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We study the production of ]/ vector mesons as a function of charged hadron multiplicity in p+p
and p+Pb collisions at LHC energies. We employ the color glass condensate framework, using running
coupling Balitsky-Kovchegov evolved dipole amplitudes, to compute gluon and cc-pair production. We
use fragmentation functions to obtain charged hadrons, and explore two different hadronization schemes
for the J/¢: non-relativistic quantum chromodynamics and the improved color evaporation model. In
our framework, event-by-event multiplicity fluctuations of both hadrons and J /v are driven by geomet-
ric and saturation scale normalization fluctuations. Studying the correlation between J/v and hadron
multiplicity, we show that the characteristic difference between forward and backward rapidity in p+Pb
collisions is a result of different degrees of saturation probed at different rapidities. We demonstrate that
experimental data on heavy-flavor production as a function of event activity provide stringent constraints
on the fluctuating proton structure.
© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction energy, and (iii) the produced particles’ four-momenta, the study
of J/¢ production as a function of charged hadron multiplicity in
asymmetric collision systems offers the possibility of exploring po-
tential effects of saturation systematically.

The inclusive production of vector mesons as a function of
the charged hadron multiplicity or event activity has been mea-
sured at the Large Hadron Collider (LHC) in both p+p [8-11] and
p+Pb [9,12,13] collisions at various center of mass energies. In p+p
and p+Pb collisions at mid-rapidity, one finds a faster than linear
growth of the vector meson yield with the charged hadron multi-
plicity. As a function of mid-rapidity charged hadron multiplicity,
the vector meson yield rises faster than linearly in the Pb-going
direction and more slowly than linear in the p-going direction.

A variety of model calculations has been employed to compute
this observable. In p+p collisions, the faster than linear growth
is reproduced by all models [10,14-20] compared and briefly dis-
cussed in [11], yet the effect is attributed to different underlying
physics mechanisms.

Observing signals of gluon saturation in hadronic collisions as
well as deep-inelastic scattering has been a long standing goal
in the high energy nuclear physics community. While many ob-
servables are compatible with saturation model results or even
more sophisticated color glass condensate (CGC) effective field the-
ory calculations, see [1-3] and references therein, so far there has
been no clear evidence that we have reached the kinematic regime
where gluon saturation is present and strongly affects the particle
production [4-6].

The study of rapidity dependent vector meson production in
hadronic collisions, in combination with charged hadron produc-
tion, is well suited to test saturation effects at a semi-hard scale of
a few GeV [7]. In a nutshell, heavy vector mesons, whose mass is
of the order of magnitude of the saturation scale, will be less sen-
sitive to saturation effects than lighter charged hadrons at similar
transverse momenta and rapidities. Because the saturation scale

depends on (i) the mass number of the nuclei, (ii) the collision
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Within the color glass condensate framework, which we em-
ploy in this work, a faster than linear growth is explained by
the fact that the saturation scale depends on the longitudinal
momentum fraction of probed partons, x, and that higher mass
vector mesons are sensitive to larger x values than the lower mass
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charged hadrons. As saturation effects increase with increasing
Q; (decreasing x), one expects a relative suppression of the light
mass particles compared to the heavier mass ones, leading to the
observed faster than linear growth. In addition, the higher mass
vector meson probes smaller transverse length scales, where sat-
uration effects are less dominant. We will explain this picture in
more detail and discuss the uncertainties related to e.g. hadroniza-
tion below.

The rapidity dependence of the J/v production as a function of
the midrapidity charged hadron yield in p+Pb collisions has been
well reproduced within the EPOS3 model without hydrodynamics
[13]. Studies within the CGC have compared to the p+Pb result
at mid-rapidity [21]. In this study, the typical Qs values in the
lead and proton were varied by hand in order to generate high
multiplicity configurations. However, there has not been a detailed
CGC calculation with realistic multiplicity fluctuations that could
explain the particle production at forward and backward rapidities
in p+Pb collisions.

In this work we aim to go beyond previous calculations in the
CGC framework by including fluctuations of the geometry and local
densities in projectile and target, for both p+p and p+Pb collisions.
We compute gluon production using kr-factorized cross sections
[22,23] and hadronize using KKP fragmentation functions [24]. To
compute the production of J/v¥ mesons we make a large N, ap-
proximation [25], and use either non-relativistic quantum chro-
modynamics (NRQCD) [26-28] or the improved color evaporation
model (ICEM) [29]. Further, we employ small-x evolution based
on the running coupling [30,31] Balitsky-Kovchegov (BK) equations
[32,33]. We focus on the correlation between J/¢ and charged
hadron multiplicities, as well as the average transverse momentum
of the J/¢ as a function of event activity. However, the model pa-
rameters are tuned to a wider set of observables, including trans-
verse momentum and rapidity distributions of charged hadrons
and J/v. These observables will be presented along with a more
detailed discussion of the calculation in a separate publication [34].

