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EDITORIAL FOREWORD

The present Proceedings contain contributions presented at the 21-th International conference
on New Trends in High-Energy Physics, organized by the Bogolyubov Institute for Theoreti-
cal Physics, National Academy of Sciences of Ukraine and held in Odessa (Ukraine) on May
12-18, 2019.

The Conference brought together 95 leading scientists and student from all over the
world, who presented 71 contributions on new experimental data and on their theoretical in-
terpretation. We selected the best 20 experimental and 20 theoretical presentations included in
the present Book. Some of them have been published also in the Ukrainian Journal of Physics.
We thank all writers for their ingenious contributions.

The next conference of this series will be held in Kiev on June 26-July 2, 2022. It was
planned for 2021, but has been postponed because of the COVID quarantine.

The editorial work and print of the present Book was supported by the grant HR-17/2020
of the Hungarian Academy of Sciences extended to the Ukrainian-Hungarian Workshop via
the 2020 DOMUS program.
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EXPERIMENT
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V. AUSHEV
On behalf of the ZEUS and H1 collaborations

Taras Shevchenko Kyiv National University
(60, Volodymyrs’ka Str., Kyiv, Ukraine, 01033; e-mail: volodymyr.aushev@gmail.com,)

CHARM AND BEAUTY PRODUCTION
CROSS-SECTION MEASUREMENTS IN DEEP
INELASTIC ELECTRON-PROTON
SCATTERING AT HERA

The open charm and beauty production cross-sections in the deep inelastic ep scattering (DIS)
at HERA from the H1 and ZEUS Collaborations are combined. Reduced cross-sections are
obtained in the kinematic range of negative four-momentum transfer squared of a photon
2.5< Q? <2000 GeV? and the Bjorken scaling variable 3x 107° < rB; <IX 1072, The
different charm- and beauty-tagging methods are used for the heavy-flavor production study
in DIS. The combined method accounts for the correlations of systematic uncertainties, as
well as statistical uncertainties among the different datasets. Perturbative QCD (pQCD)
calculations are compared to the measured combined data. A NLO QCD analysis is per-
formed using these data together with the combined inclusive deep inelastic scattering cross-
sections from HERA. The running charm- and beauty-quark masses are determined as
me(me) = 1.QQOfg"gjf(exp/ﬁt)fg‘_g?j(model)fzi[égl (parametrization) GeV and my(my) =
= 404970104 (exp /fit) £ 9-999 (model) T4 9% (parametrization) GeV .

Keywords: charm and beauty production, deep inelastic interaction, electron-proton scat-

tering, quark mass, perturbative QCD, combined cross-sections.

1. Introduction

Measurements of open charm and beauty productions
in the deep inelastic ep-scattering at HERA provide
the important input for tests of quantum chromody-
namics (QCD). HERA collected about 0.5 fb~! of the
integrated luminosity by each experiment. Measure-
ments at HERA have shown that the heavy-flavor
(HFL) production in DIS proceeds predominantly via
the boson-gluon-fusion process, i.e. y¢g — ¢q. The-
refore, the cross-section depends on the gluon dis-
tribution in the proton, as well as the heavy-quark
mass. This mass provides a hard scale for the appli-
cability of pQCD. At the same time, other hard scales
are also present in this process such as the transverse
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momenta of the outgoing quarks and the virtuality,
Q?, of the exchanged photon. The presence of several
hard scales complicates the calculation of the HFL
production in pQCD. We used different approaches
to cope with the multiple scale problem. In our study,
the massive fixed-flavor-number scheme (FFNS) and
the variable-flavor-number scheme (VENS) are used.

The ZEUS and H1 detector systems at the HERA
electron-proton collider were general purpose detec-
tors. They have a similar structure and consist of
tracking systems (including high-resolution silicon
vertex detectors) surrounded by electromagnetic and
hadronic calorimeters and muon detectors. This pro-
vides almost 47 coverage of the collision region.

In this report, a H1 and ZEUS combination of
the charm and beauty quark productions is presented
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[4]. This analysis is an extension of the previous com-
bination of charm cross-section measurements in DIS,
including new charm and beauty data. A single con-
sistent dataset of reduced charm and beauty cross-
sections from both detectors is obtained. All corre-
lations are included. This dataset covers the kine-
matic range of boson (photon) virtualities 2.5 < Q2 <
<2000 GeV? and the Bjorken scaling variable in the
region 3 X 107 < rR; <5 X 1072,

For these measurements, different flavor tagging
methods are used: the full reconstruction of D or
D** mesons, which is sensitive to the charm produc-
tion; the lifetime of heavy-flavored hadrons and their
semileptonic decays. This allows the measurement
of charm and beauty cross-sections simultaneous-
ly. These methods show the dependences on sources
of systematic uncertainties for different regions of the
heavy-quark phase space. The simultaneous combina-
tion of charm and beauty cross-section measurements
reduces all uncertainties. The combined charm cross-
sections of the previous analysis [1] are superseded by
the new results presented in this paper. The measured
combined beauty cross-sections are presented for the
first time. In general, this paper sums up almost 20
years of HFL researches at HERA.

The new data are analyzed using QCD methods
for determining the running charm and beauty quark
masses at the NLO calculations in the minimum-
subtraction (MS) scheme. The FFNS is used for
pQCD calculations for the corrections of measure-
ments to the full phase space and in the QCD fits. In
this scheme, heavy quarks are always treated as mas-
sive. The number of active flavors in the PDFs, ny, is
set equal to 3. In this model, heavy quarks are pro-
duced only in the hard-scattering ep process. In all
FFNS heavy-quark calculations presented in this pa-
per, the default renormalization scale y, and factor-
ization scale uy are set to p, = puy = ﬂQz + 4mé),
where m is a pole or running mass. Predictions from
different variants of the VFNS are also compared to
the data. In the VFNS, heavy quarks are treated as
massive at small Q2 up to Q2 = O(m?Q) and as mass-
less at Q% > mQQ , with interpolation prescriptions
between the two regimes.

2. Combined Cross-Sections
and QCD Analysis

The data have been obtained from both the HERA I
(in the years 1992-2000) and HERA II (in the years

6

2003-2007) data-taking periods. The combination in-
cludes measurements based on using different HFL-
tagging techniques: the reconstruction of particular
decaying D mesons, the inclusive analysis of tracks
exploiting the lifetime information and the recon-
struction of electrons and muons from heavy-quark
semileptonic decays.

A total of 209 charm and 57 beauty data points
are combined simultaneously to obtain 52 charm and
27 beauty cross-section data-sets. A y2 value of 149
for 187 degrees of freedom is obtained in the com-
bination, indicating a good counsistency of the input
data. There are 167 sources of correlated uncertain-
ties in total. These are 71 experimental systematic
sources, 16 sources due to the extrapolation proce-
dure (including the uncertainties on the fragmenta-
tion fractions and branching ratios), and 80 statistical
charm and beauty correlations.

The experiments at HERA typically measure the
so-called reduced cross-section,o,eq, which is closely
related to the double-differential cross-section in the
kinematic quantities @2 and z. The combined re-
duced cross-sections oy, are shown as functions of
zp; in bins of Q? together with the input H1 and
ZEUS data in Fig. 1. As we can see, the combined
cross-sections are significantly more precise than any
of the individual input data-sets for the charm and
beauty productions. This is illustrated in Fig. 2,
where the charm measurements for Q? = 32 GeV?
are shown. The uncertainty of the combined charm
cross-section is 9% on the average and reaches val-
ues of about 5% or better in the region 12 GeV2 <
< @? < 60 GeV2. The uncertainty of the combined
beauty cross-section is about 25% on the average and
reaches about 15% at small z; and 12 GeVZ < @Q? <
<200 GeV2.

Theoretical predictions of the FFNS in the MS
running mass scheme are compared to the combined
reduced cross-sections 0%, and PP, as we can see
in Figs. 3 and 4, respectively. In these calculations,
the running quark masses are set to the world av-
erage values [2] of m.(m.) = 1.27 £ 0.03 GeV and
my(my) = 4.18 £ 0.03 GeV.

The charm cross-sections of the current anal-
ysis agree well with the previous measurements,
but have considerably smaller uncertainties. The ob-
served changes in the y? values are consistent with
an improvement in the data precision. The tension
observed between the central theory predictions and

ISSN 2071-0186. Ukr. J. Phys. 2019. Vol. 64, No. 7
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Fig. 1. Combined measurements of the charm production

cross-sections, oreq, (full circles) as functions of xp; for differ-
ent values of Q2. The inner error bars indicate the uncorrelated
part of the uncertainties, and the outer error bars represent the
total uncertainties. The input measurements with their total
uncertainties are also shown by different markers. For a bet-
ter visibility, the individual input data are slightly displaced in
rp; toward larger values

the charm data ranges from ~3c to more than 6o,
depending on the prediction. The NLO FFNS cal-
culations provide the best description of the charm
data. For the beauty cross-sections, a good agreement
of theory and data is observed within the larger ex-
perimental uncertainties. The effect of the PDF un-
certainties on the y? values is negligible.

The combined charm and beauty data are used
together with the combined HERA inclusive DIS
data [3] to perform a QCD analysis. In our QCD
analysis, we determined simultaneously the running
heavy-quark masses m.(m.) and my(mp). We inves-
tigated the xp; dependence of the reduced charm
cross-sections. We used the XFITTER programme,
in which the scale evolution of partons is calculated
through DGLAP equations at NLO (using the QCD-
NUM programme). The theoretical FFNS predictions
for the HERA data are obtained using the OPEN-
QCDRAD programme interfaced in the XFITTER
framework. The number of active flavors is set to
ny = 3 at all scales. For the heavy-quark contribu-

tions, the scales are set to p, = py = \/(Q2 + 4m2Q).

ISSN 2071-0186. Ukr. J. Phys. 2019. Vol. 64, No. 7
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Fig. 2. Reduced cross-sections as a function of zp; at
Q? = 32 GeV? for the charm production. The combined cross-
sections (full circles) are compared to the input measurements
shown by different markers. For the combined measurements,
the inner error bars indicate the uncorrelated part of the un-
certainties and the outer error bars represent the total uncer-

tainties
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Fig. 3. Combined reduced charm cross-sections, o%5; (full cir-
cles) as functions of xp; for given values of Q? , compared to
the NLO QCD FFNS predictions based on the HERAPDF2.0
FF3A (solid lines), ABKMO09 (dashed lines), and ABMP16
(dotted lines) PDF sets. The approximate NNLO prediction
using ABMP16 (dash-dotted lines) is also shown. The shaded
bands on the HERAPDF2.0 FF3A predictions show the theory
uncertainties obtained by adding PDF, scale, and charm-quark
mass uncertainties in quadrature

7



V. Aushev

® HERA = NLO HERAPDF2.0 FF3A

---------- NLO ABMP16 - --- appr. NNLO ABMP16 H1 and ZEUS
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b (full
circles) as functions of xpg; for the given values of Q2 , com-
pared to the NLO QCD FFNS predictions based on the HER-
APDF2.0 FF3A (solid lines), ABKMO09 (dashed lines), and
ABMP16 (dotted lines) PDF sets. The approximate NNLO
prediction using ABMP16 (dashed-dotted lines) is shown as
well. The shaded bands on the HERAPDF2.0 FF3A predic-
tions show the theory uncertainties obtained by adding PDF,

Fig. 4. Combined reduced beauty cross-sections cr

scale, and beauty-quark mass uncertainties in quadrature

H1 and ZEUS
g 1.4 02
= 3 ol [GeV?]
O =
o) 25
< 2 5
53 | :
©
12
11 18
' 32
60
0.8 iisd
>200
0.6

Fig. 5. Ratio of the combined reduced cross-sections, o7,

to the respective NLO FFNS cross-section predictions, /o

based on HERAPDF-HQMASS, as a function of the partonic
average z for different values of Q2

The ¢ and b-quark masses are left free by fitting. The
running heavy-quark masses are fitted simultaneously
with the PDF parameters. The fit yields a total x2 =
= 1435 for 1208 degrees of freedom. The smaller un-

8

certainties of the new combination reduce the uncer-
tainty of the charm-quark mass determination with
respect to the previous result. The beauty quark mass
determination improves the previous result based on
a single dataset. The running quark masses are deter-
mined (in GeV) a;

me(me) =
= 1.29077:011 (exp /fit) 5077 (model) £5:3, (param),
mb(mb) =

= 4.0490 105 (exp /fit) 70052 (model) (03] (param).

The model uncertainties are dominated. A better de-
scription of the charm data can be achieved, if zp; <
< 0.01 are excluded from the fit. Alternative NLO
and NNLO QCD calculations, including those with
low-z resummation, do not provide a better descrip-
tion of the combined heavy-quark data.

Since, in LO QCD, the heavy-quark production
proceeds via the photon-gluon-fusion, at least two
partons are present in the final state. The x of the
incoming parton is different from rp; measured at
the photon vertex. The z of the gluon is equal to

5
o= 14 3)

where § is the invariant mass of the heavy-quark
pair. In Fig. 5, the ratio of the measured reduced
cross-sections to the NLO FFNS predictions based on
HERAPDF-HQMASS is shown. More detailed stud-
ies of the = slope tension showed that it can not be
solved by varying the gluon density, or adding higher
orders, or resumming log( terms, within the respec-
tive pQCD frameworks.

3. Conclusions

The results of measurements of charm and beauty
production reduced cross-sections in the deep inelas-
tic ep scattering by the H1 and ZEUS experiments
at the HERA collider are combined for the first
time (beauty) and significantly reduced uncertainties
(charm) than those previously published. Next-to-
leading and approximate next-to-next-to-leading or-
der QCD predictions are compared to the data. Cal-
culations are found to be in a good agreement with
the charm data. The NLO calculations in the fixed-
flavor-number scheme provide the best description of

ISSN 2071-0186. Ukr. J. Phys. 2019. Vol. 64, No. 7
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the heavy-flavor data. The beauty data have larger
experimental uncertainties. These data are well de-
scribed by all QCD predictions. The new combined
data are subjected to a NLO QCD analysis in the
fixed-flavor-number scheme using the MS running-
mass definition. The running heavy-quark masses are
determined from combined data. The simultaneously
determined parton density functions are found to
agree well with HERA-PDF2.0 FF3A. The QCD
analysis reveals some tensions, at the level of 3o,
in describing simultaneously the inclusive and heavy-
quark HERA DIS data. The measured reduced charm
cross-sections show a stronger xp; dependence than
that obtained in the combined QCD fit of charm and
inclusive data, in which the PDFs are dominated by
the fit of the inclusive data.

The work was supported by the Ministry of Educa-
tion and Science of Ukraine
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BUMIPIOBAHH{I ITOIIEPEUYHUX ITEPEPI3IB
VTBOPEHHA KBAPKIB CHARM TA BEAUTY
B EJIEKTPOH-ITPOTOHHUX

SITKHEHHAX HA HERA

PeswowMme

HaBeneno xoM6iHOBaHI 3HadeHHS mepepi3iB yTBOpeHHS ¢ Ta b
KBApKiB B IVINOOKO-HEIPYKHUX €JIEKTPOH-IIPOTOHHUX B3a€MO-
nisx Ha xosnainepi HERA, BuMmipsinunx kosabopariavu ZEUS i
H1. ITapamerpu Bu3Ha4YeHO B Jiana3oHi BipTyaJIbHOCTI OOMiH-
Horo ¢orona 2,5 < Q2 < 2000 I'eB? ta 3HadYeHHS 3MIiHHOT
Bitopkena 3-107° < zp; <5- 10™2. Buxopucrano pisui meTo-
J TaryBaHHsA ¢ Ta b KBapKiB, siKi CIMPAIOThCs Ha BCcebidHe J10-
CJIIPKEHHsI BasKKuX apomaris. IIpu kombinyBaHHI ob64unciioBa-
JIUCh CTATUCTUYIHI Ta CHCTEMATUIHI HEBU3HAYEHOCTI JIJ1s1 PI3HUX
HabopiB gaHux. [ljst o64mC/IeHh BUKOPHCTOBYBAJIACh IIEPTYP-
6arusua KXJI B pisHEX HOpsiAKax HAOJIMKEHHS 1 PE3yJIbTATH
004nCIeHb MOPIBHIOBAJINACH 3 BUMIDAHUMH JaHUMU. Busnade-
HO IIOTOYHI 3HA4YEHHsI Mac ¢ Ta b KBapKiB, fKi CTaHOBJIATH:
me(me) = 1,290f8:83? exp /ﬁt)tg:g?i(model)tgzggl(param),
mp(mp) = 4,049t8:}83 (exp /ﬁt)fg:ggg(model)fgzggi (param).
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THE TRANSIENT HIGH-ENERGY
SKY AND EARLY UNIVERSE SURVEYOR

The Transient High-Energy Sky and Farly Universe Surveyor (THESEUS) is a mission con-
cept developed in the last years by a large European consortium and currently under study
by the European Space Agency (ESA) as one of the three candidates for next M5 mission
(launch in 2032). THESEUS aims at exploiting high-redshift GRBs for getting unique clues to
the early Universe and, being an unprecedentedly powerful machine for the detection, accurate
location (down to ~arcsec) and redshift determination of all types of GRBs (long, short, high-
z, under-luminous, ultra-long) and many other classes of transient sources and phenomena,
at providing a substantial contribution to multi-messenger time-domain astrophysics. Under
these respects, THESEUS will show a strong synergy with the large observing facilities of the
future, like E-ELT, TMT, SKA, CTA, ATHENA, in the electromagnetic domain, as well as
with next-generation gravitational-waves and neutrino detectors, thus greatly enhancing their
scientific return.

Keywords: THESEUS, space mission concept, ESA, M5, gamma-ray bursts, cosmology,

gravitational waves, multi-messenger astrophysics.

1. Introduction

The main feature of the modern astrophysics is the
rapid development of multi-messenger astronomy. At
the same time, relevant open issues still affect our
understanding of the cosmological epoch (a few mil-
lions years after the “big-bang”), at which first stars
and galaxies start illuminating the Universe and re-
ionizing the inter-galactic medium.

In this context, a substantial contribution is ex-
pected from the Transient High Energy Sky and Early
Universe Surveyor (THESEUS!'), a space mission
concept developed by a large European consortium
including Italy, UK, France, Germany, Switzerland,
Spain, Poland, Denmark, Czech Republic, Ireland,
Hungary, Slovenia, ESA, with Lorenzo Amati (INAF-
OAS Bologna, Italy) as a lead proposer. In May 2018,
THESEUS was selected by ESA for a Phase 0/A
study as one of the three candidates for the M5 mis-

© E. BOZZO, L. AMATI, P. O’BRIEN, D. GOTZ, 2019
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sion within the Cosmic Vision programme. The end
of phase A and a down-selection to one mission to
be implemented is expected for mid-2021. The launch
of the selected M5 mission is planned for 2032. De-
tails on the THESEUS science objectives, mission
concept, and expected performances are reported in
[1] and [2].

2. Scientific Objectives

THESEUS is designed to vastly increase the discovery
space of high energy transient phenomena over the
entirety of cosmic history (see Fig. 1).

Because of their huge luminosities, mostly emit-
ted in the X and gamma-rays, their redshift distri-
bution extending at least to z ~ 9 and their associ-
ation with explosive death of massive stars and star
forming regions, GRBs are unique and powerful tools
for investigating the early Universe: SFR evolution,

L https://www.isdc.unige.ch/theseus
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physics of re-ionization, galaxies metallicity evolution
and luminosity function, first generation (pop III)
stars. THESEUS will obtain a statistical sample of
high-z GRBs, which allow us, in turn, to [1]:

e measure independently the cosmic star-formation
rate, even beyond the limits of current and future
galaxy surveys;

e directly (or indirectly) detect the first population
of stars (pop III);

¢ obtain the number density and properties of low-
mass galaxies (even JWST and ELTs surveys will be
not able to probe the faint end of the galaxy luminos-
ity function at z > 8-10);

e evaluate the neutral hydrogen fraction;

¢ measure the escape fraction of UV photons from
high-z galaxies;

e study the early metallicity of ISM and IGM and
its evolution.

Through a carefull design optimization, a mission
capable to substantially increase the rate of identifi-
cation and characterization of high-z GRBs can also
provide a survey of the high-energy sky from soft X-
rays to gamma-rays with an unprecedented combina-
tion of a wide Field of View (FoV), source location ac-
curacy, and sensitivity below 10 keV. For this reason,
THESEUS will provide a substantial contribution
also to the time-domain astrophysics, in general, and,
in particular, to the newly born and fastly growing
field of multi-messenger astrophysics. For instance,
THESEUS will be able to provide the detection, accu-
rate location, characterization, and redshift measure-
ments of the electromagnetic emission (short GRBs,
possible soft X-ray transient emission, kilonova emis-
sion in the near-infrared) from gravitational-wave
sources like NS-NS or NS-blackhole (BH) mergers [2].

THESEUS will be an unprecedentedly power-
ful machine for the detection, accurate localization
(down to ~arcsec), and redshift determination of
all types of GRBs (long, short, high-z, under-lumi-
nous, ultra-long) and many other classes of tran-
sient sources and phenomena. THESEUS will also
provide a substantial contribution to the multi-mes-
senger time-domain astrophysics. The mission capa-
bilities in exploring the multi-messenger transient sky
can be summarized as follow:

¢ Localize and identify the electromagnetic coun-
terparts to sources of gravitational radiation and
neutrinos, which may be routinely detected in the
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Fig. 1. Gammarray bursts in the cosmological context
and the role of THESEUS (adapted from a picture by the
NASA/WMAP Science team)

late '20s/early '30s by next generation facilities like
aLIGO/aVirgo, eLISA, ET, or Km3NET;

e Provide real-time triggers and accurate (~1 ar-
cmin within a few seconds, ~1 arcsec within a few
minutes) localizations of both high-energy transients
for follow-up with next-generation optical-NIR (E-
ELT, JWST, if still operating), radio (SKA), X-rays
(ATHENA), TeV (CTA) telescopes, as well as to
LSST sources;

¢ Provide a fundamental step forward in the com-
prehension of the physics of various classes of tran-
sients and fill the present gap in the discovery space
of new classes of transient events.

In the field of gravitational wave source, THESEUS
capabilities will permit us to:

e detect short GRBs over a large FoV with arcmin
localization;

e detect the kilonovae and provide their arcsec lo-
calization and characterization;

e detect weaker isotropic X-ray emissions.

3. Mission Concept and Payload

THESEUS will be capable to achieve the exceptional
scientific objectives summarized above thanks to a
smart combination of the instrumentation and mis-
sion profile. On its board, the mission will carry two
large-FoV monitors, a 1-sr FoV in the region of soft X-
rays (0.3-5 keV) with unprecedented sensitivity and
arcmin location accuracy and a several-sr FoV from
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Fig. 2. Sketch of the THESEUS spacecraft and payload ac-
commodation. The IRT is placed in the middle of the optical
bench and is clearly visible with 4 SXI squared cameras, as
well as the two XGIS rectangular cameras (credits: ESA)

Fig. 3. Sketch of THESEUS inside the VEGA fairing (credits:
ESA)

2 keV up to 20 MeV, with additional source location
capabilities of a few arcmin from 2 to 30 keV. Once
a GRB or a transient of interest is detected by one
or both the monitors, the THESEUS spacecraft will
autonomously slew quickly to point, within a few
minutes, an on-board near infra-red telescope (70 cm
class operating from 0.7 to 1.8 pm) toward the direc-
tion of the transient, so to catch the fading NIR after-
glow or, e.g., the kilonova emission, localizing it at a
1 arcsec accuracy and measuring its redshift through
photometry and moderate resoluton spectroscopy.
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Fig. 4. Top: sketch of one SXI camera. Left: the SXI point
spread function

The detailed description of THESEUS can be found
in [1]. A sketch of the THESEUS spacecraft, show-
ing also the accommodation of all payload elements,
is presented in Fig. 2. This sketch is a result of the
Concurrent Design Facility (CDF) study performed
by ESA at the end of the phase 0 before the kick-
off of phase A (end of 2018). It is expected that
THESEUS will be injected into a low equatorial or-
bit (<6 deg. inclination, ~600 km altitude) with a
VEGA-C launcher (see Fig. 3). We provide a short
description of the THESEUS payload, comprising the
SXI, XGIS, and the IRT instruments, in the following
subsections.

3.1. The soft X-ray imager

The soft X-ray Imager (SXI) comprises a set of
four sensitive lobster-eye telescopes observing in the
0.3-5 keV energy band and providing a FoV of
~1sr. The expected source location accuracy is 0.5—
1 arcmin. A few details of the instrument are provided
in Fig. 4. The SXI is being developed by a UK-led
consortium.

3.2. X- and gamma-ray
imaging spectrometer

The X- and Gamma-rays Imaging Spectrometer
(XGIS) comprises 2 coded-mask cameras using bars
of Silicon diodes coupled with Csl crystal scintilla-
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tors (see Fig. 5). The instrument is operating in the
2 keV-10 MeV energy band, providing the imaging
capabilities only in the 2-30 keV energy range. It op-
erates as a collimated instrument between 30-150 keV
and as an all-sky monitor at higher energies. Depen-
ding on the operating mode, the XGIS can achieve a
FoV as large as ~2—4 sr and provides a source loca-
tion accuracy of about 5 arcmin. In order to optimize
the detection of high-energy transients and GRBs, in
particular, the FoV of the XGIS partly overlaps with
that of the SXI (see Fig. 6). The XGIS is being de-
veloped by an Italy-led consortium.

3.3. Infrared telescope

The InfraRed Telescope (IRT) is a 0.7 m class IR tele-
scope operating between 0.7-1.8 um. A design based
on a off-axis Korsch model is presently (see Fig. 7) as-
sumed, resulting in a FoV of 15x15 arcmin and pro-
viding both imaging and moderate resolution spec-
troscopy capabilities (up to R = 500). The IRT is
being developed by a France-led consortium.

4. THESEUS Performances
4.1. Early Universe with GRBs

THESEUS will have the ideal combination of the in-
strumentation and the mission profile for detecting
all types of GRBs (long, short/hard, weak/soft, high-
redshift), localizing them from a few arcmin down to
arsec, and measuring the redshift for a large fraction
of them (see Fig. 8).

In addition to the GRB prompt emission, THE-
SEUS will also detect and localize, down to 0.5-1 ar-
cmin, the soft X-ray short/long GRB afterglows, NS-
NS (BH) mergers, and many classes of galactic and
extra-galactic transients. For several of these sources,
the IRT will provide a characterization of the asso-
ciated IR counterpart, including a location within
1 arcsec and, possibly, the redshift.

The impact of the THESEUS measurements for
shedding light on the study of the early Universe ex-
ploiting GRBs is represented in Fig. 9, where we show
the expected number per year of GRBs detected, lo-
calized, and such, for which a redshift measurement
is achieved. The THESEUS expected performance is
compared to the present situation, which is a re-
sult of the large efforts coordinated between Swift,
Konus-WIND, Fermi/GBM, and several on-ground
robotic/large telescopes.
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4.2. Multi-messenger
and time-domain astrophysics

As anticipated in a few of the previous sections, THE-
SEUS will be capable of monitoring a number of
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Fig. 8. GRB distribution in the peak flux — spectral peak en-
ergy (Ep) plane according to the most recent population syn-
thesis models and measurements ([1]). For all shown GRBs,
THESEUS will be able to provide the detection, accurate loca-
tion, characterization, and measurement of the redshift. The
low-E, — low peak flux region is populated by high-redhsift
GRBs (shown in dark blue, blue, ligt blue, green, yellow), a
population unaccessible by current facilities, while the high E},
region highlighted with red points shows, where the shortest
GRBs will lay

Age of the Universe [Gyr]
1346 322 151 091 062 046 036 029 024 020 0.17

1000.0 T T T T T

T T T T
Theseus (High res. spec.) ——

Theseus (photometric)

100.0 Swift .

10.0

Now(>2) [yr']

1.0

0 5 10 15 20

Redshift
Fig. 9. Yearly cumulative distribution of GRBs with redshift
determination vs. redshift for Swift and THESEUS. These
predictions are conservative, as they reproduce the current
GRB rate as a function of the redshift. However, thanks
to its improved sensitivity, THESEUS can detect a GRB of
Eiso = 10°2 erg (corresponding to the median of the GRB ra-
diated energy distribution) up to z = 12. Our currently poor
knowledge of the GRB rate-star formation rate connection does
not preclude the existence of a sizable number of GRBs at such
high redshifts, in agreement with recent expectations on Pop
IIT stars
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different expected gravitational wave source counter-
parts in the electromagnetic (EM) domain, including:

® NS-NS/NS-BH mergers: for these events, THE-
SEUS is expected to detect the collimated EM emis-
sion from short GRBs, as well as their afterglows (the
currently estimated event rate is of <1 yr=! for the
GW detectors of the second generation, but up to
~20 yr~! for the third generation detectors such as
the Einstein Telescope). THESEUS is also expected
to detect the NIR and soft X-ray isotropic emissions
from macronovae, as well as from off-axis afterglows
and, for NS-NS, to identify newly born magnetars
spinning down in the millisecond domain (the rate of
GW detectable NS-NS or NS-BH systems is estimated
at dozens-hundreds yr—1).

e Core collapse of massive stars: for these events,
THESEUS is expected to detect the emission from
long GRBs, LLGRBEs, as well as ccSNe (in these cases,
the prediction on the energy released in GWs is much
more uncertain, and the estimated rate of events is of
~1yr1).

e Flares from isolated NSs: for these events, THE-
SEUS is expected to be able to detect the typical
emission from, e.g., the Soft Gamma Repeaters (al-
though the associated GW energy content is esti-
mated to be only ~0.01%-1% of the EM emission).

THESEUS will be able to detect, localize, charac-
terize, and measure the redshift for NS-NS/NS-BH
mergers thorugh the following channels:

e collimated on-axis and off-axis prompt gamma-
ray emission from short GRBs;

¢ NIR and soft X-ray isotropic emissions from kilo-
novae, off-axis afterglows, and, for NS-NS, from newly
born ms magnetar spindown.

THESEUS will thus beautifully complement the
capabilities of the next generation of GW detec-
tors (e.g., Einstein Telescope, Cosmic Explorer, fur-
ther advanced LIGO and Virgo, KAGRA, etc.) by
promptly and accurately localizing e.m. counterparts
to GW signals from NS-NS and NS-BH mergers and
measuring their redshift. These combined measure-
ments will provide unique clues on the nature of the
progenitors, on the extreme physics of the emission
and, by exploiting the simultaneous redshift (from
e.m. counterpart) and luminosity distance (from the
GW signal modeling) of tens of sources, fully exploit
the potentialities of the multi-messenger astrophysics
for cosmology.
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4.3. Time-domain
astronomy and GRB physics

The unique capabilities of THESEUS will also al-
low us to provide relevant contributions to the more
general field of the time-domain astronomy and, of
course, to the GRB science. As a few examples, THE-
SEUS will provide the astrophysical community with:

e survey capabilities of transient phenomena simi-
lar to the Large Synoptic Survey Telescope (LSST)
in the optical range: a remarkable scientific sinergy
can be anticipated;

e substantially increased detection rate and char-
acterization of subenergetic GRBs and X-ray flashes;

e unprecedented insights in the physics and pro-
genitors of GRBs and their connection with peculiar
core-collapse SNe.

5. Conclusions

THESEUS, under study by ESA and a large Euro-
pean collaboration with strong interest by interna-
tional partners (e.g., US) will fully exploit GRBs as
powerful and unique tools to investigate the early
Universe and will provide us with unprecedented clues
to the GRB physics and subclasses. This mission
will also play a fundamental role for the GW /multi-
messenger and time domain astrophysics at the end of
the next decade, also by providing a flexible follow-
up observatory for fast transient events with multi-
wavelength ToO capabilities. THESEUS observations
will thus impact on several fields of astrophysics,
cosmology, and even fundamental physics and will
enhance importantly the scientific return of next-
generation multi-messenger (al.IGO/aVirgo, LISA,
ET, or Km3NET) and e.m. facilities (e.g., LSST,
E-ELT, SKA, CTA, ATHENA)

In addition, the THESEUS scientific return will in-
clude the significant observatory science, e.g., study-
ing thousands of faint to bright X-ray sources through
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the unique simultaneous availability of broad band X-
ray and NIR observations.

THESEUS will be a really unique and superbly ca-
pable facility, one that will do the amazing science
on its own, but also will add a huge value to the
currently planned new photon and multi-messenger
astrophysics infrastructures in the 2020 s to >2030 s.
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INEPEXITHE BUCOKOEHEPI'ETYHE
HEBO I TOIIOI'PA®IA PAHHBOI'O BCECBITY

PeswowMme

Tlepexinue BuCOKOeHepreTndHe HEOO Ta Tomorpadisi paHHBO-
ro Beecsity (THESEUS) — ne koHnemniis KocMmiunol Micil, sKa
po3pobiieHa B OCTaHHI POKM BEJIMKHUM E€BPOIEHCHKUAM KOHCOD-
miymMoM i Hapa3i BUBYA€TbCsI €BPONEHCHKUM KOCMIYHUM areHT-
crBoM (€KA) sIK 0fjH 3 TPHOX MOXKJIMBUX KaHIUJATIB Ha Yep-
roBy wicito M5 (3amyck y 2032 p.). THESEUS wmae na meti
ekcrryaryBatu GRB 3 BuCOKMM YepBOHMM 3MIIIEHHAM IJIst
OTPUMaHHS YHIKAJIBHUX IIIKa30K Bij panuboro Bceecsiry i, Oy-
ny4du 6e31peneIEHTHOI0 IOTYXKHOK MAIIUHOIO JJIsi BUSIBJIEHHS
TOYHOI'O PO3TAIlyBaHHs (10 ~apKCEKyH/M) | BUBHAYEHHSI Yep-
BOHOTO 3Mimennd Beix Tunie GRB (moBre, kopoTke, 3 BHCOKUM
Z, HIDKY€ CBITJIOBHX, HaJJI0Bre) Ta 6araTo iHIIUX KJIACiB mepe-
XiIHUX mpKepesi i SBUIN, Ma€ Ha MeTi 3pOoOHTH iCTOTHHI BHe-
COK y 6araTov4acToTHy acTpodi3uky 1acoBol obsacTi. ¥ npbomMy
Biguomrenni THESEUS nokaske CHIIbHY CHHEPIIIO 3 BEJMKHMUI
IIPOEKTAMU CIIOCTEPEXKEHHS MaibyTHbOro, Takumu sik E-ELT,
TMT, SKA, CTA, ATHENA B enekrpomartiTHiii obaacti, a
TaKOXK 3 JeTEKTOPAMHU HOBOI'O IIOKOJIHHSI IJIsI CIIOCTEPEXKEHHS
rpaBiTariiHuX XBUJIb i HEUTPUHO, 110 3HAYHO IIiJIBUIILYE IXHIO
HayKOBY Pe3yJIbTaTUBHICTD.
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ON THE CENTRALITY DETERMINATION
WITH FORWARD PROTON DETECTORS

The forward proton detectors, already installed at the Large Hadron Collider, are studied in the
context of heavy-ion collisions. The potential of such detectors in measuring the nuclear debris
coming from the spectator fragments is presented. The geometric acceptance of the forward
proton detectors for different debris is estimated. The impact of experimental conditions and
the Fermi motion on the acceptance is studied. A possibility of the collision impact parameter
reconstruction from the measurement of nuclear fragments is discussed.

Keywords: heavy-ion physics, impact parameter, forward detectors.

1. Introduction

The Large Hardon Collider [1] is equipped with
forward proton detectors designed to register pro-
tons scattered in diffractive or electromagnetic in-
teractions. Such protons are scattered at very low
angles, and this requires detectors to be installed
very far away from the interaction point. In addi-
tion, with the use of the Roman Pot technology,
they can be placed very close to the beam. The LHC
physics programme is not entirely devoted to stud-
ies of proton-proton interactions. The machine may
also accelerate the heavy-ion beams. This resulted in
many measurements of proton-lead and lead-lead col-
lisions [2].

A sketch of an typical heavy-ion collision is shown
in Fig. 1. It is quite obvious that the impact param-
eter of a collision has usually a non-zero value. This
means that only a part of nucleons belonging to the
one nucleus interacts with a part of nucleons of the
other one. Nucleons actively participating in the in-
teractions are called participants, in contrary to the
spectators.

The time scale of a ultrarelativistic heavy-ion colli-
sion is much shorter than the time scale of the inter-
actions within the nuclei. The spectators are mostly
left intact and are scattered into the beampipe es-
caping the central detector acceptance, similar to the
forward protons. This paper tries to answer whether

© K. CIESLA, R. STASZEWSKI,
J.J. CHWASTOWSKI, 2019
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and to what extent the forward proton detectors in-
stalled at the LHC can be used with heavy-ion beams.

2. Forward Proton Detectors

Several systems of forward proton detectors are cur-
rently installed at the LHC, including: AFP [3],
ALFA [4], CT-PPS [5], and TOTEM [6]. All of them
are installed about 200 m away from their correspond-
ing interaction points. The ALFA detectors approach
the beams vertically, the AFP and CT-PPS horizon-
tally, while TOTEM has both types of the detec-
tors. This work takes the AFP detectors as an exam-
ple. However, similar results could also be expected
for other horizontal detectors.

The AFP (ATLAS Forward Proton) detectors [3]
are a subsystem of the ATLAS experiment. They con-
sist of four detector stations — two on each outgoing
beam, with the near stations placed at 205 m and
the far stations at 217 m away from the interaction
point. Each AFP station includes four planes of 3D

participant nucleons

spectator nucleons

Fig. 1. Schematic diagram of an ultrarelativistic collision of
two heavy nuclei (a view along the motion axis)
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Fig. 2. Trajectories of forward protons in the LHC magnetic lattice. s is
the distance from the interaction point along the nominal optics, = is the
horizontal coordinate of a trajectory with respect to the nominal orbit, £ is

the relative energy loss of a forward proton

Silicon pixel tracker sensors [7], the far stations are
additionally equipped with quartz Cherenkov time-
of-flight detector [8] (not important in the current
study). The use of the Roman Pot mechanism allows
the AFP detectors to be horizontally inserted into the
accelerator beampipe.

Since the AFP detectors are located at some dis-
tance from the interaction point, the scattered pro-
tons, before being registered by them, travel through
magnetic fields of several LHC magnets, confront
Fig. 2. The Q1-Q3 quadrupole magnets are respon-
sible for the final focusing of a beam, providing the
high luminosity of the collisions. As for two dipole
magnets, D1 separates the outgoing and the incom-
ing beams, and D2 accommodates them within the
beampipes. The Q4 and Q5 quadrupole magnets are
used to match the interaction region optics to the op-
tics of the rest of the machine.

As a result of the interaction, the forward protons
produced in pp interactions (e.g., in diffractive pro-
cesses) have slightly different kinematics, than the
beam protons. They are scattered at a very small an-
gle and often lose some part of their energy. Small
scattering angles mean a very steep distribution of
forward proton transverse momenta. Thus, the for-
ward proton trajectory and the position in the de-
tectors are primarily determined by the proton en-
ergy. The transverse momentum leads to a moderate
smearing of the scattered proton position at the de-
tector. The forward proton relative energy loss is de-
fined as £ = 1 — Eproton/ Ebeam- The higher its value,
the larger is the forward proton trajectory curvature
in the magnetic fields. An example of various trajec-
tories is illustrated in Fig. 2, where also the posi-
tions of the LHC magnets and AFP detectors are
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Fig. 3. Geometric acceptance of the AFP detectors for for-
ward protons

shown. The kinematic range in which the measure-
ments are possible can be described by the value of
the geometric acceptance treated as a function of the
relative energy loss and transverse momentum of the
forward proton, py. The acceptance calculated using
the MAD-X program [9] for the design LHC optics
[10] is shown in Fig. 3. One can see that the AFP de-
tectors can register protons with relative energy loss
between 2% and 12% and less than 3 GeV of the trans-
verse momentum.

3. Acceptance for Nuclear
Spectator Fragments

Before the ultrarelativistic heavy-ion collision, both
participating and spectating nucleons are parts of the
nucleus, interacting with each other. During an in-
teraction, the spectators are, in a sense, peeled away
from participants, and their ensemble is left in a very
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peculiar state which subsequently decays into lighter
fragments. In the calculations of the geometric accep-
tance of the detectors for the spectator fragments, it
is assumed that all nuclei lighter than the projectiles
can possibly be produced.

Since the AFP detectors are positioned far away
from the interaction point, it is necessary to check
whether and which produced fragments can hit a de-
tector before the decay. For a Pb beam at the LHC
with magnets set as for 6.5 TeV proton optics, the
proper time between the production and reaching
a detector is about 0.3 ns. The half-life time of the
known nuclei, as a function of the atomic number Z
and the difference between the number of neutrons
and the atomic number A is shown in Fig. 4. We can
see that a vast majority of known nuclei could reach
the detectors before the decay.
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The nuclear fragment transport simulation was pre-
formed using the MAD-X program, assuming the
beam of fully ionized 2°®Pb ions accelerated to the
energy of 2.56 TeV per nucleon. The LHC optics cor-
responding to the LHC Run 2 heavy-ion operations
[10] was used. Trajectories of ions different from Pb
were simulated by scaling their momenta to the mo-
mentum of a lead ion that would have same trajectory
in the magnetic filed as the tracked one. This scaling
procedure is possible due to the dependence of the
trajectory observed in the magnetic field on the ratio
of the particle momentum to its charge.

Without introducing the spreads originating from
the beam emittance and internal motion of nucle-
ons, a nucleus with a given A and Z will hit the
AFP detectors at a well-defined position. Dipole mag-
nets bend the beam trajectory in the horizontal di-
rection, so the xz-coordinate of a fragment trajectory
plays the major role in this consideration. It should
also be noted that, for the safety reasons, the de-
tectors are positioned at some distance with respect
to the beam. An additional dead material of the Ro-
man Pot floor has also been taken into account in the
calculations.

Predicted horizontal positions of all nuclei at 211 m
from the interaction point (in the middle between the
near and far stations) are shown in Fig. 5. The posi-
tion of 2%%Pb (A = 44) and all nuclei with the same
A/Z ratio is equal to zero. Nuclei containing less neu-
trons per proton are deflected outside the LHC ring,
similarly as the forward protons, and can be regis-
tered in the AFP detectors. Nuclei with more neu-
trons per proton are deflected toward the LHC center
and escape the detection. Nuclei with A/Z ratio very
different from that of lead can be lost in the LHC and
not reach the AFP detectors.

Neglecting the internal motion of the nucleons
within a nucleus, the energy of each nucleon is the
same and equal to the energy of the beam divided
by the mass number of the beam particles: Eyn =
= Fbeam/Abeam- Assuming that the spectator frag-
ments are left intact during the collision, the energy
of a spectator with mass number A will be equal
to A - Ey. The internal motion of nucleons is in-
troduced by applying the Fermi-gas model of a nu-
cleus. In the rest frame of a nucleus, the density of
nucleon states is given by dn ~ p?dp. In the simu-
lation, the absolute value of the momentum of each
nucleon was randomly drawn from a quadratic dis-
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tribution between zero and the Fermi momentum of
250 MeV. Then the momentum of a given fragment
was calculated as a vector sum of the momenta of
all its nucleons and the Lorentz-transformed into the
laboratory frame.

For the beam emittance value of 1.233 pm [10],
the lead beam angular spread is 24 urad at the in-
teraction point, and the interaction vertex distribu-
tion has the transverse and longitudinal spreads of
13 pm and 5.5 cm, respectively. The horizontal width
of the beam at 211 m from the interaction point, o,
is 134 pm. This width is an usual unit of distance
between the detector and the beam. The distance be-
tween the edge of a sensor and the center of the beam
is assumed to be 3 mm. It covers about 19 o, and a
0.5-mm-long distance between the active sensor edge
and the outer wall of the Roman Pot floor.

The result of studies of the influence of various fac-
tors on the positions of the selected ions at the dis-
tance of 211 m away from the interaction point is
shown in Fig. 6. One can observe that the effects of
the beam spreads and those due to the transverse
component of the Fermi motion are small. The posi-
tion smearing is dominated by the longitudinal Fermi
motion magnified by the Lorentz boost. This effect is
stronger for the lighter nuclei.

Figure 7 shows the acceptance to detect a given nu-
clear fragment as a function of its Z and A at a dis-
tance of 211 m away from the interaction point. The
results were averaged over the distributions of the mo-
menta and the Gaussian spatial and angular spreads
of the LHC beam. However, the AFP detectors were
not designed for measurement of the nuclear debris,
and their acceptance covers a significant part of the
nuclei spectrum. As one can observe, for a given Z,
especially for heavier nuclei, more than a half of
known nuclei can be potentially detected. This range
of accepted masses decreases linearly with decreasing
value of Z.

4. Centrality Determination

To study how the measurements of fragments can be
used to retrieve information about a central state, a
simulation of Pb—Pb collisions using the DPMJET
Monte Carlo generator [11] was performed. For each
event, the generator reports a list of produced par-
ticles, including the spectators. Figure 8 shows the
distribution of produced fragments.
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Each event is generated with a known random value
of the impact parameter. Figure 9, a shows the cor-
relation between the impact parameter value and
the sum of the mass numbers of all produced frag-
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Fig. 10. Correlation between the sum of masses of fragments
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ments. One can observe a strong dependence between
these two variables — the more peripheral the event,
the more the spectators are produced. Calculating
this plot, the acceptance of forward proton detectors
was not considered. Figure 9, b shows the same cor-
relation. But here, the sum runs only over the frag-
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ments within the acceptance of the forward proton
detectors . One can notice that the correlation per-
sists. However, it is not as strong as in the previous
case. The correlation has two components — one sim-
ilar to the original one and the another one with XA
scaled down.

The initial state of the Pb—Pb collision is, in the
first approximation, symmetric with respect to the p,
sign. In a particular event, fluctuations of the shape
of ions and those related to the spectator fragmen-
tation can break this symmetry leading to a two-
component picture. Indeed, this can be observed from
Fig. 10 showing the correlation between the sum of
A measured on the two sides. Two types of events
can be distinguished — events with fragments on both
sides (double-tag) and only one side (single-tag). For
double-tag events, the XA of the fragments measured
on both sides are correlated. The width of this cor-
relation reflects the correlation between the impact
parameter and the measurements on each side.

1 For the results based on the DPMJET simulation, the accep-

tance of the forward proton detectors is taken into account
in an approximate way based on their A/Z ratio.
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Figure 11 shows the correlations between the colli-
sion impact parameter and the sum of A for measured
fragments of the two types of events separately. A cor-
relation between the two variables is visible in both
cases, which shows that the proposed method can be
used for the centrality determination.

Figure 12 shows the probability that a given event
will be of either type as a function of the impact pa-
rameter. For the most central events (small impact
parameter), the probability of observing any fragment
in the forward detectors is zero. In such collisions,
only the lightest fragments can be produced, which
will escape the detection. With increasing value of
the impact parameter, the probability of observing
the single-tag events increases. However, at about 12—
14 fm it drops down, which corresponds to a peak in
the probability for double-tag events.

5. Conclusions

The presented study shows that the existing forward
proton detectors at the LHC provide an interesting
possibility of detecting the nuclear debris originating
from the collision of two heavy ions. One of the possi-
bility is a measurement of the centrality of Pb—Pb col-
lisions. Different centralities result in different signals
generated by the produced nuclear fragments. Such
measurement would be independent of and comple-
mentary to the other commonly used methods. A di-
rect measurement of the number of spectator frag-
ments and, hence, the determination of the number
of participants could be possible, if several forward
detectors providing thus a much larger acceptance are
used [12]. The present work shows that one can get in-
formation about the centrality even with the limited
acceptance of the already existing detectors. More de-
tails can be found in [13].

The measurements of spectators using the Roman
Pot detectors could be considered also for proton-ion
and lepton-ion interactions. However, this topic re-
quires dedicated studies.
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ITPO BUSHAYEHHS{ TEHTPAJIBHOCTI
3A JOIIOMOI'OIO JETEKTOPIB ITPOTOHIB,
1110 BUMJIITAXOTH YVIIEPE/]

PeswowMme

BuBuaroTecs JeTeKTOpU IIPOTOHIB, IO BUJIITAIOTH yIIEpes, SKi
BXKe BCTaHOBJIeHI Ha Besmkomy Anpomnomy Kouaiinepi, s
JOCHTiPKEHHs 3iTKHEHb BayKKMX i0HIB. [leMOHCTPYIOTBCA MO-
2KJIMBOCTI TaKUX JI€TEKTOPIB [JId BUBYEHHHA IIPOAYKTIB IOILILY
sanaep — dparmenTiB crekraropis. /lana oliHka reomeTpudHO-
TO aKCEITAHCY [ETEKTOPiB IPOTOHIB, IO BHJITAIOTH YIEPEN,
y BUNAJKY PI3HUX HPOAYKTIB IOMdiny. BuBuyaeTbcsi BILIMB Ha
aKCEIITaHC YMOB ekcrepuMmeHTy Ta pyxy Pepmi. O6rosoproe-
ThCS MOKJIMBICTH PEKOHCTPYKIII mapamerpa 3iTKHEHb 3a J0-
IOMOI'OIO0 BUMipPIOBaHHS siIEPHUX (pparMeHTiB.
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ELECTROMAGNETIC RADIATION
FROM Au+ Au COLLISIONS AT /5,y = 2.4 GeV
MEASURED WITH HADES

We present results of low-mass dielectron measurements from Au+ Au collisions at
VSnn = 2.4 GeV with HADES. The focus lies on the extraction of the effective temperature
from the differential dilepton spectra and the analysis of the azimuthal anisotropy of virtual

photons.

Keywords: HADES, dielectrons, effective temperature, azimuthal anisotropy.

1. Introduction

The matter created in heavy-ion collisions at relativis-
tic energies is rather compressed than heated, reach-
ing net baryon densities of a few times normal nu-
clear matter density and moderate temperatures be-
low 70 MeV /kg. Such matter is commonly described
as the resonance matter consisting of a gas of nucle-
ons and excited baryonic states, as well as contribu-
tions from mesonic excitations. Due to the compres-
sion in the inital phase of the collision, the hadron
properties are substantialy modified. To understand
the microscopic structure of baryon-dominated mat-
ter, HADES systematically measures virtual pho-
tons, that decay into dileptons, from elementary and
heavy-ion collisions. These electromagnetic probes
access the entire space-time evolution of a fireball
and leave the collision zone without further inter-
actions. Moreover, in contrast to real photons, they
carry an additional information through their invari-
ant mass. Thus, they provide the unique information
about the various stages of the collision.

In Au+Au at \/syy = 2.4 GeV, HADES ob-
served a strong excess radiation which is remarkably
well described assuming the emission out of a ther-
malized system [1]. Thus, the results imply strong
medium effects beyond a pure superposition of in-
dividual nucleon-nucleon (pp, np) collisions.

The total yield of dileptons in the low-mass re-
gion up to 1 GeV/c? is related to the fireball lifetime

© D. DITTERT, 2019
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[2]. The inverse slope of the invariant mass spectra
provides information about the temperature in the
system averaged over the whole space-time evolution
of the collision [3,4]. To gain a further insight, the de-
pendence of those temperatures on the virtual photon
transverse momentum and rapidity and on the event
centrality can be studied. Furthermore, the shapes of
the spectra can be confronted with model calcula-
tions to obtain the understanding of the processes
occurring in low-energy heavy-ion collisions such as
the establishment of a local thermal equilibrium and
the restoration of the chiral symmetry at high den-
sities leading to modifications in the low-mass in-
medium vector meson spectral function [2,5-8]. Using
a coarse-grained transport calculation to describe the
fireball evolution leads to a good agreement with the
experimental data in the region M., > 0.3 GeV/c?
[9, 10].

This approach implies a locally equilibrated system
for which the corresponding thermodynamic param-
eters can be extracted [2]. However, non-equilibrated
transport-calculations also describe the data points
without significant deviations.

In addition, the observables related to the collectiv-
ity of a system, e.g., the flow, are used to describe the
macroscopic properties of nuclear matter. The col-
lective flow consists of a radial flow, which affects
the thermal spectra of the outgoing particles, and
anisotropic flow, which affects the spatial orientation
of the particle momenta. The azimuthal anisotropy
is especially useful to disentangle early and late emis-
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sion sources, because the effective temperature results
from the superposition of all fireball stages with de-
creasing the temperature T, but increasing the flow
Br over time (see Eq. 4). The azimuthal anisotropies,
on the other hand, are actually small in the early
phases of the fireball evolution, where the flow is
not yet fully developed and grow larger for the later
phases. Thus, the elliptic flow does not show this im-
plicit time dependence, and the combined dependence
of the elliptic flow of dileptons on their transverse
momentum and their invariant mass provides a rich
landscape of structures, which allows one to set the
observational window on specific stages of the fireball
evolution [11].

