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Using the Color Glass Condensate (CGC) effective theory and non-
relativi-tic QCD (NRQCD) factorization, we provide predictions of J/ψ po-
larization parameters in high-multiplicity proton–proton (pp) and proton–
nucleus (pA) collisions. Energies and rapidity ranges are chosen to be
accessible at the Large Hadron Collider (LHC). We predict a weak polar-
ization of J/ψ that additionally decreases with growing event activities.
Small difference between pp and pA collisions is observed.
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1. Introduction

At high energies, the Color Glass Condensate (CGC) effective field theory
[1–5] allows to resum corrections from large logarithms of x variable and
incorporate leading higher-twist contributions. In this approach, large-x
degrees of freedom in the two hadrons are treated as static color sources
that are coupled to dynamical gauge fields at small x. The requirement that
the cross sections do not depend on this separation leads to the Jalilian-
Marian–Iancu–McLerran–Weigert–Leonidov–Kovner (JIMWLK) equations
[6–9]. This complicated system of equations is usually simplified by its mean
field approximation: Balitsky–Kovchegov (BK) equation [10, 11].

The non-relativistic QCD (NRQCD) [12] effective field theory is currently
the most rigorous and precise approach to heavy quarkonium production at
high energy. It provides the factorization between heavy-quark pair produc-
tion at a short distance and its hadronization into quarkonium at a long
distance. The cross section for heavy-quark pair production in the CGC for-
malism was computed in Refs. [13–15]. This result was later used to combine
the CGC framework with the NRQCD [16].
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In high-energy collisions, an inclusive J/ψ production is the best mea-
sured heavy quarkonium production process due to its relatively large cross
section and dilepton decay signature. In recent years, the event activity de-
pendence of J/ψ yield has been measured both at the LHC and the RHIC
colliders [17–19]. Since the heavy-quark pair is produced at an early stage
of collision, a J/ψ production mechanism can be dependent on event multi-
plicity due to the initial-state and/or final-state effects.

The application of the CGC+NRQCD framework to an inclusive J/ψ
production led to successful description of the p⊥ spectra in pp and pA col-
lisions [20, 21] and also the polarization observables [22]. The event activity
dependence of J/ψ production yield was explored in the CGC framework in
Ref. [23].

2. Theoretical analysis

2.1. CGC+NRQCD framework

The NRQCD framework provides the factorization of the spin density
matrix elements σJ/ψij (indices i and j denote helicity of the meson)

dσ
J/ψ
ij

d2p⊥ dy
=

∑
κ

dσ̂κij
d2p⊥ dy

⟨Oκ⟩ , (1)

where it depends on the J/ψ’s transverse momentum p⊥ and rapidity y.
Short-distance coefficients (SDCs) dσ̂κij describe heavy-quark pair produc-
tion in a specific spin-color state denoted by κ. For explicit expressions for
all relevant SDCs calculated in the CGC formalism, see Ref. [22].

Long-distance matrix elements (LDMEs) ⟨Oκ⟩ represent a non-pertur-
bative transition between the cc̄ pair and J/ψ meson. They need to be
determined by fitting to data. Leading intermediate states for J/ψ are
κ = 3S

[1]
1 , 1S

[8]
0 , 3S

[8]
1 , 3P

[8]
J with J = 0, 1, 2 . Here, we will apply the

LDME values obtained in Ref. [24] by fitting NLO collinear factorized
pQCD+NRQCD results to the Tevatron high-p⊥ prompt-J/ψ data. This
set of LDMEs was also used in previous CGC+NRQCD studies [20–22, 25].

2.2. J/ψ polarization

The polarization of J/ψ meson is measured by considering the leptonic
decay in its rest frame. By Ω = (θ, ϕ), we denote the solid angle of the
positive lepton l+ w.r.t. axes chosen according to the e.g. Collins–Soper [26]
prescription. Then the lepton angular distribution is given by [27, 28]

dσJ/ψ(→l+l−)

dΩ
∝ 1 + λθ cos

2 θ + λϕ sin
2 θ cos 2ϕ+ λθϕ sin 2θ cosϕ . (2)
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Angular coefficients λ are directly connected to the spin density matrix
elements (1)

