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UPCs@LHC and J/𝜓 photoproduction 
• Ultraperipheral collisions (UPCs): ions pass each other at large impact 
parameters b >> RA+RB  → strong interactions suppressed → interaction via 
quasi-real photons in Weizsäcker-Williams equivalent photon approximation, 
Budnev, Ginzburg, Meledin, Serbo, Phys. Rept. 15 (1975) 181

• UPCs@LHC allow one to study 𝛾𝛾, 𝛾p and 𝛾A interactions at unprecedentedly 
high energies → can be used to study open questions of proton and nucleus 
structure in QCD and search for new physics → new info on quark and 
gluon distributions in nuclei at small x, Bertulani, Klein, Nystrand, Ann. Rev. Nucl. Part. Sci. 
55 (2005) 271; Baltz et al, Phys. Rept. 480 (2008) 1; Contreras and Tapia-Takaki, Int. J. Mod. Phys. A 30 (2015) 
1542012; Snowmass LoI, Klein et al, arXiv:2009.03838

• Most studied process is coherent J/𝜓 photoproduction in Pb-Pb/pp UPCs
B
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Figure 2: Three types of processes that can be used to study the gluon distributions in nuclei at small x in
UPCs: (a) inclusive photoproduction of two jets with large transverse momenta gives access to the usual gluon
PDF; (b) di!ractive productions of two jets gives access to the di!ractive gluon PDF; (c) exclusive coherent
photoproduction of heavy vector mesons probes the generalized gluon distributions (the impact-parameter-
dependent gluon PDF).

predicted using the leading twist theory of nuclear shadowing [17]. An example of it is presented in
Fig. 3 (left) where we plot the ratio of the gluon distribution in 208Pb over that in the free proton,
gA(x,Q2

0)/[AgN(x,Q
2
0)], as a function of x at Q2

0 = 4 GeV2 (the shaded band labeled FGS10). The
band corresponds to an intrinsic theoretical uncertainty of our approach, see details in [17]. Also, for
comparison, we show the results of the extraction of gA(x,Q2

0)/[AgN(x,Q
2
0)] using the global QCD fits:

EPS09 [14] and HKN07 [13].
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Figure 3: (Left) Predictions for ratio of the gluon distribution in 208Pb to that in the free proton,
gA(x,Q2

0)/[AgN (x,Q2
0)]. (Right) The ratio of the gluon impact-parameter-dependent distribution in 208Pb to

the gluon distribution in the free proton, gA(x,Q2
0, b)/[ATA(b)gN (x,Q2

0)], as a function of the impact parameter
b; TA(b) is the nucleon density.

In UPCs at the LHC, one can directly access the gluon distribution in nuclei through the process of
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Constraints on small-x gluon density in nuclei 

• Good agreement with ALICE data at y=0 (2.76 and 5.02 TeV)                             
→ direct evidence of large gluon shadowing, Rg(x=6×10-4 - 0.001) ≈ 0.6

Rep. Prog. Phys. 0 (2022) 000000 Review

Figure 42. The nuclear suppression factor of SPb(x) as a function of
the gluon momentum fraction of x: the values extracted from the run
1 [302, 303, 305] and the central rapidity run 2 [308] UPC data on
coherent J/! photoproduction in Pb–Pb UPCs vs predictions of the
LT model of NS and global !ts of nPDFs. The bands indicate the
uncertainties for the LTA model (yellow) and EPS09
parameterization (blue).

SPb(x) =

!
"#A!J/!A(W#p)
"IA
#A!J/!A(W#p)

= $A/N
xgA(x, µ2)

AxgN(x, µ2)

" $A/NRg(x, µ2). (182)

It is expected that almost all kinematic factors and men-
tioned corrections cancel in the ratio of the nuclear and
IA (proton) cross sections. Thus, equation (182) establishes
a direct correspondence between the suppression factor of
SPb(x) and the ratio of the nuclear and nucleon gluon distri-
butions Rg(x, µ2). Further, since at central rapidities |y| # 0,
the d"AA!AAJ/!(y)/dy cross section is unambiguously related
to the "#A!J/!A(W#p) photoproduction cross section at the
de!nite value of W#p =

"
2ENMJ/! , equation (182) gives a

one-to-one correspondence between the measured UPC cross
section at central rapidities and Rg(x, µ2) at x = MJ/!/(2EN).

