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Excellent overview of Cold QCD results from RHIC experiments 
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Big picture…
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•What is nucleon structure in terms of quarks and gluons ? 

•How these distributions get modified in nuclei ? 

•What happens at very low x and/or high A ? 

•Is there an onset of non-linear regime (saturation) ?

Enhance target `blackness’ by:   
1) Probing lower x at fixed Q2 in ep 

 [evolution of a single source]  
2) Increasing target matter in eA 

 [overlapping many sources at fixed kinematics … density ~ 
  A1/3 ~ 6 for Pb … worth 2 orders of magnitude in x]   

LHeC delivers a 2-pronged approach: 

30 

Lines of constant ‘blackness’ 
diagonal … scattering cross 
section appears constant 
along them … “Geometric 

   Scaling”  

Something appears to happen  
around ( = Q2/Q2

s = 1 GeV2 

(confirmed in many analyses)  
BUT … Q2 small for ( <~ 1 GeV2 

… not easily interpreted in QCD 
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Examples of tests of cold QCD nuclear effects at STAR
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b

QCD non-linear effects

Forward rapidities at STAR provide an 
absolutely unique opportunity to have 

very high gluon densities
à proton – Au collisions

combined with an unambiguous 
observable

counting experiment of Di-jets in pp and pA
Saturation: Disappearance of backward jet in pA

p p

STAR forward upgrade 
characterize non-linear effects 
with charged di-hadrons, 
#-jet, di-jet

p A

13Lijuan Ruan, BNL

UPC (eg. exclusive processes)

Di-hadron correlations

STAR has pioneered many of these 
measurements which are essential to explore 
cold nuclear effects

 pT spectra of hadrons in pp vs dA

d A

h

see also talk by Daniel Brandenburg
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UPC physics 
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γγ physics γA :photonuclear interactions

June 09, 2025 Zaochen Ye (SCNU) at UPC 2025 3

Photon-Photon Scatterings

Test extreme QED interactions
Clean back-to-back signals

CMS, arXiv:2412.15413

Acoplanarity

Measurement of Tau g-2 Factor in UPCs

June 09, 2025 Zaochen Ye (SCNU) at UPC 2025 6

Anomalous magnetic 
moment

Pb Pb

Pb Pb

If BSM effects scale with 𝒎𝒍
𝟐, deviation of 𝒂𝝉 from SM is 280 ⨉ 𝒂𝒖 

Testing QED 

Testing SM  in general  

BSM and exotic searches

Inclusive: dijet, heavy quark production

Pb

Pb

Exclusive productionAA A

A A

A

AA

A

A

Classes of processes 
 Exclusive processes (no colour exchange) 

 
 
 
 

 Inclusive processes (with colour exchange) 

2025-06-09 Adam Matyja - ALICE UPC results 3 

Pomeron – Pomeron 
CEP 

Photoproduction 
Coherent or 
Incoherent 

Double photon exchange 

Direct production Resolved production 

gap 

gap 

gap 

gap 

gap 

gap 

gap 

gap 

gap 

gap 

gap 

Electromagnetic 
dissociation (EMD) 

single or mutual 

Pb

PbA

A
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Exclusive vector meson photo and electro-production
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γ∗

p p

z

1 − z

r⃗

b⃗
x x

γ∗ γ∗ V = J/ψ,φ, ρ

p p′

z

1 − z

r⃗

b⃗

(1 − z)r⃗

x x′

Figure 2: The elastic scattering amplitude for inclusive DIS (left) and vector meson production
(right). For DVCS, the outgoing vector meson in the right-hand diagram is replaced by a real

photon.

where (Ψ∗
EΨ)T,L denotes the overlap of the photon and exclusive final state wave functions. For

DVCS, the amplitude involves a sum over quark flavours. This expression, used in the analysis
of exclusive J/ψ photoproduction by Kowalski and Teaney [1], is derived under the assumption
that the size of the quark–antiquark pair is much smaller than the size of the proton. The

explicit perturbative QCD calculation of Bartels, Golec-Biernat and Peters [40] shows that
the non-forward wave functions can be written as the usual forward wave functions multiplied

by exponential factors exp[±i(1 − z)r · ∆/2]. Effectively, the momentum transfer ∆ should
conjugate to b + (1 − z)r, the transverse distance from the centre of the proton to one of the

two quarks of the dipole, rather than to b, the transverse distance from the centre of the proton
to the centre-of-mass of the quark dipole; see the right-hand diagram of Fig. 2.

Assuming that the S-matrix element is predominantly real we may substitute 2[1−S(x, r, b)]
in (10) with dσqq̄/d2b.

These two changes lead to

Aγ∗p→Ep
T,L (x, Q, ∆) = i

∫

d2r

∫ 1

0

dz

4π

∫

d2b (Ψ∗
EΨ)T,L e−i[b−(1−z)r]·∆ dσqq̄

d2b
. (11)

The elastic diffractive cross section is then given by

dσγ∗p→Ep
T,L

dt
=

1

16π

∣

∣

∣
Aγ∗p→Ep

T,L

∣

∣

∣

2
=

1

16π

∣

∣

∣

∣

∫

d2r

∫ 1

0

dz

4π

∫

d2b (Ψ∗
EΨ)T,L e−i[b−(1−z)r]·∆ dσqq̄

d2b

∣

∣

∣

∣

2

. (12)

This is the basic equation for the simultaneous analysis of different exclusive processes per-

formed in this paper.

2.1 Forward photon wave functions

The forward photon wave functions were perturbatively calculated in QCD by many authors;

see, for example, Refs. [5,41]. The normalised photon wave function for the longitudinal photon
polarisation (λ = 0) is given by [9]

Ψhh̄,λ=0(r, z, Q) = efe
√

Nc δh,−h̄ 2Qz(1 − z)
K0(ϵr)

2π
, (13)

5

Exclusive (photo)production of vector mesons 
Mass of the heavy vector meson provides a hard scale 
Process sensitive to square of gluon density 
Explored at HERA collider

gluon from the MRST NNLO analysis [6] receives sizeable corrections both in size and shape
compared to the NLO fit, signalling a large uncertainty of the gluon in this regime. In this
context it is also interesting to note that the gluon as obtained from global fits can significantly

change, both in normalisation and shape, if small x resummations are incorporated into the
analysis [7].

Data for the exclusive γ∗p → J/ψ p process offer an attractive opportunity to determine the
low x gluon density in this Q2 domain, since here the gluon couples directly to the charm quark

and the cross section is proportional to the gluon density squared [8]. Therefore the data are
much more sensitive to the behaviour of the gluon. The mass of the cc̄ vector meson introduces

a relatively large scale, amenable to the perturbative QCD (pQCD) description not only of
large Q2 diffractive electroproduction, but also photoproduction of J/ψ. The available J/ψ
data probe the gluon at a scale µ2 in the range 2−10 GeV2 for x in the range 10−4 ! x ! 10−2;

that is just the domain where other data do not constrain the gluon reliably, see Fig. 1. It
would be good to have comparable data on exclusive Υ production to determine the gluon at

larger scales, but here the available data are sparse, see Fig. 5 below.

2 Exclusive J/ψ production at LO

To lowest order the γ∗p → J/ψ p amplitude can be factored into the product of the γ → cc̄

transition, the scattering of the cc̄ system on the proton via (colourless) two-gluon exchange,
and finally the formation of the J/ψ from the outgoing cc̄ pair. The crucial observation is that

at high γp centre-of-mass energy, W , the scattering on the proton occurs over a much shorter
timescale than the γ → cc̄ fluctuation or the J/ψ formation times, see Fig. 2. Moreover, at
leading logarithmic accuracy, this two-gluon exchange amplitude can be shown to be directly

proportional to the gluon density xg(x, Q̄2) with

Q̄2 = (Q2 +M2
J/ψ)/4, x = (Q2 +M2

J/ψ)/(W
2 +M2

J/ψ). (1)

Q2 is the virtuality of the photon and MJ/ψ is the rest mass of the J/ψ. To be explicit, the
lowest-order formula is [8]

dσ

dt
(γ∗p → J/ψ p)

∣

∣

∣

t=0
=

ΓeeM3
J/ψπ

3

48α

[

αs(Q̄2)

Q̄4
xg(x, Q̄2)

]2
(

1 +
Q2

M2
J/ψ

)

, (2)

where Γee is the electronic width of the J/ψ.

In the leading logarithmic approximation, the integral over the transverse momentum kT of

the t-channel gluons, see Fig. 2, gives rise to the integrated gluon density g(x, Q̄2). As usual in
collinear factorisation, the kT dependence of the integral is completely absorbed in the input

gluon distribution (of the global analyses), taken at the factorisation scale Q̄2. The integral
over the charm quark loop is expressed in terms of the electronic width, Γee, of J/ψ, and

3

Lowest order perturbative formula for electroproduction  

Ryskin
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�(⇤)p ! V p
Weiler; Ryskin; Jung, Schuler,  Terron; Nemchik, Nikolaev Zakharov…

Can test dynamics at low x and different A if nuclear targets are involved
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Exclusive vector meson photoproduction

7

Photoproduction: gp collisions

• Rise in σ related 
to Pomeron 
intercept
o σ ~ Wδ

o δ=4(αP(t)-1)
o αP(t)=αP(0)+α’t

• Compare slopes 
ρ,ω,ϕ to J/ψ,ψ’,ϒ

• Extract g(x,Q2) arXiv: 1001.3241

e/

V

14Ronan McNulty, UPC Overview of LHCb, 9.6.25

Measurements in ep

Rise in the slope of the 
energy 
with the scale of the process
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� ⇠ W �
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↵p(t) = ↵p(0) + ↵0t

Transition from 
soft to hard 
phenomena
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First observation of exclusive ρ0  in AuAu UPC at STAR
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The STAR Collaboration reports the first observation of exclusive !0 photoproduction, AuAu !
AuAu!0, and !0 production accompanied by mutual nuclear Coulomb excitation, AuAu ! Au?Au?!0,
in ultraperipheral heavy-ion collisions. The !0 have low transverse momenta, consistent with coherent
coupling to both nuclei. The cross sections at

!!!!!!!!

sNN
p ! 130 GeV agree with theoretical predictions

treating !0 production and Coulomb excitation as independent processes.

DOI: 10.1103/PhysRevLett.89.272302 PACS numbers: 25.75.Dw, 13.60.–r, 25.20.–x

In ultraperipheral heavy-ion collisions, the two nuclei
geometrically ‘‘miss’’ each other and no hadronic nu-
cleon-nucleon collisions occur. At impact parameters b
significantly larger than twice the nuclear radius RA, the
nuclei interact by photon exchange and photon-photon or
photon-Pomeron collisions [1]. Examples are nuclear
Coulomb excitation, electron-positron pair and meson
production, and vector meson production. The exchange
bosons can couple coherently to the nuclei, yielding large
cross sections. Coherence restricts the final states to
low transverse momenta, a distinctive experimental sig-
nature. The STAR Collaboration reports the first ob-
servation of coherent exclusive !0 photoproduction,
AuAu ! AuAu!0, and coherent !0 production accompa-
nied by mutual nuclear excitation, AuAu ! Au?Au?!0.
Ultraperipheral heavy-ion collisions complement fixed-
target !0 photoproduction on complex nuclei [2].

Exclusive !0 meson production, AuAu ! AuAu!0

[c.f. Figure 1(a)], can be described by the Weizsäcker-
Williams approach [3] to the photon flux and the vector
meson dominance model [4]. A photon emitted by one
nucleus fluctuates to a virtual !0 meson, which scatters
elastically from the other nucleus. The gold nuclei are not
disrupted, and the final state consists solely of the two
nuclei and the vector meson decay products [5]. In the rest

frame of the target nucleus, midrapidity !0 production at
the Relativistic Heavy-Ion Collider (RHIC) corresponds
to a photon energy of 50 GeVand a photon-nucleon center-
of-mass energy of 10 GeV. In addition to coherent !0

production, the exchange of virtual photons may excite
the nuclei. These processes are assumed to factorize for
heavy-ion collisions, which is justified by the similar case
of two-photon interactions in relativistic ion collisions
accompanied by nuclear breakup, where nonfactorizable
diagrams are small [6]. The process AuAu ! Au?Au?!0

is shown in Fig. 1(b). In lowest order, mutual nuclear
excitation of heavy ions occurs by the exchange of
two photons [7,8]. Because of the Coulomb barrier for

Au
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ρ

Au

Au*Au
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ρ
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π
π

b)a)

γγ
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π
π
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FIG. 1. Diagram for (a) exclusive !0 production in ultraper-
ipheral heavy-ion collisions, and (b) !0 production with
nuclear excitation. The dashed lines indicate factorization.
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production by lowest order perturbation theory [15].
Electron-positron pairs contribute 4%! 1% to the signal
at p < 150 MeV=c and M! ! 0:3 GeV=c. For a given Mll,
muons have lower momenta than the corresponding elec-
trons and are less likely to be detected. Their <2%
contribution to the coherent signal, as well as the contri-
bution from ! decays are neglected.

The acceptance and reconstruction efficiency were
studied using a Monte Carlo event generator that repro-
duces the expected kinematic and angular distributions
for !0 production with and without nuclear excitation
[5,16], coupled with a full detector simulation. The !0

decay angle distribution is consistent with s-channel
helicity conservation. The !0 production angles are not
reconstructed since the AuAu scattering plane cannot be
determined. The efficiencies are almost independent of
pT and the reconstructed invariant mass M"". For the
minimum bias trigger, 42%! 5% of all !0 within
jy!j< 1 are reconstructed. The topology trigger vetoes
the top and bottom of the TPC, reducing the geometri-
cal acceptance. Pions with pT < 100 MeV=c do not reach
the CTB, effectively excluding pairs with M"" <
500 MeV=c2. Only 7%! 1% of all !0 with jy!j< 1 are
reconstructed in the topology trigger. The pT resolu-
tion is 9 MeV=c. The M"" and rapidity resolutions are
11 MeV=c2 and 0.01.

The rapidity distribution for !0 candidates "xn; xn#
from the minimum bias data is shown in Fig. 3(a). It is
well described by the reconstructed events from a simu-
lation, which includes nuclear excitation [5]. The gener-
ated rapidity distribution is also shown. The acceptance is
small for jy!j > 1, so this region is excluded from the
analysis. Cross sections are extrapolated from jy!j< 1 to
the full 4" acceptance by #!

4"=#
!
jy!j<1 $ 1:9 for !0 pro-

duction with nuclear breakup, and #!
4"=#

!
jy!j<1 $ 2:7 for

!0 production without nuclear breakup. A 15% uncer-
tainty in the extrapolations is estimated by varying the
Monte Carlo parameters. Event rapidity and photon en-
ergy are related by y $ !"1=2# ln"2E$=M!#. After ac-

counting for the ambiguity of photon emitter and
scattering target, the average photon energy hE$i%
50 GeV is independent of rapidity.

The minimum bias data sample has an integrated
luminosity of L $ 59 mb&1. The luminosity was
measured by counting hadronic collisions [17].We assume
a total gold-gold hadronic cross section of 7.2 b [7];
its uncertainty dominates the 10% systematic uncer-
tainty of L.

The differential cross section d#"$Au ! !Au#=dt%
d#"$Au ! !Au#=dp2

T for the "xn; xn# events is shown in
Fig. 3(b). Here, the combinatorial background is sub-
tracted. The photon flux is determined integrating the
photon spectrum of a relativistic nucleus over the impact
parameter space [5]. In ultraperipheral collisions, d#=dt
reflects not only the nuclear form factor, but also the
photon pT distribution and the interference of production
amplitudes from both gold nuclei. The interference arises
since both nuclei can be either the photon source or the
scattering target [18]. A detailed study of this effect is
beyond the scope of this paper. From a fit to d#!Au=dt /
e&bt, we obtain a forward cross section d#!A=dtjt$0 $
965! 140! 230 mb=GeV2 and an approximate gold ra-
dius of RAu $

!!!!!!

4b
p

$ 7:5! 2 fm, comparable to previous
results [2].

The d#"AuAu ! Au'Au'!#=dM"" invariant mass
spectrum for the "xn; xn# events with a pair pT <
150 MeV=c is shown in Fig. 4; the "0n; 0n# events have
a similar d#=dM"" spectrum. Three different paramet-
rizations are applied:
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FIG. 3 (color online). Rapidity distribution (a) of !0 candi-
dates "xn; xn# for the minimum bias data (points) compared to
the normalized reconstructed (shaded histogram) and gener-
ated (open histogram) events from the Monte Carlo simulation.
The differential cross section (b) d#"$Au ! !Au#=dt for the
same data set; the line indicates the exponential fit.
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contains an additional contribution from coherent e(e& pairs.
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dσγA→ρA

dt
∼ exp(bt)

First measurement of exclusive ρ0 photoproduction in UPC AuAu

RAu = 4b = 7.5 ± 2 fm
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TABLE II. The total cross section extrapolated to the full rapidity range for coherent ρ0 production at
√

sNN = 62.4 GeV accompanied
by nuclear breakup and without breakup, compared with previous measurements at 130 GeV and 200 GeV [10,11]. The measured cross
section, for XnXn events with |yρ0 | < 1, is based on the data set collected with trigger B. Cross sections for other levels of nuclear
excitation, and for the full rapidity range, are calculated with extrapolation factors detailed in the text. Statistical and systematic errors
are shown.

STAR at STAR at STAR at STAR at√
sNN = 62.4 GeV

√
sNN = 62.4 GeV

√
sNN = 130 GeV [10]

√
sNN = 200 GeV [10]

Parameter coherent (|yρ0 | < 1) coherent (full rapidity) coherent (full rapidity) coherent (full rapidity)

σ
ρ0

XnXn (mb) 6.2 ± 0.9 ± 0.8 10.5 ± 1.5 ± 1.6 28.3 ± 2.0 ± 6.3 31.9 ± 1.5 ± 4.5

σ
ρ0

0nXn (mb) 16.7 ± 2.7 ± 2. 31.8 ± 5.2 ± 3.9 95 ± 60 ± 25 105 ± 5 ± 15

σ
ρ0

0n0n (mb) 28.5 ± 5.2 ± 4.8 78 ± 14 ± 13 370 ± 170 ± 80 391 ± 18 ± 55

σ
ρ0

total (mb) 51.5 ± 5.9 ± 5.3 120 ± 15 ± 22 460 ± 220 ± 110 530 ± 19 ± 57

The extrapolation factors to obtain the cross sections over
the full rapidity range are model dependent. Using the KN
model, [10,22] this factor was estimated to be 1.7 ± 0.1 for
events accompanied by nuclear excitation, 1.9 ± 0.1 for events
accompanied by a single nuclear excitation, and 2.7 ± 0.1 for
events with no accompanying excitation. It is worth noting
that, per Fig. 7 of Ref. [10], different models predict rather
different extrapolation factors, and the IPSAT and IIM models
would have a considerably smaller extrapolation factor.

After the extrapolation to full rapidity, we find the total
production cross section accompanied by mutual nuclear
excitation to be σcoh(XnXn, full y) = 10.5 ± 1.5 (stat.) ±
1.6 (syst.) mb, the total production cross section accompanied
by a single nuclear excitation to be σcoh(0nXn, full y) =
31.8 ± 5.2 (stat.) ± 3.9 (syst.) mb, and the total production
cross section with no accompanying excitation to be
σcoh(0n0n, full y) = 78 ± 14 (stat.) ± 13 (syst.) mb. The in-
dividual cross sections are summarized in Table II. Adding
these three cross sections together yields the total co-
herent cross section at

√
sNN = 62 GeV, σcoh(AuAu →

Au(∗)Au(∗)ρ0) = 120 ± 15 (stat.) ± 22 (syst.) mb.
We considered several sources for systematic errors as was

done in previous work reported in Ref. [10]. The biggest
contributions to the overall uncertainty in the cross-section
measurement come from the luminosity measurements, the ac-
ceptance corrections, and the extrapolation to the full rapidity
range which exhibits strong model dependence. The different
methods of combinatorial background estimation gave cross
sections which differ by less than 3%. The contribution due to
the luminosity measurement is 10%, and the contribution due
to the various cuts is approximately 7%. The error due to the
extrapolation to the full phase space is 6%. Different models
used to describe the background yielded a 5% systematic error.

The two data sets taken with triggers A and B were used to
cross-check measured cross sections and to study systematic
effects of different trigger requirements on measured luminos-
ity and acceptance corrections.

The measured cross sections are summarized in Table II
and compared with previous results at

√
sNN = 130 and

200 GeV [10,11]. The cross-section ratio for the 200 GeV and
62 GeV data is R = σ (200 GeV)/σ (62.4 GeV) = 4.4 ± 0.6,
where we have added the systematic and statistical errors

in quadrature, neglecting the partial correlation between the
systematic errors at the two energies. The 130 GeV data have
large errors, but we find R = σ (130 GeV)/σ (62.4 GeV) =
3.8 ± 1.9. These ratios are much larger than was previously
found for R = σ (200 GeV)/σ (130 GeV) = 1.15 ± 0.6, and
point to a considerably steeper rise in cross section with energy,
at least as steeply as predicted by the models.

Figure 4 compares the measured cross section at three
different energies with the aforementioned four theoretical
models [3,4,7]. For the KN model, the STARlight code was
used to predict the energy dependence of the cross section [21].
For the other models, we relied on private communications
from the authors to get the energy dependence [23,24].

The rise in cross section is smaller than is predicted by the
KN and FSZ models, which both use Glauber calculations to
predict ratios around 6.1 It is closer to the IPSAT-GM and
IIM-GM predictions of 3.5 and 4.3, respectively. However,
for these models, the extrapolation from |y| < 1 to all
rapidities would be considerably smaller for the IPSAT and
IIM models; since the extrapolation factor depends on the
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FIG. 4. Comparison of theoretical predictions to the measured
total cross section for coherent ρ0 production as a function of

√
sNN .

The measured cross section is based on the data set collected with
trigger B. The error bars show the sum of the statistical and systematic
uncertainties. See text for details.
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TABLE I. Parameters for the fit to d2σ/dydt , Eq. (5).

