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1 Introduction

Ultraperipheral heavy ion collisions (UPCs) at the Relativistic Heavy Ion Collider (RHIC) and the Large
Hadron Collider (LHC) provide access to photonuclear events at high energy. They allow the study of
processes that are otherwise only accessible by an clectron- (or muon-) ion collider. While the kinematics
is less controlled and versatile, because we cannot measure the momentum of a scattered electron, and
the Q? is constrained to values close to zero, UPCs have the advantage of being able to probe very small
momentum fractions x in the target. This is particularly useful for accessing the gluon saturation regime
and exploring features of non-lincar Quantum Chromodynamics (QCD) in dense systems L.

One interesting process that is sensitive to the spatial parton distributions in the target as well as
to saturation cffects in the gluon distribution is the exclusive production of vector mesons. For coherent
diffractive vector meson production, in which the target remains intact, measurements differential in
the transverse momentum transfer squared |¢| contain information on the transverse (to the beam line)
spatial structure of the target. In the case of incoherent production, for which the target breaks up, one
is sensitive to fluctuations of its geometry 2.

Both in e+A scattering and UPCs, part of the process can be understood as a virtual photon interact-
ing with the target. In UPCs, the photon is radiated from the moving projectile nucleus. Consequently,
it is almost real, as Q% ~ 1/R% with R4 the nuclear radius. The fact that both nuclei can be either the
photon source or the target can complicate things and interference between the two scenarios must be
taken into account.

We will focus in detail on the coherent production of .J/v vector mesons in UPCs of Pb nuclei at the
LHC and discuss a variety of models and how nuclear effects are taken into account. We will point out
some similarities and differences between the models, and present comparisons to experimental data. We
will further discuss calculations within the Color Glass Condensate (CGC) framework in some more detail
and highlight results for the energy dependence of nuclear suppression, azimuthal anisotropies caused by
interference effects, and the effects of nuclear structure on diffractive vector meson production.
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Figure 1  Differential cross section of coherent diffractive .J/1 photoproduction in Pb+Pb UPC events. For the
ALICE data®®, the error bars (boxes) show the statistical (systematic) uncertainties. The theoretical calculations
are discussed in the text. The purple band represents the uncertainties of the EPS09 LO calculation.

2 General considerations

The photon flux is given by 4

N(w;):/m d*Bn(wys,B), (1)

| >'Bmin

where B is the impact parameter vector between the centers of the two nuclei, wy = (My /2)e Y with
My the vector meson mass, and

Zz Yem 2 B
n(w,B) = ﬂ,;‘ Qw K? (w| l) : (2)
w2y B!

Here, aey = 1/137 the fine-structure constant, Z is the ion charge and v = Ay/s/(2M,), with M4 the
mass of the nucleus. By, is the minimal impact parameter to not have a hadronic interaction. It has to
be on the order of 2 R4, with R4 the nuclear radius.

At midrapidity, the cross section for the process A, + Ay, — V + A + Ay is given by

doAr+A2—V+A1+A; ) doTHA—=V+A
=2 [ d*Bn(w,|B 1 —cos(A -B)|6(|B| — 2R 3
iy, =2 B BT (A B0(B] 2), ()
where A% = —¢. This shows that at midrapidity interference leads to a vanishing differential cross section

at £ = (0.

This simplified expression neglects photon k, which is a good approximation except around diffractive
minima in the coherent cross section, because k? < Q% ~ 1 /Ri. In coordinate space it is realized by
assuming |B| > |b|, with b the impact parameter vector of the quasi-real photon relative to the center
of the target nucleus. Further neglecting interference one obtains for the rapidity-dependent result

A+ A=V 4+ A+ A
dorT2 - *
_ Y +A-V+HA Y*+A-V+A
” = N(ws)o] + N(w_)o? : (4)
Here, 01 FA=VEA and ol HASVEA pofer to the photon-nucleus cross scctions where the target

structure is probed at different longitudinal momentum fractions zp = (My /1/5)eTY.
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3 Model comparisons

The difference between the theoretical models shown in Fig. 1 lies mainly in how the cross section

J’]’*+A_}V+A is determined. We separate the models into two classes, the leading order (LO) pQCD

description following Ryskin 7 and the dipole picture, first proposed in ®.

