices of the upper four families, gain nonzero
vacuum expectation values. To the mass matrices of the lower four
families also the scalar fields originating in wgps contribute.

While the mass matrices of different members of a family on the
tree level are strongly correlated (u has the same off diagonal matrix
elements as v and d has the same off diagonal matrix elements as e ),
the so far evaluated one loop corrections [3] give a real hope that the
loop corrections to all orders take care of the great differences in the
properties of the family members for the lower four families. For neu-
trinos a Majorana like term appears, which might be to high extent
responsible for the smallness of masses of the lower three families.

The influence of the loop corrections on the upper four families
is expected to be much smaller than on the lower four families, since
the scalar fields originating in the “Dirac kind” of the spin connection
fields (wssrs» ), which distinguish among the family members (not
among families ?), gain nonzero vacuum expectation values at the
electroweak break, while the upper four families gain masses at for
several orders of magnitude higher scale2.

The upper group of four families (X = IT) do not couple to the
lower one (X = I). Correspondingly the mass matrices of each family
member (a € (u,d,v,e)) demonstrate twice four by four diagonal

matrices
o M II 0
M* = ( 0 MaI > . (4)

IThe scalar fields originating in the “Dirac kind” of spin v* manifest after the
electroweak break in terms e Q As + gl cosf1 Q' 79 4 g% cosf Y’ Agﬂ.

2The gauge scalar fields of 74% which distinguish among families, are

- = 2N e e 2 ~ o R = 2N
{[§%r Np AJ® + g7 V' AT + &2 (720 ATF 4 727 A7) + [[§Ve NL AJF +

39 ¢ A + 3—15 (71 ALT 4 71~ A17)]]}. The term within the parentheses | ]
couples to the upper four families, while the term within the parentheses [[ ]]
couples to the lower four families.

3Together with the upper four families also the vector gauge fields, which are
the superposition of A2, and A%, gain masses when SU(2)r; X U(1);; symmetry
breaks into U(1).
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Accordingly there are two stable families of quarks and leptons: The
first one (uy,d;,v1,e1) and the fifth family one (us,ds ,v5,e5). All
the fifth family members are expected to have quite comparable
masses due to the fact that the main dependence on the family mem-
bers quantum number appears at the electroweak break, as explained
above. It follows accordingly that the lightest baryon is very likely
the neutron (ns) 4.

3. Estimation of Families Properties

Rough analyses (without loop corrections included) of the properties
for the lower group of four families [2, 6] and for the fifth family
members [7] were done by taking into account the so far observed
properties of family members ® and the dark matter observations.
The prediction was made that the fourth family members can be
possibly observed at the LHC or at somewhat higher energies.

The analyses with the loop corrections taken into account are in
preparations [3] manifesting so far their strong dependence on family
member quantum number. This gives correspondently a real hope
that the loop correction will change the tree level mass matrices
(which have the off diagonal matrix elements of u equal to those of v
and equivalently for d and e) in agreement with the observations.

The spin-charge-family-theory predicts the masses of the stable
fifth family to be above the fourth family masses, let us say > 10
TeV, and pretty much below 10*® GeV, which is a possible scale of
the first of the two SU(2) x U(1) breaks.

Following [7] the history of the stable fifth family members in the
expanding universe from the time when they start to decouple from
the cosmic plasma, through the freezing out procedure and the colour
phase transition, up to the today’s matter, we show that the fifth fam-
ily members, the (colourless) baryons and anti-baryons and neutrinos
and anti-neutrinos ® are very likely the dark matter constituents.

4Properties of the fifth family members are under consideration [3,4].

5The calculations of the lower four families properties were done under the
assumption that loop corrections change the off diagonal matrix elements while
keeping approximately the symmetry of mass matrices.

6Neutrinos and antineutrinos are expected to annihilate during the electroweak
phase transition to the density which is in agreement with cosmological observa-
tions of the dark matter density.
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We calculated the present number density of baryons and anti-
baryons of the fifth family members (n., (T5)) as a function of the fifth
family members mass. Taking into account the estimation inaccuracy
the interval for the fifth family masses followed

10 TeV < msc® < 4 x 10 TeV. (5)

The estimated cross section for the fifth family neutrons (m(r.,)?):
108 fm? < 0., < 10~° fm® manifests that the cross section of the
fifth family “nuclear force” is at least 10~%x smaller than the cross
section of the first family nuclear force, explaining why is the dark
matter so inert.

We studied [7] also properties of the fifth family baryons and
anti-baryons and neutrinos and anti-neutrinos in direct measurements
done so far. My prediction is, after several discussions with the mem-
bers of most of the groups performing direct measurements, that if
DAMA /LIBRA measures our fifth family clusters, other direct mea-
surements will confirm their results.

4. Conclusions and Discussions

The spin-charge-family-theory [1,2,5,6] is offering the new way be-
yond the standard model by proposing the mechanism for generating
families of quarks and leptons and consequently predicting the num-
ber of families at low energies and the mass matrices for each of the
family member. It explains the origin of the standard model Higgs
and the Yukawa couplings. It explains the appearance of charges by
unifying all the charges and spin into only the spin and all the gauge
fields into only gravity manifesting as spin connections of two kinds
and vielbeins 7.

It predicts the fourth family to be possibly measured at the LHC
or at some higher energies and the fifth family which is, since it is

"Let us comment at this point the last OPERA results about the velocity of
neutrinos exceeding the light velocity. In the spin-charge-family-theory — which
unifies all the charges and the gauge fields and treats all the family members in an
equivalent way — the break of the electroweak symmetry would very hardly result
in different velocities of the photon and the neutrino, which would consequently
manifest in different Lorentz transformation properties.
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decoupled in the mixing matrices from the lower four families and it
is correspondingly stable, the candidate to form the dark matter [7].

There are two kinds of scalar fields, which interact with fermions —
through the Dirac spin and through the second kind of the Clifford
operators, which anti commutes with the Dirac one. The Dirac one
distinguishes among the family members, the second one among the
families. Beyond the tree level these two kinds of scalar fields and the
vector massive fields start to contribute coherently, leading hopefully
to the measured properties of the so far observed three families of
fermions and to the observed weak gauge fields.

These scalar dynamical fields have all the charges in the adjoint
representations of all the groups. Yet they manifest at low energies
effectively as the standard model Higgs and Yukawa couplings. It is
expected, however, that the differences will show up at least when
searching for these scalar fields.
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Abstract

A new formulation of electro-weak models applicable beyond perturbation
theory is reviewed.

1. Introduction

A discovery of a new symmetry usually allows to construct more
transparent formulation of the theory. Recent examples are given
by gauge theories. QED may be formulated in the Coulomb gauge,
however much more transparent formulation is presented by the quan-
tization in a manifestly covariant gauge, which is possible due to the
gauge invariance of the theory. Yang—Mills theory became really pop-
ular only after its formulation in the Lorentz covariant terms and ex-
plicit proof of its renormalizability which was possible because of the
gauge invariance. The gauge invariance of the Higgs model allows to
give a manifestly renormalizable theory describing a massive gauge
theory.
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In this talk I wish to make a propaganda for a new class of sym-
metries, which were introduced in my paper rather long ago [1], but
recently were applied successfully to the nonperturbative quantiza-
tion of non-Abelian gauge theories.

