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1. Introduction

A striking observation made by the HERA deep inelastic scat-
tering (DIS) experiments on electron–proton collisions is the rapid 
growth of the gluon densities at high energies or, equivalently, at 
small values of longitudinal momentum fraction x carried by the 
gluons [1,2]. Weak coupling QCD studies predict that when gluon 
occupancies become of order 1/αs, where αs is the QCD coupling 
constant, the perturbative bremsstrahlung of gluons is balanced by 
strong repulsive gluon self-interactions. This dynamics generates a 
phenomenon called gluon saturation that tempers the growth in 
gluon distributions [3,4]. For every Q 2 � �QCD, with �QCD rep-
resenting the intrinsic QCD scale, there is an x value for which 
the maximal occupancy is reached. Equivalently, at small x, for 
each value of x there exists saturation scale Q 2

s,p(x) in the proton; 
transverse momentum modes below this scale have maximal oc-
cupancy. High momentum modes k⊥ � Q s,p(x) asymptote to the 
usual perturbative QCD dynamics. The underlying physics of the 
onset of and the many-body dynamics of gluon saturation is cap-
tured in a Color Glass Condensate (CGC) effective theory [5–10]
which allows for efficient computations.

Despite the large amount of precise HERA data, the evidence for 
saturation effects is unclear even though recent analyses increas-
ingly point in this direction [11,12]. One reason for this uncertainty 
is that the proton’s saturation scale Q 2

s,p(x) is not very large at the 
x values probed in the HERA experiments. Discussions of gluon sat-
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uration in hadron–hadron collisions can be found in [13,14]. The 
search for gluon saturation in particular and the many-body non-
linear dynamics of gluons in general is a major motivation for the 
Electron Ion Collider proposal [15] in the US and the LHeC pro-
posal at CERN [16].

The physics of gluon saturation is universal. All non-
perturbative information specific to the quantum numbers of a 
given nucleus is encoded in the initial conditions; at asymptoti-
cally small x, at a fixed impact parameter, an external probe would 
be unable to distinguish between a heavy nuclear target and a pro-
ton. All memory of their initial conditions would be lost and their 
saturation scales would be nearly identical [17]. However for real-
istic values of x, as shown explicitly in the McLerran–Venugopalan 
(MV) model [5–7], nuclear information is contained in the atomic 
number (A)-dependence of the saturation scale. While not univer-
sal in the larger sense of complete independence of the dynamics 
from the initial conditions with which the system is “prepared”, it 
is nonetheless remarkable that the dynamics of a nucleus at high 
energies is controlled primarily by a single A-dependent scale. In 
the MV model, simple kinematic and dynamical arguments sug-
gest that Q 2

s,A(x) ∼ Q 2
s,p(x) A1/3; this expectation is borne out in 

detailed models [18] that we shall discuss further shortly.
The search for gluon saturation will require that we identify 

measurements where its onset will show strikingly different sys-
tematics from those seen in its absence. Based on the arguments 
outlined, it is widely believed that effects of gluon saturation are 
likely precocious in high-energy (e + A) DIS off nuclei. We will 
demonstrate here that the onset of gluon saturation is especially 
dramatic in exclusive vector production off large nuclei. The sim-
le under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
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ple reason why exclusive processes are attractive measurements to 
pursue is that the perturbative QCD cross-section in such processes 
is proportional to the nuclear gluon distribution squared [19]. Since 
the gluon distribution grows rapidly at small x, such measurements 
are especially sensitive when gluon distributions saturate.

We will discuss here the Q 2 and A dependence of exclusive 
vector meson production in e + A collisions within the CGC frame-
work. Exclusive production of vector mesons in this saturation 
picture of e + A DIS has been studied previously in the liter-
ature [20–24]. A recent development in exclusive vector meson 
electroproduction is the extraction of event-by-event fluctuations 
of gluon spatial distributions in the proton from HERA data [25]. 
These results are very relevant to understanding recently discov-
ered “ridge-like” multiparticle correlations in proton–proton and 
proton–nucleus collisions [26,27] and can also be studied in future 
in e + A collisions [24,28]. There has been recent progress in de-
veloping the theory beyond leading log x accuracy [29]; we expect 
that these developments will in future help us refine our estimates.

Our focus here will be to demonstrate that gluon saturation 
gives rise to very specific (and strong) dependencies in the A and 
Q 2 scaling of exclusive vector meson cross-sections for Q 2 > Q 2

s,A

that are qualitatively different from those for Q 2 < Q 2
s,A , where Q s

stands for the saturation scale of the target. Exclusive processes off 
nuclei are currently being studied in ultraperipheral heavy-ion col-
lisions at RHIC and the LHC where one nuclei acts as a source of 
(quasi) real photons [30,31] for the other; there are several recent 
works that explore the role of small-x dynamics in these measure-
ments [32–38]. However in these reactions, the photon virtuality 
is limited to be Q 2 ∼ 1/R2

A , where R A is the nuclear radius. Fur-
ther, studying the A dependence by varying the heavy-ion beams 
is experimentally challenging.

These limitations do not exist at the EIC [15] where exclusive 
processes can be measured over a wide range of Q 2, A as well as 
rapidity separation yP = ln(1/xP) between the vector meson and 
the target. The variable xP is the equivalent of Björken x for an ex-
clusive process; it has the parton model interpretation of being the 
momentum fraction of a parton within the colorless (“Pomeron”) 
exchanged between the virtual photon probe and the nuclear tar-
get. The kinematical coverage of the EIC is discussed in detail in 
Ref. [39].

2. Exclusive vector meson production

At high energies, DIS can be formulated conveniently in a dipole 
picture, whereby the incoming photon with virtuality Q 2 splits 
into a quark–antiquark dipole and the dipole subsequently scat-
ters elastically off the target with the amplitude N; in exclusive 
vector meson production, the dipole hadronizes into the vector 
meson. The virtual photon to quark–antiquark dipole splitting am-
plitude �γ ∗→qq̄ can be computed in quantum electrodynamics [9]. 
The dipole to vector meson hadronization amplitude �qq̄→V M is 
non-perturbative. We therefore have to rely on phenomenologi-
cal parametrizations of the vector meson wavefunction; we will 
employ here the Gauss-Light Cone parametrization from [21]. Be-
cause the time scales for hadronization are far greater than the 
time scale of the interaction of the dipole with the target, ratios 
of the exclusive vector meson production cross-sections in differ-
ent nuclei should at most weakly depend on the details of these 
non-perturbative wavefunctions.