2. Data Analysis and Signal Extraction

HADES at SIS18 (GSI, Darmstadt, Germany) is a
fixed-target experiment. The spectrometer provides
a large acceptance between 18° and 85° in the po-
lar angle, as well as a nearly full azimuthal cover-
age. Figure 1 shows a 3D view of HADES with the
main components of the detector. The Ring Imag-
ing CHerenkov detector (RICH), the Time of Flight
(TOF) and RPC detector, as well as the Pre-Shower
detector, are mainly used for the particle identifica-
tion, while four planes of low-mass MDCs in combina-
tion with a superconducting toroidal magnet are used
to determine the particle tracks and momenta. In or-
der to reduce the background from the photon conver-
sion in a detector material, all tracking detectors are
designed as light as possible. About 7 m behind the
spectrometer, the Forward Wall is placed. It is used
to reconstruct the event plane and to determine the
centrality of a collision by measuring the spectator
nucleons.

In twelve runs between 2002 and 2019, HADES col-
lected data from various experiments at beam en-
ergies of 1-3.5 GeV. The size of the collision sys-
tem ranged from elementary p + p collisions over
light- (C+C) and medium-sized (Ar+KCl) colli-
sion systems to the large Au+ Au system. In the
two runs performed in 2014, also the pion-induced
reactions were investigated. Before the most recent
run (Ag+Ag @ \/syn = 2.55 GeV completed in
March 2019), the major detector upgrades includ-
ing the RICH detector and a new electromagnetic
calorimeter were conducted. In this work, the results
of analysis of the data taken from the Au+ Au run at
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Fig. 1. 3D view of the HADES setup

2.4 GeV ! in 2012 will be presented. In the five-week
beamtime (overall 557 hours) with beam intensities
between 1.2-1.5 x10°¢ ions/s, the total of 7.3 billion
events were collected and stored in 138 TB of data
[13,14].

After choosing only the events with a reaction ver-
tex inside the target, rejecting the pile-up events and
using a high-multiplicity trigger that selects 47% of
the most central events along with event quality selec-
tion criteria, a clean sample of about 2.6 x 10° events
were left to analyze.

Dileptons are very rare due to low branching ra-
tios, e.g., [ee /T = (4.72 £ 0.05) x 1075 in the case of
a p-meson [15]. Thus, a very precise particle identifi-
cation is crucial for reliable measurements. To sepa-
rate the leptons from the hadronic background, the
hard cuts in one or two dimensions can be applied on
various observables. However, a better performance
can be achieved, by considering the correlations be-
tween all the observables simultaneously, i.e., by us-
ing Multivariate Analysis (MVA) methods. They al-
lowed us to identify single leptons with a very high
purity of at least 98% and a good efficiency. In or-
der to take the step from the reconstructed single
electron signal to the dilepton spectra, the electron-
positron pairs have to be build. It is not possible to
identify electrons and protons from the same ver-
tex. Instead, all possible unlike-sign pair combina-
tions are calculated event-by-event (Fig. 2, black cir-
cles). This leads to a large contribution of wrong pair-

1 A center-of-mass energy of \/syy = 2.42 GeV corresponds
to a beam energy of Epeam = 1.23A GeV and a center-of-
mass rapidity of ym,iq = 0.74.
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side a simulated cocktail of contributions from first chance col-
lisions and the freeze-out stage [17]

ings to the final spectra. This so-called combinato-
rial background has to be subtracted from all pairs
to obtain the true signal pairs (Fig. 2, blue trian-
gles). As usual, two types of fake lepton pairs are dis-
tinguished, namely, the uncorrelated and correlated
backgrounds. The former one stems from the pairing
of leptons, originating from different mother parti-
cles, which is the largest contribution to the com-
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binatorial background. Due to the random combina-
tion of two different decays, it is structureless. In the
case of a two-photon decay or a Dalitz decay with
the subsequent photon conversion of a neutral meson,
it can happen that the paired leptons have different
mother particles, but share their grandparent. The
correlation of these pairs leads to a background con-
tribution with a bump-like structure. While the un-
correlated background can be reproduced using the
event mixing, the correlated background, which is
dominant in the low-mass region, is handled using a
same-event like-sign technique. The signal is a result
of subtracting the combinatorial background from all
ete™ combinations (Fig. 2, red squares). The signal-
to-background ratio (bottom panel of Fig. 2) is ~ 10%
for the invariant masses above 0.15 GeV /c?.

3. Anisotropy Analysis

The flow coefficients v; (directed flow), vy (elliptic
flow), vs (triangular flow), etc. are defined as the
Fourier coefficients of the azimuthal angle expan-
sion [16]:

dN

TAD x1+2 Zvn cos (nA®), AP =, — Ugp.
(1)

To extract the A® of dileptons, the difference of
the azimuthal angle of the dilepton pair (®..) and
the angle of the event plane (Ugp), which is deter-
mined using the information of the spectator hits in
the Forward Wall, is calculated. This subtraction is
necessary due to the correlation between the directed
and elliptic flow components and the collision geom-
etry. Furthermore, a correction factor accounting for
the event plane angle resolution has to be applied
[18]. The anisotropy coefficient v5*® of the signal pairs
is then calculated from [19]:

n=1

o1 1—7r 4
of® = ot o, 2)
T T

where r is the mass-dependent signal-to-background
ratio, and v3%, v, and v5® represent the flow coef-
ficients for the signal pairs, all pairs, and the com-
binatorial background pairs. The latter ones are de-
termined using different methods, namely, the same-
event like-sign geometric mean background, mixed-
event unlike-sign background and making an as-

sumption that the combinatorial pairs, being built
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from the same single particles as signal pairs, have
also the same orientation with respect to the reac-
tion plane. To obtain a final value for the azimuthal
anisotropy, the mean of the different methods is calcu-
lated. Their standard deviation is used to determine
the systematic uncertainty. The statistical uncertain-
ties are taken from the same-event like-sign geometric
mean background for the lowest mass region, where
the correlated background from 7%-Dalitz decays is
dominant, and from the mixed-event background in
the mass regions above.

4. Results

Figure 4 shows the effective slope parameter Tyope
as a function of the invariant mass of the dielectron
pairs, resulting from the fit:

1 dN mpc?
e — Ki|— 3
X mrianig (kBTslope) ( )

with mpr = /M2 + p2c? and the assumption of a
pure Boltzmann nature of the source. Since only a
small fraction of the dilepton yield is lying outside
of the HADES acceptance, which can be verified by
comparing the rapidity spectra to different model cal-
culations, this assumption is justified and is valid to
apply a thermal fit without prior extrapolation to the
unmeasured rapidity. Utilizing the good agreement
between the shapes of the model fits and the exper-
imental pr spectra, a parametrization of the slopes
from the model provides a further quantitative infor-
mation. From

kBTslope = kBTkin + %Meec2 <6T>25 (4)
where Ty, and (Br) in the case of dileptons can
be interpreted as the properties of their source av-
eraged over four-volume, rather than of the freeze-
out hypersurface, the values Ty, = 65 MeV/kg,
(Br)y = 0.19 for the coarse-grained (CG) approach
plus cocktail and Ty, = 74 MeV/kg, (Br) =
0.05 for Hadron String Dynamics (HSD) can be ex-
tracted. Extrapolating those model fits to the zero
invariant mass results in Ty, = 61 MeV/kp and
Tmin = 69 MeV /kp, respectively. However, more pre-
cise experimental data are needed to decide for one
model or another one. Contrary to hadrons [22, 23],
the slope parameter is not dependent on the invariant
mass, but stays rather constant over the whole mass
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invariant mass [24]

range. This is due to the very low transverse veloc-
ity (Br), indicating that the majority of dileptons is
emitted at an early phase, thus not carrying the full
(Br) established at the freeze-out.

The second Fourier harmonic of the azimuthal
anisotropy as a function of the invariant mass is
shown in Fig. 5. The value in the lowest mass re-
gion (0 < M., [GeV/c?] <0.12), where the dilep-
ton spectrum is dominated by w9-Dalitz decays, is
in a good agreement with the elliptic flow seen in
charged pions (see Fig. 6). A negative sign of vy

25



D. Dittert

02

I —— dileptons M, <0.12 GeVic?| |

0_— —4— charged pions (x*) ]

-0.02

S-0.04 l .

-0.06- .

-0.08]- E
| HADES preliminary

PR T I | Pl TS

0.5 10 20 30 20
Centrality [%)]

02—
[ |[—— n®° v,=-0048
[ |—=— = ¥,=-0.036
0151, . ¥, = -0.048 ]
0.1__ » :
o | L]
> _ H
- .
0.05)= S [
E T
g : ]
o ¢ |* -
| HADES preliminary ]
~0.05 P ST [ S SR N S S
0 200 400 600
P, [MeV/c]

Fig. 6. vs of dileptons below 0.12 GeV/c? and charged pions as functions of the centrality

and transverse momentum

means that the majority of the particles is ejected
perpendicularly to the event plane. This out-of-plane
flow can be explained by the passing spectator nu-
clei shadowing the collision center. This shadowing
effect reduces the mean free path of particles that
are emitted into the reaction plane, which leads to
a squeeze-out of ejectiles perpendicularly to the re-
action plane. At masses above the 7%-region, the az-
imuthal anisotropy seems to decrease and indeed is
consistent with zero. Recalling the cocktail contribu-
tions shown in Fig. 3, it becomes apparent that the
physics background contribution in those mass re-
gions is at the level of at most 10% from n-decays,
thus much lower than the 90% pion contribution
in the first mass bin, meaning that those dilep-
tons are mostly stemming from an early phase be-
fore the build-up of the flow. This is consistent
with the observed very low transverse velocity dis-
cussed above. An alternative explanation of the van-
ishing azimuthal anisotropy is given by the penetrat-
ing nature of dileptons, which therefore do not ex-
perience the shadowing effect of the spectator mat-
ter [25]. More insights will be provided with the
new set of data collected in March 2019, and that
data are awaiting for theory interpretations. Figure
6 shows a comparison between vy of dileptons be-
low 0.12 GeV/c? and charged pions. In the left panel,
the centrality-dependent elliptic flow is plotted. As
the collision gets more peripheral, more spectator
nucleons are shielding the collision zone resulting in
a stronger, i.e. more negative, flow. The values from
the dileptons from 7%-decays and the charged pions
are in a very good agreement. The same is true for
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the transverse-momentum-dependent flow coefficients
shown in the right panel.

5. Conclusions

The results from the dilepton analysis in Au+ Au col-
lisions at 2.4 GeV show a clear evidence for the pen-
etrating nature of the electromagnetic probes. The
very low transverse velocity indicates that the ma-
jority of dileptons is ejected before the freeze-out,
where the full transverse velocity seen in hadrons
would have build up. The same is true for the cre-
ation of a flow in the system. Thus, the dileptons,
which do not stem from hadronic decays show little
or no azimuthal anisotropy. However, both methods
would profit from higher statistics, as it is not possi-
ble up to now to definitely rule out one of the mod-
els with the inverse slope analysis or extract the az-
imuthal anisotropy with higher precision. In the most
recent HADES beamtime with Ag+ Ag at \/syy =
= 2.55 GeV, conducted in March 2019, ~15 bil-
lion events were collected, and the first low-level
analysis promises high statistics and a very good
data quality. Moreover, a newly installed electromag-
netic calorimeter allows one to directly detect neu-
tral mesons, making it possible to further determine
the physics background in the dilepton spectra. In
addition, the effects of the system size can be in-
vestigated. Combining the presented Au-+ Au data
with the recently measured Ag-+ Ag run, as well as
Ar+KCl at \/syn = 2.6 GeV, will help one to draw
a more complete picture.
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QUARKONIUM PRODUCTION
MEASUREMENTS WITH THE ALICE
DETECTOR AT THE LHC

In (ultra-)relativistic heavy-ion collisions, the strongly interacting matter is predicted to un-
dergo a phase transition into a plasma of deconfined quarks and gluons (QGP), and quarkonia
probe different aspects of this medium. However, the medium modification of the quarkonium
production includes also the contribution of cold nuclear matter effects (CNM), such as the
shadowing or nuclear break-up in addition to QGP effects. Proton—nucleus collisions, where no
QGP is expected, are used to measure cold nuclear matter effects on the quarkonium produc-
tion. The vacuum production of quarkonia is modeled in proton—proton (pp) collisions, which
are used as the reference for both heavy-ion and proton—nucleus collisions. Besides serving as
a reference, the results in pp collisions represent a benchmark test of QCD-based models in
both perturbative and non-perturbative regimes. The ALICE detector has unique capabilities at
the LHC' for measuring quarkonia down to the zero transverse momentum. Measurements are
carried out at both central and forward rapidities in the dielectron and dimuon decay chan-
nels, respectively. In this contribution, the latest quarkonium measurements performed by the
ALICE Collaboration during the LHC Run-2 period for various energies and colliding systems

will be discussed.

Keywords: QGP, quarkonium,relativistic heavy-ion collisions, cold nuclear matter effects.

1. Physics Motivations

Quarkonium measurements represent an important
tool for the investigation of the interaction of heavy
quarks with the hot and energy-dense medium cre-
ated in heavy-ion collisions, known as Quark—Gluon
Plasma (QGP) [1], and provide an important in-
sight about its properties. In the original prediction
by Matsui and Satz [2], it was argued that quarko-
nium states could melt in a deconfined medium,
since the binding energy between the quark and an-
tiquark is screened due to the presence of free color
charges. This implies that the quarkonium produc-
tion in heavy-ion collisions should be suppressed as
compared to binary-scaled pp collisions. However, it
is also argued that the large production cross-section
of heavy quarks in the hot thermalized medium leads
to the (re)generation of quarkonia via the statistical
recombination at the phase boundary [3] or through
the coalescence of charm quarks [4]. Models including

© F. FIONDA, 2019
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(re)generation describe the majority of charmonium
measurements from LHC Run-1 (2009-2013), show-
ing already the evidence that the (re)generation is the
dominant production mechanism of J/ in heavy-ion
collisions at LHC energies [5]. Measurements of the
bottomonium production, for which the contribution
from the (re)generation could be small due to the
much smaller beauty production cross-section, and
the comparison with the corresponding charmonium
results can further shed light on the quarkonium pro-
duction mechanisms in large systems. Furthermore, if
heavy-flavor quarks thermalize in the QGP, regener-
ated quarkonium states could inherit their flow and
then participate in the collective motion of the QGP.

The study of the quarkonium production in
proton—nucleus collisions is relevant to quantify cold
nuclear matter (CNM) effects. Mechanisms such as
a modification of the parton distribution functions
in nuclei, the presence of a Color Glass Condensate
(CGC), and coherent energy loss of the c¢ or bb pair
in the medium have been employed to describe the
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J/v¥ and YT production obtained in proton-nucleus
collisions from the LHC Run-1 [6-8].

In elementary pp collisions, the production of a
quarkonium state can be understood as the creation
of a heavy-quark pair (¢q) followed by its binding
into a state with given quantum numbers. The first
step is well described by perturbative quantum chro-
modynamics (QCD), while the second step is inher-
ently non-perturbative. Currently, none of the exist-
ing models is able to satisfactorily describe simul-
taneously all aspects of the quarkonium production
in pp collisions. Therefore, more differential measure-
ments represent a powerful tool for adding further
constraints to quarkonium production models, im-
proving significantly our understanding of quarko-
nium production mechanisms in elementary hadronic
collisions.

2. Quarkonium Measurements in ALICE

The ALICE detector [9] has unique capabilities to
measure the quarkonium production down to the zero
transverse momentum (pr) in two rapidity ranges !:
at mid-rapidity (Jy| < 0.9) with the central barrel
through the dielectron decay channel and at forward
rapidity (2.5 < y < 4) with the muon arm through
the dimuon decay channel.

The main tracking detectors in the central barrel
are the Inner Tracking System (ITS) and the Time
Projection Chamber (TPC). The ITS provides the
primary and secondary vertex information, the latter
is useful to separate the non-prompt J/1 contribution
(from beauty-hadron decays). The TPC provides the
excellent particle identification for particles with in-
termediate momenta, in particular, for electrons up to
about 10 GeV/c, based on the measurement of their
specific energy loss.

The forward muon spectrometer includes a dipole
magnet with an integrated field of 3 T-m, five track-
ing stations comprising two planes of cathode pad
chambers each, and two trigger stations consisting of
two planes of resistive plate chambers each. The lat-
ter allows one to trigger on events with at least a pair
of opposite-sign track segments in the muon trigger

I The rapidity ranges are quoted in the “laboratory” reference
frame (y = y1ab) Which is coincident with the center-of-mass
reference frame (yems) in pp and Pb—Pb collisions, but not in
p-Pb collisions because of the asymmetric beam conditions.
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Fig. 1. prp-differential inclusive J/1) cross-section measured
at mid-rapidity in pp collisions at /s = 5 TeV compared to
prompt J/¢ NRQCD calculations added to predictions of non-
prompt J/1 from FONLL (see [10] and references therein)

system, each with a pp above a specific threshold. A
system of absorbers is used for filtering out hadrons.

3. Results: Selected Highlights
3.1. pp collisions

An extensive study of quarkonium production cross-
sections in pp collisions has been performed by
the ALICE Collaboration at several center-of-mass
energies.

In Fig. 1, the inclusive J/¢ cross-section mea-
sured at mid-rapidity at /s = 5 TeV (see [10] and
references therein) is compared to different sets of
Non-Relativistic QCD (NRQCD) calculations of the
prompt J/1 production.

The model from Ma et al. is coupled to a CGC
description of the low-x gluons in the proton and can
predict the prompt J/v cross-sections down to pr =
= 0. In all cases, the non-prompt J/1 component
calculated from Fixed-Order Next-To-Leading-Loga-
rithm (FONLL) predictions is added to the prompt
J /v contribution.

The agreement between all models and data is good
in the measured pr range. It is worth noting that
the uncertainties on the data points are significantly
smaller than the model uncertainties, especially at
low pr. The t(2S)-to-J/1 cross-section ratio, mea-
sured at the forward rapidity as a function of pr in
pp collisions at /s = 13 TeV, is compared to NLO
NRQCD calculations in Fig. 2 (see [11] and references
therein). In the ratio, many of the systematic uncer-
tainties cancel for both data and model.
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theoretical predictions (see [13| and references therein; for the
model of Du et al. see [14])

From the comparison, it is clear that there are still
tensions between data and models. Similarly, discrep-
ancies are observed for polarization measurements
performed in pp collisions at /s = 8 TeV at the for-
ward rapidity [12].

3.2. p-Pb collisions

The nuclear effects on the quarkonium production in

p-Pb collisions are estimated via the pr and rapidity

differential nuclear modification factor defined as

R ( ) dzaz_n}i)lém/dycmsde
p-Pb\Ycms, PT) = APb d20§§ium/dycmsde’

where the p-Pb production cross-section of a given
quarkonium state, dza;’f‘g,‘gm /dYemsdpr, is normalized
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to the corresponding quantity for pp collisions times
the atomic mass number of a Pb nucleus (Ap, =
= 208). The pr-integrated R, p1, of inclusive J/1,
measured in p-Pb collisions at \/syy = 8.16 TeV, is
shown in Fig. 3 as a function of the center-of-mass
rapidity, Yems. Measurements in the dimuon channel
are performed by taking data in two configurations
of the beams with either protons or Pb ions going
toward the muon spectrometer, corresponding to for-
ward and backward rapidities, respectively. For the
mid-rapidity measurement, the data corresponding to
the two configurations can be combined due to the
symmetry of the central barrel detector. The nuclear
modification factor is compatible with unity at back-
ward and mid-rapidities. In contrast, a suppression
is visible at the forward rapidity. It is compared to
several theoretical models which attempt to describe
the prompt J/v¢ production (see [13] and references
therein; for the model of Du et al. see [14]). The re-
sults of calculations based on shadowing only show
a good agreement with data, when the nCTEQ15 or
EPPS16 set of nuclear parton distribution functions
(nPDF) are adopted (Lansberg et al.), while using the
EPS09 set of nPDF leads to a slightly worse agree-
ment at the forward yems (Vogt). Calculations based
on a CGC approach coupled with various quarkonium
vacuum production models are able to reproduce the
data in their domain of validity, corresponding to the
forward-yems region (Venugopalan et al.; Ducloue et
al.). The model of Arleo et al., based on the calcula-
tion of the effects of parton coherent energy loss, gives
a good description of the results for both backward-
Yems and forward-y.nm,s rapidities. Finally, models in-
cluding a contribution from the final state interac-
tions of the c¢ pair with the partonic/hadronic sys-
tem created in the collision (Zhuang et al.; Du et al.;
Ferreiro) can also reproduce the trend observed in the
data. In the latter set of models, the nuclear shadow-
ing is included, and it is the mechanism that plays a
dominant role in determining the values of the nuclear
modification factors.

The R,.py, for 1(2S) as a function of yems is shown
in Fig. 4, where it is compared to the corresponding
J /4 result. At the forward rapidity, J/¢ and 1(2S)
show a similar suppression, while, at the backward
rapidity, ¥(2S) is significantly more suppressed than
J/1¢. Contrary to the J/v case, only models that in-
clude final state interactions with the surrounding
medium are able to reproduce 1(2S) results.
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The ALICE Collaboration has also measured
long-range correlations between forward-yc,s and
backward-yems inclusive J/¢ and mid-rapidity
charged hadrons, in p-Pb collisions at both /sy =
= 5.02 and 8.16 TeV [15]. The data indicate per-
sisting long-range correlation structures at A¢ ~ 0
and A¢ ~ m, reminiscent of the double ridge previ-
ously found in charged-particle correlations at mid-
and forward rapidities [16]. The corresponding v v
obtained by combining data of the two collision ener-
gies, is shown in Fig. 5. In heavy-ion collisions, this
coefficient is related to the azimuthal anisotropy of
the final-state particle momentum distribution and is
sensitive to the geometry and the dynamics of the
early stages of the collision. The results in p-Pb colli-
sions are compared to v2‘] /¥ measurements performed
in Pb-Pb collisions at /sxy = 5.02 TeV [17]. The
positive vy coefficients observed in Pb—Pb collisions
for pp?/¥ below 3-4 GeV /c are believed to originate
from the recombination of charm quarks thermalized
in the medium and are described fairly well by the
transport model. In p-Pb collisions, the vg /¥ is com-
patible with zero at low pr, and this is in line with ex-
pectations, since no QGP is expected to be produced
in which charm quarks could thermalize. Even assum-
ing such scenario, the amount of produced charm
quarks is small compared to that in heavy-ion col-
lisions. Therefore, the contribution from the recom-
bination should be negligible. However, at high-pr,
J /¥ vy is comparable to the magnitude of the flow ob-
served in central Pb—PDb collisions. It is worth noting
that, in Pb—Pb collisions, the measured vg ¥ coeffi-
cients exceed substantially the theoretical predictions

for p%/ ¥

w1

> 4 GeV /¢, where the main contribution to

is expected to come from the path-length depen-
dent suppression inside the medium. These intriguing
results point to a common underlying mechanism, not
included in current calculations, at the origin of the
comparable magnitude of the vg /v
verse momentum in both systems.

at a high trans-

3.3. Pb—Pb collisions

The nuclear modification factor, for a quarkonium
state in a given centrality class ¢ of the Pb—Pb colli-
sion, is calculated as

d2 onium

Pb—Pb,i/dyde
Tiy) d?oppivm /dydpr’

Rlljb—Pb(yva> = <
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(see [15] and references therein).

where dQNl‘.?giEg‘bJ /dydpr is the corrected yield of the
studied quarkonium state in Pb-Pb collisions, (T4 »)
is the nuclear overlap function, and d?eSa™™ /dydpr
is the corresponding cross-section in pp collisions
at the same center-of-mass energy. Figure 6 shows
Raa as a function of the centrality, for J/¢ mea-
sured at the forward rapidity in Pb—Pb collisions at
Vs8N = 5.02 TeV, in the transverse momentum range
0.3 < pr < < 8 GeV/c [18]. The pr region below
0.3 GeV/c was excluded in order to reduce signif-
icantly the contribution from the photo-production
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ity measured at the forward rapidity in Pb—Pb collisions at
V/SNN = 5.02 TeV, compared to theoretical model calculations
(see [20] and references therein)

of J/v, which could influence the Raa in periph-
eral collisions [19]. The results are compared to sev-
eral theoretical models. The statistical hadronization
model assumes that J/i are created, like all other
hadrons, only at the chemical freeze-out according to
their statistical weights. Transport models are based
on a thermal rate equation, which includes the con-
tinuous dissociation and regeneration of J/v, both in
the QGP and in the hadronic phase. Finally, in the
“co-mover” model, J/¢ are dissociated via interac-
tions with the partons/hadrons produced in the same
rapidity range, and the regeneration term is included
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as well. The data are described by the various calcu-
lations, the latter having rather large uncertainties.
These are related to the choice of the correspond-
ing input parameters, and in particular, the nucleon-
nucleon ¢€ production cross-section (doez/dy), as well
as the set of nPDF.

The centrality dependence of the nuclear modifica-
tion factor for Y (1S) measured in Pb—PDb collisions at
V/snn = 5.02 TeV is shown in Fig. 7 along with sev-
eral theoretical model calculations [20]. Both trans-
port and dynamical model calculations reproduce
qualitatively the observed centrality dependence. Ho-
wever, current uncertainties on both model and data
prevent a firm conclusion regarding the contribu-
tion from the regeneration in the bottomonium sec-
tor. Furthermore, more precise measurements of the
feed-down contribution from higher-mass bottomo-
nia to the T(1S) are needed for a correct interpreta-
tion of results. Further information about the inter-
play between the regeneration and suppression in the
bottomonium sector can be provided by elliptic flow
measurements. The vy of T(1S), obtained by combin-
ing data samples recorded by ALICE during the 2015
and 2018 LHC Pb-Pb runs at /sy = 5.02 TeV,
is shown in Fig. 8 in three pr intervals [21] and is
compared to the inclusive J/¢ vy, measured in the
same centrality and rapidity ranges. The T(1S) re-
sults are compatible with zero and with the small
positive values predicted by the available theoretical
models within uncertainties. Furthermore, the T(1S)
v9 is found to be lower by about 2.60 compared to the
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one of the inclusive J/1 in the centrality 5-60% and
for 2 < pr < 15 GeV/c. This observation, coupled to
the different measured centrality and pr dependences
of the T(1S) and .J/v suppression, provides a further
evidence that, unlike Y(1S), the J/¢ production has
a significant regeneration component.

4. Conclusions and Future Perspectives

Selected quarkonium measurements in pp, p-Pb, and
Pb—Pb collisions performed by the ALICE Collabo-
ration are presented. In pp collisions, NRQCD pre-
dictions coupled with CGC fairly describe the data
in a wide range of momentum and rapidity. Howe-
ver, some tensions between data and models are still
present. In p-Pb collisions, theoretical models are in
fair agreement with quarkonium results, in particular,
for 1(2S), models that include final state effects are
able to describe the data. The positive vo measured
for J/1 is comparable with a similar measurement
in Pb-Pb collisions for pr > 44 GeV/c. The latter
exceeds theoretical predictions in Pb—Pb collisions at
high pr, where the v originates from the path-length
suppression inside the medium. This intriguing obser-
vation points to a common mechanism at the origin
of v9 in both systems at high transverse momentum,
besides what is currently included in the models. An
extensive y and pr-differential studies of the J/1 sup-
pression in Pb-Pb collisions indicate that, at LHC
energies, a significant contribution to the J/v yields
originates from the regeneration mechanism. Howe-
ver, for a better discrimination among the models,
an improved precision is needed for both data and
theoretical predictions. Y(15) is found to be more
suppressed than J/1. Currently, the comparison with
models does not allow us to quantify the contribution
from the regeneration. A large elliptic flow for J/v,
measured at low pr, suggests the thermalization of
charm quarks within the medium. On the contrary,
the YT(1S) vq is found to be compatible with zero and
with values predicted by models, suggesting a negli-
gible contribution from the regeneration mechanism
in the bottonomium sector.

A significant improvement regarding the quarko-
nium measurements is expected for Run-3 (start-
ing in 2021) and Run-4, when a major upgrade of
the ALICE detector is foreseen [22]. A high-statistics
minimum bias sample (Liy = 10 nb™!) will im-
prove significantly mid-rapidity quarkonium measure-
ments at low transverse momenta. Furthermore, a
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new Muon Forward Tracker (MFT) will be installed
at the forward rapidity enabling the reconstruction of
secondary vertices in this rapidity range, needed to
measure the contribution of charmonia coming from
beauty-hadron decays.
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BUMIPIOBAHHA ITPOAYKYBAHHA
KBAPKOHIA 3A JOIIOMOI'OIO JETEKTOPA
ALICE HA LHC

Peszwowme

Tlepenbadaernes, mo B (yIBTPA)pPENTATUBICTCHKAX 3ITKHEHHAX
BaKKUX 10HIB CHJIBHO B3aEMOJIiI0Ya PEYOBUHA MPOXOJAUTH (ha-

34

30Buit nepexiz mo mwiasmu KBapkis Ta rmoonis (KI'TI), a ksap-
KOHIli MOxKe 6yTH spKepesioM iHdOopMaliil 1010 BJIACTUBOCTEH
niel marepil. I[Ipore monudikaris cepenosuima, e IPOLyKye-
ThCsl KBAPKOHI, BKJIIOYA€ TAKOXK BIIUB XOJIOJAHOI SIJEPHOI pe-
wosnan (CNM) siK ekpaHyBaHHS siepHOro (Gpedkar) posBa-
ay Ha nogarok 1o edekriB KI'TI. Ilporon-siepHi 3iTkHeHHS, B
AKNX He o4ikyroTbcst yrBopenHst KI'TI, ciyxkaTp njas Bu3Ha-
YeHHs BIUIMBY XOJIOJHO! SIIEPHOI PEYOBHMHM Ha IPOJYKYBaH-
HsI KBapKOHis. BakyyMHe IPOIyKyBaHHS KBapKOHisSI MO/IEJIIOE-
ThCsl B IPOTOH-IIPOTOHHUX 3ITKHEHHSIX, sIKi CJIy?KaTh €TAJIOHOM
AK IS 3ITKHEHb BaXXKHX 10HIB, Tak 1 JJId IIPOTOH-sIAEPHUX
sirkaens. OKpiM KaibpOBKM, pe3yIbTaTd 3ITKHEHL IPOTOHIB
CJIy2KaTh TaKOXK OPIEHTUPOM J1j1s Mozesieil, ocHoBanux Ha KX
SIK B IepTypOaTUBHIN, Tak 1 B HenepTypbaTusHiit obmactsax. le-
rexkTop ALICE mae ynikanbui mist LHC moxauBocTi fjis Bumi-
PIOBaHHS KBapKOHIIB aXK /10 HyJIbOBOI'O 3HAYEHHS IIOIIEPEYHOIO
iMmysibcy. BumiproBanHs 6yJ10 BUKOHAHO SIK JIJISI [IEHTPAJIBHUX,
TaK 1 /Uit mepesiHix 6GUCTPOT B KaHaJaX PO3LaJLy, BiAIOBiIHO,
JieJleKTpoHa Ta JiMIOOHa. B maniit poboTi mpejcraBjieHO HO-
BiTHi BuMmipioBaHHS npomyKyBaHHs KBapkonis Kosabopariero
ALICE na LHC mig yac CeaHcy-2 pu pi3HUX €HEprisx Ta JJis
Pi3HUX CHCTEM.
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THE NEUTRINO MASS EXPERIMENT KATRIN

The KArlsruhe TRItium Neutrino (KATRIN) experiment is a large-scale experiment with the
objective to determine the effective electron antineutrino mass in a model-independent way
with an unprecedented sensitivity of 0.2 eV/c* at 90% C.L. The measurement method is based
on the precision B-decay spectroscopy of molecular tritium. The experimental setup consists
of a high-luminosity windowless gaseous tritium source, a magnetic electron transport system
with differential cryogenic pumping for the tritium retention, and an electrostatic spectrome-
ter section for the energy analysis, followed by a segmented detector system for the counting
of transmitted B-electrons. The first KATRIN neutrino mass measurement phase started in
March 2019. Here, we will give an overview of the KATRIN experiment and its current sta-

tus.

Keywords: neutrino mass, tritium (-decay, spectrometers.

1. Introduction

The absolute neutrino mass scale is one of the big
open questions in particle physics, astrophysics, and
cosmology. Cosmological observations and neutrino-
less double [-decay experiments provide an indi-
rect access to the absolute neutrino mass scale, but
are model-dependent. A model-independent direct
method to determine the neutrino mass is the pre-
cise investigation of weak decays such as the S-decay.

In the nuclear (-decay, the neutron in an atomic
nucleus decays into a proton, thereby emitting an
electron (e~) and an electron antineutrino (7.). The
energy released in the decay is divided between the
e~ and 7, in a statistical way. The energy spectra of
the electron is given by the well-known Fermi theory
of B-decay [1]:
dN

5 < P(E+m.c?)(Bo—E)y/(Bo — B)? —m2 ¢t (1)

with the electron energy F, the endpoint energy Ey,
the electron mass m., and the effective electron an-
tineutrino mass m2 = Y \U.i|> m(v;)2. This is the
incoherent sum of neutrino mass eigenstates and is
therefore insensitive to the phases of the neutrino
mixing matrix (in contrast to the neutrinoless double

B-decay). As one can see in Eq. 1, it is the square of
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the neutrino mass m%e that enters, as a parameter. Its

effect on the shape of the spectrum is significant only
in a very narrow region close to Ey. The current up-
per limit on the neutrino mass of 2 eV/c? 2] was de-
termined from investigating the tritium [-spectrum
near the endpoint of 18.6 keV by the experiments in
Mainz [3] and Troitsk [4].

2. KATRIN Experiment

The KArlsruhe TRItium Neutrino (KATRIN) ex-
periment [5] is a next-generation, large-scale exper-
iment to determine the effective mass of an elec-
tron antineutrino by investigating the tritium S-decay
kinematics with a sensitivity of 0.2 eV/c?. The ex-
periment was executed at the Karlsruhe Institute
of Technology (KIT) in Germany. The measurement
setup (see Figure 1) has an overall length of =
70 m. Molecular tritium is injected into a windowless
gaseous tritium source (b), where it decays with an
activity of 10'' Bq, thus providing a sufficient num-
ber of S-decay electrons close to the endpoint energy
FEy. The activity of the source is monitored at the rear
section (a). Tritium is removed from the beamline
in the differential pumping section (¢) and the cryo-
genic pumping section (d), while electrons from the
source are magnetically guided toward the spectrome-
ter section. Both a pre-spectrometer and a main spec-
trometer are operated as electrostatic retarding high
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Fig. 1. The KATRIN experimental setup with its main components: rear section (a); windowless gaseous
tritium source (WGTS) (b); differential pumping section (DPS) (c¢); cryogenic pumping section (CPS) (d);
pre-spectrometer; (f) main spectrometer (e); focal plane detector (g)

pass filters of the MAC-E filter (Magnetic Adiabatic
Collimation combined with an Electrostatic Filter)
type [6]. The pre-spectrometer (e) is operated as a
pre-filter in order to reduce the flux of electrons into
the main spectrometer (f) which performs the en-
ergy analysis of the [-decay electrons near the end-
point with the energy resolution AE = 0.93 eV at
18.6 keV. The main spectrometer is equipped with a
dual-layer wire electrode system for electrostatically
shielding secondary electrons from the inner vessel
surface and for the fine-tuning of a retarding poten-
tial. The transmitted [S-decay electrons are counted
in the detector system (g) with a segmented silicon
detector [7].

2.1. Windowless gaseous tritium source

The windowless gaseous tritium source (WGTS) con-
sists of a 10 m long tube 90 mm in diameter and is
operated at a temperature of about 30 K by the cir-
culation of two-phase neon. Molecular tritium (7%) is
injected into the center of the source tube and decays
with an activity of 10'' Bq to provide a sufficient
number of electrons close to the tritium endpoint en-
ergy Fy. The S-electrons are guided via an axial mag-
netic field of up to 3.6 T toward the spectrometer
section. T3 is collected via turbo-molecular pumps at
both ends of the WGTS and is recirculated via an “in-
ner loop” which removes contaminants (particularly,
3He) and is capable to process 40 g of Ty per day. A
prototype system to investigate the performance of
the temperature stabilization of a beam tube showed
that the stringent thermal performance specifications
(temperature stability £30 mK) could be met, and
the temperature stability better by a factor of twenty
was achieved [8]. The WGTS was delivered to KIT
in September 2015 and integrated into the KATRIN
beam line. The magnet system was successfully tested
to the maximum field. Initial tests of the temperature
stabilization confirmed the performance better than
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the specified one already observed at the prototype
system.

2.2. Differential cryogenic
pumping section

The task of the Differential Pumping Section (DPS)
is to reduce the T, partial pressure by a factor of
>10° and to guide S-electrons via a strong magnetic
field of up to 5.6 T. The beam tube has four bends to
avoid the beaming of 75 molecules toward the spec-
trometers. In order to remove tritium ions, the DPS
is equipped with electric dipole electrodes. The mag-
net system was successfully commissioned, and the
installation of the beam tube is complete.

Any remaining 75 that passes the DPS is trapped in
the Cryogenic Pumping Section (CPS) by argon frost
frozen on the 4 K cold beam tube. The argon frost
forms a highly efficient, large-area, and radiation-
immune surface. The feasibility of this approach was
successfully tested in a test experiment called TRAP
[9] which achieved a Ty reduction factor of about
107. The CPS was delivered to KIT in July 2015 and
was successfully cooled to the operational tempera-
ture of about 4 K. Simulations based on the perfor-
mance of the initial cool-down indicate that the 15
reduction factor could be two or more orders of mag-
nitude better than specified.

2.3. Spectrometer section

The spectrometer section consists of two spectrom-
eters of the MAC-E filter type: a pre-spectrometer
and a much larger main spectrometer.

The pre-spectrometer is intended to be used as a
pre-filter on a potential a few hundred Volts below
FEy. The pre-filtering reduces the flux of S-electrons
into the main spectrometer by many orders of mag-
nitude and minimizes S-electron-induced background
processes in the main spectrometer.

ISSN 2071-0186. Ukr. J. Phys. 2019. Vol. 64, No. 7



The neutrino mass experiment KATRIN

KATRIN - m Test Scan - March 2019 - 47 hours, 2391285 e " in [E°-93 ; E +47] eV
T A

10° :

102,

m_ROI
v

20

rate (cps)
-o:n
T

o L AY
10 . 1
t data Y 30 20 -10 0
F model +uncertainty ~~ -~~~ "~ o
- - background \
- - tritium '
10- L " 1 1 1 L
-100 -50 0 50

retarding potential - 18575.0 (V)

Fig. 2. Test scan of the tritium B-spectrum close to the endpoint

The purpose of the 10-m-diameter and 24-m-long
main spectrometer is to analyze the energy of the (-
decay electrons. It has an energy resolution of 0.93 eV
at 18.6 keV. In order to reduce the spectrometer back-
ground rate, a double layer inner electrode system
made of thin wires — mounted with submillimeter pre-
cision — is installed. The wire layers are put on a more
negative potential with respect to the tank voltage in
order to shield secondary electrons produced in the
vessel wall. The absolute voltage of —18.6 kV needs
to be stable on the 1 ppm level and is monitored with
a high-precision voltage divider an independent cal-
ibration beam line [10]. The vacuum system of the
main spectrometer is capable of reaching a pressure
of about 1071% mbar with one active non-evaporable
getter pump [11]. After a recent baking of the spec-
trometer, a second getter pump was activated, and
a pressure on the order of 10~ mbar was achieved
inside the main spectrometer.

2.4. Detector

Electrons that are able to overcome the potential bar-
riers of the spectrometers are detected in a monolithic
148 pixel silicon PIN diode [7]. The energy resolution
of the detector system is 1.4 keV (FWHM). The se-
lection of materials, shielding, and an active veto are
used to keep the intrinsic detector background at a
low level of 1.2 mcps/keV.

ISSN 2071-0186. Ukr. J. Phys. 2019. Vol. 64, No. 7

3. Tritium Commissioning Measurements

The official inauguration of the KATRIN experi-
ment took place on June 11th, 2018. In the fol-
lowing months, the tritium activity was increased
step-by-step. The results of an initial test scan of
the B-spectrum close to the endpoint are shown in
Fig. 2. The plot shows the integral rate at the de-
tector as a function of the main spectrometer retard-
ing voltage. The spectrum is composed of two com-
ponents: a voltage-independent background and the
tail of the S-spectrum close to the endpoint.

The first KATRIN neutrino mass measurement
phase started in March 2019 and concluded in
May. The first results of this measurement phase are
expected to be announced in September of this year.

4. Conclusions

Direct neutrino mass measurements are a model-
independent way to determine the neutrino mass. A
major improvement of the neutrino mass sensitivity
by one order of magnitude is expected of the KATRIN
experiment, which has completed its first neutrino
mass measurement following its construction phase.

We acknowledge the support of Helmholtz As-
sociation (HGF), Ministry for FEducation and Re-
search BMBF (05A17PM3, 05A17PX3, 05A17VK2,
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EKCITEPUMEHT KATRIN
JIJ1s1 BUMIPIOBAHHA MACHU HEMTPUHO

Pezmowme

Karlsruhe Tritium Neutrino (KATRIN) e mmpoxkomacurabHIM
€KCIIEPUMEHTOM, METOIO IKOTO € BH3HAYEHHS MACH €JIEKTPOH-
HOI'O AaHTUHEUTPUHO MOJEJIbHO-HE3aJEeKHUM ILJIAXOM 3 Oe31pe-
nesenTHOrO TowHicTIO 0,2 eB/c?. Meron BuMiptoBanns Gasye-
TBCS HA TOYHIN cIeKTpockomil GeTa-pos3mamgy MOJIEKYJISIPHOIO
TpuTis. ExcriepuMeHTaIbHA YCTAHOBKA CKJIAIAETHCS 3 Oe3Bi-
KOHHOI'O T'a30BHUIHOIO [2Kepejia MOJIEKYJISPHOIO TPUTisl BHCO-
KOl CBITHMOCTi, MarfiTHOI €JI€KTPOHHOI TPAHCIOPTHOI CHCTe-
MU 3 IudepeHniiioBaHOIO KPION€HHOIO ITOMIIOK0 JJIsi 3aTPUMKU
TPUTIIO, & TAKOXK €JEKTPOCTATHIHOIO CIEKTPOMETPUTIHOIO Ce-
KI[I€I0 JIUIsI KOHTPOJIIO 3a €HEPTri€lo, 3a sIKOIO CJIi/Iy€ CEerMeHTO-
BaHa CHCTEMa JETEKTOPIB A HiZpaxyHKy IepelaHux Oera-
esnekTpoHiB. [lepma dasa BuUMipoBaHHS Macu HEHTPUHO IOYa-
nacs y 6epesni 2019 poky. B poboTi Mu gaeMo oruisiy eKcriepu-
mernty KATRIN ra iforo cygacHoro crany.
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STUDY OF TAU NEUTRINO
PRODUCTION IN PROTON NUCLEUS INTERACTIONS

In the DsTau experiment at the CERN SPS, an independent direct way to study the tau
neutrino production in high energy proton-nucleous interactions was proposed. Since the main
source of tau neutrinos is a decay of Ds mesons, the project aims at measuring the differential
cross-section of this reaction. The experimental method is based on the use of high-resolution
emulsion detectors for the efficient registration of events with short-lived particle decays. The
motivation of the project, details of the experimental technique, and the first results of the
analysis of the data collected during test runs, which prove the feasibility of the study are

presented.

Keywords: tau neutrino, cross-section, nuclear emulsions.

1. Introduction

Tau neutrino is eventually the least studied elemen-
tary particle. Although its existence was predicted
after the tau lepton discovery in 1975 [1], the first
tau neutrinos were detected in the DONuT experi-
ment 25 years later [2]. In 2015, somewhat more v,
appeared through v, < v, oscillations were detected
by OPERA [3]. Super-Kamiokande (SK) and IceCube
[4] also reported an evidence of the v, presence in
their data.

Given a poor statistics of registered tau neutrinos,
their properties are not well studied. In particular,
the cross-section of the tau neutrino charge current
(CC) interaction is known [5] with much larger sta-
tistical and systematic uncertainties compared to the
other neutrino flavors, as shown in Fig. 1. However,
a precise measurement of this cross-section would al-
low testing of the Lepton Flavor Universality (LFU)
in the neutrino scattering. LFU is a principal assump-
tion of the Standard Model (SM) of particle physics,
but its validity was questioned by recent results on
the B decay asymmetry [6-8]. There is the expecta-
tion of a possible deviation of the cross-section of the
v, interaction as well [9]. The measurement of the
v, CC cross-section has impact on the current and
future neutrino oscillation experiments. In the mass
hierarchy measurements in the atmospheric Super-
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Kamiokande (SK) [10] and accelerator neutrino ex-
periments (e.g., in DUNE [11] and HyperKamiokande
[12]), v, flux measurement will have a background due
to 7 — e decays. So, the systematic uncertainty of the
v, interaction cross-section will be a limiting factor in
the oscillation analyses in these experiments [13, 14].

So far, the tau neutrino interaction cross-section
was only measured in the DONuT [5], OPERA [1§],
and SK [17] experiments, though under rather differ-
ent conditions. All the measurements have large sta-
tistical and/or systematic errors of 30-50% due to
low statistics and experimental uncertainties. In a fu-
ture experiment at CERN, SHiP [19], a rich neutrino
program [20] is proposed with thousands of tau neu-
trino interactions detected, hence, providing a neg-
ligible statistical error of the cross-section measure-
ment. The overall accuracy of the cross-section will
be determined by the systematic errors, and, in par-
ticular, by the v, flux uncertainty, which is to be
studied by the DsTau experiment [34].

The dominant source (>90%) of v, in an
accelerator-based neutrino beam is leptonic decays of
DF mesons produced in proton-nucleus interactions:

DS —717v,,
7T = Xv,,
producing v, and 7, in every decay.

Conventionally, the differential production cross-
section of charmed particles is approximated by a
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Fig. 1. Left: v, U averaged energy-independent cross-section
of the three neutrino flavors ([15] for ve, [16] for v, and for
v [5]). The SM LFU prediction is indicated as a dashed hori-
zontal line. For the DONuT result, since there is no measure-
ment of the parameter n concerning the Ds double differential
production cross-section (Eq. 1), the value is plotted in the
empirical range of a parameter n given by the DONuT paper
as in the right plot

phenomenological formula

dZO' 2
Gz > (= Lor e, (1)
where z is the Feynman = (xp = 2p5M/s) and pr
is the transverse momentum, n and b are the param-
eters controlling the longitudinal and transverse de-
pendences of the differential production cross-section,
respectively. Although there were several measure-
ments on charm particles [21-25], there is a lack
of measurements on the D, differential production
cross-section in the proton interactions, especially
concerning the longitudinal dependence represented
by the parameter n. This has been the main source
of the systematic uncertainty of the v, cross-section
measurements in DONuT [5].

Thus, a new measurement of the differential pro-
duction cross-section of D is necessary for future pre-
cise tau neutrino measurements, as well as for the re-
evaluation of the DONuT result. In the DsTau exper-
iment, a direct study of the tau neutrino production,
namely, the measurement of Dy — 7 — X decays
following high-energy proton-nucleus interactions, is
proposed. DsTau will provide an independent v, flux
prediction for future neutrino beams with accuracy
under 10%. Then the systematic uncertainty of the
v; CC cross-section measurement can be made suffi-
ciently low to test LF'U in the neutrino scattering by
future experiments [20].

In addition to the primary aim of measuring the D
differential production cross-section in 2.3x10%® pro-

40

ton interactions, a high yield of O(10°) charmed par-
ticle pairs is expected. The analysis of those events
can provide valuable by-products.

2. Overview of the Project

DsTau exploits a simple setup consisting of a seg-
mented high-resolution nuclear emulsion vertex de-
tector (a module) capable to recognize Dy — 7 — X
by their very peculiar double-kink topology as shown
in the bottom part of Fig. 2. In addition, because
charm quarks are created in pairs, another decay of a
charged /neutral charmed particle from the same ver-
tex will be observed with a flight length of a few mil-
limeters. Such a “double-kink plus decay” topology in
a short distance has a marginal background.

However, to register the events is a challenge. First,
all the decays take place on a scale of millimeters: the
mean flight lengths of Dy, 7, and pair-charms are 3.6,
2.1, and 4.2 mm, respectively. Second, although the
kink angle at the 7 decay vertex is easily recognizable
(mean kink angle of 96 mrad), the one at Dy — 7
decays is rather small, 6.2 mrad. The expected sig-
nal features were studied making use of Pythia 8.1
[29]. The project aims to detect ~1000 Dy — 7 — X
decays in 2.3 x 10% proton interactions with a tung-
sten target. State-of-the-art nuclear emulsion detec-
tors with a nanometric-precision readout will be used
to achieve this goal. The modern use of the emul-
sion detection technology is based on the high-speed
high-precision automatic readout of emulsions devel-
oped during the last two decades and available today
[26-28].

The DsTau module structure is shown in Fig. 2.
The upstream part is named the decay module. The
basic unit is made of a 500 pm-thick tungsten plate
(target) followed by 10 emulsion films interleaved
with 9 200 pm-thick plastic sheets which act as a de-
cay volume for short-lived particles, as well as high-
precision particle trackers. This structure (thickness
of 5.4 mm) is repeated 10 times. Five additional emul-
sion films are placed most upstream of the mod-
ule to tag the incoming beam protons. It is followed
by the downstream part made of a repeated struc-
ture of emulsion films and 1-mm-thick lead plates
for the measurement of the momenta of daughter
particles through their Multiple Coulomb Scattering
(MCS) measurement [30]. The entire detector mod-
ule is 12.5 cm wide, 10 cm high, and 8.6 cm thick and
consists of a total of 131 emulsion films.
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Fig. 2. Schematic view of the module structure. A tungsten target plate is followed by 10 emulsion films alternated by 9 plastic
sheets acting as a tracker and a decay volume of 5.4 mm. The sensitive layers of emulsion detectors are indicated by green color.
This basic structure is repeated 10 times, and then followed by a lead-emulsion structure for the measurement of the momenta
of daughter particles. In the bottom part, the “double kink” topology of Ds — 7 — X is shown

Once a charged particle passes through the emul-
sion layer, the ionization is recorded quasiperma-
nently and then amplified and fixed by the chemical
process. The trajectory of a charged particle can be
observed on an optical microscope. The emulsion de-
tector with 200 nm-diameter AgBr crystals and a 210
pum-thick base has a track position resolution of 50
nm [32] and an angular resolution of 0.34 mrad (pro-
jection). With this angular resolution, one can detect
2-mrad kink with 4o confidence.

A key feature of the modern emulsion technique
is the use of fast readout instruments, which al-
low extracting and digitizing the information on the
tracks fully automatically. Emulsion detectors and
automated readout systems have been successfully
employed in several neutrino experiments such as
CHORUS 33|, DONuT |2, 5] and OPERA [3]|. The
latest scanning system, HTS [26,27], allows the scan-
ning of emulsion films at a speed of 5,000 ¢m? per
hour per emulsion layer, which is O(100) faster than
those used in OPERA.

The detection efficiency for the Dy — 7 — 1
prong events (85% of T decays) was estimated by the
PYTHIA 8.1 [29] simulation.

The following criteria were requested to be fulfilled:
(1) the parent particle has to pass through at least
one emulsion film (two sensitive layers), (2) the first
kink daughter has to pass through at least two sen-
sitive layers, and the kink angle is >2 mrad, (3) the
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flight length of the parent and the first kink daugh-
ter has to be <5 mm, (4) the second kink angle is
>15 mrad and (5) the partner of the charm pair is
detected with 0.1 mm < flight length <5 mm (they
can be charged decays with a kink angle >15 mrad
or neutral decays). With these selection criteria, the
detection efficiency was estimated to be 20%.

The main background to Dy — 7 — 1 prong events
is hadron interactions that can mimic the decays of
short-lived particles. Its probability was obtained
by simulating 3 x 10° protons on the detector with
the FLUKA [35] simulation. The criteria used for the
charged charm or tau decay topology selection are
applied to the interactions of secondary hadrons with
only one charged daughter particle (P > 2 GeV/c). In
addition to high-energy particles, a large part of in-
teractions has associated nuclear fragments, which is
a strong evidence of hadron interactions. Those are
effectively rejected by requesting only one charged
daughter. The total probabilities to account for back-
ground events such as a double kink with charged pair
charm or with neutral pair charm are 1.3+0.4 x 10~
and 2.7 £ 0.8 x 1079 per incident proton, respec-
tively. The expected numbers of background events
in the full statistics of DsTau (4.6 x 10° p.o.t.) are
6.0 £ 1.8 and 12.4 + 3.7 for these 2-signal channels,
respectively.

