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Invariant spectra of n mesons production and nuclear modification factors of n u =°
mesons produced in binary collisions of uranium nuclei at energy of 192 GeV have been
presented in the paper. This data was obtained using the PHENIX spectrometer of RHIC.
These experimental results were analyzed and compared with similar data on binary collisions
of gold nuclei at 200 GeV. The n u n° mesons yields in central collisions of both uranium
and gold nuclei (at energy values mentioned) were established to be suppressed equally. In
the peripheral collisions, the nuclear modification factors of n u n° mesons measured in the
uranium nuclei collisions were suppressed more than those obtained in the gold ones. An
analysis of a ratio of the n meson to n’ meson production spectra in the uranium nuclei col-
lisions (at 192 GeV) revealed that the ratio was independent of the centrality class and the
transverse momenta.
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U3MEPEHUE ®AKTOPOB AAEPHOU MOOAUDUKALUU
3TA-ME30OHOB INPU CTOJZIKHOBEHUAX AAEP YPAHA

1.B. PadzeBuuy, A.5. bepdHukoB, A.A. bepdHuUKoG,
1.0. Komo@, C.B. XKapko

CaHkT-lNeTepbyprckuii NoNUTEXHUYECKUI YHUBEpcUTET MeTpa Benukoro,
CaHkT-MeTepbypr, Poccuiickas deaepauus

B cratbe mnpencraBieHbl MHBApPUAHTHBIE CIEKTPHI POXACHUS NM-ME30HOB M (haKTOPHI
siIepHON Moaup UKy n- U °-Me30HOB, POXKIACHHBIX B MAPHBIX CTOJKHOBEHUSIX SIAEP ypaHa
nipu s3Hepruu 192 B, DTu nannsie nosyuensl Ha ciektpomerpe PHENIX, pacrionoxennom
Ha penstuBuctckom komnaiimepe RHIC. TlpoBeaeH aHanu3 3TUX BKCIIePUMEHTaTbHBIX
pe3yJbTaTOB, U OHU COITOCTABJICHBI C AaHAJOTUYHBIMU TaHHBIMU JUISI MTAPHBIX CTOJIKHOBEHUMA
aaep 3osota Tipu sHeprum 200 I'3B. YcraHoBiIeHO, YTO BBIXOABI M- U m’-ME30HOB B
LICHTPAJIbHBIX ITapHBIX CTOJKHOBCHUSX SAep KaK ypaHa, TaK M 30yi0Ta (IIpM yKa3aHHBIX
3HAUCHUSIX SHEPTUM) MOAABJICHBI B paBHOU CTeIeHU. B mepudepuitHBIX K€ CTOTKHOBEHMSIX
akTOphl siAepHON MOAM(UKAIIMU M- U ©’-ME30HOB, U3MEPEHHBIC B CTOJKHOBEHMSIX SIep
ypaHa, IOJABJIEHbl CHJIbHEE, YeM JaHHble (DAKTOPbI, IOJyYEHHbIE B CTOJKHOBEHUSIX sIEp
30J10Ta. AHaJW3 OTHOIICHMS CIIEKTPOB POXIEHUS m-ME30HOB K CIIEKTpaM m’-ME30HOB,
DOXIEHHBIX B MapHBIX CTOJKHOBEHUSX siiep ypaHa npu 3Hepruu 192 I'sB, mokasan, 4yTto
OHO HE 3aBHUCHUT HU OT KJlacca LIEHTPaJbHOCTHU, HU OT IMOIIEPEYHOTO MMITYJIbCa.

KioueBble cjioBa: KBapK-TJIIOOHHAsl IUIa3Mma, 3Ta-Me30H, 3(P@eKT rameHus cTpyit, dakTop
siIepHOM MoauduKauu



Nuclear physics
pny. >

Ccpuika npu mutupoBanmu: Panzesuu I1.B., bepmauxkoB A.Sl., bepmuukos f.A., Koros [1.0.,
XKapko C.B. Hsmepenue ¢GakTopoB sgaepHON MoaupUKAIUM 3Ta-ME30HOB IPU IapHBIX
CTOJIKHOBeHUsX saep ypaHa // HayuHo-texnmueckue Begomoctn CIIGITIY. ®usuko-
Matemaruueckue Hayku. 2019. T. 12. Ne 2. C. 101—110. DOI: 10.18721/JPM.