The scattering amplitude for exclusive vector meson production 
can be written as [21]

A = i

∫
d2rT d2bT

dz

4π
[�γ ∗→qq̄�

∗
qq̄→V M ](rT , z, Q 2)

× e−i(bT +(1−z)rT )·� dσdip
2

(bT , rT , xP). (1)

d bT
Here z is the fraction of the momentum of the photon carried 
by the quark (the antiquark carries the remaining fraction 1 − z), 
� ≈ √−t is the transverse momentum transfer from the target 
and σdip is the dipole-target cross-section. The difference between 
forward and non-forward wavefunctions gives the extra factor 
exp[i(1 − z)rT · �] [21,40]. We anticipate that this factor has only 
a small effect at small x and its role will be further diminished in 
the ratios we will examine and will not include it in our numeri-
cal calculations. The coherent diffractive vector meson production 
cross-section reads as

dσγ ∗ A→V A

dt
= 1

16π
|A|2 , (2)

where V denotes the vector meson of interest.
In our numerical computations in the following sections, we 

will use the IPsat model to describe the dipole-proton cross-
section σdip. The IPsat model contains an eikonalized DGLAP-
evolved gluon distribution function (see also Ref. [41]), which guar-
antees the correct perturbative limit in the dilute region (small 
x and large Q 2) and preserves unitarity because dσdip/d2bT → 2
for large dipoles. The impact parameter dependence is included by 
having the saturation scale depend on the transverse distance from 
the center of the proton. In the IPsat model, the expression for the 
dipole cross-section is [42]

dσdip

d2bT
= 2

[
1 − exp

(
− π2

2Nc
r2

T αs(μ
2)xg(x,μ2)T p(bT )

)]
, (3)

with the Gaussian proton transverse profile function:

T p(bT ) = 1

2π B p
e−b2

T /(2B p). (4)

The free parameters in the model are the proton size B p mea-
sured by the dipole probe and the initial conditions for the DGLAP 
evolution of the gluon distribution function x g(x, Q 2). These were 
fixed in Ref. [11] by fitting the HERA inclusive DIS data. The dipole 
amplitude obtained was applied successfully previously in sev-
eral phenomenological works [36,43,44]. The dipole-proton cross-
section can be generalized to nuclei as in Refs. [18,23,42]. It is em-
ployed for instance to construct the IP-Glasma initial conditions for 
A + A collisions [45–47]. We also include the so-called skewedness 
and real part corrections as in Ref. [23]. These corrections are phe-
nomenologically necessary in order to describe the HERA data.1

These corrections do not affect the A scaling in our discussion. 
They have a small effect on the Q 2 scaling which mostly cancels 
in the cross-section ratios.

The generalization of the IPsat dipole cross-section to nuclear 
targets, following the procedure suggested in [18,42], is given by

dσ A
dip

d2bT
= 2

[
1 − e− A

2 T A(bT )σdip

]
, (5)

where σdip is the total dipole-proton cross-section integrated over 
the impact parameter. The nuclear transverse density profile T A
is obtained by integrating the Woods–Saxon distribution over the 
longitudinal coordinate, and is normalized as 

∫
d2bT T A(bT ) = 1.

We will supplement our numerical study by simple analyti-
cal estimates that capture the underlying physics behind the Q 2

and A scaling of the vector meson cross-sections. These analyti-
cal estimates are easier to realize in a simpler dipole model that 

1 We emphasize that the skewedness correction becomes numerically large at 
large Q 2 (see Fig. 15 in [48]); we do not consider the absolute cross-sections cal-
culated in this work to be reliable in that kinematical domain.
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is sufficient for this purpose, the Golec-Biernat–Wusthoff (GBW) 
model [49]. In this model, the dipole-proton scattering amplitude 
can be written as

dσdip

d2bT
= 2

[
1 − e−r2

T Q 2
s,p

]
, (6)

and the saturation scale Q s,p implicitly depends on xP . The dipole-
nucleus cross-section is obtained from Eq. (6) by replacing Q 2

s,p →
Q 2

s,A ∼ A1/3 Q 2
s,p .

In the following, we will present numerical results computed 
in the IPsat model for J/� and ρ production in the kinematics 
relevant for the EIC and LHeC as well as analytical estimates in 
asymptotic kinematics computed in the GBW model. An advantage 
of studying exclusive ρ electroproduction is that, at moderate Q 2, 
the contribution from the saturation region is enhanced relative to 
the case of the heavier J/� meson. On the other hand, since the 
ρ is much lighter than the J/�, the lack of a large momentum 
scale makes perturbative computations questionable at smaller Q 2

values.

3. Results for high Q 2 : Q 2 > Q 2
s,A

We will consider exclusive vector meson production in the high 
Q 2 region alone in this section and will take up the case of low 
Q 2 in the following section. In this high virtuality region, Q 2 is 
the only relevant scale and the mass difference between the J/�
and the ρ is less relevant.

3.1. A scaling

It is instructive to first consider the forward limit of t = 0. Here, 
in the dilute (“pQCD”) region of Q 2

s,A 	 Q 2, we can expand all 
exponents in and (6) and get

A ∼
∫

d2rT d2bT [�γ ∗→qq̄�
∗
qq̄→V M ] r2

T Q 2
s,A (7)

where Q 2
s,A ∼ A1/3 Q 2

s,p . Performing the bT integral, one gets an-

other factor of A2/3 from the area, which gives

A ∼ A

∫
d2rT �∗�r2

T . (8)

Squaring the amplitude to obtain coherent cross-section, one ob-
tains

dσγ ∗ p→V p

dt
(t = 0) ∼ A2 . (9)

This scaling for the IPsat model is demonstrated numerically in 
Fig. 1 which shows the normalized ratio of the exclusive ρ meson 
cross-sections at t = 0 for Gold and Iron nuclei respectively. Such 
ratios are desirable because as noted previously model dependen-
cies cancel; this is also the case for systematic uncertainties in the 
experiments. Fig. 1 demonstrates that for longitudinal polarization, 
the asymptotic A2 scaling is seen for Q 2 = 103 GeV2, though it 
is within 5% already for Q 2 = 102 GeV2. At smaller Q 2, signifi-
cant suppression seen is due to gluon saturation. The suppression 
is greater for transversely polarized photons which are more sen-
sitive to larger dipole sizes. The energy or xP dependence of the 
ratio is weak, with the suppression increasing only slightly when 
xP is decreased from 0.01 to 0.001. For comparison, we note the 
values for the saturation scales2 of Gold and Iron nuclei at b = 0

2 The quark saturation scale Q 2
s is defined as dσdip

2

(
rT

2 = 2
2

)
= 2 (1 − e−1/2

)
.

d bT Q s
Fig. 1. The A2 scaling at t = 0 for ρ production. T and L refer to transverse and lon-
gitudinal polarization, respectively. On the y-axis is plotted the A2 normalized ratio 
of the cross-sections for Gold over Iron. Thick solid and dashed lines correspond to 
xP = 0.01 and thin solid and dashed lines to xP = 0.001.