DsTau will provide the differential cross-section of
D, meson production and the following decay to a
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tau lepton in the 400-GeV proton-nucleus interac-
tion. It may be fit with the phenomenological for-
mula, Eq. (1), and get the parameter n estimated,
which is relevant for a re-evaluation of the tau neu-
trino cross-section measurement by the DONuT ex-
periment. At the statistics of 1000 Dy — 7 — X de-
tected events, the relative uncertainty of the v, flux
will be reduced to below 10% [34].
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Fig. 6. A double charm candidate event with neutral 2-prong
(vee) and charged 1-prong (kink) topologies. (tilted view) See
the text about the details of event features

In order to collect 1000 Dy — 7 events, 230 millions
of proton interactions are to be analyzed, which is
another challenge from the point of view of the track
density and the amount of data to be processed. The
high proton density of 10°> cm? at the upstream sur-
face of an emulsion detector was chosen to maximize
the number of interactions in a single module. The
track density will then increase in the detector, yet
not exceeding 10° cm? at the downstream part of the
decay module, which is affordable for the emulsion
detector readout and reconstruction. With this den-
sity, 6.25 x 10° proton interactions are expected in
the tungsten target in a decay module. To accumulate
2.3 x 10® proton interactions in the tungsten plates,
4.6 x 10° protons on the target are needed. About
370 modules with a total film area of 593 m? will be
employed for this measurement.

3. Beam Exposure and Analysis Scheme

Two test beam campaigns were held at CERN SPS in
2016 and in 2017. In 2018, a pilot run was conducted
aiming at the recording of 10% of the experimental
data. A schematic view of the detector setup is shown
in Fig. 3.

The proton beam profile was measured by a silicon
pixel telescope. Each emulsion detector module was
mounted on a motorized X-Y stage (target mover)
to change the position of the module with respect
to the proton beam, so to make the detector surface
uniformly irradiated at a density of 10° tracks/cm?.

The emulsion detector is both a detector and the
data storage media at the same time. The automatic
scanning systems read out the track information ac-
cumulated in the emulsion films during the exposure,

ISSN 2071-0186. Ukr. J. Phys. 2019. Vol. 64, No. 7



Study of Tau Neutrino Production in Proton Nucleus Interactions

digitize it, and transfer to the computers for the pat-
tern recognition and track analysis like in case of any
electronic detector. The output of the readout is the
information on the track segments recorded in the
top and bottom layers of a film (microtracks). A seg-
ment made by linking the microtracks on two layers
in a film is called a basetrack, which is a basic unit of
the track information from each emulsion film for the
later processing. Each basetrack provides 3D coordi-
nates X = (z,y, z), 3D vector V = (tanf,, tanf,, 1),
and dF/dx parameter. The tracks are reconstructed
by linking basetracks on different films making use of
their position and direction.

The average basetrack efficiency measured with
tracks is higher than 95%, which provides the track
detection with efficiency >99%. The reconstructed
tracks are then used to find vertices. To provide the
efficient detection of small kinks of Dy, — 7 de-
cays, the analysis is performed in two stages: (1)
scan the full module by a fast HTS system with
relatively coarse angular resolution (2.5 mrad) and
detect events that have two decays in a short dis-
tance, namely, the decays of 7 and partner charm
(D* and DY); (2) perform a high-precision measure-
ment around the 7 decay candidates to find Dy — 7
small kinks. For this, the dedicated stations with a
piezo-based Z axis are used providing a reproducibil-
ity of a single hit position measurement of 8 nm and
angular measurements of 0.16 mrad (RMS).

Here, the first results acheaved at the first stage
of the analysis are presented. Figure 4 shows the dis-
tribution of the Z coordinate (along the beam) of
the vertices reconstructed in the detector. An en-
hancement of the vertices in the tungsten target is
evident. One can even see the microstructure corre-
sponding to the emulsion layers (of higher density)
and plastic bases/spacers. Figure 5 shows the mea-
sured multiplicity of charged particles at proton inter-
actions, compared with the prediction by FLUKA. A
good agreement of the numbers of observed tracks
and expected ones demonstrates a good efficiency of
the track reconstruction.

With the data analyzed so far, several events with
short-lived particle decays have been already recog-
nized (See an example in Figure 6).

4. Conclusion and Outlook

The DsTau experiment is going to study the tau
neutrino production following the high-energy pro-
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ton interactions, which will provide necessary infor-
mation for future v, experiments. CERN SPSC rec-
ommended approving DsTau in April 2019.

The test of a beam in 20162017 and the pilot run
in August 2018 were performed, and over 20 million
proton interactions in the detector were registered.
The emulsion scanning and analysis of these samples
are ongoing, which would allow confirming the Ds
detection feasibility and the re-evaluation of the v,
cross-section by refining the v, flux. The full scale
study scheduled for the next physics run at CERN
SPS in 2021 and 2022. A large amount of the decays
of charmed particles is expected to be recorded, as
well providing a possibility of interesting by-product
results.
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FO. I'oprywxin

JOCJII>KEHHS ITPOOYKYBAHHS
TAY-HEUTPUHO B I[TIPOTOH-SJEPHIN B3AEMO/IIT

PezwowMme

B pamkax ekcnepumenty DsTau na npuckoproBaui SPS B
IIEPHi mamu 3amIpomoHOBAHO HE3AJIEXKHWI Ta MIPSMUN CIO-
cib JTOCHi/IZKEHHST IPOJIYKYBaHHS Tay-HEUTPHUHO B BUCOKOEHED-
FeTUYHHUX 3ITKHEHHSIX MPOTOHIB 3 sifpaMu. 3Barkalodd He Te,
10 OCHOBHHM J[?KEPEJIOM HEUTPUHO € posmnaj Ds-me30HIB, B
MPOeKTi OyAyTh BUMIPIOBATUCH AuEPEHIiiH] mepepi3u Horo
nporuecy. Merojuka ekcrepuMeHTy 6a3yeTbCsi Ha 3aCTOCYBaH-
Hi eMyJIbCITHUX JEeTEKTOPIB Jjisi €(DEKTUBHOI PEeECTpallil 1Mot
po3maLy KOPOTKOXKHUBYINX JaCTHHOK. Hamu npencrasiieno Mo-
TUBALIO IIPOEKTY, JeTajli eKCIIEpUMEHTAJIbHOI TEXHIKH, a Ta-
KOK IIEPIMi pe3ysbTaTy aHaji3y MaHUX 3 IEePIINX IPOOHUX ce-
aHCiB, 10 TOKa3a/u e(PEeKTUBHICTH HAIIIOIO €KCIIEPUMEHTY.
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EXPLORING BARYON RICH
MATTER WITH HEAVY-ION COLLISIONS

Collisions of heavy nuclei at (ultra-)relativistic energies provide a fascinating opportunity to
re-create various forms of matter in the laboratory. For a short extent of time (10°%% s), matter
under extreme conditions of temperature and density can exist. In dedicated experiments, one
explores the microscopic structure of strongly interacting matter and its phase diagram. In
heavy-ion reactions at SIS18 collision energies, matter is substantially compressed (2-8 times
ground-state density), while moderate temperatures are reached (T < 70 MeV). The conditions
closely resemble those that prevail, e.g., in neutron star mergers. Matter under such conditions
1s currently being studied at the High Acceptance DiElecton Spectrometer (HADES). Important
topics of the research program are the mechanisms of strangeness production, the emissivity of
matter, and the role of baryonic resonances herein. In this contribution, we will focus on the
important experimental results obtained by HADES in Au+ Au collisions at 2.4 GeV center-
of-mass energy. We will also present perspectives for future experiments with HADES and
CBM at SIS100, where higher beam energies and intensities will allow for the studies of the
first-order deconfinement phase transition and its critical endpoint.

Keywords: heavy-ion collisions, HADES, vector meson dominance, dileptons, strangeness.

1. Introduction

When two heavy ions collide at relativistic energies,
they form matter of high temperature (10'? K) and
density (< 3pg). The exact values and, thus, the de-
tailed properties of the matter depend on the kinetic
energy of the collision. While, at /sxy of the order of
hundreds GeV or of TeV, the properties of the mat-
ter resemble that, which prevailed in the Universe
shortly after the Big Bang, with energies of few GeVs,
thermodynamic conditions are similar to neutron star
mergers (see, e.g., [1]). The scan of beam energies in
between probes the phase diagram of a strongly inter-
acting matter (search for a first-order phase transition
and a critical point). Through the relation between a
phase structure and symmetry patterns, it sheds light
on the problems of quark confinement and hadron
mass generation.

In this paper, we will present the results on
the production of strange hadrons and dileptons in
Au+ Au collisions at \/syn = 2.4 GeV obtained by
HADES. We will put them in context of earlier re-

© S. HARABASZ, 2019
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sults on the dilepton production in nucleon-nucleon
(pp and np) reactions at the same collision energy
(per nucleon).

2. Experimental Setup

HADES is a fixed-target setup installed at SIS18
(Schwerionen-Synchrotron with rigidity 18 Tm) ac-
celerator in Darmstadt, Germany [2]. It possess a six-
fold symmetry defined by identical sectors covering
nearly 60 degrees of the azimuthal angle each. Within
the sectors, the particle tracking and momentum re-
construction are provided by the toroidal magnetic
field generated by compact superconducting coils lo-
cated between sectors and by four Multiwire Drift
Chambers (MDCs): two upstream and two down-
stream to the magnetic field region. The tracking res-
olution for lepton pair invariant masses close to vec-
tor meson poles is of the order of few % (6M =
15 MeV /c? at M = 780 MeV /c?).

Behind the tracking system, time-of-flight detec-
tors are located. Above the polar angle of about 45
degree, a wall of plastic scintillator bars is mounted,
at lower polar angles, Resistive Plate Chambers
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Fig. 1. eTe™ invariant mass within the HADES acceptance.
Experimental data (black dots) are corrected for the detection
and reconstruction inefficiencies. Curves represent models, as
discussed in the text
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Fig. 2. Dielectron differential cross section as a function of the
invariant mass of eTe™ within the HADES acceptance. The
data (black dots) are corrected for the detection and recon-
struction inefficiencies. The simulated cocktail (curves) of the
70 (dashed violet), n (dotted magenta), A (dashed red) Dalitz
decays, p from the A — A interaction process (dashed black)
according to the model [4] and the sum (contributions from 7,
7, A and p — solid green curve) are displayed — model A. The
dotted-dashed blue curve shows the bremsstrahlung contribu-

tion from [6] — model B

(RPCs) are installed, which have granularity neces-
sary for high-multiplicity Au+ Au events. After the
proper calibration, the intrinsic time resolution of
the scintillator wall is 150 ps and that of RPC — be-
low 70 ps. Behind the RPC, an electromagnetic Pre-
Shower detector is located, which contributes to the
lepton identification. In each sector, it consists of two
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lead converter plates sandwiched between three wire
chambers in the streamer mode.

The main role in the lepton identification task is
played by a Ring Imaging Cherenkov (RICH) detec-
tor. It is placed in front of the tracking system in
the field-free region. It consists of a single chamber
filled with C4F;¢ radiator gas, closed by a spherical
mirror in the forward direction and separated from
the photon detector by a CaFy window in the back-
ward direction. The photon detector is an MWPC
with aa planar Csl photocathode divided into pads
in such a way that Cherenkov light emitted in the
radiator and reflected from the mirror forms rings
on the cathode plane, whose radii in terms of the
number of pads are independent of the location. For
C4F10, the threshold Lorentz v for Cherenkov emis-
sion is 18. This translates to the threshold momenta
for electrons of 0.01 GeV /¢, for muons of 1.9 GeV/c,
and for pions of 2.4 GeV/c. With the energy avail-
able for the particle production at \/syn = 2.4 GeV
collisions, the very fact of the Cherenkov radiation
emission discriminates between electrons and other
particles.

The spectrometer is also equipped with a CVD
(chemical vapor deposition) diamond ¢y detector
placed in front of and a VETO detector behind the
target. About 7 m downstream the target, a Forward
Wall hodoscope is located. The Au target was split
into 15 segments, each 20 pm thick, in order to re-
duce the conversion probability of real photons in the
target.

3. Dileptons in p+ p and n + p

Collisions of single hadrons (nucleon-nucleon and
pion-nucleon) allow for determining various reso-
nance properties in elementary collisions, in partic-
ular the electromagnetic transition form factors. Via
the Dalitz decays, they can be studied in the kine-
matic region 0 < ¢* < 4m2 (m,, is the proton mass),
which is not accessible in annihilation experiments.

The analysis of the exclusive channel pp — ppeTe™
with a kinetic energy of 1.25 GeV of the beam al-
lowed HADES to measure, for the first time, the
branching ratio of the decay A — pete™. It equals
(4.19 4+ 0.62 £ 0.34) x 107>, where the former uncer-
tainty is systematic, including the model dependence,
and the latter is statistical [12].

Figure 1 shows the invariant mass distribution of
dileptons from p + p collisions after the cut on the
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Fig. 3. Left: one of the diagrams contributing to the A — A interaction in model A [4] of Fig. 2. Middle
and right: diagrams contributing to the coherent sum in the bremsstrahlung description of [6]

proton missing mass indicated in the inset, com-
pared to different models of the A form factor. The
blue curve represents the sum of the following con-
tributions: 70 Dalitz decay, A Dalitz decay accord-
ing to [5], and bremsstrahlung according to [6]. The
cyan curve is the A Dalitz contribution in a descrip-
tion with a point-like v* N R coupling (“QED-model”)
[7, 8], fixed from reactions with ¢> = 0. The two-
component Tachello-Wan model [9-11], depicted with
the dashed dark green curve, has the largest contribu-
tion. It parametrizes the electromagnetic interaction
by a direct coupling and a coupling via a vector me-
son with dressed p propagator. The constituent quark
model by Ramalho and Pena [5] describes the domi-
nant G}, form factor with two contributions: quark
core (quark-diquark S-wave) and pion cloud (pho-
ton directly coupling to a pion or to an intermediate
baryon state). The two components are shown after
scaling each of them up to the same yield as in the
full model: quark core (dashed black curve) and pion
cloud (dashed red curve). All model contributions are
supplemented with the bremsstrahlung (shown also
separately as a green histogram).

It should be noted that the quark-core contribu-
tion of the Ramalho—Pena model nearly coincides
with the “QED-model,” and both are not sufficient
to describe the experimental data. An additional cou-
pling in terms of the pion could/intermediate p meson
seems to be necessary.

The role of a p meson is also highlighted by the
np measurement [13]. It was performed by colliding
a deuterium beam with a kinetic energy 1.254 GeV
and selecting events with a quasifree neutron through
the proton detection in a forward hodoscope. The
cross-section distribution for the ete~ production
over the pair invariant mass is shown in Fig. 2. It
is compared to two model calculations. Model A in-
cludes hadronic sources, as well as A — A interac-
tion, as shown in the left-most panel of Fig. 3 (other

ISSN 2071-0186. Ukr. J. Phys. 2019. Vol. 64, No. 7

— L e R B —
& 1L AurAu, sy =2.4 GeV HSD: ]
§ ? 0-40% centrality . ;a;:lu rtr;rgad. %
® 10k 02<p,, (GeVic) <0.4 N
O ™ HADES preliminary —~ S scctl E
\;1 02y e n-Dalitz =
Ew 1 0¥3 E o data NN reference _i
-c ?‘V é
2 e ]
107 E
Z10°F 3
= E — 1
L Xel . = -
1076 R bp\ 3
1078, 0, K'A'"j L1 1]

0 0.2 0.4 0.6 0.8

M, (GeV/c?)

Fig. 4. Invariant mass distribution of et e~ from Au+ Au col-
lisions at /syN = 2.4 GeV. It was corrected for the detection
efficiency, extrapolated to 47 and the zero single-lepton mo-
mentum and normalized to the 7 multiplicity. Similarly, the
corrected normalized distribution from the reference pp and np
reactions is shown as well. Curves represent theoretical model
calculations: [18] (HSD), [16] (CG). The latter is accompanied
by a cocktail of hadronic sources at the freeze-out (these sources
are already included in the HSD calculation). The largest con-
tribution to the cocktail above the 7° mass, n — ~vete™, is
shown separately

diagrams permuting incoming and outgoing prop-
agators are also included). Model B contains only
bremsstrahlung, described in [6] in terms of diagrams
like shown in the middle and the right panel of Fig. 3
(with appropriate permutations). Model A underes-
timates the cross-section in the invariant mass re-
gion of 0.15-0.3 GeV /c2. The bremsstrahlung contri-
bution goes though the experimental points here. A
full model adding all the contributions, perhaps co-
herently, would be needed. But the results indicate
that the interaction via the pion exchange or anni-
hilation of virtual pions with the subsequent emis-
sion of a p meson plays an important role in hadronic
interactions.
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Fig. 6. Multiplicities per mean number of participants
Mult/(Apart) as a function of (Apart). All hadron yields are fit-
ted simultaneously with a function of the form Mult o< (Apart)®
with the result: a = 1.45 + 0.06

48

4. Dileptons in Heavy-Ion Collisions

In heavy-ion collisions, the dileptons are not scattered
or reabsorbed through the strong interaction with
hadronic matter. Thus, they can probe the interior
and early stages of the evolution of a hot dense fire-
ball. Their multiplicity will be ever-increasing with
fireball’s lifetime, and the spectra will take exponen-
tial shape with the slope reflecting the effective tem-
perature of the system, which should be higher than
the freeze-out temperature extracted from the spec-
tra of hadrons that decouple in the late stage of the
collision.

Figure 4 shows the invariant mass distribution
of the radiation of dileptons at /sy = 2.4 GeV,
for a pair transverse momentum p; .. range of 0.2—
0.4 GeV/c. It is compared to the spectrum from pp
and np reactions which represents, after a proper
normalization, first-chance collisions between nucle-
ons participating in a heavy-ion reaction (“NN refer-
ence”). The excess amounts to the factor of 8-10 in
the mass range above the 7¥ mass, see also [14]. By
comparing to the p spectra from the transport model
HSD [18], where a p meson is treated as free or subject
to the collisional broadening, one can note that the
resonant structure completely disappears (“melts”) in
the experiment. This feature is captured by differ-
ent implementations of the relatively novel approach
of coarse-graining (CG) [15-17], where the explicit
assumption of local thermal equilibrium is made. It
is used to calculate the temperature and density of
small space-time cells of a fireball (with transport
models as the input). These are used to calculate
the thermal dilepton emission using a vector meson
(p dominating) spectral function. Coarse-graining ap-
proaches also make use of the vector meson domi-
nance (VMD) assumption, according to which all the
dilepton emission proceeds through an intermediate
vector meson. Their validity is strengthened by the
aforementioned findings in NN collisions.

At lower values of the invariant mass, all the mod-
els leave room for an improvement, and the higher
statistics data with a higher signal-to-background ra-
tio (main source of the systematic uncertainty) would
be of great importance.

5. Strangeness Production
in Heavy-Ion Collisions

Collision energies at SIS18 are below the strangeness
production threshold in NN collisions. Therefore, the
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multiplicities and spectra of strange particles in
heavy-ion reactions are sensitive to the mechanisms
of energy accumulation and possibly to the equation
of state of the strongly interacting matter.

Figure 5 shows the multiplicities of K? and A as
functions of the mean number of nucleons participat-
ing in the collision, (Apar) in Au+Au at /sy =
= 2.4 GeV [19]. It is compared to a number of trans-
port models: UrQMD [21], IQMD [22], and HSD
[23]. For HSD and IQMD, two versions of a simu-
lation were done: with a repulsive K-N potential
of 40 MeV at the nuclear ground state density po,
which increases linearly with the density, and without
such a potential. Turning on the potential brings the
theory predictions closer to the experimental data,
both in terms of the multiplicity values and of the
« exponent in the power law Mult oc (Apae)®. The
large spread between the models themselves would
result in the value of the potential strongly model-
dependent.

The (Apart) dependence of the multiplicities of all
strange particles reconstructed in HADES (K+, K,
¢ [20], K?, and A [19]) is displayed in Fig. 6. Data
for all the particles can be described by the power
law with the same exponent. This does not reflect
the hierarchy in NN thresholds for different strange
particles and is not expected, if the energy for their
production is accumulated in a sequence of isolated
nucleon-nucleon collisions. Instead, we suggested in
[19] that the total amount of strange quarks in a
collision is produced according to the system size
determined by the number of participating nucle-
ons. Their distribution between hadrons is fixed at
the freeze-out.

6. Conclusions

HADES provides the high-statistics and high-preci-
sion data on the particle production in Au+ Au colli-
sions at the relatively low energy /sy = 2.4 GeV. In
this contribution, a selection of results was presented,
which suggests that the hot dense fireball created in
such collisions is a much stronger correlated system,
than it was assumed up to now. These correlations
might allow for a faster thermalization of the system,
a statistical redistribution of strange quarks among
hadrons, and the melting of a p meson. These cannot
be exactly reproduced by the conventional hadronic
transport models. It remains to be rigorously stud-
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ied on the ground of theory and phenomenology, if
the correlations can be attributed to a “pion cloud” of
hadron (or another formalism), whose effect is clearly
visible in NN collisions. If the density-dependent re-
pulsive effective K-N potential can be regarded as a
proxy for the nontrivial hadron structure, then the
improvement in the description of the Mult({Apart))
dependence for K9 and A could also be a manifesta-
tion of this structure.

7. Outlook

On the experimental side, the understanding of the
effects observed in heavy-ion collisions requires more
data with various colliding systems and beam ener-
gies. To this end, HADES measured Ag-+ Ag colli-
sions at /sy = 2.4 GeV and /sy = 2.55 GeV
in March 2019. The statistics of events at the former
energy is slightly lower as in Au+ Au at /syn =
= 2.4 GeV, while it is a few times higher at the lat-
ter energy. Moreover, in Ag+ Ag, the combinatorial
background in the reconstruction of unstable particles
is expected to be smaller, than in Au + Au. Therefore,
it will very likely that the main physical results of
Au+ Au can be extended to Ag+ Ag at both colli-
sion energies.

In the future FAIR (Facility for Antiproton and
Ion Research) in Darmstadt, currently under the con-
struction, the CBM (Compressed Baryonic Matter)
experiment will collide heavy ions at energies of /snn
from roughly 3 to 6 GeV. This will fill the gap in en-
ergy between the existing data of HADES and STAR
at Relativistic Heavy-Ton Collider in Brookhaven. It
will collect data with an unprecedented interaction
rate of 10 MHz (0.5 MHz from day 1), which will al-
low for the studies of rare and penetrating probes, in
particular, dileptons and multistrange particles and
for the search of the critical point of the deconfine-
ment phase transition. HADES at SIS100 will focus
mainly on the ete™ and strangeness production in pp
and pA collisions.
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C. I'apabaw

JOCJII>KEHHS BAPIOHHOT
MATEPIi B 3ITKHEHHAX BAYKKIX IOHIB

Pezmowme

SiTKHEHHsI BaXKKUX 10HIB IpH (y/IbTpa- ) pesIATUBICTCHKUX eHEP-
risix JaloTh YyJOBY MOXKJIMBICTH ISl CTBOPEHHS Pi3HUX (DOpM
pevosunn B Jaboparopil. Koporkmii wac (10722 cex) mo-
JKe ICHyBaTH PEYOBHHA 3 €KCTPEMAaJbHUME TEMIIEPATypPOIO Ta
misgbHicTIO. B cnenianbHUX €KCIEepUMEHTaxX BUBYAECTHCA MIKPO-
30Ba miarpama. B peaxmisix 3 BaKKMMH ioHaMu Ipu eHepri-
sax SIS18 peuyoBmHa 3HAYHO CTHCKAETHCA (B 2—-3 pasu mOpIiB-
HSIHO 31 INIJIBHICTIO OCHOBHOIO CTaHy) NPH IOMIDHHX TeMIIe-
parypax (T < 70 MeB). Lli ymoBu HaraJyioTh, HAIDPUKJIAJ,
CTaH KOJIallCy HeHTPOHHMX 3ipoK. PedoBnHa nmpu Takux ymoBax
BiacHe BudaeTbesa Ha HADES (High Acceptance DIElectron
Spectrometer). BaxksiuBumu B paMKax Li€l IpOrpaMu € J0CJIi-
JPKEHHST MEXaHI3My IIPOIyKYBAaHHS JUBHOCTI, BUIPOMIHIOBAHHS
MaTepil Ta posib B IbOMY 6apioHHUX pe3oHaHCiB. B naniit podoTi
MM 3BEPTAEMO yBary Ha BasKJIMBi eKCIIepUMEHTAJIbHI pe3yJsIbTa-
T, orpumani Ha HADES y sirknennsx Au+Au npu enepril
B cucreMi neaTpa mac 2,4 I'eB. Mu Takoxk npejcraBumo rep-
criekTuBY MaibyTHIX ekcuepumentis 3 HADES ta CBM npu
SIS100, me Ginbmn BUCOKiI eHepril Ta IHTEHCUBHOCTI TO3BOJIATD
BuBYATH (HaA30BUIl IEPEXiT MEePIIOro POy AeKOHMANHMEHTY Ta
BiIIOBigHY HOMY KPUTHYIHY TOUKY.
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TESTS OF CPT INVARIANCE
AT THE ANTIPROTON DECELERATOR OF CERN

The Standard Model, the theory of particle physics is based on symmetries: both the structure
of the composite particles and their interactions are derived using gauge invariance princi-
ples. Some of these are violated by the weak interaction like parity and CP symmetry, and even
masses are created via spontaneous symmetry breaking. CPT invariance, the most essential
symmetry of the Standard Model, states the equivalency of matter and antimatter. However, be-
cause of the lack of antimatter in our Universe it is continuously tested at CERN. We overview
these experiments: measuring the properties of antiprotons as compared to those of the proton
at the Antiproton Decelerator and also searching for antimatter in cosmic rays.
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matter.

1. Introduction

The theory behind particle physics, called for historic
reasons the Standard Model, developed half a century
ago, is based on gauge symmetries [1]. Some of those,
however, are violated, like the maximally broken par-
ity symmetry or the tiny little C'P-violation. And of
course, there is the spontaneous symmetry breaking
mechanism necessary to create masses for the elemen-
tary particles.

The fundamental particles of the Standard Model
are fermions with half-integer and bosons with inte-
ger spins. The elementary fermions have three fam-
ilies, each consisting of a pair of quarks and a pair
of leptons and all of them have antiparticles of oppo-
site charges, but otherwise identical properties. The
leptons can propagate, but the quarks are bound in
hadrons: the baryons (like the proton and neutron)
consist of three quarks and the antibaryons of three
antiquarks, and the mesons (like the pion) are bound
states of a quark and an antiquark.

The three basic interactions in the Standard Model
are derived from local gauge invariances: the strong
interaction from a local SU(3) and the electroweak
one from a local U(1)®@SU(2) gauge invariance with
the spontaneous symmetry breaking. These interac-
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tions are mediated by elementary bosons, the strong
interaction by the eight gluons carrying the colour
charges of the quarks and antiquarks, the weak in-
teraction by the three heavy weak bosons, W+ and
7Y and the electromagnetism by the v photon. These
bosons are virtual when they mediate the interac-
tions, but they can also be emitted and observed ex-
perimentally, even the heavy weak bosons and the
coloured gluons in high-energy collisions.

2. CPT Invariance

According to the well-known theorem of Emmy
Noether, continuous symmetries of the Lagrangian
lead to conservation laws. The conservation of the
electric charge and of the fermion number is con-
nected to the U(1) symmetry of the Dirac Lagrangian:
that is a valid, non-breaking symmetry. The colour-
SU(3) symmetry of quantum chromodynamics leads
to the conservation of the colour charge. The ulti-
mate symmetry of matter and antimatter is mani-
fested by the C'PT invariance, which makes it pos-
sible to treat free antiparticles as particles moving
backward in space and time. This is a most impor-
tant symmetry of Nature: the physical laws do not
change when charge (C), space (P) and time (T) are
simultaneously inverted:

51



D. Horvdth

HYDROGEN

LSy

18,0

=/
=0

Fofir Dirac Lamb HFS

VROOATTRNT R
|
.

B e

v, ——

L

=N

TN dmed s Wod

Fig. 1. Energy levels of hydrogen and antihydrogen. The 2S-1S transition
offers extremely precise two-photon spectroscopy [3]

e charge conjugation (i.e. changing particles into
antiparticles), Ct(r,t) = ¥(r, t);

e parity change (i.e. mirror reflection), Py (r,t) =
= ¢(—rt), and

e time reversal, T¢(r,t) = ¢ (r, —t) K where K de-
notes complex conjugation.

Time reversal is an anti-unitary operation due to
the phase factor connecting time and energy in the
state function. As a result, C'PT is also anti-unitary,
it conjugates the phase of the system while not chang-
ing the measurable properties. Using C' PT invariance
positron annihilation can be described as if an elec-
tron arrived, irradiated two or three photons and left
backward in space and time.

CPT invariance is supported by all known theo-
retical and experimental evidence. Its role is so fun-
damental in quantum field theory that it is almost
impossible to test experimentally: in the case of ob-
serving a small deviation one should suspect the vi-
olation of a conservation law rather than C'PT vio-
lation. Giving up C'PT invariance brings dire conse-
quences: one may lose causality, unitarity or Lorentz
invariance. Nevertheless, it seems to be grossly vio-
lated: according to the generally accepted Big Bang
theory of cosmology, at the end of the radiation pe-
riod particles and antiparticles should have been pro-
duced in exactly the same amounts, but we cannot see
antimatter galaxies anywhere [2]. This badly necessi-
tates testing the C PT invariance experimentally. To
date the most precise one of such tests is the mass
difference between the neutral kaon and anti-kaon as
measured using kaon oscillation: the relative differ-
ence is less than 10718,
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3. Antimatter Problems

In 1928 Paul M. Dirac tried to produce a linear equa-
tion for the hydrogen atom and got two solutions
for the electron: an ordinary one and another one
with positive charge and negative mass. Dirac first
assumed the latter non-physical, but three years later
Carl Anderson observed positively charged electrons,
positrons in cosmic rays (both of them were awarded
the Nobel Prize).

In addition to the mysterious lack of antimatter in
our Universe, there are some other questions for an-
tiparticles. Is it really true that particles and their
antiparticles have exactly the same properties except
for the sign of their charges? Could there be a tiny dif-
ference between particle and antiparticle to cause the
lack of antimatter galaxies? Are there particles which
are their own antiparticles (called Majorana parti-
cles)? In principle, the neutrinos can be Majorana-
particles, although there are no signs of this in exper-
iment. Could the dark matter of the Universe consist
of such particles?

The above problems may point to a possible CPT
violation, and so we are obliged — in spite of our
belief in its validity — to test CPT invariance. The
easiest way is to compare the properties of particles
and antiparticles. In addition to the kaon-anti-kaon
mass difference one can compare the spectroscopic
properties of atoms and anti-atoms. It was shown [3]
that the simplest and most precise such measurement
with antiprotons should be to perform two-photon
spectroscopy on antihydrogen atoms, H = [pe*], the
bound state of an antiproton and a positron, and
that antihydrogen can be produced and confined in
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electromagnetic traps. The 1S-2S transition of anti-
hydrogen (Fig. 1) seemed to be most eligible as it
can be excited with two photons only and as a re-
sult of that it has a very long lifetime and conse-
quently very narrow line width. Moreover, when ap-
plying two counter-propagating laser pulses one ex-
cludes the longitudinal Doppler-broadening of the line
width, significantly increasing the precision of the
measurement.

4. The Antiproton Decelerator of CERN

Antihydrogen atoms were first produced at the Low
Energy Antiproton Ring (LEAR) at CERN and later
also at Fermilab [4, 5]. Relativistic antiprotons col-
lide in the storage ring with Xe atoms and produce
electron-positron pairs. With a low probability the
antiproton can pick up a fast positron forming an
antihydrogen atom which is neutral and leaves the
ring along a straight beam line. The positron and the
antiproton of the antihydrogen atom are then sepa-
rated and identified: the positron annihilates to two
photons and the antiproton to several charged pions.

CERN, the joint European Particle Physics Labo-
ratory has built the Antiproton Decelerator, AD fa-
cility (it is now called Antimatter Factory) in 1997-
99 to study antimatter physics and to test the CPT
invariance, mainly via producing and studying anti-
hydrogen. At the moment there are six experiments:
three to test C'PT and another three to check anti-
gravity, i.e. to measure the gravitational mass of the
antiproton.

The Antiproton Decelerator works the following
way. The Proton Synchrotron shoots protons with a
26 GeV /¢ momentum onto an iridium target produc-
ing proton—antiproton pairs. From there the AD gets
antiprotons of 3.57 GeV /c momentum and slows them
down to 100 MeV /¢ (corresponding to 5.3 MeV ki-
netic energy) in four steps, in the first two steps with
stochastic and then electron cooling [7]). The AD de-
livers 3...4 x 107 antiprotons at 100 MeV /c momen-
tum to several experiments, which trap them in elec-
tromagnetic fields after suitable further deceleration,
and using slow positrons make antihydrogen (pe™)
atoms [6].

The antiprotons have to slow further down to keV
energies in order to facilitate trapping. The ALPHA
and ATRAP experiments prepare spectroscopy on
trapped antihydrogen, ASACUSA and BASE com-
pare the properties (mass, charge and magnetic mo-
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ment) of protons and antiprotons at high precision,
AEGIS and GBAR plan to measure the gravitational
mass of antihydrogen, and ACE studied the effects of
antiprotons on living tissue. The success of the AD
experiments persuaded CERN to increase their effi-
ciency by building a small storage ring ELENA (Ex-
treme Low Energy Antiprotons) which will supply an
order of magnitude higher number of slow antiprotons
for trapping than the AD with the energy absorbers
of the experiments. ELENA has been constructed and
it will serve all AD experiments from 2020 on.

5. Antihydrogen Production

In order to produce antihydrogen, one has to con-
fine both antiprotons and positrons in a trap, cool
them to very low temperatures and then let them in-
teract. The radiative recombination, (pe*+y), should
produce deeply bound atoms, but it is hopelessly
slow. At the moment all AD experiments produce
H atoms using the three-body recombination reac-
tion [8]: peTet—He™ where a second positron car-
ries away the released energy and momentum. This
reaction has a quite high cross section, but it pro-
duces highly excited H atoms which then should be
de-excited to make spectroscopy possible.

Another method [9] is investigated at the AD: H
production in collisions of antiprotons with positro-
nium, the bound state of an electron and positron.
This reaction has a high rate and results in not-
too-highly excited H, but it is more complicated to
prepare.

The first cold, confined H atoms were produced by
the ATHENA experiment at the AD, and its suc-
cessor, the ALPHA (Antimatter Laser PHysics Ap-
paratus) Collaboration made all steps leading from
H atoms confined in a trap, to their de-excitation
and spectroscopy. At the same time the ASACUSA
(Atomic Spectroscopy And Collisions Using Slow An-
tiprotons) Collaboration managed to produce and ex-
tract an H beam from a trap.

6. H Spectroscopy
by the ALPHA Experiment

The ALPHA (Antimatter Laser PHysics Apparatus)
Collaboration was the first and to date the only ex-
periment to perform 25-1S spectroscopy on antihy-
drogen [12]. The measurement was quite elaborate,
developed gradually step by step in ten years:
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1. 90,000 antiprotons were captured and cooled in
a Penning trap.

2. Mixed them with 3 million cold positrons and
50,000 H atoms were produced.

3. The remaining charged particles were removed
by dropping the trapping potential.

4. 20 H atoms were stored in an inhomogeneous
magnetic field at T = 0.54 K temperature.

5. The H atoms were kept trapped for 10 s in order
to let them to undergo de-excitation to the 1.5 ground
state.

6. The excitation 15—2S was performed with two
243nm photons (standing wave for 300s) tuned
around the resonance (appearance measurement).

7. A microwave irradiation removed the residual 1.5
atoms (disappearance measurement).

8. The trap was flushed by dropping the confining
B field measuring the number of remaining H atoms.

The 10 s waiting time was necessary to let the H
atoms de-excite to 1S, and at the same time short
enough not to lose them from the trap as demon-
strated by the ALPHA experiment earlier. Half the
cold H atoms can be confined depending on the spin
polarization of the positron, and thus they can be
flushed out by a microwave irradiation on resonance
with the positron spin flip. This hyperfine transi-
tion was also studied when preparing the experiment
[11]. At each step the antiproton annihilations were
detected with checking the vertex positions of the
events to make sure that they do not come from hit-
ting the walls of the vessel. The last three steps made
both an appearance and a disappearance measure-
ment of the same reaction, and the results agreed
with each other and also with the simulation assum-
ing CPT invariance. At laser spectroscopy the laser
power affects the result: that was also measured and
the results normalized to the power of 1 W. At last,
ALPHA has managed also to observe the 1S-2P Ly-
man alpha transition in antihydrogen [12].

Using 15000 H atoms the ALPHA experiment [10]
yielded 2 466 061 103 079.4 +5.4 kHz for the 1S-2S
transition frequency of antihydrogen. Its precision is
just one order of magnitude behind that of ordinary
hydrogen: 2 466 061 103 080.3 £0.6 kHz. This means
a confirmation of CPT on the level of 2 x 10712,

7. Antimatter Gravity Measurement

The negative mass of antiparticles in the Dirac the-
ory keeps exciting the general public, although the
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masses of our everyday objects are mostly (about
95%) energy-related. Of course, this is also something
that has to be checked experimentally as precisely
as possible. Unfortunately, gravity is so much weaker
than electromagnetism that it makes a measurement
with charged particles hopeless. There are nice grav-
ity measurements made with neutrons, but the prob-
lem with antineutrons is that they cannot be slowed
down without fast annihilation. That leaves antihy-
drogen for such studies. Of course, CPT invariance
does not prescribe identical acceleration in Earth’s
gravitational field for protons and antiprotons: that
is a result of the weak equivalence principle.

Testing antimatter gravity is the main aim of
two AD experiments, AEGIS and GBAR. AEGIS
(Antihydrogen Experiment: Gravity, Interferometry,
Spectroscopy) is the largest AD collaboration (al-
though still two orders of magnitude smaller than
the largest LHC experiments). They are preparing to
measure the gravitational falling of a beam of colli-
mated H atoms as compared to light using Moiré de-
flectometry. AEGIS will produce antihydrogen using
the collisions of antiprotons with excited positronium
atoms [13].

The GBAR (Gravitational Behaviour of Antihy-
drogen at Rest) Collaboration [14] plans to do an an-
tihydrogen free-fall measurement. They plan to use
such a dense positronium cloud that the antiprotons
would pick up two positrons in two collisions to form
an HT ijon which then can be cooled in several steps
down to the vicinity of 10 pK and they will move
very slowly. Removing the excess positron via laser
excitation they plan to let the neutral H fall in the
gravitational field of Earth and measure its accelera-
tion. GBAR was the first AD experiment to use the
slow antiprotons from ELENA in 2018. The ALPHA
Collaboration has also constructed a free-fall appara-
tus for measuring antihydrogen gravity.

8. Antiproton Properties

The ASACUSA (Atomic Spectroscopy And Collisions
Using Slow Antiprotons) Collaboration stopped an-
tiprotons in helium gas and using laser spectroscopy
measured the transition energies of antiprotons be-
tween atomic orbits determined the mass of the an-
tiproton [15]. The method is based on the earlier ob-
servation that about 3% of antiprotons stopped in
helium gas get captured in a metastable three-body
bound state [pHeTe™]. When a laser resonance ex-
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cites its transition to a non-metastable state, the
antiproton will immediately annihilate. The experi-
ment managed to increase the relative precision of
the measurements from year to year, reaching the
order of 10'? (meaning a C'PT-test of similar preci-
sion) using two-photon spectroscopy [16] and buffer-
gas cooling [17]. The ASACUSA Collaboration has
built a post-decelerator system (essentially a radio-
frequency quadrupole accelerator cavity working the
opposite way) which increased the trapping efficiency
by orders of magnitude and made it possible to pro-
duce an extracted beam [18] of slow antihydrogen
atoms.

The BASE (Baryon Antibaryon Symmetry Experi-
ment) performed direct high-precision measurements
of the charge-to-mass ratio [19] and the magnetic mo-
ment [21] of a single antiproton stored in a cryogenic
Penning trap. Both of them are, of course, sensitive
C PT-tests when compared to those of the proton. It
is remarkable, that this method is not destructive: in
all 2016 BASE used 18 antiprotons for their measure-
ments [20]. The obtained charge-to-mass ratio agrees
with the predictions of the Standard Model (i.e. CPT
invariance) at the level of 10719 Moreover, assum-
ing C'PT invariance the above result helps to confirm
the weak equivalence principle [20] in Earth’s gravi-
tational field on the level of 6.8 x 1077,

9. Antimatter in Space

To solve the problem of the lack of antimatter galax-
ies, CERN prepared a cosmic detector, the Alpha
Magnetic Spectrometer (AMS2) with the leadership
of Nobel laureate Samuel Chao-chung Ting. It has a
1200 kg permanent magnet and it was launched in
2011 from the USA. It is placed onto the International
Space Station and checks antiparticles in cosmic rays
and also searches for dark matter annihilation. So far
it did not detect anti-helium atoms, but saw many
high-energy positrons which could come from pulsars
or dark matter.

10. Conclusion

The Antiproton Decelerator of CERN was built 20
years ago in order to test the validity of C'PT in-
variance, the principle of matter-antimatter symme-
try. The work of these two decades yielded many
results, and the measured antiproton charge, mass,
and magnetic moment, and the antihydrogen 1S-—
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2S transition measurement all conform the validity
of CPT and the Standard Model. The lack of anti-
matter galaxies seems to question C'PT invariance,
but the results of the AMS2 space detector also con-
firmed: no anti-helium atoms are seen in cosmic
rays. Thus C'PT invariance seems to be at absolute
validity.

This work was supported by the National Research,
Development, and Innovation Fund of Hungary under
contracts K124850 and K128786.
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TECTN CPT IHBAPIAHTHOCTI
HA AHTUITPOTOHHOMY VYIIOBIJIbBHIOBAYI LIEPHy

Peszowme

Crangapraa Mogenb Teopil ejleMeHTapHUX YaCTUHOK Oa3ye-
ThCsl HA CUMETPIsIX: K CTPYKTYPa KOMIO3UTHUX YaCTHHOK, TaK
i IX B3a€MOJIisi BUBOJATHCS 3 IPUHIUIIIB KaJIiOpOBHOI iHBapiaH-
THOCTI. Jesiki 3 HuX, sik mapuicTe Ta C'P cuMmeTpisi, OPYIILy-
FOThCsI CJIAOKOIO B3a€MO/II€I0, Ta HAaBITh MacCH HOPOKYIOTHCH
CIIOHTAHHUM HOpyIieHHsM cumerpil. 3riguo 3 CPT imBapiam-
THOCTI — HalcyTTeBimol cumerpil Cranmapruol Moneni — ma-
Tepis Ta aHTHMaTepisa exkBiBasenTHi. [IpoTe, Yepes BincyTHiCTH
anTuMaTepil y Bcecsiti, 110 cuMmeTpiro MOCTIHHO BUBYAIOTH Y
ITEPHi. Mu naeMo orvisi/1 fux eKCIIEpUMEHTIB: BUMIPIOEMO BJjla-
CTHBOCTI aHTHIIDOTOHIB y NOPIBHSAHHI 3 nmporoHaMu Ha AHTH-
IIPOTOHHOMY YIIOBIJIbHIOBadi, & TAKOXX IIyKA€EMO aHTUPEYOBH-
HY B KOCMIYHHUX ITPOMEHSIX.
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CENTRAL EXCLUSIVE PRODUCTION AT LHCb

The LHCbH collaboration has measured central exclusive production of J/v¢, ¥(2S), and Y
mesons as well as J/pJ /v, J/Pp(2S), ¥(25)9(2S), and xcxe. meson pairs in proton-proton
collisions. The analyses of T and charmonium pairs are performed at the centre-of-mass en-
ergies of 7 TeV and 8 TeV, and those of J/v and ¥(2S) are done at 7 TeV and 18 TeV. The
analysis at 13 TeV involves the use of new shower counters. These allow a reduction in the
background by vetoing events with activity in an extended region in rapidity. The measurements
of central exclusive production at LHCb are sensitive to gluon distributions for Bjorken-x val-
ues down to 2x 107° (at 18 TeV). An overview of the LHCb results is presented and compared
to existing measurements of other experiments and theoretical calculations.

Keywords: exclusive photoproduction, ultra-peripheral collisions, generalised parton distri-
butions, parton distribution functions.

1. Introduction

The nucleon structure can be described in three di-
mensions in terms of the probability to find quarks
and gluons as a function of their transverse posi-
tion inside the nucleon and their longitudinal mo-
mentum fraction with respect to the nucleon mo-
mentum [1, 2]. The longitudinal direction coincides
here with the direction of the probe used to in-
vestigate the nucleon. The corresponding probability
distributions are called impact-parameter-dependent
parton distributions. They are Fourier transforms of
generalised parton distributions (GPDs) (see, e.g.,
Ref. [3]). These GPDs do not have a probabilistic in-
terpretation. Instead, they represent probability am-
plitudes for a parton with longitudinal momentum
fraction = + £ to be emitted from a nucleon and a
parton with longitudinal momentum fraction = — ¢ to
be absorbed by the nucleon. The nucleon stays intact,
but receives a four-momentum transfer squared equal
to —t. This is represented in Fig. 1, for quarks (left)
and gluons (right).

Generalised parton distributions are accessible in
exclusive reactions, such as the exclusive produc-
tion of photons or vector mesons, involving a hard
scale. The hard scale is necessary in order to factorise
the process into perturbatively calculable parts and

© C. VAN HULSE, 2019
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non-perturbative parts, which are the GPDs and me-
son distribution amplitudes in the case of exclusive
meson production [4, 5]. Exclusive vector-meson pro-
duction can be measured in deep-inelastic scattering,
as illustrated in Fig. 1, left. The hard scale is provided
here by the large virtuality, Q> = —¢®> > 1 GeV?,
of the photon exchanged between the lepton and
the nucleon. There exists a multitude of such mea-
surements at fixed-target experiments [6-13] and at
lepton-proton colliders, by the H1 and ZEUS collab-
orations [14-17]. The former series of measurements
are mainly sensitive to larger values of Bjorken-z, xp,
with £ ~ 2p/(2—2p), and thus to quark GPDs, while
the latter probe lower values of zp down to 1074,
where gluons dominate.

Alternatively, it is possible to use a (quasi-)real
photon (Q? ~ 0 GeV?) to investigate the nucleon,
provided that the particle created in the final state
has a large mass component. In the case of exclu-
sive vector-meson production, such as J/¢¥ or T
production, the large scale is then provided by the
large mass of the meson valence quarks (charm or
bottom quarks). The vector mesons originate, as il-
lustrated in Fig. 1, right, from the splitting of the
real photon into a quark-antiquark pair (c¢ or bb).
This pair interacts with a nucleon through the ex-
change of two gluons, and as a result a vector me-
son is formed in the final state. Quasi-real photopro-
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Fig. 1. Diagrams for exclusive production of vector mesons in deep-inelastic scattering
(left) and in photoproduction (right). The figure on the left illustrates access to quark
GPDs, while the figure on the right shows the diagram for gluon GPDs

duction of vector mesons has been measured in
electron-proton collisions by the H1 and ZEUS ex-
periments [16, 18-21]. These measurements probe a
photon-nucleon centre-of-mass energy ranging from
30 GeV to 300 GeV.

It is also possible to study photoproduction in
ultra-peripheral collisions of protons and ions. In such
reactions, the beam particles interact at a large
enough distance from each other (in practice more
than the sum of their respective nuclear radii) so
that they interact through the exchange of colour-
neutral objects. The flux of photons emitted by a
beam particle is proportional to the square of its
atomic charge, and hence photon emission by heavy
ions is greater than for protons. There exist mea-
surements of exclusively produced vector mesons in
gold-gold collisions by the PHENIX experiment [22],
in proton-antiproton collisions by the CDF experi-
ment [23], in lead-lead and proton-lead collisions by
the ALICE experiment [24-26] and in proton-proton
and lead-lead collisions by the LHCb experiment [27—
31]. The covered photon-nucleon centre-of-mass en-
ergy ranges from 34 GeV, for the PHENIX experi-
ment, to 1.5 TeV, for the measurements performed by
the LHCD collaboration. The very high energy avail-
able at the LHC offers the unique possibility to probe
the GPDs down to Bjorken-z values of the order of
1076, i.e., two orders of magnitude lower than for
the existing measurements in electron-proton colli-
sions. At such low values of xg, one might also be sen-
sitive to saturation effects [32]. In addition, at such
low xp, the exclusive cross section can be approx-
imated in terms of standard gluon parton distribu-
tion functions (PDFs) [33-36]. This cross section has
a quadratic dependence on the gluon PDFs, and thus
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provides a higher sensitivity than inclusive measure-
ments, where the dependence is only linear.

2. LHCb Measurements

In central exclusive production of vector mesons in
ultra-peripheral collisions, the proton (or ion) emit-
ting the real photon is to a good approximation not
altered from its original trajectory, while the proton
interacting through the two gluons undergoes a small
change in momentum, but remains close to the beam
line. The vector meson, in turn, is produced in the
central region. At LHCb, this vector meson is gen-
erally reconstructed through its decay into a ptpu~
pair. Hence, the experimental signature for exclusive
vector-meson production is two oppositely charged
muons in the LHCb detector, with large regions of
rapidity, down to close to the beam line, devoid of
particle activity. There exists a different process with
the same final state, but where the oppositely charged
muons originate from the interaction of photons emit-
ted by the respective beam particles. This process
is called the Bethe—Heitler process. This production
mode of muons forms a continuum background to
the exclusive production of vector mesons, and needs
to be subtracted from the measured signal. Another
source of background is the production of higher-mass
vector mesons that decay into the vector meson un-
der study without detection of the other decay prod-
ucts. Furthermore, the production of vector mesons
where one or both of the interacting protons dissoci-
ate forms another background contribution.

The LHCDb detector is a forward detector, covering
a rapidity range between 2 and 5. The detector is fully
instrumented for particle identification, and is capa-
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Fig. 2. Dimuon invariant-mass distribution (left) and dimuon squared-transverse-momentum distribution for muon pairs within
the J/4 invariant mass region (right) for data collected at /s = 13 TeV, and satisfying the selection requirement imposed by
HeRSCHEL. Different background contributions are indicated in both figures, while the vertical lines in the figure on the left
indicate the selected range in invariant mass for the measurement of J/1 and ¢ (25)

ble of detecting particles with transverse momenta as
low as 200 MeV. The LHCb experiment is not instru-
mented with detectors around the beam line for the
detection of protons emerging intact from the inter-
action or for products from proton dissociation that
remain close to the beam line. However, the LHCD ex-
periment is well suited for the measurement of exclu-
sive processes. Firstly, the average number of interac-
tions per beam crossing at the LHCb interaction point
ranges only from 1.1 to 1.5, depending on running
conditions. Secondly, besides the coverage in rapidity
from 2 to 5 by the fully instrumented LHCb detec-
tor, the LHCb vertex locator is capable of detecting
charged-particle activity for rapidities between —3.5
and —1.5. Also, for Run 2 of the LHC data-taking
period (2015-2018), the LHCb experiment was ad-
ditionally equipped with a series of five stations of
scintillators, HERSCHEL [37], placed at —114 m to
+114 m from the LHCb interaction point. This al-
lowed for the detection of particle showers in a rapid-
ity range between —10 and —5, and between +5 and
+10, and hence for a supplementary reduction of the
contribution from background processes.
Measurements of exclusive production of J/¢ and
¥ (25) mesons have been performed by the LHCb ex-
periment using data collected in proton-proton col-
lisions at a centre-of-mass energy /s = 7 TeV [28],
and part of the data collected at /s = 13 TeV [30],
amounting to an integrated luminosity of respectively
929+ 33 pb~! and 20448 pb~!. This data set allows
one to access zp down to 2 x 1075, Both the J/v me-
son and the 1(2S5) meson are reconstructed through
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their decay into muons, which are required to lie in
the LHCDb detector acceptance, between 2 and 4.5
in rapidity. Furthermore, the transverse momentum
squared of the dimuon pair, p% ~ —t, needs to be
below 0.8 GeV2. Finally, the absence of any other de-
tector activity is required.

In Fig. 2, left, the dimuon invariant-mass distri-
bution is shown, while in Fig. 2, right, the squared-
transverse-momentum distribution of the muon pair
with invariant mass in the J/v¢ mass region is pre-
sented. The three sources of background contamina-
tion to the J/1v signal are also shown. The back-
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Fig. 4. Cross section differential in rapidity for exclusive J/1 production (left) and exclusive J/1 photoproduction cross section

as a function of the photon-proton invariant mass (right). The leading-order (yellow band) and next-to-leading-order (green band

and dotted line) JMRT calculations [34] are also indicated

ground contribution from the Bethe—Heitler process,
labelled nonresonant background, is obtained from
a fit to the dimuon mass distribution (see Fig. 2,
left). The background from feed-down from exclusive
production of 1(2S) and x. mesons is evaluated us-
ing ¥(2S5) and x. signals in experimental data and
Monte-Carlo simulation. Finally, the contamination
from events where at least one of the protons dis-
sociates is evaluated for Run 1 through a fit of the
dimuon transverse-momentum distribution, while for
the data collected in Run 2, HERSCHEL has been
used. The discriminating power of HERSCHEL is il-
lustrated in Fig. 3. The figure represents distributions
of a discriminating variable related to detector ac-
tivity in HERSCHEL. The continuous, black line is
the distribution for a very pure sample of exclusively
produced pairs of muons, while the other lines in-
dicate samples enriched in nonexclusive events. From
the figure, it is clear that for exclusive events, the dis-
criminating variable is located at low values, whereas
for nonexclusive events, the variable extends to higher
values. For the selection of exclusive events in Run
2, only events below the value indicated by the red,
vertical line are selected. This results in a signal pu-
rity of 76% (73%) for J/+ (¢(2S)). For data collected
in Run 1, the signal purity amounts to 62% (52%),
where the contribution from proton-dissociative back-
ground is about twice as high.