2. Theoretical model

In the CGC formalism, a highly energetic parton in color rep-
resentation R (either fundamental R=F for a quark, or adjoint
R=Adj for a gluon) acquires a transverse momentum k,' via
propagation through the dense target color field. This process is
described in terms of a two point correlator of Wilson lines, Vg:

~ r
SR(x;kl;Rl)zf ek nisy (xR RL- ), ()
ry

with
Sr(x: X1 X)) = ;—R(Tr [veanvia))]) . 2)

where dr denotes the dimension of the representation. The impact
parameter of the parton relative to the center of the target is given
by R, . In addition to the x (or rapidity) dependence, in this work
the CGC ensemble average (...), also depends on the underlying
model for the nucleus, which will be described in more detail in
a subsequent section. This Wilson line correlator is the key ingre-
dient of our computation, and will enter cross sections for both
charged hadron and J /v production.

2.1. Charged hadron production
In the high energy limit, we assume that the gluon chan-

nel dominates charged hadron production. We begin with gluon

1 In this work, we denote two dimensional transverse vectors and their magni-
tude as k; and k; respectively. We use the short-hand notation for the transverse
integration [, = [d%k,.
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Fig. 1. Leading order diagram for charged hadron production in proton-nucleus col-
lisions within the CGC. The vertical gluon line represents the multiple scattering
between a projectile gluon and the field of the nucleus. The gray blob represents
the hadronization of gluons to hadrons.

production in proton-nucleus (p+A) collisions? in the CGC, and
then discuss the hadronization mechanism using KKP fragmenta-
tion functions.

In the CGC and within kr-factorization [22,23], the gluon yield
(at fixed impact parameter b, ) differential in transverse momen-
tum p., and rapidity yg reads

ng(bJ_) s /
¢P(xp; k115 R1)
d?p,, dy, («/—ﬂ)GCF IJgL .
ki1.R1
x ¢ (xa; PgL —K1L:RL—b1), (3)

where A = p, Pb for p+p and p+Pb collisions, respectively. In
Eq.(3), kq1 is the transverse momentum of the incoming gluon
that exchanges a transverse momentum P — k1. with the nu-
cleus (see Fig. 1). For any nucleus, the (impact parameter depen-
dent) unintegrated gluon distribution [22,23]

2

¢(x;k1;R1) = i Cr Sadj(x; k15 R1), (4)
S

is obtained using Eq.(1). The longitudinal momentum fractions
x follow from kinematics and momentum conservation: Xp/4 =
Pg1 exp(£yg)/+/s. The strong coupling constant o is treated as
a free parameter and Cp = (N? —1)/(2N.), with the number of
colors fixed to N, = 3.3

In the dilute-dense approximation, the unintegrated gluon dis-
tribution of the proton ¢? should be obtained from the leading
twist expansion of Eq.(1). In this work, we follow the ansatz em-
ployed in [21,23,28], which attempts to resum a subset of satura-
tion corrections in the proton. The importance of saturation cor-
rections has been quantified in [35], and a systematic program to
semi-analytically includes these corrections is underway [36-38].
Another possibility would be to numerically compute gluon pro-
duction in the dense-dense limit [39-41].

To obtain the charged hadron pseudo-rapidity density dN,/dn
from the gluon spectrum, we employ the next-to-leading order
(NLO) KKP fragmentation functions Dj(z) [24] with fragmenta-
tion scale u =p, and z=p,/pg1, and integrate over the hadron
transverse momentum p | :

chh(bJ_) / /' Dh(Z) dNg(by)
, 5
Jy —n dngj_dyg ( )

g1=P1/Z

P Zmin

2 Throughout this manuscript, in our definition of proton-nucleus collisions we
also include proton-proton collisions.

3 To implement the proper large x behavior of the unintegrated gluon distribu-
tions, we follow [25] and multiply Eq.(4) by a factor (1 — x)*.
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where zpi, is determined from the condition that both x, and
x4 need to be smaller than 1. We assume that the gluon rapid-
ity equals that of the hadrons, yz =y, with

1 /p%cosh®n+m? + p, sinhpy
y:—ln 3
/p? cosh® n +m2 — p, sinhn

where my = 0.2GeV is the effective hadron mass. Finally, the Ja-

(6)

cobian Jy_., = p coshn/ p2l cosh? n+ mﬁ is required to convert
rapidity y to pseudo-rapidity 7. Note that in p+Pb collisions, we
shift the gluon distribution to the laboratory frame by Ay = 0.465
before performing the fragmentation.