3.1 LO pQCD framework

In the LO pQCD framework, the cross section takes on the form ?

yr+asvia _ Ca (1) do” P2V, ¢ = 0) [ zga(w, 4°)
Cp(!ﬁ) dt AIQP(QT; !12)

2
] Dy (tmin) 1 (5)

where zg, and xg4 are the gluon distributions in the proton and nucleus, respectively, and p is a hard
scale on the order of the charm quark mass (for J/v production). The cross section at ¢ = 0 for a proton
target is given by

do" V(W t=0) 1

A7‘+]J—>V+p 2 6
dt ]_ﬁ’ﬂ'l " (6)
where
v _ g2 [MyTee o 2) (112 2
= idm 188 () zgy(z, ) F(p")V 1+ °R, . (7)
The function @ 4 (tmin) = fi’;ﬂ dt|Fa(t) 2 with the nuclear form factor Fa and tyn = —M{lxm?v / W,;lp

is the minimal squared momentum transfer to the nucleus. The function F (;1,2), that lics between 0
and 1, contains effects that go beyond the leading order collinear factorization used, for example next-
to-leading order corrections, corrections associated with the charmonium wave function, and power-
suppressed corrections in the overlap of the photon and .J/1 wave functions. ? The factor Cy /Cp =
(1+n%)I 23, 4/[(1+7?)RZ]. Here, n4 and 7 are the ratios of the real to imaginary part of the y+A4 — V +A
and v+ p — V + p scattering amplitude, respectively, and Ry 4 and R, are “skewness factors” that
correct for the fact that we are not using generalized parton distributions (GPDs) but the usual ones.
One determines 74 and Ry 4 using the asymptotic small-z dependence of the nuclear gluon distribution.
9 This factor introduces some nuclear modification, as Ry 4 differs from R,, but the main shadowing
cffect is governed by the ratio of gluon distributions

R F9a(x,p?)
- Azgy(z,p?)

(8)

The “impulse approximation” in Fig. 1 is obtained using Eq. (5) with R = 1 and C4/C, = 1. It
clearly overshoots the data at all rapidities. In the leading twist approximation (LTA), R is obtained
from the nuclear gluon distribution in leading twist shadowing (and so is C'x /C, = 0.9) 10

) 1 o 2 o0 o :1:2
ga(z, p?) = Agy(z, pu?) — 87 Re l% /d%/ dzlf dZQ/ dzp g8 (x/xp, p, p2, tmin)

'r'.:::pm,N(zl —zz)(,— %Unrr(ﬂ-',.ﬂz)(l—i!m) f:lg dZ.-‘)A(b,Z)

» 9)

pa(b,z1)pa(b, z2)e

where gg{.’f: /TP, Tp, 12, tmin) 18 the diffractive gluon density of the nucleon, zp is the pomeron momentum
fraction, and a:{} = 0.03 a cutoff parameter. This includes the interaction with two nucleons at longitudinal
positions z; and z, and the interaction with three or more nucleons is absorbed into the attenuation
factor, the exponential including o, which is the effective cross section for the clastic rescattering of the
produced diffractive state. The uncertainty in o leads to the variation between ‘LTA weak shadowing’
and ‘LTA string shadowing’ in Fig. 1. The factor ¢®r™n~(21—22) takes into account longitudinal momentum
transfer, or a finite coherence length. In the EPS09 LO curve, the factor R is obtained from the nuclear
PDFs obtained using global fits of available data on lepton-nucleus DIS and hard scattering with nuclei
at the Tevatron and LHC. 1!

The STARLIGHT result shown in Fig. 1 includes Glauber-like rescattering. Here, we have similar to

the impulse approximation
T +ASVHA

o HASVEA _ do
d|¢|

q,A{tIIlill) - {10)
=0

3
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Using the optical theorem and veetor meson dominance 12 one can write
*
dg? TAVHA A dgVHAZVHA aol, (VA) (1)
TPy E— i R T P E— = >
d|t| =0 1 d|t| =0 4 1

where a is the electromagnetic coupling constant, €2 /he, and f, is the vector meson-photon coupling. 3
The total V + A — V + A cross section follows from a Glauber calculation

Tt (VA) =2 / d’b (1 - e"'-mf"’f’)mb)ﬂ) , (12)

where Ta(b) = [ dzpa(b, z) is the nuclear thickness function? Throughout this text we assume [ d%b Ta(b) =
A, which may differ from some of the references below. Just like for nuclei above, we have

4 f‘? da? +p—=V+p
a dlt|

e (VD) : (13)

=0

and do"TPV+P /dt|,_g is determined from experimental data.