The cross section differential in rapidity for exclu-
sive production of J/1 in proton-proton collisions at
/s = 13 TeV is shown in Fig. 4, left. It is seen to
decrease at larger values of rapidity. In addition to
the experimental data points, theoretical predictions
(JMRT) [34], which approximate the cross section
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in terms of standard gluon PDFs, are shown. There
are predictions at leading order in ag (yellow band)
and at next-to-leading order in aig (green band). The
leading-order predictions fail to describe the data at
higher rapidities, while the next-to-leading order cal-
culations are in reasonable agreement with the data.

The exclusive vector-meson production cross sec-
tion in proton-proton collisions is related to the pho-
toproduction cross section through

dn
Opp—spup = (Wi )k dk Oypspp(We) +
+
dn
+T(W_)k_d]€770'fyp_>wp(w_), (1)

where r represents the gap survival factor, ki the
photon energy, dn/dk+ the photon flux, and W3 =
= 2k +/s the photon-proton invariant mass squared.
The subscript + (—) corresponds to the situation
where the downstream-going (upstream-going) pro-
ton is the photon emitter. As can be seen from
Eq. (1), the photoproduction cross section appears
twice in the expression. The reason resides in the am-
biguity on the identity of the proton emitting the
real photon. Since the photoproduction cross section
corresponding to the low-energy solution W_ only
contributes about one third of the time and it has
been previously measured and parametrised by the
H1 collaboration, this parametrisation is used to fix
the low-energy photoproduction cross section, and ex-
tract the one at high photon-proton invariant mass.
The resulting photoproduction cross section is pre-
sented in Fig. 4, right. The data points represented
by the red circles are the result at /s = 13 TeV,
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while those indicated by the black squares are those
at /s = 7 TeV. Also measurements from the H1 col-
laboration, from which the parametrisation is taken,
the ZEUS and ALICE collaborations as well as from
fixed-target experiments [38-40] are presented. The
different data sets are in good agreement with each
other. The parametrisation from the H1 collaboration
is indicated in the figure by the blue band. It is seen
to describe the data well at intermediate values of W,
but fails at lower and higher values. Also the next-to-
leading order JMRT calculations are shown, as indi-
cated by the dotted line. They are in good agreement
with the data, describing it well also at low and high
values of W. Also for the proton-proton and photo-
production cross section of (25) (not shown), the
next-to-leading order predictions in ag describe the
data well, whereas the leading-order predictions fail
to describe the data.

There exist also results from exclusive T produc-
tion by the LHCb collaboration, using data collected
in proton-proton collisions in Run 1 at /s = 7 TeV
and /s = 8 TeV, corresponding to a respective
luminosity of 0.9 fb=! and 2.0 fb=! [29]. The two
data sets are combined in order to increase statis-
tical precision. The data-selection procedure follows
that of the measurement for exclusive J/v, with a
p2 restricted to below 2.0 GeVZ. Given the larger
mass of the T meson, the lowest values in xpg reach
down to 2 x 1072. The total proton-proton produc-
tion cross section for Y(1S) is determined to be
9.0 £ 2.1 £ 1.7 pb, where the first uncertainty is sta-
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tistical and the second systematic, while for Y (25) it
is 1.3 £ 0.8 + 0.3 pb. For T(3S5) production, an up-
per limit on the cross section of 3.4 pb at the 95%
confidence level is determined. For the T(1S) res-
onance, the production cross section differential in
rapidity and the photoproduction cross section as a
function of W are also extracted. They are shown in
Fig. 5. Also here, leading-order and next-to-leading
order JMRT calculations are presented, and only the
next-to-leading order calculations describe the data
well. In the figure on the right, also results from the
ZEUS and H1 collaborations are shown. These are
not able to discriminate between the leading-order
and next-to-leading order calculations.

The LHCDb collaboration also published results
of exclusive production of the charmonium pairs
']/w']/w7 J/¢¢(25)a ¢(25)¢(2S)a Xc0Xc05 XelXels
and XeaXce2 [41]. These are potentially sensitive to
glueballs and tetraquarks. In the framework of de-
scribing the exclusive cross section in terms of stan-
dard gluon PDFs; they are sensitive to the fourth
power of these gluon PDFs. The measurements com-
bine the data collected in proton-proton collisions
at v/s = 7 TeV and /s = 8 TeV. The produc-
tion cross sections are measured to be o(J/YJ/v) =
= 58 + 10 + 6 ph; o(J/Y(25)) = 6372L + 10 pb;
o(P(29)y(25)) < 237 pb; o(xeoxeo) < 69 nb;
o(Xc1Xe1) < 45 pb; o(xe2Xc2) < 141 pb, where only
an upper limit is determined for the four last pairs.
These results are not corrected for proton dissocia-
tion, due to the limited statistical precision. Only for
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the production of pairs of J/¢J/v it is possible to
estimate the contribution from central exclusive pro-
duction, which amounts to about 42%, and thus to
determine the cross section corrected for proton dis-
sociation, which is 24 + 9 pb.

3. Summary

Measurements of exclusive production of J/v, 1(25),
and Y (nS), with n = 1,2,3, have been performed
by the LHCb collaboration. These measurements are
sensitive to gluon GPDs and PDFs. The cross sections
are measured differentially in rapidity and the photo-
production cross section is extracted as a function
of the photon-proton invariant mass. Comparisons
to next-to-leading order JMRT calculations show
good agreement with these data. Also cross-section
measurements of pairs of charmonia have been per-
formed. They are sensitive to the fourth power of
the gluon PDFs and potentially to glueballs and
tetraquarks. Although not discussed here, there are
also preliminary measurements of Bethe-Heitler pro-
duction in proton-proton collisions [42] and on exclu-
sive x. production in proton-proton collisions [42],
which is sensitive to the exchange of two gluon
pairs. Furthermore there are preliminary results on
exclusive production of J/v¢ and 1(2S) in lead-lead
collisions [31], which give access to nuclear GPDs and
PDFs, and are sensitive to shadowing.
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L. Ban Iyace
610 imeni Konabopayii LHCb

HEHTPAJIBHE EKCKJIFOSIBHE
MMPOAYKYBAHHA HA LHCb

PeswowMme

Komna6opamis LHCb BumipioBasia neHTpajbHE €KCKJIIO3UBHE
npoayKyBaHHs Me30oHIB J/1, 1(25) i T Me30HIB, a TaKOXK Me-
sorHUX nap J/YJ/y, J/Pp(2S), ¥(25)Y(2S), XecXc B npoTon-
[IPOTOHHUX 3ITKHEHHsX. AHaJi3 map Me30HIB Y Ta IIapMOHis
BUKOHAHO IIPU €Heprisix B cucreMi neHTpa Mac 7 Ta 8 TeB, a
nas J/¢ ta ¢(2S) — npu 7 ta 13 TeB. B anauisi npu 13 TeB
Oysin 3ajisiHi HOBI JIYMJIBHUKH, K1 3MEHIIYIOTh (OH, Bijci-
Kalo4dM IOJil 3 aKTHUBHICTIO B IIMPOKOMY iHTepBaJli MIBUIKO-
creit. Bumipu 1ieHTpasbHOrO €KCKIII03MBHOIO IPOAYKYBaHHS Ha
LHCDb uyTausi 10 TVIFOOHHUX PO3IOJIIJIIB /I 3HaYeHb OHOpKe-
HiBchbKOT 3minnol ax 10 2+ 1076 mpu 13 TeB. Hamu npesacras-
sieno orysy pesynabratisB LHCD Ta ix mopiBHsAHHSA 3 icHYOUnMHU
BUMipaM# B IHIMNX €KCIEPHMEHTAX, & TAKOXK 3 TEOPETUIHUMU
PO3paxyHKaMHU.

63



O. Kowalenko

https://doi.org/10.15407 /ujpe64.7.602

0. KOVALENKO

National Centre for Nuclear Research

(Warsaw, Poland; e-mail: oleksandr.kovalenko@ncbj.gov.pl)

NEUTRAL MESON AND DIRECT PHOTON
MEASUREMENTS WITH THE ALICE EXPERIMENT

The ALICE experiment is designed to study the properties of the matter created in proton-
proton and heavy-ion collisions at the LHC. Neutral mesons can be reconstructed in ALICE
in a wide range of transverse momenta via two-photon decays. Neutral meson measurements
in pp collisions give an opportunity to validate the NLO or NNLO pQCD calculations and
to constrain the parton distribution functions and the parton fragmentation functions. Neutral
meson spectra measured in pA and AA collisions allow us to test a modification of the par-
ton distribution functions in nuclei and the parton energy loss in the hot matter created in
AA collisions. The recent results from ALICE on direct photon measurements in the Pb—Pb,
neutral pion and n meson productions in pp, p-Pb, and Pb—Pb collisions are presented.

Keywords: high-energy physics, neutral meson spectra, direct photons.

1. Introduction

ALICE experiment aims to explore properties of the
hot (T ~ 10'? K) and dense quark-gluon matter
and to investigate the chiral symmetry restoration
and the deconfinement mechanisms. The hard hadron
production in pp collisions can be described by a
convolution of the hard parton cross-section, parton
distribution function (PDF), and fragmentation func-
tion (FF). The measurement of hadron spectra in a
wide kinematic range for various collision energies
provides a new input for PDF and FF parametriza-
tions. The meson production in heavy-ion collisions
allows studying several effects. The development of
a collective flow can be studied at low pr (pr <
< 3 GeV/c). The high-pr (pr > 5 GeV/c) part of
the spectra originates predominantly from the hard
parton hadronization. At moderate pr, the 7° and
7 mesons are mainly produced via the gluon frag-
mentation at LHC energies. As gluons show a larger
energy loss in the medium than quarks, the compar-
ison of the suppressions of the yields of light neutral
mesons and heavier hadrons will provide an input for
the understanding of the energy loss by the different
partons. The difference in the suppression patterns
of the 7% and 1 meson yields can indicate the differ-
ences in the relative contributions of quarks and glu-
ons. Neutral meson spectra also serve as an input for
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the direct photon analysis. Direct photons are defined
as all photons that are not coming from the decays of
particles. Photons do not interact strongly with the
medium. They carry information on the properties
of the matter at the space-time point of their emis-
sion. The high-pr part of the direct photon spectrum
is dominated by photons created in the hard scatter-
ing of the partons of incoming nucleons and can serve
as a tool to constrain the models that describe the ini-
tial stage of a collision. The low-pr part of the direct
photon spectrum may contain photons from the ther-
mal emission of the hot matter and probes its tem-
perature and the velocity of the collective expansion.

2. Neutral Meson Measurements

The ALICE experiment is a general-purpose detector
[1]. It consists of 17 separate subdetectors that are
dedicated to specific goals. Neutral mesons are recon-
structed via the two-photon decay channel. Photons
in ALICE can be measured in an Electro-Magnetic
Calorimeter (EMCal) [2] and a Photon Spectrometer
(PHOS) [3] or by means of the Photon Conversion
Method (PCM) based on the reconstruction of pho-
tons from ete™ pairs that are products of the pho-
ton conversion in the material of central barrel detec-
tors [4].

The product the efficiency e times the acceptance A
for different methods of neutral meson reconstruction
is shown in Fig. 1. The EMCal has the highest A - ¢
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values, as it has a large acceptance and a high prob-
ability to measure photons. PHOS has a lower A - ¢
factor due to limited acceptance, but it has lower en-
ergy threshold for the signal and outperforms EMCal
at low pr. It is possible to combine the photons recon-
structed with EMCal and PCM to form pairs (PCM-
EMC method). In this case, the A - ¢ factor is ap-
proximately 10 times smaller than that of EMCal due
to the small conversion probability of a photon. This
method makes it possible to extend the measurement
up to high pr, because showers from different photons
don’t merge in a detector. The PCM efficiency is de-
termined by the probability of the photon conversion,
its A - € factor is the lowest.

2.1. Transverse momentum
spectra of neutral mesons in pp collisions

The ALICE experiment has measured 7° and 1 meson
spectra in pp collisions at several collision energies:
Vs =0.9,2.76,7,8 TeV [5-9], see Fig. 2. Neutral pion
spectra were reconstructed up to pr ~ 40 GeV/c
(for v/s = 2.76 TeV). PYTHIA 8.2 [10] with Monash
2013 tune describes the data at high pr, but shows
a deviation from the data at moderate pr at the
higher energies. The NLO calculations [11-13] pre-
dict a 20-60% higher yield, and the difference in-
creases with pp. The situation with 7 meson is simi-
lar: PYTHIA 8.2 with Monash 2013 tune reproduces
the data, whereas the NLO calculations predict a 50—
100% higher yield at all colliding energies.
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© oL o =S ]
108 o° =
E .m E

F .4 3

[ - -
107 - ¢ 3
F > 4 3
104? -o- =
g » PCM E

3 + EEAI\é-EMC ]
10° 'Y -
E = PHOS :

C o v vial Ll L
0.3 1 2 3 4567 10 20 3040

P, (GeV/c)

Fig. 1. Normalized correction factors € for each reconstruction
method for 70 as a function of pr. The factors contain the re-
construction efficiencies and the detector acceptances normal-
ized per unit rapidity and full azimuthal angle
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2.2. Transverse momentum
spectra of neutral mesons in p-Pb collisions

ALICE has recently measured the 7° and 7 yields
in p-Pb collisions at \/syx = 5.02 TeV [15]. Neutral
pion and 7 spectra are well described by the Tsallis
fits [16]. The NLO pQCD calculations [11,17] scaled
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8 3
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Fig. 2. Neutral pion spectrum at /s = 0.9,2.76,7, and 8 TeV
[5-9]. The spectrum is compared to the PYTHIAS [10] event
generator and NLO pQCD calculations. The ratios of data
and predictions to the two-component model (TCM) fit [14]
are shown on the bottom panels for each energy separately
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Fig. 4. Neutral pion and 7 spectra in two centrality classes
measured in Pb—Pb collisions at /sxn = 2.76 TeV [6]

with the number of binary nucleon-nucleon collisions
reproduce the 7° spectrum in the entire pr range
and overpredict the 7 spectrum at high pp. EPOS
[18] Monte-Carlo reproduces the 7° spectrum and 7
spectrum below 3 GeV/c¢, but overpredicts it at high
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pr. The hydrodynamic model VISHNU|[20] provides
a good description at low prp. The HIJING|21] and
DPMJET [19] models fail to reproduce data for pr
larger than 4 GeV/ec.

2.3. Transverse momentum spectra
of neutral mesons in Pb—Pb collisions

The data collected in 2010 allowed the measure-
ment of the spectrum of 7% in Pb-Pb collisions at
V5NN = 2.76 TeV in the range 0.6 < pp < 12 GeV/c
[6]. The neutral pion yield can be described by the
Tsallis fits. Combining the datasets collected in 2010
and 2011 years allowed one to extend the range of
the 7° spectrum up to 20 GeV/c and to measure also
the  meson spectra in narrower centrality classes [8],
see Fig. 4. Two versions of the SHM model [23] repro-
duce the shape of the 70 spectrum at low pr. For the
1 mesons, NEQ SHM underestimates the yield at the
low-pr region.

2.4. Nuclear modification
factor in Pb—Pb collisions

Figure 5 shows the nuclear modification factor de-
fined as the meson yield in Pb—Pb collisions divided
by the meson production cross-section in pp collisions
at the same energy scaled with the nuclear overlap
function. The value of Raa = 1 corresponds to the
absence of medium effects. For Pb—Pb collisions at
VSNN = 2.76 TeV, Raa ~ 0.1 at pp ~ 7 GeV/c was
observed reflecting a strong energy loss by partons
in the hot quark-gluon matter. The R increases
with pp. The nuclear modification factors for #° and
n agree with those for 7+ and K*. The right plot of
Fig. 5 shows the centrality dependence of the nuclear
modification factor in Pb—Pb collisions. The Raa de-
creases, as the centrality increases, indicating that
the medium effects are most prominent in the central
collisions.

3. Direct Photons Measurements

Direct photons are all photons that do not originate
from the hadron decays. The yield can be calculated
as

7Y direct = 7 inc — 7Y decay = (1 - 1/R'y)71n07

where v jnc — the inclusive photon spectrum, 7 gecay —
the decay photon spectrum, 7 girect — the direct pho-
ton spectrum, and Ry, = 7 inc/7 decay- It turns out
that the ratio R, expressed as a double ratio R, =
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Ny, ine/Npo)mens
(N’y decay/NWD)simulated
of systematic uncertainties of the measurement. The

value of R, greater than unity indicates the direct
photon signal. The double ratio together with the di-
rect photon spectrum were measured for three cen-
trality classes in Pb-Pb at /sy = 2.76 TeV [24], see
Fig. 6. The pQCD calculations describe well the high
pr part [25]. There is a visible excess of direct pho-
tons compared to NLO pQCD predictions for pr <
< 4 GeV/c in the most central collisions, which can
be attributed to the thermal emission of a hot mat-
ter. The low pr part (below 2.2 GeV/c) of the spec-
trum was fitted with the exponential function. The

cancels out the significant part
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classes in Pb—Pb collisions at /syn = 2.76 TeV [24] compared
to NLO pQCD (for the direct photon yield in pp collisions) and
JETPHOX [26] predictions with various PDFs and FFs scaled
by the number of binary collisions

inverse slope is found to be equal to 304 + 115%t +
+40%% MeV. To convert the slope value to the tem-
perature, however, one has to take the expansion of
the system into account.

4. Summary

ALICE has measured the neutral meson spectra in
a wide pr range in pp collisions at /s = 0.9, 2.76,
7, and 8 TeV. The NLO calculations systematically
predict a higher yield, especially at the highest col-
lision energies. The neutral meson spectra measured
in Pb-Pb collisions at /snny = 2.76 TeV were used
to calculate nuclear modification factors. The nuclear
modification factor measured in Pb—Pb shows the
strong suppression of the 79 yield related to the par-
ton energy loss in a hot quark-gluon matter. That can
be explained by the final-state effect, as p-Pb data are
consistent with unity, showing the absence of cold
nuclear matter effects. The direct photon spectrum
and the double ratio R, were measured in Pb-Pb
collisions at /sy = 2.76 TeV in three centrality
classes. The double ratio R, in central Pb-Pb col-
lisions exceeds the prompt photon pQCD predictions
at pr < 4 GeV/c. The inverse slope of the direct pho-
ton spectrum in central Pb—Pb collisions is estimated
to be 304 £ 1153t £ 4055 MeV.
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O. Kosanaenxo, 610 imeni Koaabopauii ALICE

BUMIPIOBAHHA HEVTPAJTLHUX ME3OHIB
TA ITPAMUX ®OTOHIB B EKCIIEPUMEHTAX ALICE

Pezowme

Excnepument ALICE 3amiaHoBaHO 7j1si BUBYEHHSI BJIACTUBO-
CcTeil pe4OBHUHHU, 10 HAPOJKYETHCs B 3ITKHEHHSAX IIPOTOHIB Ta
Bakkux ionis ma LHC. HeiirpasnpHi Me30HE MOKHA BigTBOpH-
1 B ALICE B mmpokomy iHTepBaJii MOnepevHnux iMIyJIbeiB 3a
JIOITOMOT0I0 TBOPOTOHHUX po3naiB. BumipioBaHHs HeHATpasb-
HHUX ME30HIB y 3ITKHEHHSX IPOTOHIB JAaIOTh MOKJIMBICTBH IIe-
pesiputu neprypbarusny KXJI 8 NLO ta NNLO nabimxken-
HAX, & TAKOXK yTOIHUTH (QyHKIHI po3noxity Ta dparMeHTaril
naprouiB. CrekTpu HeATpaJIbHUX ME30HIB, BUMIpAHHUX ¥ pA Ta
AA 3iTKHEHHSX, JO3BOJIAIOTH IEPeBipUTH MoudIKaIio map-
TouHOI MYHKIIT po3noaiay B sApi i BrpaTy eHeprii napToHiB y
raps4iii pedoBuHi, 10 yTBOpHOEThCcsA B AA 3iTkHeHHsix. Hamn
npezcrasiaeHo ocrasHi pesynbratu ALICE crocoBro BuMipro-
BaHHA NpaAMuX (HoToHiB y Pb—Pb 3iTkHeHHsAX, mpoayKyBaHHSA
HelTpaJIbHUX MIOHIB Ta 7) ME30HIB y 3iTKHEHHsIX pp, p-Pb Ta

Pb-Pb.
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THE SILICON TRACKING
SYSTEM OF THE CBM EXPERIMENT AT FAIR

The Compressed Baryonic Matter (CBM) experiment at FAIR (Darmstadt, Germany) is de-
signed to study the dense nuclear matter in a fived target configuration with heavy ion beams up
to kinetic energies of 11 AGeV for Au+ Au collision. The charged particle tracking with below
2% momentum resolution will be performed by the Silicon Tracking System (STS) located in
the aperture of a dipole magnet. The detector will be able to reconstruct secondary decay ver-
tices of rare probes, e.g., multistrange hyperons, with 50 pm spatial resolution in the heavy-ion
collision environment with up to 1000 charged particle per inelastic interaction at the 10 MHz
collision rate. This task requires a highly granular fast detector with radiation tolerance enough
to withstand a particle fluence of up to 10'* ncq/cm2 1-MeV equivalent accumulated over sev-
eral years of operation. The system comprises 8 tracking stations based on double-sided silicon
microstrip sensors with 58 pum pitch and strips oriented at 7.5° stereo angle. The analog
signals are read out via stacked microcables (up to 50 c¢m long) by the front-end electronics
based on the STS-XYTER ASIC with self-triggering architecture. Detector modules with this
structure will have a material budget between 0.3% and 1.5% radiation length increasing to-
wards the periphery. First detector modules and ladders built from pre-final components have
been operated in the demonstrator experiment mCBM at GSI-SIS18 (FAIR Phase-0) provid-
ing a test stand for the performance evaluation and system integration. The results of mSTS
detector commissioning and the performance in the beam will be presented.

Keywords: low-mass tracking system, double-sided silicon microstrip sensors, self-triggering

readout.

1. Introduction

A number of research centers worldwide carry out or
prepare research programs to shed light on the funda-
mental questions of the QCD physics, e.g., the origin
of the mass of hadrons, structure of neutron stars,
or evolution of the early Universe. They can be ad-
dressed in high-energy collisions of heavy nuclei in
which a fireball of hot and dense nuclear matter is
formed prior to the hadronization. The measurement
of heavy-ion collision products thus gives an experi-
mental access to the deconfined system of quarks and
gluons in a wide range of temperatures and baryon
densities. The Compressed Baryonic Matter (CBM)
experiment [1] at the Facility for Antiproton and Ton
Research (FAIR) is a fixed target spectrometer being
designed to measure multiple observables, including
rare probes, with statistics high enough to build mul-
tidifferential cross-sections.

© A. LYMANETS, 2019
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The measurement of particle yields, momentum
spectra, angular distributions, as well as fluctuations
and correlations of hadrons, requires a set of detectors
for the vertex reconstruction and tracking, particle
identification, and calorimetry. Thus, two detectors
located in the aperture of a superconducting dipole
magnet, a Micro-Vertex Detector (MVD) operating
in the vacuum closest to the target and a Silicon
Tracking System will provide the precise vertex recon-
struction and the momentum determination, respec-
tively. The detector composition further downstream
implements two configurations driven by the detec-
tion of charmed or strange particles and low-mass
vector mesons decaying into di-leptons. In elctron-
hadron configuration, a Ring Imaging Cherenkov
counter (RICH) and Transition Radiation Detector
(TRD) provide the electron identification and the
electron-pion separation. A time-of-flight system con-
sisting of resistive plate chambers (RPC) and a dia-
mond start counter will identify fast hadrons. Elect-
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Fig. 1. CBM detector in the muon and electron-hadron con-
figurations

target

Fig. 2. Conceptual design of the STS consisting of eight track-
ing stations

i
|
I)A

Fig. 3. Close-up of corners of a prototype sensor produced by
Hamamatsu. Shown are strips on the p-side, oriented under a
stereo angle with respect to the n-side strips. The horizontal
lines are second-metal routing lines between short corner strips,
allowing to read out the full sensor area from the staggered
read-out pads at the top edge
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rons and photons will be detected by the Electromag-
netic Calorimeter (ECAL). The collision plane and
centrality will be determined by the Projectile Spec-
tator Detector (PSD). In the muon configuration, the
RICH detector will be replaced by an instrumented
absorber with muon tracking capability.

2. Silicon Tracking System

The STS consists of eight tracking stations located in
the aperture of a dipole magnet with 1 T field, 30—
100 ¢cm downstream of the target. Its main mission
is the momentum measurement for charged particles
with a resolution of §p/p < 2% [2]. Therefore, a detec-
tor module must have the minimum amount of a ma-
terial in the physical acceptance (polar angle 2.5-25°)
with front-end electronics operating at the periphery
of the stations. The system is required to have the
track reconstruction efficiency >95% for tracks with
momentum above 1 GeV. For this, the detector mod-
ules based on double-sided silicon microstrip sensors
need to have hit the reconstruction efficiency close to
100% and the low-noise performance ensuring the op-
eration with signal-to-noise ratio well above 10 during
the whole detector lifetime.

The goal of the STS is to reconstruct up to 1000
charged particles created in the collision of gold ions
with gold target at beam energies up to 11 AGeV at
SIS-100 and up to 45 AGeV at a future SIS-300 syn-
chrotron. Depending on the physics case, the interac-
tion rate will range between 0.1 MHz and 10 MHz. In
the latter case, a significant challenge is posed to the
detector design and data acquisition system due to
high radiation load and data rates generated by the
collision products, as well as d-electrons. The track-
ing stations will have to withstand radiation damage
up to 10 neq/cm? within its planned operation.

In total, the STS stations will consist of 896 double-
sided silicon sensors installed onto 106 carbon fibre
ladders with the total area of 4 m? (see Fig. 2). The
pre-final module components, their integration into
detector modules and ladders as basic functional and
structural units of the tracking stations are presented
in the following sections.

3. Module Components
3.1. Sensors

Final protptypes of double-sided silicon microstrip
sensors 320 pm in thickness have been produced in co-
operation with Hamamatsu (Japan) [3]. The sensors
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feature four discrete sizes (62 mm width and 22, 42,
62 and 124 mm height). The wafer material is of the
n-type. One prototype is shown in Fig. 3. The sensor
layout has been optimized for the attachment of mi-
crocables by TAB bonding for read-out and bias con-
nections, minimum trace resistance, and inter-strip
capacitance. The sensors are segmented into 1024
strips per side at a strip pitch of 58 um. The strips
are read out through integrated AC coupling. The p-
strips are arranged under a stereo angle of 7.5° with
respect to the n-strips. The short corner strips are in-
terconnected using a second metal layer in order to
enable the full readout of the p-side from one sen-
sor edge only, like with the simpler topology of the
n side. The sensors are oriented with the strips ver-
tically in the dipole magnetic field to be sensitive to
the track curvature. They have been tested under the
anticipated thermal operation conditions, -5 °C, and
were shown to be radiation-tolerant up to twice the
nominal lifetime in the experiment, 2 x 104 1-MeV

Neq cm 2.

3.2. Microcables

In the STS module concept, the microcables are the
important component to yield a low material bud-
get. They are also central to the noise performance,
because they allow one to have the readout electron-
ics outside of the detector acceptance. A microcable
is implemented as a stack of two signal layers per side
with aluminum traces on a polyimide substrate with
spacers inbetween and additional shielding layers on
the outside (see Fig. 4). One stack is designed to read
out 128 channels. Thus, 16 microcable stacks are re-
quired for the full readout of a sensor. The microca-
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ble structure aims at balancing the trace capacitance
and series resistance based on the ENC contribution
to the total noise seen by the preamplifier. A signal
layer comprises 64 Al lines at 116 pm pitch, twice
the strip pitch on the sensor. Two signal layers are
stacked to match the read-out pitch. The thickness of
aluminium and polyimide is 14 ym and 10 um, respec-
tively. Such a structure of a cable stack corresponds
to 0.23% Xo equivalent to 213 um of silicon. The ca-
bles are produced in lengths up to 55 cm. The current
pre-series production of microcables aims at maximiz-
ing the yields [4].

3.3. Front-end electronics

The readout chip STS-XYTER has been developed
specifically for the STS. It is a mixed signal ASIC
with data driven architecture [5]. Each channel has a
fast branch for the time stamp generation with less
than 5 ns resolution and a slow one for the amplitude
measurement (see Fig. 5). The chip provides 128 in-
dependent channels with switchable signal polarity
and two gain settings that makes it suitable for use
with the STS and a further CBM sub-system, the
muon detector with its GEM chambers. For the sili-
con detector read-out, the dynamic range of the inte-
grated 5-bit ADC is 12 fC, which can be switched to
100 fC for the gas detectors. The design goal with
STS-XYTER is to achieve a noise performance of
1000 e~ with a power consumption that is estimated
to be <10 mW /channel. This will ensure the match-
ing with the STS detector module structure, where
significant noise contributions are expected from the
capacitance and the series resistance of the microca-
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Fig. 6. System integration concept: from ladders to half-units

mounted in the mainframe

Fig. 7. mSTS detector modules mounted on the C-frames.
Microcables running along the ladders and integrated cooling
plates are visible

ble signal traces and sensor strips. The noise perfor-
mance is addressed in the chip architecture using the
double-threshold technique, where triggers generated
by the fast branch are vetoed if no coinciding sig-
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nal peak was detected. The chip is currently under
production in its second iteration, compatible with
the CERN GBT read-out protocol, using a 180 nm
CMOS process.

4. System Integration

The current activities on the system integration fo-
cus on devising a detailed engineering solution for
the assembly of a system from individual mechani-
cal units and its installation in the magnet aperture
taking the intersection of the active volume by the
beam pipe and MVD vacuum vessel into account. A
thermal enclosure will have to provide numerous in-
terfaces for services, e.g., cooling, powering, and data
cables in its side walls. The integration concept fore-
sees a hierarchical mechanical structure of the STS
(see Fig. 6), where modules are mounted onto the car-
bon fiber ladders. The so-called half-units will carry
the ladders and the necessary infrastructure so that
every half of a tracking station will be formed by two
such units. The stations are thus separated into two
halves for the maintainability and will be movable in
order to allow for the replacement of broken mod-
ules. A system [6] cooling the plates with channels
for circulating the cooling liquid integrated into the
C-frames of half-units is devised to remove the power
dissipated by the STS front-end electronics, amount-
ing to about 42 kW.

5. mSTS at mCBM

As a part of the FAIR Phase-0 program, a long-term
beam test campaign of CBM pre-final detector sys-
tems has been started at GSI in 2018 at SIS18 syn-
chrotron (mini-CBM or mCBM) (7] with high-rate
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heavy-ion collisions and followed up by a beam cam-
paign in March 2019. The goal was to operate the full
system with complex hardware and software compo-
nents and to optimize their performance before the
final series production. The subsystems had common
free-streaming readout with the data transport to the
prototype online event selection system.

At the time of the beam test, the mSTS detector
shown in Fig. 7 consisted of two C-frames equipped
with four detector modules mounted on carbon fiber
ladders using L-legs. All modules provided the full
double-sided readout of sensors with 62 x 62 mm? di-
mensions using about 45 cm long stacked microca-
ble. Each sensor side is read out by a front-end board
(FEB) with 8 STS-XYTER ASICS. The FEBs are
mounted on the cooling plates integrated into the
C-frames [8]. The plates are cooled by the chilled
water circulating inside them. Apart from front-end
electronics, the C-frames carry the common readout
boards (C-ROBs) based on CERN GBT and Versa-
tile Link components [9]. The functions of the C-ROB
are the data aggregation from the front-end boards
and the further data transport via the optical inter-
face, control of the front-end ASICs, clock distribu-
tion, and synchronization.

In future runs, the mSTS will concentrate on op-
timizing the system performance towards particle
tracking in combination with other detectors and in-
creasing the number of detector modules to 13. The
mCBM operation is planned till 2022.

6. Summary and Outlook

The CBM experiment will measure rare probes in the
heavy-ion collision environment. This will require a
tracking system with hit position resolution better
than 20 pm, fast detectors compatible with opera-
tion at an interaction rate up to 10 MHz, and ra-
diation tolerance up to 10 neqcm_2. The Silicon
Tracking System based on double-sided silicon mi-
crostrip detector modules compatible with these re-
quirements will provide the charged particle track-
ing and measure particle momenta with a resolu-
tion of dp/p < 2%. For this, it requires a particu-
larly low-mass design of the system. The signals from
the double-sided sensors are read out via ultra-thin
analog microcables by the front-end electronics lo-
cated outside of the detector acceptance. Currently,
the production readiness of the system components
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has been achieved, and the production phase has
started. The feasibility of the detector concept has
been demonstrated in the mCBM beam campaign.

The author expresses his gratitude to Prof.
Dr. Hans Rudolf Schmidt for his help in the prepa-
ration of this contribution and colleagues from Uni-
versity of Tibingen and GSI Detector Laboratory for
the fruitful work presented in it.
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A. Jlumareyn, drs CBM xorabopauii

KPEMHIEBA TPEKIHT'OBA
CUCTEMA EKCIIEPUMEHTY CBM
HA KOMIIJIEKCI ITPUCKOPIOBAYIB FAIR

PeswwMme

Excnepument CBM na npuckoproBanmbHOMy Komiutekci FAIR
(Japmiraar,
f/IepHOI PEYOBUHU 3 BUCOKOIO I'yCTHHOIO B €KCII€PHMEHTAJIbHII
ycranoBIi Ha dikcoBamiit Mimreni i3 cTpyMeHeM BaKKuX ioHIB
3 eneprismu 10 11 T'eB/nykion y cucremi Au+ Au. Tpexinr
3apAIPKEHUX YaCTUHOK i3 PO3IiIbHOIO 3JATHICTIO MO IMITYJIb-

Himeuunna) po3pobsseTbes sl BUBYCHHS

cy kpamie, mixk 2%, 6yne nposoautuck Kpemuiesoto Tpekinro-
Boro Cucremoro (KTC), po3ramoBaHoo y aneprypi AUnojbHO-
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ro MarHiry. /leTekTop 3MOKe PEKOHCTPYIOBATU BTOPHUHHI Bep-
IIMHY PO3IA/iB PIAKICHUX YaCTUHOK, HAIIPUKJIAJ, TilIEpPOHIB i3
KiJTbKOMa JUBHUMH KBapKaMH 3 TOYHICTIO 50 MKM B OTOYEH-
Hi IPOAYKTIB 31TKHEHHS BaXXKUX 10HIB, 1m0 nopozkye g0 1000
3apsPKEHNX YACTUHOK HA KOXKHE HEINPYXKHEe 3ITKHEeHHs 3 Ja-
crororo B3aeMozil 1o 10 MI'u. Ila 3aaya Bumarae mBHIKOIO
JETEKTOPA i3 BHCOKOIO I'PAHYJIAPHICTIO i pajialiiiHOIO CTiiKi-
CTIO, HOCTATHBOIO [JIsi POOOTH IIpU €KBiBaJEHTHOMY IIIOEHCI
J10 1014neq/CM27 HAKOIIMYEHOMY 3a KiJibKa pokiB poboru. Cu-
creMa CKJIAJa€Thcd 13 8 TPEKIHrOBUX CTaHIil Ha OCHOBI JBO-
CTOPOHHIX KPEMHIEBUX MIKPOCTPIIIOBHUX JETEKTOPIB i3 KPOKOM
58 MKM i opieHTaIli€l0 CTpimiB 1 crepeokyTroM 7,5°. Anajo-
roBi cUrHaJIU i3 CEHCOPIB 3YUTYIOTHCS Yepe3 GaraTomaposi Mi-
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Kpokabesti oBKHUHOIO 710 50 cM HalCyYaCHIIIOI eJIeKTPOHIKOIO
Ha ocHoBi STS-XYTER ASIC i3 camo3alyCKHOIO apXiTeKTy-
porto. [lerexkTopHi Momyni i3 I{i€l0 CTPYKTYPOIO MATUMYTh Kilb-
kicte Marepiany Big 0,3% mo 1,5% pagianiiinol noBxKwunu, i3
301/IBIIICHHSM TOBINWHY B HAIPSAMKY 10 nepudepil. Ilepmi me-
TEKTOPHI MO/yJi Ta yTBOpPEeHi 3 HUX “ApaOuHU’ HA OCHOBI KOM-
[IOHEHTIB, TOTOBUX JI0 CEPIHHOTO BUPOOHUIITBA, TECTYBAJINCS B
xoni meMmomHcTpariiinoro exkcnepuMmenty mini-CBM nma cuuaxpo-
tponi SIS18 y GSI (Japmmraar, Himeuunna) B paMkax mpo-
rpamu FAIR Phase-0. Excniepument sBisiB cO60I0 TeCTOBHIL
CTEeH/T JJIsi OLIHKN POOOTU YCTAHOBKH Ta CUCTEMHOI iHTerpariii.
IIpencraBiieHo pe3ynbraTy 3allyCKy JEeTEKTOpa Ta HOro pobodi
XapaKTEPUCTUKH.
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RESULTS ON NEUTRINO AND ANTINEUTRINO
OSCILLATIONS FROM THE NOvA EXPERIMENT

NOvA is a two-detector long-baseline neutrino oscillation experiment using Fermilab’s 700 kW
NuMI muon neutrino beam. With a total exposure of 8.85 x 10°°+ 12.38 x 10°° protons on tar-
get delivered to NuMI in the neutrino + antineutrino beam mode (78% more antineutrino data
than in 2018), the experiment has made a 4.40-significant observation of the v. appearance in
a U, beam, measured oscillation parameters |Am§2|, sin? 023, and excluded most values near
dcp = /2 for the inverted neutrino mass hierarchy by more than 3o.

Keywords: neutrino oscillations, long-baseline experiment, NOvA, Fermilab.

1. Introduction

NOvVA is a long-baseline neutrino oscillation exper-
iment designed to make measurements of the muon
neutrino (v,) disappearance and the electron neu-
trino (v,) appearance in Fermilab’s NuMI (Neutri-
nos at the Main Injector) beam. Well tuned for the
first oscillation maximum around a neutrino energy
of 2 GeV over 810 km baseline, the experiment stud-
ies primarily four channels of oscillations: v, — v,
or v, —+ v, and v, — U, or ¥, — V.. They allow us
to address several concerns of neutrino oscillations:

1. mass ordering, i.e. normal (NH) or inverted hi-
erarchy (IH) of neutrino mass eigenstates,

2. direct CP violation (dcp phase) and

3. precise determination of 63 and Am3, neutrino
mixing parameters.

This paper reports the 2019 NOvA combined anal-
ysis of 8.85 x 1020 POT (protons on target) neutrino
data collected from Feb 2014 to Feb 2017 and 12.33 x
10%° POT antineutrino data collected from Jun 2016
to Feb 2019 [1]. Neutrino oscillation parametrization,
fits, predictions, and interpretation of the results were
done within the standard oscillation model of 3 active
neutrino flavors of electron, muon, and tau neutrinos

(vr) 2]
2. The NOvA Experiment

The experiment consists of two large functionally
identical detectors sitting 14.6 mrad off the beam axis

© T. NOSEK, 2019
ISSN 2071-0186. Ukr. J. Phys. 2019. Vol. 64, No. 7

810 km apart. This off-axis configuration reduces the
uncertainty on energy of incoming neutrinos and sup-
presses the higher-energy neutrinos background pro-
ducing neutral current interactions (NC) misidenti-
fied as v, charged current (CC). On the other hand, it
also results in a lower intensity than in the on-axis re-
gion, mitigated by the size of the detectors and beam
power upgrades.

The detectors are finely grained and highly ac-
tive (~65% active mass) liquid scintillator tracking
calorimeters, which allow for a precise analysis of the
neutrino interactions events. They are designed to be
as similar as possible aside from the size: the Far
Detector (FD) is 14 kt and on the surface located
in Ash River, Minnesota, the Near Detector (ND)
is located underground in Fermilab, close enough to
the neutrinos source to see a far greater flux with
only 0.3 kt of mass. Both are constructed out of ex-
truded PVC cells (3.9x6.6 cm in cross-section and
15.5/3.8 m in length for FD/ND) filled with scintilla-
tor and equipped with a wavelength shifting fiber con-
nected to an avalanche photodiode (APD). They col-
lect light produced by charged particles subsequently
amplified by APDs. The cells alternate in horizontal
and vertical orientations to allow for a stereo read-
out. More information on detectors can be found in
Ref. [3].

The NuMI beam is created following the decay of
charged pions and kaons produced by 120 GeV pro-
tons hitting a carbon target. These parent mesons are
focused by two magnetic horns and decay in flight
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Fig. 1. Tllustration of the NOvA’s F/N technique. From left to right: reconstructed to true v, energy translation,
F/N ratio, v, — v, oscillation probability, true to reconstructed v, energy restoration. Base simulation in red

(light), ND data-driven corrected prediction in blue (dark)

through the chain K, 7" — p* +v,, with the muon
then decaying as pu* — et +v, +,. By switching the
polarity of the horns, the opposite charge sign parti-
cles can be focused, thus effectively selecting an an-
tineutrino beam. The resulting neutrino events sam-
ple composition in range 1-5 GeV at ND is of 96% v,
3% v, and 1% v. + Ue in the case of neutrino beam
and 83% v, 16% v, and 1% . + v, in the case of
antineutrino beam.

To identify and classify neutrino interactions,
NOvA uses a method based on image recognition
techniques known as Convolutional Visual Network
(CVN), see Ref. [4]. CVN treats every interaction
in the detector as an image, with cells being pixels
and collected charge being their color. When trained
with simulated events and cosmic data, CVN can
extract abstract topological features of neutrino-like
interactions with convolutional filters (feature maps
[4]). With an input of calibrated 2D pixelmap (two
views of horizontal and vertical event projections),
the output is a set of normalized classification scores
ranging over the hypotheses of beam neutrinos event
(v, CC, v, CC, v, CC and NC), or cosmics. CVN has
been used together with additional supporting PIDs:
separate v, and v, cosmic rejection boosted decision
trees and muon track identification in v, events.

NOvA’s two identical detectors design enables us
to employ data-driven predictions of FD observations.
FD v, and v, signal is predicted using ND v,,, whereas
FD v, beam background is constrained using ND v,
sample. This Far/Near (F/N) technique includes sev-
eral steps (Fig. 1). First, the reconstructed neutrino
energy spectrum is translated to the true energy using
a simulated migration matrix. Second, the F /N ratio
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accounting for geometry, beam divergence, and de-
tector acceptance is applied to create an unoscillated
FD prediction. Then the FD spectrum is weighted by
the oscillation probability for a given set of oscillation
parameters. Finally, the true energy is smeared back
again to the reconstructed energy via the migration
matrix. As a reward, F/N technique significantly re-
duces both neutrino flux and cross section systematic
uncertainties. The ND reconstructed energy spectra
of v, and 7, (the source of FD v, and v, signals) can
be found in Fig. 2.

3. Muon Neutrino
and Antineutrino Disappearance

The muon neutrino disappearance channel is primar-
ily sensitive to |Am3,| and sin® 26,3, and the precision
with which they can be measured depends on the v,
energy resolution. The energy of v, is reconstructed
as a sum of the energy of a muon and the remain-
ing hadronic energy. The former is estimated from
the range of the muon track, the latter from the sum
of the calibrated hits not associated with the track.
To get the best effective use of the energy resolu-
tion, the data binning is optimized in two ways. First,
the energy binning has finer bins near the disappear-
ance maximum and coarser bins elsewhere. Second,
the events in each energy bin are further divided
into four populations, or “quartiles”, of varying re-
constructed hadronic energy fraction, which corre-
spond to different v, energy resolutions. The divi-
sions are chosen such that the quartiles are of equal
size in the unoscillated FD simulation. The v, (7,)
energy resolution is estimated to be 5.8% (5.5%),
7.8% (6.8%), 9.9% (8.3%), and 11.7% (10.8%) for
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Fig. 2. ND selected v, (top) and 7, (bottom) reconstructed
energies in data (black dots) and simulation (band). Each bin
is normalized by its width

each quartile, ordered from lower to higher hadronic
energy fraction. The F/N technique is applied sepa-
rately in quartiles, which has the additional advan-
tage of isolating most of the cosmic and beam NC
background events along with events of the worst en-
ergy resolution (4'" quartile).

The efficiency of the v, (7,) CC events selection
is 31.2% (33.9%) with respect to true interactions in
the fiducial volume and the purity 98.6% (98.8%) in
the FD samples. In total, there were 113 (102) v,
(7,) CC candidates observed in FD with an estimated
background of 4.270-% (2.2%01). FD data and the best
fit prediction can be seen in Fig. 3.

4. Electron Neutrino
and Antineutrino Appearance

In order to maximize the statistical power of the v,
selected events at FD, the sample is binned in both
reconstructed energy and CVN score. There are two
CVN bins of low and high purities (low and high

ISSN 2071-0186. Ukr. J. Phys. 2019. Vol. 64, No. 7

Neutrino beam NOVA Preliminary

LIS BLEEAL AL B BB
- - FD Data 1
101 All Quartiles — Prediction B
- B 1-6 syst. range 1
8l B
8 L Jl Wrong Sign: v,CC |
~ [ |1 Total bkgd. ]
2 o [T Cosmic bkgd. |
& o 4
= [ ]
2 4 7]
w [ ]
ol n
i § -
% T 2 3 4
Reconstructed Neutrino Energy (GeV)
Antineutrino beam NOVA Preliminary
L B R L N R L B LR
1o +4FD Data 1
[ All Quartiles — Prediction 1
s 8 1-csyst. range ]
8 3 [l Wrong Sign: v,CC -
~ 6 [ Total bkgd. -
I [7] Cosmic bkgd. ]
[2} - 4
5 .
>
g | _}_ .
o |

o

1 2 3 4
Reconstructed Neutrino Energy (GeV)
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PID), or “core” selection, and an additional “periph-
eral” bin. Events which fail the containment or cos-
mic rejection cuts, but do have a very high CVN v,
CC score, may be added to the peripheral sample. Be-
cause the events on the periphery are not always fully
contained, they are summed into a single bin instead
of estimating their energy (up to reconstructed 4.5
GeV). The overall integrated selection efficiency of v,
(Do) is 62% (67%). The purity of the final predicted
FD samples depends on the oscillation parameters,
but ranges from 57% (55%) to 78% (77%). The beam
backgrounds are reduced by 95% (99%).

To estimate FD beam backgrounds, the F/N tech-
nique is used with the ND v, sample. It consists of the
beam v, and v, CC or NC interactions misidentified
as v, CC. Since each of these components oscillates
differently along the way to the FD, the sample needs
to be broken down into them. In the case of neutrino
beam, the v, component is constrained by inspect-
ing the low-energy and high-energy v,, CC spectra to
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adjust the yields of the parent hadrons that decay
into both v, and v, (track v, and v, to their com-
mon parents). The v, component is estimated from
observed distribution of time-delayed electrons from
the decay of stopped u. The rest is attributed to the
NC interaction. In the case of antineutrino beam, the
simulated components are evenly and proportionally
scaled to match ND data in each bin. ND selections
and their breakdowns, or “decomposition”, can be
seen in Fig. 4. The high PID bin is dominated by the
beam v, +7,, the low PID bin has a significant admix-
ture of v, (7,) CC and NC events. The beam back-
ground of the FD peripheral bin is estimated from
the high PID bin of the core sample.

There were 58 (27) v. (7.) candidates in the
FD data with the total expected background of
15.0708 (10.370%) events of 7.0 (5.3) beam v, + 7,
0.7 (0.2) v+, 3.1 (1.2) NC events, 3.3 (1.1) cosmic-
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ground of wrong sign (green), other beam backgrounds (grey)
and cosmics (blue) as shaded areas

ray-induced events, 0.4 (0.3) others and 0.6 7, (2.2 ve)
from the wrong sign component of the v, (7,) sam-
ple. The FD data and the best fit predictions can be
seen in Fig. 5. The antineutrino data give a 4.40 ev-
idence of the 7, appearance in 7, beam (an excess
over predicted background).

5. Constraints on Oscillation Parameters

To obtain oscillation parameters, a simultaneous fit
of joint ve + v, and both the neutrino and antineu-
trino data was performed. Systematic uncertainties
are incorporated as nuisance parameters with Gaus-
sian penalty term, appropriately correlated between
all the data sets. The leading systematics are worth a
note: detector calibration (calorimetric energy scale),
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light production and collection model and muon en-
ergy scale (abs.+rel.) for the v, disappearance;
detector response and calibration, neutrino cross-
sections and actual ND to FD differences for the v,
appearance. Several oscillation parameters are taken
as inputs from other measurements: solar parame-
ters 615 and Am?,, the mixing angle 0,3 and its un-
certainty were taken from reactor experiments, all in
Ref. [2]. The best fit is

Am32, = 2487011 x 1073 eV?,
sin? fa3 = 0.5610:03, (1)

5(]13/7'(' = 0.0i—(l)j,

which corresponds to NH and the uppper 623 octant
(UO, 023 > 45°). All confidence levels (C.L.) and con-
tours are constructed following the Feldman—Cousins
approach [7].

The 90% C.L. allowed region for a combination
of Am3, versus sin®fp3 in the Am2, > 0 half-
plane, together with other results from MINOS
(2014) [8], T2K (2018) [9], IceCube (2018) [10] and
Super-Kamiokande (2018) [11] overlaid is shown in
Fig. 5. There is a clear consistency within all experi-
ments despite that NOvA data asymmetrically point
to UO and disfavor lower o3 octant (LO, sin? < 0.5)
at about 1.60 C.L.

Fig. 7 shows the 1, 2 and 30 C.L. allowed regions
for sin? 095 versus dcp in both cases of NH and IH
(mass ordering). It is worth noticing that the values
of cp around 7/2 are excluded at > 30 C.L. for IH,
similarly to the previous NOvA neutrino only analysis
[5]. On the other hand, rather weak constraints on
dcp itself allow all possible values [0,27] for the case
of NH and UO. NH is preferred with 1.9¢ significance.

6. Future Prospects

NOvA is expected to run till 2025 with about an
equal total exposure of neutrino and antineutrino
beams. Moreover, several accelerator upgrades to en-
hance the beam performance are planned for the next
years. Based on these prerequisities and projected
2019 analysis techniques, there is a possibility of more
than 3o sensitivity to hierarchy resolution for 30-50%
of all possible dcp (up to 5o for favorable true values
of oscillation parameters: NH and dcp = 37/2). In
addition, more than 20 sensitivity to CP violation in
the case of dcp = 7/2 or 37/2 (maximal violation) is
expected.

ISSN 2071-0186. Ukr. J. Phys. 2019. Vol. 64, No. 7

—— T
I Normal Hierarchy 90% CL 2
- — NOvA  — - MINOS 2014 1
3.0 ---- T2K2018 ... IceCube 2018 —
— | ---sK2018 i
> L N i
® = :
(2] i o 5 1
o [ L]
T 25 _
oM
SIS J
2.0 © Best fit ST -
E—Y — 5 0%
‘2
sin“0,,
Fig. 6. Comparison of the allowed regions of Am§2 vs.

sin® @3 parameter space at the 90% confidence level as ob-
tained by recent experiments

0.7 4

0.6

0.5]

in2
Sin“0,,

________

s

0.3 B

0.7F 4

)

0.5

sa2
Sin“0,,

0.4

--20 —30 IH
0.3 :

0

[SERS
Nl

Fig. 7. 1, 2, and 30 allowed regions of sin? f23 vs. dcp neu-
trino oscillation parameter space consistent with the ve ap-
pearance and v, disappearance data. The top panel corre-
sponds to the case of normal hierarchy (NH) of neutrino masses
(Am2, > 0), the bottom one to the inverted hierarchy (IH,
Am32, < 0)

To further improve the neutrino oscillation anal-
ysis and to extend the reach of the experiment,
NOvA started an intensive test beam program in
early 2019. This should focus on the simulation tun-
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ing, systematics study and their reduction, validation
and training of the reconstruction or machine learn-
ing algorithms.

7. Conclusions

New antineutrino data from NOvA (12.33x10%° POT
in total) has been analyzed together with existing
neutrino data (8.85x10%° POT). The measurements
are well consistent with the standard oscillation
model of 3 active neutrino flavors. NOvA observes
4.40 evidence for the v, appearance in 7, beam. The
results of joint analysis of neutrino and antineu-
trino and both v,, disappearance and v, appearance
channels give the parameters estimates of sin? fly3 =
= 0.5670 03 and Am2, = 2.4815:0% x 1073 V2, which
are in a good agreement with other accelerator and
atmospheric oscillation experiments. The data prefer
A>3 upper octant at 1.60 and the normal hierarchy
of neutrino masses at 1.90 and also disfavor the in-
verted hierarchy for dcp around 37/2 at more than
30. NOvA plans to continue running till 2025 in both
neutrino and antineutrino beam modes.