Parameter t range (0., 0.3) t range (0.002, 0.3)
(GeV/c)2 (GeV/c)2

Acoh, mb/(GeV/c)2 1050 ± 57 2307 ± 258
Bcoh, (GeV/c)−2 256 ± 12 388 ± 24
Ainc, mb/(GeV/c)2 21.6 ± 2.4 24.8 ± 2.5
Binc, (GeV/c)−2 7.9 ± 0.9 8.8 ± 1.0

The simple fit function shown in Eq. (5) has two drawbacks.
The interference between ρ0 photoproduction on the two
nuclei reduces d2σ/dydt at small t [12,29] and, in fact,
alters the minimum bias t spectrum at the 20% level for t <
0.01 (GeV/c)2.

A fit over all t values yields exponentials (shown in the left
column of Table I) that are integrable to give the total coherent
cross section (although note that given are the parameters
of the exponentials, not the cross section). Because of the
interference at small t , this fit has a poor χ2/DOF of
79.12/10. A second fit (shown in the right column of Table I)
is performed over the t range from 0.002 to 0.3 (GeV/c)2.
It avoids the region where the interference is large and has
a χ2/DOF of 8.1/7. This fit yields a nuclear slope with
accuracy comparable to other experiments. Both fits give
similar results for the incoherent production.

The incoherent slope, Binc = 8.8 ± 1.0 (GeV/c)−2 has not
previously been determined in heavy ion collisions. However,
it is comparable to the slope observed by STAR in dAu
collisions [30] and comparable to the ZEUS result Bp =
10.9 ± 0.3 (stat.)+1.0

−0.5 (syst.) (GeV/c)−2 [26] and H1 result
Bp = 10.9 ± 2.4 (stat.) ± 1.1 (syst.) (GeV/c)−2 [31] for ρ0

photoproduction on proton targets at comparable t values. The
HERA data are at higher WγN , but the energy difference is not
expected to introduce a large shift.

With the second fit region we find the coherent pro-
duction slope of Bcoh = 388 ± 24 (GeV/c)−2, obtained with
the double-exponential fit function. For direct comparison
with the previous STAR result, we also performed a single
exponential fit, which gave Bcoh = 363 ± 21 (GeV/c)−2, in
agreement with the value observed at 130 GeV, 358 ±
31 (GeV/c)−2 [11]. These numbers are not directly comparable
with fixed-target photoproduction data because the photon flux
in UPC photoproduction is higher on the side of the target
nearest the photon emitter and lower on the far side of the
target. The photon flux falls as 1/r2, which leads to a slightly
smaller apparent source size.

Despite these difficulties, the two exponentials in Eq. (5)
were integrated analytically to find the total coherent and inco-
herent cross sections. This approach neglects the corrections
from the loss of incoherent cross section when the coherent
cross section is large [32], but it is useful for phenomenological
comparisons. For |yρ0 | < 1, we find the ratio

σincoherent/σcoherent = 0.29 ± 0.03(stat.) ± 0.08(syst.)

for events with mutual excitation (XnXn).
We have also studied the cross sections for ρ0 pro-

duction accompanied by single-neutron emission (1n1n),

y
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FIG. 7. Comparison of theoretical predictions to the measured
differential cross section for coherent ρ0 production. The statistical
errors are shown by the solid vertical line at each data point. The sum
of the statistical and systematic error bars is shown by the gray band.

which is largely due to mutual excitation of GDRs. We did
this by fitting the ZDC spectra in Fig. 2 and extracting
the single-neutron component from the fit. For |yρ0 | < 1,
we find σ 1n1n

incoherent/σ
1n1n
coherent = 0.18 ± 0.08 (stat.) ± 0.05 (syst).

The higher σincoherent/σcoherent for the XnXn sample may
signal a breakdown of the factorization implicit in Eq. (2)
because the incoherent ρ0 production transfers enough energy
to disassociate the target nucleus. This effect would lead to
additional multiple neutron emission [33].

F. Total cross sections

We have compared three theoretical models to our mea-
surements [5,6,8]. The comparison is shown in Fig. 7.

The total production cross section, dσtot/dy, is obtained by
scaling the mutual excitation results with the scaling factors
σ (ρ0

0n0n)/σ (ρ0
XnXn) and σ (ρ0

0nXn)/σ (ρ0
XnXn) as a function

of rapidity. The scaling is needed because the efficiency
of the topology trigger, which enters into the total cross
section, is only poorly known. Therefore the ρ0 production
cross section for the events with mutual excitation (XnXn)
measured with the minimum bias sample was extrapolated
based on the ratios σ (0n0n)/σ (XnXn) = 7.1 ± 0.3 (stat.) and
σ (0nXn)/σ (XnXn) = 3.5 ± 0.2 (stat.), which are measured
within the topology sample. Because of the limited acceptance
in rapidity, we cannot distinguish the different theoretical
models based on the shape. However, the amplitude can be
used to eliminate models that significantly overestimate the
total production cross section in the measured rapidity range.

The cross sections for coherent and incoherent production
for |yρ0 | < 1 accompanied by nuclear excitation are σcoh
(XnXn, |yρ0 | < 1) = 14.5 ± 0.7 (stat.) ± 1.9 (syst.) mb and
σinc(XnXn, |yρ0 | < 1) = 4.5 ± 0.5 (stat.) ± 0.6 (syst.) mb.

Finding the total cross sections requires an extrapolation to
the region |yρ0 | > 1. This extrapolation is necessarily model
dependent. The KN [23] and FSZ [7] calculations have similar
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TABLE V. Point-to-point systematic uncertainties on dσ/dy

(Fig. 6) as a percentage of the measured cross section in four
rapidity ranges. PID cut refers to uncertainty in the efficiency for
π identification via the truncated dE/dx [36]. Those cuts were
varied simultaneously in the data and simulation to determine the
uncertainty in particle identification efficiency. The fit to efficiency
is the uncertainty in the efficiency parametrization, while the number
of track hits is the minimum number of points used for fitting the
track. The TOF asymmetry is the uncertainty due to the positions of
the TOF slats.

Rapidity PID Fit to Number of TOF
cut eff. track hits asymmetry

−0.7–0.5 8.% 0.25% 0.2% 5%
−0.5–0.0 5.% 0.25% 0.05% 3.6%
0.0–0.5 5.% 0.25% 0.05% 3.6%
0.5–0.7 8.% 0.25% 0.2% 5%

how the final result varies. Table V lists the point-to-point
uncertainties in the rapidity distribution while Table VI lists
the point-to-point uncertainties for the pT distribution.

The ALICE collaboration has studied dipion photoproduc-
tion, in lead-lead collisions at the LHC [8]. They fit their
dipion mass distribution in the range from 0.6 to 1.5 GeV/c2

to a function like Eq. (2), but without the ω component, finding
masses and widths consistent with the standard values. Their
cross-section values were about 10% above the STARlight
prediction.

IV. MEASUREMENT OF dσ/dt

Figure 7 shows the efficiency-corrected differential cross
section dσ/dt for ρ0 mesons within the measured range |y| <
1, after like-sign background subtraction. The Mandelstam
variable t is expressed as t = t∥ + t⊥ with t∥ = −M2

ρ/(γ 2e±y)
and t⊥ = −(ppair

T )2. Here, γ is the Lorentz boost of the ions.
At RHIC energies, t∥ is almost negligible. The cross section
dσ/dt for ρ0 mesons is obtained by scaling the total dipion
cross section by a factor of 0.75. This factor was extracted from
comparisons between the number of pion pairs with invariant
masses ranging from 500 MeV/c2 to 1.5 GeV/c2 and the
integral of the ρ0 Breit–Wigner function extracted from fits

TABLE VI. Point-to-point systematic uncertainties for the −t

distribution shown in Fig. 8, as a percentage of the measured cross
section in three −t ranges. The PID and track selection uncertainties
are described in the text. The uncertainty in the incoherent component
subtraction was estimated by selecting the largest relative deviation
from the default value and cross sections extracted by changing the
value of the fit parameters by one standard deviation while the other
parameters remain at the default fit value.

−t [(GeV/c)2] Track sel. Pion PID Incoher. subtr.

0.00–0.02 0.2% 8% 0.5%
0.02–0.04 0.2% 8% 3.0%
0.04–0.10 0.2% 8% 8.5%
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FIG. 7. The −t distribution for exclusive ρ0 mesons in events
with 1n1n mutual dissociation (open blue circles) and XnXn (filled
red circles). The statistical errors are smaller than the points, and the
colored bands show the total systematic uncertainties. The dipole fits
are shown by solid black lines. For XnXn, the dipole form factors are
shown extrapolated to low |t | (dotted black line line), along with the
STARlight prediction for the incoherent contribution (dashed blue
line).

in rapidity and −t bins. In all comparisons, the integrals are
performed from 2Mπ to Mρ + 5&ρ .

We separate the ρ0 t spectrum into coherent and incoherent
components based on the shape of the distribution in Fig. 7.
Because of the ZDC requirement in the trigger, and the
presence of Coulomb excitation, we cannot use the presence of
neutrons from nuclear breakup as an event-by-event signature
of incoherence [37].

The incoherent components for the 1n1n and XnXn
distributions are fit with a dipole form factor:

dσ

dt
= A/Q2

0(
1 + |t |/Q2

0

)2 , (7)

which has been used to describe low-Q2 photon-nucleon
interactions [38]. The fit is done in the range from −t =
0.2 (GeV/c)2 (above the coherent production region) to
−t = 0.45 (GeV/c)2. The upper limit for −t is chosen to
reduce the contamination from hadronic interactions. For
the events with mutual dissociation into any number of
neutrons (XnXn), the fit finds A = 3.46 ± 0.02 mb and Q2

0 =
0.099 ± 0.015 (GeV/c)2, with χ2/NDF = 19/9. For events
with mutual dissociation into single neutrons (1n1n), Q2

0 is
fixed at 0.099 GeV/c2. The fit finds A = 0.191 ± 0.003 mb,
with χ2/NDF = 15.8/10. The integrals of these fits lead to
the incoherent cross sections shown in Table VII. The coherent
component of the t distribution is then extracted by subtracting
the incoherent-component fit from the total dσ/dt .
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a physics model that is similar to the quantum Glauber
calculation that does not include nuclear shadowing.

An exponential function is used to characterize the spec-
trum below the first peak [0.0024 < |t | < 0.0098 (GeV/c)2].
The measured slope is 426.4 ± 1.8 (GeV/c)−2 for the XnXn
events and 407.8 ± 3.2 (GeV/c)−2 for the 1n1n events. The
XnXn slope is very similar to the ALICE measurement of
426 ± 6 ± 15 (GeV/c)−2 [8]; there is no evidence for an in-
crease in effective nuclear size with increasing photon energy.

At very small −t, |t | < 10−3 (GeV/c)2, both cross sections
flatten out and turn downward, as can be seen in the insert in
Fig. 8. This is expected due to destructive interference between
ρ0 production on the two nuclear targets [40,43].

These results are subject to the common uncertainties
from Table IV, in addition to the point-to-point uncertainties
described above and listed in Table VI. The yellow and pink
bands in Fig. 8 are the sum in quadrature of all systematic
uncertainties and statistical errors.

The shape of dσ/dt for coherent photoproduction is
determined by the position of the interaction sites within the
target. One can, in principle, determine the density distribution
of the gold nucleus via a two-dimensional Fourier transform of
dσ/dt . RHIC beam energies are high enough that, for ρ0 pho-
toproduction at midrapidity, the longitudinal density distribu-
tion may be neglected and the ions may be treated as discs. Nu-
clei are azimuthally symmetric, so the radial distribution can
be determined with a Fourier–Bessel (Hankel) transformation:

F (b) ∝ 1
2π

∫ ∞

0
dpT pT J0(bpT )

√
dσ

dt
. (8)

Figure 9 shows the result of this transform in the region
|t | < 0.06 (GeV/c)2. Several features are visible. The tails of
F (b) are negative around |b| = 10 fm. This may be due to in-
terference between the two nuclei, since the drop in dσ/dt for
|t | < 0.0002 (GeV/c)2 is due to what is effectively a negative
amplitude for photoproduction on the “other” nucleus [43].

We varied the maximum |t | used for the transform over the
range 0.05 to 0.09 (GeV/c)2. This led to substantial variation
at small b, shown by the cyan region in Fig. 9. The origin
of this variation is not completely clear, but it may be related
to aliasing due to the lack of a windowing function [44], or
because of the limited statistics at large |t |. There is much
less variation at the edges of the distribution, showing that the
transform is stable in the region 4 < b < 7 fm. The full-width
half-maximum (FWHM) of the distribution is 2(6.17 ± 0.12)
fm. This FWHM is a measure of the hadronic size of the gold
nucleus. With theoretical input, it could be compared with
the electromagnetic (proton) radius of gold, as determined by
electromagnetic scattering. The difference would be a measure
of the neutron skin thickness of gold, something that is the
subject of considerable experimental interest [45,46].

There are a few effects that need to be considered in
comparing the distribution in Fig. 9 with nuclear data.
Because of the significant qq dipole size, ρ0 production
occurs preferentially on the front side of the nucleus, and the
contribution of the central region is reduced. Since the photons
come from the fields of the other nucleus, the photon field is
not uniform across the target; it is stronger on the “near” side.
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FIG. 9. The target distribution in the transverse plane, the result
of a two-dimensional Fourier transform (Hankel transform) of the
XnXn and 1n1n diffraction patterns shown in Fig. 8. The integration
is limited to the region |t | < 0.06 (GeV/c)2. The uncertainty is
estimated by changing the maximum −t to 0.05, 0.07, and 0.09
(GeV/c)2. The cyan band shows the region encompassed by these −t

values. To highlight the similarity of both results at their falling edges,
the resulting histograms are scaled by their integrals from −12 to
12 fm. The FWHM of both transforms is 2(6.17 ± 0.12) fm,
consistent with the coherent diffraction of ρ0 mesons off an object as
big as the Au nuclei.

Finally, the interference between production on the two targets
alters the distributions at large |b|.

V. SUMMARY AND CONCLUSIONS

STAR has made a high-statistics study of ρ0, ω, and direct
π+π− photoproduction in 200 GeV/nucleon-pair gold-on-
gold ultraperipheral collisions, using 384 000 π+π− pairs.

We fit the invariant-mass spectrum to a mixture of ρ0,
ω, direct π+π−, and interference terms. The ratio of direct
π+π− to ρ0 is similar to that in previous measurements,
while the newly measured ω contribution is comparable with
predictions based on the previously measured γp → ωp
cross section and the ω → π+π− branching ratio. The
relative fractions of ρ0, ω, and direct π+π− do not vary
significantly with rapidity, indicating that they all have a
similar dependence on photon energy.

We also measure the cross section dσ/dt over a wide range
and separate out coherent and incoherent components. The
coherent contribution exhibits multiple diffractive minima,
indicating that the nucleus is beginning to act like a black disk.

This measurement provides a nice lead-in to future studies
of photo- and electroproduction at an electron-ion collider
(EIC) [47], where nuclei may be probed with photons at a
wide range of Q2 [48].
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Modeling exclusive ρ0 production
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Calculations based on: 
•vector meson dominance + Glauber  Klein,Nystrand 

•vector meson dominance + Gribov-Glauber  Frankfurt,Guzey,Strikman,Zhalov 

•dipole models  Goncalves,Machado 
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Figure 2: A sketch of the exclusive ⇢ production process in the rest frame of the target heavy ion.

The qq̄ pair is only able to form the ⇢ meson when its transverse separation becomes large enough

(⇠ 0.5 fm). At high energies this results in a long formation time ⌧ for the ⇢ meson.

Therefore the di↵erential cross section d�el(AA ! A⇢A)/dt will reveal a distinctive di↵rac-

tive structure (with a sequence of dips, just as in optics). Such a dip structure was first observed

by the STAR Collaboration [6, 7, 8] and was also seen in [9] .We have explained why the incoher-

ent contribution to heavy ion scattering should be small in comparison to coherent production

and consider corrections to the description of the exclusive process AA ! A+⇢+A illustrated

in Fig. 1. First, the interference [14] and, secondly, the incoherent processes which are hard

to completely exclude from the experimentally observed cross section. What do we mean by

interference? Besides Fig. 1 there is a second exclusive diagram in which Atarget becomes the

photon emitter. The exclusive cross section therefore contains an interference term between

these two contributions. This two-source interference was observed by the STAR Collaboration

in ⇢ photoproduction in gold-gold collisions [4].

2 Vector Dominance Model

The photon emitted from the ‘beam’ ion transforms into hadronic states in two stages. First, the

� creates a point-like qq̄ pair, which then after some time forms the hadronic system. Using the

Vector Dominance Model [10, 11] this system is described by the sum of ⇢, !, �, J/ ... vector

meson resonances. The model assumes that in the low-mass region the first few resonances

saturate the amplitude. Then the � ! V transition vertex is calculated from the known e+e�

decay width, �V
ee, of the corresponding resonance

�2V =
3�V

ee

↵QEDMV
; �2V ' 3.8 · 10�3 for the ⇢ meson. (3)

As a result, the cross section for exclusive V meson photoproduction may be written

�(�p ! V p) = �2V �el(V p ! V p). (4)
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Figure 1: The γA → ρA cross section as a function of Wγp. The VMD-GM (red dashed curve) and VMD-IA
(blue dot-dashed line) predictions for a 208Pb target based on the DL94 parametrization of the ρN cross section
are compared to the experimental values extracted from the STAR and ALICE UPC measurements.

tions for the neutron and pion projectiles in the Glauber approach:

σtot
hA = 2

∫

d2⃗b
[

1− e−
σhN

2
TA(b)

]

,

σin
hA =

∫

d2⃗b
[

1− e−σhNTA(b)
]

. (8)

The neutron–nucleon cross section σnN is estimated using the additive quark model counting rule
relation [3] σnN = 3/2σπN , where the pion–nucleon cross section is given by Eq. (7). The results
of our calculations are compared to the data [24, 45, 46, 47] in Fig. 2. One can see from the figure
that the calculations agree very well with the measurements. This means that the reasons of the
disagreement of similar calculations of the γA → ρA cross section with the STAR and ALICE
data are in specifics of the light vector meson photoproduction process.

7
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Here we effectively use validity of the limiting fragmentation which is well established experimen-
tally.

The pattern of cross section fluctuations for the nucleon projectile has the following dependence
of the invariant collision energy

√
s: the cross section fluctuations reach a broad maximum for

24 <
√
s < 200 GeV, are most likely small for

√
s < 24 GeV and gradually decrease for

√
s > 200

GeV toward the Tevatron and LHC energies. Therefore, we use the following parametrization for
the parameter ωN

σ describing the dispersion of the fluctuations:

ωN
σ (s) =

⎧

⎨

⎩

β
√
s/24 ,

√
s < 24 GeV ,

β , 24 <
√
s < 200 GeV ,

β − 0.15 ln(
√
s/200) + 0.03(ln(

√
s/200))2 ,

√
s > 200 GeV .

(17)

where the parameter β ≈ 0.25− 0.35 was determined from the analysis of pp and p̄p data [28].
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Figure 4: The σγA→ρA cross section as a function of Wγp. The theoretical predictions using the mVMD model
for the γp → ρp cross section and the Gribov–Glauber model with cross section fluctuations for the γA → ρA
amplitude are compared to the STAR (circle) and ALICE (triangle) data. The shaded area reflects the theoretical
uncertainty associated with the parameter β characterizing the strength of cross section fluctuations (see text for
details).

It is known [22] from studies of corrections to the Glauber model for total proton–nucleus cross
sections that suppression due to the inelastic shadowing is almost compensated by the effect of
short-range correlations (SRC) in the wave function of the target nucleus. We included the effect
of SRC by the following replacement [52]:

TA(b) → TA(b) + ξc
σρN

2

∫

dzρ2A(b, z) , (18)
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Figure 5: The rapidity distribution of coherent ρ photoproduction in Pb-Pb UPCs at
√
sNN = 2.76 TeV. Theoretical

predictions of the mVDM-GGM (red solid curves with the shaded area showing the uncertainty due to the variation
of the fluctuation strength), the mVMD-GM (blue dashed curve) and the VMD-GM (green dot-dashed curve) are
compared to the ALICE data (see text for details).

Examining the calculations of elastic photoproduction of ρ mesons on nuclei in the dipole model
framework [53, 54], one notes that some of them describe the STAR and ALICE data while others
do not — the results strongly depend on the models used for ρ-meson wave function and the dipole
cross section. The dipole model framework was successfully used in the analyses of many processes
studied at HERA, such as, e.g., deep inelastic scattering (DIS) and vector meson electroproduction
in a wide range of the photon virtualities Q2. However, in processes dominated by soft physics such
as, e.g., in photoproduction of light vector mesons, the application of the dipole approach is subject
to significant theoretical uncertainties including the need to model the large-size contribution to
the dipole cross section and the vector meson wave function. Considering the CDM predictions for
ρ photoproduction in UPCs one finds that it is difficult to describe simultaneously the γp → ρp
and γA → ρA cross sections. Note also that the answer is sensitive to the assumed effective quark
mass which enters in the photon wave function. Also, the use of a light quark mass (for example,
∼ 10 MeV in [54]) in several dipole models leads to a very large transverse size of the photon
wave function and, consequently, to the t-dependence of the Compton elastic scattering which is
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Energy dependence
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Figure 2: Schematic representation of exclusive vector meson production in the dipole model at
small x. A virtual photon fluctuates into a qq̄ pair and interacts with the target(proton). After the
interaction the vector meson V is formed which is measured in the final state. The proton scatters
elastically with some momentum transfer t.

its 4-momentum in the initial state is p and in the final state is p′. The formula for the

amplitude for this process reads

A(x,∆, Q) =
∑

h,h̄

∫

d2r

∫

dzΨh,h∗(r, z,Q2)N (x, r,∆)ΨV
h,h∗(r, z) , (2.6)

where h(h̄) is the helicity of quark (antiquark) and ΨV
h,h̄

is the vector meson wave function.

∆ is the 2-dimensional momentum transfer related to the Mandelstam variable t = −∆2.

