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This paper presents invariant transverse momentum spectra and nuclear modification factors
of K*(892)-mesons measured in the Cu + Au collisions at \/_ = 200 GeV. The measurements
were performed in five centrality bins in the range of transverse momentum from 2.00 to 5.75
GeV/c in the PHENIX experiment at the RHIC. Nuclear modification factors were compared
with previously obtained PHENIX data in Cu + Cu collisions at \/_ = 200 GeV. The nuclear
modification factors of K*-mesons in Cu + Cu and Cu + Au colhs10ns at the same values of a
number of participants N, were found to have similar values (within uncertainties).
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POXXAEHUE K*-ME3OHOB B CTOJIKHOBEHUAX
ANEP MEAU U 30J10TA NMPU DHEPTUU s, = 200 DB

B.C. bopucod, 5.A. bepdHukoB, A.5. bepdHUKOG,
.0. Komo@, I0O.M. MumpaHkoG8

CaHkT-MNeTepbyprckuii NONUTEXHUYECKUI YHUBEPCUTET lMNeTpa Benukoro,
CaHkT-lNeTepbypr, Poccuiickas ®eaepauus

B cratbe mpuBeneHbl pe3yabTaTbl M3MEPEHUI WHBApPUAHTHBIX CIIEKTPOB POXACHUS U
daxkTopoB snepHoii Moaudukanuu K*(892)-Me30HOB B CTOJKHOBEHUSIX siIep MEAU W 30J10Ta
(Cu + Au) npu sHepruu \/%V = 200 I'sB. M3MepeHus1 BBIMOJIHEHBI B MSATU KJlaccaX COObI-
TUH TIO0 IEHTPAJIBLHOCTU B JAMAIIa30HE MOTepeYHbIX nMIyabcoB oT 2,00 mo 5,75 I'sB/c B akc-
nepumente PHENIX na xomnaitnepe RHIC. 3nauenusi dhaktopoB simepHoOil Moaudukaiuu
CpaBHUBAJIUCH ¢ paHee mojydyeHHbIMU gaHHBIMU Ha PHENIX B (Cu + Cu)-CTOIKHOBEHUSIX
npu Takoi xxe sHepruu (200 I'sB). YcraHoBiaeHo, yTo dakTophl siAepHON Moaudukanuu K*-
Me30HOB B cTojiKHOBeHMs1X Cu + Cu u Cu + Au MpU OAMHAKOBOM YMCJE YyYaCTHUKOB N
MMEIOT OIMHAKOBBIE 3HAYEHMSI (B Ipeenax HeolpeaeJJeHHOCTe).
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Introduction

Studies on the properties of nuclear mat-
ter under extreme conditions, where quarks
and gluons become deconfined, are aimed at
solving an important problem in high energy
physics. It is hypothesized that deconfinement
existed in the early Universe [1].

Quantum chromodynamics (QCD) predicts
for high energy densities of approximately 1
GeV/fm?3 that a phase transition occurs from
ordinary hadronic matter, described in terms of
color-neutral hadrons, to a new state of matter
called the quark-gluon plasma (QGP), where
the degrees of freedom are quarks and gluons
leaving the confinement region about 1 fm in
radius [2]. Matter with extremely high energy
density can be produced in the laboratory by
colliding heavy ions at ultrarelativistic energies.

One of the key signatures for QGP produc-
tion is jet quenching, which consists in strong
suppression of particle yields in central colli-
sions of heavy nuclei due to energy losses of
quarks and gluons in the medium [3, 4].

An intriguing effect observed in collisions of
heavy nuclei is an increased yield of strange
hadrons. Since quark-antiquark pairs ss are
mainly produced in gluon-gluon interactions
(gg — s5), the probability of the process in QGP
increases for the following reason. Restoration
of chiral symmetry in QGP results in decreas-
ing the strange quark mass, which in turn re-
duces the energy threshold for strangeness pro-
duction, making the production of an ss pair
energetically more favorable than that of wi
and dd pairs [5]. Therefore, extracting the yields
of vector K*(892) mesons (whose rest mass is
equal to 0.8916 GeV/c* = 892 MeV/c?) with
open strangeness (dfs) is an effective method for
studying the properties of QGP [6].

Our study presents the data on the yields of
K* mesons, their invariant spectra depending
on transverse momentum (p7), and the nuclear
modification factors R, ,. The observables were
measured experimentally in collisions of copper
and gold nuclei (denoted as Cu + Au) at \/m =
200 GeV at midrapidity in the transverse mo-
mentum range from 2.00 to 5.75 GeV/c using
the PHENIX detector at the Relativistic Heavy
Ion Collider (RHIC) at Brookhaven National
Laboratory, USA [7—9].

Measurement procedure

Extracting K* meson yields, we used two
procedures to generate independent sources
of systematic uncertainties. Experimental
data from different detectors were combined

to cover different p, bins, providing the wid-
est range of transverse momenta possible in
this collision system. The procedures have
different sources of systematic uncertain-
ties; importantly, both procedures were used
in the range of intermediate transverse mo-
menta, making it possible to check the valid-
ity of the results obtained.