This formulation is based on the so-called equivalence theorems
for spectrum changing transformations. Equivalence theorems,which
states that two different Lagrangians related with each other by some
transformation of variables may give the same results for observable
quantities were known long ago. Usually they refer to the canonical
or point transformations:

o= + f(©). (1)

However one may consider also more general transformations, includ-
ing time derivatives of the fields:

an anll al _
+f( tnl,..a—‘j)zf(so). (2)

After such transformation the spectrum of the theory obviously is
changed. New excitations appear and one should worry about the
unitarity of the new scattering matrix.

To answer this question it is instructive to consider the path inte-
gral formulation of the theory. The scattering matrix is given by the
path integral

s = [ewli [ Lipysldu(es ,lim_o(@) = pouinle):  (3)

If the change (2) does not change the asymptotic conditions, then the
only effect of such transformation is the appearance of a nontrivial
Jacobian

L) - L&) = Liple)] + @ 355 (@

Here the ghost fields ¢, ¢ are anticommuting variables reminding the
Faddeev—Popov ghosts. If one postulates that the ghost fields satisfy
the vacuum boundary conditions, one may integrate out explicitly
all new excitations and return to the original theory. However it is
far from obvious that one can impose vacuum boundary conditions
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on the ghost fields, and the problem of physical unitarity requires
more careful study. In solving this problem helps a new symmetry
which possesses a transformed Lagrangian. The new Lagrangian is
invariant with respect to the supertransformations

6(/); = Cq€,
L
Sca=0; 07, = f% (). (5)

Here ¢ is a constant anticommuting parameter. On mass shell these
transformations are nilpotent and generate a conserved charge Q.
In this case there exists an invariant subspace of states annihilated
by @, which has a semidefinite norm [1]. For asymptotic space this
condition reduces to

Qo|¢)as = 0. (6)

The scattering matrix is unitary in the subspace which contains only
excitations of the original theory. However the theories described by
the L and the L are different, and only expectation values of the
gauge invariant operators coincide. In gauge theories the transition
from one gauge to another may be considered as such a change.

A very nontrivial generalization is obtained if one transforms the
L further shifting the fields ¢' by constants. It is not an allowed
change of variables in the path integral as it changes the asymptotic
of the fields. The unitarity of the “shifted” theory is not guaranteed
and a special proof (if possible) is needed.

Using this method one can construct a renormalizable formula-
tion of nonabelian gauge theories free of the Gribov ambiguity, and
therefore applicable beyond perturbation theory [2-5].

2. Gribov Ambiguity

In spite of numerous efforts a problem of unambiguos quantization of
nonabelian gauge theories beyond perturbation theory remains un-
solved. Even in classical theory the equation

D,F,, =0 (7)

does not determine the Cauchi problem. Gauge invariance results in
existence of many solutions of this equation. To define the classical



338 Part 1. PHENOMENOLOGY AND THEORY

Cauchi problem and subsequently to quantize the model one imposes
a gauge condition, e.g. Coulomb gauge 0;4; = 0.

Normally the two classes of gauge conditions are used: Differential
gauge conditions: L(A,, ) = 0 —, which include the derivatives of
the fields and are plagued as we shall show with Gribov ambiguity
[6]. The second class includes so called algebraic gauge conditions:
L(A,,9) = 0 — which do not involve derivatives of the fields and
for that reason are not manifestly Lorentz invariant. They also are
plagued with other problems, which will not be discussed here.

To understand better the problems arising when one uses differen-
tial gauges we consider in more details the Coulomb gauge 0;4; = 0.

This gauge selects a unique representative in the gauge equivalent
class, if the equation

A; = (A7), (8)
where ) is an element of the gauge group, parametrised by the func-
tions «, vanishing at spatial infinity, has only trivial solutions. For
infinitesimal « this equation looks as follows:

Aa® + ige®©d;(Ala’) = 0. (9)

This equation has nontrivial solutions decreasing at spatial infinity,
which means that the Coulomb gauge does not fix uniquely a repre-
sentative in the gauge equivalent class [6]. In the process of quan-
tization of the theory it leads to vanishing of the Faddeev—Popov
determinant at some large field and makes questionable the quanti-
zation procedure beyond perturbation theory. It is worth to mention
that in perturbation theory the equation (9) has only trivial solution,
and the Gribov ambiguity is absent. The similar result was obtained
by I. Singer [7] for arbitrary differential gauge condition.

A similar problem arises in the theory of electro-weak interactions,
described by the Weinberg—Salam model. The Lagrangian of the
Weinberg—Salam model looks as follows:

= ig 191
L=-1/4F; Fp, — 1/4G}, G}, +iLy*(9, + ETGAZ + 7B,L)LjL
_ ) 1
iR, (0 + i1 Bu) R + |0up + 57" Al + - Bupl*

~G{LPR+ R(p" D} + o= (0"9) = X(p"9)’,  (10)
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where
¢(z) = (p1(2),92(2)) = V2 (iBy + By, —iBs + V2p). (1)

In perturbation theory all the predictions of the model fit the exper-
iment very well. However there are certain questions to be answered.

1. Where is the Higgs meson?

2. Is the model valid beyond perturbation theory?

3. Is it possible to derive the Weinberg—Salam model from some
grand-unified model?

4. Quantization of the Weinberg—Salam model beyond the per-
turbation theory?

The problems we discuss are mainly related to the quantization
of the nonabelian gauge field. For that reason, to save the space we
shall consider the SU(2) Higgs—Kibble model.

3. Alternative Formulation of the SU (2)
Higgs—Kibble Model, Applicable
Beyond the Perturbation Theory

The SU(2) Higgs—Kibble model is usually described by the Lagrangian

L=-1/AF;,F}, + (Dup)* (Dup) = N ("0 — )% (12)
It is known that the stable minimum of the Higgs potential corre-
sponds to nonzero value of the field . So first of all we shift the
fields ¢ to the stable minimum, performing the transformation

o= (0, g—%) . (13)

After this shift the vector field acquires the mass, the mass of the
Higgs particle becomes real, and three unphysical Goldstone bosons
arise. Simultaneously the field ¢ also becomes a gauge field as under
the gauge transformation it is shifted by an arbitrary function. The
shifted theory remains gauge invariant, but the form of the gauge
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transformations changes. For the fields ¢, A4, these transformations
look as follows

JAZ =0,n" + gsabcAZ ‘,

6¢a — N\/Ena + ggabcgabnc + go,,r’a. (14)
Using the gauge freedom one can impose on the fields a gauge condi-
tion. One possibility is given by the so called unitary gauge: ¢* = 0.
In this gauge only physical exitations are present. They include three
components of the massive vector field A,, and one neutral scalar
meson (Higgs meson). The unitarity of the model is obvious, but
unfortunately in this gauge the theory is not explicitly renormaliz-
able, as the propagator of the vector field do not decrease at infinite
momenta.

To construct a manifestly renormalizable formulation one can us-
ing the gauge invariance of the model pass to some differential gauge,
for example the Lorentz gauge 0,4, = 0. In this gauge the theory
is manifestly renormalizable, but the spectrum includes a number of
unphysical exitations. To prove the unitarity of the theory in the
physical sector one can pass back to the unitary gauge. However
the Lorentz gauge as any other differential gauge is plagued with the
Gribov ambiguity, which makes such a transition possible only in the
framework of perturbation theory.