Fig. 2. The A4/3 scaling for the total coherent ρ production cross-section. On the 
y-axis is plotted the A−4/3 normalized ratio of the cross-sections for Gold over 
Iron. Thick lines correspond to xP = 0.001 and thin lines xP = 0.01.

extracted from the IPsat model generalized to nuclei as shown in 
Eq. (5). For Gold, we get the value of the quark saturation scale 
to be Q 2

s,A(x = 0.01) = 0.85 GeV2 and Q 2
s,A(x = 0.001) = 1.2 GeV2. 

The corresponding numbers for Iron are 0.54 GeV2 and 0.75 GeV2

respectively.
Since the width of the coherent peak is tmax ∼ 1/R2

A ∼ A−2/3, 
the total exclusive vector meson cross-section (integrated over t) 
scales like

σγ ∗ A→V A ∼ A2 A−2/3 = A4/3 . (10)

The numerical result for this scaling in the IPsat model is shown 
in Fig. 2. At high Q 2, the normalized ratio does not go to unity. 
This is a consequence of oversimplifying the t integral to include 
just the width of the coherent peak to give the factor A−2/3, and 
is valid only at asymptotically large A.

3.2. Q 2 scaling

For a given choice of the vector meson wavefunction (longitudi-
nal Gauss-LC from Ref. [21]), the overlap of this wavefunction with 
the longitudinally polarized photon wavefunction has the depen-
dence
(
�γ ∗→qq̄�

∗
qq̄→V M

)
∼ z(1 − z)Q K0(εr)φL(r, z) , (11)
L
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Fig. 3. The Q 6 scaling at t = 0 for longitudinal vector meson production (thick black 
lines: J/�, thin blue lines: ρ) in the dilute region. The exclusive cross-section me-
son cross-section multiplied by Q 6 flattens out at large Q 2. (For interpretation of 
the colors in the figure(s), the reader is referred to the web version of this article.)

with ε =
√

Q 2z(1 − z) + m2
q ≈ Q for Q 2 � Q 2

s and |rT | = r. The 

scalar part of the vector meson wavefunction φL ∼ z(1 − z)e−r2 M2
V

limits contributions from dipoles larger than the inverse vector 
meson mass MV . A stronger limit on dipole sizes, r � 1/Q , is set 
by the Bessel function, and the Q 2 scaling becomes

AL ∼
∫

dr r r2 Q K0(Q r) ∼ Q
1

Q 4
∼ 1

Q 3
. (12)

Thus the exclusive longitudinal ρ cross-section (both the total and 
its value at t = 0) has the Q 2 scaling [50]

σ
γ ∗ A→V A
L ∼ |AL |2 ∼ 1

Q 6
. (13)

The numerical result for the dependence of the ρ and J/� exclu-
sive cross-section on Q 2 (scaled by Q 6) is shown in Fig. 3. The 
Q −6 behavior of the cross-section at high Q 2 is apparent since 
the scaled cross-section is flat in the region Q 2 � 102 GeV2. The 
A2 scaling is also visible, as the curves corresponding to different 
nuclei lie on top of each other in the Q 2 range plotted in the fig-
ure.

For transversely polarized photons, we can perform a similar 
analysis as shown for the longitudinal polarization case in Eq. (11). 
Neglecting terms proportional to the light quark mass, the wave-
function overlap becomes

(
�γ ∗→qq̄�

∗
qq̄→V M

)
T

∼ 1

z(1 − z)
εK1(εr)∂rφT (r, z) , (14)

where the scalar part of the vector meson wavefunction now be-
haves as φT (r, z) ∼ z2(1 − z)2e−r2 M2

V . Thus the difference to the 
longitudinal polarization case corresponds to an extra power of 
r in the scattering amplitude. The latter therefore scales as Q −4

instead of Q −3 and the cross-section (at t = 0) correspondingly 
scales as

σ
γ ∗ A→V A
T ∼ |AT |2 ∼ 1

Q 8
. (15)

We can check this analytical estimate numerically and the results 
are shown in Fig. 4. We plot there the coherent ρ and J/� pro-
duction cross-section at t = 0 scaled by Q 8. The proposed scaling 
from our simple argument is not as accurate as in the case of lon-
gitudinal polarization. This is because the contribution for trans-
versely polarized photons from large dipoles is not suppressed by 
large Q 2, a consequence of the strong dependence of the overlap 
Fig. 4. The A2 Q −8 scaling of the transverse vector meson production cross-section 
at t = 0.

wavefunction in this case on the z → 0, 1 limits. Even if the Q 8

scaling is not apparent in the Q 2 range accessible at the EIC, the 
large suppression of the exclusive vector-meson cross-section with 
Q 2 is striking and can be cleanly tested.

4. Results for low Q 2 : Q 2 < Q 2
s,A

Deep in the saturation region, the saturation scale is much 
larger than Q 2; in these asymptotics, we can approximate
r2

T Q 2
s,A � 1. Thus the dipole-nucleus cross-section in this limit is 

given by dσ A
dip/d2bT = 2, and the diffractive scattering amplitude 

in Eq. (1) becomes

A = i

∫
d2bT d2rT

dz

4π
�γ ∗→qq̄�

∗
qq̄→V M × 2 . (16)

The Q 2 and A dependence of Eq. (16) are determined by the 
scale of the dipole radius and how that influences the overlap of 
wavefunctions. We expect that the dipole cross-section becomes 
independent of r for r ≥ 1/Q s,A ∼ A−1/6. The overlap of wavefunc-
tions in Eq. (16) for longitudinally polarized virtual photons is then

AL ∼
∫

drr �γ ∗→qq̄�
∗
qq̄→V M ∼

∫
drr Q K0(εr) . (17)

In order to obtain some intuition as to what happens when 
Q 2 	 Q 2

s , we will assume3 that Q 	 mq . We emphasize that due 
to the small mass of the light vector mesons, the results at small 
Q 2 are at the edge of the applicability of our weak coupling frame-
work.