λθ =
dσ

J/ψ
11 − dσ

J/ψ
00

dσ
J/ψ
11 + dσ

J/ψ
00

,

λϕ =
dσ

J/ψ
1,−1

dσ
J/ψ
11 + dσ

J/ψ
00

,

λθϕ =

√
2 Re

(
dσ

J/ψ
10

)
dσ

J/ψ
11 + dσ

J/ψ
00

. (3)

2.3. Inclusive hadron production in the CGC framework

The charged hadron multiplicity in the CGC framework at pseudorapid-
ity η (we skip the overall constant which is irrelevant to our studies) is given
by [23, 25]

dNch

dη
∼

1∫
zmin

dz

z2

∫
d2ph⊥Dh(z)J(yh → η)

dσg
d2pg⊥dyg

, (4)

where dσg denotes the gluon production cross section calculated in the CGC
framework [29, 30] and Dh(z) is a fragmentation function for which we take
the Kniehl–Kramer–Potter parametrization [31]. The hadrons carry z frac-
tion of the gluon’s transverse momentum, ph⊥ = zpg⊥ and the integration
over z is restricted from below by kinematics. The Jacobian J(yh → η) ac-
counts for the transformation between rapidity yh and pseudorapidity η of
the hadron.

The J/ψ’s spin density matrix (1) and hadron’s multiplicity (4) depend
on the dipole correlators Ñx(k⊥). In this paper, we use dipole correlators
obtained by solving the running coupling BK equation [32] in momentum
space [33]. Initial conditions at x0 = 0.01 were chosen according to the
McLerran–Venugopalan model [34, 35] and are parameterized by the satu-
ration scale Q2

s0 in the hadron. In our approach, high multiplicities arise due
to the hot spots where gluons are highly occupied, giving larger saturation
scales. Therefore, we can use the value of Q2

s0 as a parameter controlling
charged multiplicity of a given event. For the proton, it is equal to Q2

0 for
minimum-bias events and ξQ2

0, ξ > 1 for high-multiplicity events. For pA
collisions, the initial saturation scale in the nucleus is expected to be larger
than in the proton, Q2

s0,nucleus = νQ2
s0,proton with ν > 1. The parameter ν

is treated as an additional source of uncertainty, we vary it in the range of
ν ∈ [2, 3], as suggested by other studies [21, 36–38].
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3. Numerical results

We present here predictions for polarization parameters in high-multi-
plicity events using kinematical conditions probed in the related measure-
ments at the LHC (such as an inclusive J/ψ polarization or J/ψ yield in
high-multiplicity events): center-of-mass energy is set to

√
S = 13 TeV for pp

and
√
S = 8.16 TeV for pA collisions, light charged hadrons’ pseudorapidity

|ηch| < 1 and the J/ψ rapidity 2.5 < yJ/ψ < 4. In order to estimate uncer-
tainties of our predictions, we use errors of the LDMEs and the ν parameter
variations in the case of pA.

In experimental studies, see e.g. [17–19], the J/ψ yield was measured as
a function of the ratio between high-multiplicity pp (pA) collisions and that
in minimum bias events

dNpX
ch〈

dNpX
ch

〉 , (5)

where X = p, A, and both multiplicities are integrated over the same pseu-
dorapidity range. Here, we follow this setup and plot the polarization pa-
rameters as functions of ratio (5).

 pPb ® J/y + Xch at ÖS = 8.16 TeV  pPb ® J/y + Xch at ÖS = 8.16 TeV

 pPb ® J/y + Xch at ÖS = 8.16 TeV

Fig. 1. Polarization parameters λθ (left), λϕ (middle), and λθϕ (right panel) of the
forward J/ψ production as a function of relative multiplicity in pp collisions at
13 TeV (red hatched band) and pA collisions at 8.16 TeV (green full band).
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In figure 1, we show three polarization parameters for pp (red hatched
band) and pA (green filled band). We observe a small difference between pp
and pA results (energy dependence is negligible). The polarization is small
since all parameters are within the range (−0.1, 0.15). The parameter λθ
slightly decreases with the event activity.

4. Discussion and summary

The small difference in the J/ψ polarization between pp and pA col-
lisions comes from the features of our model. At a short distance, where
the saturation plays a role, the cc̄ pair does not experience hadronization
effects. Moreover, we are not including any final-state interaction of the
J/ψ. Finally, pp and pA processes were assumed to have the same set of
LDMEs. As the previous study [23] showed, the J/ψ’s yield and its mean
p⊥ depend very strongly on the multiplicity of the event. This is because
those observables are driven by the saturation scales, which are very different
in the proton and nucleus. Therefore, the J/ψ’s polarization measurement
in high-multiplicity events is a complementary analysis to already existing
measurements and provides a useful test of the CGC theory. Such observable
should be accessible experimentally at the LHC.
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this work. Support of the National Science Center, Poland (NCN) grants
No. 2019/32/C/ST2/00202 and 2021/43/D/ST2/03375 are kindly acknowl-
edged.