To avoid this difficulty we propose an alternative formulation of
the Higgs—Kibble model. We start with the gauge invariant La-
grangian

1 " _ —\x
L= _ZFSVF;V + (Dup™) (Dup™) + (Dup™ ) (D™ )+

+H(Dup)" (D) =22 (¢ p—p?)*~[(Dpub)* (Dye) +(Dpue) " (Dyb)]. (15)
Here the field ¢ is the complex doublet describing the Higgs meson,
and the fields ¢* are new auxiliary fields. The fields b,e have a

similar structure, but correspond to the anticommuting fields.
We shift both the Higgs field and the field ¢ ~:

= @ +m, (16)

T =T+, (17)
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where m and f are the coordinate-independent condensates

=(0,m/g); fr=(0,u/g) (18)

The shift of the Higgs field generates the mass term for the vector
field, and the new Lagrangian looks as follows

L= zllFﬁuF;V (Du‘P+)*(Du90_) + (DuSD_)*(Du90+)_
—[(Due™®)* (D) + (D) * D™ ]—
—[(Dub)*(Due) + (Due)*(Dub)] + (D)™ (Dup)— (19)
—[(Due)* (Duit) + (Duft)* (Dup)l+
+(Duit)* (D) = XN[(0 — )" (0 — ) — 1
After the shift both the fields ¢ and ¢_ become the gauge fields.
Under the gauge transformations they transform as follows:

2]2.

abc b

dp? = mn® +2 p’n° +2s0 n*,
a C C g a
8¢ = pn® + 2 Se e’ + St (20)
A gauge condition may be imposed on the fields A}, %, % We
choose the gauge ¢* = 0. This is an algebraic gauge, which is mani-

festly Lorentz invariant and, as we shall see, renormalizable.
However this gauge still produce an ambiguity

a a a a g a
PL =0, (p2)"=0; (p2)* =%+ (m+ Jel)n" (21)

For large ©° there is an ambiguity.
This ambiguity may be eliminated by a simple change of variables
in the classical Lagrangian:

2 -
o° = —m(exp{g—h} - 1); = Mp*,

e=M"'¢; b= Mb, (22)
where "
_ g o _ g }
M=1+— = =5, 2
+ 5 P exp o (23)
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At the surface p? = 0, the equation ()® = 0 implies n* = 0.

The divergency index of a diagram with L external lines of the
field ®:

n:4—2L¢3_—2L¢1—LA—L6—Lb—Lh—L¢a—LLPO. (24)

All the diagrams with more than four external lines are convergent.
The model is explicitly renormalizable!

4. Physical Unitarity

The model includes many unphysical (ghost) fields: ¢, (a =0, 1,2, 3),
h, ¢*(B*) (a = 1,2, 3), e%, b*, A%. The unitarity in the physical sub-
space, including only A%, ¢°(c) should be proven.

The Lagrangian L was invariant with respect to the supersymme-

try transformaions:

69011 = _ba7

690(1 = _boa

de? = ¢,

de =,

6b =0,

dps =0,

a=0,1,2,3. (25)

This invariance induces the corresponding symmetry transformations
of the variables ¢¢, h, €, I;, which leave invariant the Lagrangian L.
The asymptotic theory is invariant with respect to the supersymme-
try transformations

5¢% =0; SAL =m 9,b% Sh=—-b"% Sp* =0. (26)

This invariance provides the conservation of the charge 2, and unitar-
ity of the scattering matrix in the subspace of the states annihilated
by Qo: Qo|¢¥)es =0

Together with the gauge invariance it guarantees the unitarity of
the S-matrix in the space including only physical states A%, 0.
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5. Conclusion

1. A unique covariant quantization of the Higgs—Kibble (Weinberg—
Salam) model beyond the perturbation theory is possible.

2. The model is renormalizable in the ambiguity free Lorentz in-
variant gauge.

3. The necessary counterterms preserve the symmetries, which
provide the unitarity of the renormalized theory and preserve the
gauge invariance. However a redefinition of the parameters and the
fields is needed.

4. The crucial role for all this construction must be played by the
nonperturbative calculations.

Acknowledgements

This work was partially supported by RFBR under grant
11-01-12037-0fi-m-201109 and by the RAS program “Nonlinear dy-
namics”.

1. A.A. Slavnov, Phys. Lett. B 258, 391 (1991).

2. A.A. Slavnov, Theor. Math. Phys. 154, 213 (2008).

3. A.A. Slavnov, JHEP 08, 047 (2008).

4. A. Quadri, A.A. Slavnov, JHEP 1007 (2010).

5. A. Quadri, A.A. Slavnov, Theor. Math. Phys. 166, 201 (2011).
6. V.N. Gribov, Nucl. Phys. B 139, 1 (1978).
7. L. Singer, Comm. Math. Phys. 60, 7 (1978).



NEURAL NETWORK
IN HIGH-ENERGY PHYSICS

G.N. Stelmakh

National University “Kiev Polytechnical Institute”,
Prospekt Pobedy 37, Kiev, Ukraine;
e-mail: lorenzo.bianco@me.com

Abstract

A method for biased-free determination of the probability measure in the
space of nucleon structure functions measured in deep-inelastic scattering,
retaining information on experimental errors and correlations is discussed.

1. Introduction

Artificial neural networks constitute one of the most successful and
multidisciplinary subjects, with applications ranging from images re-
construction to financial markets predictions. Artificial neural net-
work methods are well established techniques for high energy physics
too [2]. We start with a brief and general introduction to artificial
neural networks (or simply neural networks).

The structure of biological nervous system started to be under-
stood in 1888, when Dr. Santiago Ramén y Cajal succeeded in seeing
the synapses between individual nervous cells, the neurons. This dis-
covery was quite impressive as it proved that all the capabilities of the
human brain rest not so much in the complexity of its constituents as
in the enormous number of neurons and connections between them.
To give an idea of these magnitudes, the usual estimate of the total
number of neurons in the human central nervous system is 10!, with
an average of 10000 synapses per neuron. The combination of both

344
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numbers yields a total of 10'® synaptic connections in a single human
brain.

In 1943 W.S. McCulloch and W. Pitts suggested a mathemat-
ical model for capturing some of the characteristics of the brain.
First, an artificial neuron (or simply a neuron) is defined as a pro-
cessing element whose state £ at time ¢ can take two different values
only: £(t) = 1, if it is firing, or £(¢) = 0, if it is at rest. The state of,
say, the i*" unit, &;(t), depends on the inputs from the rest of the N
neurons. Then, a set of mutually connected McCulloch-Pitts units is
what is called an artificial neural network.

The deeply inelastic scattering (DIS) cross section is expressed
in terms of the nucleon structure function F5, that carries informa-
tions about the inner structure of the nucleon. If we were able to
solve QCD in the non-perturbative domain, we could calculate F5.
Unfortunately this is not the case. However, we need a more and
more detailed knowledge of the structure of nucleons as they are
essential ingredients for present and future hadron colliders. Note
that the unpolarized structure function is necessary also to deter-
mine the polarized structure function from the spin asymmetry in
polarized deep inelastic scattering. Although the accuracy of such
experiments is not yet very high, it could be anyway useful for fu-
ture tasks to minimize the sources of errors. We have thus to extract
as much precise information as possible from experiments. For this
purpose we present here an alternative approach to extract F» from
data.