I would like to thank the organizers for an inspiring
NTIHEP2019 conference. This work was supported
by MSMT CR (Ministry of Education, Youth and
Sports, Czech Republic).
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T. Hocex, 6i0 Koaabopauii NOvA

OCHMJIALI HENTPUHO
TA AHTUHEWTPUHO. EKCIIEPUMEHT NOvA

Pezowme

NOVA — eKCrepuMeHT 3 JBOMa JIETEKTOPAMHU 3 TOIOBXKEHOIO
6a3010 J|JIsi BUMIpDIOBaHHS HEUTPUHHUX OCHUJIAIIN 3a JI0IIOMO-
oo cTpyMeHsi MIOOHHUX Heiirpuuo Ha 700 kW NuMi. 3 mpo-
TOHHUM CTPYMEHEeM, CIIpsiMOBaHuM Ha Mimterb NuMi i3 3arasb-
HOIO ekcrozuiieno 8.85 x 1020 + 12/33 x 1029, B pexkumi Heii-
TpuHO + anTuHelTpuno (Ha 78% mnponenTis Ginbiie anTuHEH-
TpuHO, HiXK y 2018 pormi), eKCIepUMEHT JOCAT JOCTOBIPHOCTI
4.40 nosiBU Ve B IyYKYy Uy, OyJIO BUMIDSHO IIapaMeTPH OCIIU-
Rezhin |Am§2|, sin® f23, a TakoX GyJI0 BHKJIIOYEHO OLILIICTD
3HAYEHb, OJIM3bKUX 10 dcp = 71/2 JJist 3BOPOTHUX HEHTPHHO,
GinbIin HiXK Ha 30.
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HEAVY-ION AND FIXED-TARGET PHYSICS IN LHCb

Selected results of the LHCb experiment on heavy ion collisions studied in the collider and
fized-target modes are presented. The clear evidence of the impact of the production mechanism
(prompt/delayed, p-p or p-Pb systems) on the pr and rapidity distributions for J/v, D° and
Y (ns) species is demonstrated. The interpretation of the observations in frames of theoretical
models is briefly discussed. Some original results, as well as prospects of fized-target mode

studies, are presented.

Keywords: high-ehergy physics, heavy ions, LHCb experiment, nuclear modification factor,

quark-gluon plasma.

1. Introduction

The LHCDb Collaboration has started heavy ion stud-
ies in the year 2013, and many interesting ob-
servations have been reported. In this presentation,
we shall discuss recent results on the charmonium
and bottonium production cross-sections measured
over the transverse momentum and rapidity. Phy-
sics goals include studies of the hadronic matter at
high densities and temperatures, nucleon and nu-
clear PDFs, dynamics of the multinucleon interaction,
hadronization, and QED at high electromagnetic field
strengths. Charmonium and bottomonium states are
considered as tools for the studies. It is assumed that
their features are dependent on the properties of the
QGP. One can expect their dependence on the in-
teraction energy (collider or fixed-target mode), sys-
tems size (p-p, p-A, A-A), localization of the quarko-
nium production and direction of its emission (pri-
mary interaction region or displaced vertices, forward
or backward emission), and different levels of a modi-
fication for the ground and excited states of the same
probe, as well as on the centrality factor or multiplic-
ity of events. To quantify the above-mentioned im-
pacts, it is natural to compare differential production
cross-sections measured in the proton proton scatter-
ing and in heavy ion collisions (p-A, A-A) at the same
nucleon-nucleon cms energy. The normalized ratio of
those cross-sections is defined as a Nuclear Modifi-
cation Factor (NMF). The LHCb experiment operat-
ing in the collider and fixed-target modes allows one

© V. PUGATCH, 2019
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to measure the double differential production cross-
sections for various hadronic probes as a function of
the transverse momentum and the rapidity. The mea-
sured physical observables treated theoretically allow
one to probe the structure of nuclei on the partonic
scale. In this presentation, selected recent results on
heavy ion collisions in the collider and fixed-target
modes are presented for J/1, DY, and Y (ns) hadrons.

2. LHCb Detector

The LHCD detector [1] is a forward spectrometer with
excellent characterisitics: acceprance 2 < 1 < 5
(with HERSCHEL 8 < n < 10), momentum res-
olution about 0.5%, track reconstruction efficiency
>96%, impact parameter resolution ~20 um (de-
cay time resolution: ~45 fs), invariant mass res-
olution ~15 MeV /c?, and perfect particle identifi-
cation efficiency in Ring-Imaging Cherenkov Detec-
tors and the Muon system. LHCb is the only exper-
iment at the LHC fully instrumented for the large-
rapidity range. The proton-lead collisions were stud-
ied at two energies corresponding to the proton-
nucleon center-of-mass energies v/ Syy = 5.02 TeV
and 8.16 TeV. Protons and lead ions at fixed tar-
gets (Ar, He, Ne) were studied at energies /Sy of
~0.1 TeV. The directions of proton and lead beams
were swapped during the data-taking period. The
configuration with the protons traveling in the direc-
tion from the Vertex detector (VELO) to the Muon
system is referred to as p-Pb collisions, the inverse
configuration as Pb-p ones. The positive rapidity in
the proton-nucleon center-of-mass system is defined
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by the direction of the proton beam. Thus, within
a single experiment, the production cross-sections,
forward-backward asymmetries, and nuclear modifi-
cation factors were measured in a wide energy range
for various hadronic states (J/1, D°, T(ns), antipro-
tons, B mesons, and other hadrons).

3. Charmonium Production in Proton-Lead
Collisions at /Snyn = 5.02 TeV and 8.16 TeV

Exploring the powerful vertexing tool of the detec-
tor, the double differential cross-sections were mea-
sured for prompt and delayed J/¢ mesons separated
as illustrated in Fig. 1 [2]. The two components in
the J/v decay time distribution (Fig. 1) correspond
to the prompt J/v¢ (narrow peak at zero time) and
non-prompt J/¢ from the b-hadron falling exponen-
tially with a time constant of beauty hadrons. The
interpretation of the results in frames of different the-
oretical approaches is illustrated in Fig. 2, where the
experimental values for the NMF ( black circles with
error bars) are shown as a function of py for prompt
J/1¢ in the rapidity range 1.5 < y* < 4.0. If there
would be no impact of the media, the NMF at the
level of unity should follow up the dotted line par-
allel to the z-axis. Instead, a strong suppression of
the J/v production is well pronounced for pr less
than 10 GeV/c. The CGC theory [3] follows experi-
mental points nearly ideally, while other calculations
(HELAC) just reflect the general tendency with large
uncertainties [2]. These results constrain nPDFs in
unexplored area at low-z [4, 5]. The comparison of
pr, as well as rapidity distributions, has revealed sig-
nificant differences for .J/v¢ mesons produced in p-p
and p-Pb collisions. The data extracted from p-Pb
collisions at 8.16 TeV for J/1 originated from pri-
mary vertices (prompt events, forward rapidity re-
gion) demonstrated a reduction of the cross-section
by twice for low pr (<4 GeV/c). While, for the back-
ward rapidity range, the cross-sections are close to
be equal within statistical errors. The delayed events
are characterized by a much less suppression even for
the forward rapidity range y*. These observations are
consistent with data measured for J/i at a lower
energy of 5 TeV. This is illustrated in Figs. 3 and
4 [2] which show the nuclear modification factor ex-
tracted from data measured at 5 TeV (open circles)
and 8.16 TeV (filled circles) for J/t from prompt
(Fig. 3) and from the decay of b-hadrons (Fig. 4). The
remarkable dependence on the mechanism of produc-
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tion is clearly visible. The theoretical approach based
on NLO nuclear PDFs accounting for the coherent
energy-loss (black thick line) [6] follows well exper-
imental data points for prompt J/¢ (Fig. 3). Non-
prompt J/1 are treated less satisfactorily with large
uncertainties in frames of the calculations within the
code FONLL with EPS09NLO [7] (Fig. 4). The pro-
duction suppression at the forward rapidity for J/4
from b-hadrons is less pronounced than for prompt
J/1. These data allow one to constrain nPDFs at
low-z [7]. Studies of the prompt DY meson produc-
tion in pPb collisions at 5 TeV [8] have demonstrated
similar observations. As an example, Figs. 5 and 6
show data for the prompt D° meson production in
p-Pb collisions as a function of y* (Fig. 5) and the
Nuclear modification factor R, p1, as a function of y*
(Fig. 6) with pr < 10 GeV /c. The strong suppression
in the forward-rapidity range (Fig. 6) was observed
and well approximated by the theoretical description
based on Nuclear PDFs and Color Glass Condensate
assumptions. The data allow one to constrain nPDFs
at low-Bjorken x [7].

4. Bottonium Production
in Proton-Lead Collisions at 8.16 TeV

Comprehencive studies were performed for proper-
ties of bottonium states Y(15), T(25), and T(35)
producced in p-p and p-Pb collisions [9]. The de-
tailed analysis of pr, as well as rapidity distribu-
tions, demonstrates the suppression of 1S and 2S
states, with the 2S state being suppressed to a larger
extent. Figures 7 and 8 show an example of such
analysis for the nuclear modification factors R, pp
for the T(1.5) and Y(2S5) states (black dots with er-
ror bars) compared with different theoretical calcu-
lations (bands). Rp.pp (1S) is consistent with unity
at negative y*, while a significant (by ~30%) sup-
pression is observed for positive y*. The nuclear mod-
ification factor for Y(2S) is smaller than Y(1S5))
especially in the backward region, which is consis-
tent with the comovers models [10] and in agreement
with other experiments [11]. Calculations are based
on the comovers model of Y(nS) production, which
implements the final state interaction of the quarko-
nia states and a nuclear parton distribution function
modification. For the T(15) state, the nuclear mod-
ification factor is consistent with unity for pr > 10
GeV /c, as predicted by the models. It is important to
point out that the measurements of B*, B°, and A%,
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production in pPb collisions at 8.16 TeV [12] also indi-
cated a significant nuclear suppression of the nuclear
modification factors and forward-to-backward cross-
section ratios at the positive rapidity.
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5. Fixed-Target Mode Studies

The LHCD fixed-target program [13] includes, in par-
ticular, the study of the heavy-quark production in
the large Bjorken x region, the test of the intrin-
sic charm content of the proton and cosmic rays
physics relevant production of antiprotons. Below,
some results obtained in this area are briefly pre-
sented. In particular, the antiproton production in
proton-helium collisions and the charmonium pro-
duction in proton-argon collisions are discussed. The
prompt anti-p production in p-He collisions was
thourouphly studied in a fixed-target mode at the
energy /Syny = 110 GeV exploring a He gas in-
jected inside by the SMOG system [14]. These data
are important for the interpretation of recent results
on the antiproton fraction in cosmic rays. An increase
of the antiproton fraction in cosmic rays might be a
sign of the antimatter produced by the dark matter
annihilation. The measured production cross-sections
were interpreted in frames of the several models dif-
fering by hadronization, parton model, and dynam-
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ics. The shapes are well reproduced except at low ra-
pidities, and the absolute yields deviate up to a factor
of two [15]. The uncertainties (~10%) of experimen-
tal data are smaller than the spread of theoretical
models. The results contribute to shrink background
uncertainties in the dark matter searches in space
[15, 16]. Among other important resuts obtained in
a fixed-target mode exploring the SMOG system, the
first measurement of the heavy flavor (J/¢ and D°)
production cross-section in p-He at v/Synx = 86.6
GeV and p-Ar at v/Snyny = 110 GeV at the LHC were
reported in [18]|. The measurements were performed
in the range of J/1¢ and D° transverse momentum
pr < 8 GeV/c and the rapidity 2.0 < y < 4.6. In
this range, any substantial intrinsic charm contribu-
tion should be seen in the p-He results. The mea-
surements show no strong differences between p-He
data and the theoretical predictions which do not con-
sider the intrinsic charm contribution. Future mea-
surements with larger samples and more accurate the-
oretical predictions will permit one to perform more
quantitative studies.

In view of the successful running in the fixed-target
mode in Run2, it is decided to upgrade the system for
the injection of a gas for Run3. The SMOG2 [19] will
inject a gas inside a 20-cm-long storage cell (1 cm
in diameter) in front of the vertex detector aiming
to provide the instantaneous luminosity higher by up
to two orders of magnitude. In addition to the no-
ble gases, hydrogen and deuterium will operate as
well. To extend the Heavy Ion Fixed Target program
for Run4 and further, a crystal target, polarized tar-
get, and superthin wire targets were proposed and
discussed. The LHCb fixed-target mode is unique for
the experiments at LHC, and it is planned to extend
this area of studies in the future RUN3 and Run4
data taking.

6. Summary and Outlook

Double differential cross-sections for the production
of charm and beauty hadrons measured in the col-
lider and fixed-target mode in various combinations
of heavy ions collisions at 5, 8, and 0.1 TeV have
been presented. The remarkable feature was observed
in the collider-mode data: significant suppression of
cross-sections at low transverse momenta and the for-
ward rapidity in comparison with p-p data. The inter-
pretation of the obtained results has been performed
in frames of several theoretical approaches. The sta-
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tistical and theoretical uncertainties have to be re-
duced for improving the extraction of nPDFs.
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DIBKA BAYKKUX IOHIB
TA ®IKCOBAHOI MIIIEHI B EKCIIEPUMEHTI LHCb

PeswowMme

IIpencrasieno Bubpani pesynbratu ekcrnepumenty LHCb mo
3ITKHEHHSIM BasKKUX 10HIB, JTOCTIIPKEHNM B KOJIAfIEPHOMY pe-
xumi Ta 3 dikcoBanow wimenHo. CHOCTepeKeHO He3amepe-
YHU BIUIMB MeXaHi3My (MHTTEBOrO YM 3 3aTPUMKOIO, B DP-P
4u p-Pb cucremax) yrsopenns mesonis J/1, D? a6o Y(ns) na
po3nofinu moAi mo pp Ta 6ucrporam. KopoTko obrosoproe-
TBHCsI iHTepIIpeTaris ClIOCTEPEXKEHb y PAMKaX TEOPETHIHHX MO-
neqeit. IlpencraBiieHo J1esiKi opUriHaIbHI pPe3ysIbTaTh, a TAKOXK
MIEPCIIEKTUBH JOCIIIKEHb B pexKuMi (ikcoBaHOI MirteHi.
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STATUS OF THE MUSE EXPERIMENT

The 5.60 difference in proton radii measured with up atoms and with ep atoms and scattering
remains an unezplained puzzle. MUSE will measure the up and ep elastic scatterings in the
same experiment at the same time. The experiment determines cross-sections, two-photon
effects, form-factors, and radii and allows pup and ep to be compared with reduced systematic
uncertainties. These data should provide the best test of the lepton universality in a scattering
experiment to date, about an order of magnitude improvement over previous tests, a 7o radius
determination, and improved two-photon measurements.

Keywords: proton radius puzzle, MUSE, elastic scattering, muon beam, TPE.

1. Introduction

In 2010, a Paul Scherrer Institute (PSI) experi-
ment [1] reported that the proton charge radius
determined from muonic hydrogen level transitions
is 0.84184 4+ 0.00067 fm, about 50 off from the
nearly order-of-magnitude less precise non-muonic
measurements. This “proton radius puzzle” was con-
firmed in 2013 by a second muonic hydrogen mea-
surement [2] of 0.84087 £ 0.00039 fm. Subsequent
ep scattering results of 0.879 + 0.008 fm [3] and
0.875 £ 0.010 fm [4] confirmed the puzzle. The sit-
uation has been discussed in review papers [5], in
dedicated workshops [6-8|, and in many talks. It is
generally agreed that new data are needed to resolve
the puzzle.

The MUon Scattering Experiment (MUSE) col-
laboration was formed in 2012 to uniquely attempt
to resolve the “Proton radius puzzle” by simulta-
neously measuring the pp and ep elastic scattering
cross-sections at the sub-percent level. MUSE alter-
nates between positive vs. negative charged beams —
all previous measurements are with negative lep-
tons. Thus, MUSE directly compares up to ep cross-
sections and radii, provides the first significant up
scattering radius, and measures two-photon exchange
effects (TPE) at the sub-percent level, rather than us-
ing the calculated corrections.

© T. ROSTOMYAN, 2019
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2. PSI Beam Line
and wM1 Experimental Area

The PSI High Intensity Proton Accelerator (HIPA)
primary protons strike the M production target
and generate secondary e®, p*, and 7% beams
that are transported through the PiM1 channel to
MUSE. Particle species are identified by timing rela-
tive to beam RF (Figure 1). The beam composition
delivered to wM1 is shown in the Table.

Three different beam momenta are chosen to op-
timize both e and p fluxes and RF time separation
and provide redundant cross-sections as a check of the
systematics. Figure 1 shows that the different parti-
cle species are 3—6 ns apart, much larger than the
intrinsic timing width of ~ 300 ps.

3. MUSE Detector Setup

MUSE is implemented as a set of detectors and cry-
otargets mounted on a moveable platform, so that

The measured wM1 beam composition

P, MeV/c Polarity e, % w, % w, %
115 + 96.7 2.1 0.9
153 + 63.0 12.0 25.0
210 + 12.1 8.0 79.9
115 - 98.5 0.9 0.6
153 - 89.9 3.2 6.8
210 — 47.0 4.0 49.0

ISSN 2071-0186. Ukr. J. Phys. 2019. Vol. 64, No. 7



Status of the MUSE Experiment

the PiM1 area can be shared. Figure 2 shows the ex-
periment as represented in a Geant4 [9] simulation.
The beam strikes the Beam Hodoscope (BH) detector
and three Gas Electron Multiplier (GEM) chambers,
passes through a central hole in the annular Beam
Veto detector, enters the cryotarget vacuum chamber,
strikes one of the targets (Liquid Hydrogen, Carbon,
etc.), and then exits the vacuum chamber. Unscat-
tered particles go through the Beam Monitor (BM),
while scattered particles are detected by two symmet-
ric spectrometers, each with two Straw-Tube Trackers
(STT-s) and two planes of Scattered Particle Scin-
tillators (SPS). The BH identifies particles through
the RF timing; triggering depends on the particle
type. Reaction identification (scattering vs. decays in
flight) uses GEM and STT tracking along with the
time of flight (TOF) from the BH to SPS. The BM
can also be used to suppress Moeller events. More de-
tails are below.

3.1. Beam hodoscope

Purpose:

The BH provides timing information that, along
with the RF signal, determines beam particle species
for triggering and analysis. TOF from the BH to the
SPS determines the reaction type, in particular, sepa-
rates the muon decay from the muon scattering. TOF
from the BH to the BM identifies backgrounds and
determines p and 7 momenta. The BH also measures
the particle-separated beam fluxes.

Requirements:

The most stringent time resolution requirement is
100 ps needed for the reaction identification at the
highest beam momentum; 80 ps has been achieved.
High efficiency of 99% is needed to efficiently collect
data and reject backgrounds; 99.8% has been achie-
ved. A rate capability of ~3.3 MHz is needed to ob-
tain the adequate statistical precision; the use of mul-
tiple paddles allows rates up to 10 MHz.

Design:

Figure 3 shows a BH plane under construction. We
use BC-404 scintillator paddles that are 10 cm long
and x2 mm thick. Six central 4 mm wide paddles
are flanked on each side by 5 outer 8-mm wide
paddles. The paddles are read out at each end by
Hamamatsu S13360-3075PE SiPMs. A 6 pm gap be-
tween the paddles suppresses cross-talk. To minimize
effects on the beam and to achieve the needed per-
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Fig. 1. Measured RF time spectrum for negative charge parti-
cles at 115, 153, and 210 MeV /c. The spectrum wraps around
every ~20 ns
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Fig. 2. MUSE detector setup implementation in GEANT4
simulation

formance, we use 2—4 planes of BH depending on the
beam momentum.

The BH analog signal is amplified to produce a fast
signal with a 1.2 (3.0) ns rise (fall) time and typically
a few hundred mV peak. A Mesytec CFD sends an
analog copy of the signal to a Mesytec QDC input,
and the discriminated signal to a TRB3 TDC and the
trigger, and an OR of all input signals to the Mesytec
QDC gate.
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Fig. 3. BH plane with SiPM readout under construction
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Fig. 4. The best obtained time resolution of a BH paddle

Status:

Five BH planes are built with all paddles meet-
ing requirements. The best time resolution achieved
is shown in Fig. 4.

3.2. GEM trackers

Purpose:

The GEMs measure beam trajectories so that pre-
cise scattering angles and reaction vertices can be de-
termined. GEM chambers were chosen, as they are
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low-mass detectors, ~0.5% of radiation length, which
keeps the multiple scattering at a minimum, provide
several MHz rate capability with <100 pym position
resolution and high efficiency, >98%.

Requirements:

In addition to the performance characteristics given
above, we require a read-out time <100 us for the
efficiency in obtaining data.

Detector design:

We use three 10 x 10 cm? GEMSs, which were
previously used in OLYMPUS ([10]. The GEMs are
read out using FPGA-controlled frontend electronics
based on the APV-25 chip developed for CMS and
digitized with the Multi-Purpose Digitizer (MPD)
v4. There are readout strips in two directions, each
with 400 pm pitch, much smaller than the amplified
charge, which is distributed in a few mm wide clus-
ter. Centroid weighting provides a resolution smaller
than the pitch.

The GEM efficiency remains high at rate densities
up to 2.5 MHz/cm?. The expected rate density for
MUSE is ~3.3 MHz/5 cm? = 0.66 MHz/cm?.
Current status:

The GEM system has been re-established for
MUSE. We have implemented the new INFN/JLab
DAQ readout software and VME controllers, which
improve the read out speed along with low-noise op-
eration and high efficiency reproduction. All require-
ments are now satisfed. The 7M1 beam spot obtained
by the GEMs is shown in Fig. 5.

3.3. Beam Veto

Purpose and requirements:

The Beam Veto detector is used to reduce the trig-
ger rate, by vetoing some of the events that arise
from beam particle decays in flight or the scattering
upstream of a scattering chamber. The veto detector
requires a high efficiency, >99%, and a 1-ns time res-
olution — 200 ps has been achieved.

Design:

The Beam Veto detector uses the same technology
as the SPS (described in Section 3.7), with a modi-
fied geometry and only single-ended readout. Figure 6
shows the detector. The detector geometry is nearly
annular, surrounding the beam. Four trapezoidal BC-
404 scintillators are each read out with two Hama-
matsu R13435 PMTs. The inner aperture roughly
matches the target vacuum chamber entrance win-
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Fig. 5. The mM1 beam spot at the most upstream GEM
detector

dow. The outer extent of the detector, about 16 cm
radius, was determined from simulations.
Status:

The Beam Veto detector was built, installed, and
commissioned. All performance requirements have
been achieved.

3.4. Liquid hydrogen target

Purpose and requirements:

A Liquid Hydrogen (LH,) target is needed for the
ep and up scatterings. In practice this requires a tar-
get ladder that includes at least a full cell, an empty
cell for background subtractions, a solid target for
alignment, and an empty position. The LHy density
must be stable, <0.1%, to precisely compare cross-
sections measured at different times. The geometry
of the target must be uniform at the sub-mm level
for precise background subtractions.

Design:

Detailed final construction designs and the ac-
tual construction were performed by CREARE
Inc. working with the collaboration. The target lad-
der is housed in a vacuum chamber with a 7-cm di-
ameter entrance (7.8 cm wide by 35.6 cm high exit)
window, made of 125-um thick kapton. Scattered par-
ticles with 8 = 20°-100° go through side windows
33.7 cm wide and 35.6 cm high, made of Mylar lami-
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Fig. 6. Beam-Veto detector. The beam is pointing to us
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Fig. 7. Results of the first hydrogen cooldown, covering from
2 till 78 hours. Temperature stability assures the target density
stability below the experimental requirements

nated on aramid sailcloth fabric, with an areal density
of 368 g/m?. The main target is a 280 mL LHy cell
made of upper and lower copper end caps connected
by a side wall of 4 wraps of 25 um thick kapton. A
cryocooler cools a condenser assembly so that the re-
sulting LH5 drips into the target cell. A lifting mecha-
nism switches between ladder positions, lifting as well
the cryocooler cold head and the condenser assembly.
Current status:

Filling the cryotarget with LH2 at 20.67 K takes
about 2.5 h from the start of the cooldown. The tar-
get was operated steadily for over three days at a
pressure of 1.1 bar with temperature constant at the
0.01 K level — see Fig. 7 — consistent with the mea-
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Fig. 8. Beam Monitor: The LEMO readout connectors of two
offset planes are seen, continued with bigger BC-404 scintilla-
tors. The beam hits into the picture

surement uncertainty. This gives a target density of
0.070 g/cm?® with stability <0.02%, better than ex-
perimental requirements.

3.5. Beam monitor

Purpose:

The BM provides a high-precision time measure-
ment that determines the beam flux downstream of
the target. TOF from the BH to BM determines a
particle type and the background information for the
RF-time only determination. TOF also determines p
and 7 momenta to <0.2%. The BM also detects for-
ward Moller electrons, so it can suppress this back-
ground in the scattering data.

Requirements:

The BM comprises a central scintillator hodoscope
similar to the BH of Subsection 3.1 and an outer ho-
doscope similar to the SPS of Subsection 3.7. The un-
derlying technology and requirements are the same in
both cases.

Design:

Figure 8 shows the BM. The central hodoscope of
the BM comprises two offset planes of 16 paddles. We
use 30 cm long x 12 mm wide x 3 mm thick BC-404
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paddles, each read out at each end by 3 Hamamatsu
S13360-3075PE SiPMs in series. The same readout
electronics as for the BH is used. The outer hodoscope
consists of four 30 cm long x6 cm wide x6 cm thick
BC-404 scintillator paddles that are identical in tech-
nology to the SPS scintillators.

Status:

The BM was fully assembled, installed, and com-
missioned. Typical time resolutions of or < 100 ps
(Best: or = 59 ps) were achieved, with >99.9% effi-
ciency, exceeding performance requirements.

3.6. Straw-tube tracker

Purpose and requirements:

The STT tracks scattered particles. High resolu-
tion, <150 pm, and efficiency, >99.8%, are required
for precise cross-sections.

Design:

The STT follows the PANDA straw chamber de-
sign [11] adapted to the MUSE geometry. We use
the same straws, wires, end pieces, and feed-throughs
as PANDA. Thin-walled, over-pressured straws allow
for a significantly less straw material, while provid-
ing the mechanical stability. The straw spacing is
1.01 cm, and adjacent offset straw planes are 0.87 cm
apart.

The symmetric beam left and right scattered parti-
cle detector systems include 2 chambers on each side
of the beam, each with 5 vertical and 5 horizontal
planes, to achieve a high tracking efficiency. The front
chambers have 275 60-cm long vertical straws and 300
55-cm long horizontal straws, with an active area of
60 x 55 cm?. The rear chambers have 400 90-cm long
vertical straws and 450 80-cm long horizontal straws
with an active area of 90 x 80 cm?. The front (rear)
chambers are 30 (45) cm from the target. There are
2850 straws in the system. The STT uses 90% Ar
+10% CO5 at a pressure of 2 bar. Straws operate
at 1700 V. Frontend PASTTREC cards read out the
straws, and are in turn read out by TRB3 TDCs.
Status:

All 4 chambers have been assembled at PSI and un-
dergone initial performance tests. Figure 9 shows the
STT being craned into the MUSE detector setup. In
the initial tests, the straws operated reliably with ap-
proximately 90% efficiency, which yields ~99% track-
ing efficiency for 5 planes. A preliminary analysis of

ISSN 2071-0186. Ukr. J. Phys. 2019. Vol. 64, No. 7



Status of the MUSE Experiment

Fig. 9. Fully assembled STT detector being craned into the
MUSE detector setup

the STT data yields a tracking resolution of approx-
imately 115 pm, exceeding requirements.

3.7. Scattered particle scintillators

Purpose and requirements:

The SPS is a high-efficiency high-precision scintilla-
tor hodoscope that detects and times particles for the
triggering and reaction identification. A time resolu-
tion of ~100 ps is needed for the reaction identifica-
tion. A uniform efficiency of >99% is needed so that
the shape of the angular distribution is not altered.
Design:

The SPS design follows the JLab CLAS12 FTOF12
design by University of South Carolina. Symmetric
left and right, front and rear hodoscope paddles are
made of an Eljen Technology EJ-204 plastic scintilla-
tor, which has a high light output and a fast rise time.
Hamamatsu R13435 PMTs are glued to each end of
the scintillator. The front wall is roughly square and
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Fig. 11. MUSE Detector setup is being craned into the ex-
perimental area

covers 6 ~ 20°-100°. The oversized back wall ac-
counts for the multiple scattering in the front wall.

Status:

All 92 paddles are tested and installed. Average
time resolutions of o.ys = 52 ps £ 4 ps for the
220-cm long rear bars and 46 ps+4 ps for the 110-
cm long front bars were obtained. Figure 10 shows
that energy deposition in the scintillators modeled
with Geant4 simulations agrees nicely with mea-
surements.

The two-plane coincidence efficiency is well above
99.5%, except for et (>99%) due to the annihila-
tion. We expect the cross-section systematic uncer-
tainty from the SPS efficiency to be <0.1%.
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3.8. Trigger, DAQ, and tracking

MUSE uses TRB3 FPGAs for the triggering. The
primary scattered particle trigger logic is:

(e* OR p*) AND (no ) AND (scatter) AND (no Veto).

The MUSE DAQ uses a mix of VME modules for
the charge determination and TRB3 TDCs for the ti-
ming. There are about 3000 TDC and 500 Q/ADC
channels. Both the trigger and DAQ along with con-
trols and basic analysis software are fully opera-
tional. The advanced analysis software development
continues.

4. Conclusions

The data taken compared to simulations prove that
MUSE is well suited to investigate the (R. — R, =
= 0.034 £ 0.006 fm) 5.60c Proton Radius Puzzle. By
comparing the p + et and D+ Mi scattering cross-
sections, we will determine the absolute radius at the
~0.005 fm level. All detectors are constructed and
mounted on the MUSE platform. Production data
runs are planned in 2019-2021.
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and the Paul Scherrer Institute. Special thanks to
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T. Pocmomsan
CTATYC EKCIIEPMUMEHTY MUSE
Peszmowme

Pizunns B 5.60 y paziycax mpoToHa, BUMIPDSIHHX 3 aToMaMu
pp i 3 aTOMaM# ep Ta B IPOIECi PO3CISHHS 3aJIMIIAEThCS He-
po3B’si3ano10 rosoBosioMkoio. B mpoekti MUSE 6yne Bumipio-
BaTHUCS IPYKHE PO3CISIHHA Up 1 e€p B TOMY CaMOMYy €KCIIEPUMEH-
Ti omHOowuacHO. ExcriepuMenT Bu3Havae mepepisu, JBOPOTOHHI
edekrtn, dopm-pakTopu Ta pajiycu, i J103BOJIsIE€ ITOPIBHIOBA-
TU pe3yJIbTaTh, OTPUMAHI I up 1 ep IpoIeciB 3i 3MeHIIEHO0
cucreMaTudHoIo rmoxubkoro. 1i nani noBunHi 3abe3reynTn Ha-
Kpaluii Ha CbOTOJIHIIIHII JEeHb TECT yHIBEPCAJIbHOCTI JIEIITOHA
B IIPOIIECi PO3CisiHHSA, Ha MOPsAJIOK IOJIIIIEHN y IOPiBHAHHI 3
[oIlepeIHIMU TeCTaMU, JAaTU MOXKJIMBICTH BU3HAYUTH PAJiyC 3
iHTEepBaJIOM HaJliiiHOCTI 7o 1 3abe3mednTH MOKpalleHi JIBodo-
TOHHI BUMIipIOBaHHS.

ISSN 2071-0186. Ukr. J. Phys. 2019. Vol. 64, No. 7



Study of the Polarized Gluon Structure of a Proton Via Prompt-Photon Production

https://doi.org/10.15407 /ujpe64.7.631

A. RYMBEKOVA

Joint Institute for Nuclear Research

(6, Joliot-Curie Str, Dubna, Moscow Region, Russia; e-mail: aierke@jinr.ru)

STUDY OF THE POLARIZED GLUON STRUCTURE
OF A PROTON VIA PROMPT-PHOTON PRODUCTION
IN THE SPD EXPERIMENT AT THE NICA COLLIDER

Photons produced in the hard scattering of partons, named prompt photons, provide informa-
tion about the internal structure of hadrons. The NICA collider has the possibility to provide
new data to study the production of prompt photons in non-polarized and polarized proton-
proton collisions, which gives an access to spin-dependent parton distribution functions for
gluons. Unpolarized and polarized physics with prompt photons and capabilities of the SPD
detector in such measurements is discussed.

Keywords: polarized structure of a nucleon, prompt photons, gluons, SPD.

1. Prompt Photons

Prompt photons are photons produced in the hard
scattering of partons. According to the factorization
theorem, the inclusive cross-section for the produc-
tion of a prompt photon in collisions of hs and hp
hadrons can be written as follows:

doap = Z

a,b=q,q,9

/dxadzbff(xaan)le(xva2) X

X do—ab—)’yX(xa7xb7Q2)' (1)

The function f2 (f£) is the parton density for hyu
(hp) hadron, x, (xp) is the fraction of the momentum
of ha (hp) hadron carried by parton a (b), and Q? is
the square of the 4-momentum transferred in the hard
scattering process, and o4 x (Ta, Tp, Q*) represents
the cross-section for the hard scattering of partons a
and b [1].

The prompt-photon production in hadron collisions
is the most direct way to access the gluon structure
of hadrons. There are two main hard processes for
the production of prompt photons: 1) gluon Comp-
ton scattering, gq(q) — vq(g), which prevails, and 2)
quark-antiquark annihilation, ¢g — vg.

Unpolarized measurements of the differential cross-
section of the prompt-photon production in proton-
proton(antiproton) collisions have already been per-
formed by the fixed-target and collider experiments.

© A. RYMBEKOVA, 2019
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Figure 1 shows the ratio of the measured cross-sec-
tions to one predicted by theory as a function of zp =
= 2pr/+/s |2]. One can see that, for the fixed-target
results corresponding to /s ~ 20 GeV, there is a
significant disagreement with theoretical expectations
that is absent for the high-energy collider results. A
new precise measurement could clarify the problem.

2. Spin Asymmetries

A measurement of the single transverse spin asym-
metry AJVV = g;;gi in the prompt-photon production
at high pr in polarized p-p and d-d collisions could
provide information about the gluon Sivers function
which is mostly unknown at the moment. The numer-

ator of A can be expressed as [3]

O’T—O"L:

TaqTh

1
= dz, | d*kpod*kpy—— 20—
Z/ ’ / e = or V)

ZLmin

-
X [Qi(xakTa)ANG(xbvab) X d—;(in — qy) +

-
+G<xa,kTa>ANqi<xb,ka)£<qu ] )

Here, o' and ot are the cross-sections of the prompt-
photon production for the opposite transverse polar-
izations of one of the colliding protons, ¢;(x4, kra) X
X [G(xq,kra)] is the quark [gluon] distribution
function with specified kp, and AnG(zp,krp) ¥
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X [Angi(zp, k)] is the gluon [quark] Sivers function,
C% represents the corresponding gluon Compton scat-
tering cross-section. Figure 2 shows theoretical pre-
dictions for ALY at /s = 30 GeV and pp = 4 GeV/c
for positive [4] (left) and negative [5] (right) values of

zr. The study of the prompt-photon production at
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the large transverse momentum with longitudinally
polarized proton beams could provide the access to
the gluon polarization Ag via the measurement of
the longitudinal double spin asymmetry A) ; [6]. As-
suming the dominance of the gluon Compton scat-
tering process, the asymmetry A7} ; can be presented
as [7]

> eglAq(ay) + Aga)]

q

AL~ Ag(xa)
9(zq) Eq: e2[q(xp) + q(p)]
xarp(9q = vq) + (a < b). (3)

The second factor in the equation coincides to the
lowest order with the spin asymmetry A} well known
from polarized DIS, the partonic asymmetry ary, is
calculable in perturbative QCD. Previous results for
the gluon polarization show that the gluon polariza-
tion is consistent with zero: |Ag/g| < £0.2 [8], while
the A} asymmetry is about 0.2 for x ~ 0.1 [9].

Thus, under the given experimental conditions, it
is possible to gain access to the gluon Sivers function,
as well as to the gluon polarization (helicity).

3. The SPD Detector at NICA

The study of the gluon structure through the prompt-
photon production is planned at the SPD experiment
at the new accelerator complex NICA (Nuclotron-
based Ion Collider fAcility) which is currently under
construction at the Joint Institute for Nuclear Re-
search (Dubna, Russia).

The possibility to have high-luminosity collisions
(up to 102 cm~2s~! at /5, = 27 GeV) of polarized
protons and deuterons at the NICA collider allows
studying spin- and polarization-dependent effects in
hadron collisions.

The current design of the SPD setup foresees three
modules: two end-caps and a barrel section. Each
part has an individual magnetic system: solenoidal
for the end-caps and toroidal for the barrel part
of the setup. Main detector systems are the follow-
ing: Range System (RS) (for muon identification),
Electromagnetic calorimeter (ECal), PID/Time-of-
Flight system, Main Tracker (TR), and Vertex De-
tector (VD).

Photons should be detected by the lead-scintillator
electromagnetic calorimeter (“shashlyk™type), which
is placed inside the Range System and consists of
three parts: the barrel one and two end-caps. Each
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part has a depth of about 12.5 X, which is sufficient
to fully contain the highly energetic electromagnetic
showers considered in this analysis. The energy reso-
lution is planned to be about 5%/+/E[GeV]. The ac-
ceptance of the calorimeter in polar angle is between
2° and 178°.

4. Prompt Photons at SPD

The object-oriented C++ toolkit SPDroot based on
the FairRoot framework [10] was used for the Monte-
Carlo simulation of the detector response. The SPD
setup description is based on the ROOT geome-
try while the transportation of secondary particles
through a material of the setup, and the simula-
tion of the detector response is provided by the
GEANT4 code. The standard multipurpose genera-
tors like PYTHIAG6, PYTHIAS, FRITIOF could be
used for the simulation of primary interactions.

Energy deposition in a connected area in the ECal
is called a cluster. If, in the course of extrapolation,
the track does not rest against a cluster, such a clus-
ter is considered as neutral, and vice versa. The main
issue of the future analysis will be the correct identi-
fication of prompt-photon clusters.

The study of background contributions and pos-
sibilities of their suppression is almost the main
task. On the experience of previous experiments, the
main background components are:

* decay photons. Most of them (almost 96%) are
coming from the decays of 7% and 1 mesons;

e fragmentation photons produced in the process of
fragmentation of color partons with large transverse
momenta;

e photons produced in the other parts of the facility
due to the interaction of particles with a material of
the setup;

¢ neutral hadrons like n, K, etc. and their antipar-
ticles that are identified in the calorimeter as neutral
clusters;

e “charged” clusters in the ECal misidentified as
“neutral” ones due to the inefliciency of the track find-
ing and reconstruction algorithms;

e the so-called “double” clusters which are a result
of the overlapping of showers produced by different
particles in ECal. The special case is the clusters pro-
duced by energetic 7° decays into two photons flying
at a very small angle relative to each other.
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The expected contributions of each background
component mentioned above as a function of the
transverse momentum pr calculated with the use of
the cluster energy and position are shown in Fig. 4
for p-p collisions at /s = 26 GeV.

As could be concluded from Fig. 4, the low pp re-
gion is useless for any studies of prompt-photons due
to a huge background. The signal-to-background ra-
tio at pr = 1 GeV/c is about 10~*. Only at high val-
ues of the transverse momentum, it is possible to sep-
arate statistically the signal and the background. A
reasonable cut on the transverse momentum of a pho-
ton has to be applied in order to maximize the accu-
racy of the planned measurements.

The background suppression process could be di-
vided into two stages. At first, all photons from the
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reconstructed 2y decays of 7% and 1 mesons are re-
jected. After such rejection, the sample still contains
an admixture of photons from 2+ decays. This resid-
ual admixture could be statistically subtracted basing
on the Monte-Carlo information about properties of
the SPD setup. The subtraction procedure can be il-
lustrated by the following equation:

g~ Nprompt = Nsingle'y - Nﬂ-o,n x k, (4)

where Ngingley is @ number of candidates to be
prompt-photons, N o is a number of reconstructed
2+ decays of 7 and 7, and k is a factor to be deter-
mined from the Monte-Carlo procedure. The typical
value of the k factor is 0.76.

To estimate the accuracy of the measurement of
asymmetries, the signal and the background Monte-
Carlo samples were produced. For the simulation
of primary p-p collisions with /s = 26 GeV, the
PYTHIAG [11] generator with the standard settings
was used. The estimation was performed for 107 s
(one year) of data taking with an average luminos-
ity 1032 s~tem~2. 100% polarization of proton beams
was supposed.

Using Eq. (4) and the cut pr > 6 GeV/c¢ which re-
moved most of the background and assuming that the
relative accuracy dk/k = 0.02 could be achieved, the
preliminary results on the expected accuracy of the
An and Ap; asymmetries measurement in the SPD
experiment were obtained. The results for four sub-
ranges of xp-variable are shown in comparison with
the E704 measurements [12] and the theoretical pre-
dictions [4, 5] in Fig. 5. The expected Ay and Arp
accuracies are multiplied by a factor of 5 and shown
by the error bars in respect to zero values of asym-
metries. The uncertainties related to polarization and
luminosity measurements are not taken into account.

5. Conclusions

The study of the polarized and non-polarized gluon
contents of a nucleon is one of the main physical tasks
of the planned SPD experiment at the NICA col-
lider. The prompt-photon production via the gluon
Compton scattering is the most promising process
for that. The precision measurement of the Ay and
Arr spin asymmetries with transversely and longi-
tudinally polarized proton and deuteron beams pro-
vides the access to the gluon Sivers and helicity func-
tions, respectively. The preliminary studies of the
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background conditions show that the accuracy for the
asymmetries of about 2% could be achieved in the
wide range of zp.
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JOCIII?KEHHS TTOJTAPU30BAHOI CTPYKTYPU
ITPOTOHA 3A JOITIOMOI'OIO ®OTOHAPOAXKEHH
B EKCTIEPUMEHTI SPD HA KOJIAVIEPI NICA

Peszmowme

DoTOHHU, yTBOPEHI B >KOPCTKOMY PO3CiIHHI IIapTOHIB, TaK 3Ba-
Hi MUTTEBI DOTOHH, AIOTH iH(OPMAIIiIO IPO BHYTPILIHIO CTPY-
kTypy anpouis. Komaiinep NICA 3moxke 3abe3meunTn HOBI fga-
Hi PO HAPOIKEHHS MUTTEBUX (POTOHIB B HEIOJIAPUIOBAHUX Ta
MOJIIPU30BaHUX IIpolecax (POTOHAPOXKIEHHH, 110, B CBOIO Uep-
ry, BacTh iHdopManiio Ipo cmiHoBi (QyHKIH] pO3mOAiTy 00~
HiB. B mganiit crarTi npeacrasieno disuky nosisspusariil i3 MuT-
TeBUMHU (poTOHAMU i MOXKJIHBOCTI JerekTopa SPD B Takux exc-
[IepUMEHTAX.
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STATUS OF THE JIANGMEN
UNDERGROUND NEUTRINO OBSERVATORY

The Jiangmen Underground Neutrino Observatory (JUNO) is a next generation multipurpose
antineutrino detector currently under construction in Jiangmen, China. The central detector,
containing 20 kton of a liquid scintillator, will be equipped with ~18 000 20inch and 25600
&inch photomultiplier tubes. Measuring the reactor antineutrinos of two powerplants at a base-
line of 53 km with an unprecedented energy resolution of 8%/\/E(MeV), the main physics
goal is to determine the neutrino mass hierarchy within siz years of run time with a signifi-
cance of 3-4o. Additional physics goals are the measurement of solar neutrinos, geoneutrinos,
supernova burst neutrinos, the diffuse supernova neutrino background, and the oscillation pa-
rameters sin® 612, Am2,, and |Am§e| with a precision <1%, as well as the search for proton
decays. The construction is expected to be completed in 2021.

Keywords: antineutrino detector, reactor antineutrinos, supernova neutrinos, proton decay,

neutrino mass hierarchy.
1. Introduction

The Jiangmen Underground Neutrino Observatory
(JUNO) is a 20 kton liquid scintillator (LS) detector
currently under construction in the south of China
close to Jiangmen. The LS is contained in a 35.4 m
diameter acrylic sphere and monitored by ~18000
20 inch photomultiplier tubes (PMTs), allowing for an
unprecedented energy resolution of 3%/+/E(MeV). A
complementary system of 25 600 3 inch PMTs facili-
tates to use the concept of double calorimetry[l]. In
order to reduce the external background and to track
and veto cosmogenic muons, the Central Detector
(CD) is submerged in a cylindrical water Cherenkov
detector filled with ultra-pure water. The main goal
of JUNO is to determine the neutrino mass hierar-
chy (MH) by measuring the oscillations of reactor an-
tineutrinos emitted by two powerplants, Taishan and
Yiangjian, with a final thermal power of 35.8 GWyy
at a baseline of 53 km. Furthermore, measurements of
the oscillation parameters sin” 615, Am3,, and |Am2,
can be achieved with subpercentage precision. Nu-
merous additional physics goals exist [2], of which

© M. SCHEVER, 2019
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measuring solar neutrinos and geoneutrinos are re-
viewed in the following. The Taishan Antineutrino
Observatory (TAO) will be built and operated next
to the Taishan power plant to reduce systematic ef-
fects in the reactor antineutrino spectrum measured
by JUNO.

2. Neutrino Physics
Programme at JUNO

2.1. Reactor Antineutrinos

To reach the primary goal of determining the neu-
trino mass hierarchy, JUNO aims at the detection of
reactor antineutrinos based on the Inverse Beta De-
cay (IBD) of protons occuring in the LS in the CD,
where the e-flavor antineutrino reacts with a proton
producing a positron and a neutron according to

Ve+p—et +n. (1)

The IBD signature is the coincidence of a prompt
and a delayed signal. The prompt signal stems from
the energy loss and the subsequent annihilation of a
positron taking place effectively instantaneously af-
ter its creation. Since the mass of a neutron is much
larger than the mass of a positron, the energy of the
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Fig. 1. Unoscillated reactor neutrino flux (dotted line) and
the relative shape differences for the NH and the IH. From [2]

positron relates to the energy of an antineutrino. The
delayed signal stems from the neutron being cap-
tured by hydrogen in the LS with a mean time of
~200 us after undergoing the thermalization. The
neutron capture on protons emits a photon with an
energy of 2.2 MeV.

The time coincidence of both the prompt and de-
layed signals, together with their vertex positions and
the energy constraint, allows for the IBD signal de-
tection and the background rejection. Several sources
have to be considered for the background. The dom-
inant background source is the cosmogenic isotopes
9Li and 8He, which are produced through the spal-
lation by cosmogenic muons traversing through the
detector. Their (8~ + n)-decay channel mimics the
coincidence of the prompt and delayed signals of the
IBD signature. Featuring a life time of 256 ms and

Expected signal and background
rates per day with various selection cuts. From [2]

Section |IBD |Geo-vs| Accidental |°Li/®He | Fast n | (a, n)
- 83 | 15 |~57x10%| 84 - -
Fiducial
volume 76 1.4 7
- 410
nergy cut
8y 0.1 0.5
Time cut 73 1.3 71
Vertex cut 1.1
Muon Veto| 60 1.1 0.9 1.6
Combined | 60 3.8
98

172 ms, respectively, 99% of the °Li and ®He iso-
topes produce IBD-like signatures at a 3 m distance to
the muon track [3,4]. Therefore, the strategy for the
muon veto includes a partial volume veto of the area
of the liquid scintillator contained in a cylinder with
a radius of 3 m around the muon track for a time of
1.2 s [5]. Other considerable background sources are
the following;:

e Accidental coincidences by natural radioactivity,
mostly from the surrounding rock and the PMT glass.

e Fast neutrons produced by cosmogenic muons
which travel through the surrounding rock or through
the water at the corner of the detector. They can mi-
mic the IBD signature by scattering off a proton and
undergoing the subsequent neutron capture in the LS.

¢ Geoneutrinos produced in the radioactive decays
of U and Th from inside the Earth. Causing the
same signal like the reactor antineutrinos, their con-
tribution to the reactor antineutrino energy spectrum
is handled through the known [-decay spectra of
U and Th.

¢ (a,n)-background originating from the « parti-
cles of the U and Th chain and reacting with '3C in
the LS and producing a neutron and '°0O. The IBD
coincidence signature can be mimicked in the case
where a neutron is fast enough or '°0 emits a photon
during the deexcitation.

The expected rates of both the IBD reactor neu-
trino signal and the above-mentioned backgrounds
are summarized in Table.

The neutrino MH is determined by relating the
measured reactor antineutrino spectrum to the MH-
dependent survival probabilities for antielectron neu-
trinos conditioned by neutrino oscillations. Here, the
measured reactor antineutrino energy spectrum is
represented by the prompt energy spectrum of the
positrons produced in the IBDs. The antielectron
neutrino survival probability is given by

Ppeg,ge =1- Sil’l2 2913(sin2 912 sin2 A32 +
+ cos? 614 sin® Aq3) — sin? 2015 cos® 05 sin® A1 (2)

with A;; = (Am3;L)/(4E) and shown for both cases
of the normal hierarchy (NH) and the inverted hier-
archy (IH) in Fig. 1.

The x2-based analysis of the reactor antineutrino
energy spectrum determines the neutrino mass hier-
archy with a sensitivity Ax? by fitting the energy
spectrum with the expected spectra both for the NH
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and IH. The obtained sensitivity depends both on the
acquired amount of statistics and the energy resolu-
tion. Figure 2 shows the Ay2-contour plot for differ-
ent sensitivity levels depending on a variable energy
resolution and a range of the number of IBD events
included in the analysis. The latter is normalized to
the expected number of events after 6 years of the
data acquisition with 35.8 GWyy, reactor power, cor-
responding to 100,000 IBD events. With this amount
of detected events and the design energy resolution of
3%/+/E(MeV), the reachable sensitivity is expected
to be 3-40, corresponding to 9-16Ax2.

Additionally, JUNO will be able to improve the pre-
cision of the oscillation parameters sin® 615, Am2,,
and |Am?2,| to the subpercentage level of 0.67%,
0.50%, and, 0.44%, respectively.

2.2. Solar neutrinos

The Sun is a powerful source of electron neutri-
nos. The neutrinos are produced in the nuclear fusion
reactions and emitted with the energy of O (1 MeV).
Their study yields the possibility to gain knowledge
in the context of neutrino properties (e.g., the Mikhe-
yev—Smirnov—Wolfenstein (MSW) effect [6]) as well as
the Sun (e.g. the solar metallicity problem [7]).

The JUNO experiment is principally well suited for
the detection of solar neutrinos via the electron scat-
tering due to the low energy detection threshold, the
high energy resolution, the high radiopurity, and the
large mass. The focus lies on the neutrinos emitted
from the 8B and "Be chains.

Since a single energy deposition of the scattering
electron is the event signature, the resulting exper-
imental challenge is the rejection of the enormous
background. Dominant background sources are nat-
ural radioactivity (?!°Po, 2!19Bi, *C and its pile-up,
85Kr, and the 2**U- and ?*?Th-chains [8]) and the
cosmogenic isotopes '°C and ''C. The expected de-
tection rates are ~10* events per day for "Be and ~90
events per day for °B.

2.3. Geoneutrinos

While the Earth’s surface heat flow has been mea-
sured to be (46 £ 3) TW [9], the contribution of the
radiogenic heat in contrast to the primordial heat re-
mains unclear till now. Therefore, knowledge of the
absolute abundance of U and Th in the Earth is
required. Their abundance is accessible through the
antielectron neutrino flux caused by the radioactive
B-decays from the 238U and 232Th chains.
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JUNO aims at measuring these so-called geoneu-
trinos expected with a rate of 400 events per year
[2]. This would yield the world’s largest sample of
geoneutrinos in less than one year. The experimen-
tal challenge is the large background of reactor an-
tineutrinos which can only be handled by the sub-
traction of both spectra. Further background sources
are the cosmogenic isotopes °Li and 8He, accidental
background, and («, n)-background. Figure 3 demon-
strates the expected geoneutrino signal and back-
ground spetra for one year of measurements.
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3. The JUNO Experiment

The JUNO experiment is located close to Jiangmen
in China, at a distance of 53 km to both the Taishan
and Yiangjian powerplants. The detector is built un-
derground with an overburden of 700 m of a granite
rock to reduce the amount of cosmogenic muons as
the background source.