Figure 42 shows a comparison of the values of SPb(x)
extracted from the run 1 [302, 303, 305] and the central rapidity
run 2 [308] UPC data on coherent J/! photoproduction in
Pb–Pb UPCs with Rg(x, µ2) predicted in the LT model of NS
and global QCD !ts of nPDFs. Note that following the analysis
of reference [210], we take advantage of the ambiguity in the
exact values of the scale µ and take µ2 = 3 GeV2 to best
reproduce the available HERA and LHCb data on the W#p

dependence of the cross section of exclusive J/! photoproduc-
tion on the proton. The good agreement with the predictions
of the LT NS model and the EPS09 nPDFs, which however
have much larger uncertainties, gives direct and weakly model-
dependent evidence of large nuclear gluon shadowing at
small x,

Rg(x = 6 $ 10%4 % 10%3, µ2 = 3 GeV2) # 0.6. (183)

Note that the analysis of reference [317] extracted the
nuclear suppression factor of SPb(x) in a wide range of x,
10%5 ! x ! 0.04 using all available run 1 and 2 data on
coherent J/! photoproduction in Pb–Pb UPCs. However, due

Figure 43. The d"#A!J/!A(W#p, t)/dt cross section normalized to its
value at |t| = tmin as a function of t at W = 124 GeV: predictions of
the LT model of NS (red solid curve) vs the factorized
approximation (blue dot-dashed curve). The !gure is from [316],
https://doi.org/10.1103/PhysRevC.95.025204.

to the ambiguity of the two terms in equation (175), such a
procedure is in general model dependent and leads to signif-
icant uncertainties in SPb(x) for x < 6 $ 10%4 and x > 0.01.
In this respect one should also mention the analysis of [318],
where SPb(x) was extracted from measurements of coherent
J/! photoproduction in ultraperipheral and peripheral Pb–Pb
collisions at the LHC at 2.76 TeV. The results of that anal-
ysis broadly agree with the trend of the nuclear suppression
presented in !gure 42.

The signi!cant LT gluon NS also affects the differential
cross section of coherent J/! photoproduction on nuclei,

d"#A!J/!A(W#p, t)
dt

= $2
A/N

d"#p!J/!p(W#p, t = 0)
dt

$
#

xgA(x, t, µ2)
AxgN(x, µ2)

$2

. (184)

Figure 43 shows the d"#A!J/!A(W#p, t)/dt cross section nor-
malized to its value at |t| = tmin as a function of t at
W = 124 GeV. This value corresponds to Pb–Pb UPCs dur-
ing run 2 at the LHC with

&
sNN = 5.02 TeV and the cen-

tral rapidity y = 0. The red solid curve is the prediction of
equation (184), where for xgA(x, t, µ2) and xgA(x, b, µ2), see
equation (180), we used predictions of the LT NS model for the
impact parameter dependent nuclear PDFs, see section 7. The
blue dot-dashed curve gives the t dependence of the nuclear
form factor squared [FA(t)/A]2. One can see from the !gure
that the impact parameter dependence of the LT NS, i.e., the
correlation between b and x in xgA(x, b, µ2), noticeably shifts
the minimum of the t distribution toward lower values of t. This
can be interpreted as broadening in impact parameter space of
the small-x gluon distribution in nuclei as a consequence of
the fact that NS increases with a decrease of b (increase of the
nuclear density).

The predictions for the shift of the t dependence of the
d"#A!J/!A(W#p, t)/dt cross section shown in !gure 43 have
been nicely con!rmed by the recent ALICE measurements
[319].

50

• Ratio of nucleus and IA cross sections  → nuclear suppression factor SPb(x)

Model-independently using 
data on Pb-Pb UPCs@LHC, 
Abelev et al. [ALICE], PLB718 
(2013) 1273; Abbas et al. [ALICE], 
EPJ C 73 (2013) 2617; [CMS] PLB 
772 (2017) 489; Acharya et al 
[ALICE], arXiv:2101:04577 [nucl-ex]

From global QCD fits of 
nPDFs or leading twist 
nuclear shadowing 
model, Guzey, Kryshen, 
Strikman, Zhalov, PLB 726 
(2013) 290; Guzey, Zhalov, 
JHEP 1310 (2013) 207

• In leading logarithmic approximation (LLA) of pQCD, Ryskin, Z. Phys. C57 (1993) 89; 
Frankfurt, Koepf, Strikman, PRD 57 (1998)  512; Frankfurt, McDermott, Strikman, JHEP 03 (2001) 045
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Figure 21. The dependence of the median dipole size r(med) on the photon virtuality
Q2 for electroproduction of light and vector mesons and also the total photoabsorption
cross secion �L(x, Q2).

gradually disappears with an increase of Q2 leading to a slower decrease of the cross

section with an increase of Q2 than in the leading twist approximation. Note that the

suppression e↵ect is stronger for electroproduction of heavy vector mesons than for light

ones.

The suppression factor of T (Q2) as a function of Q2 and the trends of its behavior

discussed above are presented in Fig. 22.

5.4. Elastic photoproduction of J/ : from HERA to LHC

The phenomenologically important case of vector meson production is elastic

photoproduction of J/ , where the hard scale is provided by the mass of J/ (mass

of the charm quark). The � + p ! J/ + p di↵erential cross section reads [177, 176]

[compare to Eq. (81]

d�
�p!J/ p(t = 0)

dt
=

12⇡3

↵e.m.