An infrared regulator on the p, integral in Eq.(5) is required.
We choose to impose it on the hadron momentum by replacing
the expression 1/(p§,l22), that appears in Eq.(5) after inserting
Eq.(3), by 1/(p}, 2% + mf). We use mig =0.2GeV in this work. By
doing this instead of regulating the gluon spectrum, we simultane-
ously compensate for the overestimation of the hadron spectrum
at p, < 1GeV, which is a consequence of using a fragmentation
function that uses perturbative evolution equations [24].

2.2. ]/ production

The direct* production of charmonium in proton-nucleus col-
lisions occurs when a gluon from the proton fluctuates, either
before or after multiply scattering off the field of the nucleus, into
a pair of heavy quarks, which eventually forms a bound state of
charmonium. We employ two mechanisms for the formation of
the charmonium state: the improved color evaporation model and
non-relativistic QCD.

Improved Color Evaporation model: The improved color evapo-
ration model describes the formation of J/iy with the compact
formula presented in [29]

am?
dNj/y (b M2 dN.z(b
o =t [ o ey, O
L o My L8P
I

where F represents the probability for a cc pair to form a ]/,
and M2 and P, are the invariant mass squared and transverse
momentum of the cc pair, respectively. In the ICEM, the cc yield
is evaluated at P/, = (M/mj;y)P . We use F = 0.1, which is ap-
proximately 40% larger than the one used in [42]. However, this
quantity only enters as an overall normalization in the calculation
and we tuned it to reproduce the J/v spectrum. It does not di-
rectly affect the observables studied in this work.

The inclusive production yield of a cc pair in proton-nucleus
collisions in the CGC is given by [25,43,44]

dNcz(b,) _ asN?
d?p,d?q,dy.dy:  2(2m)10(NZ — 1)
y / ¢P(xp; k115 R1)
k 2
kyi:ki;Ry 1L
X SAXa:pL+q. —k1 —ki; R —b))

XHPL,q . k11,p, +q, — k11 —k1)+O1/Ne) . (8)

St(xa;k1; R —b))

4 As done in previous works [28], we neither consider feed-down from v’ and
Xc, which is part of the prompt /v production, nor decays of b-hadrons, which
contribute to inclusive production.
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I/

Fig. 2. One of the two leading order diagrams for J/y production in p+A collisions
within the CGC. The two gluons from the target represent the multiple scattering
between the dipole and the field of the nucleus. Hadronization is represented by the
gray blob. The other diagram has the vertical gluon line attached to the incoming
gluon instead.

We have only kept the leading N, contribution, which means
that only the color octet channel contributes, and the color singlet
is neglected. In Eq.(8), R, and R, — b, are the transverse loca-
tion of the gluon relative to the center of the proton and center
of the nucleus respectively,” ki | is the transverse momentum of
the incoming gluon, and k; is the transverse momentum trans-
ferred from the nucleus to the quark. The transverse momentum
exchanged between the anti-quark and the nucleus is fixed by
momentum conservation (see Fig. 2). The hard matrix element,
‘H, takes into account the splitting of the gluon into the cc pair
either before or after the interaction with the nucleus, together
with the interference term. The explicit expression of the hard
factor is given in [21,43]. As in the charged hadron production
subsection, we will employ the ansatz in [21,23,28] and compute
¢P(xp; k11 ; Ry) from Eq.(4) instead of the leading twist expan-
sion.

To convert Eq.(8) into the form required by Eq.(7), we apply
the transformation of coordinates [25]:

S
dNe(b,) T dNez(b.)
cc =~
_—leelP) dg [ d , 9
dM2d2p | dY / q/ Wdzpldzhdypdyq ©)
0

0

where ¢ and ¢ are the relative transverse momentum and angle
between the ¢ and the ¢ in the rest frame of the pair. The charm
quark mass is m¢, and 7 is the Jacobian of the variable transfor-
mation.

Non-relativistic QCD: In NRQCD the direct production of a heavy
quarkonium H is computed by first evaluating the short distance
coefficients, d6*, for the production of a heavy quark pair in
a given quantum state x = 25+1L[f], where S, L, J, C are the
spin, orbital angular momentum, total angular momentum, and
color state of the pair, respectively. These coefficients are then
weighted with non-perturbative long distance matrix elements
(OH) (LDMEs)® and summed:

doy =) d&*(0ff). (10)

Analogously, we express the direct yield for J/iy production in
proton-nucleus collisions as

5 Due to the mass of the charm quark, the c¢ dipole is small, thus we assume
that the location of the produced c and ¢ is approximately that of the gluon.

6 This is in contrast to the Color Evaporation Model where effectively all states
are weighted by the same universal constant F.
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dNj/y(b1) ZdN (bi) ]/1/,)’ (11)

d2p  dy dZPLdY Ok

Only four LDMEs contribute to J/v production: three for the
color octet state (O/j5) = 0.089 GeV?, (O/lig) = 0.0030 GeV?,
0 1

and ((931/}”8])/m2 = 0.0056 GeV3, and one for the color singlet:
0
(0“"’0 = 1.16/(2N.) GeV3 [4546]. Different values were ex-

tracted in [47], where experimental data at lower transverse mo-
menta were included. We leave the study of how our results de-
pend on the choice of LDMEs to a future publication.