The differential cross section for the process is given by

dσ

dt
=

1

16π
|A(x,∆, Q)|2 . (2.7)

The amplitude N (x, r,∆) can be related to the scattering amplitude N(x, r,b) introduced

earlier, the amplitude in the impact parameter representation through the appropriate

2-dimensional Fourier transform

N (x, r,∆) = 2

∫

d2bN(x, r,b) ei∆·b . (2.8)

In this notation the dipole cross section, (compare (2.3)), is

σdip(x, r) = Im iN (x, r,∆ = 0) , (2.9)

which is the expression for the optical theorem for scattering of dipoles.

This process, through its dependence on the momentum transfer t, offers a unique

possibility of constraining the impact parameter profile of the dipole scattering amplitude.

Formulae (2.6) and (2.8) were original expressions derived under the assumption that

the dipole size is much smaller than the proton. In Ref. [28], a correction due to the finite

size of the dipole was calculated. It was shown that in the non-forward case, ∆ ̸= 0, the

amplitude can be written in the similar form as above with the modification of the (2.8)

to include the exponential factor exp(−i(1− z)r ·∆) in the following way

N (x, r,∆, z) = 2

∫

d2bN(x, r,b) ei∆·(b−(1−z)r) . (2.10)
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∆ is the 2-dimensional momentum transfer related to the Mandelstam variable t = −∆2.

The differential cross section for the process is given by

dσ

dt
=

1

16π
|A(x,∆, Q)|2 . (2.7)

The amplitude N (x, r,∆) can be related to the scattering amplitude N(x, r,b) introduced

earlier, the amplitude in the impact parameter representation through the appropriate

2-dimensional Fourier transform

N (x, r,∆) = 2

∫

d2bN(x, r,b) ei∆·b . (2.8)

In this notation the dipole cross section, (compare (2.3)), is

σdip(x, r) = Im iN (x, r,∆ = 0) , (2.9)

which is the expression for the optical theorem for scattering of dipoles.

This process, through its dependence on the momentum transfer t, offers a unique

possibility of constraining the impact parameter profile of the dipole scattering amplitude.

Formulae (2.6) and (2.8) were original expressions derived under the assumption that

the dipole size is much smaller than the proton. In Ref. [28], a correction due to the finite

size of the dipole was calculated. It was shown that in the non-forward case, ∆ ̸= 0, the

amplitude can be written in the similar form as above with the modification of the (2.8)

to include the exponential factor exp(−i(1− z)r ·∆) in the following way

N (x, r,∆, z) = 2

∫

d2bN(x, r,b) ei∆·(b−(1−z)r) . (2.10)
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This modification was included in the calculation [29] and it was shown that it has a non-

negligible effect on cross sections, especially on the values of the BD slope which controls

the t-dependence as a function of the scale Q2 +M2
V .

2.1 Dipole scattering amplitude from impact parameter dependent BK evolu-

tion

The dipole-proton scattering amplitude N(r,b;Y ) at high values of rapidity Y (or small

x) is found from the solution to the nonlinear integro-differential Balitsky-Kovchegov (BK)

evolution equation [12–14, 30]. The BK evolution equation can be represented in the fol-

lowing form:

∂Nx0x1

∂Y
=

∫

d2x2

2π
K(x01, x12, x02;αs,m) [Nx0x2 +Nx2x1 −Nx0x1 −Nx0x2Nx2x1 ] . (2.11)

In the above equation we used the shorthand notation for the arguments of the ampli-

tude Nxixj ≡ N(rij = xi − xj ,bij = 1
2(xi + xj);Y ) which depends on the two transverse

positions xi and xj and on the rapidity Y . The branching kernel K(x01, x12, x02;αs,m)

depends on the dipole sizes involved and contains all information about the splitting of the

dipoles. In addition, it depends on the running coupling αs. The way the strong coupling

runs will be specified later in this work. We have also indicated that the kernel depends

on the infra-red cutoff m which we impose in order to regulate large dipoles.

Eq. (2.11) is a differential equation in rapidity and hence suitable initial conditions need

to be specified at some initial value of rapidity Y = Y0. As in the previous work [31] we are

choosing to use the initial condition in the form of the Glauber - Mueller parametrization

with (most of) the parameters equivalent to those used in Ref. [29]

NGM(r, b;Y = ln 1/x) = 1− exp

(

− π2

2Nc
r2xg(x, η2)T (b)

)

, (2.12)

with

T (b) =
1

8π
e

−b2

2BG . (2.13)

In formula (2.12) the function xg(x, η2) is the integrated gluon density function and

T (b) is the density profile of the target in transverse space with the extension set by the

parameter BG. The integrated gluon density in (2.12) was also taken from fits performed

in [10]. Scale parameter in the gluon density is set to be η2 = µ2
0 +

C2

r2 with parameters µ0

and C = 2 set to obtain the best description of the data. The values of these parameters

are given in Table 1. We use (2.12) as the initial condition at Y0 = ln 1/x0, x0 = 10−2

and evolve the amplitude with the BK equation to obtain the solution at lower values of

x < x0. We also note that the initial condition (2.12) depends only on the absolute values

of the dipole size and impact parameter. A nontrivial dependence on the angle between

vectors r and b is not present in the initial condition, instead being dynamically generated

when the initial condition is evolved with the BK equation.

The BK equation was solved numerically by discretizing the scattering amplitude in

terms of variables (log10 r, log10 b, cos θ), where θ is the angle between the impact parameter
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Balitsky-Kovchegov nonlinear equation for dipole amplitude at small x

Can obtain good description of various features of the data on VM elastic photo- and 
electroproduction in electron - proton using impact parameter dependent BK
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Figure 12: The differential cross section of J/Ψ production as a function of W for fixed Q2 in bins
of momentum transfer t, data from H1 [2].
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Figure 13: Differential cross section of J/Ψ production for a fixed W in bins of Q2 as a function
of momentum transfer |t|. Calculations were done with W = 100GeV and W = 90GeV. The
experimental data are from H1 experiment [2].

other important NLL effects which are known to be non-negligible. These should

help to bring the calculation to a better agreement with the data, especially as far

as the W dependence is concerned. The analysis which includes these effects is thus

left for further investigation.
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2. The skewedness effect was included in the gluon density distribution. This distri-

bution is present in the initial conditions for the small x evolution. This had a

substantial impact on the normalization of the resulting cross section and helped to

bring the calculations to agreement with the experimental data.

3. The BK equation was modified to include confinement effects by cutting off large

dipole sizes. The parameter rmax = 1
m , which sets the maximal size of the interac-

tion, together with the initial proton size control the slope of the differential cross

section with respect to t as well as its variation with the energy. The presented cal-

culation shows very good agreement with the experimental data on BD, including its

W dependence in the case of J/Ψ. The slope of BD is reproduced for ρ but the nor-

malization remains low. The W dependence is generated dynamically in the dipole

evolution. The speed of this increase is controlled by the parameter rmax = 1
m which

is not calculable from perturbation theory and needs to be adjusted.

4. The calculation presented includes the running coupling in the evolution, but misses
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indicate the growth with the energy which is slightly too fast as compared with the data.

This trend is similar to what was observed in [10] which indicates a generic feature of the

calculations based on the dipole model.
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We report a measurement of exclusive J/ and  (2s) photoproduction in Au+Au ultra-peripheral
collisions at

p
sNN = 200 GeV using the STAR detector. For the first time, i) the  (2s) photopro-

duction in midrapidity at the Relativistic Heavy-Ion Collider has been experimentally measured; ii)
nuclear suppression factors are measured for both the coherent and incoherent J/ production. At
average photon-nucleon center-of-mass energy of 25.0 GeV, the coherent and incoherent J/ cross
sections of Au nuclei are found to be 71±10% and 36±7%, respectively, of that of free protons. The
stronger suppression observed in the incoherent production provides a new experimental handle to
study the initial-state parton density in heavy nuclei. Data are compared with theoretical models
quantitatively.

Keywords: ultra-peripheral collision, vector meson production, nuclear parton modification

The fundamental structure of protons and neutrons,
collectively known as nucleons, is at the core of under-
standing modern physics. They are directly connected to
problems of color confinement, the microscopic structures
of visible matter, and the origin of dynamical mass gener-
ation from nonperturbative Quantum Chromodynamics
(QCD). These problems are even more complex in the
nuclear environment. Quark and gluon distributions for
bound nucleons inside nuclei could be drastically di↵er-
ent from those of the free nucleon. Understanding the
fundamental structures of both nucleons and nuclei in a
consistent framework is one of the most pressing tasks in
high energy nuclear physics.

In recent years, vector meson photoproduction in ultra-
peripheral collisions (UPC) of heavy ions has provided an
excellent experimental probe to study the structures of
nucleons and nuclei [1]. Typically, these photon-induced
interactions take place at a large impact parameter and
only produce one particle, e.g., the J/ meson [2]. In
this reaction, the target nucleus may stay intact (coher-
ent) or break up (incoherent), largely depending on the
momentum transfer of the interaction.

Specifically, coherent J/ photoproduction has been
extensively investigated by heavy-ion collider experi-
ments [3–12], where the resulting cross sections are found
to be significantly suppressed with respect to those of a
free proton [4, 5, 11–13]. Many models attempt to explain
this phenomenon [14–19], but the underlying mechanism
remains highly debated [1]. On the other hand, the nu-
clear suppression of incoherent vector meson production
has never been explicitly measured. Comparing incoher-
ent vector meson production on a heavy nucleus and on a
free proton is equivalent to comparing the parton struc-
ture of bound and free nucleons. This is one of the most
direct and unambiguous approaches for studying bound
nucleons in heavy-ion collisions.

In parallel to UPC measurements, hadronic proton-
nucleus (p+A) collision data have been an important
experimental handle on the nuclear parton densities in
heavy nuclei [20]. Despite a similar fundamental problem
regarding the nuclear modification on parton distribution
functions (nPDFs), UPC J/ and other vector mesons

∗ Deceased

have the unique advantages of having little to no Multi-
ple Parton Interaction [21], no radiative energy loss [22],
and a well-controlled event topology and environment.
These e↵ects, on the other hand, may complicate the in-
terpretation of p+A data in terms of nPDFs [20], e.g.,
charged hadron production, heavy-flavor production, jet
productions, etc. Therefore, UPC measurements in this
Letter provide important and complementary data to the
modification of nuclear parton densities in heavy nuclei.
Although the hard scale of the UPC process is mainly
determined by the vector meson mass (or more precisely
the quark mass), the data of J/ and  (2s) in this report
provide a unique constraint on the nPDFs at the fixed
scale. However, at the forthcoming Electron-Ion Collider,
the precise control of the photon virtuality, thus an inde-
pendent hard scale, will further improve the constraints
of nPDFs from vector meson production.

In this Letter, we report measurements in
Au+Au UPCs at

p
sNN = 200 GeV using the STAR

detector at the Relativistic Heavy-Ion Collider (RHIC).
Specifically, we measure: i) coherent and incoherent
J/ photoproduction cross sections on Au nuclei,
associated with di↵erent neutron emission patterns
as detected in zero degree calorimeters (ZDCs); ii)
photoproduction of  (2s) at midrapidity; iii) nuclear
suppression factors with respect to free nucleons.
The average photon-nucleon center-of-mass energy,
hW�⇤Ni, is approximately 25.0 GeV for both coherent
and incoherent processes at midrapidity in Au+Au
UPCs [23]. The nuclear suppression data are compared
with theoretical models: the nuclear shadowing model
with leading twist approximation (LTA) [24, 25] and the
saturation model color glass condensate (CGC) [17, 26].

The Solenoidal Tracker at RHIC (STAR) detector [27]
and its subsystems have been thoroughly described in
previous STAR papers [28, 29]. Charged particle track-
ing, including transverse momentum reconstruction and
charge sign determination, is provided by the Time
Projection Chamber (TPC) [30] positioned in a 0.5 T
solenoidal magnetic field. The TPC volume extends from
50 to 200 cm from the beam axis and covers pseudorapidi-
ties |⌘| < 1.0 over the full azimuthal angle, 0 < � < 2⇡.
The TPC also provides ionization loss (dE/dx) measure-
ment of tracks used for particle identification. Surround-
ing the TPC is the Barrel Electromagnetic Calorime-

3

Measurements of exclusive J/ ,  (2s), and electron-positron (e+e�) pair photoproduction in
Au+Au ultra-peripheral collisions are reported by the STAR experiment at

p
sNN = 200 GeV.

We report several first measurements at the Relativistic Heavy-Ion Collider, which are i)
J/ photoproduction with large momentum transfer up to 2.2 [(GeV/c)2], ii) coherent
J/ photoproduction associated with neutron emissions from nuclear breakup, iii) the rapidity
dependence of incoherent J/ photoproduction, iv) the  (2s) photoproduction cross section at
mid-rapidity, and v) e+e� pair photoproduction up to high invariant mass of 6 GeV/c2. For mea-
surement ii), the coherent J/ total cross section of � + Au ! J/ + Au as a function of the
center-of-mass energy W�N has been obtained without photon energy ambiguities. The data are
quantitatively compared with the Monte Carlo models STARlight, Sartre, BeAGLE, and theoretical
calculations of gluon saturation with color glass condensate, nuclear shadowing with leading twist
approximation, Quantum Electrodynamics, and the Next-to-Leading Order perturbative QCD. At
the photon-nucleon center-of-mass energy of 25.0 GeV, the coherent and incoherent J/ cross sec-
tions of Au nuclei are found to be 71±10% and 36±7%, respectively, of that of free protons. These
data provide an important experimental constraint for nuclear parton distribution functions and a
unique opportunity to advance the understanding of the nuclear modification e↵ect at the top RHIC
energy.

Keywords: ultra-peripheral collision, vector meson production, parton distribution function, nuclear modifi-
cation

I. INTRODUCTION

In relativistic heavy-ion collisions, a large fraction of
the total cross section is provided by photon-induced in-
teractions, known as ultra-peripheral collisions (UPCs).
Typically, UPCs take place when the impact parameter
between two colliding nuclei is greater than the sum of
their radii. The interaction is initiated by one or more
photons emitted from the moving charged ions, where the
photon interacts with the other nucleus. Due to the large
mass of the heavy nucleus, the emitted photons have very
small virtualities and transverse momenta [1, 2]. UPCs
are considered clean experimental probes to study cold
Quantum Chromodynamics (QCD) in high energy nu-
clear collisions.

Coherent di↵ractive Vector Meson (VM) photoproduc-
tion (nucleus stays intact), through which the gluon den-
sity distribution of the nucleon and nucleus target can be
directly probed, has been extensively studied in recent
years. Photoproduction of J/ has been measured in
heavy-ion UPCs with high precision by the Large Hadron
Collider (LHC) experiments [3–11]. The resulting cross
sections at low momentum fraction x (10�5�10�3) were
found to be significantly suppressed with respect to that
of a free proton [3, 4, 10–12]. Calculations in the Lead-
ing Twist Approximation (LTA) strongly suggest that
the suppression is caused by the nuclear shadowing ef-
fect [13–15], while other models, e.g., the Color Dipole
Model with gluon saturation and nucleon shape fluctua-
tions [16], can also describe the UPC data qualitatively.
The mechanism of gluon density modification in the nu-
clear environment at low-x remains unknown.

Although UPCs provide experimental probes free of
hadronic interactions, previous UPC measurements have
an intrinsic ambiguity of the event kinematics. At each

∗ Deceased

nonzero VM rapidity there are two possible photon en-
ergies, depending on which nucleus serves as the photon
emitter. Therefore, the cross section measurement of VM
photoproduction at any given nonzero rapidity includes
contributions from a low and a high energy photon. The
relative magnitude of the mixing depends solely on the
photon flux at a given VM rapidity. Resolving this ambi-
guity would enable access to a wider phase space in kine-
matics. In order to understand the underlying physics
mechanism of the modified parton density in nuclei, mea-
surements with a wide range of kinematics from low-x to
high-x are extremely important, since di↵erent physics
models dominate at di↵erent kinematics. It has been
suggested in Refs. [17, 18] that neutron emission from
Coulomb excitation can be used to resolve the photon
energy ambiguity.
Previous UPC measurements have mostly focused on

coherent VM photoproduction, while the incoherent pro-
cess has not been measured in detail (nucleus breaks
up). However, the incoherent process has recently at-
tracted increasing interest. Based on the Good-Walker
paradigm [19], the incoherent VM cross section is sensi-
tive to the event-by-event fluctuation of nuclear parton
densities [20]. Measurements of incoherent photopro-
duction have been proposed to investigate nuclear defor-
mation, which is di�cult to study in low energy nuclear
experiments, as well as to study sub-nucleonic parton
density fluctuations to understand the initial state con-
dition of heavy-ion collisions [21].
At the Relativistic Heavy Ion Collider (RHIC) en-

ergy of
p

sNN = 200 GeV, the kinematic phase space
covered by the STAR experiment is complementary to
that of the LHC. The per-nucleon center-of-mass en-
ergy, W�N

1, is 15–41 GeV within the J/ rapidity range
|y| < 1.0, which is similar to the previous STAR mea-

1W�N is defined as W�N =
q

2 hEN iMJ/ e�y , where EN is
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FIG. 2. Di↵erential cross section d�/dy for coherent J/ and
 (2s) photoproduction as a function of |y| in Au+Au UPCs
at

p
sNN = 200 GeV. The STARlight model [33] and the NLO

pQCD calculations [41, 42] are compared with the data. Ra-
tio between  (2s) and J/ is shown in the bottom panel.
Statistical uncertainty is represented by the error bars, and
the systematic uncertainty is denoted as boxes. There is a
systematic uncertainty of 10% from the integrated luminosity
that is not shown.

nuclei and the second error is a combination of statistics
and systematic uncertainties added in quadrature, while
the third is from the scale uncertainty of the integrated
luminosity. Note that the data, LTA, and CGC calcula-
tions use the same IA calculation to ensure proper com-
parisons. Furthermore, since the estimate of IA of  (2s)
is less constrained than that of J/ [44], the correspond-
ing nuclear suppression factor is not reported here.

For the incoherent suppression factor, SAu
incoh, it is de-

fined as the ratio between the incoherent J/ cross sec-
tion of all n and the free proton data at HERA. In or-
der to compare with photoproduction in ep collisions,
we use the published H1 data and its well-constrained
parametrization [34]. It is found that the STAR UPC
incoherent p2T distribution is well described by the H1
ep template, with a suppression factor found to be
0.36+0.03

�0.04 ± 0.04± 0.04 at hW�⇤Ni = 25.0 GeV. Here the
first uncertainty is the H1 parametrization uncertainty,
the second one is from the measurement that includes sta-
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tistical and systematic uncertainty, and the third is the
scale uncertainty on the integrated luminosity. The de-
tails of this procedure, both for coherent and incoherent
processes, are outlined in the article Ref. [36] submitted
along with this Letter.
The nuclear shadowing model LTA and the saturation

model CGC are compared with the data quantitatively.
For the LTA, the upper bound of each band is show-
ing the weak shadowing mode, while the lower bound
shows the strong shadowing mode [24]. It is found that,
for the first time, the incoherent suppression factor is
less than that of the coherent production, as well as
the strong shadowing mode in the LTA model. For the
CGC model, although it is not strictly calculated at the
STAR kinematic range due to the applicability of the
model (x > 0.01, where x is the momentum fraction the
parton carries of the nucleon), the incoherent data are
found to be between the model scenarios calculated with
or without sub-nucleonic fluctuation of the parton den-
sity [17]. Based on this data, it is hard to conclude if
sub-nucleonic parton density fluctuation is present in the
incoherent J/ photoproduction, contrary to the conclu-
sion to a recent measurement by the ALICE Collabora-
tion [48]. Note that the p2T distribution of the incoherent
production are found to be consistent between STAR and
ALICE. Nevertheless, the reported data provide new in-
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FIG. 8. Total coherent J/ photoproduction cross section
as a function of W�N in Au+Au UPCs. The data are com-
pared with an expectation of a free nucleon provided by the
Impulse Approximation (IA) [57] and color glass condensate
(CGC) [28]. The ratio between data and the Impulse Approx-
imation at W�N = 25.0 GeV is the suppression factor, shown
in the figure. Statistical uncertainty is represented by the er-
ror bars, and the systematic uncertainty is denoted as boxes.
There is a systematic uncertainty of 10% from the integrated
luminosity that is not shown on the data points.

space of W�p, which is equivalent to the normalization
of 1/dy in UPC measurements. The equivalent Au+Au
UPC cross section for the free proton data is shown as
the black solid line in Fig 9, where the uncertainty band
is propagated from the errors of the parametrization.

Moreover, we use the H1 free proton data as a tem-
plate to fit the STAR data with only the normalization
constant as a free parameter. The integral of d2�/dp2Tdy
from p2T = 0 to 2.2 [(GeV/c)2] between the fit and the
H1 data is defined as the incoherent suppression factor,
SAu
incoh. It is found that the SAu

incoh is 0.49+0.04
�0.05±0.05±0.05

at W�N = 19.0 GeV. For W�N = 25.0 GeV correspond-
ing to the measurement within rapidity range |y| < 0.2,
the same procedure has been performed and the sup-
pression factor is found to be 0.36+0.03

�0.04 ± 0.04 ± 0.04.
Here the first uncertainty is the H1 parametrization un-
certainty [52], the second one is from the measurement
that includes statistical and systematic uncertainty, and
the third is the scale uncertainty on the integrated lumi-
nosity. Therefore, the nuclear suppression in incoherent
J/ photoproduction in Au+Au UPCs has been found to
be stronger than that in the coherent case. This has been
qualitatively predicted by the nuclear shadowing model
LTA [17, 18].