Introduction

Transition of nuclear matter to quark-gluon
plasma (QGP) at high energy densities and/or
temperatures (¢ = 1 GeV/fm?, T = 170 MeV)
was first predicted in 1970 using calculations
of quantum chromodynamics (QCD) [1-5].
Phase transitions from colorless hadronic mat-
ter to QGP are studied in experiments on col-
lisions of ultrarelativistic nuclei. QGP studies
contribute substantially to modern understand-
ing of the evolution of the early Universe, as
the temperature of the Universe was at one
stage equivalent to the temperature of QGP (T
=~ 10" K) [6]. The behavior of nuclear matter at
high temperatures and energy densities carries
information on the nature of forces between
quarks and gluons; these studies are in great
demand in cosmology, providing insights on
the properties of neutron stars [7, 8].

The properties of QGP in collisions of ultra-
relativistic nuclei are detected by analyzing the
effects of the initial and final states of nucle-
ar matter. The effect of quenching of hadronic
jets is related to phenomena occurring in the
final state of nuclear matter and manifests itself
in collisions of heavy nuclei with high energy
[9]. Jet quenching is a result of hard scattering
of partons produced in collisions of heavy ul-
trarelativistic nuclei. This effect is studied by
measuring the production spectra and nuclear
modification factors of the hadrons produced
in interactions of nuclei. It is convenient to use
n mesons to estimate the degree of suppression
of hadron yields in the region of high transverse
momenta.

Production spectra and nuclear modifica-
tion factors of n mesons are measured with the
purpose of studying the jet quenching effect in
a specific system of colliding nuclei. Compar-
ing the production spectra and nuclear modi-
fication factors of n mesons with those for =’
mesons allows to obtain the dependence of jet
quenching on the masses of produced particles
and on their quark composition.

The binary system of colliding uranium nu-
clei (U + U) with the energy Vs,, = 192 GeV is
particularly interesting. Uranium nuclei have a
non-spherical shape, so the effects of QGP can
be studied with different geometrical configu-
rations of colliding nuclei. In central collisions,

The U + U system of colliding nuclei has the
maximum energy density available at the Rela-
tivistic Heavy Ion Collider (RHIC) [10].

Problem statement and description

The goal of this study has been to investi-
gate the production of n mesons in collisions
of uranium nuclei (U + U) at an energy \/sNN
= 192 GeV.

To identify the mechanisms for produc-
tion of particles in scattering of hard partons
produced in collisions of U + U nuclei at
\/sNN = 192 GeV, we had to measure the pro-
duction spectra of n mesons and calculate
their nuclear modification factors. The in-
variant production spectra and nuclear mod-
ification factors of n mesons were analyzed
taking into account their centrality class and
depending on the transverse momentum.

The transverse momentum p, character-
izes the interaction energy in a system of
colliding nuclei. Centrality, measured as a
percentage, is the degree of overlap of col-
liding nuclei with a fixed impact parame-
ter. Collisions with the maximum degree of
overlap correspond to a centrality of 0—20%
and are called central, and collisions with
the minimum degree of overlap are called
peripheral and correspond to a centrality of
60—80%.