We consider the case where we have M measurements of a nucleon
structure function F>. The central problem is to determine F5 based
on observations. Specifically, we can introduce a hypothesis for the
structure function F5 which depends on unknown parameters. The
goal is then to estimate parameters by comparing the hypothesis with
experimental data.

The Monte Carlo method is an alternative approach for calculat-
ing errors and correlations by using sequences of random numbers.
A sequence of Monte Carlo generated values of F; may be used to
evaluate estimators for errors and correlations of the values of the
parameters of F5. An important feature of properly constructed es-
timators is that their statistical accuracy improves as the number of
values IV in the data sample increases.
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A functional parametrization introduces an uncertainty due to the
imposed dependence on z and Q2. However, nobody knows which is
the real behavior of Fy, and any assumption on its functional form
may be a source of uncertainty, whose exact size is very hard to assess.
For this purpose one considers a fit with a neural network. Indeed,
a neural network with a given architecture can describe a structure
function as well as, say, a demographic distribution having very dif-
ferent behaviors: the difference only depends on the input and the
output data which it is trained with. In this case however we will have
a larger number of parameters than with the functional parametriza-
tion. The number of parameters included in a fit corresponds more
or less at the number of terms included in a Taylor expansion of F5.
As nobody knows the exact expression of F5, nobody also knows how
many terms we have to include in its Taylor expansion or the exact
number of parameter that we need to fit it. The space of param-
eters is an infinite dimensional space, and the arbitrary choice of a
fixed number of parameters corresponds to an arbitrary reduction of
this space without assessing the uncertainty with which this reduc-
tion is done. The number of neurons, and then of the parameters,
in a neural network is chosen only by looking at the stability of the
error function without making any theoretical assumption on their
number. One observes that once the stability of a neural network is
reached, information is maintained even in the case a neuron dies.
In this way a neural networks guarantees a more robust and less ar-
bitrary parametrization of a structure function. The only request
is to determine the most stable and economic architecture for the
problem at hand. Thus, a neural network fit of F> will avoid both
theoretical assumptions on the functional behavior of the structure
function and an arbitrary choice of the number of parameters used
in the fit.

In this paper we present the results of a comparative
analysis of different types of parametrizations: power-like and log-
arithmic.

It is generally believed that, at small z, the singlet SF increases
monotonically, indefinitely, accelerating towards larger Q% (the Po-
meron becomes more “perturbative”). We found evidence against this
monotonic trend: moreover, we show that, at the highest Q2, the rise
of F, starts slowing down.



NEURAL NETWORK IN HIGH-ENERGY PHYSICS 347

2. DIS Structure Functions

2.1. Small = (< 0.05)

The following forms of the small z singlet component (S, 0) of the SF
are compared for z < z. and for each experimental Q? bin:

A. Power-like

FE (@ Q8 = @) (5 ) @ )

and

Fea)-a@) (1) +a@ (3) . ©

r

where the exponents €g, €; are fixed.

B. Logarithmic

FS (0, Q1) = (@) + (@)en () 0
FS°(0,Q1) = (@) + ba(@)en? () (@)

and the combination of the two

FE (02 = (@) + 1i(@)en (1) + i@’ (1) - 0)

In these equations, a(Q?), ao,1(Q?), bo,1,2(Q?) and A\(Q?) are pa-
rameters fitted to each 3" Q2 bin. More precisely, the free parameters
are a and A for (4), ap and a; for (5), by and by for (6), by and b for
(7), bo, bl and b2 for (8)

The choice of the cut z. is obviously crucial, but subjective. Bal-
ancing between z small enough, to minimize the large = effects, and
x large enough to include as many data points as possible, we tenta-

tively set, like in [6] 2. = 0.05 as a compromise solution.
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2.2. Extension to all z (< 1.0)

To ensure that our fits do not depend on the choice of the cut z., we
extend the previous analysis to larger values of z with relevant modi-
fications of the SF. Namely, we multiply the singlet and subsequently
the non singlet contributions by appropriate large z factors [7]. The
resulting SF becomes

2
i

Fy(2,Q%) = Fy(2,Q3)(1 — 2)"(@) 4 4 FP0(a,Q3)(1 - 2)™(@0)

(6)
where F2S 0 runs over all the cases considered in the previous section,
and the exponent n (Q?) is either that of [7]

2

or is fitted to the data for each Q? value (see below).

2.3. Discussion of the results

We made two kinds of fits, one restricted to small z only, (z <
z. = 0.05), the other one including large z as well. In the first
case (z < z.) the experimental data are from [8]. Altogether 43
representative Q? values were selected to cover the interval [0.2, 1200]
GeV? and z € [2.1075 z.]. Including more (or all available) data
points had little effect on the resulting trend of the results. The
relevant values of x2?, with and without the non- singlet term, are
given in Table 1. Notice, that we use the definition

ZNbin X3
=1 \ nNdata; —Mpara

2 —
(0 fdof) = =2 ,

(8)

where each Q7 bin out of a total of N bins contains n data points
and gives a resulting contribution to x? in fitting eqs. (4)-(8), each
containing m parameters.

The Q? dependence of the parameters was shown in Figs. 1-3. We
exposed the most representative results from the small z fit that may
clarify asymptotic trends in the behaviour of the singlet SF (see [6]
and the following discussion of the results). As already explained, the
large = extension was intended merely to support the small z results.
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T able 1: Results of the fits without or with non-singlet term (9)
for small @ (< 0.05). The total number of experimental points is 508

Version | Power | Power | Logarithm | Logarithm | Logarithm
Eq. (4) (5) (6) (7) (8)
Nb. of parameters 2 2 2 2 3
x? 282 262 463 303 231
(x?/dof) 0.68 0.62 1.04 0.70 0.61
Egs. (4),(9)  (5),(9)  (6),(9) (7),09) -
Nb. of parameters 3 3 3 3 -
X 247 225 253 234 -
x2/dof 0.67 0.60 0.67 0.62 -

Notice that in performing the small z fit we profited from a large set of available
data, while in the large x extension a representative set of 30 Q2 bins (Q2% €
[1.5,2000] GeV?) was used. The data are from [8,9]. The relevant x? values are
shown in Table 2. Two options are presented : the first one relies entirely on the
extension by [7], in the second one the exponent n(Q?2) (see (10)) is fitted for each
Q? bin.