Another observation is the similarity of shapes of the
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FIG. 9. Incoherent J/ photoproduction di↵erential cross
section, d2�/dp2Tdy, as a function of p2T is shown for |y| < 1.0
without neutron class requirement. The H1 data in ep colli-
sions and its template fit to the STAR data are shown. The
1� error of the fit is denoted as uncertainty bands. The ratio
between the fit and the scaled H1 free data is the incoher-
ent suppression factor, shown in the figure. The BeAGLE
model [30], the LTA weak shadowing calculation [17], Sartre
model with sub-nucleonic fluctuation, and the CGC predic-
tions [28], are compared with the STAR data. Statistical
uncertainty is represented by the error bars, and the system-
atic uncertainty is denoted as boxes. There is a systematic
uncertainty of 10% from the integrated luminosity that is not
shown on the data points.

p2T distributions between bound and free nucleons, which
is quantified by the goodness-of-fit �2/ndf = 1.4. The
1 standard deviation (1�) error is denoted by the un-
certainty band. At very high p2T, there is a hint that
the STAR data deviate above the H1 free proton tem-
plate. However, measurements with higher precision and
p2T greater than 2.2 [(GeV/c)2] are needed in order to
draw conclusions. These data are the first quantitative
measurement of incoherent J/ photoproduction of a
bound nucleon in heavy nuclei.
Furthermore, the data are compared with di↵erent

models. For the CGC calculations, the data are found
to be in between the scenarios of strong sub-nucleonic
parton density fluctuations and no fluctuations. It is not
clear that the data directly supports either scenario. For
the Sartre model, similar sub-nucleonic parton density
fluctuations are included, which describes well the high
p2T tail but not the low p2T behavior. Note that both
the CGC and the Sartre model are calculated based on a
higher energy configuration (corresponding to x = 0.01)
due to their model limitations. For the LTA with weak
shadowing, the description of the data is very good. How-
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space of W�p, which is equivalent to the normalization
of 1/dy in UPC measurements. The equivalent Au+Au
UPC cross section for the free proton data is shown as
the black solid line in Fig 9, where the uncertainty band
is propagated from the errors of the parametrization.

Moreover, we use the H1 free proton data as a tem-
plate to fit the STAR data with only the normalization
constant as a free parameter. The integral of d2�/dp2Tdy
from p2T = 0 to 2.2 [(GeV/c)2] between the fit and the
H1 data is defined as the incoherent suppression factor,
SAu
incoh. It is found that the SAu

incoh is 0.49+0.04
�0.05±0.05±0.05

at W�N = 19.0 GeV. For W�N = 25.0 GeV correspond-
ing to the measurement within rapidity range |y| < 0.2,
the same procedure has been performed and the sup-
pression factor is found to be 0.36+0.03

�0.04 ± 0.04 ± 0.04.
Here the first uncertainty is the H1 parametrization un-
certainty [52], the second one is from the measurement
that includes statistical and systematic uncertainty, and
the third is the scale uncertainty on the integrated lumi-
nosity. Therefore, the nuclear suppression in incoherent
J/ photoproduction in Au+Au UPCs has been found to
be stronger than that in the coherent case. This has been
qualitatively predicted by the nuclear shadowing model
LTA [17, 18].

Another observation is the similarity of shapes of the
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section, d2�/dp2Tdy, as a function of p2T is shown for |y| < 1.0
without neutron class requirement. The H1 data in ep colli-
sions and its template fit to the STAR data are shown. The
1� error of the fit is denoted as uncertainty bands. The ratio
between the fit and the scaled H1 free data is the incoher-
ent suppression factor, shown in the figure. The BeAGLE
model [30], the LTA weak shadowing calculation [17], Sartre
model with sub-nucleonic fluctuation, and the CGC predic-
tions [28], are compared with the STAR data. Statistical
uncertainty is represented by the error bars, and the system-
atic uncertainty is denoted as boxes. There is a systematic
uncertainty of 10% from the integrated luminosity that is not
shown on the data points.

p2T distributions between bound and free nucleons, which
is quantified by the goodness-of-fit �2/ndf = 1.4. The
1 standard deviation (1�) error is denoted by the un-
certainty band. At very high p2T, there is a hint that
the STAR data deviate above the H1 free proton tem-
plate. However, measurements with higher precision and
p2T greater than 2.2 [(GeV/c)2] are needed in order to
draw conclusions. These data are the first quantitative
measurement of incoherent J/ photoproduction of a
bound nucleon in heavy nuclei.
Furthermore, the data are compared with di↵erent

models. For the CGC calculations, the data are found
to be in between the scenarios of strong sub-nucleonic
parton density fluctuations and no fluctuations. It is not
clear that the data directly supports either scenario. For
the Sartre model, similar sub-nucleonic parton density
fluctuations are included, which describes well the high
p2T tail but not the low p2T behavior. Note that both
the CGC and the Sartre model are calculated based on a
higher energy configuration (corresponding to x = 0.01)
due to their model limitations. For the LTA with weak
shadowing, the description of the data is very good. How-
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A(x,�, Q) =
X

h,h̄

Z
d2r

Z
dz h,h⇤(r, z,Q2)N (x, r,�, z) V

h,h⇤(r, z)

γ∗

N

p p′

V

Figure 2: Schematic representation of exclusive vector meson production in the dipole model at
small x. A virtual photon fluctuates into a qq̄ pair and interacts with the target(proton). After the
interaction the vector meson V is formed which is measured in the final state. The proton scatters
elastically with some momentum transfer t.

its 4-momentum in the initial state is p and in the final state is p′. The formula for the

amplitude for this process reads

A(x,∆, Q) =
∑

h,h̄

∫

d2r

∫

dzΨh,h∗(r, z,Q2)N (x, r,∆)ΨV
h,h∗(r, z) , (2.6)

where h(h̄) is the helicity of quark (antiquark) and ΨV
h,h̄

is the vector meson wave function.

∆ is the 2-dimensional momentum transfer related to the Mandelstam variable t = −∆2.

The differential cross section for the process is given by

dσ

dt
=

1

16π
|A(x,∆, Q)|2 . (2.7)

The amplitude N (x, r,∆) can be related to the scattering amplitude N(x, r,b) introduced

earlier, the amplitude in the impact parameter representation through the appropriate

2-dimensional Fourier transform

N (x, r,∆) = 2

∫

d2bN(x, r,b) ei∆·b . (2.8)

In this notation the dipole cross section, (compare (2.3)), is

σdip(x, r) = Im iN (x, r,∆ = 0) , (2.9)

which is the expression for the optical theorem for scattering of dipoles.

This process, through its dependence on the momentum transfer t, offers a unique

possibility of constraining the impact parameter profile of the dipole scattering amplitude.

Formulae (2.6) and (2.8) were original expressions derived under the assumption that

the dipole size is much smaller than the proton. In Ref. [28], a correction due to the finite

size of the dipole was calculated. It was shown that in the non-forward case, ∆ ̸= 0, the

amplitude can be written in the similar form as above with the modification of the (2.8)

to include the exponential factor exp(−i(1− z)r ·∆) in the following way

N (x, r,∆, z) = 2

∫

d2bN(x, r,b) ei∆·(b−(1−z)r) . (2.10)

– 5 –

3

Coherent Pb + Pb ! J/ + Pb + Pb

FIG. 1. Coherent J/ photoproduction cross section in ultra
peripheral Pb + Pb collisions compared to the ALICE [13],
CMS [14], and LHCb [15] data. The bands represent the
statistical uncertainty of the calculation.

tion of J/ rapidity is shown in Fig. 1. As discussed
above, we use the same setup as in Ref. [21] summarized
in Sec. II, and as such the CGC predictions obtained
with and without nucleon shape fluctuations are identi-
cal to those presented in our previous publication. Here
we compare to newly available data from the CMS Col-
laboration [14], covering a previously unexplored rapidity
range, in addition to the most recent data from LHCb [15]
and ALICE [13].

The inclusion of the new CMS dataset does not sig-
nificantly modify the conclusions already presented in
Ref. [21]. The cross section is slightly smaller when
the proton shape fluctuations are included. This is be-
cause the non-linear e↵ects are stronger in the fluctuating
case where there are regions with larger local saturation
scales, leading to more suppression. The rapidity depen-
dence of the ALICE, LHCb, and CMS data is quite well
reproduced by our calculation in the |y| & 1.5 region,
but the ALICE midrapidity data is significantly overes-
timated.

Due to the two-fold ambiguity of the UPC kinemat-
ics, at y 6= 0 one probes the nucleus at two di↵erent
values of xP = MVp

s
e±y where MV is the vector meson

mass and
p
s the nucleon-nucleon center-of-mass energy.

The CGC calculations in Fig. 1 are limited to the re-
gion where xP < 0.01, as the initial condition for the
JIMWLK evolution is parametrized at xP = 0.01. We
note that the larger-xP contribution dominates in the
large-y region, which means that our calculations agree
with the LHC data well in the domain where the dom-
inant contribution comes from the process with a rela-
tively low photon-nucleon center-of-mass energy W 2 =p
sMV e�y . (60GeV)2. Smaller xP dominates at the

lowest y values in this observable, implying that our cal-

Coherent � + Pb ! J/ + Pb

FIG. 2. Center-of-mass energy dependence of the coherent
J/ photoproduction cross section. The results are compared
to the ALICE [16], CMS [14] and scaled STAR [17, 18] data.

culation increasingly underestimates the nuclear suppres-
sion as xP decreases. Comparisons to the t-integrated
incoherent cross section and the coherent cross section
data at

p
s = 2.76 TeV are shown in Ref. [21]. There are

no updates for these datasets.

B. Vector meson production in photon-nucleus
collisions

We now move to the main focus of this paper: En-
ergy dependent di↵ractive vector meson production in
photon-nucleus collisions. The two-fold ambiguity can be
overcome and the photon-nucleus cross section extracted
from the measured UPC cross section using the approach
proposed in Ref. [19]: UPCs with a di↵erent number of
emitted forward neutrons correspond to di↵erent nucleus-
nucleus distances and with that di↵erent photon fluxes.
When the UPC cross section is measured in di↵erent neu-
tron multiplicity classes, it becomes possible to solve for
the � + A cross sections at di↵erent �-nucleon center of
mass energies W 1. This procedure has been recently em-
ployed by the ALICE [16], CMS [14] and STAR [17, 18]
Collaborations to measure the photoproduction cross sec-
tion for the � + Pb (Au) ! J/ + Pb (Au) scattering.
The coherent J/ photoproduction cross section as a

function of the photon-nucleon center-of-mass energy W
is shown in Fig. 2. The results calculated for � + Pb !
J/ +Pb, again with and without nucleon shape fluctu-
ations, are compared to the available ALICE, CMS and

1 Similarly one can compare photoproduction cross sections in pe-
ripheral and ultra peripheral processes as suggested in Ref. [50],
but coherent production in a process with significant hadronic
activity is theoretically more challenging to describe [51].
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STAR data. The datapoint at W = 125 GeV with a very
small uncertainty corresponds to midrapidity kinematics
in UPCs at

p
s = 5020GeV where there is no two-fold

ambiguity and one can directly extract the � + A cross
section. The STAR measurements with gold targets are
scaled to the photon-lead case by assuming that the t-
integrated cross section scales as A4/3 [11], which in this
case corresponds to a multiplicative factor of 1.075.

The measured � + Pb cross section is well reproduced
in the low center-of-mass energy W . 100 GeV region,
but the high-energy cross sections are overestimated by
up to 40%. This is consistent with the result in Fig. 1:
The UPC cross section at forward rapidities where the
low-W contribution dominates is well reproduced, but
the midrapidity data corresponding to W = 125 GeV is
overestimated by 50% (for the case with nucleon shape
fluctuations). The slightly better agreement of our calcu-
lations with the photoproduction data compared to the
midrapidity UPC measurement in Fig. 1 is explained by
the fact that the midrapidity data corresponds to any
number of forward neutrons, but the � +Pb data shown
in Fig. 2 is extracted from an independent measurement
where di↵erent forward neutron classes are measured sep-
arately. Furthermore, there is also a few-percent di↵er-
ence in the photon flux used in our UPC setup [21] com-
pared to that used by the ALICE collaboration.

Although the overall normalization of the cross section
is overestimated in the high-energy region, our calcula-
tions capture well the W dependence at W & 100 GeV.
The cross section for the case without proton shape fluc-
tuations grows slightly more slowly as a function of en-
ergy compared to the case with proton substructure.
This di↵erence can be traced back to the fact the pa-
rameter ⇤QCD controlling the running coupling scale in
coordinate space determined in Ref. [21] is chosen to be
smaller for the case using spherical nucleons, compared
to the case where substructure fluctuations are included.
This a↵ects the evolution speed as a smaller ⇤QCD leads
to a smaller coupling constant.

In order to quantify the magnitude of saturation e↵ects
in J/ photoproduction, we compute nuclear suppression
factors separately for the coherent and incoherent chan-
nels. Following the definitions used in the recent experi-
mental studies [14, 16], we define the suppression factor
for the coherent production as

Scoh =

r
��A

�IA
. (5)

Here

�IA =
d��p

dt
(t = 0)

Z

�tmin

dt |F (t)|2 (6)

is the corresponding cross section obtained from the im-
pulse approximation (IA) [52, 53], that is, the �+p result
scaled to the �+Pb case by only taking into account the
nuclear form factor F (t) and neglecting all other poten-
tial nuclear e↵ects. In the LHC kinematics, we set tmin =

Coherent (Pb)

FIG. 3. Suppression factor for coherent production compared
to the ALICE [16] and CMS data [14].

0. We calculate the impulse approximation reference for
the � + Pb scattering exactly as the CMS collaboration:
We use the approximate nuclear form factor F (t) from
Ref. [54] with Woods-Saxon parameters RA = 6.62 fm
and a = 0.535 fm. When calculating Scoh for the gold
nucleus to be compared with the upcoming STAR mea-
surements, we use the same Hartree–Fock–Skyrme nu-
clear density profile as STAR used e.g. in Ref. [53], which
corresponds to

R
�tmin

dt|F (t)|2 = 135.876 GeV2 [55].
When computing the nuclear modification factor for

the incoherent cross section we follow the definition in-
troduced by STAR [17, 18]:

Sincoh =
��+A!J/ +A⇤

A(��+p!J/ +p⇤ + ��+p!J/ +p)
. (7)

Note that unlike for the case of coherent production, the
reference corresponds to the total di↵ractive (sum of co-
herent and incoherent) cross section in � + p scattering.
Due to the di↵erent reference and the fact that there is
a square root in the definition of Scoh, one can not di-
rectly compare the two suppression factors, but we choose
to adopt the same definitions as used in most currently
available experimental studies. We also note that in gen-
eral the incoherent cross section is expected to be more
heavily suppressed: in the black disc limit where the fluc-
tuations vanish, the incoherent � + A cross section van-
ishes, see Eq. (2), unlike the coherent production.
The obtained suppression factor for the coherent J/ 

photoproduction is shown in Fig. 3. Here we again show
results calculated with and without nucleon substructure,
and the same setup is used to compute both the � + Pb
process and the �+p reference. The results are compared
to the ALICE [16] and CMS [14] data. We obtain slightly
more suppression than the observed Scoh ⇡ 0.9 at the
lowest center-of-mass energies W ⇠ 45 GeV, i.e., close to
the initial condition of the JIMWLK evolution where the

5

Channel STAR [17, 18] CGC + shape fluct CGC

Scoh 0.846± 0.063 0.89 0.90

Sincoh 0.36+0.06
�0.07 0.58 0.32

TABLE I. Nuclear modification factors for J/ photoproduc-
tion in �+Au collisions. The CGC predictions are calculated
at xP = 0.01 and the STAR measurements are performed at
xP = 0.015. The coherent suppression factors Scoh obtained
with and without nucleon substructure fluctuations are com-
patible with each other within the numerical accuracy.

coherent photoproduction cross section was well repro-
duced as shown in Fig. 2. On the other hand, the sup-
pression factor is overestimated for high center-of-mass
energies. Consequently, the W dependence of the sup-
pression factor is somewhat weaker in the employed CGC
calculation compared to the LHC data. This feature is
reflected above in the fact that both the � + Pb cross
sections at high W and the UPC cross section at y = 0
(corresponding to W = 125 GeV) are overestimated, but
lower-energy data is better reproduced. Note, however,
that the impulse approximation baseline, Eq. (6), de-
pends on the � + p ! J/ + p cross section only at
t = 0 and not on the t-integrated cross section, which is
experimentally better constrained, especially at high W .
Consequently, the reference calculated from our setup is
not precisely constrained by HERA data and there is
some model uncertainty in the obtained suppression fac-
tors Scoh. As seen in Fig. 1, when nucleon substructure
fluctuations are included a stronger nuclear suppression
(smaller cross section) is obtained. However, this e↵ect is
not visible in Scoh because the �+p ! J/ +p references
di↵er at t = 0 up to 10% although the t-integrated cross
sections are identical as constrained in Ref. [21].

Comparisons to the STAR measurement of Scoh calcu-
lated using a gold target are shown in Table I. We calcu-
late predictions at the initial condition of our JIMWLK
evolution, xP = 0.01, which is smaller than xP = 0.015
probed in midrapidity measurements at STAR [17, 18].
The JIMWLK evolution should not have a large e↵ect
in this small xP range, and we consider our predictions
for Scoh to be relatively good approximations for STAR
midrapidity kinematics. The STAR data is found to be
compatible with our results. Furthermore, by separating
the high-xP and low-xP contributions to the UPC cross
section, STAR may also be able to measure the cross
section at xP = 0.01.

To complete the discussion of nuclear modification fac-
tors we present predictions for the suppression factor for
the incoherent photonuclear J/ production defined in
Eq. (7). The obtained suppression factors as a function
of center-of-mass energy W are shown in Fig. 4 for �+Pb
collisions. For comparison, the STAR measurement for
�+Au collisions is shown [17, 18]. In order to use a �+p
reference that is compatible with both the coherent and
incoherent J/ production measurements at HERA, we
include the proton shape fluctuations when calculating
the denominator of Eq. (7) independently of whether the

Incoherent

FIG. 4. Energy dependence of Sincoh as defined in (7) for Pb
nuclei calculated from the CGC setup and compared to STAR
data [17, 18] for Au targets. The proton reference is always
calculated with substructure fluctuations.

nucleon shape fluctuations are included in the nucleus.
Predictions for the �+Au collisions in approximate STAR
kinematics (calculated at xP = 0.01, compared to STAR
data at xP = 0.015) are shown in Table I.

When the nucleon shape fluctuations are included, the
incoherent suppression factor is overestimated by ⇠ 40%
at low W in the STAR kinematics. This is qualitatively
consistent with the fact that the incoherent cross section
in ultra peripheral collisions [56] was found in Ref. [21]
to be overestimated by ⇠ 60% at midrapidity LHC kine-
matics at

p
s = 2.76 GeV. On the other hand, we note

that in the W range close to the STAR kinematics the
obtained suppression factor for the coherent production
is approximately compatible with the LHC data as shown
in Fig. 3. If nucleon substructure fluctuations are not in-
cluded for the nucleus, the suppression is overestimated.
This is because substructure fluctuations at short dis-
tance scales enhance the incoherent cross section signifi-
cantly in the high-|t| region [21, 57]. In our main setup
with nucleon substructure included, we predict a faster
W dependence for Sincoh compared to the Scoh, a gen-
uine feature that can be tested with future LHC data.
The STAR data hints at an even faster center-of-mass
energy dependence than obtained in the setup with sub-
structure fluctuations. The strong suppression at high
energies for the incoherent case is a result of JIMWLK
evolution generating a smoother nucleus with less fluc-
tuations and eventually approaching the black disc limit
where the incoherent cross section vanishes and the co-
herent cross section dominates [47].
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Understanding gluon density distributions and how they are modified in nuclei are among the most
important goals in nuclear physics. In recent years, di↵ractive vector meson production measured
in ultra-peripheral collisions (UPCs) at heavy-ion colliders has provided a new tool for probing
the gluon density. In this Letter, we report the first measurement of J/ photoproduction o↵ the
deuteron in UPCs at the center-of-mass energy

p
sNN = 200 GeV in d+Au collisions. The di↵erential

cross section as a function of momentum transfer �t is measured. In addition, data with a neutron
tagged in the deuteron-going Zero-Degree Calorimeter is investigated for the first time, which is
found to be consistent with the expectation of incoherent di↵ractive scattering at low momentum
transfer. Theoretical predictions based on the Color Glass Condensate saturation model and the
Leading Twist Approximation nuclear shadowing model are compared with the data quantitatively.
A better agreement with the saturation model has been observed. With the current measurement,
the results are found to be directly sensitive to the gluon density distribution of the deuteron and
the deuteron breakup process, which provides insights into the nuclear gluonic structure.

Keywords: ultra-peripheral collision, vector meson production, deuteron, gluon density distributions

One of the most outstanding problems in modern nu-
clear physics is the partonic structure of nucleons (pro-
tons and neutrons) and nuclei. Specially, the origin of
modified partonic structure of nucleons bounded in nu-
clei has been of extreme interest, with its first discovery
on the valance quarks by the European Muon Collabora-
tion (EMC) almost 40 years ago, known as the EMC ef-
fect [1–7]. However, this modification was not only found
in valance quarks but also in gluons [8], where gluons
start to dominate in parton densities at high energies [9]
and become more relevant in considering the parton hard
scattering processes. See Ref. [10] for a review.

Coherent di↵ractive Vector-Meson (VM) production
o↵ nuclei has been considered as one of the golden
measurements to study the gluon density and its spa-
tial distributions [10–24]. In recent analyses carried
out by the Large Hadron Collider (LHC) collabora-
tions [16, 17, 19–24], photoproduction of the J/ meson
has been measured in ultra-peripheral collisions (UPCs)
of heavy ions - a photon-ion interaction at large im-
pact parameter arising from extreme electromagnetic
fields [25]. The resulting cross sections were found to
be significantly suppressed with respect to that of a free
proton [16, 17, 22, 23]. Leading Twist Approximation
(LTA) calculations strongly suggest that the suppression
is caused by the nuclear shadowing e↵ect [26–28], while
other models, e.g., the Color Dipole Model with gluon
saturation and nucleon shape fluctuations [29], can also
describe the UPC data qualitatively. As of today, neither
the gluonic structure of heavy nuclei nor the modification
of their partonic structure is fully understood.

An interesting experimental approach to reveal the glu-
onic structure of nuclei is to study the deuteron - the sim-
plest nuclear bound state of one proton and one neutron.