�V M
3
V

(4m2
c)

4

⇥
↵s(Q

2
e↵)xg(x,Q

2
e↵)

⇤2
C(Q2 = 0) , (89)

where Qe↵ is the e↵ective hard scale of the process (see the discussion below). The factor

of C(Q2 = 0) depends on the details of the vector meson wave function and takes into

account the intrinsic motion (transverse momentum) of charm quarks in the diagram in

Fig. Hence, C(Q2 = 0) describes the e↵ect of higher-twist e↵ects in the �+p ! J/ +p

cross section. It is given by the following expression,

C(Q2 = 0) =
⇣
⌘V

3
m

4
c

⌘2

T (0)R(0) , (90)

 ΓV is J/𝜓 leptonic 
decay width

gluon density at x=(MJ/𝜓)2/W2 
and Qeff2=2.5-3 GeV2

depends on details of J/𝜓 
distribution amplitude

<latexit sha1_base64="X6HB7LgdLd3K6ilaLqMhekEx5zY="></latexit>

SPb(x) =

"
��Pb!J/ Pb

�IA
�Pb!J/ Pb

#1/2

= A/N
gA(x, µ2)

AgN (x, µ2)
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Exclusive J/𝜓 photoproduction in NLO pQCD 
• Collinear factorization for hard exclusive processes, Collins, Frankfurt, Strikman, PRD 56 

(1997) 2982: 𝛾A → J/𝜓A amplitude in terms of generalized parton distribution 
functions (GPDs), Ji, PRD 55 (1997) 7114; Radyushkin PRD 56 (1997) 5524; Diehl, Phys. Rept. 388 (2003) 41

• To next-to-leading order (NLO) of perturbative QCD, Ivanov, Schafer, Szymanowski, 
Krasnikov, EPJ C 34 (2004) 297, 75 (2015) 75 (Erratum); Jones, Martin, Ryskin, Teubner, J. Phys. G: Nucl. Part. Phys. 43 
(2016) 035002

<latexit sha1_base64="jKq6YQWjskv+RCrS4RVfC5sHZsc="></latexit>

M�A!J/ A /
q

hO1iJ/ 
Z 1

�1
dx [Tg(x, ⇠)F

g
A(x, ⇠, t, µF ) + Tq(x, ⇠)F

q
A(x, ⇠, t, µF )]

NRQCD matrix element from 
J/𝜓 leptonic decay

pQCD coeficient 
function 

• To leading order (LO), only gluons; both quarks and gluons at NLO.

Gluon GPD Quark contribution

q1

!q2

Aq(x1)

F q(x1)
p p"

#O1$V

x2p+x1p+

q

Figure 3: The light quark contribution to heavy meson photoproduction.

In both cases the insertion of the path-ordered gauge factor between the field operators is
implied. In the l.h.s. of eqs. (2.13), (2.14) the dependence of GPDs on the normalization
point µF is suppressed for shortness. In the forward limit, p! = p, the contributions propor-
tional to the functions E q(x, !, t) and Eg(x, !, t) vanish, and the distributions Hq(x, !, t) and
Hg(x, !, t) reduce to the ordinary quark and gluon densities:

Hq(x, 0, 0) = q(x) for x > 0 ,

Hq(x, 0, 0) = !q̄(!x) for x < 0 ;

Hg(x, 0, 0) = x g(x) for x > 0 . (2.15)

Note that the gluon GPD is an even function of x, Hg(x, !, t) = Hg(!x, !, t).
The definition of the gluon distribution (2.14) involves a field strength tensor and, there-

fore, is valid in any gauge. But to evaluate the gluon hard-scattering amplitude, it is con-
venient to consider the light-cone gauge n"A = 0. In this gauge the parton picture which is
behind the collinear factorization formalism appears at the level of the individual diagram.
One can calculate the contributions of each gluon diagram separately by considering photon
scattering of on-shell gluons with zero transverse momentum and the physical, transverse,
polarizations. These gluonic amplitudes have to be multiplied by the light-cone matrix
element of two gauge field operators, which has the form [12]

!

d"(Pn")

2#
eix(Pz)#p"|Aa

µ

"

!
z

2

#

Ab
!

"z

2

#

|p$|z="n!
=

$ab

N2
c ! 1

$

!g#µ!
2(1 + %)

%

F g(x, !, t)

(x! ! + i&)(x+ ! ! i&)
. (2.16)

Here a, b are the gluon color indices, g#µ! = gµ!!n+µn"!!n"µn+! . The factor 2(1+%) counts
a number of transverse dimensions within the regularisation method with the dimension

7

!q2

q1

Ag(x1)

F g(x1)
p p"

x2p+x1p+

K
#O1$V

q

Figure 1: Kinematics of heavy vector meson photoproduction.

Here the indices i, j parametrize the color state of the pair, and the vector eV describes the
polarization of the produced vector meson, (eV e!V ) = !1 and (KeV ) = 0.

Collinear factorization states that to leading twist accuracy, i.e. neglecting the contribu-
tions which are suppressed by powers of 1/m, the amplitude can be calculated in the form
suggested by Fig. 1:

M =

!