The differential cc yields for a given quantum state x are per-
turbatively computable [27]:

dNS(b1) s
d?P,dY  (2m)9%(N2-1)

/ H(PL—ky 1 ki K)

ki, ki,kl,Ri

o PP p. k1L, Ry
le

X EX(Xa:PL—ky1. ki, K ;R —by). (12)
The hard factors H¥ are given in [27]. The meaning of the
ki1, ki and R, are the same as in Fig. 2. The variable K/, is the
transverse momentum transfer to the quark in the conjugate am-
plitude.” The color correlator &% depends on the color state of the

cc, octet [8] or singlet [1], which at leading order in N, are given
by

EBx; 1, k), K, ;R = (2m)%8P (k) — K)

x SAx k1 ; RSB —ki:R1)+O(1/No), (13)
Uxs 1, ke K 5 R =S8 (x; ks RS K RY)
xSAx: 1, —ky — K, ,R1)+O(1/Ne). (14)

Observe that the color octet Z!8! is proportional to §@ (k, — K/ ),
which implies that the momentum transfer to the quark (anti-
quark) is the same in the amplitude and conjugate amplitude, thus
the yield for the octet production in NRQCD takes the same form
as in Eq.(8). Second, to obtain the color singlet Z[1, we took the
approximation proposed in [28] to simplify the quadrupole correla-
tor as a product of dipoles resulting in Eq.(14).® A systematic study
of the range of validity of that approximation will be assessed in
a separate publication. Third, while the color singlet is suppressed
relative to the color octet, in NRQCD all states are weighted with
different LDMEs; hence, both color states have to be kept.

When also integrating over the J/v’s transverse momentum in
Eq.(12), for every event one needs to compute up to 10 dimen-
sional integrals, which we do with Monte Carlo integration using a
Vegas algorithm [49].

2.3. Two-point correlator

Next, we determine the two-point correlator (dipole) Sg. We
assume that the spatial and energy dependence of the dipole fac-
torize, similar to the IPSat model [50,51]. We base our descrip-
tion on the impact parameter independent running coupling BK
(rcBK) evolved dipole amplitudes, fitted to HERA data for proton

7 The momentum of the incoming gluon (from the proton) is approximately the
same in the amplitude and conjugate amplitude. This results in a Dirac delta func-
tion §@ (kq 1 — kq’,); hence, the absence of ki’ in Eq.(12) [23,48].

8 This approximation also modifies the hard factor HKSEH, which is given in [28].
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structure functions [52].° To include a spatial dependence we first
parametrize the rcBK evolved dipole amplitude in the fundamental
representation as

202

r r _ M Qo®ry) 1

sF( 5 ——L)=e () (15)
2 2

where we used A =0.2GeV and

0.01\ 0-3exp(—c1r1)/(car )%
) (16)

Q& x,11) =co (—
X

with cg = 0.104GeV?, ¢c; = 0.16GeV and ¢, = 1GeV. This is only
an approximate representation of the full rcBK result, that reflects
the most relevant differences to the MV form [53,54] by incorpo-
rating the r; dependent Qg above. We model the impact parame-
ter dependence of the dipole, by modifying the saturation scale:

Q2 (x, T, R1)=TA(R)S1Q%H(x,T1), (17)

where S represents the transverse area of the proton in the R -
independent case [52].'0 This procedure yields the Fourier trans-
form of the two-point correlator in the fundamental representation
introduced in Eq.(2); in order to obtain the corresponding correla-
tor in the adjoint representation we use the following relation

Nc
Sadj(X; X1, X') = Sp(x; X, &) CF . (18)

The thickness function, T4 (R ), encodes the spatial distribution of
color charges in either projectile or target and can fluctuate on an
event-by-event basis.

The proton is described as composed of N4 hot spots, whose
centers, R, ;, are distributed in the transverse (to the beam line)
plane according to

1 _p2
P(RLj) = 5——e L/, (19)
’ 27 Bqc
The transverse density profile of each hot spot is a Gaussian with
width \/Bg, i.e.,
Tq(RL— Ry i) =§,2e

and, consequently, the normalized proton thickness function is
given by

—(RL—R)?/(263,By) (20)

Nq

Tp(Ry) = Z Tg(RL—RL;). (21)

27 NgBg &

In Eq.(20), we have introduced two scaling parameters, EQsz and
&p,, that fluctuate on an event-by-event basis according to log-
normal distributions with widths 042 and op,, respectively (see
[55] for details), and have (éqsz) = (ég,) = 1. The former allows the
saturation scale normalization of each hot spot to fluctuate, while
&p, accounts for hot spot size fluctuations. Note that the normal-
ization factor is always using the average Bg, without the factor
of égq.