3.2 Dipole models

Next, we move on to the various dipole models shown in Fig. 1. Here, the picture is that we are at high
cnergy and the virtual photon first splits into a quark anti-quark dipole, which subsequently interacts
with the target. A measure of whether the dipole picture is appropriate is the coherence time [, =
2v/ (Q2 + qu), compared to the nuclear size scale (v is photon energy in the target rest frame, and
M(?q = (mi +k2)/2(1 — z)). In the limit of very small z = Q?/2myv the coherence length is longer than
the nuclear size and the “frozen” dipole picture is appropriate. If the coherence time is smaller than the
muclear size scale one should correct for dipole size fluctuations during the propagation in the nucleus,
which corresponds to inclusion of the phase shifts between DIS amplitudes on different nucleons, as they
are included in Eq. (9). ® For = < 1072, the factor eizi—z2)mnae can bhe safely set to unity. 16
For the coherent process that we are discussing here, the cross section is given by 17

do:,r*—i—A—}V—i—A

— 1 p 2 2

where the dipole amplitude is
; 1 : : 1 dip
Aw.@28) =i [ @ [ @b [ Ewron)(@r et aieb g )
T

Here, (tﬁ*'qbv){QQ, T, z) represents the wave function overlap of the photon and vector meson wave func-
. deagi . . . . .
tions, and —5° (b, r,x) is tlf(:. average ('1.1]')01[3 cross scction (an average over configurations is performed
for models that include explicit fluctuations).
Considering the proton target, we note that the dipole model amplitude (15) can be brought into the
form Eq. (7) without the real part and skewness corrections, by taking the hard scattering (small r) and

non-relativistic (for which z = 0.5) limits. 1518 In that case, one should take

d dip 2 .
B = N g (e, T(b) (16)

essentially the small r limit of the BGK or IPSat model, which are discussed for nuclei below.
For the first dipole model shown in Fig. 1, IIM BG (GM) *?, the dipole cross section for a nuclear
target is
doaip —L1alMBG (4 ) Tu(b)
b — 9(1 — e~y " ITa)) (17)
and o™ BG is a parametrization fit to HERA data from Iancu, Itakura, and Munier (1IM) 20,21

72 ')‘o.rr(“-'ﬂ')
(}'IIMBG{T ’;"') — o 0.7 (T) ,f(}I' T § 2.,
Ty =

dip {18)
2
1 — exp[—aln®(br)],for 7 > 2,

*In practice, STARLIGHT used the inelastic cross section gipa(VA) = fdgb (l —_ gotot(VP)Ta(b) ) instead of
(12)
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where 7 = rQ,(x), with the saturation scale Q, = (zo/x)*?2, and oy = 27rRﬁ, with R, the proton radius.
Here, Yer(7,7) = Ysar + In(2/7)/(kAy) with k = 9.9. For the vector meson wave function a boosted
Gaussian (BG) is used. The structure of Eq. (17) for a nuclear target follows from the Glauber-Gribov
methodology proposed in22 and is common to almost all dipole models discussed here, except the b-BK
model.

In the next dipole model, BGK-I (LS), Eq. (17) is replaced with an expression that takes the real

part of the dipole-nucleon amplitude into account and uses for the dipole cross section 2*

2 2 2 2
oBOK-T(0 1y — 5, (1 ~exp [_1‘1’ rag(p M):B!J(I, Iz )]) ? (19)

dip 3 G0

where zg(z, p?) is obtained from DGLAP evolution of the initial condition zg(z, p2) = Agz—?e(1—z)%%.
Here, the free parameters are &g, p3, Ay, Ay, and Cj.

In the IPSat (LM) model ?* calculation shown, the authors assumed a large and smooth nucleus,
leading to an expression that corresponds to replacing oM BG(z 7) in (17) by

dip
J(Iii?“" = 4w B,[1 — uxp(—:r'zF(:r, r))] , (20)
with X c .
]_ m ) -
F(z,r)= 2nE, Q—NCQH (,ug + ?"_2) g (.7:, 2+ E) . (21)

Here, C is chosen to be 4 and ,u% = 1.17GeV? is the result of a fit to HERA data. 2° The r dependence
of the gluon distribution is obtained from DGLAP evolution of the initial condition given by the same
zg(zx, p2) as in the BGK-I model above.