K* and K* meson yields were extracted us-
ing the following subsystems of the PHENIX
experiment: drift chamber (DC), third-layer
pad chamber (PC3) [10] and time-of-flight
(TOF) detector [11].

The transverse momenta of K and = me-
sons are measured in DC and PC. The TOF
detector is used to reconstruct K and n me-
sons, as well as protons. K* and K* meson
yields are reconstructed from hadronic de-
cays into K*'nm- and K xn* pairs. Unlike-sign
particles detected in one collision are com-
bined into pairs for this purpose. Only parti-
cles with transverse momenta exceeding 0.3
GeV/c are extracted. A charged particle is
assumed to be either a K or a = meson, and,
depending on the given decay channel and
the particle’s charge, it is assigned the mass
of a charged K or = meson. Two procedures
described below are used to reconstruct the
invariant mass spectra of (Km) meson pairs,
increasing the statistical significance of the
experimental data in a wide range of trans-
verse momenta.

The first procedure, ToF-PC3, assumes
that the transverse momenta of K mesons are
measured in DC, and K mesons are recon-
structed in the TOF detector, while the trans-
verse momenta of = mesons are measured in
DC and in PC3. This procedure allows to de-
tect and calculate the kinematic characteris-
tics of K* mesons at low p, (1.9—2.9 GeV/c).

The second procedure, PC3-PC3, as-
sumes that the transverse momenta of K and
n mesons are measured in DC and in PC3.
This procedure allows to extract K* meson
yields at intermediate and high p, (2.6—6.5
GeV/c). The drawback of the second pro-
cedure is that the combinatorial background
is much larger compared with that for the
first procedure, which means that K* meson
yields cannot be extracted at transverse mo-
menta below p, = 2.0 GeV/c in Cu + Au
interactions.

Fig. 1 shows examples of approximated
invariant mass distributions for (Km) meson
pairs in central collisions; the results were
obtained using both procedures.
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1. Invariant mass distributions of K and = meson production in central Cu + Au collisions,

obtained by two procedures: ToF-PC3 (a) and PC3-PC3 (b)
in p ranges of 2.3—2.6 and 2.9—3.4 GeV/c, respectively

Because K and n mesons produced in K*
meson decays cannot be distinguished from
other particles of the same kind, all tracks of
these particles from each event satisfying the
acceptance criteria are combined into like-sign
or unlike-sign pairs. The components of the
three-momentum vector p for each track are
measured using DC:

p,=psin @ sin @,

p.= pcosh,.

The invariant mass and transverse mo-
mentum are then calculated for a pair of
(Kr) mesons based on two-body decay
kinematics.

2 2 2
m =(Ex+E,) —(pg+p,)

K
2

22 =(p, +p.) +(p, +p.)

where E, =4/p; +m; and m, = 0.43667 GeV;,

E, =+p>+m’ and m_= 0.13957 GeV.

The invariant mass spectrum for a pair
of unlike-sign mesons contains both the K*
meson signal and the combinatorial back-
ground. The latter includes two components:
the correlated and the uncorrelated back-
ground. Event mixing is used to estimate the
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combinatorial background. Analysis is aimed
at extracting the yields of K* mesons from
the yields of inclusive (Krn)* pairs. K* meson
yields were obtained in all reconstructions
by integrating the invariant mass distribution
within £100 MeV/¢? of the K* meson mass
(892 MeV/c?) after subtracting the combina-
torial background.

The experimental data are reconstructed
as two-dimensional distributions of K* me-
son yields as functions of invariant mass and
transverse momentum, divided into trans-
verse momentum bins and fitted with a rel-
ativistic Breit—Wigner distribution (RBW)
convoluted with a Gaussian plus a second-or-
der polynomial accounting for the residual
background:

RBW:L' 2 sz‘/[gr 22
2n (M~ -M;) +M,T

where M, GeV/c?> and T', GeV/c?, are the mass
and the decay width of K* mesons, respectively,
according to the data from PDG (Particle Data
Group); M, GeV/c?, is the experimental value
of particle mass.

The residual background is mostly generated
by decay of other types of mesons.

The invariant production spectrum of K*
mesons is calculated as follows for each trans-
verse momentum bin:




LN 1

2mp, dpdy  2mp;
L1 1 N(p)
2 NuBr ey () Apdy

events

where p,and Ap,, GeV/c, are the meson trans-
verse momentum and its bin width; y and Ay
are the rapidity and its bin width; N(Ap,) is the
number of mesons reconstructed by the detec-
tor (meson yields); N,  is the total number
of events reconstructed for a given centrality
bin; ¢_(p,) is the K* meson reconstruction effi-
ciency, obtained by Monte Carlo simulation of
decay, passage, and regeneration of mesons in
the PHENIX detector; Br = 0.666 is the proba-
bility of meson decay in the given channel. The
coefficient 1/2 is taken in the formula for aver-
aging the invariant K* and K* meson yields.