The scattering amplitude in these asymptotics has the form

AL ∼ Q

∫
drrK0(mqr) ≈ Q

1/mq∫
1/Q s,A

drrK0(mqr) . (18)

We will employ the identity

1∫
c

dxxK0(x) = [1 − K1(1)] + 1

2
c2 ln c2

+ 1

4
(−1 + γE − 2 ln 2)c2 +O(c4) , (19)

3 In our numerical computations we take mq = 0.14 GeV for ρ production and 
mc = 1.4 GeV for J/� production used in Ref. [21] to obtain the wave function 
parametrizations.



668 H. Mäntysaari, R. Venugopalan / Physics Letters B 781 (2018) 664–671
Fig. 5. The cross-section for coherent longitudinal vector meson production at t = 0. 
At low Q , the cross-section is flat at low Q 2 when scaled by Q −2. For ρ , this 
behavior is only obtained at asymptotically small Q 2 values where our model is 
not applicable. The cross-section is scaled in A by the analytical asymptotical ex-
pectation ≈ A4/3. Our result here shows that the scaling is not exact for realistic 
kinematics.

where c = mq/Q s,A or another small number of the order of 
Q 2/Q 2

s,A, M2
V /Q 2

s,A in the limit of low Q 2. The constant term 
dominates at small c; we therefore obtain

AL ∼ Q × const + Q × O(m2
q/Q 2

s,A, M2
V /Q 2

s , Q 2/Q 2
s,A) . (20)

It is reasonable to anticipate that the non-perturbative scale is r �
1/MV . This sets the upper limit to 1/MV , and thus c = MV /Q s .

Since the constant dominates in the above expression, the only 
Q dependence we are left with is the overall Q scale from the 
virtual photon wavefunction. Hence the exclusive vector meson 
cross-section goes as

dσ
γ ∗ A→V A
L

dt
∼ Q 2 (21)

for Q 2
s,A > Q 2. This is demonstrated in Fig. 5, where the coher-

ent vector meson production cross-section at t = 0 is shown as a 
function of Q 2, scaled with Q −2. The flattening of the obtained at 
low Q 2 demonstrates the Q 2 scaling. However, we note that this 
flattening for ρ takes place only at Q 2 � 0.1 GeV2, and our per-
turbative computation is not robust in that region as discussed at 
the beginning of this section.

Further, the approximation in Eq. (16) is not justified in case 
of J/� production in realistic kinematics as its large mass and 
that of the charm quark limits the contribution from large dipoles 
to the cross-section. Thus in realistic kinematics, the Q 2 scaling 
for J/� production at small Q 2 is obtained by again linearizing 
the dipole cross-section. This effectively adds two powers of r in 
Eq. (18). Noting that 

∫ 1
c dxx3 K0(x) = const +O(c4), we find exactly 

the same scaling at low Q 2 than in case of ρ production, with the 
expectation that the low-Q 2 limit is reached already at Q 2 ≈ M2

V .
In the case of transversally polarized photons, the vector me-

son overlap in Eq. (17) gives ∼ rεK1(εr), where the extra power r
comes from the derivative of φT . Approximating again ε ≈ mq , the 
diffractive scattering amplitude is proportional to

1/mq∫
1/Q s

drr2mq K1(mqr) = m−2
q

1∫
c

dxx2 K1(x) ∼ const +O(c2), (22)

where we wrote x = mqr, and c = mq/Q s . Thus in this case we do 
not expect to have any Q 2 dependence at small Q 2:
Fig. 6. The cross-section for coherent transverse vector meson production at t = 0. 
It is Q 2 independent at low Q 2. The cross-section is scaled in A by the asymptotic 
analytical expectation ≈ A4/3.

Fig. 7. Exponent of Q for the exclusive vector meson production process. The re-
sult for ρ production is only shown in Q 2 > 1 GeV2 where the calculation can be 
considered reliable.

dσ
γ ∗ A→V A
T

dt
∼ Q 0. (23)

The scaling of the vector meson cross-sections at low Q 2 for 
transversally polarized photons is shown in Fig. 6.

We will now combine the Q 2 scaling results by parametrizing 
the exclusive vector meson cross-section as

σγ ∗+A→V +A = c · Q γ , (24)

and extract the Q slope parameter γ . This slope as a function of 
Q 2 is shown in Fig. 7 for both J/� and ρ . The anticipated scaling 
changes from Q 2 to Q −6 for longitudinally polarized photons, and 
from Q 0 to Q −8 in case of transversally polarized photons. This 
scaling is seen clearly in the case of J/� mesons for Q 2 ≤ 3 GeV2. 
For the ρ , the requirement that Q 	 mq is not satisfied in the 
kinematical domain where we consider our framework to be reli-
able. The expected asymptotics for the small-Q scaling exponents 
would be reached only at Q 2 ∼ 10−2 GeV2 where our weak cou-
pling results are clearly not trustworthy. Nevertheless, the large 
variation4 in γ with Q 2 and the qualitatively different behavior 
predicted between the ρ and the J/� cross-sections are smoking 
guns that will indicate whether the dynamics of gluon saturation 
is at play. These results will be further corroborated by the A de-
pendence which we will now turn to.

4 For instance for the ρ , γ changes from ∼ −2 to ∼ −4 between Q 2 ∼ 1 GeV2

and Q 2 = 102 GeV2 for longitudinally polarized photons.
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Fig. 8. Nuclear mass number A scaling exponent for the coherent vector meson 
production at t = 0. The cross-section is parametrized as dσγ ∗+Au→V +Au/dt ∼ Aδ . 
Dotted lines show analytical results in asymptotic kinematics.

The only dependence on A in Eq. (16) for the low Q 2 region 
comes from the d2bT integral, which gives 

∫
d2bT ∼ A2/3. Hence 

for Q 2
s,A > Q 2, one anticipates that

dσγ ∗ p→V p

dt
(t = 0) ∼ A4/3, (25)

and the total coherent cross-section scales like A2/3. As can be 
seen in Figs. 5 and 6, this asymptotic scaling regime is not reached 
in realistic kinematics. For example, if we look at longitudinal ρ
production at small Q 2 in the realistic kinematics of Fig. 5, the A
scaling turns out to be approximately A1.7 instead of A4/3.