The next dipole model, GG-HS 26, has a similar structure as IPSat above, but is based on a Golee-
Bicrnat - Wiisthoff (GBW) dipole amplitude. 27

So, once again we start from Eq. (17) (hence the GG = Glauber-Gribov in the name of this model)

but this time replace rr(llligl BG(z,r) by

oaip(z, 1) = 001 — t:xp(—T2Q3(3:)/4)] , (22)

where Q? = Q%,(xo/z)*. This model implements subnucleonic hot spots (HS), Nys of them per nucleon,
cach with a Gaussian density distribution of width Bys. Hot spots have no direct effect on the coherent
cross section as that is sensitive to the average structure of the target. The incoherent cross section, in
particular at large |¢] is sensitive to hot spots. 26,28

Finally, in the b-BK (BCCM) model 2 uses expression (15) with

do—dip
d2b

—2N(r,b,z), (23)

where N is evolved with impact parameter dependent Balitsky-Kovehegov (BK) evolution 3031 starting
from an initial condition for the nucleus with the impact parameter dependence given by the Woods-
Saxon distribution for Pb. 32 An alternative approach that employs the BK evolved dipole cross section
for the proton embedded in a Glauber-Gribov expression as used above was also studied 29, It leads to
less suppression than the evolution of the nuclear dipole cross section, as the latter leads to stronger
saturation cffects.

It is noteworthy that none of the models achieves a good simultancous description of the experimental
data at forward and mid-rapidities.

3.2 Color Glass Condensate

The Color Glass Condensate (CGC) calculation is also based on the dipole picture, so we employ expres-
sion (15) with

d(J'di P
d2b

with the light-like Wilson line

V(x)=P_ {c}q) (—i_q /_ O:U da~ ”;Ej%)} . (25)

= (N(r,b,z))o = @N(z —y, (z +y)/2,2))o = 1 — (Tx(V(z)V(y))/Ne)a . (24)

o
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P_ represents path ordering in the z— direction, and m regulates unphysical Coulomb tails. Color charges
p® (with color index a) are sampled from a distribution whose width is given by the average squared color
charge density, which can be obtained from its relation to the local saturation scale extracted from the
IPSat amplitude above 3334, This corresponds to employing a modified McLerran-Venugopalan (MV)
model 3536 that includes the geometry of the target. Note that we included an explicit average over
configurations €.

As can be scen from Eq. (17) (along with (20) for o4;p,), in the IPsat model the local saturation scale
Qf(x) is proportional to the local transverse density 75,(x). For nuclei, one first samples nucleon positions
from a Woods-Saxon distribution, and then calculates the total density by summing the nucleon density
profiles**. When constraining the geometry at an initial zg, the evolution to smaller z via the JIMWLK
equations 37 should be included 8. This is done for the CGC (MSS) curve shown in Fig. 1, which also
includes subnucleon fluctuations. The details of the implementation are described in the corresponding
publication 9.

Incoherent diffraction, which we have not discussed in detail so far, is the diffractive process in
which the target breaks up. Its cross scction has the form of a variance of the scattering amplitude
and is thus sensitive to fluctuations. 2 As the CGC framework includes fluctuations of color charges and
muclear geometry, including nucleon and subnucleon fluctuations, it is well suited to address incoherent
diffraction. The differential cross section for incoherent diffractive vector meson production is given by

* *
doY +A—+V+A 1

dt ~ 167 (<|A (I’QQ’A)|2>52 a |<A (x’QQ’A»“lQ) ’ (26)

with A from Eq. (15) but with the modification that we do not include the averages (-)q in (24). Instead,
we have included the averages over configurations in this expression, to allow for the computation of the
variance of A.

4 Nuclear suppression

To quantify the magnitude of saturation effects in J/1 photoproduction, one can compute nuclear sup-
pression factors separately for the coherent and incoherent channels. We define the suppression factor

for the coherent production as
g THA-V+A

Qeoh — T A » 27
= (21)

where o™ is given by Eq. (10), the v+ p result scaled to the v+ Pb case by only taking into account the
nuclear form factor F'(t) and neglecting all other potential nuclear effects. For LHC kinematics, one can
sct £, = 0. Note that in some studies S,y is defined with a square root. 4041

For the incoherent cross section, one can define the suppression factor: 4243

-
0.7+A—}V+A

kqiu(:uh = A{(J"TJFP_}VJFP‘ T+ o_..r+p_}v+p) - {28)