∗
Deceased

While neither gluon saturation nor the nuclear shadowing
e↵ect is expected to be significant in such a loosely bound
system, the deuteron may provide unique physics insights
to phenomena that are poorly understood from data of
heavy nuclei, e.g., the interplay between coherent and
incoherent VM production, nuclear breakup, single and
double nucleon scattering, and short-range nuclear cor-
relations. For example, recent studies have shown poten-
tial connections between (gluon) EMC e↵ects and short-
range nuclear correlations in light nuclei [30–32]. This is
a subject of interest for a wide range of physics commu-
nities, from nuclear and particle physics to high-density
neutron stars in astrophysics.

γ*

Au

d X

J/ψ

Au'

-t ≈ p2
T,J/ψ

quasi-real photon

FIG. 1. Photoproduction of J/ in d+Au UPCs, where X
represents the deuteron (coherent) or deuteron-dissociative
(incoherent) system.

In this Letter, we investigate the di↵erential cross sec-
tion of J/ photoproduction as a function of momentum
transfer, �t, in d+Au UPC events at

p
sNN = 200 GeV.

The J/ photoproduction process in d+Au UPCs is il-
lustrated in Fig. 1. In the photoproduction limit, the mo-
mentum transfer variable �t can be approximated by the
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18ELTE Eötvös Loránd University, Budapest, Hungary H-1117

19Frankfurt Institute for Advanced Studies FIAS, Frankfurt 60438, Germany
20Fudan University, Shanghai, 200433

21University of Heidelberg, Heidelberg 69120, Germany
22University of Houston, Houston, Texas 77204
23Huzhou University, Huzhou, Zhejiang 313000

24Indian Institute of Science Education and Research (IISER), Berhampur 760010 , India
25Indian Institute of Science Education and Research (IISER) Tirupati, Tirupati 517507, India

26Indian Institute Technology, Patna, Bihar 801106, India
27Indiana University, Bloomington, Indiana 47408

28Institute of Modern Physics, Chinese Academy of Sciences, Lanzhou, Gansu 730000
29University of Jammu, Jammu 180001, India

30Joint Institute for Nuclear Research, Dubna 141 980, Russia
31Kent State University, Kent, Ohio 44242

32University of Kentucky, Lexington, Kentucky 40506-0055
33Lawrence Berkeley National Laboratory, Berkeley, California 94720

34Lehigh University, Bethlehem, Pennsylvania 18015
35Max-Planck-Institut für Physik, Munich 80805, Germany
36Michigan State University, East Lansing, Michigan 48824

37National Research Nuclear University MEPhI, Moscow 115409, Russia
38National Institute of Science Education and Research, HBNI, Jatni 752050, India

39National Cheng Kung University, Tainan 70101
40Nuclear Physics Institute of the CAS, Rez 250 68, Czech Republic

41Ohio State University, Columbus, Ohio 43210
42Institute of Nuclear Physics PAN, Cracow 31-342, Poland

43Panjab University, Chandigarh 160014, India
44NRC ”Kurchatov Institute”, Institute of High Energy Physics, Protvino 142281, Russia

45Purdue University, West Lafayette, Indiana 47907
46Rice University, Houston, Texas 77251

47Rutgers University, Piscataway, New Jersey 08854
48Universidade de São Paulo, São Paulo, Brazil 05314-970

49University of Science and Technology of China, Hefei, Anhui 230026
50South China Normal University, Guangzhou, Guangdong 510631

51Shandong University, Qingdao, Shandong 266237
52Shanghai Institute of Applied Physics, Chinese Academy of Sciences, Shanghai 201800

53Southern Connecticut State University, New Haven, Connecticut 06515
54State University of New York, Stony Brook, New York 11794

55Instituto de Alta Investigación, Universidad de Tarapacá, Arica 1000000, Chile
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FIG. 4. Theoretical predictions of the CGC saturation model [34] (left) and the LTA nuclear shadowing model [35] (right).
Coherent and incoherent contributions from the two models are presented separately by dashed lines.

the problem with dynamical modeling of the gluon den-
sity and its fluctuation of the target, while the nuclear
shadowing model emphasizes the importance of a shad-
owing correction from multi-nucleon interaction in nuclei
and the fluctuation of the dipole cross section. The data
are found to be in better agreement with the saturation
model for incoherent production, where the disagreement
between the two models has provided important insights
into our theoretical understanding of the nuclear breakup
processes.

Understanding these processes in a simple nuclear en-
vironment will be indispensable to further understanding
the nuclear e↵ect in heavy nuclei. The data and model
comparisons reported in this Letter place significant ex-
perimental constraints on the deuteron gluon density dis-
tributions and the deuteron breakup process. The results
reported here of J/ photoproduction will serve as an
essential experimental baseline for a high precision mea-
surement of di↵ractive J/ production at the upcoming
Electron-Ion Collider.
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Understanding gluon density distributions and how they are modified in nuclei are among the most
important goals in nuclear physics. In recent years, diffractive vector meson production measured in
ultraperipheral collisions (UPCs) at heavy-ion colliders has provided a new tool for probing the gluon density.
In this Letter, we report the first measurement of J=ψ photoproduction off the deuteron in UPCs at the center-
of-mass energy

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV in dþ Au collisions. The differential cross section as a function of
momentum transfer−t is measured. In addition, data with a neutron tagged in the deuteron-going zero-degree
calorimeter is investigated for the first time, which is found to be consistent with the expectation of incoherent
diffractive scattering at low momentum transfer. Theoretical predictions based on the color glass condensate
saturation model and the leading twist approximation nuclear shadowing model are compared with the data
quantitatively. A better agreement with the saturation model has been observed. With the current
measurement, the results are found to be directly sensitive to the gluon density distribution of the deuteron
and the deuteron breakup process, which provides insights into the nuclear gluonic structure.

DOI: 10.1103/PhysRevLett.128.122303

One of the most outstanding problems in modern nuclear
physics is the partonic structure of nucleons (protons and
neutrons) and nuclei. Specially, the origin of the modified
partonic structure of nucleons bounded in nuclei has been
of extreme interest, with its first discovery on the valance
quarks made by the European Muon Collaboration (EMC)
almost 40 yr ago, known as the EMC effect [1–7].
However, this modification was not only found in valance
quarks but also in gluons [8], where gluons start to
dominate in parton densities at high energies [9] and
become more relevant in considering the parton hard
scattering processes. See Ref. [10] for a review.
Coherent diffractive vector-meson (VM) production off

nuclei has been considered as one of the golden measure-
ments to study the gluon density and its spatial distributions
[10–24]. In recent analyses carried out by the Large Hadron
Collider (LHC) collaborations [16,17,19–24], photopro-
duction of the J=ψ meson has been measured in ultra-
peripheral collisions (UPCs) of heavy ions—a photon-ion
interaction at a large impact parameter arising from extreme
electromagnetic fields [25]. The resulting cross sections
were found to be significantly suppressed with respect to
that of a free proton [16,17,22,23]. Leading twist approxi-
mation (LTA) calculations strongly suggest that the sup-
pression is caused by the nuclear shadowing effect [26–28],
while other models, e.g., the color dipole model with gluon

saturation and nucleon shape fluctuations [29], can also
describe the UPC data qualitatively. As of today, neither the
gluonic structure of heavy nuclei nor the modification of
their partonic structure is fully understood.
An interesting experimental approach to reveal the

gluonic structure of nuclei is to study the deuteron—the
simplest nuclear bound state of one proton and one neutron.
While neither gluon saturation nor the nuclear shadowing
effect is expected to be significant in such a loosely bound
system, the deuteron may provide unique physics insights
to phenomena that are poorly understood from data of
heavy nuclei, e.g., the interplay between coherent and
incoherent VM production, nuclear breakup, single and
double nucleon scattering, and short-range nuclear corre-
lations. For example, recent studies have shown potential
connections between (gluon) EMC effects and short-range
nuclear correlations in light nuclei [30–32]. This is a
subject of interest for a wide range of physics communities,
from nuclear and particle physics to high-density neutron
stars in astrophysics.
In this Letter, we investigate the differential cross section

of J=ψ photoproduction as a function of momentum transfer,
−t, in dþ Au UPC events at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV. The J=ψ
photoproduction process in dþ Au UPCs is illustrated in
Fig. 1. In the photoproduction limit, the momentum
transfer variable −t can be approximated by the transverse
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122303-3



STAR 25-year celebration, BNL, December 18, 2025

VM photoproduction over range of energies
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PoS(LHCP2020)255

J/k photoproduction in UPC Simone Ragoni for the ALICE Collaboration

part of the plot. ALICE results have reached a ,Wp of about 700 GeV. This directly translates to a
Bjorken-G of about 10�5 [3].

The interesting point of Fig. 2 is that the power-law rise of the cross section is interpreted as
the growth of the gluon content of the proton. However, it is expected that the rise of the cross
section should be tamed by phenomena such as gluon saturation. This would be reflected in the
growth of the exclusive photoproduction cross section, as a change from the power-law trend, but
such a behaviour is yet to be seen.

Figure 2: Exclusive J/k photoproduction cross section in p–Pb UPC as a function of,Wp, the centre-of-mass
energy of the Wp system. The growth of the cross section can be described by a power-law trend. LHCb
solutions in pp collisions at

p
B = 7 TeV are also shown [5] together with data from HERA [6, 7]. The

complete reference list is presented in [3].

The focus in Pb–Pb UPC events shifts to coherent J/k photoproduction. As the interaction of
the photon will be with another lead nucleus, two types of processes may take place:

• coherent photoproduction, where the photon interacts coherently with the nucleus;

• incoherent photoproduction, where the photon interacts with a single nucleon.

The two processes have di�erent ?T-distributions due to the di�erent size of the two targets. The
average ?T is larger for the incoherent than for the coherent contribution. As a consequence, a
simple ?T cut on the dimuon ?T succeeds in selecting a coherently enriched sample.

The focus in Pb–Pb UPC events is to investigate nuclear shadowing, which is a reduction
in the photoproduction cross section on the whole nucleus compared to the theoretical prediction
when the nucleus is treated as an incoherent sum of nucleons. Fig. 3 shows the cross section for
coherent J/k photoproduction as a function of rapidity [4]. A comparison with a few available
theoretical predictions is also provided. Of particular interest is the comparison against the impulse
approximation model. The latter has no implementation of a nuclear shadowing recipe. As such,

3
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Abstract: We present an improved leading-order global DGLAP analysis of nuclear par-

ton distribution functions (nPDFs), supplementing the traditionally used data from deep

inelastic lepton-nucleus scattering and Drell-Yan dilepton production in proton-nucleus

collisions, with inclusive high-pT hadron production data measured at RHIC in d+Au col-

lisions. With the help of an extended definition of the χ2 function, we now can more

efficiently exploit the constraints the different data sets offer, for gluon shadowing in par-

ticular, and account for the overall data normalization uncertainties during the automated

χ2 minimization. The very good simultaneous fit to the nuclear hard process data used

demonstrates the feasibility of a universal set of nPDFs, but also limitations become visi-

ble. The high-pT forward-rapidity hadron data of BRAHMS add a new crucial constraint

into the analysis by offering a direct probe for the nuclear gluon distributions — a sector

in the nPDFs which has traditionally been very badly constrained. We obtain a strikingly

stronger gluon shadowing than what has been estimated in previous global analyses. The

obtained nPDFs are released as a parametrization called EPS08.

Keywords: Deep Inelastic Scattering, Hadronic Colliders, Parton Model, QCD.
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Fig. 3. Nuclear modification factors, RdAu, for charged pions π+ + π− and p+p̄
at |y| < 0.5 in minimum bias and 0-20% central d+Au collisions. For comparison
results on inclusive charged hadrons (STAR) from Ref. [11] at |η| < 0.5 are shown
by dashed curves. The first two shaded bands around 1 correspond to the error due
to uncertainties in estimating the number of binary collisions in minimum bias and
0-20% central d+Au collisions respectively. The last shaded band is the normaliza-
tion uncertainty from trigger and luminosity in p+p and d+Au collisions.

value for the fit with the Levy function is 21.19/20(26.4/20).

3 Nuclear modification factor

The nuclear modification factor (RdAu) can be used to study the effects of cold
nuclear matter on particle production. It is defined as a ratio of the invariant
yields of the produced particles in d+Au collisions to those in p+p collisions
scaled by the underlying number of nucleon-nucleon binary collisions.

RdAu(pT) =
d2NdAu/dydpT

⟨Nbin⟩/σinel·
pp d2σpp/dydpT

, (1)

where ⟨Nbin⟩ is the average number of binary nucleon-nucleon (NN) collisions
per event, and ⟨Nbin⟩/σinel

pp is the nuclear overlap function TA(b) [11,12]. The
value of σinel

pp is taken to be 42 mb.

The left panel of Fig. 3 shows RdAu values for charged pions ((π++π−)/2) in
minimum bias and 0-20% central collisions at |y| < 0.5. The RdAu for 0-20%
central collisions are higher than RdAu for minimum bias collisions. The result
RdAu > 1 indicates a slight enhancement of high pT charged pion yields in
d+Au collisions compared to binary collision scaled charged pion yields in
p+p collisions within the measured (y, pT) range. The right panel of Fig. 3
shows the RdAu of baryons (p+p̄) for the minimum bias collisions at |y| < 0.5.
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equations [39, 40],

∂RA
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∂ log Q2
≈

10αs

27π

xg(2x,Q2)

FD
2 (x,Q2)

×
[

RA
G(2x,Q2) − RA

F2
(x,Q2)

]

, (4.1)

then indicates that gluon shadowing is restricted to be similar to what has been measured

for F2.

Second, using eq. (4.1) above, and the fact that the log Q2-slope of F Sn
2 /FC

2 measured

by NMC has been observed to be positive at x = 0.125 — see the first panel in figure 8 —

we deduce that
RSn
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• Transverse momentum from the 
target can lead to the modification 
of angular correlation between 
the two produced hadrons/jets (at 
forward rapidities) 

• Broadening of angular correlation 
should be present even in linear 
BFKL due to the diffusion of the 
transverse momenta at low x 

• In the dense regime decorrelation 
due to multiple scatterings and the 
saturation scale being dependent 
on x and A
Marquet; Albacete, Marquet 
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QCD non-linear effects

Forward rapidities at STAR provide an 
absolutely unique opportunity to have 

very high gluon densities
à proton – Au collisions

combined with an unambiguous 
observable

counting experiment of Di-jets in pp and pA
Saturation: Disappearance of backward jet in pA

p p

STAR forward upgrade 
characterize non-linear effects 
with charged di-hadrons, 
#-jet, di-jet

p A

13Lijuan Ruan, BNL

picture from STAR collaboration

A. Stasto et al. / Physics Letters B 716 (2012) 430–434 431

where two hadrons h1 and h2 with large momenta are produced.
The above process is sensitive to the gluon distributions at small-x
in the nuclear target. In order to correctly take into account the
multiple interaction effects, we follow the CGC framework to calcu-
late the two particle production [17]. An effective kt factorization
can be established for this process in the back-to-back correla-
tion limit, and the differential cross sections can be expressed in
terms of various UGDs, which can be related to two fundamen-
tal UGDs: the dipole gluon distribution xG(2)(x,q⊥), and the WW
gluon distribution xG(1)(x,q⊥). Only with this effective kt factor-
ization, one can describe all the features (including both broad-
ening and suppression) of the STAR [8] and PHENIX [9] data sys-
tematically. These results also agree with previous calculations for
two-particle production in p A collisions in the general kinematics
region [18,19].

In the RHIC experiments, the di-hadron correlations are mea-
sured by the coincidence probability C(!φ) = Npair(!φ)/Ntrig,
where Npair(!φ) is the yield of two forward π0 which includes

a trigger particle with a transverse momentum ptrig
1⊥ and an asso-

ciate particle with passo
2⊥ and the azimuthal angle between them

!φ. We calculate the single and two-particle cross sections and
obtain,

C(!φ) =
∫
|p1⊥|,|p2⊥|

dσ p A→h1h2

dy1 dy2 d2 p1⊥ d2 p2⊥∫
|p1⊥|

dσ p A→h1

dy1 d2 p1⊥

, (2)

where the dependence on the rapidities of the two particles is im-
plicit.

2. Single inclusive cross section

Let us first discuss the single inclusive hadron production. The
leading-order single inclusive cross section [16] in p A collisions is
given by the product of the integrated parton distributions of the
projectile proton and the unintegrated gluon distributions of the
target nucleus:

dσ p A→h X

d2b d2 p⊥ dyh
=

1∫

zh

dz1

z2
1

[
Dh/q(z1)xpq f (xp)Fxg (k⊥)

+ xp g f (xp) F̃ xg (k⊥)Dh/g(z1)
]
, (3)

where the sum over quark flavor is implicit, b represents the im-
pact parameter in p A collisions, p⊥ and yh are transverse momen-
tum and rapidity of the hadron, q(xp) and g(xp) are integrated
quark and gluon distributions from the projectiles, D(z) the asso-
ciated fragmentation functions with p⊥ = z1k⊥ , xp = p⊥e yh /z1

√
s

and xg = p⊥e−yh /z1
√

s. The dipole gluon distributions Fxg (k⊥) and
F̃ xg (k⊥) are Fourier transform of the dipole scattering amplitude
in the fundamental and adjoint representations, respectively. In
particular, Fxg (k⊥) ∝ xg G(2)(xg,k⊥)/k2

⊥ . In terms of the numerical
study, we are able to describe the forward single hadron produc-
tion cross sections measured by both BRAHMS and STAR up to
p⊥ = 3.0 GeV with a K-factor about 0.8 for yh = 2.0 and 0.5 for
yh = 3.2 as well as 0.3 for yh = 4.0. In this numerical evaluation,
we follow the NLO sets of MSTW parameterizations [20] for the
parton distributions and DSS parameterizations [21] for the frag-
mentation functions.1

1 A recent next-to-leading order calculation for inclusive hadron production sug-
gests that the appropriate choice for the factorization scale to be around the satu-
ration scale [22]. We have followed this choice in our calculations.

3. Two-particle production in forward p A collisions

Two-particle production contains the correlated and un-corre-
lated contributions,

dσ (p A→h1h2) = dσ (p A→h1h2)
corr. + dσ (p A→h1h2)

uncorr. . (4)

The correlated hadron production comes from the partonic 2 → 2
processes, where these two particles are back-to-back correlated
and form the away side peak in the azimuthal angular distribution
(!φ = π ). The near side correlation comes from the particle decay
or the same jet fragmentation if they are at the same rapidity. In
this Letter, we will focus on the back-to-back correlation region,
namely the away side peaks. According to Ref. [17], we can write
down the differential cross section for the two-particle production
in the back-to-back correlation limit,

dσ (p A→h1h2)
corr.

dyh1dyh2d2 p1⊥d2 p2⊥

=
∫

dz1

z2
1

dz2

z2
2

α2
s

ŝ2

[
xpq(xp)F (i)

qg (q⊥)

× H (i)
qg

(
Dh1/q(z1)Dh2/g(z2) + Dh2/q(z2)Dh1/g(z1)

)

+ xp g(xp)F (i)
gg (q⊥)H (i)

gg Dh1/g(z1)Dh2/g(z2)
]
, (5)

where xg = x1e−y1 + x2e−y2 and xp = x1e y1 + x2e y2 with xi =
|ki⊥|/

√
ŝ and ki⊥ = pi⊥/zi , F (i) and H(i) are various UGDs and

the associated hard coefficients, respectively. Their expressions can
be found in Ref. [17]. The partonic center of mass energy squared
ŝ is defined as ŝ = P 2

⊥/z(1 − z) with P⊥ = (k1⊥ − k2⊥)/2 and z =
x1e y1/x2e y2 . In the CGC calculations [17], P̃⊥ = (1 − z)k1⊥ − zk2⊥
also enters in the hard coefficients, which equals to P⊥ in the
correlation limit (which requires q⊥ = |k1⊥ + k1⊥| ≪ P⊥, P̃⊥). The
difference between P⊥ and P̃⊥ will be used to estimate the the-
oretical uncertainties in the following calculations. In the typical
kinematics of the forward collisions at RHIC, we find that xp ∼ 0.1
and xg ! 10−3, where both the quark initiated processes (q → qg
channel) and gluon initiated processes (g → gg) contribute.

Comparing the above equation to Eq. (3) of Ref. [10], one imme-
diately finds notable differences between the results. In particular
in Ref. [10] the only channel calculated was q → qg . Moreover, in
this channel our results do not agree with results in Ref. [10] since
in the latter work the contributions from the WW gluon distribu-
tion were not taken into account. These contributions are essential
in order to reproduce correctly the collinear factorization results
for di-jet production in the dilute limit.

The unintegrated gluon distributions in Eq. (5) are largely un-
explored, in particular, for those related to the WW gluon distribu-
tion. The energy evolution is important to understand their behav-
ior depending on xg , of which for the dipole gluon distribution, the
Balitsky–Kovchegov (BK) evolution, has been well studied [15] and
demonstrated the so-called geometric scaling [23] in the solution.
The scaling was found to be related to the traveling wave solu-
tions [24,25] of the BK evolution. The energy evolution equation
for the WW gluon distribution has recently been systematically
investigated [26]. An important result from these studies is the
geometric scaling similar to the dipole gluon distribution. There-
fore, as a first step, we can parameterize these gluon distributions
from a model calculation, and include the energy dependence by
assuming the geometric scaling and xg -dependence of the satura-
tion scale. In the following, we adopt the Golec-Biernat–Wusthoff
model [27] for the dipole gluon distribution which successfully de-
scribes the low-x DIS structure functions at HERA, then extend it

distributions of the target nucleus:

dσpA→hX

d2b d2p⊥ dyh
=

∫ 1

zh

dz1
z21

[

Dh/q(z1)xpqf(xp)Fxg(k⊥)

+ xpgf (xp)F̃xg(k⊥)Dh/g(z1)
]

, (3)

where the sum over quark flavor is implicit, b represents the impact parameter in pA colli-

sions, p⊥ and yh are transverse momentum and rapidity of the hadron, q(xp) and g(xp) are

integrated quark and gluon distributions from the projectiles, D(z) the associated frag-

mentation functions with p⊥ = z1k⊥, xp = p⊥eyh/z1
√
s and xg = p⊥e−yh/z1

√
s. The

dipole gluon distributions Fxg(k⊥) and F̃xg(k⊥) are Fourier transform of the dipole scatter-
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⊥. In terms of the numerical study, we are able to describe the

forward single hadron production cross sections measured by both BRAHMS and STAR
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numerical evaluation, we follow the NLO sets of MSTW parametrizations [20] for the parton

distributions and DSS parametrizations [21] for the fragmentation functions 1.