This section describes the following subsystems of
the JUNO detector: the Central Detector (CD), the
Water Pool (WP), the Top Tracker (TT), the Calibra-
tion System, activities and apparatus in the context
of the LS purification, and the Taishan Antineutrino
Observatory (TAO).

The central detector

The CD is an acrylic sphere with a diameter of
35.4 m containing 20 kton of LS. It is equipped with
18 000 20 inch Photo-Multiplier Tubes (PMTs) and
25 600 3 inch PMTs. The PMTs are mounted on a
stainless steel truss surrounding the acrylic sphere
with a distance of 1.8 m. The resulting photocover-
age is 78%. A high quantum efficiency of ~30% is
required in order to reach the unprecedented design
energy resolution of 3%/+/F(MeV). Out of the 18 000
20 inch PMTs, 5000 are dynode PMTs produced by
Hamamatsu Photonics K.K., the remaining PMTs
are Micro Channel Plate PMTs and manufactured by
the Chinese company North Night Vision Technol-
ogy Co. Ltd. Shielding against the Earth’s magnetic
field is ensured by the compensation through electro-
magnetic coils.

The water pool and the top tracker

The CD is submerged into the cylindrically shaped
WP containing 40 kton of ultra-pure water to pro-
vide shielding from the radioactivity of the surround-
ing rock and the PMT glass. The WP has a diameter
of 43.5 m and is equipped with 2 400 20 inch PMTs
to detect the Cherenkov light of muons traversing the
JUNO detector. The TT is placed on the WP top. It
was a part of the former Opera detector [10] and con-
sists of three layers of a plastic scintillator with a
spatial resolution of 2.6 x 2.6 cm? and a coverage of
approximately 60% of the surface of the top of the
WP. Together, the WP and the TT enable one to
track cosmogenic muons providing the foundation for
a partial volume muon veto.
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Calibration

In order to achieve an energy scale uncertainty of
less than 1%, the efficient calibration is of great im-
portance. Four calibration systems are planned to be
implemented to provide the basis for a thourough
calibration. The first calibration system is the Au-
tomated Calibration Unit (ACU) which can be op-
erated 1-dimensionally along the vertical axis in the
center of the detector. The second calibration system
is the Cable Loop System (CLS), and the third is
the Guide Tube Calibration System (GTCS). Both
CLS and GTCS can be operated 2-dimensionally, the
first in a fixed vertical plane and the latter along a
fixed longitude of the CD bound to a guide tube. The
fourth calibration system, the Remotely Operated
Vehicle (ROV), is steerable in all 3 dimensions and
can move freely within the LS in the CD. Further-
more, the double calorimetry system including both
the 20 inch and 3 inch PMTs provides an additional
calibration strategy, especially with respect to the
systematics of the large PMTs due to a multiplicity
in the photo-electron detection.

LS purification

In order to prepare the mixing of the LS components
and the online purification procedure for the filling
of the JUNO CD, as well as to gain experience in
the system cleanliness and leak-tightness, distillation,
and stripping, pilot plants are currently tested at the
Daya Bay Neutrino Laboratory [11].

The LS purification aims at decreasing the amount
of radioimpurities primary due to 23®U, 232Th, and
40K. For ?%8U and 232Th, the abundances in the range
of 1071510717 g/g are targeted. Simultaneously, the
attenuation length in the wavelength interval 350-
550 nm is improved to exceed 25 m for a wavelength
of 430 nm. The gas stripping of the LS with steam
and nitrogen extracts radioactive gases, in particular
85Kr, 3%Ar, and ?22Rn.

The Taishan Antineutrino Observatory

In order to determine the neutrino MH from the os-
cillated reactor antineutrino spectrum measured by
the JUNO detector, a precise knowledge of the un-
oscillated spectrum is required. The existing model
for the energy-dependent reactor flux is subject, how-
ever, to both the anomalous bump observed in reac-
tor antineutrino spectra at 5 MeV and a fine struc-
ture yet unknown [12]. Therefore, TAO will be placed
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in 30 m distance to a 4.6 GWyy-power core of the
Taishan powerplant to measure the shape of the un-
oscillated reactor antineutrino reference spectrum for
JUNO. The spherical detector will be filled with sev-
eral tons of Gd-LS to detect the antineutrinos via
the IBD reaction. Being equipped with Silicon Pho-
tomultipliers (SiPM) featuring a photo-electron (PE)
detection efficiency of ~50% at the full coverage, a
light yield of 4500 PEs at an energy of 1 MeV will
be reached, resulting in an energy resolution better
than 3%+/E(MeV). The Gd-LS will be operated at
—50 degree Celsius to reduce the SiPM noise [13].

4. Conclusion

JUNO is a 20 kton liquid scintillator detector cur-
rently under construction in the south of China, close
to Jiangmen. The physics main goal is to determine
the neutrino MH based on the detection of reactor an-
tineutrinos at a baseline of 53 km reaching 3—4o¢ sig-
nificance after 6 years of data taking with 35.8 GWy,
reactor power. Therefore, an unprecedented energy
resolution of 3%/+/E(MeV) based on a light yield of
1200 PE/MeV and an energy scale uncertainty <1%
is required. Furthermore, the physics programme is
extended to the detection of terrestrial and astrophys-
ical neutrinos. The oscillation parameters sin 6,
Am?,, and |Am?,| will be measured at a subpercent-
age precision level. The construction is expected to
be completed in 2021.
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M. Illesep, 6id imeni Koaabopauii JUNO

CTAH IIII3EMHOI
OBCEPBATOPII HEUTPVMHO B >KIAH'MEHI

PeswowMme

Iinzemua O6cepsaropia Hedirpuno B Kianrmeni (JUNO) e
6araToIiJIbOBUM JT€TEKTOPOM AHTHHEHTPHUHO HOBOI'O IOKOJIiH-
Hs, O cropymkyerbest B Kural. [lenTpasibHuii qeTekTop, 1o
mictuTh 20 KiJIOTOH PiIMHHOIO CUMHTWIATOpA, Oyae OCHAIle-
HO TpyOKamu (poTonomMHOXKYBa4diB, 17 571 mryk o 20 mgroiiMis
Ta 25 600 o 3 mroiiMu. Y mporieci BUMIpIOBAaHHSA aHTHHEHTPHU-
HO BiJ JBOX peakTopiB 3 6a3010 53 KM mpu Ge3mperieIeHTHii
posainbuiil 3xaTHOCTI IO emeprii 3% /v E MeB ocnoBHOIO Me-
TOIO € BU3HAUYEHHS BIIPOJOBK IIIECTU POKiB poboTH iepapxil mac
HedTpuHO 3 TouHicTIO 3—40. [lomarkoBumu izuannMu migsmu
€ BUMIPIOBaHHS COHSYHUX HEHTPHHO, T€OHEUTPUHO, HEHTPUHO
Biz BuUOyXy cymepHOBOI, HEUTPUHHOrO POHY Audy3HOI Cymep-
HOBOI, mapamerpis ocumsii sin? 012, Am?2,, |Am2,| 3 Touni-
crio <1%, a Tako)K MOIIyKM po3nagy NpoToHa. llnaHyeTbest
3aKiHYUTH KOHCTPYKIio y 2021 pormi.

101



M. Schmidt

M. SCHMIDT

on behalf of the PANDA collaboration

https://doi.org/10.15407 /ujpe64.7.640

II. Physikalisches Institut, Justus Liebig University Giessen
(16, Heinrich-Buff-Ring, 35392 Giessen, Germany; e-mail:
mustafa.a.schmidt@exp2.physik.uni-giessen.de)

THE PANDA DETECTOR AT FAIR

PANDA is a fixed-target experiment that is going to address a wide range of open questions in
the hadron physics sector by studying the interactions between antiprotons with high momenta
and a stationary proton target. The PANDA detector is currently under construction and will
be situated in the HESR that is a part of the future FAIR accelerator complex on the area of
the GSI Helmholtzzentrum fir Schwerionenforschung in Darmstadt. The key features of the
detector are: the precise tracking in strong magnetic fields, excellent particle identification,

and high-resolution calorimeters.

Keywords: FAIR, PANDA, antiprotons.

1. Introduction
1.1. Antiproton Production at FAIR

The future Facility for Antiproton and Ion Research
(FAIR) is designed as an extension to the exist-
ing GSI Helmholtzzentrum fiir Schwerionenforschung
in Darmstadt, Germany. A new linear accelerator
(p-LINAC) that is currently under development
will accelerate protons up to a kinetic energy of
70 MeV. After being further accelerated in the two
synchrotrons SIS18 and SIS100, these protons will
be extracted to collide with a nickel target. The an-
tiprotons, that are created during this process, will
be collected by the Collection Ring (CR) and further
injected into the High Energy Storage Ring (HESR)
where the PANDA detector will be located. In addi-
tion to NUSTAR, CMB, and APPA | it is going be one
of the four excellent physical experiments at FAIR [2].

1.2. HESR & PANDA

The injection momentum of the antiprotons into
the HESR will be 3.8 GeV/c. Inside the HESR, the
beam momentum can be modified to values between
1.5 GeV/c and 15 GeV/c. One of the key features of
the HESR is the stochastic cooling that can be ap-
plied over the full momentum range. In addition to
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that, the HESR can run in two different modes: a
high-luminosity and a high-resolution mode. The im-
portant parameters of both modes are represented
in the table below. The high-luminosity mode with
an interaction rate of 20 MHz will not be available
in the beginning, because it requires an additional
synchrotron called Recycling Energy Storage Ring
(RESR). The investigation of collisions between an-
tiprotons and protons in PANDA will be used to an-
swer open questions in the fields of nucleon structure,
hadron spectroscopy, and nuclear physics.

Because of the forward boost of the created par-
ticles, PANDA will consist of two spectrometers: a
target spectrometer designed as an onion shell de-
tector around the interaction point and a forward
spectrometer covering small polar angles. Both spec-
trometers have redundant detector systems for the
tracking, particle identification (PID), and calorime-
try. The complete PANDA detector including all sub-

Different operation modes of the HESR

Parameter High Res. High Lum.
Momentum [GeV /c] 1.5-15 1.5-15
Antiprotons 1010 101!
Luminosity [cm?s™!] 2 x 103! 2 x 1032
Resolution Ap/p 5x 102 1x 104
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Fig. 1. The PANDA detector at FAIR including all detectors for phase 1 (black)

and phase 2 (gray)

detectors is shown in Fig. 1. For most of the physical
analysis, it is important to cover the full solid angle
with all subdetectors.

1.8. Physics programs

The PANDA experiment is designed to cover a large
amount of antiproton physics programs in order to
answer many open questions related to the huge sec-
tor of hadron physics in the non-perturbative region
[7]. This can be summarized as follows:

e Hadron spectroscopy: Production of exotic QCD
states and exploring charm hadrons.

e Nucleon structure: Investigating the generalized
parton structure and time-like form factors.

e Nuclear physics: Studying hadrons in nuclei and
performing hypernuclear physics.

1.4. Time schedule

The time schedule of PANDA is divided into 3
phases. In the present phase 0, the subdetectors of
PANDA are under development and tested in various
other excellent High Energy Physics (HEP) experi-
ments. With the availability of the PANDA hall in
2022, the installation of phase 1 subdetectors is go-
ing to start. In the year 2025, a proton beam will be
used for commissioning the start setup of PANDA,
whereas the first antiproton beam will be available
in 2026. The measurements of phase 2 that includes
all remaining subdetectors are going to be started
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Fig. 2. The different phases of the PANDA detector

around 2027. After running for a long-time period,
further physical experiments with other possible se-
tups can be performed, e.g., phase 3 that represents
the high-luminosity mode. A complete overview over
all phases is presented in Figure 2.

2. Proton Target

The proton target marks the interaction point (IP)
and can be seen as the core component of a PANDA
target spectrometer. Two targets are currently fore-
seen. The clusterjet target will be already installed in
the first phase of PANDA. It creates small hydrogen
clusters with a size of 103 to 10° atoms per cluster by
expanding pre-cooled and compressed hydrogen into
the vacuum of the beam pipe.
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The pellet target creates small droplets of frozen
hydrogen with pellet diameters between 10 and 30 pm
in a triple point chamber. These pellets will be in-
jected into the target tube with a falling speed of
around 60 m/s. In total, a constant flow rate of
100,000 pellets per second can be achieved. Further
targets are under development and can be installed
in later phases.

3. Magnets

For the purpose of the momentum determination, two
magnets will be installed in PANDA [3]. A solenoid
magnet in a target spectrometer will create a field
of around 2 T with a field inhomogenity of less than
2% over the full field map. Inside the iron yoke, drift
tube chambers will be placed for PID and tracking
of high energetic muons. The inner/outer diameter of
the magnet will be 1.9 m/2.3 m. The length is given
by 4.9 m, which leads to a total magnet weight of
approx. 360 t.

In the forward spectrometer, a dipole magnet is go-
ing to create a magnetic field of 1 T. The length of the
magnet is 2.5 m and has an overall weight of 240 t. It
has a conical shape with an opening diameter of 1 m
at the front- and 3 m at the backside. The key feature
of this magnet is a short ramping speed of 1.25% per
second and the possibility for a synchronized opera-
tion with the HESR.

4. Tracking
4.1. Micro Vertex Detector

The inner-most detector and the closest one to the
target is the Micro Vertex Detector (MVD) [4]. It
consists of four barrels around the interaction point
and six disks in the forward direction. The inner bar-
rel layers of the MVD contain hybrid pixels with a
size of 100 um x 100 pm, while the outer layers are
made of double sided microstrips. The last two disks
will be equipped with pixel and strip detectors.

A time resolution of 6 ns and a pixel resolution of
28 pm are achievable. From these values, a vertex res-
olution of 50 ym can be computed. This high vertex
resolution is important to measure displaced vertices,
e.g., to analyze different decay channels in the open
charm sector.

4.2. Straw tube tracker

The Straw Tube Tracker (STT) [5] is placed in a
cylindrical shape around the MVD and consists of
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4,200 Al-Mylar drift tubes filled with a mixture of
Ar/CO; gas. The readout can be done with ASICs
combined with TDCs or with Flash ADCs (FADCs)
instead. In total, 21 to 27 layers are planned to be
installed, of which 8 layers are skewed by 3° for
the purpose to reconstruct the longitudinal coordi-
nate. The electron avalanche gain of these tubes is
about 100. The inner/outer radius of the detector is
15 cm/42 cm. Each tube has a diameter of 1 cm and a
length of 150 cm. Taking the spatial and time resolu-
tions into account, a /¢ plane resolution of 150 yum
and a z resolution of 1 mm can be achieved. Current-
ly, most of the tubes have been produced and already
been mounted within an STT prototype.

4.8. Gas electron multiplier tracker

The Gas Electron Multiplier (GEM) tracker in the
forward region of the target spectrometer is a combi-
nation of three stations. Two stations will be installed
in phase 1 and the third one in phase 2. The fore-
seen large area GEMs were developed at CERN and
are going to be produced in Poland. They contain a
50 pm kapton layer covered by thin copper layers with
a thickness of 2 to 5 pm on both sides. The ADCs,
that are planned for the readout, will allow for the
cluster centroiding to calculate the precise particle
position and to reach a position resolution of better
than 100 pm.

4.4. Forward tracker

The forward tracker, containing similar straw tubes
to the STT, assembled in three planar tracking sta-
tions, will be installed in the forward spectrome-
ter to cover small polar angles up to £10° horizon-
tally and £5° vertically. The momentum acceptance
is larger than 3% of the beam momentum. This goal
is achieved by adjusting the dipole field according
to the beam momentum. For the position resolution,
0.1 mm per layer can be achieved, whereas the mo-
mentum resolution will be better than 1%.

5. Particle Identification

The envisaged physical programs of PANDA require
excellent PID for all decay channels. Since PANDA
does not comprise hadronic calorimeters, the PID of
hadrons will be performed with four different detec-
tor methods: 2 Cherenkov detectors, a Time of Flight
(ToF) system, the specific energy loss from the STT
and MVD, and a muon detection system.
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5.1. Barrel DIRC

One of the Cherenkov detectors based on the Detec-
tion of Internally Reflected Cherenkov Light (DIRC),
is the Barrel DIRC [9] which will be mounted in a
cylindrical shape around the STT. It is designed to
separate 7 and K* with a separation power of more
than 3s.d. in the polar angle range of 22° to 140° and
the momentum range of 1.5 to 3.5 GeV/c.

The radius of the detector is 476 mm. It will con-
sist of 16 fused silica bars and 128 Multichannel
Plate Photomultiplier Tubes (MCP-PMTs), which
adds up to around 10,000 channels to be read out
with the DiRICH readout system. The MCP-PMT
signal shape results in a time resolution of 100 ps.

5.2. Disc DIRC

Another Cherenkov detector called Disc DIRC [6] will
be placed at the forward endcap of the PANDA target
spectrometer, around 2 m away from the interaction
point in the downstream direction. It will cover small
polar angles between 5° and 22° and particle mo-
menta of 7% and K+ between 0.5 and 4.0 GeV/c. As
for the Barrel DIRC, the separation power will be
larger than 3 s.d. The Disc and Barrel DIRC together
will cover almost the full kaon phase space in the tar-
get region.

The Disc DIRC consists of four independent quad-
rants made of synthetic fused silica. The detector ra-
dius is approx. 1,200 mm. Currently, 96 MCP-PMTs
are foreseen for the photon detection, which requires
a readout of 30,000 channels with TOFPET ASICs
from the company PETsys. The time resolution is
similar to the one of the Barrel DIRC. For the re-
construction of the Cherenkov angle, the tracking in-
formation has to be taken additionally into account.

5.3. Barrel ToF

The Barrel ToF [1], also called SciTil detector, is re-
quired for the PID of low momentum particles below
1 GeV. A very good time resolution of better 100 ps
is required for that purpose and can be achieved with
a high photon yield. In total, 5,760 scintillator tiles
with sizes around 90 mm x 30 mm x 5 mm have to be
installed in the target spectrometer around the Barrel
DIRC.

The scintillator material has not been finally cho-
sen, but it will be either EJ-228 or EJ-232 from Eljen
Technology. The photon signals will be detected with
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Silicon Photomultipliers (SiPMs) that can be read out
in combination with PETsys TOFPET ASICs.

5.4. Forward ToF

In the forward spectrometer, PID is essential. Hence,
a forward ToF system was developed. It does not re-
quire a start counter, but uses relative timing to the
Barrel ToF. The baseline design of the Forward ToF
is a wall of scintillator slabs. In the center of the
detector, 20 slabs with the dimensions 1400 mm x
x5 mm X 2.5 mm will be used. On both sides, the
width of each slap changes from 5 cm to 10 cm. BC-
409, made by Saint-Gobain Crystals, will be used as
a scintillation material. The photon detection will be
done with 1-inch PMTs R4998 from Hamamatsu that
are going to be mounted on both ends. The detector
is going to be installed 7.5 m away from the interac-
tion point.

5.5. Forward RICH

The PID detector with the largest distance to
the interaction point is the forward Ring Imaging
Cherenkov (RICH) that is placed behind the For-
ward ToF for phase 2. It contains two layers of aero-
gel with small refractive indices of n; = 1.05 and
ng = 1.047 in order to obtain a better focusing of the
Cherenkov ring. The setup is very simple, because
it contains only one flat mirror and a Multi Anode
PMT (MaPMT) array with a pixel size of 6 mm to
determine the position of the photon hits. A separa-
tion of 7% /K* and p*/K*up to particle momenta
of 10 GeV /c is realistic. The used MaPMTs are ap-
prox. 10 times less expensive than MCP-PMTs, but
still have a long lifetime and a sufficient radiation
hardness.

6. Energy Measurement

PANDA contains Electromagnetic Colorimeters
(EMCs) in the target and a forward spectrometer
with the goal to achieve a good energy and spatial
resolution for photons from a few MeV up to 15 GeV
in order to reconstruct almost all multiphoton
and lepton-pair channels. Because of the hadronic
interactions in PANDA, a high photon yield and
the background suppression are required. For that
purpose, the energy threshold of all calorimeters has
to be set to a value around 10 MeV. The rate of a
single crystal is given by 10° s~!.
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6.1. Target Calorimeter

The EMC in the target spectrometer [8] contains one
barrel part, which will be installed around the Barrel
ToF, and two flat parts at the forward and backward
endcaps. It uses the 2°¢ generation of PbWOQy crys-
tals with improved light yield and better radiation
hardness. In total, 15,744 crystals have to be installed
in all parts. In order to increase the photon yield by a
factor of four, the crystals have to be cooled to a tem-
perature of (—25+0.1) °C. The used material has the
advantage of a small radiation length around 0.9 cm
and and a Moliere radius of 2.1 cm. The typical size
of each crystal is 2.5 mm x 2.5 mm with a fixed length
of 20 cm. For particles with energies above 100 MeV,
a time resolution of better than 1 ns and a spatial res-
olution of less than 1.5 mm are feasible. The energy
resolution is given by

B) g2 (1)

E VE[GeV]

Currently, 75% of all required crystals have been
produced.

6.2. Forward calorimeter

The EMC in the forward spectrometer [10] is a
shashlyk-type sampling calorimeter consisting of in-
terleaved scintillators and lead absorbers. The pho-
ton readout is done with PMTs and FADCs that are
used for the signal digitization. The active area of the
calorimeter is given as 297 x 154 cm?. The total en-
ergy resolution can be calculated to

o(E) 2.8% 3.5%

5 <1.3%® FIGoV] @ EGev]’ (2)

7. Muon Detector System

In the iron yoke of the target spectrometer and in
the forward spectrometer, small Muon Drift Tubes
(MDTs) with a wire and cathode strip readout will be
used to detect created muons. Due to the low muon
momenta, a large pionic background is expected. This
effect can be minimized by using a multilayer range
system. In PANDA, 12 4 2 layers are installed in the
barrel and 5 + 2 layers in the endcap part. Between
the target and forward spectrometer, muon filters will
be installed for the background reduction. Behind the
forward EMC, 16+ 2 layers of muon chambers will be
installed additionally. In total, the setup will contain
3,751 MDTs in all parts.
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8. Luminosity Detector

The luminosity detector of PANDA will be placed
around 11 m away from the target in the forward di-
rection behind the forward spectrometer. It is going
to measure the elastic scattering of antiproton-proton
interactions. The main component is a silcon pixel de-
tector that is mounted on five Chemical Vapour De-
position (CVD) diamond wafers with a thickness of
200 pm. Each wafer contains 10 High Voltage Mono-
lithic Active Pixel Sensors (HV MAPS) with a pixel
size of 80 um x 80 um. The active pixel sensor is based
on the CMOS technology which allows the digital pro-
cessing directly on a chip. The detector is able to at-
tain a very high efficiency of approx. 99.5%.

9. Hypernuclear Setup

The hypernuclear setup is an alternative setup for
physical studies in phase 2. It contains two targets:
one passive primary target, made of a diamond wire
on piezo motored wire holders, to produce = baryons
and one secondary active target for capturing them
together with all track products in silicon microstrips
and absorbers. High-purity germanium detectors at
the rear will be used for gamma spectroscopy of the
related decay products.

10. Data Acquisition

One of the outstanding features of PANDA is the
triggerless data acquisition [12]. Because of the ab-
sence of a hardware trigger, the data from the Front
End Electronics (FEE) have to be reduced by a factor
of more than 1,000. This reduction will be achieved
by a daisy chain of different event building and on-
line reconstruction levels. First, the data from the
FEE will be transmitted via data concentrators to
a burst building network. From there, the remain-
ing hits will be processed further in special compute
nodes to perform the 15¢ and 2”9 level selections, be-
fore the reduced data will be written to the PANDA
storage. The time synchronization will be done with
a dedicated PANDA development called SODAnet.

11. Simulation Framework

For the simulation and analysis, a dedicated frame-
work called PandaRoot [11], that is based on ROOT,
was developed. This framework includes the geome-
tries of all PANDA subdetectors together with the
important simulation parameters and passive vol-
umes. Different particle generators can be used in or-
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Fig. 3. The data flow in PandaRoot

der to simulate from dedicated probe tracks to spe-
cific physics channels. For the particle propagation
through matter, it is possible to switch between the
toolkits Geant3 and Geant4. The PandaRoot frame-
work will additionally be used to reconstruct and an-
alyze the acquired data of the final PANDA detector,
as shown in Figure 3.
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JETEKTOP PANDA HA ITPUCKOPIOBAYI FAIR
Pezmowme

PANDA - ekcniepumenT 3 hiKCOBAHOIO MIMIEHHIO, B IKOMY II€-
perbavaeThCs POSIVISHY TH HINPOKHI CIIEKTP BIIKPUTHX IIUTAHb
aapPOHHOT (DI3UKHU NUIAXOM JIOCIIJIXKEHHSI B3a€MOJIT MiXK aHTH-
IIPOTOHAMHY 3 BEJIMKUMH IMILyJIbCAMU Ta CTAI[JOHAPHOIO IIPOTOH-
noto mimrenuio. lerekrop PANDA napasi 3Haxogurhcst Ha cTa-
il 6yaiBaunTBa 1 6yze posmimenuit y HESR, mo e gactunoro
Maiby THBOrO KOMILIEKCY npuckoproBada FAIR na nmardopwmi
Henrpy lenbmrosbua ajs mociimzkenHst BakKkux ioHis GSI y
Hapmmrraari. ['os1oBHI XapaKTepUCTHKU JIETEKTOpa: TPEKU BHU-
COKOI TOYHOCTI B CHJIBHOMY MAarHiTHOMY IIOJI, 4y[OBa igeHTH-
ikallisi YaCTUHOK, a TaKOXK KaJOPUMETPU BHUCOKOI PO3/I1JIbHOT
3IaTHOCTI.
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THE PIERRE AUGER OBSERVATORY:
STUDYING THE HIGHEST ENERGY FRONTIER

We highlight the main results obtained by the Pierre Auger Collaboration in its quest to unveil
the mysteries associated with the nature and origin of the ultra-high energy cosmic rays, the
highest-energy particles in the Universe. The observatory has steadily produced high-quality
data for more than 15 years, which have already led to a number of major breakthroughs
in the field contributing to the advance of our understanding of these extremely energetic
particles. The interpretation of our measurements so far opens nmew questions which will be
addressed by the on-going upgrade of the Pierre Auger Observatory.

Keywords: astroparticle physics, high-energy cosmic rays, multi-messenger astrophysics,

hadronic interactions.

1. Introduction

Over a century after the discovery of cosmic rays,
there are still a number of open, fundamental ques-
tions about their nature, especially about those with
energies above 107 eV, referred to as ultra-high en-
ergy cosmic rays (UHECRs). The Pierre Auger Ob-
servatory [1], the largest ultra-high energy cosmic-ray
detector built so far in the world, was conceived to
unveil the most important questions, namely the ori-
gin, propagation, and properties of UHECRs, and to
study the interactions of these, the most energetic
particles observed in Nature. To achieve the scientific
goals, the Observatory was designed as an instrument
for the detection of air showers initiated by the cos-
mic rays in Earth’s atmosphere. Measured properties
of the extensive air showers (EAS) allow determining
the energy and arrival direction of each cosmic ray
and provide a statistical determination of the distri-
bution of primary masses.

Apart from measuring UHECRs, the Pierre Auger
Observatory is a multi-purpose observatory for the
extreme energy Universe with multi-messenger obser-

© I VALINO, 2019
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vations. In fact, it has shown an excellent sensitivity
to EeV neutrino and photon fluxes due to its vast col-
lecting area and its ability to efficiently discriminate
between those neutral particles and hadronic cosmic
rays. The Auger Observatory also offers a unique win-
dow to study particle physics at the high-energy fron-
tier, held by UHECRS, easily reaching centre-of-mass
energies ten times larger than the Large Hadron Col-
lider (LHC) at CERN. Observables from the EAS al-
low improving our understanding of hadronic inter-
actions at the higher energies.

2. The Pierre Auger Observatory

The Auger Observatory is located in a vast, high
area near the small town of Malargiie in western Ar-
gentina at the latitude of about 35.2° S and the al-
titude of 1400 m above the sea level. Completed in
2008, it is a hybrid detector that combines an ar-
ray of particle detectors, the Surface Detector array
(SD), to observe the secondary shower particles that
reach the ground, and Fluorescence Detector (FD)
telescopes to collect the ultraviolet-light emitted by
nitrogen air molecules during the shower development
in the atmosphere. The SD comprises 1660 water-
Cherenkov detectors (WCDs) laid out on a triangular
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grid with 1500 m spacing, covering an area of about
3000 km?. Nested within this array is a low-energy ex-
tension to the SD which is comprised of 61 identical
detectors with half the grid-spacing, 750 m, covering
an area of 23.5 km2. The FD comprises 24 telescopes
at four perimeter buildings viewing the atmosphere
over the array. A single telescope has a field of view
of 30° x 30° with a minimum elevation of 1.5° above
the horizon. Three additional telescopes, the High El-
evation Auger Telescopes (HEAT), cover an elevation
up to 60° to detect the low-energy showers in coinci-
dence with the 750 m array. The hybrid technique de-
veloped in the Auger Observatory exploits the large
aperture of the SD, operating continuously, as well
as the nearly calorimetric measurement of the shower
energy deposited in the atmosphere obtained with the
FD which, by contrast, has its on-time limited to clear
moonless nights (~13%). Thanks to the combination
of the FD and SD measurements, the energy scale of
the Observatory is set with the FD measurement with
a good control over the associated systematic uncer-
tainties. Given the fact that the atmosphere acts as a
calorimeter for the FD, a comprehensive monitoring
of the atmosphere, particularly of the aerosol con-
tent and the cloud cover, is undertaken accurately
with a set of high-quality monitoring devices, as de-
scribed in [1].

The Observatory setup is complemented by two
more detector types. The Auger Muons and Infill for
the Ground Array (AMIGA) enhancement consists of
coupling WCD and buried scintillation detectors de-
ployed in two superimposed hexagon grids: the 750 m
array and an even denser array with a 433 m spac-
ing covering an area of 1.9 km?. AMIGA provides di-
rect measurements of the muon content in air show-
ers. The Auger Engineering Radio Array (AERA)
complements the Auger Observatory with a 17 km?
array of more than 150 radio-antenna stations, co-
located with the 750 m array, that measures EAS with
energies between 10'7 eV and several 10'8 eV via their
radio emission in the 30-80 MHz frequency band. The
Auger Observatory layout is shown in Fig. 1.

3. Latest Results

Collecting scientific data since 2004, the results of
the Pierre Auger Observatory have dramatically ad-
vanced our understanding of UHECRSs during the last
decade. In this section, a brief review of the recent
highlights is given.
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3.1. Energy spectrum

The measurement of the cosmic-ray energy spectrum
is one of the cornerstones of astroparticle physics,
since it encodes the very important information
about the mechanisms of CR generation and prop-
agation. The distribution of their sources, propaga-
tion effects, transitions over the types of particles,
and classes of sources shape the spectrum.

The cosmic-ray energy spectrum above 10165 eV
up to its very end above 10%° eV has been measured
at the Auger Observatory with unprecedented statis-
tics [2]. Five independent and complementary data
sets collected between 1 January 2004 and 31 Au-
gust 2018 have been used, with a total exposure of
approximately 80000 km? sr yr. The method to de-
rive the spectra is unique in this energy region, be-
cause it is entirely data-driven and nearly free of
model-dependent assumptions about hadronic inter-
actions in air showers. Two of these data sets have
allowed the recent extension of the flux measurement
to lower energies. An extension down to £ > 10'7 eV
was made possible using the 750 m array, thanks
to the implementation of a new algorithm at the

—70
- [km]

Loma Amarilla

........... —eo

......

ooooooo _50

—a0

—30

Los
Morados

—20

—10

Los Leones

Fig. 1. Layout of the Pierre Auger Observatory. Black dots
represent the WCD positions, blue and orange lines show the
azimuthal field of views of the fluorescence telescopes. The
location of the two laser facilities (CLF and XLF) for the mon-
itoring of the atmospheric conditions are shown with red dots,
and the area equipped with radio antennas (AERA) is marked
with a light-blue circle
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WCD level [3]. This is the highest precision measure-
ment near the region of the so-called second-knee or
iron-knee, where previous experiments have shown a
change in the spectral index. In addition, using for
the first time events detected by HEAT in which the
detected light is dominated by Cherenkov radiation,
an extension of the spectrum down to £ > 106-% eV
has been achieved [4]. Both new measurements allow
studying the spectral features precisely around the
second-knee. In total, the Auger spectrum spans over
three decades in energy as shown in Fig. 2, where
three relevant spectral features are observed: the soft-
ening in the spectrum at about 107 eV (the second-
knee region), the hardening at about 5x10'® eV (the
ankle), and a strong suppression of the flux at about
50 x 10'® eV.

3.2. Anisotropies

To understand the origin of UHECRS, the study of
the distribution of their arrival directions has always
been of capital importance, despite the difficulties
that arise from the deflection they suffer due to the
Galactic and extragalactic magnetic fields. Moreover,
given the suggested trend towards a heavier composi-
tion with increasing energy that is inferred to happen
above few EeV, only at the highest observed energies,
the average deflections of CRs from an extragalactic
source are expected to be smaller than a few tens of
degrees, smearing point sources into warm/hot spots
in the sky.

The Pierre Auger Collaboration has performed sev-
eral anisotropy searches by using different techniques
at different angular scales and by covering 85% of the
celestial sphere. Among the various results, the obser-
vation of a large-scale anisotropy in the directions of
CRs with energies larger than 8 EeV stands out (post-
trial significance of 5.40) [5]. As shown in Fig. 3, the
direction of the discovered dipole strongly favoured
an extragalactic origin for the UHECR sources be-
yond the ankle. A new analysis was performed in [6]
by splitting the events with £ > 4 EeV into four
energy bins, finding an indication at the 3.70 level
of growth of the dipolar amplitude with energy, ex-
pected from models, and consistent with the extra-
galactic origin in all bins. An update of this work
by extending the study down to energies ~0.03 EeV
is presented in [7]. As shown in Fig. 4, the results
suggest that the transition from the predominantly
Galactic origin to the extragalactic one for the dipo-
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lar anisotropy is taking place somewhere between 1
and few EeV.

At higher energies, with more than 15 years of data
and with an exposure exceeding 100000 km? sr yr,
searches for an intrinsic anisotropy at small angular
scales at energies exceeding 38 EeV have revealed an
interesting possible correlation with nearby starburst
galaxies, with a post-trial significance reaching 4.5¢
in the most recent update [8]. A slightly weaker as-
sociation (3.10) with active galactic nuclei emitting
~-rays is also found in events above 39 EeV. The re-
gion with the most significant flux excess is densely
populated with different types of nearby extragalactic
objects, with its centre at 2° away from the direction
of Cen A, the nearest radio-loud active galaxy, at a
distance of less than 4 Mpc.

3.3. Multi-messenger observations

The Pierre Auger Observatory has demonstrated ca-
pability to significantly contribute to Multi-messen-
ger Astrophysics (MM) by searching for ultra-high
energy (UHE) particles, particularly neutrinos and
photons which, being electrically neutral, point back
to their origin (see [9] for a recent review).

Given the non-observation of neutrino or photon
candidates in data collected up to 31 August 2018,
upper bounds on their diffuse fluxes were obtained [10,
11], allowing one to constrain the parameter space of
cosmogenic neutrinos and photons. Scenarios assum-
ing sources that accelerate only protons with a strong
evolution with redshift are strongly constrained by
the Auger Observatory results at more than 90% C.L.

In the MM context, the Auger Observatory can
also search for neutrinos with energies above 100 PeV
from point-like sources, monitoring a large fraction
of the sky (from ~—80° to ~+60°) in the equato-
rial declination with peak sensitivities at declinations
around —53° and +55°, unmatched for arrival direc-
tions in the northern hemisphere. An excellent sen-
sitivity can also be obtained in the case of transient
sources of order an hour or less, if they occur, when
the source is in the field of view of the detection chan-
nels. The Auger Collaboration has performed sev-
eral searches for UHE neutrinos following the de-
tections of various types of transient astrophysical
sources [12]. These include binary black hole (BBH)
mergers, detected via gravitational waves (GWs) by
the LIGO Scientific Collaboration and the Virgo Col-
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Fig. 5. A 90% C.L upper limit on the time-dependent uni-
versal isotropic luminosity (solid line), together with the con-
tributions from the single sources (dashed lines). Sources not
indicated here are above the Lyp-range drawn

laboration (LVC) instruments. Follow-up searches for
the 21 events reported by LVC as BBH merger can-
didates till 2 June 2019 have been made, resulting
in no candidates found in coincidence with any of
them. As a consequence, the upper limit on a uni-
versal isotropic UHE neutrino luminosity as a func-
tion of the time after the merger was obtained, as
shown in Fig. 5. Another source of interest is TXS
0506 + 056, a powerful blazar that was found to emit
an energetic neutrino candidate event correlated to a
gamma-ray flare, along with a burst of events ear-
lier in the same direction [13]. This blazar is thus
the first identified source of neutrinos in the hun-
dreds of TeV range. The Auger Collaboration per-
formed follow-up searches for UHE neutrinos from
the direction of TXS 0506 + 056 during the peri-
ods of increased emission of high-energy photons and
neutrinos, resulting in the non-observation of neu-
trino candidates. Regarding UHE photons, the search
for point-like sources yielded no significant deviations
from background expectations for Galactic sources
and nearby extragalactic sources, the only targets ac-
cessible with photons in the EeV range.

The prominent role of the Pierre Auger Observa-
tory as a multi-messenger observatory at the EeV
range made it both a triggering and a follow-up part-
ner in the Astrophysical Multi-messenger Observa-
tory Network (AMON) [14], which establishes and
distributes alerts for cimmediate follow-up by sub-
scribed observatories.

111



1. Valino et al.

3.4. Particle Physics at UHE:
measurement of the muon content
in cosmic-ray showers

In the quest of understanding how particles interact
with another ones at energies much higher than those
attainable at human-made particle accelerators, the
UHECRS entering Earth’s atmosphere play a key role
in providing such high-energy collisions. The show-
ers analyzed by the Auger Collaboration come from
atmospheric cosmic-ray collisions with centre-of-mass
energies ten times higher than the collisions produced
at the LHC. Using these showers, the Auger Collabo-
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Fig. 6. Top: Average number of muons as a function of the
depth of the shower maximum development. Bottom: Shower-
to-shower fluctuations in the number of muons as a function of
the primary cosmic-ray energy [17]
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ration found, for the first time, an excess in the num-
ber of muons that arrive at the ground from cosmic-
ray showers in comparison with expectations from
models using LHC data as input [15-17]. One of the
most direct measurements demonstrating this excess
at 10'? eV is shown in the top panel of Fig. 6. The
level of discrepancy depends on the hadronic model,
and only SYBILL 2.3 ¢ predictions are barely compat-
ible with data within systematic uncertainties. The
results of the Auger Collaboration are included in
a recent meta-analysis of muon measurements in air
showers with energies from PeV up to tens of EeV
performed by eight air-shower leading experiments
[18]. They found the muon measurements seem to be
consistent with simulations based on the latest gen-
eration of hadronic interaction models up to about
1016 eV. Above this energy, most experimental data
show a muon excess with respect to model predictions
that gradually increases with energy. This result may,
therefore, suggest that our understanding of hadronic
interactions at the higher energies is incomplete.

The measurement of shower-to-shower fluctuations
in the number of muons in air showers allows one to
constrain the available phase space for exotic expla-
nations of the muon excess. In [17], the Pierre Auger
Collaboration presents the first measurement of the
fluctuations in the number of muons in inclined air
showers with energies above 4 x 10'® eV. As shown
in the bottom panel of Fig. 6, the observed fluctu-
ations fall in the range of the predictions from air
shower simulations with current models and, in fact,
are compatible with the expectation from composi-
tion data [19]. As discussed in [17], this result sug-
gests that the first high interaction in the shower is
reasonably well described by models in this energy
range. The likely explanation for the disagreement in
the average value is that a small discrepancy in the
particle production exists at all energies, which then
is accumulated as the showers develop to create the
deficit in the number of muons finally observed at the
ground in simulations.

4. AugerPrime, the Observatory Upgrade

Despite a large number of valuable results as those de-
scribed above, the many unknowns about UHECRs
and hadronic interactions prevent the emergence of
a uniquely consistent picture that would help us to
understand the very complex astrophysical scenario
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Fig. 7. Photograph of an upgraded station of the SD, featur-
ing the SSD on top of the WCD

resulting from the Pierre Auger Observatory mea-
surements. The understanding of the nature and the
origin of the highest-energy cosmic rays remains an
open science case that calls for an upgrade of the Ob-
servatory, called AugerPrime [20]. AugerPrime aims
for the collection of a new information about the
primary mass of the cosmic rays on a shower-by-
shower basis from a high statistics sample of UHE
events, by discriminating the electromagnetic and
muonic components in air showers with SD-based
observables.

The main element of the upgrade consists of 3.8 m?
plastic scintillator detectors (SSD) on the top of each
of the 1660 WCDs as illustrated in Fig. 7. The differ-
ent sensitivity of the two detectors to the electromag-
netic and muonic shower components is used to disen-
tangle them. Other key elements of AugerPrime are
an additional small photomultiplier (PMT) installed
in the WCD for the extension of the dynamic range,
and new SD electronics to process signals with higher
sampling frequency and enhanced amplitude resolu-
tion. The upgrade will also be complemented by ex-
tending the FD measurements into the periods of a
higher night-sky background, to increase the on-time
of the FD about 50%. Finally, based on the AERA
results, a new project for adding a radio antenna on
the top of each WCD is now on-going [21]. The new
detectors will operate together with the WCD+SSD,
forming a unique setup to measure the properties of
showers above 107 eV.

The Engineering Array of 12 upgraded stations has
been taking data in the field since late 2016. As of
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July 2019, over 300 SSDs have been deployed, of
which 77 are operational, and the production of all
the SSDs is nearing its end. The deployment of the
AugerPrime should be completed in 2020. Operations
and full data-taking are planned at least until 2025.
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OBCEPBATOPIS IILEPA OKE
BUBYAE I'PAHUII HAMBUIIIMX EHEPTIN

Peszowme

Mu npesncTaBisieMO OCHOBHI pe3yJibraTy, orpuMani Komabopa-
niero Pierre Auger, MeTOI0 SIKHX € IOIIYK 3araJIKOBUX JIZKEPEJT
KOCMIYHUX IIPOMEHIB HAIBUCOKUX €HEPriii — YACTUHOK 3 HABU-
moro eneprieo y Beecsiti. O6cepBaTopisi OCTIHHO, BKe BIPO-
0B2K 15 pOKIB, HPOJAYKY€E AKICHI JaHi, sIKi IPUBEJN 10 HUKHU
BiAKpuTTiB B obsacTi di3uKH TACTHHOK HAIBHCOKUX €HEPTiil.
IHTeprIpeTalliss OTpUMaHNUX PE3YJIbTATIB IMOPO/IKYE TAKOXK HO-
Bi muTaHHs, BiAIOBiAL Ha KOTPi JacTh HUHINIHSA MOJepHi3aIlis
(upgrade) O6cepsaropii Pierre Auger.
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LATEST RESULTS FROM NEUTRINO
OSCILLATION EXPERIMENT DAYA BAY

The Daya Bay Reactor Neutrino Ezperiment was designed to measure 013, the smallest mizing
angle in the three-neutrino mizing framework, with unprecedented precision. The experiment
consists of eight identically designed detectors placed underground at different baselines from
three pairs of nuclear reactors in South China. Since Dec. 2011, the experiment has been run-
ning stably for more than 7 years, and has collected the largest reactor antineutrino sample to
date. Daya Bay greatly improved the precision on 613 and made an independent measurement
of the effective mass splitting in the electron antineutrino disappearance channel. Daya Bay
also performed a number of other precise measurements such as a high-statistics determination
of the absolute reactor antineutrino flux and the spectrum evolution, as well as a search for the
sterile neutrino mixing, among others. The most recent results from Daya Bay are discussed
in this paper, as well as the current status and future prospects of the experiment.

Keywords: neutrino oscillation, neutrino mixing, reactor, Daya Bay.

1. Daya Bay Neutrino Experiment

The Daya Bay Reactor Neutrino Experiment was de-
signed to measure 013, the smallest mixing angle in
the three-neutrino mixing framework, with unprece-
dented precision [1]. The experiment profits from a
rare constellation of a nuclear power station com-
plex situated near Hong Kong and adjacent moun-
tains. The reactors serve as the source of neutrinos,
while the mountains provide a sufficient overburden
suppressing cosmic muons — the strongest background
source (see Fig. 1). The Daya Bay and Ling Ao nu-
clear power plant (NPP) reactors (red circles) were
situated on a narrow coastal shelf between the Daya
Bay coastline and inland mountains.

At the time of the measurement, the facility con-
sisted of six pressurized water reactors (PWRs). The
electron antineutrinos are emitted in the beta-decay
of fission fragments released in the chain reac-
tion. The antineutrino flux and the energy spectrum
is determined by the total thermal power of the re-
actor, the fraction of each fissile isotope in the fuel,
the fission rate of each isotope, and the energy spec-
trum of neutrinos from each isotope. All the reactors
have the same thermal power 2.9 GW,;, each and all
together produced roughly 3.5 x 102! 77, /s with ener-

© V. VOROBEL, 2019
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gies up to 8 MeV making it one of the most intense
U, sources on the Earth.

Two antineutrino detectors installed in each under-
ground experimental hall near to the reactors (Hall 1
and Hall 2) measured the v, flux emitted by the re-
actors, while four detectors in the far experimental
hall (Hall 3) measured a deficit in the v, flux due to
oscillations in the location, where the neutrino oscil-
lation effect is expected to be the strongest. Such con-
figuration allows one to suppress the reactor-related
uncertainty in the measured neutrino flux. The dis-
appearance signal is most pronounced at the first os-
cillation minimum. Based on the existing accelerator
and atmospheric neutrino oscillation measurements,
this corresponded to the distance Ly ~ 1.6 km for
the reactor v, with a mean energy of 4 MeV. The
detectors were built and initially tested in a surface
assembly building (SAB), transported to a liquid scin-
tillator hall for the filling, and then installed in an
experimental hall.

The detection of antineutrinos is based on the
same principle as in the famous experiment of Reines
and Cowan [2], who registered reactor antineutri-
nos in 1956. A sensitive part of the detector con-
sists of a hydrogen-rich liquid scintillator doped with
gadolinium (Reines and Cowan used Cd instead as
the dopant). Antineutrino interacts via the inverse
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Fig. 1. Layout of the Daya Bay Neutrino Experiment

beta-decay (IBD)
Vo+p—et +n

with a proton (hydrogen) giving rise to a neutron
and a positron. The positron deposits its kinetic en-
ergy to the scintillator, then annihilates on an elec-
tron, and generates two gamma rays, each 511 keV
which together with the deposited positron kinetic
energy cause a “prompt signal” within a few nanosec-
onds. The neutron is first moderated and then is cap-
tured on Gd typically 30 ns after the prompt sig-
nal. Consequently, a cascade of gamma quanta with
a total energy of 8 MeV is emitted and generates a
“delayed signal”. The appearance of the two signals
“prompt” and “delayed” is a signature of the antineu-
trino registration.

The Daya Bay antineutrino detector modules have
an onion-like structure (see Fig. 2, left). The inner-
most volume is filled with 20 tons of the Gd-loaded
liquid scintillator (GdLS) serving as the antineutrino
target. The second layer — the gamma catcher — is
filled with additional 20 tons of a normal liquid scin-
tillator (LS) which can register most of the gamma
energies from the neutron capture or positron anni-
hilation. Neutrino interactions in the gamma catcher
will not satisfy the trigger, since only the signal of
the neutron-capture on Gd will trigger a neutrino
event. The outer-most layer is normal mineral oil
(MO) that shields the radiation from the PMT glass
from entering the fiducial volume. The two inner ves-
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sels are fabricated of PMMA which is transparent for
optical photons and chemically resistant against the
used liquids, the outer-most 5 m by 5 m tank is made
of a stainless steel and is equipped with 192 8-inch
PMTs. Specular reflectors are located above and be-
low the outer PMMA vessel to improve the light col-
lection uniformity, while the vertical wall of the de-
tector is black. Three automated calibration units are
used to deploy radioactive sources (°*Co, %¥Ge, and
21 Am-13C) and light-emitting diodes through nar-
row teflon-bellow penetrations into the GALS and LS
regions.

After the filling, the antineutrino detectors were in-
stalled in a 10 m deep water pool in each underground
experimental hall, as shown in Fig. 2, right. The wa-
ter shielded the detectors from ~v-rays arising from
the natural radioactivity and muon-induced neutrons,
which were primarily emanated from the cavern rock
walls. The pool was optically separated into two in-
dependent regions, the inner (IWS) and outer wa-
ter shields (OWS). Both regions were instrumented
with PMTs to detect the Cherenkov light produced
by cosmogenic muons. A 4-layer resistive plate cham-
ber (RPC) system was installed over the pool, which
served in studies of muons and muon-induced back-
grounds. The identification of muons which passed
through the IWS, OWS, and RPC system enhanced
the rejection of the background from neutrons gen-
erated by muon interactions in the immediate vicin-
ity of the antineutrino detectors. Each detector (ADs,
IWS, OWS) operated as an independently triggered
system.

2. Results
2.1. Oscillation analysis based on n-Gd [3]

The presented results are from the analysis of data
collected in the Daya Bay experiment with 6 detectors
in 217 days (Dec/2011-Jul/2012), with 8 detectors in
1524 days (Oct/2012-Dec/2016), and with 7 detec-
tors in 217 days (Jan/2017-Aug/2017). During 1958
days of operation, the Daya Bay experiment collected
more than 3.5 millions inverse beta decays in the near
halls and more than 0.5 million IBD have been de-
tected in the far hall. The daily rate is ~2500 IBD
events in the near halls and ~300 IBD in the far hall.

The distortion of the energy spectrum at the far
hall relative to near halls was consistent with oscilla-
tions and allowed the measurement of |Am?2,|. The
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parameters of the three-flavor model in the best
agreement with the observed rate and energy spec-
tra were

sin 2203 = 0.0856 + 0.0029,

|Am?,| = [2.522700%8] x 107% eV?,
Am3,(NH) = +[2.47110088] x 1073 eV?,
Am2,(TH) = —[2.57570588] x 1073 eV

The AmZ, values were obtained under the as-
sumptions of normal (NH) and inverted (IH) mass
orderings.

ISSN 2071-0186. Ukr. J. Phys. 2019. Vol. 64, No. 7

Figure 3 — left, shows the observed electron sur-
vival probability as a function of the effective base-
line L.y; divided by the average antineutrino energy
(E,). Almost one full oscillation disappearance and
reappearance cycle was sampled, given the range of
L/E, values which were measured.

The confidence intervals for Am?2, versus sin 2263
are shown in Fig. 3 — right. The 1o, 20, and 30 2-D
confidence intervals are estimated using Ax? values
of 2.30 (red), 6.18 (green), and 11.83 (blue) relative
to the best fit. The upper panel provides the 1-D Ay?
for sin 226,53 obtained by profiling |[Am?2,| (blue line),
and the dash lines mark the corresponding lo, 20,
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Fig. 4. Constraints for a sterile light neutrino provided by Daya Bay [13] — left, and the combined analysis
of data from MINOS and Daya Bay/Bugey-3 [14] — right

and 3o intervals. The right panel is the same, but for
|Am?2,|, with sin 2263 profiled. The point marks the
best estimates, and the error bars display their 1-D
lo confidence intervals.

The Daya Bay results are compatible with the
sin2260;5 results provided by other experiments:
RENO [4], D-CHOOZ [5], T2K [6], MINOS [7],
and |Am3,| values provided by RENO [4], T2K 6],
MINOS [8], NOvA [9], Super-K [10], and IceCube
[11]. While the accuracy of determination of |Am3,|
is comparable with T2K and MINOS, the determi-
nation of sin 2263 is more than twice more accurate
than other results.

2.2. Oscillation analysis based on n-H [12]

The alternative analysis of data taken in 621 days and
based on the events in which the neutron from IBD
is captured on hydrogen results in

sin 22615 = 0.071 4+ 0.011.

The combination of the n-H and n-Gd results from
1230 days data gives the 8% improvement in preci-
sion:

sin 22615 = 0.082 4 0.004.

2.3. Search for Light Sterile Neutrino

The large statistics collected with the full configura-
tion of eight detectors in the Daya Bay experiment
allowed a new precise analysis with aim to search
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for a light sterile neutrino [13]. A relative comparison
of the rate and energy spectrum of reactor antineu-
trinos in the three experimental halls yields no evi-
dence of the sterile neutrino mixing in the 2 x 1074 <
< |Am3,| < 0.3 eV? mass range. The resulting limits
on sin 226, 4 shown in Fig. 4 — left, constitute the most
stringent constraints to date in the |[Am?,| < 0.2 eV?
region.