We present results for the energy dependence of Seon and Siyeon in Fig. 2, comparing to results from
ALICE and CMS for S.on 4! and from STAR for Sipcon. 1243

The LHC data for the coherent suppression factor seems to have a steeper W dependence than the
model calculation. A slower evolution in heavy nuclei compared to the proton reference could improve
agreement. One way to achieve this would be a @4 dependent running coupling in the evolution kernel.
We note, however, that in our current setup the JIMWLK evolution includes the running coupling which
depends on the daughter dipole sizes, and thus should indirectly depend on the saturation scale Q.. We
compare to STAR results for Au targets, where the kinematics leads to larger x than the validity range
of the framework. It will be interesting to compare to data for Sjycon at higher W to test the prediction
in Fig. 2.

5 Azimuthal Anisotropies from Interference

In UPCs there is interference between the contributions where one nucleus is the photon source and the
other is the target and the one where the roles are flipped. This can lead to interesting interference
patterns. In fact, because the emitted photon is lincarly polarized, the interference leads to characteristic
azimuthal modulations in the angle between the decay products of a produced vector meson. This was
measured for example in diffractive p production and its decay into pions at STAR 44,
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Figure 2  Suppression factors for coherent and incoherent production for Pb targets computed in the CGC
framework with nucleon shape fluctuations ** and compared to the ALICE *°, CMS *', and STAR ** ** data

(STAR data for Au targets).

The cross section for this process can be computed in the CGC framework using a joint impact
parameter and transverse momentum-dependent formulation **46. Here, the differential cross-section for
the diffractive p (or ¢) production, and the subsequent decay into pions or kaons, respectively, is given
by 47

do.p—nr"’qr‘(qb—»K"’K‘) 1 I)JQ_fZ
d2P d2qdyidys  4(27)3 (Q2 — M2)2 + M2T?2

{Cn(-’f?:nﬂ?z; lal) + Ca(z1, 22, |ql) (:03(2(¢PJ_ - ¢’q))} s
(29)

where P = (p,, —p,,)/2and q =p,, +p,, with p;, and p,, being the transverse momenta of the
measured decay particles. Further, @ is the invariant mass of the daughter particle system, and y; and -
arc the daughter particles’ rapidities. The decay width is T' and f are effective couplings. Here, we have
alrcady separated the cross section into an isotropic picee and a cos(2¢) modulation. The coefficients of
the two components arc

Cﬂ($1;I21 |q|) = </d2BMi($11$2: q, B)Mf,i(ml-:IZ: q, B)('-')(lBl - Bmiu)) ’ and {30)
Q

2q'q? i . .
CZ($1;I21 |q|) = ( c:];l - (SU) </d2BMt(I11$2;q: B)MT’J(II-:IZ:Q.: B)9(|B| - Bmin)> - {31)

Q

The amplitudes M*(z1, 75, q, B) are expressed as the convolution of the photon field ]—:ﬂk (zy,b) with the

vector meson production amplitude A4, (zx, b) in coordinate space 39

M (z1,72,q,B) = /dee—*’q'b [A4, (z1,b)F), (22,b — B) + Aa,(z2,b — B)Fjy (z1,b)]. (32)

The vector meson production amplitude is computed in the CGC framework using Egs. (15) and (24),
and the photon field is given by

. 1 Zall?w B w|B|
i (r B) — — em W D7 33
Fa(@,B) 2r  wy |B] ! ( ) (33)
Note that we recover the photon flux in Eq. (2) from
2
n(w, Bl) = (21)* | Fa(z,|B|)[" . (34)
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Figure 3  Left: The modulation in the azimuthal angle difference A® = ¢p, — ¢q in .J/1 production in UPCs
at the LHC for different .J/4 rapidities y. Right: The elliptic anisotropy coefficient as a function of rapidity
extracted from the left plot.

For J/v production and its decay in to dileptons, the cross section takes the form 47,48
dg /=1t
&P d2qdy:dys
2402, ¢2 |3 /4(0)]? 2P 2pP?
em'g T/ 1 L
1— —5 | Co(zy,x — —Cy(x1, T 208(2 -
Q2 — JM%)Q T M‘%FQ My [ M‘% ] o(z1, 72, |ql) ﬂf% 2(71, 72, |q) cos(2(¢p, Pa)) ¢

(35)

b1/5(0)]* = 0.0447 GeV** is the value of the modulus squared of the radial wave function of the

2
J /1 at the origin. The J/1¢» EM decay width into two leptons is related to this via T' = lﬁ?ragmeﬁm"—i";g]i
49

where

, with ¢, = 2/3 the charm quark charge in units of e.

