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Abstract. The paper puts forward an extension of the Pythia8 software package, which makes
it possible to calculate collisions of longitudinally polarized protons with the production of J/y
mesons. The transverse momentum spectra of J/y mesons and the double longitudinal spin
asymmetry of them at an energy of 510 GeV have been obtained. The calculated results were
compared with experimental data, and a satisfactory agreement between them was established.
This success served as the basis for predicting the results of the SPD experiment at the NICA
collider. The corresponding calculations of the transverse momentum spectrum and the double
longitudinal spin asymmetry of the J/y meson at an energy of 27 GeV were presented. All
conclusions were based on the collinear parton model.
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OBOMHASA NPOOOJIbHAA CIMHOBASAA ACUMMETPUSA
(J/w)-ME3OHOB, POXXAEHHbIX
B MPOAOJIbHO-MOJIAPU3OBAHHbIX
MPOTOH-NMPOTOHHbLIX CTOJIKHOBEHUAX
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Annoramusa. B paboTte mpemnoxeHo pacluupeHue mnporpamMMHoOro rmakera Pythia8§,
Onarogapsi KOTOPOMY TMOSIBUJIACh BO3MOXHOCTb PACCUUTBHIBATH CTOJKHOBEHUSI MPOJOJIbHO-
MOJISIPU30OBAHHBIX TMPOTOHOB ¢ poxnaeHueM (J/y)-Me30HOB. IlojydyeHbl CHEKTphHl IO
MoTepeuHOMY MMITYJIbCY M JABOMHAs MPOAOJbHAsl CIMHOBAs acuMMeTpus (J/y)-Me30HOB npu
sHepruu 510 I'sB. TIpoBeneHo cpaBHEHUE PACUETHBIX PE3YJIbTATOB C SKCIIEPUMEHTATIbHBIMU
JMTAaHHBIMU U YCTAHOBJICHO WX BIIOJIHE YIOBJIETBOPUTEIHHOE COTIacue. DTOT YCTeX MOCITYKUJT
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OCHOBaHMEM JUIS TpeAcKasaHUsl pe3ynbpTaToB 3KkcrnepumeHTa SPD Ha kosumaiimepe NICA.
IIpenacraBieHbl COOTBETCTBYIOIIME BBIYMCICHMSI CIIEKTpa II0 TMOIEPEYHOMY HMMITYJIbCY M
NIBOM{HAsI MIPOAO0JIbHAS clIMHOBasI acuMMeTpus (J/y)-Me30Ha nipu sHepruu 27 I'3B. Bece BoiBOABI
clleJlaHbl B paMKaxX KOJUIMHEAPHOW MapTOHHOW MOJEJIU.

Kmouesbie ciaoBa: Pythia8, nBoiiHas mpomosibHasE CIIMHOBAs acUMMETpUs, (OYHKIINS
pacrpeeeHHs TapTOHOB, IIAPTOHHOE CeYEHUE PACCESTHUS

®unancupoBanue: Pabora BbIMoIHEHA B paMKax ['0cy1apcTBEHHOTO 3aaH1s Ha IPOBEICHHE
¢ynnameHTanbHbIxX uccaenoBanuii (kog rembl FSEG-2025-0009).
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MMPOTOHHBIX CTONKHOBeHUsIX // Hayuno-texuuueckue Bemomoctu CIIGITIY. ®usuko-
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Introduction

Studies of JAy meson production in proton—proton (pp) collisions provide access to gluon
distribution functions in the proton, which in turn makes it possible to estimate the gluon con-
tribution to the proton spin [1].

The proton spin can be expressed using the Manohar—Jaffe sum rule [2]:

S =12=(12)AS+AG+L +L, (1)

where (1/2)AXY and AG are the contributions from quark and gluon helicities,
respectively [3]; Lq and L_are the contributions from the orbital angular momenta of quarks
g and gluons g, respectivefy.

These contributions are given by [4]:

Az=Y j A, (x,0%)dx, AG = j Ag(x,0%)dx, )
where

A, (6,0 = £ (x, 0"~ /, (x,0"), Ag(x,0") =g " (x,0")~g (,Q") A3)

(see [3]).