#O1$V
m

"1/2
#

p=g,q,q̄

1
$

0

dx1A
p
H(x1, µ

2
F )F

p
! (x1, t, µ

2
F ) . (2.10)

Here Fp
! (x1, µ2

F ) is the gluon or quark GPD in Radyushkin’s notation [12]; x1 and x2 = x1!!
are the plus momentum fractions of the emitted and the absorbed partons, respectively.
Ap

H(x1, µ2
F ) is the hard-scattering amplitude and µF is the (collinear) factorization scale. By

definition, GPDs only involve small transverse momenta, k" < µF , and the hard-scattering
amplitude is calculated neglecting the parton transverse momenta. Since quarkonium con-
sists of heavy quarks, it can by produced in LO only by gluon exchange. The Feynman
diagrams which describe the LO gluon hard-scattering amplitude are shown in Fig. 2. The
contribution of the light quark exchange to quarkonium photoproduction starts in collinear
factorization at NLO, it is shown in Fig. 3. Since in this paper we consider the leading
helicity non-flip amplitude, in eq. (2.10) the hard-scattering amplitudes Ap

H(x1, µ2
F ) do not

depend on t. The account of this dependence would lead to the power suppressed, % t/m,
contribution.

The momentum fraction x1, 0 & x1 & 1, is defined with respect to the momentum of
the incoming proton. It is convenient to introduce the variable x, !1 & x & 1, which
parametrizes parton momenta with respect to the symmetric momentum P = (p + p#)/2.
The relation between the di!erent variables is

x1 =
x+ "

1 + "
, x2 =

x! "

1 + "
. (2.11)

5
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Exclusive J/𝜓 photoproduction in NLO pQCD (2) 
• In the limit of high W corresponding to small 𝜉=(1/2)(MJ/𝜓)2/W2 ≪ 1

• Connection between GPDs is necessarily model-dependent. In our analysis, 
we neglect dependence of GPDs on 𝜉 and used the forward model, Freund, 

McDermott, Strikman, PRD 67 (2003) 036001. For gluons (quarks are similar):
<latexit sha1_base64="cl6ckT2co/9LNSaq4mFOvKFLBLo=">AAACEnicbVBNS0JBFJ1nX2ZfVss2QxIoiLwXUm0KI5CWBqmB7/WYN446OO+DmftCEX9Dm/5KmxZFtG3Vrn/TqG9R2oGBc8+5lzv3eJHgCkzz20gtLa+srqXXMxubW9s72d29hgpjSVmdhiKUdx5RTPCA1YGDYHeRZMT3BGt6/auJ33xgUvEwuIVhxByfdAPe4ZSAltxsoXrfdS/zg6I94EUo2n7sVgvng0SbVriqCyi42ZxZMqfAi8RKSA4lqLnZL7sd0thnAVBBlGpZZgTOiEjgVLBxxo4Viwjtky5raRoQnylnND1pjI+00sadUOoXAJ6qvydGxFdq6Hu60yfQU/PeRPzPa8XQOXNGPIhiYAGdLerEAkOIJ/ngNpeMghhqQqjk+q+Y9ogkFHSKGR2CNX/yImkcl6yTUvmmnKtcJHGk0QE6RHlkoVNUQdeohuqIokf0jF7Rm/FkvBjvxsesNWUkM/voD4zPHxgwmzU=</latexit>

F g
A(x, ⇠, t, µF ) = xgA(x, µF )FA(t)

Nucleus form factor 
(Woods-Saxon form)

Nuclear PDFs: EPPS16, nCTEQ15, 
nNNPDF2.0 + update with EPPS21, 
nCTEQ15WZSIH, nNNPDF3.0

 → helps to qualitatively understand the features of our numerical calculations.
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• GPDs are hybrid distributions interpolating between usual PDFs and form 
factors → depend on momentum fractions x and 𝜉 and momentum transfer t.
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Scale dependence and comparison to data on 
J/𝜓 photoproduction in Pb-Pb UPCs (Runs 1&2)6

FIG. 3. The scale dependence of the NLO pQCD predictions for the d�(Pb + Pb ! Pb + J/ + Pb)/dy cross section as a
function of the rapidity y for Run 1 (

p
sNN = 2.76 TeV, left column) and Run 2 (

p
sNN = 5.02 TeV, right column) at the

LHC and a comparison with the corresponding Run 1 [38–40] and Run 2 [41–44] data, the statistical and systematic errors
added in quadrature. The data have been mirrored with respect to y = 0. The scale-dependence envelope spans the results
corresponding to µ = 3.1 GeV (upper dashed curve) and µ = 1.55 GeV (lower dotted curve); the solid curve corresponds to the
optimal scale. The three rows of panels correspond to EPPS21 (upper), nNNPDF3.0 (middle), and nCTEQ15WZSIH (lower)
nPDFs.

description. To be exact, at central rapidity y = 0, for
Run 1 there is a factor of about 22 between the highest
scale and the lowest scale results and for Run 2 energy
this factor is about 55.

The improvement, when moving from nNNPDF2.0 [45]
(Fig. 10 of [24]) to the newer nNNPDF3.0 set, is rather
dramatic. We find that the shape of the d�(Pb + Pb !