This last fluctuation was not included in previous works [56].
To justify its inclusion, consider the following physical picture. Hot
spots are the result of soft gluons radiated around a large-x par-
ton in the evolution. These hard partons are generated in the first

9 We have also explored a simpler dipole, using the McLerran Venugopalan (MV)
model [53,54] and, with typical evolution speeds, have not found large differences
compared to the rcBK evolved case for the studied observables.

10 5, which is constrained by matching to the experimentally determined J/v
multiplicity, is approximately 30% smaller than that used in [52]. The difference
could be due to the impact parameter dependence we have introduced.
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Table 1

Standard set of parameters used. To constrain the normaliza-
tion of multiplicities we use the experimentally determined
inelastic cross section oje| = 2161 mb for /s =8.16TeV p+Pb
collisions (extrapolated from result at 5.02TeV [64]), and
Oinel = 60mb for 7TeV p+p collisions [65].

Parameter  Value Parameter  Value

Ng 3 s 0.16
Bgc 3GeV—2 mig 0.2GeV
Bq 1Gev—2 mjy 3.1GeV
o8, 0.7 me mjyy /2
02 01 mp 1.87GeV
Sy 13mb

splittings of the dipole cascade and the transverse separation of
these branchings can in principle fluctuate [57]. This can lead to
hot spots of different sizes after evolution. It is beyond the scope
of this work to provide a rigorous derivation of these size fluctua-
tions. Here, we are interested in their phenomenological impact.

To model the nuclear geometry, we sample its nucleon posi-
tions according to a Woods-Saxon distribution with radius R4 =
6.62 fm and diffuseness a = 0.546 fm, and add a fluctuating T, for
each nucleon.

We allow the hot spot width to grow with decreasing x to
approximate the growth of the proton observed in JIMWLK cal-
culations [58,59], and long known as Gribov diffusion [60]. This
effect is important to describe the center of mass energy depen-
dence of the slope of |t| spectra in diffractive J/v production at
HERA [59], as well as the hollowness effect in p+p collisions [61].
We employ a quadratic growth of B following [58] and [62]. Ex-
plicitly, we multiply By (in both Eq.(20) and (21)) by the function
w(y) =0.15 + 0.042 % (+y — 4.6)2, where the plus is used for the
right moving proton, and minus for the left moving nucleus.

The parameters of our model are constrained with data on
charged hadron and J/v rapidity and transverse momentum dis-
tributions in p+p and p+Pb collisions, as well as the correlation
between the charged hadron and j/¢¥ multiplicities, which we
focus on in this letter. Parameter values used are presented in Ta-
ble 1. The value for By is consistent with that obtained from fits
to diffractive J/y production at HERA [63]. The By we employ at
mid-rapidity is larger, but taking into account the growth of the
proton with decreasing x and the difference in x values in 8.16 TeV
collisions at LHC and those probed in the HERA data considered in
[63], the values are also consistent. In fact, using our w(y) equa-
tion above, the size at a ten times larger x should be 0.4GeV~2,
very close to the value found in [63].

The impact parameter b, the vector connecting the projectile
and target centers, is sampled according to P(b;) ocb; (and uni-
formly distributed angle), along with the spatial dependence of the
dipole amplitudes, allowing for a fully event-by-event study. Final
results of the presented observables are averaged over many thou-
sand events.

3. Results

We compute the J/v multiplicity, normalized by its mean
value, and present its correlation with the similarly normalized
charged hadron multiplicity in the left panel of Fig. 3. Charged
hadrons are always measured at mid-rapidity |n| < 1 (we choose
n =0 in the calculation), while the vector mesons are computed
in different rapidity windows, shown in Table 2. For simplicity, we
do not integrate over the rapidity interval in the theoretical calcu-
lation, but use a central value (weighted by the multiplicity), also
shown in Table 2. Events with dN¢,/dn < 0.5 are rejected, which is
approximately equivalent to requiring at least one charged hadron
within two units of rapidity.

Physics Letters B 827 (2022) 136952

Table 2

Kinematic configurations of the experimental data presented in [8,12,66], and rapid-
ity values used in our calculations. p-going: y > 0, small x in the Pb nucleus, large
x in the proton; Pb-going: y <0, large x in the Pb nucleus, small x in the proton.

System JSnN [TeV] J /v rapidity range J /v rapidity used
p*p 7 |yl <0.9 0
25<y<4 3.03
p+Pb 5.02 —4.46 <y < —2.96 -3.52
—137<y <043 -0.47
203 <y<3.53 2.62
8.16 —4.46 <y <—2.96 -3.52
203 <y <353 2.62
Table 3

Typical values of Qs in the proton and lead nucleus (in the region
around the impact parameter) for dN¢,/dn = 4(dNc,/dn).