The quantities in (3) are defined as follows: f fl x,0), f ;(x, Q) are the quark distribution
functions in protons with positive and negative helicities, with momentum fraction x at scale Q?;
g'(x, ), g (x,0? are the gluon distribution functions in protons with positive and negative heli-
cities, with momentum fraction x at scale Q.

In the literature, A]Z (x,@®) n Ag(x,0% are commonly referred to as the polarized quark and
gluon distribution functions in the proton [5]. It should be noted, however, that according to [3],
the Ag(x,@?) functions are not as well studied as the Af (x, Q%) functions.

This study was motivated by two factors: the limited knowledge of the polarized gluon distri-
bution functions, and the fact that gluon-initiated processes are central to J/y meson production
in proton—proton collisions [5].

Our goal was to investigate the conditions and features of J/Ay meson production in collisions
of polarized and unpolarized protons.
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Computational procedure

The double longitudinal spin asymmetry (DLSA) [4] in collisions of longitudinally polarized
protons is defined as:

do"™ —de™ _dAc
do'"™ +ds'"™ do

4, = , )

where do*?, do'*™ are the cross sections for collisions of protons with the same (++) and opposite (+—)

helicities; dAc™*", dAc*™) are the cross sections for J/y meson production in collisions of polarized

and unpolarized protons (i.e., polarized and unpolarized cross sections, respectively) [4].
According to the factorization theorem [6], the unpolarized cross section

do(pp— JNy + X)

for J/y meson production in semi-inclusive proton—proton collisions can be written as a convo-
lution of the unpolarized parton distribution functions f,(x,, 0% and f,(x,,0%) [7, 8]:

ds(pp > JIy+X)= 3 [dx,f,(x,.0")[dx, £,(x,,0) -dc"" 6. )
a,b,d

The polarized cross section
dAo(pp— JN + X)

for J//y meson production in semi-inclusive longitudinally polarized proton—proton collisions is
written as a convolution of the longitudinally polarized parton distribution functions Af (x , Q%)

and Af,(x,,0%) [7-9I:

dac(pp—>J 1y +X)= 3 [dxAf,(x,.0°) [dy, A, (x,,0°)- dAG >0 )

a,b,d

In expressions (5) and (6), a, b are the partons (quarks, gluons) of the colliding protons; the
notation (cc)d denotes the charm quark—antiquark pair (c¢c) and the parton dproduced in the
process ab — (c¢)d; x,, x, are the momentum fractions carried by parton a from the first proton
and by parton bfrom the second proton.

In the same expressions (5) and (6), d&'“*~) = dAGP D are, respectively, the unpolar-
ized and polarized parton scattering cross sections for ab — (cc)d.

Within the color-octet model, the cross sections for J/y meson production take the following
form [10]:

do(pp—>Jly+X)=> J-dxafa (xa,Qz)jdx,, i (%-07) D (O [n])
a,b,d n (7)
xd6(ab — cE[n]d),

dAG(pp — J/\|/+X) = Z J.dxaAfa (xa,Qz)Idxb -Af, (xb,Qz)Z<(9J/“'[n]>x
a,b,d n (8)
xdAG(ab — cE[n]d).

In expressions (7) and (8), the parton cross section is expressed as a sum over all possible [#]
states of the cc pair composed of the charm quark ¢ and antiquark ¢ [10]:

3a(l) 3a(8) 3a(8) 3p(8) 3p(8) 3p(8)
SO,2S® 3S®  p® RS 3P, )

The coefficients {(0’¥|n]) are the probabilities for J/y meson production from a given state [10]
(n is the index of the possible quark-antiquark state c¢ of the charm quark pair).
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The following interaction processes of gluons g, quarks ¢, and antiquarks ¢ that can produce
J/y mesons were taken into account in this study:

gg > (cc)+g—->J/vy+g,
qg > (cc)+q—>J/y+q,
qq > (cc)+g—>J/y+g,

In the native version of the Pythia8 software package [11], unpolarized distribution func-
tions are convolved with unpolarized parton cross sections to generate proton—proton collisions,
which yields the unpolarized cross section (6). To obtain the polarized cross section (7), which is
needed for calculating the DLSA, the unpolarized distribution functions and unpolarized parton
cross sections should be replaced with polarized ones, which was done in this work. To generate
J/y meson production, we modified the SigmaOnia.cc file in Pythia8. Polarized parton cross
sections were used in this file instead of the original parton cross sections [10].