Study procedure

We have developed a procedure for studying
the effect of jet quenching with the help of n
mesons produced in collisions of U + U nuclei
at \/SNN = 192 GeV. The procedure includes the
following steps:

processing the experimental data;

measuring the yields of n mesons in differ-
ent p, ranges and centrality classes;

calculating the particle reconstruction effi-
ciency for the detector;

measuring the invariant spectra of 1 meson
production in collisions of U + U nuclei at
\/sNN =192 GeV in different p, ranges and cen-
trality classes;

assessing the systematic measurement errors;

measuring the nuclear modification factors
of n mesons in U + U collisions at Vs,, =

192 GeV in different p, ranges and centfvejlvlity
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classes.

The experimental data used in the study
were obtained with the PHENIX spectrometer
at RHIC. Electromagnetic calorimeters were
used to detect the decay products of n mesons
in the n — yy channel. Such devices measure
the energy and coordinates of photons, elec-
trons and hadrons emitted from the region of
nuclear interaction. The electromagnetic cal-
orimeter system at the PHENIX experiment
provided an overall acceptance ¢ = 2 * w/2 in
the azimuth and |n| < 0.35 in pseudorapidity.

The system of electromagnetic calorimeters
consisted of two subsystems: the lead scintilla-
tion sampling calorimeter (PbSc) and the lead-
glass Cherenkov calorimeter (PbGl). Each of
the devices had its own segmentation. Using
both types of calorimeters made it possible to
cross-check the results obtained separately for
the PbSc and PbGl subsystems within a single
experiment.

Processing the experimental data. The data
were prepared by establishing the criteria for
selecting the desired events recorded by the
electromagnetic calorimeter.

Constraints were imposed on the shape of
detected electron showers yo separate the sig-
nals recorded during interaction of hadrons
and photons with the active volume of the
electromagnetic calorimeter. The constraint y?
<3 was imposed in the PbSc subsystem, and
photon_prob > 0.02 in the PbGI subsystem.
Here y? and photon_prob are statistical variables
described in [11].

The average energy transferred by charged
hadrons is £ = 300 MeV. Therefore, to better
separate the signals from hadrons, we impose
an additional constraint on the energy of re-
constructed clusters: EY > 400 MeV.

To improve the signal-to-background ratio,
we use the constraint on energy asymmetry be-
tween the photons combined in reconstruction
of 1 mesons:

LA _E”|< 0.8.
E,+E,

Particles were detected in collisions of
uranium nuclei for 22 days. Equipment mal-
functions could have occurred for a variety of
reasons during this period. In view of this, we
discarded data segments with a small number
of recorded events in our analysis.

The interaction vertex (z,,) is one of the
main parameters in the system of colliding nu-
clei. This parameter was determined using the
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beam-beam counter in the PHENIX experi-
ment. To select the data, we used a constraint
on the vertex

—20< ¢

coll

< +20,

since the efficiency of the collision counter,
measured in U + U collisions, is constant in
this interval.

Measuring the yields of n mesons in different
p,ranges and centrality classes. This procedure
is done by constructing the effective mass dis-
tribution of two gammas, selected after pro-
cessing the experimental data, in different p,
ranges and centrality classes. To find the yields
of n mesons, the useful signal recorded as a re-
sult of decay of 1 mesons is separated from the
background, which is divided into the correlat-
ed (a pair of y quanta is the product of particle
decay) and uncorrelated (random combination
of y quanta) components.

To separate the uncorrelated background, vy
pairs taken from two different events with sim-
ilar characteristics (vertex and centrality) are
combined. The distribution of effective mass of
combined y quanta (background) is construct-
ed, normalized in the range

0.7 < M <0.8 GeV/¢

by the distribution of effective mass of real
events (signal and background) and subtracted
from it.

The result of subtracting two distributions
is approximated by a Gaussian function to de-
scribe the signal from the reconstructed n me-
sons and by a second-degree polynomial to
describe the residual correlated background, in
the interval

0.40 < M_<0.75 GeV/¢?

in the range p, < 10 GeV/c
and
0.35 <M _<0.75 GeV/c?

in the range p, > 10 GeV/c.

Yields of 1 mesons are measured by count-
ing the number of samples and subtracting the
integral under the second-degree polynomial.
The region where n meson yields are counted
lies in the range

0.48 <M <0.62 GeV/c.

Calculating the particle reconstruction effi-
ciency for the detector. This procedure allows to
separate the number of n mesons reconstruct-
ed in the electromagnetic calorimeter from the
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number of 1 mesons in the active volume of
the detector.