Two-particle production in forward pA collisions. Two-particle production contains the

correlated and uncorrelated contributions,

dσ(pA→h1h2) = dσ(pA→h1h2)
corr. + dσ(pA→h1h2)
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distribution (∆φ = π). The near side correlation comes from the particle decay or the
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write down the differential cross section for the two-particle production in the back-to-back

correlation limit,

dσ(pA→h1h2)
corr.

dyh1
dyh2

d2p1⊥d2p2⊥
=

∫

dz1
z21

dz2
z22

α2
s

ŝ2
[

xpq(xp)F (i)
qg

×H(i)
qg

(

Dh1/q(z1)Dh2/g(z2) +Dh2/q(z1)Dh1/g(z2)
)

+xpg(xp)F (i)
gg H

(i)
ggDh1/g(z1)Dh2/g(z2)

]

, (5)

1 A recent next-to-leading order calculation for inclusive hadron production suggests that the appropriate

choice for the factorization scale to be around the saturation scale [22]. We have followed this choice in

our calculations.
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single inclusive cross section (at LO) for forwar production

differential cross section for two-particle production

distributions of the target nucleus:

dσpA→hX

d2b d2p⊥ dyh
=

∫ 1

zh

dz1
z21

[

Dh/q(z1)xpqf(xp)Fxg(k⊥)

+ xpgf (xp)F̃xg(k⊥)Dh/g(z1)
]

, (3)

where the sum over quark flavor is implicit, b represents the impact parameter in pA colli-

sions, p⊥ and yh are transverse momentum and rapidity of the hadron, q(xp) and g(xp) are

integrated quark and gluon distributions from the projectiles, D(z) the associated frag-

mentation functions with p⊥ = z1k⊥, xp = p⊥eyh/z1
√
s and xg = p⊥e−yh/z1

√
s. The

dipole gluon distributions Fxg(k⊥) and F̃xg(k⊥) are Fourier transform of the dipole scatter-

ing amplitude in the fundamental and adjoint representations, respectively. In particular,

Fxg(k⊥) ∝ xgG(2)(xg, k⊥)/k2
⊥. In terms of the numerical study, we are able to describe the

forward single hadron production cross sections measured by both BRAHMS and STAR

up to p⊥ = 3.0GeV with a K-factor about 0.8 for yh = 2.0 and 0.5 for yh = 3.2. In this

numerical evaluation, we follow the NLO sets of MSTW parametrizations [20] for the parton

distributions and DSS parametrizations [21] for the fragmentation functions 1.

Two-particle production in forward pA collisions. Two-particle production contains the

correlated and uncorrelated contributions,

dσ(pA→h1h2) = dσ(pA→h1h2)
corr. + dσ(pA→h1h2)

uncorr. . (4)

The correlated hadron production comes from the partonic 2 → 2 processes, where these two

particles are back-to-back correlated and form the away side peak in the azimuthal angular

distribution (∆φ = π). The near side correlation comes from the particle decay or the

same jet fragmentation if they are at the same rapidity. In this letter, we will focus on the

back-to-back correlation region, namely the away side peaks. According to Ref. [17], we can

write down the differential cross section for the two-particle production in the back-to-back

correlation limit,

dσ(pA→h1h2)
corr.

dyh1
dyh2

d2p1⊥d2p2⊥
=

∫

dz1
z21

dz2
z22

α2
s

ŝ2
[

xpq(xp)F (i)
qg

×H(i)
qg

(

Dh1/q(z1)Dh2/g(z2) +Dh2/q(z1)Dh1/g(z2)
)

+xpg(xp)F (i)
gg H

(i)
ggDh1/g(z1)Dh2/g(z2)

]

, (5)

1 A recent next-to-leading order calculation for inclusive hadron production suggests that the appropriate

choice for the factorization scale to be around the saturation scale [22]. We have followed this choice in

our calculations.

4di-hadron correlation

<latexit sha1_base64="U4dUtsEfpnvQe9Wj8R5Ub0M/+2o=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBItQQcqMiLosunFZwT6wHUomzbShmWRMMmIZ+hduXCji1r9x59+YtrPQ1gMJh3Pu5d57gpgzbVz328ktLa+sruXXCxubW9s7xd29hpaJIrROJJeqFWBNORO0bpjhtBUriqOA02YwvJ74zUeqNJPizoxi6ke4L1jICDZWuu+Xn45P0IP9u8WSW3GnQIvEy0gJMtS6xa9OT5IkosIQjrVue25s/BQrwwin40In0TTGZIj7tG2pwBHVfjrdeIyOrNJDoVT2CYOm6u+OFEdaj6LAVkbYDPS8NxH/89qJCS/9lIk4MVSQ2aAw4chINDkf9ZiixPCRJZgoZndFZIAVJsaGVLAhePMnL5LGacU7r3i3Z6XqVRZHHg7gEMrgwQVU4QZqUAcCAp7hFd4c7bw4787HrDTnZD378AfO5w+nVI+a</latexit>

g(x), q(x) collinear PDFs in the projectile
<latexit sha1_base64="KIxnTMeLHkBlpW8yzzsI/B7xtdU=">AAACD3icbVDLSsNAFJ3UV62vqEs3g0WpICURUZdFobis0Be0IUwmk3boZBJmJmIJ+QM3/oobF4q4devOv3HaZmGrBy4czrmXe+/xYkalsqxvo7C0vLK6VlwvbWxube+Yu3ttGSUCkxaOWCS6HpKEUU5aiipGurEgKPQY6Xijm4nfuSdC0og31TgmTogGnAYUI6Ul1zyuu+mDmw6yrDJymyensK8o80laz+Z01yxbVWsK+JfYOSmDHA3X/Or7EU5CwhVmSMqebcXKSZFQFDOSlfqJJDHCIzQgPU05Col00uk/GTzSig+DSOjiCk7V3xMpCqUch57uDJEaykVvIv7n9RIVXDkp5XGiCMezRUHCoIrgJBzoU0GwYmNNEBZU3wrxEAmElY6wpEOwF1/+S9pnVfuiat+dl2vXeRxFcAAOQQXY4BLUwC1ogBbA4BE8g1fwZjwZL8a78TFrLRj5zD6Yg/H5A5q4nGM=</latexit>

Fxg (kT ), F̃xg (kT ) gluon distributions in the target
<latexit sha1_base64="iQDgi4Kg7blr3RvzRBrj6KFhTdk=">AAACAHicbZDLSsNAFIYnXmu9RV24cDNYhApSExF1WdSFywr2Am0Ik+mkHTqZxJmJUEM2voobF4q49THc+TZO0iy09YeBj/+cw5nzexGjUlnWtzE3v7C4tFxaKa+urW9smlvbLRnGApMmDlkoOh6ShFFOmooqRjqRICjwGGl7o6us3n4gQtKQ36lxRJwADTj1KUZKW665e+0mw+P7tPp4eARzHmQMXbNi1axccBbsAiqgUMM1v3r9EMcB4QozJGXXtiLlJEgoihlJy71YkgjhERqQrkaOAiKdJD8ghQfa6UM/FPpxBXP390SCAinHgac7A6SGcrqWmf/VurHyL5yE8ihWhOPJIj9mUIUwSwP2qSBYsbEGhAXVf4V4iATCSmdW1iHY0yfPQuukZp/V7NvTSv2yiKME9sA+qAIbnIM6uAEN0AQYpOAZvII348l4Md6Nj0nrnFHM7IA/Mj5/ACaxlNU=</latexit>

Dh/q(z), Dh/g(z) fragmentation functions

Test in dA or pA collisions



STAR 25-year celebration, BNL, December 18, 2025

Suppression and correlations in pp and dA

25

2

A. Wetzler,20 C. Whitten Jr.,7 H. Wieman,20 S.W. Wissink,16 R. Witt,48 J. Wood,7 J. Wu,36 N. Xu,20 Q.H. Xu,20

Z. Xu,3 Z.Z. Xu,36 P. Yepes,34 I-K. Yoo,32 V.I. Yurevich,11 I. Zborovsky,10 H. Zhang,3 W.M. Zhang,19

Y. Zhang,36 Z.P. Zhang,36 C. Zhong,37 R. Zoulkarneev,12 Y. Zoulkarneeva,12 A.N. Zubarev,11 and J.X. Zuo37

(STAR Collaboration), ∗

1Argonne National Laboratory, Argonne, Illinois 60439
2University of Birmingham, Birmingham, United Kingdom
3Brookhaven National Laboratory, Upton, New York 11973

4California Institute of Technology, Pasadena, California 91125
5University of California, Berkeley, California 94720
6University of California, Davis, California 95616

7University of California, Los Angeles, California 90095
8Carnegie Mellon University, Pittsburgh, Pennsylvania 15213

9Creighton University, Omaha, Nebraska 68178
10Nuclear Physics Institute AS CR, 250 68 Řež/Prague, Czech Republic

11Laboratory for High Energy (JINR), Dubna, Russia
12Particle Physics Laboratory (JINR), Dubna, Russia

13University of Frankfurt, Frankfurt, Germany
14Institute of Physics, Bhubaneswar 751005, India
15Indian Institute of Technology, Mumbai, India

16Indiana University, Bloomington, Indiana 47408
17Institut de Recherches Subatomiques, Strasbourg, France

18University of Jammu, Jammu 180001, India
19Kent State University, Kent, Ohio 44242

20Lawrence Berkeley National Laboratory, Berkeley, California 94720
21Massachusetts Institute of Technology, Cambridge, MA 02139-4307

22Max-Planck-Institut für Physik, Munich, Germany
23Michigan State University, East Lansing, Michigan 48824

24Moscow Engineering Physics Institute, Moscow Russia
25City College of New York, New York City, New York 10031

26NIKHEF and Utrecht University, Amsterdam, The Netherlands
27Ohio State University, Columbus, Ohio 43210
28Panjab University, Chandigarh 160014, India

29Pennsylvania State University, University Park, Pennsylvania 16802
30Institute of High Energy Physics, Protvino, Russia
31Purdue University, West Lafayette, Indiana 47907

32Pusan National University, Pusan, Republic of Korea
33University of Rajasthan, Jaipur 302004, India

34Rice University, Houston, Texas 77251
35Universidade de Sao Paulo, Sao Paulo, Brazil

36University of Science & Technology of China, Hefei 230026, China
37Shanghai Institute of Applied Physics, Shanghai 201800, China

38SUBATECH, Nantes, France
39Texas A&M University, College Station, Texas 77843

40University of Texas, Austin, Texas 78712
41Tsinghua University, Beijing 100084, China

42Valparaiso University, Valparaiso, Indiana 46383
43Variable Energy Cyclotron Centre, Kolkata 700064, India

44Warsaw University of Technology, Warsaw, Poland
45University of Washington, Seattle, Washington 98195

46Wayne State University, Detroit, Michigan 48201
47Institute of Particle Physics, CCNU (HZNU), Wuhan 430079, China

48Yale University, New Haven, Connecticut 06520
49University of Zagreb, Zagreb, HR-10002, Croatia

(Dated: June 10, 2018)

Measurements of the production of forward π0 mesons from p+p and d+Au collisions at
√
sNN =

200GeV are reported. The p+p yield generally agrees with next-to-leading order perturbative QCD
calculations. The d+Au yield per binary collision is suppressed as η increases, decreasing to ∼ 30%
of the p+p yield at ⟨η⟩ = 4.00, well below shadowing expectations. Exploratory measurements of
azimuthal correlations of the forward π0 with charged hadrons at η ≈ 0 show a recoil peak in p+p
that is suppressed in d+Au at low pion energy. These observations are qualitatively consistent with
a saturation picture of the low-x gluon structure of heavy nuclei.

Observation of strong nuclear suppression in exclusive J/ photoproduction
in Au+Au ultra-peripheral collisions at RHIC
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FIG. 3: Nuclear modification factor (RdAu) for minimum-
bias d+Au collisions versus transverse momentum (pT ). The
solid circles are for π0 mesons. The open circles and boxes
are for negative hadrons [10]. The error bars are statistical,
while the shaded boxes are point-to-point systematic errors.
(Inset) RdAu for π0 mesons with the ratio of curves in Figs. 2
and 1.

with a linear extrapolation of the scaled R h−

dAu to η = 4.
The curves in the inset are ratios of the calculations in
Figs. 2 and 1. The data lie below all the predictions.
Exploratory measurements of the azimuthal correla-

tions between the forward π0 and midrapidity h± are
seen in Fig. 4 for p+p and d+Au collisions. The lead-
ing charged particle (LCP) analysis picks the track at
|ηh| < 0.75 with the highest pT > 0.5GeV/c, and com-
putes ∆φ = φπ0 − φLCP for each event. The ∆φ dis-
tributions are normalized by the number of π0 seen at
⟨η⟩ = 4.00. Correlations near ∆φ = 0 are not expected
due to the η separation between the π0 and the LCP.
The data are fit to a constant plus a Gaussian for the
back-to-back peak centered at ∆φ = π. The fit parame-
ters are correlated, and their errors are from the full error
matrix. The values do not depend onNγ . The area S un-
der the back-to-back peak is the probability that a LCP
is correlated with a forward π0. The area B under the
constant represents the underlying event. The total coin-
cidence probability per trigger π0 is S +B ≈ 0.62 (0.90)
for p+p (d+Au), and is constant with Eπ. The ratio
S/B for p+p does not depend on midrapidity track mul-
tiplicity. The peak width has contributions from trans-
verse momentum in hadronization and from momentum
imbalance between the scattered partons.
A PYTHIA simulation [28] including detector resolu-

tion and efficiencies predicts most features of the p+p
data [29]. PYTHIA expects S ≈ 0.12 and B ≈ 0.46,
with the back-to-back peak arising from 2 → 2 scatter-
ing, resulting in forward and midrapidity partons that
fragment into the π0 and LCP, respectively. The width

FIG. 4: Coincidence probability versus azimuthal angle dif-
ference between the forward π0 and a leading charged particle
at midrapidity with pT > 0.5GeV/c. The left (right) column
is p+p (d+Au) data. The curves are fits described in the text,
including the area of the back-to-back peak (S).

of the peak is smaller in PYTHIA than in the data, which
may be in part because the predicted momentum imbal-
ance between the partons is too small, as was seen for
back-to-back jets at the Tevatron [30].

The back-to-back peak is significantly smaller in d+Au
collisions than in p+p, qualitatively consistent with the
monojet picture arising in the coherent scattering [13]
and CGC [18] models. HIJING [31] includes a model of
shadowing for nuclear PDFs. It predicts that the back-to-
back peak in d+Au collisions should be similar to p+p,
with S ≈ 0.08. The data are not consistent with the
HIJING expectation at low Eπ.

In conclusion, the inclusive yields of forward π0 mesons
from p+p collisions at

√
s = 200GeV generally agree

with NLO pQCD calculations. However, by ⟨η⟩ = 4.00,
the spectrum is found to be harder than NLO pQCD,
becoming suppressed with decreasing pT . In d+Au col-
lisions, the yield per binary collision is suppressed with
increasing η, decreasing to ∼ 30% of the p+p yield at
⟨η⟩ = 4.00, well below shadowing and multiple scatter-
ing expectations, as well as exhibiting isospin effects at
these kinematics. The pT dependence of the d+Au yield
is consistent with a model which treats the Au nucleus as
a CGC. Exploratory measurements of azimuthal correla-
tions of the forward π0 with charged hadrons at midra-
pidity show a recoil peak in p+p collisions that is sup-
pressed in d+Au at low Eπ , as would be expected for
monojet production. These effects are qualitatively con-
sistent with a gluon saturation picture of the Au nucleus,
but cannot definitively rule out other interpretations. A
systematic program of measurements, including direct
photons and di-hadron correlations over a broad range of
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where xg = x1e−y1 + x2e−y2 and xp = x1ey1 + x2ey2 with xi = |ki⊥|/
√
ŝ and ki⊥ = pi⊥/zi,

F (i) and H(i) are various UGDs and the associated hard coefficients, respectively. Their

expressions can be found in Ref. [17]. The partonic center of mass energy squared ŝ is

defined as ŝ = P 2
⊥/z(1− z) with P⊥ = (k1⊥ − k2⊥) /2 and z = x1ey1/x2ey2 . In the CGC

calculations [17], P̃⊥ = (1− z) k1⊥ − zk2⊥ also enters in the hard coefficients, which equals

to P⊥ in the correlation limit. The difference between P⊥ and P̃⊥ will be used to estimate

the theoretical uncertainties in the following calculations. In the typical kinematics of the

forward collisions at RHIC, we find that xp ∼ 0.1 and xg ≤ 10−3, where both the quark

initiated processes (q → qg channel) and gluon initiated processes (g → gg) contribute.

Comparing the above equation to Eq. (3) of Ref. [10], one immediately finds notable

differences between the results. In particular in Ref. [10] the only channel calculated was

q → qg. Moreover, in this channel our results do not agree with results in Ref. [10] since

in the latter work the contributions from the WW gluon distribution were not taken into

account. These contributions are essential in order to reproduce correctly the collinear

factorization results for dijet production in the dilute limit.

The unintegrated gluon distributions in Eq. (5) are largely un-explored, in particular,

for those related to the WW gluon distribution. The energy evolution is important to un-

derstand their behavior depending on xg, of which for the dipole gluon distribution, the

Balitsky-Kovchegov (BK) evolution, has been well studied [15] and demonstrated the so-

called geometric scaling [23] in the solution. The scaling was found to be related to the trav-

eling wave solutions [24, 25] of the BK evolution. The energy evolution equation for the WW

gluon distribution has recently been systematically investigated [26]. An important result

from these studies is the geometric scaling similar to the dipole gluon distribution. There-

fore, as a first step, we can parametrize these gluon distributions from a model calculation,

and include the energy dependence by assuming the geometric scaling and xg-dependence of

the saturation scale. In the following, we adopt the Golec-Biernat Wusthoff model [27] for

the dipole gluon distribution which successfully describes the low-x DIS structure functions

at HERA, then extend it to the WW gluon distribution and include the nuclear dependence

by modifying the saturation scale as [15]

Q2
sA = c(b)A1/3Q2

s(x) , (6)

where c(b) represents the profile function of nucleus depending on the impact parameter b of

5

FIG. 1. The forward di-pion correlations C(∆φ) of Eq. (2) at y1 ∼ y2 ∼ 3.2 in peripheral and central

dAu collisions compared to the preliminary data from the STAR collaboration [8]. Centrality

definition follows Ref. [8], where the average impact parameters are found around 6.7fm and 2.7fm

accordingly. The grey error band comes from using P⊥ or P̃⊥ in the hard coefficients in Eq. (5).

dAu collisions at RHIC. Before we do that, we would like to emphasize that the saturation

scale plays a key role in describing the correlation C(∆φ) of the away side peak, including

both broadening and the suppression. First, the width of the away side peak will increase

with the saturation scale because of the broadening effects. Quantitatively, the effective

kt-factorization formula of Eq. (5) lead to stronger broadening effects compared to the naive

kt-factorization calculations. This is because the various gluon distributions contain the

convolution of the UGDs and will enhance the broadening. Without this enhancement, we

can not describe the broadening effects. In particular, when the saturation scale reaches the

transverse momenta of the dijet, the away side peak will almost disappear as indicated in

the experimental data for the central collisions at RHIC and the theory calculations as well.

Second, the magnitude of the correlation C(∆φ) is also sensitive to the saturation scale

Qs. In particular, larger Qs push the dipole gluon distribution to larger transverse mo-

mentum, which leads to single particle production (3) increasing with Qs. The correlated

two-particle production cross section (5), however, decreases with Qs for the same reason.

Therefore, the correlated contribution to C(∆φ) decreases accordingly. Our numeric eval-

uation also supports this conclusion. On the other hand, the un-correlated two particle

production cross section (7) roughly depends on the product of two single particle cross sec-

tions. Therefore, its contribution increases more rapidly with Qs than that of single particle

cross section. The consequence is that the pedestal contribution increases with Qs.

7
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FIG. 3. The figure shows STAR data on azimuthal ⇡0
correlations at forward rapidity, in p+p collisions (circles) and central

d+Au collisions (triangles) at
p
s = 200 GeV. To remove fake two particle correlations which are essentially due to pileup

e↵ects, an arbitrary o↵set is added to push the STAR measurements close to 0 at the minimum of the correlation functions.

Calculations of CP (��) in our TMD+rcBK framework are shown as shaded bands. Light-shaded band: p+p collisions.

Dark-shaded band: d+Au collisions. The meaning of the shaded bands is discussed in the text.

B. Predictions for p+Au collisions

In Fig. 4 we present predictions for the away-side peak of neutral pions in p+p and p+Au collisions at
p
s = 200 GeV.

This is achieved by integrating Eq. (5) over the kinematic cuts used by the STAR collaboration in their new analysis.
We predict that the away-side peak is suppressed in p+Au by a factor close to 2. We find this conclusion to be rather
independent of the pt window chosen for the measurement.

V. RAPIDITY DEPENDENCE OF THE SUPPRESSION AND COMPARISON WITH THE
KUTAK-SAPETA APPROACH

A generic prediction of the CGC framework is that any e↵ect due to gluon saturation should become less visible
if we move towards more central rapidities, i.e., in our case, if we reduce the dilute-dense asymmetry by probing
larger values of x in the nuclei. Consequently, the suppression of the away-side peak in p+A collisions relative to p+p
should essentially fade away if we correlate particles in more central rapidity intervals. It is important to stress that
the dependence on rapidity is a very specific feature of the saturation framework, which is not predicted by typical
competing e↵ects, e.g., conservation of total transverse momentum [40], or other energy-momentum conservation
corrections which are relevant in the proximity of x1 ! 1 [41, 42]. Another competing description is that reported
by Kang et al. [43], who manage to describe the suppression of the away-side peak without resorting to a CGC
description, but solely from (cold) nuclear transverse-momentum broadening e↵ects. Such models do not predict a
specific dependence on the rapidity, so that the CGC interpretation would be strongly favored if such dependence is
observed in data. Let us stress that the away-side peak in di↵erent rapidity intervals could be easily measured at the
STAR or at the LHCb detectors, which present wide rapidity coverages.