Rapidity p/Pb Qs [GeV]
midrapidity p 1.35

Pb 2.41
p-going p 0.78

Pb 4.18
Pb-going p 2.78

Pb 1.18

We find a very good agreement between our CGC based model
and the experimental data at negative (Pb-going; large x in the Pb
nucleus, small x in the proton) and positive (p-going; small x in the
Pb nucleus, large x in the proton) rapidities. We show the results
for individual events as a scatter plot to highlight the width of the
distributions. It would be highly beneficial for further constraining
theoretical models if a similar measure of fluctuations could be
accessed experimentally.

The correlator deviates most significantly from the linear trend
in rare, high multiplicity events which, in our framework, are gen-
erated by upward fluctuations of the saturation scales or interac-
tion region, arising from geometry fluctuations, including the hot
spot size fluctuations, or the log-normal fluctuations of the satura-
tion scale itself.

The observed rapidity dependence of the correlator is naturally
explained in the saturation picture, when considering the typical
saturation scales in different rapidity bins. We extracted typical Qs
values in the proton and lead nucleus for dN¢,/dn = 4(dN/dn)
and present them in Table 3. At midrapidity, where the charged
hadrons are measured, Qs values are large enough that for light
charged hadron production saturation effects play a role. In the
Pb-going direction, we find that typical Qg values are smaller than
the J/vy mass. Therefore, a stronger than linear increase, caused
by saturation of the hadrons but not of the J/v, is observed in
the data. In contrast, in the p-going direction, Qs values in the
nucleus reach values on the order of the J/¢ mass and larger, and
the J/¢ multiplicity is strongly suppressed when correlated with
the event activity at mid-rapidity.

To emphasize the importance of these saturation effects, we
mimic a scenario without saturation by artificially decreasing the
value of S; in Eq.(17) to 1mb (see Table 1 for standard parame-
ters). This renders Qg values entering the calculation smaller than
any relevant momentum scale in most cases. Of course this rescal-
ing leads to a much too low normalization of the charged hadron
and ]/ yields, but we can still study the correlation of the nor-
malized multiplicities. The result is shown in the right panel of
Fig. 3, where we find no significant difference between the p-going
and Pb-going direction, with both results being much closer to the
diagonal, as one would expect if saturation effects do not play a
role. The agreement with data is notably worse.
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Fig. 3. Correlation between normalized J/v and charged hadron yields in p+Pb collisions at 8.16 TeV for BK evolved dipoles and using NRQCD to describe the J/v
hadronization. Shown are results from individual events as scatter plots and the event average with statistical errors. Experimental data from ALICE [13]. Left: Using values
of Q; that lead to multiplicities in line with experimental results. Right: Artificially low Qg to mimic the situation of no, or much weaker, saturation effects.
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Fig. 4. Correlation between normalized J/v and charged hadron yields in 8.16 TeV
p+Pb collisions using either NRQCD (solid) or ICEM (dashed) for the /v hadroniza-
tion.

In the following, we evaluate the robustness of the result pre-
sented in the left panel of Fig. 3, which has the correct multiplic-
ity normalization and saturation effects, against variations in the
model parameters.

In Fig. 4, we study the sensitivity to the production model of
the J/v, by comparing results obtained from NRQCD with those of
the ICEM. While the backward direction is rather insensitive to the
choice of vector meson production model, the result in the p-going
direction moves up when going from NRQCD to ICEM, overesti-
mating the data for most points beyond (dN¢,/dn)/(dNch/dn) > 2.
This result is closer to previous CGC based calculations using the
ICEM [67], but we still see more suppression. In NRQCD, different
spin states are weighted differently, which can affect how much
saturation effects influence the result, as compared to the ICEM. In
[21], the correlation between J/v and charged hadron production
in p+p collisions was studied separately for each channel entering
the NRQCD result. Different channels showed largely different be-
havior, suggesting that differences to the ICEM can at least in part
originate from how different channels are weighted.

A similar dependence on the hadronization prescription of the
J /¥ is observed for 5.02TeV collisions, as shown in Fig. 5. Because
there are also measurements at midrapidity for this energy [12],
we include this rapidity bin in the calculation. The figure shows
results using NRQCD and ICEM in the upper and lower panels, re-
spectively. Results for p-going and Pb-going directions are similar
to the case of 8.16TeV collisions. The correlator changes monoton-

S, moong
S|y
.
4

1 p+Pb 5.02 TeV

#  ALICE Pb-going
¢ ALICE p-going
ALICE midrapidity

dN/dy
(dN/dy)
b

25 30 35 40 45
chh/dr’
(dNcn/dn)

Fig. 5. Correlation between normalized /v and charged hadron yields in 5.02 TeV
p+Pb collisions, using either NRQCD (top) or ICEM (bottom) for the J/v hadroniza-
tion. Experimental data from the ALICE Collaboration [12].

ically with rapidity, most clearly for the NRQCD case, while the
experimentally measured correlator for the jJ/¢ at mid-rapidity
increases more quickly than that with J/iy observed in the Pb-
going direction. In the ICEM case, the mid-rapidity result is much
closer to the Pb-going result, and for some multiplicities the order-
ing is like that in the experimental data. Nevertheless, reproducing
the stronger rise at mid-rapidity compared to the Pb-going direc-
tion is very challenging in the CGC framework, for any hadroniza-
tion prescription.