T able 2: Results of the fits for all # (< 1.0), when the parameters of
the large # extension n is chosen as in [7] or fitted. The total number
of experimental points is 545

Version | Power | Power | Logarithm | Logarithm | Logarithm |
Egs. (4),(9)-(11) (5),(9)—-(11) (6),(9)—(11) (7),(9)-(11) (8),(9)-(11)
Nb. of parameters 3 3 3 3 4
X2 368 371 894 399 319
(x?/dof) 0.79 0.79 1.74 0.85 0.78
Egs. (4),(9),(10) (5),(9),(10) (6),(9),(10) (7),(9),(10) -
Nb. of parameters 4 4 4 4 -
X 321 317 541 329 -
x?2 /dof 0.76 0.75 1.25 0.780 -

3. Summary

The following comments are in order:

All the parametrizations (4)—(8), except (6), result in roughly
equal quality fits. We may rule out the parametrization (6) giving the
poorest (as expected) agreement with the data; so we do for the least
economic (largest number of the free parameters), parametrization
(8) (not shown in the figures).
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Fig. 1: Results of our analysis for a (Qf) and A (Q?) entering in the parametriza-
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tion (4): F25’0 = a(%)" of the small z structure function (z < z. = 0.05); they
are fitted to the discrete values of Q? data from [8]; Q? is in GeV?, the error bars
are produced from the minimization program “Minuit”
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The best results are achieved for the parametrization (8), giving
the best value of the total x2. Although fit (8) contains an extra free
parameter with respect to the rest, the x2/dof value is, nevertheless,
better than in options (4)—(7). Notice that (8) leads to alternating
signs of the coefficients as in the first few terms in an expansion of
the supercritical Pomeron in an alternate series of logarithms.
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Abstract

Not only the masses of fundamental particles including the weak bosons,
Higgs scalar, quarks, and leptons, but also the mixing angles of quarks and
those of neutrinos are all explained and/or predicted in the unified composite
model of quarks and leptons successfully. In addition, both of the two anoma-
lies recently found by the CDF Collaboration are suggested to be taken as
evidences for the substructure of the fundamental particles.

1. Introduction

In 1953, Nakano and Nishijima, and independently Gell-Mann [1]
found “strangeness”, the new quantum number for particles, which is
the beginning of hadron physics in the third quarter of the twentieth
century. Then, Gell-Mann and independently Zweig [2] introduced
the quark model for hadrons, and Nambu and the others [3] proposed
QCD(quantum chromodynamics), the Yang-Mills gauge theory of
color SU(3) for strong interactions of quarks and gluons. Further-
more, Glashow, Salam, and Weinberg [4] proposed QFD (quantum
flavor dynamics), the SU(2) x U(1) gauge theory for electroweak in-
teractions of quarks and leptons. Thus, in the last quarter of the
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last century, the Standard Model of all elementary particle forces
consisting of QCD and QFD, had already been not only proposed
theoretically but also confirmed experimentally. Therefore, although
the Higgs scalar is yet to be found experimentally, what is left in
quark-lepton physics is to explain or predict not only all the masses
of fundamental particles including the weak bosons, Higgs scalar,
quarks, and leptons, but also all the mixing angles of quarks [5] and
those of neutrinos [6]. A main purpose of this paper is to discuss
how to predict all of these fundamental parameters in the Standard
Model successfully in the unified composite model of quarks and lep-
tons [7, 8].

2. Unified Composite Model

In 1977, we proposed the unified composite model of fundamental
particles and forces in which not only quarks and leptons but also
gauge bosons and Higgs scalars are composites of subquarks, the
most fundamental form of matter [7, 8]. The minimal supersymmet-
ric composite model of quarks and leptons consists of an isodoublet
of spinor subquarks with charges +1/2, w; and ws (called “wakems”
standing for weak and electromagnetic), and a Pati-Salam color-
quartet of scalar subquarks with charges +1/2 and —1/6, Cp and
C;(i = 1,2,3) (called “chroms” standing for colors). The spinor and
scalar subquarks with the same charge +1/2, w; and Cp, may form
a fundamental multplet of N = 1 supersymmetry [9]. Also, all the
six subuarks, w; (¢ = 1,2) and C, (o = 0,1,2,3), may have “subco-
lors”, the additional degrees of freedom, and belong to a fundamental
representation of subcolor symmetry [10]. Although the subcolor
symmetry is unknown, a simplest and most likely candidate for it
is SU(4). Therefore, for simplicity, all the subquarks are assumed
to be quartet in subcolor SU(4). Also, although the confining force
is unknown, a simplest and most likely candidate for it is the one
described by quantum subchromodynamics(QSCD), the Yang—Mills
gauge theory of subcolor SU(4) [10]. Note that the subquark charges
satisfy not only the Nishijima—Gell-Mann rule of @ = I,,3+(B—L)/2
but also the “anomaly-free condition” of ). Qu, = >, Qc. = 0. The
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Lagrangian for QSCD is simply given by

. LAY
LQSCD = E mi[l’y“(au — ZQTAM) — Mi]wi+
- )‘a a 2 2 2
+ 3010, — ig’y AL)Cal + mICal]-

1 a a abc c
_Z(aﬂAu - 8VA;L + gf b AZAI/)27

where g is the coupling constant of SU(4)s. gauge fields, A}, (a =
1,2,3...,15), A* and f°*° are the extended Gell-Mann matrices and
structure constants of SU(4), respectively, and M’s and m’s are the
wakem and chrom masses.

In the minimal supersymmetric composite model, we expect that
there exist at least 36(= 6 x 6) composite states of a subquark and
an antisubquark which are subcolor-singlet. They include 1) 16(=
4 x 2 x 2) spinor states corresponding to one generation of quarks
and leptons, and their antiparticles of

v=_Cowi, |=Cows, u;=Csw, di=Ciw;
or 2) 4(= 2 x 2) scalar states corresponding to the Higgs scalars of
bii = wiw, Wewy
K El’u& Ez’u&

(1,7 = 1,2) and 3) 16(= 4 x 4) vector states corresponding to a) the
gluons, “leptogluon”, and “barygluon” of

o _ 7N o_7p 9 _ A
G :CiTC]’; G :C()Co; G :CiCi
(1,7 =1,2,3), where A* (a = 1,2,3,...,8) is the Gell-Mann matrix of
SU(3)., and b) the “vector leptoquarks” of

X; =CoC;

and the hermitian conjugates (i = 1,2,3), or 16(= 4 x 4) scalar
states corresponding to the “scalar gluons”, “scalar leptogluon”, “scalar

barygluon”, and “scalar leptoquarks” of

®,5 = CoCp
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(o, 8 =0,1,2,3). Quarks and leptons with the same quantum num-
bers but in different generations can be taken as dynamically differ-
ent composite states of the same constituents. In addition to these
“meson-like composite states” of a subquark and an antisubquark,
there may also exist “baryon-like composite states” of 4 subquarks
which are subcolor-singlet. These exotic quarks, leptons, and gauge
bosons are new forms of quark-lepton matter, which is a subject to
discuss later in the next Section.

In the unified subquark model of quarks and leptons [8], it is an
elementary exercise to derive the Georgi-Glashow relations [11],

sin® 0, = Y (1:)°/ Y Q% =3/8

and
219 =) (I)*) > (A*/2)* =1

for the weak-mixing angle (6,,), the gluon and weak-boson coupling
constants (f and g), the third component of the isospin (I3), the
charge (Q), and the color-spin (A%/2) of subquarks, without depend-
ing on the assumption of grand unification of strong and electroweak
interactions. The experimental value is sin®8,,(Mz) = 0.23116(13)
[12]. The disagreement between the value of 3/8 predicted in the sub-
quark model and the experimental value might be excused by insisting
that the predicted value is viable as the running value renormalized a
la Georgi, Quinn, and Weinberg at extremely high energies (as high
as 10'® GeV), given the “desert hypothesis” [13].