Let us show, then, what our formalism predicts for the rapidity dependence of the suppression of the away-side
peak. For reasons which will appear clear in the following discussion, it is very instructive to perform calculations and

• The trend of the data reproduced by the 
calculation with rcBK 

• The width is not captured, particularly in pp

offset to data to push to 0 at minimum

Used running coupling Balitsky-Kovchegov nonlinear equation for the target gluon density

Albacete, Giacalone, Marquet, Matas

distributions of the target nucleus:

dσpA→hX

d2b d2p⊥ dyh
=

∫ 1

zh

dz1
z21

[

Dh/q(z1)xpqf(xp)Fxg(k⊥)

+ xpgf (xp)F̃xg(k⊥)Dh/g(z1)
]

, (3)

where the sum over quark flavor is implicit, b represents the impact parameter in pA colli-

sions, p⊥ and yh are transverse momentum and rapidity of the hadron, q(xp) and g(xp) are

integrated quark and gluon distributions from the projectiles, D(z) the associated frag-

mentation functions with p⊥ = z1k⊥, xp = p⊥eyh/z1
√
s and xg = p⊥e−yh/z1

√
s. The

dipole gluon distributions Fxg(k⊥) and F̃xg(k⊥) are Fourier transform of the dipole scatter-

ing amplitude in the fundamental and adjoint representations, respectively. In particular,

Fxg(k⊥) ∝ xgG(2)(xg, k⊥)/k2
⊥. In terms of the numerical study, we are able to describe the

forward single hadron production cross sections measured by both BRAHMS and STAR

up to p⊥ = 3.0GeV with a K-factor about 0.8 for yh = 2.0 and 0.5 for yh = 3.2. In this

numerical evaluation, we follow the NLO sets of MSTW parametrizations [20] for the parton

distributions and DSS parametrizations [21] for the fragmentation functions 1.

Two-particle production in forward pA collisions. Two-particle production contains the

correlated and uncorrelated contributions,

dσ(pA→h1h2) = dσ(pA→h1h2)
corr. + dσ(pA→h1h2)

uncorr. . (4)

The correlated hadron production comes from the partonic 2 → 2 processes, where these two

particles are back-to-back correlated and form the away side peak in the azimuthal angular

distribution (∆φ = π). The near side correlation comes from the particle decay or the

same jet fragmentation if they are at the same rapidity. In this letter, we will focus on the

back-to-back correlation region, namely the away side peaks. According to Ref. [17], we can

write down the differential cross section for the two-particle production in the back-to-back

correlation limit,

dσ(pA→h1h2)
corr.

dyh1
dyh2

d2p1⊥d2p2⊥
=

∫

dz1
z21

dz2
z22

α2
s

ŝ2
[

xpq(xp)F (i)
qg

×H(i)
qg

(

Dh1/q(z1)Dh2/g(z2) +Dh2/q(z1)Dh1/g(z2)
)

+xpg(xp)F (i)
gg H

(i)
ggDh1/g(z1)Dh2/g(z2)

]

, (5)

1 A recent next-to-leading order calculation for inclusive hadron production suggests that the appropriate

choice for the factorization scale to be around the saturation scale [22]. We have followed this choice in

our calculations.

4
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F (i)
↵� related to 
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@Nx0x1

@Y
=

Z
d2x2

2⇡
K(x0,x1,x2;↵s)[Nx0x2 +Nx1x2 �Nx0x1 �Nx0x2Nx1x2 ]

Obtained from BK equation
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• Suppression of the away side peak in pA w.r.t. pp by factor 2. Mostly independent of  
• Distinct rapidity dependence of the suppression. Sensitive to the model of the gluon density in the target

pT

9

FIG. 4. In this figure we show predictions for azimuthal correlation of forward neutral pions in p+p (dashed line) and p+Au

(dotted line) collisions at
p
s = 200 GeV. Di↵erent panels correspond to di↵erent pt cuts applied to the cross section.

show results using both our rcBK formalism and the alternative Kutak-Sapeta (KS) approach [16], which we briefly
review below.

In the KS approach, the momentum space version of the BK equation is used (written below for Fp = ⇡F (1)
qg , for a

target proton):

Fp(x, k
2) = F (0)

p (x, k2)

+
↵sNc

⇡

Z 1

x

dz

z

Z 1

µ2

dl
2

l2

⇢
l
2Fp(

x
z , l

2) � k
2Fp(

x
z , k

2)

|l2 � k2| +
k
2Fp(

x
z , k

2)

|4l4 + k4| 12

�

� 2↵2
s

R2

"✓Z 1

k2

dl
2

l2
Fp(x, l

2)

◆2

+ Fp(x, k
2)

Z 1

k2

dl
2

l2
ln

✓
l
2

k2

◆
Fp(x, l

2)

#
. (25)

This way of writing the BK equation is convenient as it allows to include relatively easily some higher-order corrections,
and in particular running-coupling corrections [44]. To write down the non-linear term of Eq. (25) (last line in the
equation) for the impact-parameter-integrated gluon distribution, it is assumed that integration over impact parameter
yields

R
d
2
b = ⇡R

2, where R is the radius of the target proton. The evolution of the gluon TMD in the case of a
nucleus, FA, is then obtained through the following formal substitution in Eq. (25),

1

R2
! c

A

R
2
A

, where R
2
A = R

2
A

2/3
. (26)
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FIG. 6. The figure shows the ratio CP (��)pA/CP (��)pp around �� = ⇡. Di↵erent line styles represent di↵erent rapidity

intervals. Panel (a) shows results with gluon TMDs obtained as described in section III. In panel (b) the TMDs are obtained

using the KS scheme, with c = 0.5.

una↵ected by the uncertainties on the factorization scale (which turned out to be quite large in Fig. 3), as they are
likely to cancel in the ratio.

Besides confirming the generic prediction of the CGC framework, precise measurements in p+Au collisions might
as well shed light on the very validity of the approaches taken for the small-x evolution of the dense targets. In Fig. 6
we observe two notable di↵erences between rcBK and KS. First, the dependence on rapidity at �� = ⇡ is about twice
stronger in the KS approach [panel (b)]: This results from having a small-x evolution at low kt (Fig. 5). Second,
the rcBK case presents ratios which grow towards unity much faster as we move away from the back-to-back region.
Specifically, the ratio at �� = 3 is larger by 15% in the rcBK scheme. Such visible di↵erences are expected to be
sizable in the upcoming data, and would help improve significantly our understanding of the evolution equations of
QCD in the nonlinear small-x regime.

VI. CONCLUSION

We have calculated the production of back-to-back pions in p+A and p+p collisions at RHIC energies, using the
state-of-the-art CGC framework, i.e., the cross section reported in Eq. (5). We have developed a novel approach for

the small-x evolution of the TMD gluon distributions F (i)
ag , in which they are obtained from the BK evolution with an

evolution kernel that includes running coupling corrections. The evolution is identical for proton and nuclear targets,
the only di↵erence being the value of Q2

s at the initial condition. The validity of our framework is confirmed by the
good agreement observed between the available data and our results in Fig. 3.

We thus derived genuine predictions of the CGC theory. The away-side peak in upcoming p+Au data is suppressed
by about a factor 2 with respect to p+p collisions (Fig. 4), and this suppression tends to disappear as we reduce
the dilute-dense asymmetry of the problem (Fig. 6). We stress, once more, that the combination of these two e↵ects
is a much stronger probe of gluon saturation than the suppression of the away-side peak alone. We have further
compared the expectation of our framework to those of another state-of-the-art rcBK implementation, namely, the
KS approach. Using the observable proposed in Fig. 6, p+Au data will potentially allow us to make a data-driven
distinction between these two schemes of small-x evolution.

Before concluding, we stress that our calculation lacks an important ingredient: The inclusion of the soft gluon
resummation, i.e., of Sudakov factors attached to the cross section which could potentially solve our problem of a
too narrow correlation peak around �� = ⇡ (Fig. 3). This improvement of our formalism will be presented in an
upcoming publication.

Predictions for pA
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FIG. 6. The figure shows the ratio CP (��)pA/CP (��)pp around �� = ⇡. Di↵erent line styles represent di↵erent rapidity

intervals. Panel (a) shows results with gluon TMDs obtained as described in section III. In panel (b) the TMDs are obtained

using the KS scheme, with c = 0.5.

una↵ected by the uncertainties on the factorization scale (which turned out to be quite large in Fig. 3), as they are
likely to cancel in the ratio.

Besides confirming the generic prediction of the CGC framework, precise measurements in p+Au collisions might
as well shed light on the very validity of the approaches taken for the small-x evolution of the dense targets. In Fig. 6
we observe two notable di↵erences between rcBK and KS. First, the dependence on rapidity at �� = ⇡ is about twice
stronger in the KS approach [panel (b)]: This results from having a small-x evolution at low kt (Fig. 5). Second,
the rcBK case presents ratios which grow towards unity much faster as we move away from the back-to-back region.
Specifically, the ratio at �� = 3 is larger by 15% in the rcBK scheme. Such visible di↵erences are expected to be
sizable in the upcoming data, and would help improve significantly our understanding of the evolution equations of
QCD in the nonlinear small-x regime.

VI. CONCLUSION

We have calculated the production of back-to-back pions in p+A and p+p collisions at RHIC energies, using the
state-of-the-art CGC framework, i.e., the cross section reported in Eq. (5). We have developed a novel approach for

the small-x evolution of the TMD gluon distributions F (i)
ag , in which they are obtained from the BK evolution with an

evolution kernel that includes running coupling corrections. The evolution is identical for proton and nuclear targets,
the only di↵erence being the value of Q2

s at the initial condition. The validity of our framework is confirmed by the
good agreement observed between the available data and our results in Fig. 3.

We thus derived genuine predictions of the CGC theory. The away-side peak in upcoming p+Au data is suppressed
by about a factor 2 with respect to p+p collisions (Fig. 4), and this suppression tends to disappear as we reduce
the dilute-dense asymmetry of the problem (Fig. 6). We stress, once more, that the combination of these two e↵ects
is a much stronger probe of gluon saturation than the suppression of the away-side peak alone. We have further
compared the expectation of our framework to those of another state-of-the-art rcBK implementation, namely, the
KS approach. Using the observable proposed in Fig. 6, p+Au data will potentially allow us to make a data-driven
distinction between these two schemes of small-x evolution.

Before concluding, we stress that our calculation lacks an important ingredient: The inclusion of the soft gluon
resummation, i.e., of Sudakov factors attached to the cross section which could potentially solve our problem of a
too narrow correlation peak around �� = ⇡ (Fig. 3). This improvement of our formalism will be presented in an
upcoming publication.
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Fig. 1. Normalized forward dihadron angular correlation compared with the experimental data measure by STAR collaboration [13]. Both the leading and associate hadrons 
are in the forward rapidity region (2.5 < y < 4). The pedestal has not been taken into account in the theoretical curves for the dAu collisions. Here the curves are normalized 
in different !φ ranges in pp and dAu collisions, since the bin sizes of the experimental data are different.

As shown above, the dihadron production process in the dilute-
dense factorization involves several different types of gluon distri-
bution. These distributions are related to the gluon distributions 
defined in inclusive DIS, however, they are in fact different type of 
distributions with various forms of gauge links.

3. Numerical results

Previous experimental measurements [13–15] and theoretical 
calculations [7,10,11] studied the coincidence probability C(!φ), 
which is defined as the ratio of the dihadron yield to the sin-
gle trigger hadron yield. The trigger hadron yield (cross section) 
is used as the normalization. In this paper, we suggest to study 
the self-normalized angular correlation in the back-to-back region. 
The advantage of self-normalized correlation is that one can avoid 
the uncertainties and subtleties introduced by the single trigger 
hadron yield in the small-x formalism (see for example the dis-
cussion in Ref. [38–40]). As a matter of fact, this has become the 
common practice at the LHC for back-to-back dijet and photon-jet 
angular correlation measurements. Therefore, in the following, we 
adopt such idea and normalize the angular correlation in the back-
to-back region for both theoretical curves and experimental data.

With the Sudakov factor, now we can not only describe the 
dAu data in which the saturation effects are dominant, but also 
naturally explain width of the back-to-back correlation data mea-
sured in pp collisions with Q 2

sp = c(b)Q 2
s,GBW(x) and c(b) = 0.25. 

Here we use the profile parameter c(b) to take into account the 
fact that collisions are mostly peripheral in pp collisions. Simi-
lar parametrization has been also used in single forward hadron 
productions in pp collisions [41]. The GBW saturation momentum 
is defined as Q 2

s,GBW(x) ≡ (x/x0)
−λ GeV2 with x = 3.04 × 10−4

and λ = 0.288. In addition, as explained earlier, due to the non-
universality of dijet productions, we expect that the strength of the 
non-perturbative Sudakov factor could be different for this process. 
As shown in Fig. 1, we find that we can explain the forward di-
hadron back-to-back angular correlations in pp collisions with 3.3
times of the non-perturbative Sudakov factor fitted from deep in-
elastic scattering (DIS) and Drell–Yan process.

Using the same parametrizations, we further perform the nu-
merical calculation for the dihadron angular correlation in the for-
ward rapidity region in peripheral and central dAu collisions, and 
compare with the experimental data measured by the STAR collab-
oration [13] in Fig. 1. The saturation scale in the p A or dA colli-
sions is given by Q 2

sA = c(b)A1/3 Q 2
s,GBW [3,27], while c(b) = 0.85

and 0.45 for the central and peripheral collisions respectively [10]. 
For minimum bias events, we use c(b) = 0.56 which is roughly in 
between the peripheral and central collision events.

In pp collisions, we find that the Sudakov and saturation effects 
are equally important. Therefore, the addition of the Sudakov fac-

Fig. 2. Normalized forward and near-forward dihadron angular correlation compar-
ing with the experimental data measure by STAR collaboration [14]. The trigger π0

is in the forward rapidity region (2.5 < y < 4) and the associate π0 is in the near 
forward rapidity region (1.1 < y < 1.9).

tor is essential to describe the back-to-back angular correlation in 
forward dihadron productions in pp collisions in the dilute-dense 
factorization. In dAu(p A) collisions (especially the central colli-
sions), the saturation effects become the dominant mechanism for 
the broadening of the away side peak, since the saturation scale is 
enlarged by a factor of A1/3 for large nuclei. Nevertheless, in order 
to make more reliable predictions for various transverse momen-
tum ranges of dihadron productions, it is necessary to take into 
account the Sudakov effect.

We also perform the numerical calculation for the dihadron 
angular correlation in the forward and near-forward rapidity re-
gion and compare with the experimental data [14] in Fig. 2. As 
expected, the Sudakov effect is the dominant effect, while the 
small-x effect is negligible since xg is not sufficiently small in this 
kinematical region. We have also checked the dihadron correla-
tion between forward trigger hadron and middle rapidity associate 
hadron [14], and find the same conclusion.

Finally, we make predictions for several transverse momentum 
bins, both for trigger and associate particles, as shown in Fig. 3 for 
both pp and p Au collisions at RHIC. As we can see in the plots, 
by comparing solid (or dashed) curves with different colors, which 
correspond to different pT of trigger particle, we find that the cor-
relation curves become flatter when we decrease the transverse 
momentum. Despite the fact that the strength of the perturbative 
Sudakov factor increases with pT , partons with larger transverse 
momenta are less likely to be deflected. Therefore the resulting 
distribution in pT is also less likely to be broadened. This is the 
reason why we see the corresponding curve of the pT bin with 
large transverse momentum is more steep than that of the small 
pT bin. Furthermore, by comparing the solid and dashed curves 
with the same color, we see that the back-to-back dihadrons are 

Normalized forward dihadron angular correlation compared with the STAR data (also normalized)

In pp Sudakov effects are very important

Including Sudakov effects in CGC calculations:

Modify functions
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F (i)
↵�

distributions of the target nucleus:

dσpA→hX

d2b d2p⊥ dyh
=

∫ 1

zh

dz1
z21

[

Dh/q(z1)xpqf(xp)Fxg(k⊥)

+ xpgf (xp)F̃xg(k⊥)Dh/g(z1)
]

, (3)

where the sum over quark flavor is implicit, b represents the impact parameter in pA colli-

sions, p⊥ and yh are transverse momentum and rapidity of the hadron, q(xp) and g(xp) are

integrated quark and gluon distributions from the projectiles, D(z) the associated frag-

mentation functions with p⊥ = z1k⊥, xp = p⊥eyh/z1
√
s and xg = p⊥e−yh/z1

√
s. The

dipole gluon distributions Fxg(k⊥) and F̃xg(k⊥) are Fourier transform of the dipole scatter-

ing amplitude in the fundamental and adjoint representations, respectively. In particular,

Fxg(k⊥) ∝ xgG(2)(xg, k⊥)/k2
⊥. In terms of the numerical study, we are able to describe the

forward single hadron production cross sections measured by both BRAHMS and STAR

up to p⊥ = 3.0GeV with a K-factor about 0.8 for yh = 2.0 and 0.5 for yh = 3.2. In this

numerical evaluation, we follow the NLO sets of MSTW parametrizations [20] for the parton

distributions and DSS parametrizations [21] for the fragmentation functions 1.

Two-particle production in forward pA collisions. Two-particle production contains the

correlated and uncorrelated contributions,

dσ(pA→h1h2) = dσ(pA→h1h2)
corr. + dσ(pA→h1h2)

uncorr. . (4)

The correlated hadron production comes from the partonic 2 → 2 processes, where these two

particles are back-to-back correlated and form the away side peak in the azimuthal angular

distribution (∆φ = π). The near side correlation comes from the particle decay or the

same jet fragmentation if they are at the same rapidity. In this letter, we will focus on the

back-to-back correlation region, namely the away side peaks. According to Ref. [17], we can

write down the differential cross section for the two-particle production in the back-to-back

correlation limit,

dσ(pA→h1h2)
corr.

dyh1
dyh2

d2p1⊥d2p2⊥
=

∫

dz1
z21

dz2
z22

α2
s

ŝ2
[

xpq(xp)F (i)
qg

×H(i)
qg

(

Dh1/q(z1)Dh2/g(z2) +Dh2/q(z1)Dh1/g(z2)
)

+xpg(xp)F (i)
gg H

(i)
ggDh1/g(z1)Dh2/g(z2)

]

, (5)

1 A recent next-to-leading order calculation for inclusive hadron production suggests that the appropriate

choice for the factorization scale to be around the saturation scale [22]. We have followed this choice in

our calculations.
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FIG. 1. (color online). Comparison of the correlation func-

tions (corrected for nonuniform detector e�ciency in �; not
corrected for the absolute detection e�ciency) vs. azimuthal

angle di↵erence between forward (2.6 < ⌘ < 4.0) ⇡0
s in p+p,

p+Al, and p+Au collisions at
p
sNN = 200 GeV. Upper panel:

the trigger ⇡0
’s pT (ptrigT ) = 2�2.5 GeV/c and the associ-

ated ⇡0
’s pT (passoT ) = 1�1.5 GeV/c; according to the fit de-

scribed in the text, the area⇥10
3
(width) of the correlation in

p+p, p+Al, and p+Au collisions are 5.67± 0.12 (0.68± 0.01),
4.15±0.24 (0.68±0.03), and 3.30±0.07 (0.64±0.01), respec-
tively. Bottom panel: ptrigT = 2.5�3 GeV/c and passoT = 2�2.5

GeV/c; the area⇥10
3
(width) of the correlation in p+p, p+Al,

and p+Au collisions are 0.18± 0.01 (0.47± 0.03), 0.13± 0.03
(0.51± 0.07), and 0.15± 0.01 (0.45± 0.03), respectively.

The collision events are triggered by the FMS itself,
based on the transverse energy. The FMS board sum trig-
gers [31], which demand that the energy sum in localized
overlapping areas is above particular thresholds, are used
in the analysis. To remove the beam background, the
multiplicity at the Time of Flight detector (|⌘| < 0.9) [32]
is required to be above 2 and the number of tiles firing at
the backward (aluminum and gold going direction) beam
beam counter [33] (BBC, �5.0 < ⌘ < �3.3) is above 0.
The energy and transverse momentum, pT , of the pho-
ton candidates are required to be above 1 GeV and 0.1
GeV/c, respectively. The energy asymmetry of ⇡0’s pho-
ton components |E1�E2

E1+E2
| is required to be under 0.7 to

reduce the combinatoric background which peaks near 1;

this selection is commonly utilized in reconstructing ⇡0s
with the FMS [34, 35]. The selected invariant mass range
of the ⇡0 candidates is between 0.07 and 0.2 GeV/c2.

The correlation function, C(��), is defined as

C(��) = Npair(��)
Ntrig⇥��bin

, where Npair is the yield of the cor-

related trigger and associated ⇡0 pairs, Ntrig is the trigger
⇡0 yield,�� is the azimuthal angle di↵erence between the
trigger ⇡0 and associated ⇡0, and ��bin is the bin width
of �� distribution. In each pair, the trigger ⇡0 is the one
with the higher pT value, ptrigT , and the associated ⇡0 is
the one with the lower pT value, passoT . To remove the
correlation induced by asymmetric detector e↵ects, the
measured correlation functions shown in this Letter are
corrected through dividing them by the correlation func-
tions computed for mixed events. �� distributions of two
⇡0s produced in di↵erent events are extracted from the
� distributions of the trigger ⇡0s and the associated ⇡0s.
The correlation for mixed events is the �� distribution
normalized by Nbin/Nmix

pair , where Nbin is the number of

bins in �� and Nmix
pair is the number of ⇡0 pairs for mixed

events. The correlations are not corrected for the abso-
lute detection e�ciency. The corrected correlation func-
tion is fitted from �� = �⇡/2 to �� = 3⇡/2 with two
individual Gaussians at the near- (�� = 0) and away-
side (�� = ⇡) peak, together with a constant for the
pedestal. The area of the away-side peak is the integral
of the correlation function from �� = ⇡/2 to �� = 3⇡/2
after pedestal subtraction, describing the back-to-back
⇡0 yields per trigger particle; the corresponding width is
defined as the � of the away-side peak according to the
fit.