Pb + J/ + Pb)/dy cross section at the optimal scale
µ = 2.22 GeV is qualitatively similar to that obtained
with EPPS16 or EPPS21. Simultaneously, however, the
correspondence with the data is slightly worse: while the
data at y ⇡ 0 is reproduced by construction, the solid
curve somewhat underestimates the data at |y| 6= 0. Note
that the good agreement with the data at y ⇡ 0 is im-
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this factor is about 55.

The improvement, when moving from nNNPDF2.0 [45]
(Fig. 10 of [24]) to the newer nNNPDF3.0 set, is rather
dramatic. We find that the shape of the d�(Pb + Pb !

Pb + J/ + Pb)/dy cross section at the optimal scale
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correspondence with the data is slightly worse: while the
data at y ⇡ 0 is reproduced by construction, the solid
curve somewhat underestimates the data at |y| 6= 0. Note
that the good agreement with the data at y ⇡ 0 is im-

• Scale dependence of our NLO 
pQCD results for mc ≤ µF≤ MJ/𝜓 is 
very strong. 

• One can find an “optimal scale” 
µF=2.39 GeV (EPPS21) giving 
simultaneous good description of 
Run 1&2 UPC data → note that 
𝛾+p→J/𝜓+p proton data is 
somewhat overestimated. 

• Note that updated LHCb data 
have moved up worsening the 
agreement with EPPS21.  

• The agreement is restored by 
using nCTEQ15WZSIH nPDFs 
characterized by large strange 
quark density → sensitivity to 
strange quarks in nuclei? 
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Uncertainties due to nuclear PDFs 

• Uncertainties due nPDFs are 
quite significant → opportunity 
to reduce them using the data 
on J/𝜓 photoproduction in AA 
UPCs. 

• Compared to our original 
calculations, abnormally large 
uncertainty associated with 
EPPS16 disappears when using 
more recent EPPS21. 

• The nNNPDF3.0 nPDFs 
correspond to much less 
constrained fit → large 
uncertainties. 

8

FIG. 4. The PDF uncertainties of the NLO pQCD predictions for the d�(Pb + Pb ! Pb + J/ + Pb)/dy cross section as a
function of y for Run 1 (upper) and Run 2 (lower) at the LHC, and a comparison with the corresponding Run 1 [38–40] and
Run 2 [41–44] data, mirrored with respect to y = 0 and with the statistical and systematic errors added in quadrature. The
results corresponding to the central sets of nPDFs are shown by the blue solid (EPPS21), red dashed (nCTEQ15WZSIH), and
green dotted (nNNPDF3.0) curves, respectively, and the error bands are represented by the corresponding shaded regions. All
calculations are performed at the indicated values of the optimal scale µ.

can see from the figure that the O-O UPC cross section
is approximately 1,000 times smaller than that in the
Pb-Pb case primarily due to the much smaller photon
flux. On the other hand, the shape of the y dependence
is similar in the O-O and Pb-Pb cases: it is rather broad
at midrapidity with sloping “shoulders” at forward and
backward rapidities; higher scales correspond to larger
d�(O+O ! O+J/ +O)/dy, which also tend to develop
a valley-like structure at the highest scales of µ ⇡ MJ/ .

To quantify the magnitude of the scale dependence, we
consider the ratio between the µ = MJ/ and µ = mc

results at y = 0 which we denote by Rscale. One can see
from Fig. 5 that Rscale is of the same order of magnitude
as in Pb-Pb collisions starting at Rscale ⇡ 16 at

p
sNN =

2.76 TeV and rising up to Rscale ⇡ 35 at
p
sNN =

7 TeV. We have checked that with nCTEQ15WZSIH the
scale dependence is of the same order as with EPPS21:
Rscale ⇡ 12 at

p
sNN = 2.76 TeV and increasing to ap-
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NLO pQCD predictions for O-O UPCs 9

FIG. 5. The NLO pQCD results for the rapidity di↵erential cross section of coherent J/ photoproduction in O-O UPCs as a
function of the rapidity y, obtained with the EPPS21 nPDFs at

p
sNN = 2.76, 5.02, 6.37 and 7 TeV. The di↵erent lines show

the results for ten choices of the scale µ ranging from µ = mc (lowest curve) to µ = MJ/ (highest curve) with a step of mc/8.
The µ = 2.39 GeV “optimal scale” prediction lies in the middle of this scale-uncertainty envelope.

proximately Rscale = 20 at
p
sNN = 7 TeV. At the same

time, for nNNPDF3.0 the scale dependence is consider-
ably stronger: Rscale ⇡ 800 at

p
sNN = 2.76 TeV and

increases up to Rscale ⇡ 2700 at
p
sNN = 7 TeV. This

huge scale dependence is due to the nearly perfect can-
cellation between the LO and the NLO contributions in
both the real and the imaginary parts of the amplitude
at the lowest scale of µ = mc. At forward and back-
ward rapidities over the full range µ 2 [mc,MJ/ ], the
scale dependence is not as strong for all three nPDF sets
under consideration.