Many results for azimuthal anisotropies computed in the CGC framework and compared to data from
the STAR Collaboration have been published. 45:46:48:47 Here we concentrate on the rapidity dependence
of the interference effect, presented in Fig. 3. The figure shows results for the azimuthal anisotropy in
¢p, — g of the leptonic decay products in .J /1 production in V3NN = 5.02TeV Pb+Pb UPCs. Plotting
counts as a funciton of A® = ¢p, — ¢q for different .J/1) rapiditics y, one can sce that with increasing ra-
pidity the modulation becomes weaker, because the interference decreases as the two interfering processes
become increasingly distinguishable. The right panel shows the extracted clliptic anisotropy coefficient
2(cos(2A®)) as a function of rapidity. We note that especially in the case of light decay products such
as eT and e, corrections from soft photon radiation are expected. They were shown to predominantly
affect results at ¢, > 0.12 GeV/c 8.

6 Nuclear structure effects

As diffractive vector meson production is sensitive to the geometry of the target, and via incoherent pro-
duction also its fluctuations, important information on nuclear deformation, clustering and subnucleonic
structure can be extracted by measuring the t-differential cross sections in v + A collisions.

For example, the deformation of a nucleus can be incorporated via the Woods-Saxon parametrization

14
p(r.6) 1+ exp|(r — R'(0))/aws]’ (36)
with R'(8) = Rws[1 + B2YL(0) + BaYL(0) + BaYL ()], and p is the nuclear density at the center of the
mucleus. Here Rws is the radius parameter, aws is the skin diffuseness, and 6 is the polar angle. The
spherical harmonic functions ¥, () and the parameters 3; account for possible deformations.

Some effects of deformation and subnucleonic structure are summarized in Fig. 4, where the incoherent
cross section for .J /1) production at Q2 = 0 in y+U collisions is shown. Including subnucleon fluctuations,
we show the result for the default quadrupole deformation 8, = 0.28 along with results for a fictional
uranium nucleus with G5 = 0 and §3 = 0.5. We also present the result for the default uranium target
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Figure 4  Differential incoherent .J/1) photoproduction cross sections at = = 1.7 x 10~ * for different B2 values
and with or without subnucleonic fluctuations.

without subnucleonic fluctuations. The effects of varying By is significant at |t < 2 x 1072 GeV, while
subnucleon fluctuations affect the cross section at [t > 0.2 GeV. It has been shown that varying ; for
increasing ¢ affects the cross section at increasing ||, showing that such measurement has sensitivity to
nuclear structure over a large range of length scales. ° This could be explored at a future Electron Ion
Collider (EIC), but also in UPCs with a varicty of nuclei.

Nuclear structure also affects the azimuthal modulations driven by interference that were discussed
in the previous section. Here, it was shown that in particular the modification of By, by nuclear radius

and deformation affects the amplitude of the modulation *7.

7 Conclusions and Outlook

Vector meson production in ultraperipheral heavy ion collisions is an excellent tool to study effects
of nuclear shadowing and saturation. It further provides important information on nuclear geometry,
including radii, deformations, and substructure. We compared many different models that have been
cemployed to describe experimental data on coherent vector meson production in UPCs, and laid out
some similarities and differences. We delved into some details of the Color Glass Condensate calculations
and highlighted the energy dependence of nuclear suppression from QCD evolution, azimuthal anisotropics
from interference effects in UPCs, and the effects of nuclear structure.

All results presented here are leading order (LO) calculations. The field is moving towards higher
precision with next-to-leading order (NLO) calculations, both in the perturbative QCD (pQCD) collincar
factorization framework °, and the dipole picture ®>%%%4. In the collinear factorization approach, an
interesting observation at NLO was that whike the LO and NLO gluon amplitudes dominate over the
NLO quark contribution, they cancel to a large degree, increasing the importance of the NLO quark
contribution.

With increasingly precise calculations and more experimental data from RHIC and LHC, UPCs will
play a significant role in our endeavor to pin down gluon saturation and explore the regime of non-
lincar QCD. This is not least due to the fact that in UPCs we can reach very low x values and study a
varicty of nuclear targets. Besides exclusive dijet and more inclusive observables, diffractive vector meson
production is an excellent tool to address exciting physics questions already now, before the EIC will go
online.
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