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We discuss open heavy flavor (D-meson) and quarkonium (J/ψ) production in high multiplicity
proton-proton (p + p) and proton-nucleus (p + A) collisions at the LHC in the impact parameter
dependent saturation model. A key ingredient in our calculations is the fluctuations of the gluon
saturation scale at large-x at each impact parameter, reflecting rare parton configurations inside
the projectile and target. Such initial state fluctuations have been used to describe the multiplicity
distribution of D-meson and J/ψ production yield at mid rapidity in small collision systems at the
LHC. In these proceedings, we examine the rapidity dependence of J/ψ production and emphasize
its importance in constraining initial state models of high multiplicity events in small systems.
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D meson and J/ψ production in high multiplicity events Kazuhiro Watanabe

1. Introduction

The underlying mechanism of particle production in high multiplicity events in the small
systems formed in proton-proton (p + p) and proton-nucleus (p + A) collisions has attracted much
attention because of their promising role in isolating initial state physics from that of final state
effects. Heavy-flavor and quarkonium production in high multiplicity p+ p and p+ A collisions are
useful observables to probe QCD dynamics at high event activity. A crucial issue to be resolved is
whether initial state effects can provide a systematic description of light hadron, open heavy flavor,
and quarkonium production in high multiplicity events.

The Color Glass Condensate (CGC) effective field theory (EFT) [1] is a useful tool that
allows us to explore the initial state physics of gluon saturation that provides a mechanism to
generate highmultiplicity phenomena. Such highmultiplicity events corresponding tomultiplicities
Nch � 〈Nch〉, the minimum bias multiplicity, however, probe the dynamics of saturation in rare
parton configurations inside hadrons and nuclei [2]; the theoretical framework for such rare events
in the CGC EFT requires further development. They can nevertheless be modeled by allowing the
values of the saturation scales at large x ∼ 0.01 to be larger than those in minimum bias events, and
evolving the corresponding distributions to smaller values of x employing the CGC renormalization
group framework. In previous studies [3, 4], we found that this simple modification of large x initial
conditions provides a good description of some features of the data on D-meson and J/ψ production
in high multiplicity p + p and p + A collisions at the LHC. In this writeup, we will outline some of
the principal results of our work and briefly discuss how the rapidity dependence of the LHC data
can further help constrain initial state models of rare events.

2. Framework

Analytical results for particle multiplicities can be obtained in a kt -factorized “dilute-dense"
approximation of the CGC EFT. In this approximation, the yield of an inclusive gluon mini jet in a
dilute-dense system at an impact parameter b⊥ is given by [5]

dNg(b⊥)

d2q⊥dy
=

αs

(2π)3π3CF

1
q2
⊥

∫
k⊥

∫
s⊥

dφg,gx1 (k⊥ |s⊥)

d2s⊥

dφg,gx2 (q⊥ − k⊥ |s⊥ − b⊥)

d2s⊥
, (1)

where
∫
k⊥
≡

∫
d2k⊥ and x1,2 denote longitudinal momentum fractions of an incoming gluon inside

the dilute projectile and the dense target, respectively. The impact parameter dependent two point
function (gluon distribution function) reads

dφg,gx (k⊥ |s⊥)

d2s⊥
=

k2
⊥Nc

4αs

∫
d2r⊥eir⊥ ·k⊥ [1 − Nx(r⊥, s⊥)]

2 , (2)

whereNx denotes the dipole amplitude in the fundamental representation. The transverse coordinate
s⊥ runs over the transverse plane of the projectile or target. The impact parameter b⊥ will
be integrated over eventually in our calculations: dNch =

∫
d2b⊥dNch(b⊥)/

∫
d2b⊥. In our

calculations, we take bmax
⊥ = 1 [fm] for the proton and bmax

⊥ = RA = 1.12A1/3 − 0.86A−1/3 [fm]
for a nucleus with A atomic mass. Similarly, the kt -factorized formula for a heavy quark pair (cc̄)
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production is given by [6, 7]

dNcc̄(b⊥)

d2pc⊥d2qc̄⊥dycdyc̄
=

α2
s

(2π)10CF

∫
k2⊥,k⊥

Ξ

k2
1⊥k2

2⊥

∫
s⊥

dφg,gx1 (k1⊥ |s⊥)

d2s⊥

dφqq̄,gx2 (k2⊥, k⊥ |s⊥ − b⊥)

d2s⊥
, (3)

where Ξ denotes a hard scattering contribution, and we have introduced the impact parameter
dependent multi-point function for the target,

dφqq̄,gx (k2⊥, k⊥ |s⊥)

d2s⊥
=

k2
2⊥Nc

4αs

∫
d2r⊥d2r ′⊥eir⊥ ·k⊥eir

′
⊥ ·(k2⊥−k⊥)Nx (r⊥, s⊥)Nx

(
r ′⊥, s⊥

)
. (4)