The distribution functions were replaced directly in the code using the command:

pythia.readString(«PDF: pSet = LHAPDF6:»+ name pdf set).

The original unpolarized distribution functions were replaced with the polarized ones [12].
This modification of Pythia8 allowed us to compute the polarized cross section dAc for the J/y
meson. This, in turn, made it possible to calculate the DLSA.

Computational results

To validate the algorithm proposed in this work and the modification of the program for cal-
culating the DLSA of J/y mesons produced in longitudinally polarized proton—proton collisions,
we obtained the following computational results at 510 GeV:

transverse momentum spectra of (J/y)- mesons produced in unpolarized proton—proton
collisions (Fig. 1);

DLSA for the J/y meson (Fig. 2).

The choice of this energy was motivated by the results of the STAR and PHENIX experiments
at the Brookhaven National Laboratory (USA) [3, 13]. The spectra shown in Fig. 1 are multiplied
by the branching ratio (BR) for the J/y meson decay into muon and anti-muon. The BR is the
relative fraction of a specific decay channel with respect to the total number of decays of the given
particle: it shows how often a meson decays via this particular channel, and is defined as the ratio
of the partial decay width T', to the total decay width T : T, /T

tot”

N d’c 2
BR* 57—, pb/(GeV/c
2n°p_ de dy pb/( )

104
—— STAR DATA

10°

o Pythia Data 510 GeV
102

HH\'H‘ \HHHI‘ HHHH‘ HHHH‘ HHHH‘ T

I T T T ST T T E T SO S A S TN ST S R N B T ST R B

P GeV/c

Fig. 1. Invariant p_ spectrum of J/y mesons produced in unpolarized proton—proton collisions
at 510 GeV (the data are multiplied by the branching ratio BR for the J/y — p*u~ decay)
Our simulation results are shown by the blue solid curve (the shaded band around it reflects the range
of uncertainties due to PDF errors). The experimental data from the STAR Collaboration [13]
are shown by points for comparison
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Fig. 2. Double longitudinal spin asymmetry of J/y mesons produced in longitudinally
polarized proton—proton collisions at 510 GeV as a function of transverse momentum
Our simulation results are shown by the red solid curve (the shaded band around it reflects the range
of uncertainties due to PDF errors [12]). The experimental data from the PHENIX Collaboration [3]
are shown by points (the error bars represent the uncertainties) for comparison

Analyzing the data in Figs. 1 and 2, we reached the following conclusions:

the simulation data obtained with the modified Pythia8 program are in good agreement (within
uncertainties) with the experimental p, spectrum of J/y mesons produced in unpolarized proton—
proton collisions at 510 GeV (Fig. 1);

our calculations with Pythia8 are also in good agreement (within uncertainties) with the exper-
imental DLSA dependence of J/y mesons produced in longitudinally polarized proton—proton
collisions at 510 GeV as a function of transverse momentum.

The satisfactory agreement between our calculations and the experimental data (see Figs. 1
and 2) makes it possible to predict the behavior of the DLSA dependences for J/y mesons in
interactions of polarized protons. The results of such calculations were obtained in this work
(Fig. 3) at 27 GeV, which is the energy characteristic of the planned SPD experiment at the
NICA collider.

ALL
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0.030 —— DLSA 27 GeV

0.025

0.020

H\‘HH‘H\ [HH‘HH
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0.005

0.000
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TR R L PR T RO NN SO T SN RO NN R N Y N N
1.5 2.0 25 3.0 35 40p,, GeV/c

Fig. 3. Predicted DLSA dependence of J/y mesons produced in longitudinally polarized
proton—proton collisions as a function of p,. The calculated data are similar to those
shown in Fig. 2, but for 27 GeV (instead of 510 GeV in Fig. 2)

Conclusion
In this work, we investigated the feasibility of calculating the double longitudinal spin asym-

metry (DLSA) using the Pythia8 software package by modifying parts of the Pythia8 source code.
This modification allows calculating the DLSA for J/y mesons in proton—proton collisions at var-
ious energies. We compared our calculated results with experimental data at 510 GeV and found
them to be in satisfactory agreement. This agreement served as the basis for making predictions
for the planned NICA experiment (see Fig. 3).
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