3. Quark Mixing Matrices

In the unified composite model of quarks and leptons [14], the CKM
quark-mixing matrix V' [5] is given by the expectation value of the
subquark current between the up and down composite states as

Vus ~ <U|W1W2|d>,
[15-17].

To sum up, we have succeeded in predicting all the magnitudes of
the CKM matrix elements except for a single element, say, V.
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4. Quark and Charged Lepton Masses

For the last quarter century, we have been trying to complete an
ambitious program for explaining all the quark and lepton masses by
deriving many sum rules and /or relations among them and by solving
a complete set of the sum rules and relations [18-26].

Now I am ready to discuss new forms of quark-leptonic matter
such as exotic quarks, leptons, and gauge bosons [27, 28].

5. Weak Boson and Higgs Scalar Masses

In the unified SU(2) x U(1) gauge theory of electroweak interac-
tions [4], the masses of weak bosons, W+ and Z, are given as

mw =my cosby, = (ra//2Gr)'/?/sinb,

(where o and G are the fine structure and Fermi coupling constants)
so that they can be predicted if the weak mixing angle 6,, is fixed
by any means. In 1969, the weak boson mass was predicted for the
first time to be of the order of 100 GeV by myself, provided that
the self-masses of leptons be finite [29]. In the grand unified SU(5)
gauge theory of strong and electroweak interactions of Georgi and
Glashow [11] or in the unified composite model of quarks and lep-
tons [14], the weak angle is fixed as sin®# = 3/8 so that the weak
boson masses, my and mz, may be predicted.

In 1980, the mass of the physical Higgs scalar in QFD, mg, was
first predicted by myself in the composite model of Higgs scalars [30].
To be more precise, it has been predicted in three ways [31].

6. Future Prospects

What can we expect to find in future high-energy experiments and
astroparticle observations, especially at the Large Hadron Collider?
Firstly, most of us, high-energy physicists, may expect that the Higgs
scalar, the only fundamental particle that has not yet been found in
the Standard Model, will be found. The predictions for the Higgs
scalar mass in the composite models are presented in details in the
last Section.
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Secondly, many of us may expect that superparticles [9], the su-
perpartners of fundamental particles, will be found if the energy scale
of SUSY breaking is of the order of 1 TeV. In the unified supersym-
metric composite model, there may exist superpartners of any funda-
mental particles containing wy or Cp, which can be made by replacing
either wy; by Cy or Cy by w;. However, there is no reason for expect-
ing that any superparticles be as light as hundreds GeV. All of them
must be as heavy as the compositeness energy scale, say 1 TeV.

Thirdly, some of us (in particular, string theorists) may expect
that Kaluza—Klein extra dimensions of the space-time [32] would be
found if the size of extra dimensions is as small as of the order of
1 TeV—!, which has recently been emphasized by Arkani-Hamed et
al. [33]. However, it seems to me that there is no compelling reason
for expecting that the size of extra dimensions is so large as the LHC
energy is enough high to see an evidence for the extra-dimensions, if
any.

Fourthly, some of us (in particular, composite modelists) may ex-
pect that the substrucure of fundamental particles would be found if
the energy scale of compositeness is of the order of 1 TeV. It would be
the most exciting to find an evidence for the substructure in search for
anomalous events due to excited quarks, leptons, gauge bosons, and
Higgs scalars [34], or due to exotic particles such as the barygluon,
leptoquark, and color-ball discussed in the Section 4. In fact, ev-
erytime when new colliders reached new energy scales in the last
decade in the last century, some anomalies had been reported for
possible evidence for the substructure at LEP [35], Tevatron [36],
and HERA [37], although those anomalies have either disappeared
or not been confirmed by later experiments. Very lately, however,
the CDF Collaboration has reported two new anomalies: 1) in a t¢
production asymmetry [38] and 2) in the spectrum of the invariant
mass of the pair of hadronic jets associated with a W boson [39]. The
former may be taken as an evidence for the existence of an excited
Higgs scalar (H*) or neutral weak boson (Z*) while the latter as an-
other for that of excited weak bosons (W* or Z*). About a quarter
century has past since W and Z were discovered for evidence for the
Standard Model. I hope that LHC [40] will soon provide us enough
high energy and luminosity not only to produce H for establishing
the Standard Model but also to lead us to subquark physics in the
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first quarter of the 21st century [41]. The time has come when we are
about to be able to give an answer to both of the following questions
which Einstein seemed to ask by himself: “What is the Universe?”
and “What is the electron?” [42].

7. Appendix-Neutrino Masses and Mixing
Matrices [43]

In 1997, the Super-Kamiokande Collaboration [44] found an evidence
for the non-vanishing mass for the muon and/or tau neutrinos in
the analysis based on neutrino oscillation due to the neutrino mix-
ing among three generations of neutrinos [6] (ve,v,,v,), breaking
lepton-number conservation which Nishijima, Schwinger, and Blud-
man had introduced four decades earlier in 1957 [45]. See the details
in Ref. [43].
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Abstract

The results of the Standard Model (SM) Higgs boson searches performed
by the CMS Collaboration are presented for eight different decay channels.
The overall combination leads to a 95% exclusion in three mass ranges: 145-
216, 226-288 and 310-400 GeV. The expected exclusion in the absence of a
signal is 130-440 GeV. The results of the Minimal Super Symmetric Standard
Model (MSSM) Higgs boson searches are also presented for the neutral states
decaying in the 77 channel. A large area of the parameters space of the model
is excluded. Depending on the analysis, the amount of data used corresponds
to 1.1-1.7 fb~! of integrated luminosity.

1. SM Higgs Boson Searches

The main contribution to the SM Higgs boson production at LHC
come from gluon fusion, followed by the vector boson fusion (VBF),
the production in association with a vector boson and the production
in association with a tf pair. The overall production cross section
goes from about 20 pb for a Higgs boson of mass my = 120 GeV to
10~2 pb for a Higgs boson of mass mg = 1 TeV.

At high masses, mg > 135 GeV, the branching ratio is domi-
nated by the decay into a pair of vector bosons, while at low masses,
mpy < 135 GeV, the bb channel overcome the vy and 77 channels.
At CMS [1] in the low mass range the 4+ channel gives the best sen-
sitivity, followed by bb and 77, whereas in the high mass interval the
sensitivity depends on the final state channel of the bosons pair.

1Received after the dead-line.
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Fig. 1: (a) The expected and observed 95% of CL upper limits on the o/ogp
as a function of the SM Higgs mass for the eight analysis and their combina-
tion. (b) Region in the MSSM parameter space of tanf versus M4 excluded at
95% of CL , with the effect of +10 theoretical uncertainties shown. The other
shaded region show the 95% CL excluded region from LEP and Tevatron exper-
iments

1.1. H — «+ channel

The v+ channel [2] ensure good sensitivity at low masses (110 <
mp < 150 GeV). The invariant mass can be fully reconstructed with
a good resolution (from 2.4% up to 6.5%).

The dominant source of background comes from events with two
real prompt photons or one prompt and a fake from a jet. Photon
isolation and ECAL cluster shape requirements efficiently suppress
these backgrounds. The background modeling is obtained from a
polynomial fit to the data. For the signal the shape is taken from
Monte Carlo (MC) by smearing of the photon energy to account for
differences between data and simulation.