The numerically computed A dependence in the IPsat model 
can be expressed as

dσγ ∗ p→V p

dt
(t = 0) = cT × Aδ . (26)

Similarly, we can parametrize the total coherent cross-section as

dσγ ∗ p→V p = c̃T × Aδ′
. (27)

We will extract these exponents as a function of Q 2 for large nu-
clei. These are shown for the differential cross-section in Fig. 8
for both J/� and ρ at xP = 0.001 (the energy dependence of 
the scaling exponents is weak). Similarly, the exponents for the 
total coherent cross-section are shown in Fig. 9. The analytical 
A4/3 scaling for t = 0 production at low Q 2 is not reached in the 
kinematical domain accessible in the future electron–ion colliders. 
However the change in the ρ cross-section from ∼ A1.5 to ∼ A2

(∼ A0.9 to ∼ A4/3 in case of the total cross-section) when moving 
from low Q 2 to the dilute region is observed. In case of J/�, at 
low Q 2 we are quite far from the analytical estimate. This is be-
cause the large mass suppresses contributions from the saturated 
region, and the asymptotics of dσdip/d2bT = 2 corresponding to a 
saturated dipole amplitude in Eq. (16) is not valid.

5. Conclusions and outlook

We demonstrated here how saturation effects significantly 
modify the Q 2 and A scaling properties of the exclusive vector 
Fig. 9. Scaling exponent for total coherent vector meson production cross-section. 
The cross-section is parametrized as σγ ∗+Au→V +Au ∼ Aδ′

. Dotted lines show ana-
lytical results in asymptotic kinematics.

meson production cross-section in the cross-over from the per-
turbative QCD regime of large Q 2’s to the saturation regime of 
Q 2 ≤ Q 2

s,A . In addition to analytical estimates that are valid in 
asymptotic kinematics, we presented numerical results for the 
magnitude of these effects in the kinematics relevant for the 
Electron–Ion Collider.

The total cross-section for exclusive vector meson cross-section 
(integrated over t) at low Q 2 has an A dependence between A2/3

and A, with the numerical result closer to the latter power law de-
pendence. This changes to A4/3 in the pQCD regime at Q 2 � Q 2

s,A . 
Similarly, as one goes from Q 2 � Q 2

s,A to Q 2 	 Q 2
s,A , from per-

turbative QCD to deep within the saturation regime, one observes 
that the exclusive longitudinal ρ meson cross-section changes its 
Q 2 dependence from 1/Q 6 to Q 2 (1/Q 8 to Q 0 in case of trans-
verse polarization). The scaling relations in asymptotic kinemat-
ics are summarized in Table 1. The observation of such qualita-
tive systematics would provide strong evidence for gluon satura-
tion.

Our calculations are performed to leading logarithmic accuracy. 
We note that there has been much progress in developing the sat-
uration picture beyond leading log accuracy [51–57]. In particular, 
exclusive vector meson production at NLO has also been computed 
recently [29]. Despite these advances, the NLO results are not com-
pletely robust to be applied to phenomenological studies [58,59]. It 
will be an important topic of future research to see if the NLO re-
sults significantly modify the results given here. Finally, we note 
that in addition to looking at ratios of exclusive vector meson 
cross-sections for different nuclei, further insight can be obtained 
by looking at these ratios in central e + A collisions relative to 
those in peripheral collisions [60].
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Table 1
Analytical estimates for the scaling laws for the differential cross-section at t = 0 and for the total cross-section.

Longitudinal, low Q 2 Longitudinal, high Q 2 Transverse, low Q 2 Transverse, high Q 2

dσγ ∗+A→V +A/dt (t = 0) Q 2 A4/3 Q −6 A2 Q 0 A4/3 Q −8 A2

σγ ∗+A→V +A Q 2 A2/3 Q −6 A4/3 Q 0 A2/3 Q −8 A4/3



670 H. Mäntysaari, R. Venugopalan / Physics Letters B 781 (2018) 664–671
References

[1] H1 and ZEUS Collaboration, F. Aaron, et al., Combined measurement and QCD 
analysis of the inclusive e± p scattering cross sections at HERA, J. High Energy 
Phys. 1001 (2010) 109, arXiv:0911.0884 [hep -ex].

[2] H1 and ZEUS Collaboration, H. Abramowicz, et al., Combination of measure-
ments of inclusive deep inelastic e± p scattering cross sections and QCD anal-
ysis of HERA data, Eur. Phys. J. C 75 (2015) 580, arXiv:1506 .06042 [hep -
ex].

[3] L. Gribov, E. Levin, M. Ryskin, Semihard processes in QCD, Phys. Rep. 100 
(1983) 1.

[4] A.H. Mueller, J.-w. Qiu, Gluon recombination and shadowing at small values 
of x, Nucl. Phys. B 268 (1986) 427.

[5] L.D. McLerran, R. Venugopalan, Computing quark and gluon distribution func-
tions for very large nuclei, Phys. Rev. D 49 (1994) 2233, arXiv:hep -ph /9309289.

[6] L.D. McLerran, R. Venugopalan, Gluon distribution functions for very large 
nuclei at small transverse momentum, Phys. Rev. D 49 (1994) 3352, arXiv:
hep -ph /9311205.

[7] L.D. McLerran, R. Venugopalan, Green’s functions in the color field of a large 
nucleus, Phys. Rev. D 50 (1994) 2225, arXiv:hep -ph /9402335.

[8] F. Gelis, E. Iancu, J. Jalilian-Marian, R. Venugopalan, The color glass condensate, 
Annu. Rev. Nucl. Part. Sci. 60 (2010) 463, arXiv:1002 .0333 [hep -ph].

[9] Y.V. Kovchegov, E. Levin, Quantum Chromodynamics at High Energy, Cambridge 
University Press, 2012.

[10] J.-P. Blaizot, High gluon densities in heavy ion collisions, Rep. Prog. Phys. 80 (3) 
(2017) 032301, arXiv:1607.04448 [hep -ph].

[11] A.H. Rezaeian, M. Siddikov, M. Van de Klundert, R. Venugopalan, Analysis of 
combined HERA data in the impact-parameter dependent saturation model, 
Phys. Rev. D 87 (2013) 034002, arXiv:1212 .2974.

[12] K. Golec-Biernat, S. Sapeta, Saturation model of DIS: an update, arXiv:1711.
11360 [hep -ph].