In the IP-Satmodel, the dipole amplitude readsNx(r⊥, s⊥) = 1−exp
[
− π2

2Nc
r2
⊥αs(µ

2)x fg(x, µ2)Tp(s⊥)
]

where x fg is the collinear gluon distribution function, and Tp denotes a transverse profile function
of the gluon’s density inside the proton. The IP-Sat model has been compared to combined HERA
data in Ref. [8]. In p+ A collisions, the dipole amplitude for the target nucleus can be approximated
to a coherent scattering form [9]: N A

x (r⊥, s⊥) ≈ 1 − exp
[
−AT̂A(s⊥)

∫
d2s′⊥Nx(r⊥, s

′
⊥)

]
with T̂A a

nuclear thickness function.
We will employ the Local-Parton-Hadron-Duality (LHPD) principle to describe the hadroniza-

tion of the gluon jet [10]; The transverse momentum of a hadron h is given by ph⊥ = 〈z〉q⊥
with ph⊥ =

��ph⊥�� and q⊥ = |q⊥ |. 〈z〉 denotes the average longitudinal momentum fraction of the
gluon fragmenting into the hadron h, but the multiplicity distribution does not depend on 〈z〉:
dNch/dη ∼ dNg/dη. The differential yield for D meson production is given by taking a convo-
lution of the cc̄ yield with a heavy quark fragmentation function as implemented in Ref. [3]. We
use KKKS08 set [11] to compute the D-meson yield. For J/ψ production, we will simply use the
CGC+Improved Color Evaporation Model (ICEM) framework [12], in which the hadronization of
a 3S[8]1 intermediate state of the cc̄ pair dominates over other intermediate states.

3. Numerical Results

Figure 1 shows the mean transverse momentum of a produced hadron h as a function of Nch

at the LHC. The larger the initial saturation scales, the larger Nch becomes. To reach higher
Nch at mid rapidity, we need to increase the saturation scales for both the projectile and target at
x = 0.01: Q2

s = NQ2
0 with N = 0.5, 1, 2, · · · and Q2

0 being the saturation scale in MB events.
We found that 〈ph⊥〉 = 〈〈z〉q⊥〉 underestimates the LHC data at high event activity (see dashed
curves). At large event activity, the semihard rescatterings before the gluon jet hadronizes enable
the gluon jet to gain larger transverse momenta, as captured by a simple random walk formula
〈ph⊥〉 =

√
〈〈z〉q⊥〉2[1 + c(n − 1)] with n = Nch/〈Nch〉. Tuning c, we can describe the LHC data

(see solid curves). In Ref. [10], a different b-CGC model for the dipole amplitude and a constant
intrinsic transverse momentum of the gluon jet was used to describe the data; we are unable to
reproduce the results of this paper. Note that for quarkonia, unlike lighter hadrons, the effect of
semihard rescatterings is unlikely to influence the behavior of 〈p⊥〉 in high multiplicity events. See
the discussion in Ref. [3].

Figure 2 (Left) shows the Nch distribution of D-meson yield at mid rapidity at the LHC. The
IP-Sat model with KKKS08 set can describe the LHC data in both p + p and p + A collisions. For
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Figure 1: Mean transverse momentum of produced light hadron vs. Nch in p+ p collisions at the LHC. The
energy dependence shows in different colors. Solid (dashed) curves correspond to results with (without) the
semihard rescattering effect. See text.
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Figure 2: (Left): Nch dependence of relative yield of D meson (average D0, D∗+, D+) at mid rapidity in
p+ p (blue solid) and p+ A (red dashed) collisions. Data from [13, 14]. (Right): Results for J/ψ production
at forward rapidity in p + p (p + A) collisions at

√
s = 7 TeV (5.02 TeV) in the CGC+ICEM model. Black

solid: p + p mid, Red dashed: p + A mid, Blue dotted: p + p forward, Green dash-dotted: p + A forward.
Data are taken from Refs. [15, 16].

J/ψ production at mid rapidity in small systems, the IP-Sat+ICEMmodel captures the correct trend
in the growth of the J/ψ yield at large event activity. See the black solid and red dashed curves in
Fig. 2 (Right).

With the same parametrization, we computed J/ψ production at forward rapidity. As shown
by the blue dotted and green dash-dotted curves, the Nch distribution of the J/ψ yield in p + p
collisions is similar to the one in p+ A collisions up to dNch/〈dNch〉 ∼ 4, regardless of the rapidity.
However, the LHC data indicate that the J/ψ yield at forward rapidity is suppressed compared to
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the yield at mid rapidity in p + A collisions for dNch/〈dNch〉 > 2; while our model shows a small
suppression, it does not capture that seen in the data. Whether this additional suppression can be
simply accommodated or requires a significant change in the model is under active investigation.
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