To gain sensitivity the events are divided in eight different classes,
according to mass resolution and signal to background probability.
The analysis performed for each class are combined obtaining the
limit shown in fig. 1. The expected limit at 95% of CL is about
three up to four times the SM expectation in the considered mass
range, whereas the observed limit is within 2¢ from the expected
one.
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1.2. H — 77 channel

The 77 channel [3] has good sensitivity in the mass range 110 <
mpy < 140 GeV. Four different final states are considered depending
on the 7 decay channel. The best discrimination power is given by
the visible mass distribution, reconstructed with a resolution of about
20%, which is used to obtain the limit reported in fig. 1.

The dominant irreducible background is Z — 77 production fol-
lowed by electroweak (W (Iv) + jets, Z(ll) + jets), tt, and QCD, in
which one or both leptons are fake. Cut on the missing transverse
energy (EM°) and the event topology are performed to reject ¢ and
W (lv) + jets backgrounds. Data driven techniques and MC are used
for the background estimation.

Events with a pair of forward-backward jets are analyzed sepa-
rately from the rest of selected events to gain sensitivity from the
VBF production. The limit is obtained by fitting the visible mass
distributions for the two categories and combining the results. The
expected and observed limits at 95% CL, shown in fig. 1, are about
nine up to ten times the SM expectation.

1.3. H — bb channel

To suppress the QCD background in this analysis [4], that gives sen-
sitivity for 110 < my < 135 GeV, events where the Higgs boson is
produced in association with a vector boson (V) decaying leptoni-
cally are selected. Other backgrounds are tt, V' + light quarks, and
the irreducible ZZ(bb), W (Iv)Z(bb), V + bb. Different discriminat-
ing variables have been identified, taking into account the presence
of jets originated from b quarks, the provenance of the bb pair from
a resonance, the back to back production of the Higgs boson and V'
with significant transverse momentum.

The discriminating variables are used as input for the Boosted
Decision Tree (BDT) algorithm implemented in the TMV A frame-
work [5]. A BDT analysis is performed for each selected final state,
where the backgrounds estimation is obtained from control regions
identified in data. The results are combined to produce the limits
in fig. 1 on Higgs production cross section. At mpy = 115 GeV the
observed upper limit is 8.3 times the SM expectation, where the ex-
pected one was 5.7.
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1.4. H - WTW~ — 2I2v channel

This channel [6] is characterized by two oppositely charged isolated
leptons and large missing transverse energy arising from neutrinos
in W decays. The best sensitivity is achieved at intermediate mass
range (130 < mpy < 200 GeV).

The analysis is based on the cut-and-count approach. The main
sources of background are the irreducible W W ~ and the reducible
W + jets, QCD, Z/y* — 11~ tt, tW and the diboson W+, WZ,
ZZ. Cuts made on the transverse invariant mass of the two leptons
and ET'¢ suppress the irreducible background. Other requirements
are placed on the transverse momenta of the harder and softer lep-
tons, the dilepton mass, and the azimuthal angle between the two
leptons. The reducible backgrounds is suppressed requiring well re-
constructed isolated leptons and rejecting events with at least one of
these characteristics: low EM'  invariant mass of two same-flavor
leptons around the Z mass, b-tagged jets, more than two leptons, vy
conversion.

The selected events are divided in three categories: one sensi-
tive to the V BF' production mechanism and the other two where
cuts on discriminating variables are effective to reduce the back-
grounds.

The remaining backgrounds are estimated from data, apart for
the reducible electroweak di-bosons, for which MC simulated events
are used. The observed limit reported in fig. 1 permit to exclude an
Higgs boson with mass 147 < my < 194 GeV at 95% of CL, while
the expected exclusion was 136 < myg < 200 GeV.

1.5. H — ZZ®™ channel

For the ZZ decay, four different final states are analyzed: the 41 [7],
the 2{2v [8], the 22¢ [9] and the 2{27 [10]. For the 4l final state
the sensitivity is in the whole mass range 110 < myg < 600 GeV,
whereas for the remaining channels a good sensitivity is obtained at
high masses.

In the 4l final state the main backgrounds are the irreducible
electroweak ZZ(*) production, the reducible t¢, Zbb, and the in-
strumental Z + jets, WZ + jets, QCD. Events with two pairs of
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opposite charge same flavor leptons, compatible with Z mass, are
selected. These selections together with isolation and impact param-
eter requirements suppress effectively the reducible and instrumental
backgrounds, which become negligible or small. The remaining back-
ground is the irreducible di-boson production. In the 2[2v final state
the main background contributions come from the resonant Z + jets,
the non resonant tt, tW, WW, W + jets, and the irreducible ZZ and
W Z. Requiring events with large E7'*¢ suppress almost all these con-
tributions. This is particularly crucial for the Z + jets, which is five
order of magnitude larger than the signal (before any cuts applied)
but contains little real E***. To suppress background where Emss
is due to jet mismeasurements, events where the EI%¢ is aligned
with a jet are rejected. In the 2[2q final state the main background
contributions come from resonant Z + jets, non resonant t, tW and
electroweak ZZ, W Z and WW. Background suppression is primarily
based on the di-lepton and di-jet invariant masses, m; and m;;. Re-
quiring m;; and my; compatible with Z mass reduce the Z + jets and
backgrounds without a real Z. The topology of the signal and the
flavor of the jets are exploited in two likelihood discriminants used
to separate signal from background. In the 2/27 final state there are
small background contributions, coming from the irreducible ZZ and
reducible W Z in association with jets and ¢t.

A shape analysis is performed for the 4l, 212¢ and 2[27 final
states: the signal is parametrized by a convolution between a Breit-
Wigner and a Crystall-Ball or is taken from MC. The backgrounds
shape are obtained from MC, fitting the distribution or taking the
shape of the simulated events, while the normalization are taken
from data driven techniques. For the 2[2v a cut and count ap-
proach is used: a data driven estimation of the backgrounds is per-
formed, apart for the irreducible one that is taken from MC. The
observed and expected limits at 95% of CL are shown in fig. 1:
they are between one up to two times the SM expectation in the
range 150 < mpyg < 420 GeV for the 4/ final state. The Higgs
mass range 340 < my < 375 GeV is excluded with the 2{2v analy-
sis. For the 2[2q final state the limits are approaching those of the
SM expectation. Finally, for the 2[27 analysis the expected and ob-
served limits are about ten up to twelve times the SM expectation
for 200 < myg < 400 GeV.
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Fig. 2: (a) The combined 95% CL upper limits on the o/ogr, as a function of
the SM Higgs mass. (b) Local p-values (top) and observed best fit to o/osnm
(bottom) as a function of the SM Higgs mass.

1.6. SM Higgs combination results

The observed and expected limits at 95% of CL that result combining
all eight analysis [11] are presented in fig. 2. The observed limit leads
to an exclusion of the SM Higgs boson at 95% of CL in three mass
intervals: 145-216, 226-288, and 310-400 GeV, where the expected
limit in absence of signal was 130-440 GeV. This reduces the allowed
mass range for the SM Higgs boson remained unrestricted by the
direct searches performed by the past LEP [12] and Tevatron [13]
experiments, as well as in comparison to the limits reported by the
CMS and ATLAS Collaborations at the EPS conference [14, 15].