The reconstruction efficiency is found by
simulating the passage of n mesons in the
PHENIX spectrometer by the Monte Carlo
method. The specialized PISA package im-
plemented in GEANT-3 [11] is used for this
simulation.

The reconstruction efficiency is calculated
as the ratio of the number of particles recon-
structed during simulation to the initial number
of particles.

Measuring the invariant spectra of n meson
production in collisions of U + U nuclei at Vs,
= 192 GeV in different p7 ranges and centrality
classes. The following formula is used for these
measurements:

]n(pT) =dN ,,(p;) =
_ 1 N,(pr) ()
2in NeventAstrec.ef (pT) ’

where N is the yield of neutral n mesons; ¢ s 18
the reconstruction efficiency; N, is the num-
ber of events analyzed.

Invariant spectra of particle production are
measured in different centrality classes.

Assessing the systematic measurement errors.
This is done by varying different parameters (en-
ergy scale, energy resolution, weighting factors,
parameters of detected particles, boundaries of
detected vy clusters, conversion, geometry of the
experimental setup and model) used to measure
the yields of n mesons.

Statistical and systematic errors of nuclear
modification factors are calculated as the sum of
the squares of statistical and systematic errors of
the numerator and denominator of formula (1).

Measuring the nuclear modification factors of
n mesons in U + U collisions at \/sNN =192 GeV
in different p, ranges and centrality classes. The
following formula is used for this purpose:

1 dN
R = AA
“ < coll > dN (2)

where dN,, dN are hadron yields in (4 + A)
and proton (p £ p) collisions, respectively, in a
given range of transverse momenta; <N_ > is the
average number of inelastic nucleon—nucleon
collisions.

The value of <N, is found by Monte Carlo
simulation based on the Glauber theory taking
into account the geometry of colliding nuclei.
Normalization to this number is based on
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the assumption that hadrons are produced in
elementary parton-parton interactions.

To study collective effects (effects of the
final and initial states of nuclear matter) in
the system of colliding nuclei, we used nuclear
modification factors R, . If R, , = 1, then there
are no collective effects in the system of colliding
nuclei. If R, is different from unity, this points
to either suppressed or excessive particle yield.

Results and discussion

Fig. 1 shows invariant spectra of n mesons
production measured in collisions of uranium
nuclei (U + U) at \/SNN = 192 GeV depending
on the transverse momentum for different cen-
trality classes.

The spectra were measured in a wide range
of transverse momenta in central collisions (up
to 14 GeV/c). There were limitations to mea-
suring the production spectra in the region of
low transverse momenta due to small capacity
of the detector setup. The limitations in the re-
gion of high momenta were due to insufficient
statistical data.
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n
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Fig. 1. Invariant spectra of n mesons
measured in U + U collisions
as function of transverse momentum
for different centrality classes, %:
0—80 (1), 0—20 (2), 20—40 (3), 40—60 (4), 60—80
;
Vs, = 192 GeV.
The vertical bars and the horizontal grey rectangles on
the points here and below correspond to statistical and
systematic measurement error, respectively
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Fig. 2 shows a comparison of nuclear mod-
ification factors of 1 mesons measured in colli-
sions of uranium (U + U) and gold (Au + Au)
nuclei [12, 13] at energies \/SNN = 192 and 200
GeV, respectively, with close values of N_,
(see Table). The nuclear modification factors
of n mesons (see Fig. 2) were calculated by
formula (2) using two different sets of average
number N_, of nucleon-nucleon collisions in

coll

different centrality classes in U + U collisions

Number of collisions N

>

at \s,, = 192 GeV. Two sets of N_, are used
because of uneven distribution of nucleons in
spherically asymmetric uranium nuclei.

The nuclear modification factors measured
in collisions of uranium and gold nuclei at
\/sNN = 192 and 200 GeV, respectively, coincide
for high values of N_,, which indicates that the
jet quenching effect does not depend on the
geometric shape of colliding nuclei.