To demonstrate that besides its sensitivity to saturation effects,
this observable is also sensitive to the details of the geometri-
cal fluctuations, we compare our standard scenario to one where
the Qs normalization strongly fluctuates (O'Qsz = 0.5 instead of
Og2 = 0.1), while the hot spot size does not vary (o, =0 in-
stead of op, = 0.7), in Fig. 6. In our standard scenario, large hadron
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Fig. 6. Correlation between normalized J/¢ and charged hadron yields in 8.16 TeV
p+Pb collisions, using NRQCD for the J/v hadronization. Comparison of simula-
tions with size fluctuations (solid) to ones with only (increased) Qs normalization
fluctuations (dashed).

multiplicities can be generated by either (a) upwards fluctuations
of the saturation scale or (b) fluctuations to larger protons, with-
out going too deeply into the saturated regime. Contrarily, in the
situation with large Qs normalization fluctuations, large hadron
multiplicities can only be reached via fluctuations to very dense
hot spots (in both proton and nucleus). Thus, saturation effects on
the J/v become much larger than in our standard scenario, and
the correlator moves below the diagonal in the Pb-going direction.
The p-going direction is unmodified when changing the fluctua-
tions. In this case, the saturation scale is much larger, and details
of its fluctuations seem to be less important.

Clearly, the large normalization fluctuations are incompatible
with the experimental data. Consequently, the study of this ob-
servable provides additional constraints on the details of subnu-
cleonic fluctuations, that HERA data on diffractive J/v data could
not restrict [56]. It remains to be checked whether the addition of
size fluctuations and reduced normalization fluctuations are also
compatible with the diffractive HERA data. In any case, we have
demonstrated that including the data studied here, together with
e+p and other data, in a global Bayesian analysis is likely to be
very beneficial for constraining models of subnucleonic fluctua-
tions.

Another important observable that is highly sensitive to geo-
metrical fluctuations and saturation is the J/y mean transverse
momentum (pr). In Fig. 7, we show both Pb-going and p-going
J/¥ (pr), compared to experimental data from the ALICE Collab-
oration [13]. For our standard value B; = 1GeV~2, the Pb-going
measurement is very well described, while our p-going result
agrees with the data for up to approximately 1.5 times the average
multiplicity, but above that shows a stronger multiplicity depen-
dence than the surprisingly flat experimental data.

In the CGC framework the (pr) of produced particles is ex-
pected to be driven by the saturation scale. In fact, in the p-going
direction, we observe that our (pr) result increases monotonically
with hadron multiplicity, i.e., the larger the saturation scale, the
larger (pr) of the J/+. This trend is not observed in the Pb-going
direction, because there typically Qs « mj,y, making the mass the
dominant scale for (pr).

When turning off hot spot size fluctuations and increasing Qg
normalization fluctuations (cf. Fig. 6), we see a rising (pr) as a
function of multiplicity in the Pb-going direction. In this case, large
multiplicities are mainly reached by fluctuations to large Q; values
(and not to larger interaction areas). Thus, the correlation between
(pr) and multiplicity becomes stronger. However, in the p-going
direction, we see little difference between the two scenarios with

Physics Letters B 827 (2022) 136952

— 5
%) p+Pb 8.16 TeV
s
—~ 31
~ 2t —— Bg=1GeV~? 05, =0.1 05, =07
....... Bg= 1GeV—2 0o, =0.505,=0
11 ===+ Bq=0.5GeV~? 0o, =0.105,=0.7
Pb going ® ALICE
— 0
>
Q
)
2
—
S
-~ 24 —Bq=1GeV72 0o, =0.105,=07
....... Bg=1GeV~2 g, =0.5 05,=0
11 --- Bg=0.5GeV~2 0o, =0.1 05,=0.7
p going é ALICE
0 ; : : ]
0 1 2 3 : ’
dNcn/dn
{(dNcn/dn)

Fig. 7. Mean transverse momentum of the J/v as a function of dN¢,/dn in the Pb-
(upper) and p-going (lower) directions, compared to experimental data from ALICE
[13]. Comparing the standard parameter set (solid) to the case using smaller hot
spots (dashed) and the case without size fluctuations, but larger Qs normalization
fluctuations (dotted).