The two gaps between the three excluded mass ranges observed in
data are consistent with statistical fluctuations. The limits are about
20 larger than the expectation for low mass values (myg < 150 GeV),
which makes the observed limits in this range less restrictive than
expected.

In fig. 2 is shown also the local p-value, the probability of the
background to fluctuate and give an excess as large or larger than the
observed one. One can see that the p-value curve dips downward over
a broad range of low mass, driven by the WW, ZZ, and -+ analysis.
The deeper value would correspond to a 2.30 excess. Taking into
account the probability of observing the excess anywhere in the full
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search range, the so called look elsewhere ef fect, the probability to
observe such an excess is about 40%. The excesses at low masses are
not significant with the amount of data available for the discussed
analysis.

2. MSSM Higgs Boson Searches

The minimal supersymmetric extension to the standard model (MSSM)
requires the presence of two Higgs doublets. This leads to a more com-
plicated scalar sector, with five massive Higgs bosons: three neutral
(h, H, A) and two charged (H*) states. The model is described by
two parameters at tree level: tanf and the mass of one scalar M4.
There are two main production channels at LHC for the scalar states:
the gluon fusion and the production in association with a bb pair.

2.1. ¢ — 77 channel

The analysis main stream for this channel [3] is the same as for the
SM H — 77, discussed in section 1.2: same final states selected, same
background rejection and estimation. To increase the sensitivity the
production in association with a bb pair is exploited for the analysis.
The events are divided in two categories, defined by the presence or
not of at least one b tagged jet. The limits in fig. 1 are obtained
from a fit to the visible invariant mass distribution and set in the
parameter space of the model (tanf3, M4). A large region of the
MSSM parameters is excluded at 95% of CL, reaching tan 8 = 14.2
at M4 = 120 GeV. This is a good improvement with respect to the
2010 data.

3. Conclusions

The results obtained by the CMS Collaboration in the search for the
SM Higgs boson have been shown in eight distinct Higgs decay final
states. Higgs boson mass range covered by these analysis spans from
110-600 GeV. The overall combinations of the eight analysis leads to
an exclusion at 95% of CL in three mass ranges: 145-216, 226-288,
and 310-400 GeV. The expected exclusion in absence of a signal is
130-440 GeV. The largest excursion of the observed limit from the
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expected one has a probability of 40% after taking into account the
look elsewhere effect. The results for the search of a neutral MSSM
Higgs boson decaying in a 77 pair have also been shown. A large area
of the parameter space of the MSSM model has been excluded. The
amount of data used for these searches corresponds to 1.1-1.7 fb~1 of
integrated luminosity.

1. CMS Collaboration, The CMS exzperiment at the CERN LHC, JINST
3:508004 (2008).

2. CMS Collaboration, Search for a Higgs boson decaying into two photons in
the CMS detector, CMS PAS HIG-11-021 (2011).

3. CMS Collaboration, Search for Neutral Higgs Bosons Decaying to Tau Pairs
in pp Collisions at /s =7 TeV, CMS PAS HIG-11-009 (2011).

4. CMS Collaboration, Search for the Standard Model Higgs Boson decaying
to Bottom Quarks and Produced in Association with a W or a Z Boson,
CMS PAS HIG-11-012 (2011).

5. A. Hoecker et al., TMVA - toolkit for multivariate data analysis,
arXiv:0703039.

6. CMS Collaboration, Search for the Higgs Boson Decaying to W+W ~ in the
Fully Leptonic Final State, CMS PAS HIG-11-014 (2011).

7. CMS Collaboration, Search for a Standard Model Higgs boson in the decay
channel H — ZZ(*) — 41, CMS PAS HIG-11-015 (2011).

8. CMS Collaboration, Search for the Higgs boson in the H — ZZ — 2l2v
channel in pp collisions at /s =7 TeV, CMS PAS HIG-11-016 (2011).

9. CMS Collaboration, Search for the standard model Higgs Boson in the decay
channel H — ZZ — 1117 qq at CMS, CMS PAS HIG-11-017 (2011).

10. CMS Collaboration, Search for a Standard Model Higgs boson produced in
the decay channel H — ZZ — 2127 with CMS detector at /s = 7 TeV,
CMS PAS HIG-11-013 (2011).

11. CMS Collaboration, Search for the standard model Higgs boson in pp colli-
sions at /s = 7 TeV and integrated luminosity up to 1.7fb—1, CMS PAS
HIG-11-022 (2011).

12. R. Barate and others (LEP Working Group for Higgs boson searches and
ALEPH, DELPHI, L3, and OPAL Collaborations), Search for the standard
model Higgs boson at LEP, Phys. Lett. B 565, 61 (2003).

13. CDF and DO Collaborations, Combined CDF and D0 upper limits on Stan-
dard Model Higgs Boson production, CDF Note 10606 and DO Note 6226
(July, 2011).

14. CMS Collaboration, Search for standard model Higgs boson in pp collisions
at /s =7 TeV, CMS PAS HIG-11-011 (July, 2011).

15. ATLAS Collaboration, Combined Standard Model Higgs Boson Searches in
pp Collisions at /s = 7 TeV with the ATLAS Ezperiment at the LHC,
ATLAS-CONF-2011-2012 (July, 2011).



Bakulev A.
Belli P.
Bernabei R.
Biktemerova S.
Bolotov, V.N.
Boreiko V.
Branca A.
Broggini C.
Calucci G.
Cappella F.
Cerulli R.
Costantini S.
Dai C.J.
d'Angelo A.

Di Marco A.
Denysenko 1.
Derue F.
Gavrin V.
Gevorkyan S.
Gironi L.
Gorbunov N.
Grinyuk A.
Grebenyuk V.
Gromov N.
Grzelak K.
Hamada K.
Hasinoff M.
He H.L.
Incicchitti A.
Jenkovszky L.L
Kalinin A.
Katori T.
Kekelidze V.
Keri T.
Khabibullin M.
Khruschov V.V.
Kistenev E.
Kostka P.

AUTHOR’S INDEX

275
3
3
222
14
222
362
23
289
3
3
31
3
3
3
41
49
58
67
73
222
222
222
296
81
87
95
3
3
305
222
102, 110, 118
319
127
137
312
146
156

372

Kovalenko A.
Krammer M.
Lednicky R.
Lellouch J.
Lontkovskyi D.
Ma X.H.

Mankoc Borstnik N.S.

Marukyan H.
Meshkov 1.
Montecchia F.
Naumov D.
Porokhovoy S.
Pozzobon N.
Prosperi D.
Sabirov B.
Sadovsky A.
Scapparone E.
Sheng X.D.
Skrypnik A.
Slavnov A.A.
Slepnev S.
Slunecka M.
Sorin A.
Stelmakh G.
Strokovsky E
Terazawa H.
Tkachenko A.
Tkachev L.
Treleani D.
Trubnikov G.
Turcato M.
Uchiyama Y.
Uzunyan S.
Ventura A.
Wang R.G.
Ye Z.P.

Yip K.

319
166
319
178
305

327
186
319

222
222
195

222
222
204

222
335
222
222
319
344
213
352
222
222
289
319
230
237
245
256

264