Searches for a light sterile neutrino have been in-
dependently performed by the MINOS and Daya Bay
experiments using the muon (anti)neutrino and elec-
tron antineutrino disappearance channels, respective-
ly. Results from both experiments are combined with
those from the Bugey-3 reactor neutrino experiment
to constrain oscillations into light sterile neutrinos
[14]. The three experiments are sensitive to comple-
mentary regions of the parameter space, enabling the
combined analysis to probe the regions allowed by the
LSND and MiniBooNE experiments in a minimally
extended four-neutrino flavor framework. Stringent
limits on sin?26,,. are set over six orders of magni-
tude in the sterile mass-squared splitting Am?2,. The
sterile-neutrino mixing phase space allowed by the
LSND and MiniBooNE experiments is excluded for
Am3, < 0.8 eV?Z at 95% CLs, see Fig. 4 — right.

2.4. Reactor antineutrino
flux and spectrum anomalies [15]

Data collected in 1230 days were used to measure
the IBD yield in four near detectors. The new av-
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erage IBD yield is determined to be (5.91 &+ 0.09) x
x 10743 cm?/fission, and the updated ratio of mea-
sured to predicted flux was found to be 0.952 +
0.014 £+ 0.023 and 1.001 + 0.015 4 0.027 for the Hu-
ber + Mueller and ILL + Vogel models, respectively,
where the first and second uncertainties are experi-
mental and theoretical model uncertainties, respec-
tively. The tension with respect to the theoretical
predictions is consistent with other experiments, see
Fig. 5 — left. In particular, an excess of events in the
region of 4-6 MeV was found in the measured spec-
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trum, with a local significance of 4.40, see Fig. 5 —
right.

2.5. Evolution of the reactor
antineutrino flux and spectrum [16]

The data taken by the detectors in two near halls in
1230 days spanning multiple fuel cycles for each of the
reactors were used for the investigation of the evolu-
tion of the antineutrino flux and spectrum. Weakly
effective fission fractions values corresponding to the
fission isotopes 235U, 238U, 239Puy, and 2*!'Pu for each

119




V. Vorobel

detector were calculated using thermal power and fis-
sion fraction data for each core, which were provided
by the power plant.

A decrease of the total IBD yield/fission with in-
crease of the effective fission fraction Fhsg of 239Pu
(larger fuel burn-up) was clearly observed. Individual
yields o935 and o939 from the main flux contributors
235U and 239Pu, respectively, were fitted, see Fig. 6 —
left. The discrepancy in a variation of the antineu-
trino flux from 23U with respect to the reactor fuel
composition model prediction suggests a 7.8% overes-
timation of the predicted antineutrino flux from 23°U
and indicates that this isotope could be the primary
contributor to the reactor antineutrino anomaly.

2.6. Reactor antineutrino
spectrum decomposition [17]

The analysis of 3.5 milions of events taken during
1958 days in four near antineutrino detectors allows
the partial decomposition of the antineutrino spec-
tra — see Fig. 6 — right. The IBD yields and prompt
energy spectra of 23°U and 23°Pu are obtained using
the evolution of the prompt spectrum as a function
of the fission fractions. The analysis confirms the dis-
crepancy between the measured spectrum shape and
the prediction. The deviation is 5.30 and 6.3¢ in the
energy interval 0.7-8 MeV and in a local energy in-
terval of 4—6 MeV, respectively.

The comparison of the measured and predicted
235U and 2°Pu IBD yields preferes an incorrect pre-
diction of the ?3°U flux as the primary source of the
reactor antineutrino rate anomaly. The discrepancy
in the spectral shape for 23°U suggests the incorrect
spectral shape prediction for the 23°U spectrum. Ho-
wever, no such conclusion can be drawn for the 239Pu
spectrum due to a larger uncertainty.
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B. Bopobea
610 imeni Konabopayii Daya Bay

HOBITHI PE3VJIBTATU
3 EKCIIEPUMEHTY HEUTPUHHNIX
OCLIMJIALIN DAYA BAY

Peszmowme

Excnepument 3 peakropaumu neiirpuao DAYA BAY zagymano
JUIst BUMipIoBaHHsI ©13 — HalMEHIIIOIO KyTa B paMKaX TPHHEN-
TPUHHOIO 3MiNIyBaHHs — 3 6e3IIperieeHTHOIO TouHicTIo. EXcie-
PUMEHTAJIbHA CHCTEMA CKJIAJAETHCA 3 BOCBMU OJJHAKOBUX JeTe-
KTOPIB, PO3MIIIEHNX MiJl 3eMJIEIO Ha PI3HUX OA30BUX BiJICTAHSIX

ISSN 2071-0186. Ukr. J. Phys. 2019. Vol. 64, No. 7

Bijg Tprox map saepuux peaxrtopis IliBmennoro Kwuraro. ITo-
gyunato4n Big 2011 poky, eKCrepuMeHTaJbHa CHCTEMA IIPAIIOE
cTabliIbHO BIPOZOBK Oinbmr HiK 7 POKIB Ta HakomIWYMIa HaN-
Olyibllle sIK Ha CHOTOJIHI JIAHUX PO PEAKTOPHI aHTUHEHATPUHO.
DAYA BAY 3Ha4HO NOKpaluB TOYHICTH ©13 i BUKOHAB He-
3aJie?KHi BUMipIOBaHHsI €(eKTUBHOIO PO3IIEIJIEHHST Mac B Ka-
HaJll 3HUKHEHHsI eJleKTpoHHOoro HedTpuno. DAYA BAY nposis
TAKOK 1HII TOYHI €KCIIEPUMEHTH, TaKi K BUMIPDIOBaHHS 3 BHU-
COKOIO TOYHICTIO aDCOJIIOTHOTO IIOTOKY PEAKTOPHUX HEATPUHO
i IXHBOI'O CIIEKTpa, & TAKOXK IONIYK 3MIIIyBaHHSI CTEPUIBHHUX
HeiirpuHo. B maniit po6oTi 00roBOpIOIOTHCH HOBITHI pe3yJsibTa-
1 3 DAYA BAY, a Takox CydacHHil CTaH Ta [I€PCIEKTUBHU
E€KCIIEPUMEHTY.
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EFFECTS OF SUPERSTATISTICS
ON THE LOCATION OF THE EFFECTIVE
QCD CRITICAL END POINT

Effects of the partial thermalization during the chiral symmetry restoration at the finite tem-
perature and quark chemical potential are considered for the position of the critical end point
in an effective description of the QCD phase diagram. We find that these effects cause the
critical end point to be displaced toward larger values of the temperature and lower values of
the quark chemical potential, as compared to the case where the system can be regarded as
completely thermalized. These effects may be important for relativistic heavy ion collisions,
where the number of subsystems making up the whole interaction volume can be linked to the
finite number of participants in the reaction.

Keywords: superstatistics, QCD phase diagram, critical end point, relativistic heavy-ion

collisions.

The usual thermal description of a relativistic heavy-
ion collision assumes that the produced matter
reaches equilibrium, characterized by values of the
temperature 7" and the baryon chemical potential p,
common within the whole interaction volume, after
some time from the beginning of the reaction. The
system evolution is subsequently described by the
time evolution of the temperature down to a ki-
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netic freeze-out, where particle spectra are estab-
lished. This implicitly assumes the validity of the
Gibbs—Boltzmann statistics and system’s adiabatic
evolution.

For expansion rates not too large compared to the
interaction rate, the adiabatic evolution can perhaps
be safely assumed. However, the Gibbs—Boltzmann
statistics can be applied only to systems in the ther-
modynamical limit, namely, long after the relaxation
time has elapsed and the randomization has been
achieved within system’s volume. In the case of a rela-
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tivistic heavy-ion collision, the reaction starts off from
nucleon-nucleon interactions. This means that the en-
tire reaction volume is made, at the beginning, of a
superposition of interacting pairs of nucleons. If the
thermalization is achieved, it seems natural to assume
that it starts off in each of the interacting nucleon pair
subsystems and later spreads to the entire volume. In
this scenario, the temperature and chemical potential
within each subsystem may not be the same for other
subsystems. Thus, a superposition of statistics, one
in the usual Gibbs-Boltzmann sense for particles in
each subsystem and another one, for the probabil-
ity to find particular values for 7" and p for different
subsystem, seems appropriate. This is described by
the so-called superstatistics scenario which describes
a nonextensive behavior that naturally arises due to
fluctuations in T or p over the system’s volume. This
feature could be of particular relevance, when study-
ing the position of the critical end point (CEP) in
the QCD phase diagram, where one resorts to mea-
suring ratios of fluctuations in conserved charges with
the expectation that the volume factor cancels out in
the ratio. If the thermalization is not complete, this
expectation cannot hold, and a more sophisticated
treatment is called for.

From the theoretical side, efforts to locate the CEP
employing several techniques [1-20] were recently car-
ried out. In all of these cases, the full thermaliza-
tion over the whole reaction volume has been as-
sumed. From the experimental side, the STAR BES-
I program has recently studied heavy-ion collisions
in the energy range 200 GeV > /syny > 7.7 GeV
[21]. Future experiments [22-24] will continue to tho-
roughly explore the QCD phase diagram, using dif-
ferent system sizes and varying the temperature and
baryon density using different collision energies down
to about \/syn ~ 5 GeV.

The superstatistics scenario has been explored in
the context of relativistic heavy-ion collisions in many
papers, e.g. Refs. [25-41] and references therein, with
a particular focus on the study of imprints of the su-
perstatistics on the particle production, using a par-
ticular version, the so-called Tsallis statistics [42]. Its
use in the context of the computation of the rapidity
distribution profile for the stopping in heavy ion colli-
sions has been recently questioned in Ref. [43]. It has
also been implemented to study generalized entropies
and generalized Newton’s law in Refs. [44-47]. The
superstatistics concept has been nicely described in

124

Refs. [48, 49]. In this work, we summarize the find-
ings of Ref. [50] describing the implications of the
superstatistics, when applied to temperature fluctua-
tions for the location of the CEP in the QCD phase
diagram.

For a system that has not yet reached a full equi-
librium and contains space-time fluctuations of an in-
tensive parameter 3, such as the inverse temperature
or chemical potential, one can still think of dividing
the full volume into spatial subsystems, where [ is
approximately constant. Within each subsystem, one
can apply the ordinary Gibbs-Boltzmann statistics,
namely, one can use the ordinary density matrix giv-
ing rise to the Boltzmann factor e ## | where H cor-
responds to the Hamiltonian for the states in each
subsystem. The whole system can thus be described
in terms of a space-time average over the different val-
ues that S8 could take for the different subsystems. In
this way, one obtains a superposition of two statistics,
one referring to the Boltzmann factor e ## and the
other for 3, hence, the name superstatistics.

To implement the scenario, one defines an averaged
Boltzmann factor

B(I) = / F(B)e PP ap, 1)
0

where f(f) is the probability distribution of 5. The
partition function then becomes

o0

Z = Ty[B(H)] = / B(E)dE, 2)

where the last equality holds for a suitably chosen set
of eigenstates of the Hamiltonian.

When all the subsystems can be described with the
same probability distribution [44], a possible choice to
distribute the random variable 3 is the x? distribu-
tion,

1 N N/2
10~ o () A @

where I' is the Gamma function, N represents the
number of subsystems that make up the whole sys-
tem, and

By = / B1(8)dB = (5) (4)
0
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is the average of the distribution. The x? is the dis-
tribution that emerges for a random variable that is
made up of the sum of the squares of random vari-
ables X;, each of which is distributed with a Gaus-
sian probability distribution with vanishing average
and unit variance. This means that if we take

N
p=> X7, (5)
i=1

then § is distributed according to Eq. (3). Moreover,
its variance is given by

(6%~ 63 = 3. (6)

Given that § is a positive definite quantity, thinking
of it as being the sum of positive definite random
variables is an adequate model. Note, however, that
these variables do not necessarily correspond to the
inverse temperature in each of the subsystems. Ne-
vertheless, since the use of the y? distribution allows
for an analytical treatment, we hereby take this as
the distribution to model the possible values of 5.
To add superstatistics effects to the dynamics of
a given system, we first find the effective Boltzmann
factor. This is achieved by taking Eq. (3) and substi-
tuting it into Eq. (1). The integration over g leads to

B(H) = <1 + ;ﬁoﬁ)z. (7)

Note that, in the limit as N — oo, Eq. (7) becomes
the ordinary Boltzmann factor. For large, but finite
N, Eq. (7) can be expanded as

2
1+% (;)BSHZ ;(if) BEH3+ ...
(8)

Working up to first order in 1/N, Eq. (8) can be writ-
ten as [48]

B(H) = e P <1+ FH +> =

Bl

B(H)= e

N

B (oY
1+N<860> + ...

Therefore, the partition function to the first order in
1/N is given by

B (oY
1+N(aﬂo> + ...
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ePoH (9)

7= Zo (10)

with
Zy = eV, (11)

where V and Ve are the system’s volume and effec-
tive potential, respectively. After a bit of a straight-
forward algebra, we write the expression for the par-
tition function in terms of Ty = 1/, as

B (oY
Z2=l1+2 (2 | z=
+N 9%, + 0
oy (92  To*Zo
=27y |1 — + — 12
0[ " NZ, (8T0 3 8T§>]’ (12)

and, therefore,

In[Z] = In[Zy] + In {1 + 2Ty <8ZO

NZ,

L T 0%
oT, = 2 012 )]

(13)

To explore the QCD phase diagram from the point
of view of chiral symmetry restoration, we use an ef-
fective model that accounts for the physics of sponta-
neous symmetry breaking at finite temperature and
density: the linear sigma model. In order to account
for the fermion degrees of freedom around the phase
transition, we also include quarks in this model and
work with the linear sigma model with quarks. The
Lagrangian in the case where only the two lightest
quark flavors are included is given by

2

L= 5(0,0) + 50, + S (0> + 1) +

F2(0% 4 722 4 iy 00 — gl + i mNE, (1)
where 9 is an SU(2) isospin doublet, 7w = (1, 72, 73)
is an isospin triplet, ¢ is an isospin singlet, X is the
boson’s self-coupling, g is the fermion-boson coupling,
and a? > 0 is the squared mass parameter.

To allow for an spontaneous symmetry breaking,
we let the o field develop a vacuum expectation

value v
o— o+, (15)

which serves as the order parameter to identify the
phase transitions. After this shift, the Lagrangian can
be rewritten as

L= %(8“0)2 - % (3\? —a®) 0® +

125



A. Ayala, M. Hentschinski, L.A. Herndndez et al.

+ 1(8 m)? — 1 (M? —a®) 7® + ajv2 +
24 2 2
A _ _ .
- ZU4 + Wy O — gupyp + EZI) + E}‘7 (16)

where the sigma, three pions, and the quarks have
masses given by

m?2 = 3 ? — a2,
m2 = \? — a?, (17)
mf - g'U,
respectively, and £% and £f are given by
A
rr — (g2 2\2
1=yl ) (18)

L] = —gi(o +ivsT TN,

Equation (18) describes the interactions among the
o, w, and v fields after the symmetry breaking.

In order to analyze the chiral symmetry restora-
tion, we compute the effective potential at finite tem-
perature and density. In order to account for plasma
screening effects, we also work up to the contribu-
tion of ring diagrams. All matter terms are computed
in the high-temperature approximation. The effective
potential is given by [20]

(a2+2502)vz (A+46A>v4+

n (- L1
61r2 "\arrg) T E T

_(mi+ H(To,uq>>3/2To} .

VEH(,Ua T07 ,uq) = -

+Zﬂ{

24 2
=T, m?T,
. 0 b0

90 24 127
m4
f -
R AHEOREE
f=u,d

0 iy o1 ip
—v < 27r%> —v <2 - 271'%0)

—8m§T02{L12( eta/To) 4+ Liy(—e Mq/To)}_’_

+ 32T [Li4(—e“«/T°) + Lig(—e~Ha/ TO)}}, (19)

where p, is the quark chemical potential, and da?
and d\ represent the counterterms which ensure that
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the one-loop vacuum corrections do not shift the po-
sition of the minimum or the vacuum mass of the
sigma. These counterterms are given by

S — o (8¢ — 1202 — 3A21n[2))
B 327\ ’ (20)
Sy (16 4 81n[g?/A])g* — (18 + 91n[2])\?
6472 '

The self-energy at finite temperature and quark
chemical potential, II(T, 1), includes the contribu-
tion from both bosons and fermions. In the high tem-
perature approximation, it is given by [20]

, T2
(T, ptq) = =Ny Neg” =2

—tq/To LCTOQ
e )} +
To implement superstatistics corrections, we substi-
tute Eq. (19) into Eq. (11). The partition function
is obtained from Eq. (12) and the effective potential
including superstatistics effects is obtained from the
logarithm of this partition function,

[Ll (—eta/To) 4

+ Lis(— (21)

Vilh = — g5 nl2)
As a consequence, the effective potential of Eq. (22)
has four free parameters. Three of them come from
the original model, namely, A\, g and a. The remain-
ing one corresponds to the superstatistics correction,
N. In the absence of superstatistics, the effective po-
tential in Eq. (19) allows for the second- and first-
order phase transitions, depending on the values of
A, g and a, as well as of Ty and p4. For given val-
ues of A, g, and a, we now proceed to analyze the
phase structure that emerges, when varying N, pay-
ing particular attention to the displacement of the
CEP location in the Tp, g plane.

The figure shows the effective QCD phase diagram
calculated with a = 133 MeV, g = 0.51, and A =0.36
for different values of the number of subsystems mak-
ing up the whole system, N. For the different curves,
the star shows the position of the CEP. Note that
this position moves to larger values of T" and lower
values of p,, with respect to the CEP position for
N = oo, that is, without superstatistics effects, as IV
decreases. Note also that, for these findings, we have
not considered fluctuations in the chemical poten-
tial. Those have been included to study the CEP po-
sition in the Nambu—Jona-Lasinio model in Ref. [53].

(22)
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Our findings show that fermions become more rel-
evant for lower values of the baryon chemical poten-
tial, than they do in the case of the homogeneous sys-
tem. To picture this result, as above, let (u2, TY) and
(e, Te) be the critical values for the baryon chemical
potential and temperature at the onset of first-order
phase transitions for the homogeneous and fluctuat-
ing systems, respectively. The parameter that deter-
mines, when fermions become relevant, is the combi-
nation p/T?. Since our calculation for a single-boson
degrees of freedom shows that the critical tempera-
ture decreases with decreasing the number of subsys-
tems (see Ref. [50]), this means that, for the boson-
fermion fluctuating system, fermions become relevant
for pu./T. ~ ul/T? and, thus, for p. < p?.

To apply these considerations to the context of rel-
ativistic heavy-ion collisions, we recall that temper-
ature fluctuations are related to the system’s heat
capacity by
1-9 (T-T)?

= 2
= 7 (23)

where the factor (1 — &) accounts for deviations [54]
from the Gaussian [55] distribution for the random
variable T. The right-hand side of Eq. (23) can be
written in terms of fluctuations in S as

(T —To)?) (%)~ T3 _ B3~ (5% _

73 T3 (82)
82\ 52 2
() (8% - 8t
=Y 24
7 .
Note that, according to Eq. (6),
8\ Y
O — ~ —_
<<52‘>> - (1+2/N) ~1-4/N. (25)
Therefore, for N finite, but large,
(T-T0)*) _ (8% -5
w8 (26)
Using Egs. (6) and (26), we obtain
<(T — T0)2> _ z (27)

T2 N’
This means that the heat capacity is related to the
number of subsystems by
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Effective QCD phase diagram calculated with a = 133 MeV,
g = 0.51, and A = 0.36 for different values of N. The star shows
the position of the CEP which moves toward larger values of
T and lower values of pq, as N decreases

To introduce the specific heat ¢, for a relativistic
heavy-ion collision, it is natural to divide C,, by the
number of participants IV, in the reaction. Therefore,
Eq. (28) can be written as

2 _(1-9

i . 29
N Npc, (29)

In Ref. [54], € is estimated as £ = N,/A, where A
is the smallest mass number of the colliding nuclei.
Equation (29) provides the link between the num-
ber of subsystems in a general superstatistics frame-
work and a relativistic heavy-ion collision. It has been
shown [56] that, at least for Gaussian fluctuations, ¢,
is a function of the collision energy. Therefore, in or-
der to make a thorough exploration of the phase dia-
gram, as the collision energy changes, we need to ac-
count for this dependence, as well as to work with val-
ues of the model parameters A, g, and a, appropriate
to the description of the QCD phase transition. Work
along these lines is currently underway and will be re-
ported elsewhere.
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BIL/IVIB CYIIEPCTATUCTUKU
HA ITOJIOXKEHHYA KPUTUYHOT KIHITEBOI
TOYKHN B EOEKTUBHIN KX/

PeszwwMme

B pamkax edexruBrol Mozemi dhazosol miarpamu KX /I posris-
JIA€ThCsl BIUIMB YaCTKOBOI TepMaJi3allil Imiji Jac BiTHOBJIEHHS
KipaJIbHOI CUMeTpil IIpU CKiHYEHHUX TeMIepaTypi i XiMidyHOMy
THOTEeHI[iaJi KBapKiB Ha IOJIO?KEHHSI KPUTUIHOI KiHI[€BOI TOYKH.
Mu nokaszasu, mo 11 edeKTH CIPUIUHAIOTD 3MIIIEHH KPUTH-
9HOI TOYKM B OiK OLIBIIMX TeMIEepaTyp Ta MEHIINX 3HaYeHb
XiMIiYHOrO IHOTEHIia/JIy KBapKiB IO BiJHOIIEHHIO O IOBHICTIO
TepMaJiizoBaHol cucremu. Lli edekTrn MOXKYTh OYTH BarKJIUBU-
MU JijIs1 3iTKHEHb PeJIATUBICTCHKHUX BaXKKHUX 10OHIB, Jie¢ {UHCJIO
mijicucTeM, 10 3alOBHIOIOTH BECh 00’€M, MOXKHA IIOB’S3aTH 31
CKIHYEHHMM YHCJIOM YaCTUHOK B PEaKIil.
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HADRONIC SUPERSYMMETRY FROM QCD

The evolution of hadronic mass formulae with special emphasis on group theoretical descrip-
tions and supersymmetry suggested by QCD and based on quark-antidiquark symmetry is
shown, with further comments on possible applications to a Skyrme-type models that may
compete with the potential quark models in the future.

Keywords: supersymmetry, quark models, skyrmions.

1. Introduction

The quark model with potentials derived from
QCD, including the quark-diquark model for excited
hadrons gives mass formulae in a very good agree-
ment with experiments and goes a long way in ex-
plaining the approximate symmetries and supersym-
metries of the hadronic spectrum, including the sym-
metry breaking mechanism.

The mathematical expression of supersymmetry
arises through a generalization of Lie algebras to su-
peralgebras. When a Lie algebra is su(n) it can be
extended to a graded algebra (superalgebra) su(n/m)
with even and odd generators, the even genera-
tors being paired with commuting (bosonic) param-
eters and the odd generator with the Grassmann
(fermionic) parameters. The algebra can then be ex-
ponentiated to the supergroup SU(n/m). This was
done by Miyazawa [1] who derived the correct com-
mutation and anticommutation relations for such a
superalgebra, as well as the generalized Jacobi iden-
tity. This discovery predates the supersymmetry in
dual resonance models or supersymmetry in quan-
tum field theories invariant under the super-Poincaré
group that generalizes special relativity. Miyazawa
looked for a supergroup that would contain SU(6)
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and settled on broken SU(6/21). He showed that an
SU(3) singlet-octet of this supergroup leads to a new
kind of mass formulae relating fermionic and bosonic
mass splittings.

2. Quark-Diquark Model

We shall first discuss the validity domain of SU(6,/21)
supersymmetry [2, 3, 6]. The diquark structure with
spins s = 0 and s = 1 emerges in inelastic inclusive
lepton-baryon collisions with high impact parameters
that excite the baryon rotationally, resulting in in-
elastic structure functions based on point-like quarks
and diquarks instead of three point-like quarks. In
this case, both mesons and baryons are bilocal with
large separation of constituents.

In addition, there is a symmetry between color an-
titriplet diquarks with s = 0 and s = 1 and color an-
titriplet antiquarks with s = % This is only possible,
if the force between quark ¢ and antiquark ¢, and be-
tween ¢ and diquark D is mediated by a zero spin ob-
ject that sees no difference between the spins of § and
D. The object can be in color states that are either
singlet or octet since ¢ and D are both triplets. Such
an object is provided by scalar flux tubes of gluons
that dominate over the one gluon exchange at large
distances. Various strong coupling approximations
to QCD, like lattice gauge theory [4, 5], 't Hooft’s %
approximation [7], when N, the number of colors, is
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very large, or the elongated bag model [8] all give a
linear potential between widely separated quarks and
an effective string that approximates the gluon flux
tube. In such a theory, it is energetically favorable for
the three quarks in a baryon to form a linear structure
with a quark in the middle and two at the ends or, for
a high rotational excitation, a bilocal linear structure
(diquark) at one end and a quark at the other end. In
order to illustrate these points, we start with the sug-
gestion of Johnson and Thorn [8] that the string-like
hadrons may be pictured as the vortices of color flux
lines which terminate on the concentration of color
at the end points. The color flux connecting opposite
ends is the same for mesons and baryons giving an
explanation for the same slope of meson and baryon
trajectories [3].

To construct a solution, which yields a maximal
angular momentum for a fixed mass, we consider a
bag with elongated shape rotating about the center
of mass with an angular frequency w. Its ends have
the maximal velocity allowed, which is the speed of
light (¢ = 1). Thus, a given point inside the bag, at
a distance r from the axis of rotation moves with a
velocity

2
v:|w><r\=fr, (1)

where L is the length of the string. In this picture,
the bag surface will be fixed by balancing the gluon
field pressure against the confining vacuum pressure
B, which (in analogy to electrodynamics) can be writ-
ten in the form

138
2
52 (E
a=1
Using Gauss’ law, the color electric field E through

the flux tube connecting the color charges at the ends
of the string is given by

- B)=B. (2)

/Ea dS = E, A= g%)\aa (3)

where A(r) is the cross-section of the flux tube at
distance r from the center and g%)\a is the color
electric charge, which is the source of E,. By anal-
ogy with classical electrodynamics, the color mag-
netic field B, (r) associated with the rotation of the
color electric field is

= v(r) x Eq(r), (4)
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B.(r)

at a point moving with a velocity v(r). For the abso-
lute values, this yields

Ba =0 EOL7 (5)

because v(r) is perpendicular to E,(r). Using last

three equations together with

(50

a=1

for the SU(3)¢ triplet in Eq. (2), we obtain that the
cross-section of the bag

2

Ar) = 3B g

1— 2, (7)

which shows the expected Lorentz contraction.
The total energy E of the bag

E=E,+Eq+ BV (8)

is the sum of the quark energy E,, the gluon field en-
ergy E¢, and the volume energy of the bag, BV . Be-
cause the quarks at the ends move with the a speed
close to the speed of light, their energy is simply
given by

Eq = 2p, (9)

where p is the momentum of a quark, a diquark, or
an antiquark, respectively. By analogy with electro-
dynamics, Eqgs. (3)—(5) yield

8

/d3 ZE§+B§):

\[fL?”T (10)

1
= \/gg\/EL
0

for the gluon energy and

1—|—v

NSl

BV = 2B/A(r) dr =

0
1
2 L
=2B [ /== gV1— 022 dv =
/ 3Bg v2dv
0

2 7  BA(0)Lw
— /2 gvBLE = 220ET
\/;gf 1 1



S. Catto, Y. Gircan, A. Khalfan et al.

for the volume energy. It is obvious from Eq. (10) that
the gluon field energy is proportional to the length L
of the bag. The gluon field energy and the volume en-
ergy of the bag together correspond to a linear rising
potential of the form

V(L) =Eg+ BV =bL, (12)
where

2B
b= — g (13)

The total angular momentum J of this classical bag
is the sum of the angular momenta of the quarks at
the two ends
Jy=pL (14)

and the angular momentum Jg of the gluon field.
From Eq. (4), we get

E, xB, = VEi; (15)

for the momentum of the gluon field. Hence,

8
Z (Eq X By)| =

bag

2
16
= E2 2
/ rrv 3L
0

\h

\ffLﬂ

(16)

where we have used Eq. (1) and Eq. (3) in the third
step. We can now express the total energy of the bag
in terms of angular momenta. Putting these results
back into the formulae for £, and Eg, we arrive at
2Jq 3Ja

Eq=-71 Be="7"

-, (a7)

so that the bag energy now becomes

2B«
Y it Li
+ gL

L L
20, +4Jde 2(J+ JG) _

L L

1 2 s
==12 Z gvVBL?*=|.
L(‘”\/;g 2)

132

oo, 3a

(18)

Minimizing the total energy for a fixed angular mo-

mentum with respect to the length of the bag, & 6—E =0
gives the relation
J 2
— 4 \[ gVBE =0 (19)
3 2
so that
4J
L= 24/ =. 2
Re-inserting this into Eq. (18), we arrive at
2B\¢
or
Y YR
2B 4mg
3 1 1
=\/==—= E? = o/ (0)M? 22

where M = FE, and oy = % is the unrationalized
color gluon coupling constant. We can now let o/(0)
defined by the last equation, which is the slope of the

Regge trajectory, be expressed as

31 1 1
0) =4/ — —_ ——
O =\ T/

where b was defined in Eq. (12).

The parameters B and ay have been determined
[9, 10] using the experimental information from the
low lying hadron states: Bi = 0.146 GeV and oy =
= 0.55 GeV. If we use these values in Eq. (23), we
find

(23)

a’(0) = 0.88 (GeV)~? (24)
in the remarkable agreement with the slope de-
termined from experimental data, which is about

9 (GeV)~2

Then the total phenomenological non-relativistic
potential is the well-known superposition of the
Coulomb-like and confining potentials V' (r) = % +br,
where r = |r; — ro| is the distance between ¢ and g in
a meson or between ¢ and D in a baryon with high
angular momentum. This was verified in lattice QCD
to a high degree of accuracy [11] (a = =5%<, where
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c is the color factor, and «. is the strong coupling
strength).

It is interesting to know that all this is related very
closely to the dual strings. Indeed, we can show that
the slope given in Eq. (23) is equivalent to the dual
string model formula for the slope, if we associate the
“proper tension” in the string with the proper energy
per unit length of the color flux tube and the vol-
ume. By the proper energy per unit length, we mean
the energy per unit length at a point in the bag eval-
uated in the rest system of that point. This will be

1
To=3 Z E%Aq + BA,. (25)

The relation % >, E2 = B in the rest system gives
Th = 2BA,, (26)

where Ay is the cross-sectional area of the bag. Let
A= Apin Eq. (7), when v = 0. Then, using

[2
AO = 3§gv (27)
we find
T0:2\/§g\/§=4\/2;\/@\/§ (28)

for the proper tension. In the dual string, the slope
and the proper tension are related by the formula [12]

1

o= 5rar (29)
so that the slope is
1 /31 1 1
=2 (30)

8 V2x3 a, VB
which is identical to the earlier formula we produced
in Eq. (23).

It would appear from Eq. (28) that the ratio of
volume to field energy would be one-to-one in one
space dimension in contrast to the result one-to-three,
which holds for a three-dimensional bag [13]. Howe-
ver, the ratio one-to-one is true only in the rest system
at a point in the bag, and each position along the x-
axis is, of course, moving with a different velocity. In-
deed, we see from Eq. (10) and Eq. (11) that the ratio
of the total volume energy to the total field energy is

ISSN 2071-0186. Ukr. J. Phys. 2019. Vol. 64, No. 8

given by one-to-three in conformity with the virial
theorem [13].

In the string model of hadrons, we have E? ~ .J
between the energy and the angular momentum of
the rotating string. If we denote, by p(r), the mass
density of a string, and, by v and w, its linear and
angular velocities, respectively, the energy and the
angular momentum of the rotating string are given by

0
and
1
e 2/\/%7”2“‘” =z / \/%vﬂdv.
0
Hence, the relation (32)
v (33)

holds. If the string is loaded with mass points at its
ends, they no longer move with the speed of light. Ho-
wever, the above relation still holds approximately for
the total energy and angular momentum of the loaded
string.

We now look at various ways of the partitioning of
the total angular momentum into two subsystems. Fi-
gures a, b, and ¢ show the possible configurations of
three quarks in a baryon. If we put the proportional-
ity constant in Eq. (33) equal to unity, then the naive
evaluation of energies yield
E*=J,+Jo=E?+E2<(E, +Ey)?=FE"? (34)
where F and E’ denote the energies corresponding
to Figures a or c. In the case of Figure b, J; and Jo
are the angular momenta corresponding to the ener-
gies F1 and Fs of the subsystems. The equality in
Eq. (34) holds, only if E; or Es is zero. Therefore,
for each fixed total angular momentum, its most un-
fair partition into two subsystems gives us the lowest
energy levels, and its more or less fair partition gives
rise to energy levels on daughter trajectories. Hence,
on the leading baryonic trajectory, we have a quark-
diquark structure (Fig. a) or a linear molecule struc-
ture (Fig. ¢). On the other hand, on low-lying tra-
jectories, we have more or less symmetric (J; ~ J3)
configuration of quarks.
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q3

J=J1+J>

q1 e o (2

q3
IJzO
J=J1+Js

[

q1 e

° (2

Since the high-J hadronic states on leading Regge
trajectories tend to be bilocal with large separation
of their constituents, they fulfill all the conditions for
supersymmetry between ¢ and D. Then the only dif-
ference between the energies of (¢g) mesons and (¢D)
baryons comes from the different masses of their con-
stituents, namely, m, = mg = m, and mp ~ 2m. For
high J, this is the main source of symmetry break-
ing, which is spin-independent. We will show how we
can obtain sum rules from this breaking. The part
of the mass operator that gives rise to this split-
ting is a diagonal element of U(6/21) that commutes
with SU(6).

Let us now consider the spin-dependent breaking of
SU(6/21). For low J states, the (¢D) system becomes
trilocal(gqq), and the flux tube degenerates to a sin-
gle gluon propagator that gives spin-dependent forces
in addition to the Coulomb term . In this case, we
have the regime studied by de Rujula, Georgi, and
Glashow, where the breaking is due to the hyperfine
splitting caused by the exchange of single gluons that
have spin 1. These mass splittings give rise to differ-
ent intercepts of the Regge trajectories given by

519 4 _ o),

m1m2’

Amlz =k

(35)

134

both for baryons and mesons at high energies. But,
at low energies, the baryon becomes a trilocal object
(with three quarks), and the mass splitting is given

by
S5 S
L 5Ss 1>7
mamm;y

1
Amigz = 279 (
where my, ms, and ms are the masses of the three
different quark constituents.

The element of SU(6/21) that gives rise to such
splittings is a diagonal element of its U(21) subgroup
and gives rise to s(s + 1) terms that behave like an
element of the (405) representation of SU(6) in the
SU(6) mass formulae. The splitting of isospin multi-
plets is due to a symmetry breaking element in the
(35) representation of SU(6). Hence, all symmetry
breaking terms are in the adjoint representation of
SU(6/21). If we restrict ourselves to the non-strange
sector of hadrons with approximate SU(4) symmetry,
the effective supersymmetry will relate the splitting in
m? between A (s=2T=23) and N (s=1%,1=1)
to the splitting between w (s = 1,I = 0) and =«
(s =0,I=1), so that

S18S2
mimsa

S, 83
mains

(36)

2 2 _ 2 2
ma — My =My, — Mg,

(37)
which is satisfied to within 5%. Our potential model
gives a more accurate symmetry breaking

9, 9 2

g(mA —my)=m

2 2
w My

(38)

to within 1%, where the § arises from 1(3a,)? =

2
= %aﬁ. For a classification of supergroups including

SU(m/n), we refer to the paper by Viktor Kac [14].

3. Conclusions and Future Prospects

Effective Hamiltonians and new mass relations in-
cluding quark and diquark masses were worked out
in our previous works that included the complete
understanding of hadronic color algebras as well. In
the case of heavy quarks, one can also use the non-
relativistic approximation, so that the potential mod-
els for the spectrum of charmonium and the bb sys-
tem can be worked out. In such an approach, gluons
can be eliminated leaving quarks interacting through
potentials.

It is also possible to take an opposite approach by
eliminating quarks as well as gluons, leaving only an
effective theory that involves mesons and baryons as
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collective excitations (solitons) in a way by Skyrme. A
Skyrme model that can compete with the potential
model is not yet realized.

It is a pleasure to acknowledge helpful conversa-
tions with Professors Viadimir Akulov, Cestmir Bur-
dik, and Francesco Iachello.
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FAJIPOHHA CYIIEPCUMETPIA 3 KX/
PeswwMme

3ampornoHoBaHO MoAUdIKaIliI0 MACOBUX (POPMYJI JJIsi TAIPOHIB,
3 HaroJIOCOM Ha TEOPETUKO-TPYIOBHUil OIHC i cyliepcuMerpilo,
saka Bignosimae KX/I i 6a3yerbcs Ha KBapK-aHTUKBAPKOBIiil cu-
MeTpil, i3 MoJAIBIINMU KOMEHTAPAMU 00 MOXKJIMBUX 3aCTO-
cyBaHb 110 MoJjiesieit Tuiry Ckipma, siKi B Maiitby THbOMY MOXKYTb
KOHKYPYBATH 3 IOTEHI[iaJIbHUMI KBAPDKOBUMHU MOJEJISIMU.
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REGGE CUTS AND NNLLA BFKL

In the leading and next-to-leading logarithmic approximations, QCD amplitudes with gluon
quantum numbers in cross-channels and negative signature have the pole form corresponding
to a reggeized gluon. The famous BFKL equation was derived using this form. In the next-to-
next-to-leading approzimation (NNLLA), the pole form is violated by contributions of Regge
cuts. We discuss these contributions and their impact on the derivation of the BFKL equation

in the NNLLA.

Keywords: gluon Reggeization, BFKL equation, Regge cuts.

1. Introduction

The equation, which is called now BFKL (Balitskii—
Fadin-Kuraev-Lipatov), was first derived in non-
Abelian gauge theories with spontaneously broken
symmetry [1-3]. Then its applicability to QCD was
shown in [4]. The derivation of the equation was based
on the Reggeization of gauge bosons in non-Abelian
gauge theories (gluons in QCD). The Reggeization
determines the high-energy behavior of cross-sections
non-decreasing, as the energy increases. In the Regge
and multi-Regge kinematics in each order of pertur-
bation theory, dominant (having the largest Ins de-
grees) are the amplitudes with gluon quantum num-
bers and negative signatures in cross-channels. They
determine the s-channel discontinuites of ampli-
tudes with the same and all other possible quantum
numbers.

It is extremely important that, both in the leading
logarithmic approximation (LLA) and in the next-
to-leading one (NLLA), the amplitudes used in the
unitarity relations are determined by the Regge pole
contributions and have a simple factorized form (pole
Regge form). Due to this, the Reggeization provides
a simple derivation of the BFKL equation in the LLA
and in the NLLA. The s-channel discontinuities are
presented by Fig. 1 and symbolically can be written
as Pay ® G ® ®ppg, where the impact factors
® 44 and ® g/ describe the transitions A — A’ and
B — B’, G is Green’s function for two interacting
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Reggeized gluons, G = e¥X, ¥ =1In(s/s¢), K is the
universal (process-independent) BFKL kernel, which
determines the energy dependence of scattering am-
plitudes and is expressed through the gluon trajectory
and the Reggeon vertices. Validity of the pole Regge
form is proved now in all orders of perturbation the-
ory in the coupling constant g both in the LLA [5],
and in the NLLA (see [6, 7] and references therein).

The first observation of the violation of the pole
Regge form was done [8] in the high-energy limit of
the results of direct two-loop calculations of the two-
loop amplitudes for gg, gq, and gq scattering. Then
the terms breaking the pole Regge form in two- and
three-loop amplitudes of the elastic scattering were
found in [9-11] using the techniques of infrared fac-
torization.

It is worth to say that, in general, the breaking
of the pole Regge form is not a surprise. It is well
known that Regge poles in the complex angular mo-
menta plane generate Regge cuts. Moreover, in am-
plitudes with positive signature, the Regge cuts ap-
pear already in the LLA. In particular, the BFKL
Pomeron is the two-Reggeon cut in the complex an-
gular momenta plane. But, in amplitudes with neg-
ative signature due to the signature conservation, a
cut must be at least three-Reggeon one and can ap-
pear only in the NNLLA. It is natural to expect that
the observed violation of the pole Regge form can be
explained by their contributions.

Indeed, all known cases of breaking the pole Regge
form are now explained by the three-Reggeon cuts
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[12, 13]. Unfortunately, the approaches used and the
explanations given in these papers are different.
Their results coincide in the three-loop approach,
but may diverge for more loops. It requires a further
investigation.

Here, we consider the contributions of a three-
Reggeon cut to the amplitudes of elastic scattering
of partons (quarks and gluons) with negative signa-
ture up to four loops.

2. Three-Reggeon Cut

Since our Reggeon is the Reggeized gluon, the three-
Reggeon cut first contributes to the amplitudes corre-
sponding to the diagrams shown in Fig. 2. In contrast
to the Reggeon which contribute only to amplitudes
with the adjoint representation of the color group
(color octet in QCD) in the ¢-channel, the cut can
contribute to various representations. Possible repre-
sentations for the quark-quark and quark-gluon scat-
terings are only singlet (1) and octet (8), whereas,
for the gluon-gluon scattering, there are also 10, 10*,
and 27. The account for the Bose statistics for glu-
ons, symmetry of the representations 1 and 27, an-
tisymmetry 10 and 10*, and the existence of both
symmetric 85 and antisymmetric 8, representations
for them, gives that, in addition to the Reggeon chan-
nel, the amplitudes with negative signature are in the
representations 1 for the quark-quark-scattering and
in the representation 10 and 10* for the gluon gluon
scattering. The amplitude of the process AA 5" de-
picted by the diagrams in Fig. 2 can be written as
the sum over the permutations o of products of color
factors and color-independent matrix elements:

ATE =S (e s, 1)

o

where o and 8 (o and ') are the color indices of
an incoming (outgoing) projectile A and a target B,
respectively. We use the same letters for the quark
and gluon color indices; it should be remembered,
however, that there is no difference between upper
and lower indices (running from 1 to N2 — 1) for
gluons, whereas, for quarks, lower and upper indices
(running from 1 to N,) refer to mutually related rep-
resentations.

The color factors can be decomposed into irre-
ducible representations R of the color group in the
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Fig. 1. Schematic representation of the s-channel discontinu-
ites of amplitudes A + B — A’ + B’

A A A A A
B B’ B B’ B B’
a b 4
A A A A

B B
d

Fig. 2. Feynman diagrams of the process A+ B — A’ + B’
with three-gluon exchanges

t-channel:

S, - S, Soms, @
R

where

[Phs10s =D [PE" 1w PE™ s, (3)

n

PR i5 the projection operator on the state n in the
representation R,

(0)o _ 1 1 ey ez’
PSS N
(T TETE) | PRs ] (4)

Npg is the dimension of the representation R, 7% are
the color group generators in the corresponding repre-

sentations, [T% T = ifapeT¢; (T4)% = —ifara for
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q

Fig. 3. Schematic representation of As(g, )

q q

q q
a b

Fig. 4. Schematic representation of A§(q ) and Ag (q1)

gluons and (7%)%, = (t%)*, for quarks; Tr(7;*T?) =
= Tybup, Ty = 1/2, T, = N...

In [12] the Reggeon channel (R=8) was consid-
ered. It was discovered that that the terms violating

the pole factorization in Q(S)Ef]);

o (let us call them Q(S)EE}B), so that the momentum-
dependent factors for them are summed up to the
eikonal amplitude

o ci s (—4n?
ZM,E% =A kzgﬁg <3 >q2A2(QL)7 (5)

do not depend on

where As(q,) ) is depicted by the diagram presented
in Fig. 3 and is written as
d2+251 d2+261
A2(q1) :/ 2(3+2 212 . 2 (6)
(2m)2B3+291 217 (g — 1 — 1)
Note that we use the “infrared” ¢, e = (D —4)/2, D
is the space-time dimension.

This result is very important, because the contri-
bution of the cut must be gauge-invariant, whereas

M%" taken separately are gauge-dependent.
In [14], other channels with possible cut contribu-
tions were considered. It was shown that, for them,
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0)o

the color coefficients G(R) 5 do not depend on o,

0 _ NZ-HWNZ-1)

9(Wgg = 16N3 ’
(7)

so that the momentum-dependent factors for them
are also summed up to the eikonal amplitude (5).

The separation of the pole and cut contributions
in the octet channel is impossible in the two-loop ap-
proximation, because of the ambiguity of the alloca-
tion of parts of the amplitudes violating the factor-
ization. The separation becomes possible for higher
loops, due to the different energy dependences of the
pole and cut contributions. The energy dependence of
the pole contribution is determined by the Regge fac-
tor of a Reggeized gluon exp(w(t)Ins), where w(t) is
the gluon trajectory, whereas, for the three-Reggeon
cut, it is

. -3
G(10+10)g) = —=Ne,

pl(@1+@2+@3+K(1,2) 4K (1,3)+K(2,3)) In 8] 7 (8)

where K,.(m,n) is the real part of the BFKL kernel
describing the interaction between Reggeons m and n.

The calculations of the first logarithmic correction
to the cut contribution in the octet channel was per-
formed in [12, 14, 15] and, in the other channels, in
[14]. In the latter case, the correction is

_ — 472
G(10+ 10)(0 ¢°2 (”) a2 ¢2N, x

t 3
1. 1,
x Ins —5143(%_) - 5143(%_) ) (9)
s [—Arn?
Gl 575 (S5 a o'

3 3

x Ins (SA3(qr) — S A3(qu) ),
2 2

and in the first case as

s [(—4m?
6(5)5) o3 (5 ) a? a2

x Ins (;Aéf(cu) - Ag((u)) (11)

where A%(q,) and A%(gyL) are depicted by the dia-
grams presented in Figs. 4, a and 4, b, respectively,

d2+2el1 d2+2el2d2+2613
A3(qr) =
3las) / (2m)3BR2II21212 (q — 1y — 1o — 13)2”
(12)

ISSN 2071-0186. Ukr. J. Phys. 2019. Vol. 64, No. 8



Regge Cuts and NNLLA BFKL

AS(qu) =

_ / d2+2el1 d2+2el2d2+26l3(q _ l1)2

) @n)PERAIR (g — L — 1o)X (g - L — 1)
(13)

It was shown in [12, 14, 15] that the violation of
the pole Regge form, analyzed in this approxima-
tion in [9]-[11] with the help of the infrared factoriza-
tion, can be explained by the pole and cut contribu-
tions. In other words, the restrictions imposed by the
infrared factorization on the parton scattering am-
plitudes with the adjoint representation of the color
group in the t-channel and negative signature can be
fulfilled in the NNLLA with two and three loops, if,
in addition to the Regge pole contribution, there is
the Regge cut contribution. It should be noted that
this result is limited to three loops and cannot be
considered as a proof that, in the NNLLA, the only
singularities in the J plane are the Regge pole and the
three-Reggeon cut. Moreover, the explanation of the
violation of the pole Regge form given in [13] differs
from that described above. In this paper, in addition
to the cut with the vertex of interaction with particles
1 having the color structure

(O = (T3 &Y (FITATAT), ()

the Reggeon-cut mixing is introduced. Actually, in
the three-loop approximation, the mixing is not re-
quired.

Whether the mixing is necessary can be verified in
the four-loop approximation.

The four-loop calculations should answer the ques-
tions whether the existence of a pole and a cut is suf-
ficient in this approximation, with or without mixing.

In the four-loop approximation, there are three
types of corrections. The first (simplest) ones come
from the account for the Regge factors of each of three
Reggeons. The second type of the corrections is given
by the products of the trajectories and real parts of
the BFKL kernels, and the third one comes from the
account for Reggeon—Reggeon interactions. All types
of corrections are expressed through the integrals over
the transverse momentum space corresponding to the
diagrams in Fig. 5:

I- B / d2+2€ll d2+2€l2 d2+2€lg
o (2m)3(3 29121213

Fi0® T (q—-1; — 1o —13),
(15)
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a b C d e
Fig. 5. Four-loop diagrams

Fo=fill)f1(l2), Fy=fi(l)fi(ly), Fe=fo(li +12),

Fo=fi(li +12) fi(lh +12), Fo= fi(a—1)fi(q—13),

(16)
d2+25l
full) = k2/ (2m)G+2912(1 — k)2’
d2+25l 1
f2(k) = / (277)(3+2e)1];1((1 )_ k)2' (17)

These integrals enter the total four-loop correc-
tion with different color factors in the approaches
with or without Reggeon-cut mixing. The question of
whether the four-loop amplitudes of the elastic scat-
tering in QCD are given by the Regge pole and cut
contributions, with or without mixing, can be solved
by comparing these corrections with the result ob-
tained with the use of the infrared factorization.

3. Discussion

The gluon Reggeization is the basis of the BFKL
approach. The BFKL equation was derived assum-
ing the pole Regge form of amplitudes with gluon
quantum numbers in cross channels and negative sig-
nature. It is proved now in all orders of perturba-
tion theory that this form is valid both in the lead-
ing and in the next-to-leading logarithmic approxima-
tions. However, this form is violated in the NNLLA.
Currently, there are two evidences of the viola-
tion. First, it was discovered, using the results of di-
rect calculations of parton (gg,gq and g¢q) scatter-
ing amplitudes in the two-loop approximation, that
the non-logarithmic terms (the lowest terms of the
NNLLA) do not agree with the pole Regge form of
the amplitudes. Second, it was shown using the tech-
niques of infrared factorization that there are single-
logarithmic terms with three loops wihich can not be
attributed to the Regge pole contribution.
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It was shown that the observed violation can be
explained by the three-Reggeon cuts [12,13]. But the
assertion that the QCD amplitudes with gluon quan-
tum numbers in cross-channels and negative signa-
ture are given in the NNLLA by the contributions
of the Regge pole and the three-Reggeon cut is only
a hypotheses. Since there is no general proof of it,
it should be checked in each order of perturbation
theory. In addition, the approaches used and the ex-
planations given in [12] and [13] are different. Their
results coincide in the three-loop case but may diverge
for more loops.

The calculations of the cut contributions presented
here aim to prove this hypothesis in the four-loop
case. Unfortunately, direct calculations in that order
in the NNLLA do not exist, and there is no hope for
that they will be done in the foreseeable future. But it
seems possible to obtain the corresponding results us-
ing the infrared factorization. The comparison of the
results should answer the questions whether the exis-
tence of a pole and a cut is sufficient with or without
mixing.

Work supported in part by the Ministry of Science
and Higher Education of the Russian Federation, in
part by RFBR, grant 19-02-00690.
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PEJ>KEBCBKI PO3PI3N
I BFKL ¥V HABJIM>KEHHI NNLLA

Peszowme

YV royIoBHOMY Ta HACTYIIHOMY JIOrapU(PMiTHOMY HAOIHAKEHHIX
KX/I ammiiTy i 3 riIFOOHHEMYA KBAHTOBUMU YHCJIAMU B KPOC-
KaHaJI Ta BiJI’€MHOIO CUI'HATYPOIO MAIOTh IIOJIIOCHY (DOPMY, sIKa
BIANIOBiZa€ pemKe30BAHOMY TUIIOOHY. 3a JOMOMOromw miel dhop-
MH BUBOAUTHCA 3HaMeHnTe piBHsanHa BFKL. B nabamkenni
NNLLA momocaa ¢popmMa MOPYIIeHA BHECKAMHU PEIKEBCHKUX
po3piziB. Mu 06roBoproeMo 11i BHECKH Ta 1X BILJIMB Ha OTPUMAH-
us piBasinHs BFKL y nabnuxenni NNLLA.
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BLACK HOLE TORSION EFFECT
AND ITS RELATION TO INFORMATION

In order to study the effects of the torsion on the gravitation in space-time and its relation
to information, we use the Schwarzschild metric, where the torsion is naturally introduced
through the spin particle density. In the black hole scenario, we derive an analytic solution
for the black hole gravitational radius with the spin included. Then we calculate its entropy
in the cases of parallel and antiparallel spins. Moreover, four analytical solutions for the spin
density as a function of the number of information are found. Using these solutions in the case
of parallel spin, we obtain expressions for the Ricci scalar as a function of the information
number N, and the cosmological constant \ is also revealed.

Keywords: gravitation, quantization, torsion, spin, black holes.

1. Introduction

A natural way to talk about spin effects in grav-
itation is through torsion. Its introduction becomes
significant for the understanding of the last stage in
the black hole evaporation. It could be the case of an
evaporating black hole of mass My that disappears
via an explosion burst, which can last for the time
t, = 107 s, when it reaches a mass of the order of
Planck’s mass

my = 1/% =10""s. (1)

If this happens, there might be three distinct possi-
bilities for the fate of the evaporating black hole [3]:
The black hole may evaporate completely leaving no
residue, in which case it would give rise to a serious
problem of quantum consistency. If the final state of
evaporation leaves a naked singularity behind, then it
might violate the cosmic censorship at the quantum
level. If a stable remnant of the residue with approx-
imately Planck’s mass remains, the emission process
might stop.