.9
73384 —— NRQCDy=0
g 574 —— NRQCD y =3.03
ICEMy=0
61 -———- ICEMy=3.03
5{ ¢ ALICE |y|<0.9
4] % ALICE25<y<4
3
2 N
S p+p 7 TeV
0 (—l . . . .
0 1 2 3 4 5
chh/dr]
(dNcn/dn)

Fig. 8. Correlation between normalized J/v and charged hadron yields in p+p col-
lisions at 7 TeV, using either NRQCD (solid) or ICEM (dashed) to describe the J/v
hadronization. Experimental data from the ALICE Collaboration [8].

different fluctuations. As the p-going direction corresponds to the
deep saturation regime of the nucleus, it is possible that Q; fluc-
tuations remain dominant, even when including size fluctuations.

For a smaller average value of By = 0.5GeV~2, the (pr) is
larger for all multiplicities and both rapidities. This is a conse-
quence of having a larger normalization for the smaller hot spots
(see Eq.(21)), resulting in significantly larger Q values, which in-
creases the (pr). This observable shows an enhanced sensitivity to
the choice of By as compared to the multiplicity correlators stud-
ied above.

Finally, we show the multiplicity dependent J/v production
in pt+p collisions in Fig. 8. The data shows that when hadrons
and vector mesons are measured at mid-rapidity, the correlator
grows faster than in the situation in which the J/v is measured
at forward rapidities. In a saturation picture, the forward data sug-
gests saturation in one of the protons. This trend is captured by
our theoretical model for both hadronization models. However, the
model fails to quantitatively describe the experimental data from
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the ALICE Collaboration [8]. The rise of the J/v yield with charged
hadron multiplicity is much weaker than experimentally observed.
In a previous CGC calculation [21], which does not include any
fluctuations, a stronger rise of the J/vy multiplicity with event ac-
tivity was observed. Differences to such a model are expected, as in
our case large charged hadron multiplicities can be reached from
a variety of different fluctuations in either proton, whereas in [21]
they are achieved by varying both protons’ average Q; simultane-
ously. The underestimation of the experimental data in p+p and
also for midrapidity p+Pb (Fig. 5) in our model, hints that some
physics is being missed, however, the experimental uncertainties
are large, and more precise data is needed to draw firm conclu-
sions.

4. Conclusions

We computed forward and backward J/¢ production in p+Pb
collisions at LHC energies and its correlation with the mid-rapidity
charged hadron multiplicity. We used the CGC framework to com-
pute gluon and cc pair cross sections, employing rcBK evolved
dipole amplitudes, KKP fragmentation of gluons to hadrons, and
either NRQCD or the ICEM to describe the J/v hadronization. The
dependence of the J/v multiplicity at both rapidities on the event
activity was found to depend strongly on the presence of satu-
ration effects, making this observable a sensitive probe of gluon
saturation. Agreement with the experimental data required the
presence of saturation effects.

The parameter values used for the subnucleonic structure are
consistent with those obtained for diffractive J/¢ production
in e+p collisions measured at HERA, when considering the x-
dependence of the proton size. In addition, the observable stud-
ied here is particularly sensitive to the role of density vs. size
fluctuations, which highlights its potential to better constrain the
fluctuating subnucleonic structure and the details of particle pro-
duction.

The faster than linear rise of the mid-rapidity J/v yield with
charged hadron multiplicity is weaker than in the experimental
data, but it was found to be sensitive to the J/y hadronization
model, as is the J/4 production in the proton going (forward) di-
rection. In p+p collisions, we see a significantly weaker increase
of the J/y yield with multiplicity than in the experimental data,
with a similar dependence on the hadronization model.

For p+Pb collisions, the J/v¢ mean transverse momentum as a
function of charged hadron multiplicity in the Pb-going direction
is well described using NRQCD, while the result in the p-going di-
rection overestimates the data at high multiplicities. The mean-pt
is also sensitive to the hot spot size, providing an additional con-
straint on that parameter.

A natural continuation of this work would be to understand
the systematics of our results for different heavy quark bound
states such as Y [9] or D [68]. In the former, we expect Sudakov
resummation to become important [69]. It will also be interest-
ing to perform an event-by-event calculation using the dipole and
quadrupole operators from JIMWLK evolved Wilson lines, which
will naturally include the growth of the proton and modification
of the geometry towards small-x.

The inclusion of final state effects is also desirable. They have
the potential to modify in particular the charged hadron transverse
momentum (not shown), which in our calculation is well described
at the lowest multiplicities, but underestimated at large multiplic-
ities. It will also be interesting to see to what degree the J/y is
affected by final state effects.

Finally, this study suggests a strong potential for a combined
global analysis of HERA (and future EIC) and LHC data to constrain
(sub-) nucleon structure at high energies.
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