[13] J. Jalilian-Marian, Y.V. Kovchegov, Saturation physics and deuteron gold colli-
sions at RHIC, Prog. Part. Nucl. Phys. 56 (2006) 104, arXiv:hep -ph /0505052.

[14] T. Lappi, Small x physics and RHIC data, Int. J. Mod. Phys. E 20 (1) (2011) 1, 
arXiv:1003 .1852 [hep -ph].

[15] A. Accardi, et al., Electron ion collider: the next QCD frontier – understanding 
the glue that binds us all, Eur. Phys. J. A 52 (2016) 268, arXiv:1212 .1701 [nucl -
ex].

[16] LHeC Study Group Collaboration, J. Abelleira Fernandez, et al., A large hadron 
electron collider at CERN: report on the physics and design concepts for ma-
chine and detector, J. Phys. G 39 (2012) 075001, arXiv:1206 .2913 [physics .acc -
ph].

[17] A.H. Mueller, Nuclear A dependence near the saturation boundary, Nucl. Phys. 
A 724 (2003) 223, arXiv:hep -ph /0301109.

[18] H. Kowalski, T. Lappi, R. Venugopalan, Nuclear enhancement of universal dy-
namics of high parton densities, Phys. Rev. Lett. 100 (2008) 022303, arXiv:
0705 .3047 [hep -ph].

[19] M. Ryskin, Diffractive J/� electroproduction in LLA QCD, Z. Phys. C 57 (1993) 
89.

[20] V.P. Goncalves, M.V.T. Machado, Nuclear exclusive vector meson photoproduc-
tion, Eur. Phys. J. C 38 (2004) 319, arXiv:hep -ph /0404145.

[21] H. Kowalski, L. Motyka, G. Watt, Exclusive diffractive processes at HERA within 
the dipole picture, Phys. Rev. D 74 (2006) 074016, arXiv:hep -ph /0606272.

[22] A. Caldwell, H. Kowalski, Investigating the gluonic structure of nuclei via J/�
scattering, Phys. Rev. C 81 (2010) 025203, arXiv:0909 .1254.

[23] T. Lappi, H. Mäntysaari, Incoherent diffractive J/�-production in high energy 
nuclear DIS, Phys. Rev. C 83 (2011) 065202, arXiv:1011.1988 [hep -ph].

[24] T. Toll, T. Ullrich, Exclusive diffractive processes in electron–ion collisions, Phys. 
Rev. C 87 (2013) 024913, arXiv:1211.3048 [hep -ph].

[25] H. Mäntysaari, B. Schenke, Evidence of strong proton shape fluctuations from 
incoherent diffraction, Phys. Rev. Lett. 117 (2016) 052301, arXiv:1603 .04349
[hep -ph].

[26] K. Dusling, W. Li, B. Schenke, Novel collective phenomena in high-energy 
proton–proton and proton–nucleus collisions, Int. J. Mod. Phys. E 25 (2016) 
1630002, arXiv:1509 .07939 [nucl -ex].

[27] H. Mäntysaari, B. Schenke, C. Shen, P. Tribedy, Imprints of fluctuating proton 
shapes on flow in proton–lead collisions at the LHC, Phys. Lett. B 772 (2017) 
681, arXiv:1705 .03177 [nucl -th].

[28] H. Kowalski, T. Lappi, C. Marquet, R. Venugopalan, Nuclear enhancement and 
suppression of diffractive structure functions at high energies, Phys. Rev. C 78 
(2008) 045201, arXiv:0805 .4071 [hep -ph].

[29] R. Boussarie, A.V. Grabovsky, D.Yu. Ivanov, L. Szymanowski, S. Wallon, Next-
to-leading order computation of exclusive diffractive light vector meson pro-
duction in a saturation framework, Phys. Rev. Lett. 119 (2017) 072002, arXiv:
1612 .08026 [hep -ph].

[30] C.A. Bertulani, S.R. Klein, J. Nystrand, Physics of ultra-peripheral nuclear colli-
sions, Annu. Rev. Nucl. Part. Sci. 55 (2005) 271, arXiv:nucl -ex /0502005.
[31] S.R. Klein, Heavy ion collisions: a clash of photons, Nat. Phys. 13 (9) (2017) 
827.

[32] V. Goncalves, M. Machado, Vector meson production in coherent hadronic in-
teractions: an update on predictions for RHIC and LHC, Phys. Rev. C 84 (2011) 
011902, arXiv:1106 .3036 [hep -ph].

[33] A. Adeluyi, C. Bertulani, Constraining gluon shadowing using photoproduction 
in ultraperipheral pA and AA collisions, Phys. Rev. C 85 (2012) 044904, arXiv:
1201.0146 [nucl -th].

[34] ALICE Collaboration, B. Abelev, et al., Coherent J/ψ photoproduction in ultra-
peripheral Pb–Pb collisions at √sN N = 2.76 TeV, Phys. Lett. B 718 (2013) 1273, 
arXiv:1209 .3715 [nucl -ex].

[35] ALICE Collaboration, E. Abbas, et al., Charmonium and e+e− pair photoproduc-
tion at mid-rapidity in ultra-peripheral Pb–Pb collisions at √sN N = 2.76 TeV, 
Eur. Phys. J. C 73 (2013) 2617, arXiv:1305 .1467 [nucl -ex].

[36] T. Lappi, H. Mäntysaari, J/� production in ultraperipheral Pb+Pb and p+Pb 
collisions at LHC energies, Phys. Rev. C 87 (2013) 032201, arXiv:1301.4095
[hep -ph].

[37] CMS Collaboration, V. Khachatryan, et al., Coherent J/ψ photoproduction in 
ultra-peripheral PbPb collisions at √sN N = 2.76 TeV with the CMS experiment, 
Phys. Lett. B 772 (2017) 489, arXiv:1605 .06966 [nucl -ex].

[38] H. Mäntysaari, B. Schenke, Probing subnucleon scale fluctuations in ultrape-
ripheral heavy ion collisions, Phys. Lett. B 772 (2017) 832, arXiv:1703 .09256
[hep -ph].

[39] E.C. Aschenauer, S. Fazio, J.H. Lee, H. Mäntysaari, B.S. Page, B. Schenke, T. Ull-
rich, R. Venugopalan, P. Zurita, The electron–ion collider: assessing the energy 
dependence of key measurements, arXiv:1708 .01527 [nucl -ex].