If somebody tries to quantize the gravitational
field, he must know that the quantization has to be
directed with the unique structure of the space-time
itself. The quantization will also imply that some-

© I. GKIGKITZIS, I. HARANAS, E. CAVAN, 2019
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body might try to discretize the space and, proba-
bly, the time. Progress in this direction will also be
related to the introduction of a spin in the theory
of general relativity. The general relativity (GR) is
the simplest theory of gravity which agrees with all
present-day data. A major recent success is the de-
tection of the lensed emission near the event hori-
zon in the center of M-87 supergiant elliptic galaxy
in the constellation Virgo. All the data obtained are
consistent with the presence of a central Kerr black
hole, as predicted by the general theory of relativ-
ity [1]. Somebody might want to formulate a general-
ized theory of general relativity to compare GR with
various theories that explain other physical interac-
tions. As an example, we say that the electromagnetic
forces, strong interactions, and weak interactions are
described with the help of quantum relativistic fields
interacting in a flat Minkowski space. Furthermore,
the fields that represent the interactions are defined
over the space-time. But, at the same time, they are
distinguished from the space-time which, we must
say, is not affected by them. On the other hand, the
gravitational interactions can modify the space-time
geometry, but they are not represented by a new
field. They are just represented by their effect on
the geometry of the space itself. Thus, we can say
that most parts of the modern physics are successful
in being described in a flat rigid space-time geome-
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try. But a small fraction of the remaining physics, i.e.,
macroscopic gravitational physics, requires the use of
a curved dynamical geometric background. To over-
come this difficulty, somebody might try to extend
the geometric principles of GR into microphysics in
order to establish a direct comparison and possibly
some connection between gravity and other interac-
tions. In GR theory, the matter is represented by the
energy-momentum tensor, which essentially gives de-
scription of the mass density distribution in space-
time. Therefore, the idea of mass-energy in GR is
enough to define the properties of classical macro-
scopic bodies.

Looking at the microscopic level, we know that
the matter is composed of elementary particles that
obey the laws of special relativity and quantum me-
chanics. Each particle is characterized not only by its
mass, but also by a spin measured in units of &. At the
microscopic level, the mass and the spin are two inde-
pendent quantities. The mass distributions in space-
time are described by the energy-momentum tensor,
whereas the spin distribution is described, in field the-
ory, by the spin density tensor. Inside any microscopic
body, the spins of elementary particles are, in gen-
eral, randomly oriented with the total average spin
equal to zero. Therefore, the spin density tensor of
a macroscopic body is zero. This explains why the
energy-momentum tensor is adequate to dynamically
characterize a macroscopic matter. Thus, the gravita-
tional interactions can be sufficiently described by the
Riemannian geometry. Another point that should be
stressed is that the spin density tensor represents the
intrinsic angular momentum of particles, and not the
classical orbital angular momentum due to the macro-
scopic rotation. A fundamental difference is that the
latter can be eliminated by an appropriate coordinate
transformation. On the other hand, the spin density
can be eliminated at a point only. The spin density
tensor is a non-vanishing quantity, if the spins in-
side a body are oriented at least partially along a
preferred direction and, at the same time, are not af-
fected by the rotation of the macroscopic body. At
the macroscopic level, the energy-momentum tensor
is not enough to characterize the dynamics of the mat-
ter sources, because the spin density tensor is also
needed, unless we are considering scalar fields that
correspond to spineless particles. In the case where
GR must be extended to include microphysics, the
matter must be considered and described, by using
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the mass and the spin density. On the other hand,
the mass is related to a curvature in a generalized
theory of GR, and the spin should be related to the
spin density tensor or, probably, to a different prop-
erty of the space-time. The geometric property of the
space-time in relation to spin in the U4 theory is the
torsion.

The torsion, thus, can be described by the anti-
symmetric part of Christoffel symbols of the second
kind. Therefore, the torsion tensor reads [5]:

1

Ql,j,\ 9 (Fﬁ/\ - Fiu) = Fﬁ»\]' (2)
The torsion is characterized by a third-rank tensor
that is antisymmetric in the first two indices and
has 24 independent components. If the torsion does
not vanish, the affine connection is not coincident
with the Christoffel connection. Therefore, the geom-
etry is not any longer the Riemannian, but rather
Riemann—Cartan space-time with a non-symmetric
connection. To introduce the torsion simply repre-
sents a very natural way of modifying GR. The rela-
tion of the torsion and the spin allows one to modify
the GR theory and Riemannian geometry resulting in
a more natural and complete description of the matter
at the microscopical level as well. Finally, the early
Universe is the place, where GR must be applied to-
gether with quantum theory. On the other hand, GR
is a classical field theory. So far, the quantization of
the gravity has been a problem in our effort to develop
a consistent and coherent theory in understanding the
physics of the early Universe.

In the presence of a torsion, the space-time is
called a Riemann—Cartan manifold and is denoted by
U4. When the torsion is taken into consideration, one
can define distances in the following way. Supposing
that we consider a small close circuit, we can write
[5] the non-closure property given by the integral:

"= ?{Ql‘/‘)\dx” Adzt # 0, (3)

where dx”dx" is the area element enclosed by the
loop, t* represents the so-called closure failure, and
the torsion tensor @', is a true tensorial quantity. In
other words, the geometric meaning of the torsion can
be represented by the failure of the loop closure. It
has now the dimension of length, andn the torsion
tensor itself has the dimension of L=! .
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2. Quantum Gravity and Torsion

The inclusion of the torsion into GR might constitute
a way to the quantization of gravity, by considering
the effect of the spin and connecting the torsion to
the defects in the topology of space-time. For that,
we can define a minimal unit of length [, as well as a
minimal unit of time ¢. In GR and quantum field the-
ory, there are now, indeed, difficulties due to the exis-
tence of infinities and singularities. One of the reasons
is the consideration of point mass particles, which re-
sults in the divergence of the energy integrals going
to infinity. In the case of collapsing bodies in GR,
we have singularities. All these difficulties can disap-
pear, if, together with the introduction of a torsion,
we introduce the minimal time and length or, in other
words, if we consider a discretized space-time. If we
want to quantize the gravity, we cannot exactly fol-
low the same procedure of quantization used in other
fields. Indeed, the gravity is not a force, but the cur-
vature and torsion of the space-time. The inclusion of
the torsion in the space-time gives rise to space-time
topology defects. The problem may be avoided, if
the torsion is included. In this case, the asymmetric
part of the connection Fff, A OF; in other words, the
torsion tensor @, is a true tensorial quantity. Since
the torsion is related to the intrinsic spin, we see that
the intrinsic spin A and, hence, the spin are quan-
tized. We can conclude that the space-time defect in
topology should occur in multiples of Planck’s length

l, = \/g In other words, we can write [5]

%Q%\dw” Adz® =ny Z—?n”, 4)

where n is an integer, and n* is a unit point
vector. This is a relation analogous to the Bohr—
Sommerfeld relation in quantum mechanics. The tor-
sion tensor @Y, plays the role of a field strength,
which is analogous to that of the electromagnetic field
tensor F),,,. Equation (4) defines the minimal funda-
mental length, a minimal length that enters the pic-
ture through the unit of action A. In other words, A
represents the intrinsic defect that is built in the tor-
sion structure of space-time, in quantized units of
related to a quantized time like-vector with the di-
mension of length. This vector is related to the intrin-
sic geometric structure, when the torsion is consid-
ered. The intrinsic spin in units of & characterizes all
the matter, and, therefore, the torsion is now enter-
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ing the geometry. Thus, the Einstein—Cartan theory
of gravitation can provide the corresponding quan-
tum gravity effects. At the same time, we can also
define the time at the quantum geometric level again
through the torsion according to the equation:

1 N e
t:E%QﬁAdx ANdz* =n 5 (5)

So, when the torsion is included, it is important that
a minimal time interval given by Eq. (5) exists and is
different from zero. This is the smallest unit of time
t, = 5.391 X 107** 5. In the limit as B — 0, we
recover the classical geometry of GR and, if ¢ — oo,
the Newtonian case. Finally, the geodesic equations
in the case of a nonzero spin turn to

d?zt " d:cil‘dx”
dp2 " dp dp

p da¥ dzt
“Adp dp’

=-2Q (6)
where p is an affine parameter. To understand the
spin effects in gravitation, we can use the torsion.
Consequently, let us first write a Schwarzschild metric
that includes torsion effects [4]:

2GM  3G?s?
bl E A A
c2r 27"406)

ds? = ¢ (1 —

2 .2\"1
_ (1 _ 2571\/‘[ 3;11;) dr® — r? (d6* + sin® 0d¢?),
(7)

where s is the torsion. We can write s = or3, where o
is the spin density [4]. So, the Schwarzschild metric is
modified by the inclusion of torsion effects. The tor-
sion gives a natural way to understand the spin effects
in gravitation. Making use of an expression that re-
lates the torsion to the spin density, we can eliminate
s and include o in Eq. (7). Our primary goal is to
establish a possible relation between the spin density
o and the information number N and between the
Ricci scalar, as derived from Eq. (7), and informa-
tion. This is an effort to understand why information
plays an important role in the space-time structure
in the case wherethe torsion effects are included in
gravitation.

3. Analysis

Consider the case of a Schwarzschild metric with the
torsion. Substituting s = or? [4], we get the gravita-
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tional radius:

2GM | 3G%*0? ,
(— 2 + 508 r)zO. (8)

In the case of a spin parallel to the gravitation (plus
sign), we have

2 2
(2GM+3GJ TQ)O' o)

c2r 2c6

From whence, we obtain
TH,, = % [— (22/366)/((9C4G5M0'4 +

+ /BG5S (2610 481G M202)) ' /*)] +

+ % [(23(9c*GP Mot +

/BG4 160 ) /(6%)], (10)

where the plus sign in Eq. (10) corresponds to the
plus sign of the second term in Eq. (8). The negative
sign in Eq. (10) corresponds to the negative sign in
the second term of Eq. (8). In other words, we deal
with parallel and antiparallel spins. Let us write the
entropy formula as [6]

kg
where kp is the Boltzmann constant, {2 = Gh g

p c
Planck’s length, and Ay is horizon area [2]. This

is the Bekenstein-Hawking area-entropy law. This
is a macroscopic formula, and it should be viewed
in the same light as the classical macroscopic ther-
modynamic formulae. It describes how the proper-
ties of event horizons in general relativity change as
their parameters are varied. Substituting Eq. (10) in
Eq. (12), we obtain

7'(']41}3
SZET(THN)QZ
P
mkp |1 2/3 6 45 4
P

+1/BG606 (2¢10 + 81G4M202))1/3) +

+ (213 (9GP Mo +

+ /G506 (2c10 1 81G*M0?)) "/ 3) /(0202)} } 2,(12)
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where the minus sign in the root stands for the paral-
lel torsion and plus stands for the antiparallel one. We
note that the information number in nats is given

by [8]

= . 13

kB In2 ( )
Using the positive sign, equating Egs. (12) and (13),
and solving for the spin density as a function of in-
formation in nat N, we obtain the following solu-
tions:

1/2
B _ 4y 4AM (7r )3/2+ wcb /
Ty = 02p = = GBNT \In2 GEZN2)

(14)
1/2
_ 4 4c*M (L)?)/? mcb /
T TGN 2 T GENm2)
(15)

Similarly, the negative sign (or antiparallel spin) gives
the only real solution:

2 (‘I)o + ﬁm)l/g

[ 8m3cS M2 N Gsey

1, = 1/3 N3 1n 23

36205 (20 + $49) INn
4rcb 272¢12 N 1n 2

1/2
+ + ] ; (16)
9G2(2N In 2 9GS (Do + %@)1/3

where the quantities I'y and ®( are defined as follows:
Do=—487"c¢**In2° MO N? +

+ 2475 G M In 2" 'N'1 +

+ a0 MP N In 2t (17)
36m4c 4 M2 N5 1n 2° 318 N6 1n 26

by = 18

0 Gt GS (6 (18)

4. Calculation of the Ricci
Scalar and Its Relation to Information

Next, we are going to calculate the Ricci scalar in the
cases of parallel and antiparallel spins. So, we define
the metric coefficients to be

2GM 2 2
G " 3G*o 2.
rc2 26

A(r)y=c*[1— (19)
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and )
2GM  3G%*0% ]~

The correspondent Ricci scalar is given by [9]

R:-%[l—B(T)‘F%"‘
AT g

In the case of the torsion parallel to the gravity, we
get

R 18G%° 9 <RSch)2 (5)2.

22
c 2\ M c (22)

Similarly, in the case of the torsion antiparallel to the
gravity, we obtain

R_ 18G252 _ 9 <R5Ch>2 (g)g.

23
8 2\ M c (23)
Next, we proceed in writing the Ricci scalar as a func-
tion of the information number in nats V. In this cal-
culation, we will only deal with a parallel spin. The-
refore, we use Eqgs. (22) and (15) and obtain

R(o1/02), =

2
~18G2 (l)i%/? 4c*M n 27ct (24)
8 |\In2) 3GEBN3? T 3GEZNIn2 |’
R(03/04), =

2
B 718G2 (L>3/2 4t M B 27ct (25)
- ¢ |\n2 3GBN3 3G2ENIn2|’

which simplifies to

7T \3/2 [ Rsen 127
=12 (— 2
R(o1/o2)y (mz) (ggﬁ) + NZIn2’ (26)
7 /2 [ Rsen 127
R =12 (— (27
(03/04); <1n 2) <g§ vi) T NEmy @0
With reference to [6] and [7], we note that
3T
AiNE%an' (28)
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Equation (28) gives the cosmological constant as a
function of the information number N. Therefore,
Egs. (26) and (27) for the Ricci scalar become

(2 Rsa

R(01/02), = 12 (E) ( I /2> +AA, (29)
/¥ Rsa

R (03/04)T =12 (E) (W) + 4A. (30)

5. Conclusion

We have examined the effect of a torsion in the
Schwarzschild metric corrected for torsion effects and
its relation to information. In this case, the torsion
effects can be represented by the spin density. We
start by calculating the entropy at the horizon of such
a black hole, and then we equate the entropy to a
known expression that gives the entropy in terms of
the information number N. Thus, we obtain analyt-
ical expressions for the spin density as a function of
the information number N. We obtain two spin den-
sity solutions. One of them is real, and another one is
imaginary. Moreover, we have found that, for the spin
density, both real and imaginary roots scale propor-
tionally to the information number N according to
the relation o i% - % In the case of parallel spin,
we find that Ricci scalar also depends on the informa-
tion number according to the relation R o N2z 4+N-1
for both parallel and antiparallel spins. This comes
from an extra term that is equal to the cosmological
constant \ expressed as a function of the informa-
tion number N adds the information dependence to
the Ricci scalar via the cosmological constant A. In
this aspect, we can perceive the cosmological constant
as a cosmological depository of information that af-
fects the space-time structure or is included as an
important parameter in the space-time structure and
in the geometry of the Universe. Therefore, we con-
clude that information enters this torsion-corrected
metric via the dependence of the spin density on the
information number N, as well as the cosmological
constant itself.
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E®EKT KPYUYEHHS YOPHOI OIPU
TA I BIDIHOIIEHHSA 10 IH®OPMAILIIL

Peszowme

1 BUBYEeHHsI BIUIMBY KDY4Y€HHs Ha I'DaBiTallifo B IPOCTOPi-
4Jaci Ta #oro BigHOUIEHHS 10 iHMOpMaIil MU KOPUCTYEMOCS Me-
rpukoro IIIBaprminsa, ge KpyIeHHs IPHIPOIHO BBOJUTHCS Ue-
pe3 CHiHOBY IIUIBHICTH YaCTUHKU. B crieHapil 4opHOI Jipu Mu
OTpUMAJIA AHAJITUYHUI PO3B 30K JJIsl FpaBiTalliiiHOro pajiiyca
90pHO! Aipy 3 BKJIIOYEHHSIM CIIHY, 3BIIKH MU OOYHCIIHIN €H-
TpOIiIo JJIsl BUINAJKIB IapaJjesIbHUX Ta aHTHUIIAPAJIEJIbHUX CIIi-
HiB. Bisbme Toro, Mu 3HafNUIN 9OTUPH aHAJITHYHI PO3B’SI3KH
IS CIIIHOBOI IIJIBHOCTI B 3aJI€XKHOCTI Bix 4umcia indopmariil.
Kopucryouncs nuMu poss’si3kaMi, M OTPUMAJIN BHPa3H JJIsI
koedimientis Piudi sx dyukuil wucra indopwmarii N; orpuma-
HO TaKOK 3HAYEHH: JJIsl KOCMOJIOTi9HOI KOHCTaHTH.
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SEARCH FOR HIDDEN PARTICLES
IN INTENSITY FRONTIER EXPERIMENT SHiP

Despite the undeniable success of the Standard Model of particle physics (SM), there are some
phenomena (neutrino oscillations, baryon asymmetry of the Universe, dark matter, etc.) that
SM cannot explain. This phenomena indicate that the SM have to be modified. Most likely,
there are new particles beyond the SM. There are many experiments to search for new physics
that can be can divided into two types: energy and intensity frontiers. In experiments of the
first type, one tries to directly produce and detect new heavy particles. In experiments of the
second type, one tries to directly produce and detect new light particles that feebly interact with
SM particles. The future intensity frontier SHiP experiment (Search for Hidden Particles) at
the CERN SPS is discussed. Its advantages and technical characteristics are given.

Keywords: physics beyond the Standard Model, hidden particles, hidden sectors, renormal-
izable portals, intensity frontier experiment, SHiP, SPS.

1. Introduction

The Standard Model of particle physics (SM) [1-3]
was developed in the mid-1970s. It is one of the great-
est successes of physics. It is experimentally tested
with high precision for the processes of electroweak
and strong interactions with the participation of el-
ementary particles up to the energy scale ~100 GeV
and for individual processes up to several TeV. It pre-
dicted a number of particles, last of them (Higgs
boson) has been observed in 2012. However, the
SM cannot explain several phenomena in particle
physics, astrophysics, and cosmology. Namely: the
SM does not provide the dark matter candidate; the
SM does not explain neutrino oscillations and the
baryon asymmetry of the Universe; the SM cannot
solve the strong CP problem in particle physics, the
primordial perturbations problem and the horizon
problem in cosmology, etc.

The presence of the problems in the SM indicates
the incompleteness of the Standard Model and the
existence of as yet “hidden” sectors with particles
of a new physics. Although it may seem surprising,
but some of the above-mentioned SM problems re-
ally can be solved with help either heavy or light new
particles. Neutrino oscillations and the smallness of
the active neutrino mass can be explained as with

© V.M. GORKAVENKO, 2019
ISSN 2071-0186. Ukr. J. Phys. 2019. Vol. 64, No. 8

help of a new particle with sub-eV mass, as well as
with help of heavy particles of the GUT scale, see,
e.g., [4]. The same can be said about the problem of
baryon asymmetry of the Universe and dark matter
problem: physics on the very different scales can be
responsible for it, see, e.g., [5].

Can the new light particles exist in the SM ex-
tensions? The answer is positive. There are many
theories beyond SM that have light particles in the
spectrum (e.g., GUT, SUSY, theories with extra di-
mensions), see, e.g., [6]. Light particles in those theo-
ries can be, e.g., (pseudo)-Goldstone bosons that were
produced as a result of the spontaneous breaking of
some not exact symmetry. Alternatively, a particle
can be massless at the tree level, but it can obtain
a light mass as a result of loops-involving corrections.

So, two answers on the question “why do we not
observe particles of the new physics?” are possi-
ble. First, the new particles can be very heavy (e.g.,
with the mass Mx 2 100 TeV), so they cannot be
directly produced at the present-day powerful accel-
erators like LHC. On other hand, the new particles
can be light (with mass below or of order of the elec-
troweak scale) and can feebly interact with particles
of the SM (otherwise, we would have already seen
them in the experiments). In this case, the light new
particles can be produced at many high-energy ex-
periments, but it were not still observed due to the
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Fig. 1. Search for new particles beyond SM with mass at the TeV region at CERN CMS

extreme rarity of events with their production and to
the complexity of their detection.

Based on the above, there are two types of particle
search experiments.

First of them is energy frontier experiments like
those at LHC or Fermilab. In these experiments, one
tries to directly produce and detect new heavy par-
ticles assuming that the coupling of new particles to
the SM particles is not very small. The new particles
with mass of several TeV are actively searched in such
experiments, see Fig. 1. Last decades, a lot of atten-
tion were paid to the energy frontier experiments.

Second of them is intensity frontier experiments. In
this experiments, we try to search for the particles
that feebly interact with the SM particles. So, in the
intensity frontier experiments, we search for very rare
events. For the successful production of hidden par-
ticles (to compensate their feeble interaction), those
experiments must have the largest possible luminos-
ity. In this sense, the beam-dump experiments are
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good as the intensity frontier experiments to seek the
GeV-scale hidden particles, because of their luminosi-
ties is several orders of magnitude larger than those
at colliders. The detection of hidden particles is pos-
sible only due to observing their decays into the SM
particles. So, these experiments must be background-
free. Because of the feeble interaction with the SM
particles, one can expect their small decay width and
long lifetime (here, we suppose that a hidden parti-
cle does not decay in non-SM channels, or the corre-
sponding partial decay width is very small). So, the
detector have to be placed as far as possible from the
point of the production of hidden particles.

The intensity frontier experiments have been paid
much less attention in the recent years. These ex-
periments include PS 191 (early 1980s), CHARM
(1980s), NuTeV (1990s), DONUT (late 1990s — early
2000). However, as was shown in [7,9], the search for
the new physics in the region of masses below the
electroweak scale is not sufficiently investigated.
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The difference between the energy and intensity
frontier experiments for seeking the hidden parti-
cles can be schematically illustrated with the help of
Fig. 2.

In this paper, we consider the future intensity fron-
tier SHiP (Search for Hidden Particles) beam-dump
experiment at the CERN Super Proton Synchrotron
(SPS) accelerator. Its advantages and technical char-
acteristics will be considered, and the class of theories
that can be tested on SHiP will be discussed.

2. Interaction of New
Particles with the SM Particles. Portals

If we will focused on detecting a new light parti-
cle, we have understand that this particle can orig-
inate from the large number of beyond-SM theo-
ries that predict different parameters for it (masses
of new particles and their coupling to the SM par-
ticles). In particular, such relatively light particles
can be mediators due to the interaction with par-
ticles of the SM and very heavy particles of “hidden
sectors”. Those light particles can be coupled to the
Standard Model sectors either via renormalizable in-
teractions with small dimensionless couplings (“por-
tals”) or by higher-dimensional operators suppressed
by the dimensionful couplings A~" corresponding to
a new energy scale of the hidden sector [7].

Because of a limited number of possible types of
particles (scalar, pseudoscalar, vector, pseudovector,
fermion), there is limited number of possible effective
Lagrangians of interaction of such particles with the
SM particles that satisfy the Lorentz conditions and
gauge invariance ones.

Renormalizable portals can be classified into the
following 3 types:

Vector portal: new particles are vector Abelian
fields (Aj,) with the field strength F},, that couple to
the hypercharge field F}/” of the SM as

_ 1 Qv
EVectorportal - EFMVFY ) (1)

where € is a dimensionless coupling characterising the
mixing between a new vector field with the fields of
Z-bosons and photons.

Scalar portal: new particles are neutral singlet
scalars, S;, that couple to the Higgs field

EScalarportal - ()\ZSZ + gzsf)(HTH)a (2)
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Fig. 2. Different strategies for the search for hidden particles
in the energy and intensity frontier experiments

where \; are dimensionless couplings, and g; are the
couplings with a dimension of mass.

Neutrino portal: new particles are neutral sin-
glet fermions Ny

ENcutrinoportal = FaIEa-HNIa (3)

where index a = e, u, 7 corresponds to the lepton
flavors, L,, is for the lepton doublet, F,; is for the new
matrix of the Yukawa constants, and H =ioyH*.
Non-renormalizable couplings of new particles to
the SM operators are also possible. For example,
pseudo-scalar axion-like particles A couple to SM as

Cas -
La=> 2L fy fo,A-

2

2],
« CA'Y ~ Q3 CA3 b Ab

- L F,F"A—- — G G°H A, 4
8t fa " 8r fa M )

where f = {quarks, leptons, neutrinos}, F),, is the

electromagnetic field strength tensor, qu the field
strength for a strong force, and the dual field strength
tensors are defined as QM = %e‘“’”"on.

Another important example is a Chern—Simons-like
gauge interaction [8] of a new pseudo-vector X,, par-
ticle

C
L) = /T;/ - X, (D,H)THBy, - ¢ + h.c. (5)
Y
Csu(2) t pAp
Lr=15——  Xu(QuH) P H - + e, (6)
SU(2)

where the Ay, Agy(2) are new scales of the theory,
Cy, Csy(2) are new dimensionless coupling constants,
and B, F,, are the field strength tensors of the
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Fig. 3. General scheme of the SHiP facility

Uy (1) and SUw(2) gauge fields. After the sponta-
neous symmetry breaking of the Higgs field, this in-
teraction is effectively reduced to a renormalizable
interaction of the form

Los = e X, 2,002, + c """ X, 7,00 A, +
+ cwe™ N X, W, 0W (7)

So, from the experimental point of view, one has
to test all of the above-mentioned possible new inter-
actions in the wide range of new particle masses and
couplings.

3. SHiP Experiment

The SHiP experiment was first proposed in 2013
[10]. The technical proposal was presented in 2015
[11]. The theoretical background, main channels of
production and decay of new particles, and prelim-
inary estimations of the sensitivity region for differ-
ent portals for the SHiP experiment were considered
in 2016 [7]. Somewhat later, the clarifying comple-
mentary works were published [12-15]. Currently, the
SHiP collaboration [16] includes nearly 250 scientists
from 53 institutions. The experiment will begin its
work allegedly in 2026 year [17].

The main goal of the future SHiP beam-dump ex-
periment at the CERN SPS accelerator is to search
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for the new physics in the region of feebly interact-
ing long-lived light particles including Heavy Neu-
tral Leptons (HNL), vector, scalar, axion portals to
the Hidden Sector, and light supersymmetric parti-
cles. The experiment provides great opportunities for
the study of neutrino physics as well.

Now, we describe the work of the SHiP experi-
ment, see Fig. 3. A beam line from the CERN SPS
accelerator will transmit 400-GeV protons at the
SHiP. The proton beam will strike in a Molybdenum
and Tungsten fixed target at a center-of-mass en-
ergy Ecm ~ 27 GeV. Approximately 2 x 102° proton-
target collisions are expected in 5 years of the SHiP
operation. The great number of the SM particles and
hadrons will be produced under such collisions. Hid-
den particles are expected to be predominantly pro-
duced in the decays of the hadrons.

The main concept of the SHiP functioning is fol-
lowing. Almost all the produced SM particles should
be either absorbed or deflected in a magnetic field
(muons). Remaining events with SM particles can be
rejected using specially developed cuts. If the hidden
particles will decay into SM particles inside the decay
volume, the last will be detected. This will mean the
existence of hidden particles.

So, the target will be followed by a 5-m-long iron
hadron absorber. It will absorb the hadrons and the
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electromagnetic radiation from the target, but the de-
cays of mesons result in a large flux of muons and neu-
trinos. After the hadron stopper, a system of shield-
ing magnets (which extends over a length of ~40 m) is
located to deflect muons away from the fiducial decay
volume [12].

Despite the aim to search for the long-lived parti-
cles, the sensitive volume should be situated as close
as possible to the proton target due to relatively large
transverse momenta of the hidden particles with re-
spect to the beam axis. The minimum distance is de-
termined by the necessity for the system to absorb the
electromagnetic radiation and hadrons produced in
the proton-target collisions and to reduce the beam-
induced muon flux.

The system of detectors of the SHiP consists of
two parts. Just after the hadron absorber and muon
shield, the detector system for recoil signatures of
hidden-sector particle scattering and for neutrino
physics is located. The neutrino detector has mass
of nearly 10 tons. The study of neutrino physics is
based on a hybrid detector similar to the detector of
the OPERA Collaboration [18]. In addition, this sys-
tem allows one to detect and veto charged particles
produced outside the main decay volume.

The second detector system consist of the fiducial
decay volume that is contained in a nearly 50-m-long
rectangular vacuum tank. In order to suppress the
background from neutrinos interacting in the fidu-
cial volume, it is maintained at a pressure of O(1073)
bar. The decay volume is surrounded by background
taggers to tag the neutrino and muon inelastic scat-
terings in the surrounding structures, which may
produce long-lived neutral Standard Model particles

Modification of the SM that
can be tested on SHiP depending
on final states of the hidden particles decay

Decay modes Final states Models tested
Meson and lepton | =i, KI, 1 v portal, HNL,
(l=e,u,1) SUSY neutralino
Two leptons ete , utu~ V, S and A portals,
SUSY s-goldstino
Two mesons 7tx=, Kt K~ | V, S and A portals,
SUSY s-goldstino
3 bodies ti—v HNL, neutralino
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whose decay can mimic signal events. The vacuum
tank is followed by a large spectrometer with a rect-
angular acceptance of 5 m in width and 10 m in height
and a calorimeter. The system is constructed in such
a way to detect as many final states as possible in
order to be sensitive to a very wide range of models
that can be tested. With the help of Table, one can
see what modification of the SM is tested depending
on final states of the hidden particles decay.

It should be noted that the SHiP experiment
gives great opportunities for the study of neutrino
physics. As a result of nearly 2 x 10%° proton-target
collisions, V,,_ = 5.7x 10'® v, and v neutrino, N, =
= 5.7 x 10'8 electron neutrino, and Ny, =3.7x 1017
muon neutrino will be produced. It is expected to
detect nearly 10* 7-neutrino and at first to detect
anti 7-neutrino. It is very important, because only 14
7T-neutrino candidates by the experiment DONUT in
Fermilab and 10 m-neutrino candidates by the experi-
ment OPERA in CERN were found till now. No event
with anti 7-neutrino was still observed.

4. Conclusions

There are some indisputable phenomena that point
to the fact that SM has to be modified and com-
plemented by a new particle (particles). We are sure
that there is a new physics, but we do not know where
to search for it. There are many theoretical possibili-
ties to modify the SM by scalar, pseudoscalar, vec-
tor, pseudovector, or fermion particles of the new
physics. These particles may be sufficiently heavy on
the electroweak scale and the scale of energy of the
present colliders. But these particles may be light
(with masses less than that on the electroweak scale)
and may feebly interact with the SM particles. The
main task now is to experimentally observe particles
of the new physics.

Since the possibilities for increasing the energies
of the present colliders are limited by high costs, and
the heavy new particles are difficult to be produced, it
seems reasonable to check another variant and to find
light particles of the new physics in intensity frontier
experiments.

The goal of the SHiP experiment is to search for the
new physics in the region of feebly interacting long-
lived light particles including HNL, vector, scalar, ax-
ion particles with mass <10 GeV. There are theoret-
ical predictions for the sensitivity region of the SHiP

151



V.M. Gorkavenko

experiment for each type of new-physics particles (in
the mass versus coupling constant coordinates). The
experiment will provide great opportunities for the
study of neutrino physics as well.

Since the idea of searching for new light feebly
interacting particles is very tempting and promis-
ing, there are another projects such as REDTOP
at the PS beam lines, NA64++, NA62++, LDMX,
AWAKE, KLEVER at the SPS beam lines, and
FASER, MATHUSLA, CODEX-b at the LHC. All
these experiments are compared and summarized in
[17]. It is possible that great discoveries in particle
physics are right ahead.

The work was presented on the conference “New
trends in high-energy physics”, May 12-18, Odessa,
Ukraine. I also thank Kyrylo Bondarenko for the use-
ful discussion and helpful comments.
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TIOIIIVK YACTUHOK HOBOT
PIBUKU B EKCIIEPMMEHTI SHiP

Peszmowme

HesBakaroun na BesmuesHi ycmixu Cranmapraol Mogeni di-
3ukn ejeMenTapuux dactuaok (CM), icHyloTb OKpeMmi siBHIIA
(mefiTpunHi ocumisnii, 6apionna acuMerpis Bcecity, Temua
Marepis Tomp), axki CM nosicamtu me B 3Mo03i. Jlani sBuma
BKa3yIOTh Ha HeoOXxinuicTs Momudikanii CM Ta BBemeHHs HO-
BUX YJaCTHHOK. EKCIIEpHMEHTH 3 MOIIYKYy YacCTHHOK HOBOI bi-
3UKH MOXKHA DO3JI/JINTH Ha JIBa THUIIN: €KCIEPUMEHTU, B SKUX
HaMaraloThbCs JOCATTH HAWOLIBIIOI eHepril YaCTUHOK, II0 3i-
ITOBXYIOTHCSI, T4 EKCIIEPUMEHTH, B SIKUX HAMATAIOTHCS JIOCST-
THU HAKOIIBINOT KiJIbKOCTI HEOOXiJHUX peakiliii. B ekcrepuMen-
Tax IEpIIOro TUILY HAMAralThCs 0E3M0CEePEIHBO YTBOPUTU Ta
3apeecTpyBaTH HOBI BaKKi YaCTUHKH. B ekcriepuMeHTax Jpyro-
O TUILY HAMAraloThCs OE3M0CEPEHBO YTBOPUTH Ta 3aPEECTPy-
BaTHW HOBI JIErKi YaCTUHKH, 110 CJIAOKO B3a€MOJIIOTH 3 YaCTUH-
kamMu CM. B po60Ti 06roBoproerbcst Mailby THill €eKCIIEPUMEHT 3
BUCOKOIO iHTeHcuBHicTIO oz SHiP, mo npoBoguTuMerscst Ha
npuckopioBadi SPS CERN; i#ioro rexuiuni XxapakKTepuCTUKH Ta
rnepeBaru.
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SEARCHING FOR ODDERON
IN EXCLUSIVE REACTIONS

We discuss the possibility to use the pp — ppod process in identifying the odderon exchange. So
far, there is no unambiguous experimental evidence for the odderon, the charge conjugation
C = —1 counterpart of the C = +1 pomeron. Last year, the results of the TOTEM collabo-
ration suggest that the odderon exchange can be responsible for a disagreement of theoretical
calculations and the TOTEM data for the elastic proton-proton scattering. Here, we present
recent studies for the central exclusive production (CEP) of ¢¢ pairs in proton-proton col-
lisions. We consider the pomeron-pomeron fusion to ¢¢p (PP — ¢¢p) through the continuum
processes, due to the t- and G-channel reggeized ¢-meson, photon, and odderon exchanges,
as well as through the s-channel resonance process (PP — f2(2840) — ¢¢p). This fo state is
a candidate for a tensor glueball. The amplitudes for the processes are formulated within the
tensor-pomeron and vector-odderon approach. Some model parameters are determined from
the comparison to the WA 102 experimental data. The odderon exchange is not excluded by the
WA102 data for high ¢¢ invariant masses. The measurement of large Mgy or Yaim events at
the LHC would therefore suggest the presence of the odderon exchange. The process is advan-
tageous, as here the odderon does not couple to protons.

Keywords: exclusive reactions, meson, Regge physics, pomeron, odderon, LHC.

1. Introduction

Diffractive studies are one of the important parts of
the physics program for the RHIC and LHC experi-
ments. A particularly interesting class is the central-
exclusive-production (CEP) processes, where all cen-
trally produced particles are detected.

In recent years, there has been a renewed interest
in the exclusive production of 7#+7~ pairs at high en-
ergies related to successful experiments by the CDF
[1] and the CMS [2] collaborations. These measure-
ments are important in the context of the resonance
production, in particular, in searches for glueballs. In
the CDF and CMS experiments, the large rapidity
gaps around the centrally produced dimeson system
were checked, but the forward- and backward-going
(anti)protons were not detected. Preliminary results
of similar CEP studies have been presented by the
ALICE and LHCb collaborations at the LHC. Al-
though such results will have a diffractive nature, fur-

© P. LEBIEDOWICZ, A. SZCZUREK,
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ther efforts are needed to ensure their exclusivity. On-
going and planned experiments at the RHIC (see, e.g.,
[3]) and future experiments at the LHC will be able
to detect all particles produced in central exclusive
processes, including the forward- and backward-going
protons. The feasibility studies for the pp — pprT7—
process with the tagging of scattered protons, as car-
ried out for the ATLAS and ALFA detectors, are
in [4]. Similar possibilities exist using the CMS and
TOTEM detectors.

In [21], the tensor-pomeron and vector-odderon
concepts were introduced for soft reactions. In this
approach, the C = +1 pomeron and the reggeons
R4 = for,aor are treated as effective rank-2 sym-
metric tensor exchanges, while the C' = —1 odderon
and the reggeons R_ = wg, pr are treated as effec-
tive vector exchanges. For these effective exchanges,
a number of propagators and vertices, respecting
the standard rules of quantum field theory, were de-
rived from comparisons with experiments. This al-
lows for an easy construction of amplitudes for spe-
cific processes. In [22], the helicity structure of a
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Fig. 1. Born-level diagrams for the double pomeron central
exclusive ¢¢ production and their decays into KT K~ K+ K~:
¢¢ production via an f2 resonance (a). Other resonances, e.g.,
of fo- and n-type, can also contribute here. The continuum ¢¢
production via an intermediate ¢ and odderon (O) exchanges,
respectively, (b) and (¢). P-y-P and O-P-O contributions are
also possible, but negligibly small

small-|t| proton-proton elastic scattering was consid-
ered in three models for the pomeron: tensor, vec-
tor, and scalar ones. Only the tensor ansatz for the
pomeron was found to be compatible with the high-
energy experiment on the polarized pp elastic scatter-
ing [10].

Applications of the tensor-pomeron and vector-
odderon ans’atze were given for the photoproduction
of pion pairs in [11] and for a number of central-
exclusive-production (CEP) reactions in pp collisions
in [12-20]. In addition, contributions from the sub-
leading exchanges, R, and R_, were discussed in
these works. As an example, for the pp — pppp re-
action [17], the contributions involving an odderon
are expected to be small since its coupling to a pro-
ton is very small. We have predicted asymmetries
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in the (pseudo)rapidity distributions of the centrally
produced antiproton and proton. The asymmetry is
caused by interference effects of the dominant (P, P)
with the subdominant (O+R_, P+ R, ) and (P4+R,,
O + R_) exchanges. We find only very small effects
for the odderon, roughly a factor of 10 smaller than
the effects due to reggeons.

So far, there is no unambiguous experimental evi-
dence of the odderon, the charge conjugation C' = —1
counterpart of the C = 41 pomeron, introduced on
theoretical grounds in [5]. A hint of the odderon was
seen in ISR results [6] as a small difference between
the differential cross-sections of elastic proton-proton
(pp) and proton-antiproton (pp) scatterings in the
diffractive dip region at /s = 53 GeV. Recently, the
TOTEM Collaboration has published data from high-
energy elastic pp scattering experiments at the LHC.
In [7], results were given for the p parameter, the ratio
of the real part to the imaginary one of the forward
scattering amplitude. The interpretation of these re-
sults is controversial at the moment.

As was discussed in [8], the exclusive diffractive
J/v and ¢ productions from the pomeron-odderon
fusion in high-energy pp and pp collisions are a direct
probe for a possible odderon exchange. For a nice re-
view of the odderon physics, see [9]. In the diffractive
production of ¢ meson pairs, it is possible to have
the pomeron-pomeron fusion with intermediate # /-
channel odderon exchange [20]; see the corresponding
diagram in Fig. 1, ¢. Thus, the pp — pp¢¢ reaction is
a good candidate for the odderon-exchange searches,
as it does not involve the coupling of the odderon to
the proton.

Studies of different decay channels in the central
exclusive production would be very valuable also in
the context of identification of glueballs. One of
the promising reactions is pp — ppop¢ with both
¢ = $(1020) mesons decaying into the K+ K~ chan-
nel. Structures in the ¢¢ invariant-mass spectrum
were observed by several experiments, e.g., in the
exclusive 77p — ¢on [23] and K~ p — ¢pA [24]
reactions, and in the central production [25]. Three
tensor states, f2(2010), f2(2300), and f2(2340), ob-
served previously in [23], were also observed in the
radiative decay J/¢ — v¢¢ [26]. The nature of these
resonances is not understood at present and a tensor
glueball has still not been clearly identified. Accor-
ding to lattice-QCD simulations, the lightest tensor
glueball has a mass between 2.2 and 2.4 GeV, see,
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e.g. [27]. The f2(2300) and f2(2340) states are good
candidates to be tensor glueballs.

For an interesting approach to the exclusive diffrac-
tive resonance production in pp collisions at high en-
ergies, see also Ref. [28,29].

2. A Sketch of Formalism

In [20], we considered the CEP of four charged kaons
via the intermediate ¢¢ state. Explicit expressions for
the pp — ppop¢ amplitudes involving the pomeron-
pomeron fusion to ¢¢ (PP — ¢¢) through the contin-
uum processes, due to the #- and @-channel reggeized
¢-meson, photon, and odderon exchanges, as well
as through the s-channel resonance reaction (PP —
— f2(2340) — ¢¢) were given there. Here, we discuss
briefly the continuum processes for the pp — ppp¢ re-
action.

The “Born-level” amplitude for the pp — ppp¢o re-
action is

MBorn :M(fg—exchange) +M(¢—exchange)+

+ M (O—exchange) ) (1)

For the continuum process with the odderon ex-
change (Fig. 1, ¢), the amplitude is a sum of ¢- and -
channel amplitudes. The ¢-channel term can be writ-
ten as
MO = (=i)a(p1, A\ )L (1, pa)u(Pas Aa)

H1v1
w s AB) pavi,en B (513’ tl) >

(PO N i *
< i0"0%  (pe, —ps) (e(¢> pd()%)) o

< iA©@) 102 (554 py) x

(PO A *
x ZFEMszzﬂz (p4’pt) (6(¢) P ()‘4)> X

« i AP) a2z, puavs (S04, t2) X

X u(pa, >\2)iFfL[P;IZ,’;) (P2, Po)u(py, Mp), (2)

where pgp, p1,2 and Agp, A2 = :I:% denote the four-
momenta and helicities of the protons and p3 4 and
Az4 = 0,%1 denote the four-momenta and helici-
ties of the ¢ mesons, respectively. p;, = p, — p1 — P3,
Pu=pa—Pa+p1, 5ij = (pi + ;)% t1 = (p1 — pa)?,
ta = (p2 — pp)>. I'®rp) and A®) denote the proton
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vertex function and the effective propagator, respec-
tively, for the tensorial pomeron. The corresponding
expressions are as follows [21]:

T EPP) (p', p) = —i3BennFi(t) X

{5 !+ 01 4206 + )] = 98 + D), ©)

(P 1 1
ZA;(MJ),KA(S’t) = ZS (g/uigl/A + Ju vk — 29/1.Vgl€>\) X
x (—isap) O, (4)

where Bpyn = 1.87 GeV~!. The pomeron trajectory
ap(t) is assumed to be of the standard linear form
(see, e.g., [30]): ap(t) = ap(0)+apt, ap(0) = 1.0808,
ofp =0.25 GeV ™2,

Our ansatz for the effective propagator of the C' =
= —1 odderon is [21]

A (O . Tlo . o(t)—
zAfw)(S,t) = _ZgWﬁg(_Zsa{o)a (t)-1

with

My=1GeV, ng==£l1. (5)
Here, ag(t) = ag(0) + apt and we choose, as an
example, af = 0.25 GeV~2, ag(0) = 1.05.

For the PO¢ vertex, we use an ansatz with two
rank-four tensor functions [20]:

ZF(P@¢) (k’/,k’) _ ZF(P®¢)((]C + k/)Q,k/27k2> %

MUK
% 2ap0p T (K, k) — bpop T2 (K, k). (6)

LR HURA
We take the factorized form for the PO¢ form factor:
FEON(k+ 1) k2 k%) =
= F((k+K')?) F(k”) FT9 (k%) (7)

where F(k?) = (1 — k?/A?)~! and F(P@W(mi) = 1.
The coupling parameters apgy, bpos and the cutoff
parameter A? could be adjusted to the WA102 exper-
imental data [25].

At low /s34 = Mgy, the Regge type of interac-
tion is not realistic and should be switched off. To
achieve this, we multiplied the @-exchange amplitude
by a purely phenomenological factor: Fip,(s34) =1—
— exp|(Sthr — S34)/Sthr)] With sgny = 4mi.
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Fig. 2. Distributions in the ¢¢ invariant mass. The calcula-
tions were done for /s = 29.1 GeV and |rp ¢e| < 0.2. The
WA102 experimental data from [25| are shown. In the top
panel, the green solid line corresponds to the non-reggeized ¢-
exchange contribution. The results for two prescriptions of the
reggeization, (10) and (12), are shown by the black and blue
lines, respectively. In the bottom panel, we show the com-
plete results including the f2(2340)-resonance contribution and
the continuum processes due to the reggeized-¢, odderon, and
photon exchanges. The black long-dashed line corresponds to
the ¢-exchange contribution and the black dashed line corre-
sponds to the f2(2340) contribution. The red dotted line rep-
resents the odderon-exchange contribution for apgy = 0 and
brog = 1.0 GeV~! in (6)

The amplitude for the process shown in Fig. 1, b
has the same form as the amplitude with the Q ex-
change, but we have to make the following replace-
ments:

(P@)d’) (k/ k)

uVmA
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(P¢¢)(k/ k), (8)

pVﬁA

—
S
©

——— ———————————
pp — pp (99 — K'K'K'K)
1s=13TeV, I 1<2.5, p_>0.2GeV

______ 2(2340)

— — ¢ exchange

........ odderon exchange
R yexchange >< 10°
total, n,

total, n -+1
0,,(0) = 21.05
bpg,=1.0GeV'

PO ¢

L umu\

do/dM,, (nb/GeV)
3
L un\

Lol

pp = pp (9 - K'KK'K)
1s=13TeV, In 1<2.5, p_ >02GeV
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107!
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Fig. 3. Distributions in My (left) and in Yq;g (right) for the
pp — pp(¢pp — KT K~ K+ K~) reaction calculated for /s =
= 13 TeV and |nk| < 2.5, pr, k > 0.2 GeV. The coherent sum
of all terms is shown by the red and blue solid lines for ng = —1
and ng = +1, respectively. Here, we take ag(0) = 1.05. The
absorption effects are included in the calculations

iND) (s34,9%) = iA) (p). (9)

We have fixed the coupling parameters of the tensor
pomeron to the ¢ meson, based on the HERA exper-
imental data for the yp — ¢p reaction; see [18§].

We should take the reggeization of the intermedi-
ate ¢ meson into account. We consider two prescrip-
tions of the reggeization (only expected to hold in the
|p?| /s34 < 1 regime):

$34 ag(p®)—
AL - AR ) (expliosan) 22 (10

thr
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¢(834) = gexp (Sthr_834) — 27

Sthr

(11)
where Sip, = 4m?¢. Alternatively, we use

AW () — AE;?LQ (®) F(Yairr) +

P1P2

+ Agﬁ% () 1 = F(Yar)] x

ag(p*)—1
X (eXp(i¢>(834)) 834) ;

Sthr

(12)

where F(Yaig) = exp (—cy|Yaig|). Here, ¢y is an un-
known parameter which measures, how rapidly one
approaches the Regge regime. This gives the proper
Regge behavior for s34 — 4m$S > 1 GeV?; whereas,
for smaller ss4, we have the mesonic behavior. We
take ag(p®) = ag(0) + o, B, ap(0) = 0.1 [31], and
al, = 0.9 GeV 2,

In order to give realistic predictions, we shall in-
clude the absorption effects calculated at the am-
plitude level and related to the pp nonperturba-
tive interactions. The full amplitude includes the pp-
rescattering corrections (absorption effects)

Born absorption

Mopp—sppss = M + M pion
Mabsorption( ) _
$,P1t,Pot) =

7

= o [ PR M B o) M (5, K, (13)

872s

where py; = py; — ki and py, = Py, + Kt MSF) is the
elastic pp-scattering amplitude with the momentum
transfer t = —k?.

3. Results
It is very difficult to describe the WA102 data for the
pp — ppp¢ reaction including resonances and the ¢-
exchange mechanism only [20]. Inclusion of the odd-
eron exchange improves the description of the WA102
data [25]. The result of our analysis is shown in Fig. 2.
Having fixed the parameters of our quasifit to the
WA102 data, we wish to show our predictions for
the LHC. In Fig. 3, we show the results for the AT-
LAS experimental conditions (|nx| < 2.5, pyx >
> 0.2 GeV). The distribution in the four-kaon invari-
ant mass is shown in the top panel, and the differ-
ence in rapidities between the two ¢ mesons in the
bottom panel. The small intercept of the ¢-reggeon
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exchange, ay(0) = 0.1, makes the ¢-exchange con-
tribution steeply falling with increasing Myx and
[Yaig|. Therefore, an odderon with an intercept ag(0)
around 1.0 should be clearly visible in the region of
large four-kaon invariant masses and for large rapidity
distance between the ¢ mesons.

4. Conclusions

By confronting our model results, including the odd-
eron, the reggeized ¢ exchange, and the f2(2340)
resonance exchange contributions, with the WA102
data from [25], we derived an upper limit for the
PQO¢ coupling. advantage of this process for experi-
mental studies is the following. With regard for the
typical kinematic cuts for LHC experiments in the
pp — ppopp — ppKTK~KTK™ reaction, we have
found that the odderon exchange contribution should
be distinguishable from other contributions for a large
rapidity distance between the outgoing ¢ mesons and
in the region of large four-kaon invariant masses. At
least, it should be possible to derive an upper limit
on the odderon contribution in this reaction.

Our results can be summarized in the following
way:

e CEP is a particularly interesting class of pro-
cesses which provides insight to the unexplored soft
QCD phenomena. The fully differential studies of the
exclusive pp — ppp¢ reaction within the tensor-
pomeron and vector-odderon approaches were exe-
cuted; for more details, see [20].

e Integrated cross-sections of order of a few nb are
obtained, including the experimental cuts relevant for
the LHC experiments. The distribution in the rapid-
ity difference of both ¢-mesons could shed light on
the f2(2340) — ¢¢ coupling, not known at present.
Here, we used only one type of PPf; coupling (out
of 7 possible; see [14]). We have checked that, for
the distributions studied here, the choice of PPf,
coupling is not important. This is a different situ-
ation compared to the one observed by us for the
pp — pp(PP — f2(1270) — 7+ 7~) reaction [14].

e From our model, we have found that the odderon-
exchange contribution should be distinguishable from
other contributions for a relatively large rapidity sep-
aration between the ¢ mesons.

Hence, to study this type of mechanism, one should
investigate events with rather large four-kaon invari-
ant masses, outside of the region of resonances. These
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events are then “three-gap events” proton—gap—¢—
gap—¢—gap—proton. Experimentally, this should be a
clear signature.

e Clearly, an experimental study of CEP of a ¢-
meson pair should be very valuable for clarifying the
status of the odderon. At least, it should be possible
to derive an upper limit on the odderon contribution
to this reaction.
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I1. Jlebedosun

IMOIIYKM OJAEPOHA
B EKCKJ/IIOBMBHUX PEAKIIAX

Peszmowme

OOroBOpIOEMO MOKJIUBICTH KOPHCTYBATHCS IIPOIECOM DPp —
— ppop¢ s inenrudikaril oominy ommeponom. lo nporo ya-
Cy HEMA€ OJHO3HAYHOI'O €KCIIEPUMEHTAJIBHOIO JOKa3y iCHyBaH-
Hsl OJlIepOHa — MapTHEpa IIOMEPOHAa 3 HEraTUBHUM 3apsiIOBUM

ISSN 2071-0186. Ukr. J. Phys. 2019. Vol. 64, No. 8

cupsizkerasaM, C' = —1. Munynopiuni pesynsraru Kosrabopa-
mii TOTEM BKasymTh Ha Te, 10 OJJAEPOH MOXKE CIIPUYMHSI-
TH PO3DOIXKHICTH MiK TEOPETUIHUMU PO3PAXyHKAMH Ta JAHU-
vmu TOTEM npo npy»kHe po3cisiHHsg NPOTOHIB. Mu mpe3eHTye-
MO HOBI pe3yJIbTaT! JOCJIiPKEHD IIEHTPAJIbHOTO €KCKJIIO3UBHO-
ro napomkenus (CEP) map ¢¢ B nporonnnx sitkHeHHsax. Mu
pasrispaemo ¢ysio nomeponis y ¢¢ (PP — ¢¢) dyepes xon-
THHYYM 3aBIAKE OOMiHy B i- i {-KaHAJAX DEIKE30BAHOTO -
Me30Ha, POTOHA Ta OJIIEPOHA, a TAKOXK PE30HAHCHOTO IIPOIECY
B s-xanaii (PP — f2(2340) — ¢¢). Hacturka f2 € KaHAIIATOM
Ha TEH30pHUI TUI060JI. AMIUIiTYma Tpoecy pOPMYIIIOETHCA B
paMKax IiXomy, Jie IIOMEPOH € TEH30POM, & OJIEPOH € BEKTO-
poM. [leski 3 mapamMeTpiB Mo/e/i BUBHAYAIOTHCS 3 MOPIBHSHHS
3 ekcriepuMeHTaJ bHUMU JanuvMu WA102. Tani WA102 H