REFERENCES

[1] L. Gribov, E. Levin, M. Ryskin, Phys. Rep. 100, 1 (1983).
[2] A.H. Mueller, J. Qiu, Nucl. Phys. B 268, 427 (1986).
[3] E. Iancu, R. Venugopalan, in: R.C. Hwa, X.-N. Wang (Eds.) «Quark–Gluon

Plasma 3», World Scientific Publishing Company, Singapore 2004
pp. 249–363, arXiv:hep-ph/0303204.

[4] H. Weigert, Prog. Part. Nucl. Phys. 55, 461 (2005).
[5] F. Gelis, E. Iancu, J. Jalilian-Marian, R. Venugopalan, Annu. Rev. Nucl.

Part. Sci. 60, 463 (2010).
[6] J. Jalilian-Marian, A. Kovner, A. Leonidov, H. Weigert, Phys. Rev. D 59,

014014 (1998).
[7] J. Jalilian-Marian, A. Kovner, H. Weigert, Phys. Rev. D 59, 014015 (1998).

http://dx.doi.org/10.1016/0370-1573(83)90022-4
http://dx.doi.org/10.1016/0550-3213(86)90164-1
http://dx.doi.org/10.1142/9789812795533_0005
http://arxiv.org/abs/hep-ph/0303204
http://dx.doi.org/10.1016/j.ppnp.2005.01.029
http://dx.doi.org/10.1146/annurev.nucl.010909.083629
http://dx.doi.org/10.1146/annurev.nucl.010909.083629
http://dx.doi.org/10.1103/PhysRevD.59.014014
http://dx.doi.org/10.1103/PhysRevD.59.014014
http://dx.doi.org/10.1103/PhysRevD.59.014015


5-A22.6 T. Stebel

[8] E. Iancu, A. Leonidov, L.D. McLerran, Nucl. Phys. A 692, 583 (2001).
[9] E. Ferreiro, E. Iancu, A. Leonidov, L. McLerran, Nucl. Phys. A 703, 489

(2002).
[10] I. Balitsky, Nucl. Phys. B 463, 99 (1996).
[11] Y.V. Kovchegov, Phys. Rev. D 60, 034008 (1999).
[12] G.T. Bodwin, E. Braaten, G.P. Lepage, Phys. Rev. D 51, 1125 (1995);

Erratumibid. 55, 5853 (1997).
[13] J.P. Blaizot, F. Gelis, R. Venugopalan, Nucl. Phys. A 743, 57 (2004).
[14] H. Fujii, F. Gelis, R. Venugopalan, Nucl. Phys. A 780, 146 (2006).
[15] H. Fujii, K. Watanabe, Nucl. Phys. A 915, 1 (2013).
[16] Z.-B. Kang, Y.-Q. Ma, R. Venugopalan, J. High Energy Phys. 2014, 056

(2014).
[17] STAR Collaboration (J. Adam et al.), Phys. Lett. B 786, 87 (2018).
[18] ALICE Collaboration (S. Acharya et al.), J. High Energy Phys. 2020, 162

(2020).
[19] ALICE Collaboration (S. Acharya et al.), Phys. Lett. B 810, 135758 (2020).
[20] Y.-Q. Ma, R. Venugopalan, Phys. Rev. Lett. 113, 192301 (2014).
[21] Y.-Q. Ma, R. Venugopalan, H.-F. Zhang, Phys. Rev. D 92, 071901 (2015).
[22] Y.-Q. Ma, T. Stebel, R. Venugopalan, J. High Energy Phys. 2018, 057