[40] J. Bartels, K.J. Golec-Biernat, K. Peters, On the dipole picture in the nonforward 
direction, Acta Phys. Pol. B 34 (2003) 3051, arXiv:hep -ph /0301192.

[41] L.D. McLerran, R. Venugopalan, Fock space distributions, structure functions, 
higher twists and small x, Phys. Rev. D 59 (1999) 094002, arXiv:hep -ph /
9809427.

[42] H. Kowalski, D. Teaney, An impact parameter dipole saturation model, Phys. 
Rev. D 68 (2003) 114005, arXiv:hep -ph /0304189.

[43] P. Tribedy, R. Venugopalan, Saturation models of HERA DIS data and inclusive 
hadron distributions in p+p collisions at the LHC, Nucl. Phys. A 850 (2011) 
136, arXiv:1011.1895 [hep -ph].

[44] P. Tribedy, R. Venugopalan, QCD saturation at the LHC: comparisons of models 
to p+p and A+A data and predictions for p+Pb collisions, Phys. Lett. B 710 
(2012) 125, arXiv:1112 .2445 [hep -ph].

[45] B. Schenke, P. Tribedy, R. Venugopalan, Fluctuating Glasma initial conditions 
and flow in heavy ion collisions, Phys. Rev. Lett. 108 (2012) 252301, arXiv:
1202 .6646 [nucl -th].

[46] B. Schenke, P. Tribedy, R. Venugopalan, Event-by-event gluon multiplicity, en-
ergy density, and eccentricities in ultrarelativistic heavy-ion collisions, Phys. 
Rev. C 86 (2012) 034908, arXiv:1206 .6805 [hep -ph].

[47] C. Gale, S. Jeon, B. Schenke, P. Tribedy, R. Venugopalan, Event-by-event 
anisotropic flow in heavy-ion collisions from combined Yang–Mills and viscous 
fluid dynamics, Phys. Rev. Lett. 110 (2013) 012302, arXiv:1209 .6330 [nucl -th].

[48] H. Mäntysaari, B. Schenke, Revealing proton shape fluctuations with incoherent 
diffraction at high energy, Phys. Rev. D 94 (3) (2016) 034042, arXiv:1607.01711
[hep -ph].

[49] K.J. Golec-Biernat, M. Wusthoff, Saturation effects in deep inelastic scattering 
at low Q 2 and its implications on diffraction, Phys. Rev. D 59 (1998) 014017, 
arXiv:hep -ph /9807513.

[50] S.J. Brodsky, L. Frankfurt, J. Gunion, A.H. Mueller, M. Strikman, Diffractive lep-
toproduction of vector mesons in QCD, Phys. Rev. D 50 (1994) 3134, arXiv:
hep -ph /9402283.

[51] I. Balitsky, G.A. Chirilli, Next-to-leading order evolution of color dipoles, Phys. 
Rev. D 77 (2008) 014019, arXiv:0710 .4330 [hep -ph].

[52] G.A. Chirilli, B.-W. Xiao, F. Yuan, Inclusive hadron productions in pA collisions, 
Phys. Rev. D 86 (2012) 054005, arXiv:1203 .6139 [hep -ph].

[53] E. Iancu, J. Madrigal, A. Mueller, G. Soyez, D. Triantafyllopoulos, Resumming 
double logarithms in the QCD evolution of color dipoles, Phys. Lett. B 744 
(2015) 293, arXiv:1502 .05642 [hep -ph].

[54] T. Lappi, H. Mäntysaari, Next-to-leading order Balitsky–Kovchegov equation 
with resummation, Phys. Rev. D 93 (2016) 094004, arXiv:1601.06598 [hep -ph].

[55] G. Beuf, Dipole factorization for DIS at NLO: combining the qq̄ and qq̄g contri-
butions, Phys. Rev. D 96 (2017) 074033, arXiv:1708 .06557 [hep -ph].

[56] B. Ducloué, H. Hänninen, T. Lappi, Y. Zhu, Deep inelastic scattering in the dipole 
picture at next-to-leading order, Phys. Rev. D 96 (2017) 094017, arXiv:1708 .
07328 [hep -ph].

[57] H. Hänninen, T. Lappi, R. Paatelainen, One-loop corrections to light cone wave 
functions: the dipole picture DIS cross section, arXiv:1711.08207 [hep -ph].

[58] A.M. Stasto, B.-W. Xiao, D. Zaslavsky, Towards the test of saturation physics 
beyond leading logarithm, Phys. Rev. Lett. 112 (2014) 012302, arXiv:1307.4057
[hep -ph].