Figure 1 shows the comparison of C(��) for forward
back-to-back ⇡0 pairs observed in p+p, p+Al, and p+Au
collisions at

p
sNN = 200 GeV. In the upper panel, in the

low-pT regime, a clear suppression is observed in p+A
compared to the p+p data. The back-to-back ⇡0 yields
per trigger in p+Au (p+Al) are suppressed by about a
factor of 1.7 (1.4) with respect to p+p collisions. Larger
suppression in p+Au relative to p+Al at the same colli-
sion energy supports an A dependence of Q2

s as predicted
in references [23, 29]. The suppression decreases with in-
creasing pT of the ⇡0s. From the bottom panel of Fig. 1,
the suppression is found to be weaker compared to the
low-pT range in p+Au collisions. The area, width, and
pedestal in p+p, p+Al, and p+Au collisions with full di-
⇡0 pT combinations can be found in the supplemental
material [37].

The parton momentum fraction x with respect to the
nucleon inside the nucleus is proportional to the pT of
the two ⇡0s; Q can be approximated as the average pT
of the two ⇡0s. Varying the gluon density in x and Q2

can be achieved by changing the pT of the two ⇡0s at for-
ward pseudorapidities. The low x and Q2 regime where
the gluon density is large and expected to be saturated,
can be accessed by probing low-pT ⇡0s; when pT is high,

6

In Fig. 2(b), the Gaussian widths of the di-⇡0 cor-
relation peaks remain the same between p+p and p+A
collisions for the di↵erent passoT ranges, i.e., the broaden-
ing predicted in the CGC framework in Refs. [29, 30] is
not observed. This observation is in agreement with a
similar measurement in d+Au collisions by the PHENIX
experiment [5] and p+Pb collisions by the ATLAS exper-
iment [43]. In Fig. 2(c), the pedestal in p+A is slightly
lower than in p+p collisions at low passoT . At high passoT ,
the pedestals from p+p and p+A collisions are virtually
identical. Note that the measured pedestal in d+Au is
2�3 times higher than in p+p collisions [5]. This obser-
vation can provide insight in the contribution of multiple
parton interactions to di-hadron correlation in d+Au col-
lisions [20, 39].
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correlations at forward pseudorapidities (2.6 < ⌘ < 4.0) in

p+Au and p+Al respect to p+p collisions for ptrigT = 1.5�2

GeV/c and passoT = 1�1.5 GeV/c. The vertical bars for the

Al and Au ratios indicate the statistical uncertainties and

the vertical bands indicate the point-to-point systematic un-

certainties. The horizontal width of the bands is chosen for

visual clarity and does not reflect the uncertainty. The data

points are fitted by a linear function, whose slope (P ) is found

to be �0.09 ± 0.01.

The STAR experiment performed a unique measure-
ment of the A-dependence in back-to-back di-⇡0 corre-
lations at forward pseudorapidities. The relative area in
p+Au and p+Al with respect to p+p collisions is shown
in Fig. 3 as a function of A1/3; the systematic uncertainty
is around 3% at ptrigT = 1.5�2 GeV/c and passoT = 1�1.5
GeV/c. Nonlinear e↵ects are found largest in the lowest
pT range and no strong ptrigT dependence is observed. The
ratio for A = 1 has no uncertainty since the numerator
and denominator are fully correlated. A specific pT range
probes the suppression in p+Au and p+Al collisions in

the same x-Q2 phase space. Therefore, the suppression
is dominantly influenced by A according to the GBW
model [27]. A linear dependence of the suppression as a
function of A1/3 is observed within the uncertainties in
Fig. 3, the slope (P ) is found to be �0.09 ± 0.01.

In summary, the measurements of azimuthal correla-
tions of di-⇡0s at forward pseudorapidities are performed
using 2015 STAR 200 GeV p+p, p+Al, and p+Au data.
Results of the back-to-back correlations are given as a
function of pT , with the trigger ⇡0 in the range of 1.5
< ptrigT < 5 GeV/c and the associated ⇡0 in the range of
1 < passoT < 2.5 GeV/c. A clear suppression of back-to-
back yields is observed in p+A compared to p+p data for
pairs probing small x (and Q2) with low pT . The present
results are the first measurements of the A-dependence
of this nuclear e↵ect; the suppression is enhanced with
higher A and scales with A1/3. No increase in the width
of the azimuthal angular correlation is seen within exper-
imental uncertainties. The stable pedestal in p+A and
p+p collisions provides opportunities to understand the
contributions from multiple parton scatterings in d+A
collisions.
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The STAR Collaboration reports measurements of back-to-back azimuthal correlations of di-π0s
produced at forward pseudorapidities (2.6 < η < 4.0) in pþ p, pþ Al, and pþ Au collisions at a center-
of-mass energy of 200 GeV. We observe a clear suppression of the correlated yields of back-to-back π0

pairs in pþ Al and pþ Au collisions compared to the pþ p data. The observed suppression of back-to-
back pairs as a function of transverse momentum suggests nonlinear gluon dynamics arising at high parton
densities. The larger suppression found in pþ Au relative to pþ Al collisions exhibits a dependence of the
saturation scale Q2

s on the mass number A. A linear scaling of the suppression with A1=3 is observed with a
slope of −0.09" 0.01.

DOI: 10.1103/PhysRevLett.129.092501

The quest to understand quantum chromodynamics
(QCD) processes in cold nuclear matter has in the last
years revolved around the following questions. Can we
experimentally find evidence for a novel universal regime
of nonlinear QCD dynamics in nuclei? What is the role of
saturated strong gluon fields? What are the degrees of
freedom in this high gluon density regime? These questions
have motivated and continue to motivate theoretical efforts
and experiments at facilities worldwide.
Collisions between hadronic systems, i.e., pþ A and

dþ A at the Relativistic Heavy Ion Collider (RHIC)
provide a window to the parton distributions of nuclei at
small momentum fraction x (down to 10−3). Several RHIC
measurements have shown that, at forward pseudorapidities
(deuteron going direction), the hadron yields are sup-
pressed in dþ Au collisions relative to pþ p collisions
in inclusive productions [1–4] and dihadron correlations
[4,5]. The mechanisms leading to the suppression are not
firmly established. The density of gluons in nucleons and
nuclei increases at low x due to gluon splitting. At a
sufficiently small value of x, yet to be determined by
experiments, the splitting is expected to be balanced by
gluon recombination [6,7]. The resulting gluon saturation
[8–15] is one of the possible explanations for the suppres-
sion of forward hadron (jet) production. Initial- and final-
state multiple scattering can determine the strength of the
nuclear-induced transverse momentum imbalance for back-
to-back particles [16–19]. Energy loss in the nuclear
medium is also predicted to result in a significant sup-
pression of forward hadron (jet) production. For dþ A
the contributions from double-parton interactions to the

dþ A → π0π0X cross section are suggested as an alter-
native explanation for the suppression [20]. Therefore, it is
important to make the same measurements in the theoreti-
cally and experimentally cleaner pþ A collisions.
Back-to-back dihadron azimuthal angle correlations have

been proposed to be one of the most sensitive probes to
directly access the underlying gluon dynamics involved in
hard scatterings [21,22]. At a given x, the density of gluons
per unit transverse area is expected to be larger in nuclei than
in nucleons; thus, nuclei provide a natural environment to
study nonlinear gluon evolution [8]. Under the color glass
condensate (CGC) framework [23–25], gluons from differ-
ent nucleons are predicted to amplify the total transverse
gluon density by a factor of A1=3 for a nucleus with mass
number A. Saturation is characterized by a transverse
momentum scale, referred to as Qs. Two modes can be
identified: one weakly coupled (transverse momentum
k⊥ ≫ Qs) and one strongly coupled (k⊥ ≤ Qs) [26]. Qs
of a nucleus is enhanced with respect to the nucleon at
fixed values of x and Q2. One can parametrize the gluon
distributions following the Golec-Biernat Wüsthoff (GBW)
model [27] with Q2

s ∝ A1=3Q2
s0ðx=x0Þ−λ, where Qs0 ¼

1 GeV, x0 ¼ 3.04 × 10−4, and λ ¼ 0.288. The CGC frame-
work predicts that at forward angles (large pseudorapidities)
high x quarks and gluons in the nucleon interact coherently
with gluons at low x in the nucleus [28]. As a result, the
probability to observe the associated hadrons is expected to
be suppressed in pðdÞ þ A collisions compared to pþ p,
and an angular broadening of the back-to-back correlation of
dihadrons is predicted [29,30].
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sions [20], as well as to di-hadron production processes [21]. While 
the original ITMD formula, as well as the works studying the jet 
correlation limit [11,18] within CGC, include gluon saturation ef-
fects, they do not account for all contributions proportional to 
logarithms of the hard scale set by the relatively large transverse 
momenta of jets – the so-called Sudakov logarithms. However, as 
shown in Refs. [22,23], inclusion of Sudakov logarithms is nec-
essary in order to describe the LHC jet data at small x but yet 
before the saturation regime. In the saturation domain, within the 
CGC, the full inclusion of the Sudakov logarithms is rather compli-
cated [24–26]. So far, the phenomenology calculations using this 
method involve di-hadron correlations in the planned Electron Ion 
Collider [27] and in proton-nucleus collisions at the Relativistic 
Heavy Ion Collider [28]. In both cases, the Golec-Biernat-Wüsthof 
model [2] is used for the TMD gluon distribution.

In the following work we show, for the first time, that the in-
terplay of saturation effects and the resummation of the Sudakov 
logarithms is essential to describe the small-x jet data provided 
by the ATLAS experiment [3]. To this end, we apply the ITMD for-
malism and the procedure of Sudakov resummation mimicking the 
parton-shower-like resummation proposed in [22].

2. The framework

The process under consideration is the inclusive dijet produc-
tion

p
(

Pp
)
+ A (PA) → j1(p1) + j2(p2) + X , (1)

where A can be either the lead nucleus, as in p-Pb scattering, or a 
proton, as in p-p scattering.

To describe the above process, we use the hybrid approach [8]
which assumes that the proton p is a dilute projectile, whose par-
tons are collinear to the beam and carry momenta p = xp Pp. The 
nucleus A is probed at a dense state (small longitudinal momen-
tum fractions). The jets j1 and j2 originate from hard partons 
produced in a collision of the collinear parton a with a gluon be-
longing to the dense system A. This gluon has to be considered 
off-shell, with momentum k = xA PA + kT and k2 = −|k⃗T |2. The en-
ergies of both the proton and the nucleus are considered to be so 
high that their masses can be neglected, and the momenta Pp and 
PA are light-like. The ITMD factorization formula for the produc-
tion of two jets with momenta p1 and p2, and rapidities y1 and 
y2, reads

dσ pA→ j1 j2+X

d2qT d2kT dy1dy2
=

∑

a,c,d

xp fa/p
(
xp,µ

) 2∑

i=1

K(i)
ag∗→cd (qT ,kT ;µ)

× "
(i)
ag→cd (xA,kT ,µ) , (2)

where the first sum runs over partons a, b, c restricted such that 
the partonic process ag → cd is allowed by quantum number 
conservation. The distributions fa/p are the usual collinear PDFs 
corresponding to the large-x gluons and quarks in the dilute 
projectile. The functions K(i)

ag∗→cd are the hard matrix elements 
constructed from gauge-invariant off-shell amplitudes [29]. The 
quantities "(i)

ag→cd are the TMD gluon distributions introduced in 
Ref. [12] and can be expressed in terms of linear combinations of 
gluon bilocal operators. They parametrize a dense state of the nu-
cleus or the proton in terms of small-x gluons, see Ref. [30] for 
an overview. The detailed operator definitions of parton densities 
"

(i)
ag→cd and explicit expression for the hard matrix elements can 

be found in Ref. [12].

The phase space is parametrized in terms of the final state ra-
pidities of jets y1, y2, as well as the momenta k⃗T = p⃗1T + p⃗2T , 
and q⃗T = zp⃗1T − (1 − z)p⃗2T , where z = p1 · Pp/(p1 · Pp + p2 · Pp). 
We define the azimuthal angle between the final state partons #φ
through the relation |k⃗T |2 = |p⃗1T |2 + |p⃗2T |2 + 2|p⃗1T ||p⃗2T | cos#φ. 
The collinear PDFs, hard matrix elements, and the TMD gluon dis-
tributions all depend on the factorization/renormalization scale µ. 
At leading order, which is the perturbative level of the following 
analysis, the matrix elements depend on µ only through the strong 
coupling constant. The collinear PDFs undergo the Dokshitzer-
Gribov-Lipatov-Altarelli-Parisi (DGLAP) [31] evolution when the 
scale µ changes. The evolution of the TMD gluon distributions is 
more involved. Typically, in saturation physics, one keeps µ fixed 
at some scale of the order of the saturation scale Q s , and per-
forms the evolution in x using the B-JIMWLK equation [5,6] or its 
mean field approximation – the Balitsky-Kovchegov (BK) equation 
[5,32]. In the present situation, however, we deal with relatively 
hard jets, thus we have µ ≫ Q s with Q s being in the perturbative 
regime Q s ≫ %QCD. In this kinematic domain, we must account for 
both |k⃗T | ∼ µ and |k⃗T | ∼ Q s – the first region corresponds to small 
#φ, while the second to #φ ∼ π . In the latter case, the Sudakov 
logarithms ln (µ/|k⃗T |) should be resummed into a form factor that 
dampens the gluons with small kT if a hard probe at the scale µ
is present. While the perturbative calculation of the Sudakov form 
factors in the saturation domain has been completed in Ref. [24]
(see also [33,34] for the renormalization group equation approach), 
in the present calculation, we shall use a simpler realization based 
on a survival probability governed by the Sudakov form factor 
known from the DGLAP parton showers. More precisely, the gener-
ation of the events according to (2) is done via a dedicated Monte 
Carlo generator and the weights of the generated events are modi-
fied by the survival probability such that the cross section does not 
change (details of the method are given in Ref. [22]). This proce-
dure corresponds to performing a DGLAP-type evolution from the 
scale µ0 ∼ |k⃗T | to µ, decoupled from the small-x evolution.

The TMDs entering the formula (2) for lead and for the pro-
ton are constructed from a basic dipole distribution given by the 
Kutak-Sapeta (KS) gluon density [2]. The KS gluon is a solution of 
the momentum-space version of the BK equation with modifica-
tions according to the Kwiecinski-Martin-Stasto prescription [35]. 
As such, it accounts for saturation effects, but it also takes into 
account sub-leading corrections to the linear term: the kinematic 
constraint, DGLAP-type non-singular terms and contribution from 
quarks. The KS gluon distribution in the proton was fitted to pro-
ton’s structure function data as measured at HERA [36] and the 
distribution in lead was obtained by solving the BK equation with 
nucleus radius R A = R A2/3, with R being radius of the proton and 
A number of nucleons in the nucleus. Furthermore, a parameter d
multiplying the nonlinear term of the BK equation was introduced 
to study the dependence on variations of nucleus radius. The pro-
cedure is explained in detail in [19]. Calculation of all TMDs in full 
generality is currently beyond reach. What is possible, however, is 
to determine them from the KS gluon in a mean-field approxima-
tion, which assumes that all the colour-charge correlations in the 
target stay Gaussian throughout the evolution. Such an approach 
was adopted in Ref. [19] and we use the TMDs determined there 
to calculate observables presented in this work.

3. Results

Fig. 1 shows normalized cross sections as functions of #φ in 
p-p and p-Pb collisions. The three panels correspond to three dif-
ferent cuts on the transverse momenta of the two leading jets: 
28 < p1T , p2T < 35 GeV, 35 < p1T < 45 and 28 < p2T < 35 GeV, 
and 35 < p1T , p2T < 45 GeV. Both jets are selected in the forward 
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Fig. 1. Broadening of azimuthal decorrelations in p-Pb collisions vs p-p collisions for different sets of cuts imposed on the jets’ transverse momenta. The plots show normalized 
cross sections as functions of the azimuthal distance between the two leading jets, !φ. The points show the experimental data [3] for p-p and p-Pb, where the p-Pb data 
were shifted by a pedestal, so that the values in the bin !φ ∼ π are the same. Theoretical calculations are represented by the histograms with uncertainty bands coming 
from varying the scale by factors 1/2 and 2. The blue solid and blue dotted lines corresponds to the choices of d = 0.5 and d = 0.75, respectively – see main text for details.

rapidity region, 2.7 < y1, y2 < 4.0, and they are defined with the 
anti-kT jet algorithm with the radius R = 0.4. The points with er-
ror bars represent experimental data from Ref. [3]. It is important 
to note that the experiment did not measure the cross sections. 
The experimental points represent the number of two-jet events 
normalized to the single jet events, as a function of !φ. It is not 
possible to calculate the single inclusive jet cross section from our 
formalism using the information available in Ref. [3]. Therefore, we 
investigate only the shape of the experimental curves and prove 
that they contain valuable information.

Our procedure is as follows. For each set of cuts, we add a 
pedestal to the p-Pb data, such that the value in the right-most bin 
(with !φ ∼ π ) is the same as for the p-p data. As seen in Fig. 1, 
the experimental data presented in this way show clear broaden-
ing of the p-Pb distribution.1

Theoretical predictions obtained in our framework are shown 
as the red bands for p-p collisions, and the blue bands for p-Pb 
collisions. The Sudakov resummation described earlier has been 
included in the predictions. In each case, the width of the band 
comes from variation of the factorization and renormalization scale 
by the factors 1/2 and 2, and is interpreted as theoretical uncer-
tainty. For each set of cuts, the normalization of our predictions 
was determined from a fit to p-p data, because, as mentioned be-
fore, we are able to calculate the dijet cross section, but not the 
inclusive jet cross section used in Ref. [3]. The same normalization 
value was then used for the p-Pb predictions. Our main results for 
p-Pb collisions were obtained with d = 0.5 and are represented by 
blue solid lines in Fig. 1. To estimate the uncertainty associated 
with the parameter d, we also show, as blue dotted lines, predic-
tions obtained with the choice d = 0.75. In order to confront the 
theoretical broadening effects we obtain from theoretical calcula-
tions with those observed experimentally, we add a pedestal to 
p-Pb results, as determined from the data. In our framework, the 
broadening comes from the interplay of the non-linear evolution 
of the initial state and the Sudakov resummation.

We observe that our predictions describe the shape of the ex-
perimental curves well, within the experimental and theoretical 
uncertainties, across all jet cuts and in the entire range of !φ. 
We emphasize that this is a highly non-trivial consequence of the 
two components present in our theoretical framework: gluon satu-
ration at low x and Sudakov resummation. We want to stress here 

1 This procedure ignores the uncertainty of the pedestal value, which, would ef-
fectively increase the errors of the shifted distribution.

that we focus only on comparisons of shapes (the existing data 
restrict us to that) and the distance of the curves from the data 
points in the large !φ region was adjusted in the comparison pro-
cedure.

To test the robustness of our predictions, and to verify which 
elements of the theoretical framework we use are essential, we 
performed several alternative calculations. In the first one, shown 
in the top-left panel of Fig. 2, we switched off the Sudakov re-
summation. In the top-right plot, we turned off both the Sudakov 
and non-linear effects. It turns out that such predictions do not re-
produce the shape of the experimental data. In the former case, 
the distribution is too narrow, while in the latter case, it is too 
broad. Only the correct interplay between the Sudakov and sat-
uration leads to successful description of experimental data. We 
note that the normalization of predictions shown in Fig. 2 is ar-
bitrary, hence it is only sensible to discuss differences in shapes. 
In the second alternative calculation we made an attempt to de-
scribe the p-p data with the KS gluon from linear evolution [2], 
hence without saturation (middle panel in Fig. 2). We found that 
the description of the entire set of data published in Ref. [3] is 
worse with the linear gluon evolution. And, switching the Sudakov 
on and off leads to the agreement in certain regions of phase 
space only, while other regions are not described correctly. Hence, 
we conclude that both the Sudakov resummation and non-linear 
effects are necessary to describe the experimental data for dijet 
production in p-p collisions. Finally, we calculated the predictions 
for p-Pb collisions using the unintegrated gluon distribution in lead 
obtained with the help of the Martin-Ryskin-Watt (MRW) prescrip-
tion [37,38] used for nuclear PDFs, which do not include saturation 
effects (right panel in Fig. 2). Also in this case, the description of 
the data across all available phase space was not possible, with the 
difference being most pronounced for the selection with asymmet-
ric cut on jet’s transverse momenta. Hence, we conclude that our 
findings support the assumption of the occurrence of gluon satu-
ration in dijet production in p-Pb collisions.

4. Summary

Using the ITMD factorization together with Sudakov resumma-
tion, we provided good description of the shapes of the dijet cor-
relations in p-p and p-Pb collisions, as recently measured by the 
ATLAS collaboration [3]. The agreement of our predictions with the 
data strongly indicates that the observed broadening effects are 
due to the interplay of both saturation (the small-x nonlinear evo-

• Change the normalization : shift (pedestal) is added to the data to match pp and pPb at the peak. 
• Broadening observed in pPb.  
• What is interpretation of this procedure ?

ATLAS dijet data
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★STAR has been a  pioneer of exploration of cold nuclear matter in AA, dA, pA 
★Examples of important measurements:  
★exclusive vector meson production in UPC 
★inclusive charged particle production  
★forward particle production 
★dihadron correlations 

★Motivated many theoretical developments: 
★constraints on the nuclear PDFs, phenomenological models  including saturation, 
description of coherent and incoherent diffraction, nonlinear evolution, impact 
parameter dependence, NLO and resummation corrections, dihadron, dijet correlations, 
forward production, Sudakov resummation… 

★Similar measurements performed at LHC : many UPC measurements, dijet correlations 

★ Theory and experimental exploration of cold QCD :                  
to be continued at the EIC !



Thank you STAR for 25 years of extraordinary performance  

and fantastic physics results !!!