Figure 6 shows the separate contributions of the two
terms to d�(O + O ! O + J/ + O)/dy in Eq. (1), la-
beled “W+” (dashed orange) and “W�” (dotted green),
along with their sum labeled “Full” (solid blue). The
calculation is carried out using the EPPS21 nPDFs at
µ = 2.39 GeV, which is the optimal scale in the Pb-Pb
case. The results are qualitatively similar to those for
the Pb-Pb collision system [24]. Looking only at the W+

contribution, we observe a small bump at backward ra-
pidities caused by the interplay of the large photon flux
with the increasing photoproduction cross section and
the integral of the nuclear form factor squared. This
increase in the di↵erential cross section is momentarily
halted and then decreases as one moves from y ⇡ �4 to
y ⇡ �2 (i.e. at Run 1

p
sNN and slightly di↵erently for

the other energies). Then the growth of the photopro-
duction cross section forces an increase of the absolute

magnitude of the UPC cross section until around y ⇡ 2,
when the decrease in the photon flux eventually forces
the cross section to zero. One can see that this holds for
all four energies and we have checked that the results are
qualitatively similar for all the three nPDF sets studied
here.
Figure 7 quantifies the contributions of the imaginary

and real parts of the � + A ! J/ + A amplitude to
the d�(O + O ! O + J/ + O)/dy UPC cross section:
the dashed orange curve gives the result, when only the
imaginary part is included, the dotted green curve shows
the result, when only the real part is included, and the
solid blue curve is their sum. One can see from the figure
that with increasing

p
sNN , the imaginary part becomes

more important at central rapidity and, when moving
from 2.76 TeV to 6.37 TeV, the dip in the imaginary part
at around y ± 3 seen at

p
sNN = 2.76 TeV actually rises

above the real part, i.e., the imaginary part becomes the
dominant contribution at all values of rapidity. Qualita-
tively, the results are the same for the other two nPDF
sets nNNPDF3.0 and nCTEQ15WZSIH.
Finally, in Fig. 8 we show the separate contributions of

di↵erent parton channels to the UPC cross section. The
dashed orange curve gives the gluon contribution, i.e.,
it corresponds to the situation when the contribution of
quarks is neglected, the dotted green line gives the quark
contribution, the red dash dotted curve is the interference
term between the gluon and quark contributions, and the

• NLO pQCD predictions for anticipated O-O run with 4 options for √sNN → 
similar trends as for Pb-Pb UPCs → large scale and nuclear PDF uncertainties.
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Reduction of uncertainties using O/Pb ratio
• One can reduce the significant scale µF and nPDF uncertainties by 
considering the ratio of oxygen to lead UPC cross sections:

11

FIG. 8. The breakdown of the NLO pQCD predictions for the d�(O + O ! O + J/ + O)/dy cross section of coherent J/ 

photoproduction in O-O UPCs as a function of the rapidity y into the contribution of di↵erent parton channels: gluon (dashed
orange curve), quark (green dotted curve), and their interference (red dash-dot curve); the solid blue curve is the full result.
The calculation uses the EPPS21 nPDFs at µ = 2.39 GeV. The di↵erent panels correspond to

p
sNN = 2.76, 5.02, 6.37 and

7 TeV.

pidities. We have checked that this trend also persists
for the nNNPDF3.0 and nCTEQ15WZSIH nPDFs.

Lastly, a few words about the feasibility of measure-
ments of this process in O-O UPCs. Experimentally the
d�

coh

J/ 
/dy rapidity di↵erential cross section for the coher-

ent photoproduction of J/ in the lepton channel l+l�

is given by [38]

d�
coh

J/ 

dy
=

N
coh

J/ 

E�l+l�Lint�y
, (14)

where N coh

J/ 
is the yield, i.e., the number of observed J/ 

particles, E is the combined acceptance and e�ciency of
the detector, �l+l� is the branching ratio to the desired
final state l

+
l
�, Lint is the integrated luminosity, and

�y is the width of the rapidity interval under consider-
ation. By considering only the central rapidity and the
the muon channel with �l+l� = 5.961% [47] and taking
the values given in [38], E = 4.57 %, �y = 1.8, and
N

coh

J/ 
= 250, together with d�

coh

J/ 
/dy = 2 µb from Fig. 6,

we can estimate the required integrated luminosity Lint

to be

Lint ⇡ 25.5⇥ 103
1

µb
. (15)

It was discussed in Ref. [25] that in the high luminos-
ity O-O run at the LHC, the average luminosity would

be hLAAi = 8.99 ⇥ 1030 cm�2s�1. This means that in a
specialized 24-hour O-O run at ALICE, the integrated lu-
minosity would be approximately 7.8⇥105 µb�1 resulting
in approximately 7.5⇥ 103 J/ ’s making the experimen-
tal data acquisition more than feasible. Unfortunately,
at the proposed short data acquisition during Run 3, one
would most likely acquire only the integrated luminosity
of 500 µb�1, which means that one expects to see only
five events [25].