(2018).
[23] Y.-Q. Ma, P. Tribedy, R. Venugopalan, K. Watanabe, Phys. Rev. D 98,

074025 (2018).
[24] K.-T. Chao et al., Phys. Rev. Lett. 108, 242004 (2012).
[25] T. Stebel, K. Watanabe, Phys. Rev. D 104, 034004 (2021).
[26] J.C. Collins, D.E. Soper, Phys. Rev. D 16, 2219 (1977).
[27] C.S. Lam, W.-K. Tung, Phys. Rev. D 18, 2447 (1978).
[28] M. Noman, S. D. Rindani, Phys. Rev. D 19, 207 (1979).
[29] Y.V. Kovchegov, K. Tuchin, Phys. Rev. D 65, 074026 (2002).
[30] J.P. Blaizot, F. Gelis, R. Venugopalan, Nucl. Phys. A A743, 13 (2004).
[31] B.A. Kniehl, G. Kramer, B. Potter, Nucl. Phys. B 582, 514 (2000).
[32] I. Balitsky, Phys. Rev. D 75, 014001 (2007).
[33] J.L. Albacete, A. Dumitru, H. Fujii, Y. Nara, Nucl. Phys. A 897, 1 (2013).
[34] L.D. McLerran, R. Venugopalan, Phys. Rev. D 49, 2233 (1994).
[35] L.D. McLerran, R. Venugopalan, Phys. Rev. D 49, 3352 (1994).
[36] K. Dusling, F. Gelis, T. Lappi, R. Venugopalan, Nucl. Phys. A 836, 159

(2010).
[37] H. Fujii, K. Watanabe, Nucl. Phys. A 951, 45 (2016).
[38] Y.-Q. Ma, R. Venugopalan, K. Watanabe, H.-F. Zhang, Phys. Rev. C 97,

014909 (2018).

http://dx.doi.org/10.1016/S0375-9474(01)00642-X
http://dx.doi.org/10.1016/S0375-9474(01)01329-X
http://dx.doi.org/10.1016/S0375-9474(01)01329-X
http://dx.doi.org/10.1016/0550-3213(95)00638-9
http://dx.doi.org/10.1103/PhysRevD.60.034008
http://dx.doi.org/10.1103/PhysRevD.55.5853, 10.1103/PhysRevD.51.1125
http://dx.doi.org/10.1016/j.nuclphysa.2004.07.006
http://dx.doi.org/10.1016/j.nuclphysa.2006.09.012
http://dx.doi.org/10.1016/j.nuclphysa.2013.06.011
http://dx.doi.org/10.1007/JHEP01(2014)056
http://dx.doi.org/10.1007/JHEP01(2014)056
http://dx.doi.org/10.1016/j.physletb.2018.09.029
http://dx.doi.org/10.1007/JHEP09(2020)162
http://dx.doi.org/10.1007/JHEP09(2020)162
http://dx.doi.org/10.1016/j.physletb.2020.135758
http://dx.doi.org/10.1103/PhysRevLett.113.192301
http://dx.doi.org/10.1103/PhysRevD.92.071901
http://dx.doi.org/10.1007/JHEP12(2018)057
http://dx.doi.org/10.1007/JHEP12(2018)057
http://dx.doi.org/10.1103/PhysRevD.98.074025
http://dx.doi.org/10.1103/PhysRevD.98.074025
http://dx.doi.org/10.1103/PhysRevLett.108.242004
http://dx.doi.org/10.1103/PhysRevD.104.034004
http://dx.doi.org/10.1103/PhysRevD.16.2219
http://dx.doi.org/10.1103/PhysRevD.18.2447
http://dx.doi.org/10.1103/PhysRevD.19.207
http://dx.doi.org/10.1103/PhysRevD.65.074026
http://dx.doi.org/10.1016/j.nuclphysa.2004.07.005
http://dx.doi.org/10.1016/S0550-3213(00)00303-5
http://dx.doi.org/10.1103/PhysRevD.75.014001
http://dx.doi.org/10.1016/j.nuclphysa.2012.09.012
http://dx.doi.org/10.1103/PhysRevD.49.2233
http://dx.doi.org/10.1103/PhysRevD.49.3352
http://dx.doi.org/10.1016/j.nuclphysa.2009.12.044
http://dx.doi.org/10.1016/j.nuclphysa.2009.12.044
http://dx.doi.org/10.1016/j.nuclphysa.2016.03.045
http://dx.doi.org/10.1103/PhysRevC.97.014909
http://dx.doi.org/10.1103/PhysRevC.97.014909

	1 Introduction
	2 Theoretical analysis
	2.1 CGC+NRQCD framework
	2.2 J/psi polarization
	2.3 Inclusive hadron production in the CGC framework

	3 Numerical results
	4 Discussion and summary