The nuclear modification factors of particles
in heavy ion collisions, used to analyze the
collective effects governing the particle spectra
depending on transverse momentum, are
calculated by the formula:

Ny (pr) / dydp,
/6’"61 d 20 o/ dydp,’

Cudu —
coll

where the numerator is the quantity charac-
terizing the invariant spectrum of meson pro-
duction in collisions of heavy copper and gold
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nuclei; d’c /dyde is the invariant differential
cross section for production of these particles
in collisions of the given nuclei at the same
center-of-mass energy; N_, is the average num-
ber of binary collisions per event in Cu + Au
collisions; ¢ is the inelastic cross section for

proton- protopn scattering (here c’""’ = 42.2 mb).

Measurement results and discussion

The reconstructed invariant spectra for
the production of K* mesons as a function of
transverse momentum are shown in Fig. 2. The
measurements were performed in five centrality
bins with the transverse momenta ranging from
2.00 to 5.75 GeV/c. The given spectra were
approximated by the Levy function for K*
mesons [12].

Fig. 3 shows the measured nuclear modification
factors R, with systematic uncertainties,
depending on transverse momentum, obtained
for K* mesons in Cu + Au interactions at \/SEV =
200 GeV for different centrality bins. The results
were obtained using two procedures: ToF-PC3
and PC3-PC3. We found that the results for the
same transverse momenta are in good agreement.

The nuclear modification factors R, ,for K*
mesons in central Cu + Au collisions take values
less than unity at high transverse momenta
(R,, values for pT' = 5—6 GeV/c lie in the
range from 0.4 to 0.7). As collision centrality
increases, there is less suppression of K* meson
yields, and R, values approach unity.
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Fig. 2. Invariant spectra for production of K* mesons in Cu + Au collisions
at \/EZV = 200 GeV for five centrality bins, %:
0—80 (®); 0—20 (m); 20—40 (A); 40—60 (V¥); 60—80 (e).
The statistical uncertainties of the measurements are no larger than the symbols.
The boxes correspond to systematic uncertainties.
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Fig. 3. Distributions of nuclear modification factors as functions of transverse momentum
for K* mesons in Cu + Au collisions at
Vs, = 200 GeV for five centrality bins, %: 0—20 (a),
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Fig. 4. Comparison of nuclear modification factors

with nuclear modification factors R, for Cu + Cu collisions (triangles)

AA

at the same \/—_ = 200 GeV and with similar numbers of participants N o :80.37 (Cu + Au)
and 85.9 (Cu + Cu) (a); 34.92 and 45.2 (b); 11.54 and 6. 40 (¢).

Bars and boxes correspond to statistical and systematic uncertainties

R,, for K* mesons in Cu + Au collisions (circles)

Fig. 4 compares the nuclear modification
factors R,, for K* mesons, measured in
collisions of Cu + Au nuclei, with the nuclear
modification factors R, measured in collisions
of identical nuclei (Cu + Cu) at the same
energy of 200 GeV. Evidently, the results are
in good agreement given a similar number of
participants (within the uncertainties).

Fig. 5 compares the data for p, distributions

of nuclear modification factors of K*, ¢, =,
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n, K; and o mesons in Cu + Au collisions at
200 GeV. Evidently, the nuclear modification
factors R,, of K* and ¢ mesons equal unity
in central collisions at intermediate p, values,
while the nuclear modification factors R,
of n°, n, K, and © mesons are suppressed in
central collisions over the entire range of p,
values. All light mesons exhibit the same level
of suppression at high p, in the most central

collisions. The nuclear modification factors
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Fig. 5. Collisions of Cu + Au nuclei at Vs, = 200 GeV.
Data are compared for distributions of nuclear modification factors
as functions of transverse momentum for different light mesons
in central (a) and peripheral (b) collisions.

Bars and boxes correspond to statistical and systematic uncertainties

R,, equal unity in peripheral collisions for all
mesons considered (within uncertainties). The
same behavior was also observed for light mesons
in Cu + Cu collisions at m = 200 GeV [12].

Conclusion

We have measured the invariant production
spectra and nuclear modification factors of
K* mesons in collisions of copper and gold
(Cu + Au) nuclei at Vs,, = 200 GeV, in the
pseudorapidity range n| < 0.35, at transverse
momenta in the range of 2.00 < p, < 5.75
GeV/c and for five centrality bins. All data
for the measurements were obtained at the
PHENIX experiment in 2012.

We have carried out comparative analysis of
the nuclear modification factors of K* mesons
in Cu + Cu and Cu + Au interactions at the
same energy MZ 200 GeV and the nuclear
modification factors of K*, ¢, n°, n, K and o

mesons in Cu + Au collisions at \/% = 200
GeV. We have found that K* meson yields in
Cu + Au and Cu + Cu collisions at the same
energy % = 200 GeV have the same values
over the entire range of transverse momenta
given similar numbers of participants.

Thus, suppression of mesons depends on the
size of the nuclear overlap region but does not
depend on the shape of the nuclei for a large
number of participants [13—15].

K* and ¢ meson yields in central Cu + Au
collisions are less suppressed in the range of
intermediate p, compared to mesons consisting
only of first-generation quarks, which points
to excessive production of strangeness. The
yields of K* mesons and other light mesons
are suppressed in the range of high transverse
momenta in central collisions of copper and
gold, which confirms the presence of the jet
quenching effect.
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