D. Ratios of O-O and Pb-Pb UPC cross sections

Our results presented above indicate that the scale de-
pendence is considerable for both O-O and Pb-Pb col-
lision systems. To reduce it, we examine the following
scaled ratio of the O-O and Pb-Pb UPC cross section,

R
O/Pb =

✓
208ZPb

16ZO

◆2
d�(O + O ! O+ J/ +O)/dy

d�(Pb + Pb ! Pb + J/ + Pb)/dy
(16)

where the factor of [(208ZPb/(16ZO)]2 is introduced to
remove the e↵ects of the Z

2 scaling of the photon flux
and the A

2 scaling of the nuclear form factor squared.
Since the hard scattering part is the same for both O-O
and Pb-Pb scatterings, the scale dependence, which we
expect to see in this ratio, comes from the underlying
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FIG. 9. The NLO pQCD predictions using the EPPS21 nPDFs for the scaled ratio of cross sections of J/ photoproduction
in O-O and Pb-Pb UPCs as a function of the rapidity y for six di↵erent values of the scale µ at four di↵erent values of

p
sNN .

nPDF sets and the di↵erent weights of the photon fluxes
and the form factors, when we consider both processes at
the same

p
sNN . From a practical point of view, the O-O

run will most likely be done at a di↵erent
p
sNN , which

generates an additional scale uncertainty due to the fact
that the O-O process will be probed at a smaller x value
due to the skewness parameter ⇠ becoming smaller.

Figures 9, 10 and 11 present our NLO pQCD predic-
tions for R

O/Pb evaluated at six di↵erent values of the
scale µ ranging from µ = 1.55 GeV to µ = 3.1 GeV
using the EPPS21, nNNPDF3.0 and nCTEQ15WZSIH
nPDFs, respectively. One can see from the figures that
the relative scale uncertainty seems to be the smallest
for EPPS21 and nCTEQ15WZSIH at y ⇡ 0, which then
grows slightly towards backward and forward rapidities.
However, in the nNNPDF3.0 case the situation is re-
versed due to the almost exact cancellation of the photo-
production amplitude for the O-O process at central ra-
pidity. Moreover, depending on the energy, the EPPS21
nPDF set produces a node at y ⇡ ±1.1 or y ⇡ ±1.8,
where all the scales except for the lowest µ = mc seem
to agree with each other. Such a node is missing in the
results given by nNNPDF3.0 or nCTEQ15WZSIH. In ad-
dition, we would like to point out that our predictions for
R

O/Pb for each nPDF set separately tend to cluster to-
gether at higher values of µ.

To quantify the magnitude of the relative scale de-
pendence, we consider the super-ratio of ratios R

O/Pb

at y = 0, which are evaluated at µ = MJ/ and µ = mc,

R
O/Pb

scale
=

R
O/Pb(µ = MJ/ )

RO/Pb(µ = mc)
. (17)

The results for RO/Pb

scale
are presented in Table I. One can

see from the table that for all three sets of nPDFs, the

scale uncertainty of RO/Pb

scale
is smaller by approximately a

factor of 10 than that of the predictions for the individual
Pb-Pb and O-O UPC cross sections (the exact size of
the reduction in the scale dependence depends on the
particular nPDF set and

p
sNN ). The scale uncertainty

also increases, when
p
sNN is increased, since at higher

energies one probes the nPDFs at progressively smaller
x, where the scale evolution of the nPDFs is faster.

TABLE I. The ratios R
O/Pb(µ = MJ/ )/R

O/Pb(µ = mc)
at y = 0 for EPPS21, nNNPDF3.0, and nCTEQ15WZSIH
nPDFs for four values of the collision energy

p
sNN , which is

taken to be the same for O-O and Pb-Pb runs.
p
sNN EPPS21 nNNPDF3.0 nCTEQ15WZSIH

2.76 TeV 0.7 51.5 1.2
5.02 TeV 0.6 86.1 1.5
6.37 TeV 0.5 90.6 1.7
7.00 TeV 0.5 91.4 1.8

One can see from the table that the scale uncertainty

characterized by the ratio R
O/Pb

scale
of Eq. (17) turns out

to be very large in the case of nNNPDF3.0 nPDFs. This

16

FIG. 15. The PDF uncertainties of NLO pQCD predictions for RO/Pb as a function of the rapidity y. The results corresponding
to the central nPDF sets at the optimal scales are shown by the blue solid (EPPS21), green dotted (nNNPDF3.0), and red
dashed (nCTEQ15WZSIH) curves, respectively. The corresponding uncertainties are shown by the shaded bands, see text for
details. Di↵erent panels correspond to di↵erent

p
sNN .

rapidities, theW+ component gets probed at smaller and
smaller values of x (similarly for the W

� component at
negative rapidities). For the EPPS21 and nNNPDF3.0
sets, the band stays always at positive values, but for
nCTEQ15WZSIH, the uncertainty band reaches negative
values starting from

p
sNN = 5.02 TeV at large enough

|y|. Interestingly the uncertainties in nNNPDF3.0 are
upwards dominated and in nCTEQ15WZSIH they are
downwards dominated.