http://refhub.elsevier.com/S0370-2693(18)30335-6/bib4161726F6E3A323030396161s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib4161726F6E3A323030396161s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib4161726F6E3A323030396161s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib416272616D6F7769637A3A323031356D6861s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib416272616D6F7769637A3A323031356D6861s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib416272616D6F7769637A3A323031356D6861s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib416272616D6F7769637A3A323031356D6861s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib477269626F763A313938347475s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib477269626F763A313938347475s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib4D75656C6C65723A313938357779s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib4D75656C6C65723A313938357779s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib4D634C657272616E3A313939336E69s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib4D634C657272616E3A313939336E69s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib4D634C657272616E3A313939336B61s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib4D634C657272616E3A313939336B61s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib4D634C657272616E3A313939336B61s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib4D634C657272616E3A313939347664s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib4D634C657272616E3A313939347664s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib47656C69733A323031306E6Ds1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib47656C69733A323031306E6Ds1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib4B6F76636865676F763A323031326D6277s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib4B6F76636865676F763A323031326D6277s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib426C61697A6F743A3230313671677As1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib426C61697A6F743A3230313671677As1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib52657A616569616E3A323031326A69s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib52657A616569616E3A323031326A69s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib52657A616569616E3A323031326A69s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib476F6C65632D426965726E61743A323031376C6676s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib476F6C65632D426965726E61743A323031376C6676s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib4A616C696C69616E4D617269616E3A323030356A66s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib4A616C696C69616E4D617269616E3A323030356A66s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib4C617070693A32303130656Bs1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib4C617070693A32303130656Bs1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib416363617264693A32303132717574s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib416363617264693A32303132717574s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib416363617264693A32303132717574s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib4162656C6C656972614665726E616E64657A3A323031326363s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib4162656C6C656972614665726E616E64657A3A323031326363s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib4162656C6C656972614665726E616E64657A3A323031326363s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib4162656C6C656972614665726E616E64657A3A323031326363s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib4D75656C6C65723A32303033627As1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib4D75656C6C65723A32303033627As1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib4B6F77616C736B693A323030377277s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib4B6F77616C736B693A323030377277s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib4B6F77616C736B693A323030377277s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib5279736B696E3A313939327569s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib5279736B696E3A313939327569s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib476F6E63616C7665733A323030346270s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib476F6E63616C7665733A323030346270s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib4B6F77616C736B693A323030366863s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib4B6F77616C736B693A323030366863s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib43616C6477656C6C3A323030396B65s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib43616C6477656C6C3A323030396B65s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib4C617070693A323031306464s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib4C617070693A323031306464s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib546F6C6C3A323031326D62s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib546F6C6C3A323031326D62s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib4D616E747973616172693A32303136796B78s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib4D616E747973616172693A32303136796B78s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib4D616E747973616172693A32303136796B78s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib4475736C696E673A32303135677461s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib4475736C696E673A32303135677461s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib4475736C696E673A32303135677461s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib4D616E747973616172693A32303137636E69s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib4D616E747973616172693A32303137636E69s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib4D616E747973616172693A32303137636E69s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib4B6F77616C736B693A323030387361s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib4B6F77616C736B693A323030387361s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib4B6F77616C736B693A323030387361s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib426F757373617269653A32303136626B71s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib426F757373617269653A32303136626B71s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib426F757373617269653A32303136626B71s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib426F757373617269653A32303136626B71s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib42657274756C616E693A323030357275s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib42657274756C616E693A323030357275s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib4B6C65696E3A32303137626F6Fs1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib4B6C65696E3A32303137626F6Fs1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib476F6E63616C7665733A323031317666s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib476F6E63616C7665733A323031317666s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib476F6E63616C7665733A323031317666s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib4164656C7579693A323031327068s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib4164656C7579693A323031327068s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib4164656C7579693A323031327068s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib4162656C65763A323031326261s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib4162656C65763A323031326261s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib4162656C65763A323031326261s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib41626261733A323031336F7561s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib41626261733A323031336F7561s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib41626261733A323031336F7561s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib4C617070693A32303133616Ds1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib4C617070693A32303133616Ds1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib4C617070693A32303133616Ds1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib4B6861636861747279616E3A32303136716871s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib4B6861636861747279616E3A32303136716871s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib4B6861636861747279616E3A32303136716871s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib4D616E747973616172693A32303137647768s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib4D616E747973616172693A32303137647768s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib4D616E747973616172693A32303137647768s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib41736368656E617565723A323031376A736Bs1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib41736368656E617565723A323031376A736Bs1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib41736368656E617565723A323031376A736Bs1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib42617274656C733A32303033796As1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib42617274656C733A32303033796As1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib4D634C657272616E3A313939386E6Bs1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib4D634C657272616E3A313939386E6Bs1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib4D634C657272616E3A313939386E6Bs1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib4B6F77616C736B693A32303033686Ds1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib4B6F77616C736B693A32303033686Ds1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib547269626564793A323031306162s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib547269626564793A323031306162s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib547269626564793A323031306162s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib547269626564793A323031316161s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib547269626564793A323031316161s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib547269626564793A323031316161s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib536368656E6B653A323031327762s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib536368656E6B653A323031327762s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib536368656E6B653A323031327762s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib536368656E6B653A323031326677s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib536368656E6B653A323031326677s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib536368656E6B653A323031326677s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib47616C653A323031327271s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib47616C653A323031327271s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib47616C653A323031327271s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib4D616E747973616172693A323031366A617As1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib4D616E747973616172693A323031366A617As1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib4D616E747973616172693A323031366A617As1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib476F6C6563426965726E61743A313939386A73s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib476F6C6563426965726E61743A313939386A73s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib476F6C6563426965726E61743A313939386A73s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib42726F64736B793A313939346B66s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib42726F64736B793A313939346B66s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib42726F64736B793A313939346B66s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib42616C6974736B793A323030387A7A61s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib42616C6974736B793A323030387A7A61s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib43686972696C6C693A323031326A64s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib43686972696C6C693A323031326A64s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib49616E63753A32303135766561s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib49616E63753A32303135766561s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib49616E63753A32303135766561s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib4C617070693A32303136666D75s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib4C617070693A32303136666D75s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib426575663A32303137627064s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib426575663A32303137627064s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib4475636C6F75653A3230313766746Bs1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib4475636C6F75653A3230313766746Bs1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib4475636C6F75653A3230313766746Bs1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib48616E6E696E656E3A32303137646479s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib48616E6E696E656E3A32303137646479s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib53746173746F3A32303133636861s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib53746173746F3A32303133636861s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib53746173746F3A32303133636861s1


H. Mäntysaari, R. Venugopalan / Physics Letters B 781 (2018) 664–671 671
[59] B. Ducloué, T. Lappi, Y. Zhu, Single inclusive forward hadron production at next-
to-leading order, Phys. Rev. D 93 (2016) 114016, arXiv:1604 .00225 [hep -ph].

[60] T. Lappi, H. Mäntysaari, R. Venugopalan, Ballistic protons in incoherent ex-
clusive vector meson production as a measure of rare parton fluctuations at 
an electron–ion collider, Phys. Rev. Lett. 114 (2015) 082301, arXiv:1411.0887
[hep -ph].

http://refhub.elsevier.com/S0370-2693(18)30335-6/bib4475636C6F75653A32303136736877s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib4475636C6F75653A32303136736877s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib4C617070693A32303134666F61s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib4C617070693A32303134666F61s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib4C617070693A32303134666F61s1
http://refhub.elsevier.com/S0370-2693(18)30335-6/bib4C617070693A32303134666F61s1

	Systematics of strong nuclear ampliﬁcation of gluon saturation from exclusive vector meson production in high energy electron-nucleus collisions
	1 Introduction
	2 Exclusive vector meson production
	3 Results for high Q2: Q2 > Qs,A2
	3.1 A scaling
	3.2 Q2 scaling

	4 Results for low Q2: Q2 < Qs,A2
	5 Conclusions and outlook
	Acknowledgments
	References