The nuclear modification factors obtained in

Table

as function
coll
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of centrality for different types
of interactions (see Fig. 2)

Centrality, % ol Fig. 2
Au + Au (set 1), 200 GeV
0—5 1065.4105.3t | a)

20—40 300.832.6+ b)
40—50 120.313.7t c)
60—92 17.13.9% d)

Au + Au (set 2), 200 GeV

0—10 967.392.9+ a)
60—92 17.23.5¢ d)
U + U (variant 1), 192 GeV

0—20 934.597.5+ a)
20—40 335.033.0+ b)
40—60 95.913.0% c)
60—80 17.53.8+ d)
U + U (variant 1), 192 GeV

0—20 999.0114.0+ a)
20—40 375.045.0+ b)
40—60 110.014.6t c)
60—80 19.74.4% d)

Note. Different variants possible for collisions
of uranium nuclei are due to different degrees of
deformation of uranium nuclei in calculations of the

nucleon number N_, in the Glauber model [12, 13].
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Fig. 2. Nuclear modification factor R, as function of transverse momentum p.,
for n mesons in (U + U) interactions (solid circles and squares)
and (Au + Au) interactions (circles and diamonds) [12, 13]
with energies of 192 and 200 GeV, respectively (see Table)
Rectangles over the dashed lines indicate the systematic error for N,
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Fig. 3. Nuclear modification factor R,, as function of transverse momentum p.,
for n° mesons (squares) and n mesons (circles) in (U + U) interactions
with energies of 192 and 200 GeV, respectively, for different centrality classes, %:
0—20 (a), 20—40 (b), 40—60 (c), 60—80 (d).

Rectangles over the dashed lines indicate the systematic error for N,
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Fig. 4. Ratios for n meson production spectra to = ° meson production spectra

measured in U + U collisions at Vs

=192 GeV

NN

as function of transverse momentum for different centrality classes, %:
0—80 (1), 0—20 (2), 20—40 (3), 40—60 (4), 60—80 (5)

collisions of uranium and gold nuclei at Vs o — 192
and 200 GeV, respectively, are somewhat different
for small values of N_,; however, the given
quantities cannot be clearly separated due to large
systematic error.

Fig. 3 shows a comparison of nuclear modifica-
tion factors for n” and n mesons measured in colli-
sions of uranium nuclei (U + U) at \'s w192 GeV,
in different centrality classes. Evidently, these val-
ues coincide within systematic and statistical error
in the entire range of transverse momenta and in
all centrality classes.

Ultimately, the behavior of the ratios of n/n’
spectra measured in collisions of uranium nuclei
at \/SNN = 192 GeV (Fig. 4) does not depend on
centrality and transverse momentum within the

systematic error.

Conclusion

Invariant spectra of n mesons have been
measured in this study in five classes of cen-
trality and nuclear modification factors of n
mesons have been measured in four classes of
centrality depending on the transverse momen-
tum at an energy of \/SNN = 192 GeV in pair
collisions of uranium nuclei (U + U).

Coinciding nuclear modification factors of
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n mesons have been obtained for colliding ura-
nium (U + U) and gold (Au + Au) systems
with equal average numbers of inelastic nu-
cleon-nucleon collisions in the region of high
transverse momenta for central and semi-cen-
tral collisions, which indicates that the effects
of the final state do not depend on the geomet-
ric properties of the colliding nuclei.

We have established that the vyields of
n mesons in peripheral collisions of urani-
um (U + U) at \s,, = 192 GeV were sup-
pressed more strongly than in collisions of gold
(Au + Au) at Vs, = 200 GeV, but it proved
impossible to clearly separate the obtained val-
ues due to large systematic and statistical error.

Analyzing the data for the ratios of n/z°
spectra and comparing the nuclear modifica-
tion factors of n° and n mesons, we have found
that fragmentation of hard partons does not de-
pend on the mass and composition of n’ and
n meson quarks produced in pair collisions of
uranium nuclei at Vs, = 192 GeV.

The results of this study were obtained within
the framework of State Task of the Ministry of
Education and Science of Russian Federation
3.1498.2017/4.6.
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