A comparison of the PDF and scale uncertainties
in R

O/Pb at y = 0 as a function of
p
sNN is shown

in Fig. 16. The PDF uncertainties are calculated at
the corresponding optimal scales for the EPPS21 (left),
nNNPDF3.0 (middle) and nCTEQ15WZSIH (right) nu-
clear PDFs. The scale uncertainty represents the range
between the scales µ = mc and µ = MJ/ . In absolute
terms the EPPS21 PDF uncertainty is typically smaller
than the scale uncertainty, while for nNNPDF3.0 and
nCTEQ15WZSIH the scale uncertainty is smaller than
the PDF uncertainty. The figure also shows the lack of
uniformity between the uncertainties between di↵erent
sets. For instance, in the EPPS21 case, the scale un-
certainty dominates upwards, whereas the PDF uncer-
tainties dominate downwards. For nNNPDF3.0, the sit-
uation is reversed: PDF uncertainties dominate the up-
wards uncertainty and scale uncertainties the downwards
uncertainty. Then interestingly for nCTEQ15WZSIH –
the set with the enhanced strange quark contribution –

the scale uncertainties are smaller than the PDF uncer-
tainties at all energies. The value of the ratio stays ap-
proximately constant as a function of

p
sNN for all three

sets.
Figure 17 presents the nPDF uncertainties of the ratio

R
O/Pb as a function of y, when the O-O and Pb-Pb UPC

cross sections are evaluated at di↵erent collision energies
(see our discussion above). The notation of the curves
and shaded bands is the same as in Fig. 15. A compari-
son with Fig. 15 shows that the results in the two figures
are similar. In particular, at central rapidity for EPPS21
the ratio between the upper bound and the lower bound
for the PDF uncertainties is about 2.2 for Pb-Pb taken at
Run 1 energy and 1.8 for Pb-Pb taken at Run 2 energy,
which means that the PDF uncertainty is slightly larger
at all energies under consideration than the scale uncer-
tainty (see Table II). For nNNPDF3.0 the same ratio is
around 6.7 for all energies and again the scale uncer-
tainty is clearly the dominating one, when considering
µ 2 [mc,MJ/ ]. If we ignore the lowest scale µ = mc,
we find that the PDF uncertainty is again the larger one.
For nCTEQ15WZSIH the corresponding ratios are about
1.7 and 2.5 for Run 1 and Run 2 energies, respectively.
These results are summarized in Fig. 18, which shows

the R
O/Pb ratio at y = 0 for EPPS21, nNNPDF3.0, and

nCTEQ15WZSIH for di↵erent configurations of collision
energies as discussed above. The color-coded bars give
the scale (wide error bars) and PDF (thin error bars with

Scale uncertainty of RO/Pb nPDF uncertainty of RO/Pb

• Hard scattering coefficient functions for O and Pb are the same → differences 
come from O and Pb nPDFs → scale dependence reduced by factor of 10 
compared to individual UPC cross sections.  

• Reduction of nPDF uncertainties is also large due to additional partial 
cancellation of uncertainties associated with proton PDFs.
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Dominance of quark contribution 
• The most striking result is strong cancellations between LO and NLO gluons 
→ dominance of quark contribution at central rapidities. 

QM22Proc˙Eskola˙etal printed on June 10, 2022 5

Fig. 3. Upper panel: Breakdown of the NLO cross section in the upper panel of
Fig. 1 into contributions from the imaginary and real parts of the amplitude. Lower
panel: Contributions without quarks, without gluons, and from the quark-gluon
interference terms alone. Figures from [6].

Fig. 4. As Fig. 1 upper panel, but computed with three di↵erent nPDFs using the
same “optimal” scale. Figure from [6].

• At the face value, this totally changes the interpretation of data on coherent 
J/𝜓 photoproduction in heavy-ion UPCs as a probe of small-x nuclear gluons. 
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l First NLO pQCD calculation of exclusive J/𝜓 photoproduction in Pb-Pb and 
O-O UPCs@LHC in the framework of collinear factorization. 

l Our analysis confirmed strong scale dependence noticed earlier, quantified 
uncertainty due to nuclear PDFs, observed the dominance of the quark 
contribution, and provided simultaneous description of Run 1&2 LHC data.  

l From phenomenology point of view, the ultimate goal is to use these UPC 
data in global QCD fits. 
l In the present form, this is challenging. Possible solutions: 

❖ Consider ratio of AA to OO/pp UPC cross sections, where most of complications 
(scale dependence, uncertainties of nPDFs, details of GPD modeling and its Q2 
evolution, relativistic corrections to the charmonium wave function) partially cancel. 
❖ Even in the case of the UPC cross section ratios, non-relativistic corrections to 
charmonium wave function do not cancel exactly and should be taken into 
account, Eskobedo, Lappi, PRD 101 (2020) 3, 034030; Lappi, Mantysaari, Penttala, PRD 102 (2020) 5, 054020 

Summary and Outlook


