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UPCs as probes of nuclei
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Fig. 1. Schematic diagram of an ultraperipheral collision of two ions. The impact parameter, b, is larger than the sum of the two radii, RA + RB .
Reprinted from Ref. [3] with permission from Elsevier.

Fig. 2. A schematic view of (a) an electromagnetic interaction where photons emitted by the ions interact with each other, (b) a photon–nuclear
reaction in which a photon emitted by an ion interacts with the other nucleus, (c) photonuclear reaction with nuclear breakup due to photon
exchange.

The photoproduction cross section can also be factorized into the product of the photonuclear cross section and the
photon flux, dN� /dk,

�X =

Z
dk

dN�

dk
�

�
X (k), (4)

where �
�
X (k) is the photonuclear cross section.

The photon flux used to calculate the two-photon luminosity in Eq. (2) and the photoproduction cross section in Eq.
(4) is given by the Weizsäcker–Williams method [8]. The flux is evaluated in impact parameter space, as is appropriate
for heavy-ion interactions [9,10]. The flux at distance r away from a charge Z nucleus is
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L
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#
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where w = kr/�L and K0(w) and K1(w) are modified Bessel functions. The photon flux decreases exponentially
above a cutoff energy determined by the size of the nucleus. In the laboratory frame, the cutoff is kmax ⇡ �L h̄c/RA. In
the rest frame of the target nucleus, the cutoff is boosted to Emax = (2� 2

L � 1)h̄c/RA, about 500 GeV at RHIC and 1
PeV (1000 TeV) at the LHC. The photon flux for heavy ions at RHIC and the LHC is depicted in Fig. 4. Also shown,

Baltz et al., Phys. Rept. 458 (2008) 1

In ultra-peripheral heavy-ion collisions (UPCs), two nuclei
pass each other at an impact parameter larger than the sum
of their radii
: hadronic interactions suppressed

Hard interactions of one nucleus with the e.m. field of the
other can be described in equivalent photon approximation
: access to photo-nuclear processes

A “new” way to probe nuclear contents!
Bertulani, Klein & Nystrand, Ann. Rev. Nucl. Part. Sci. 55 (2005) 271

Baltz et al., Phys. Rept. 458 (2008) 1
Contreras & Tapia Takaki, Int. J. Mod. Phys. A 30 (2015) 1542012

Klein & Mäntysaari, Nature Rev. Phys. 1 (2019) 662



Inclusive dijets in UPCs
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Dijet photoproduction in UPCs has been
promoted as a probe of nuclear PDFs

Strikman, Vogt & White, PRL 96 (2006) 082001

ATLAS measurement now fully unfolded!

Triple differential in

HT =
∑
i∈jets

pT,i, zγ =
Mjets√
sNN

e+yjets ,

xA =
Mjets√
sNN

e−yjets

Previous NLO predictions have been performed
in a pointlike approximation

: Can/should we do better?3−10 2−10 γz
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Figure 17: Triple-di�erential cross-sections, d3�
dHTdxAdz� , as a function of z� for di�erent bins of HT for events with

struck parton energies in the kinematic range 0.015 < xA < 0.2. In the upper panel, systematic uncertainties are
shown as shaded boxes, while statistical uncertainties shown as vertical lines are usually smaller than the size of
the markers. A theoretical comparison is shown to cross-sections computed using P����� 8 with nCTEQ PDFs, a
photon flux from S��������, and a z�-dependent breakup fraction, as derived in Appendix A. The bottom panels
show the ratio between the theory prediction and data for several bins of HT. The grey bands in the ratio panels are
the quadrature sum of systematic and statistical uncertainty on the data.
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FIG. 1. Typical leading-order Feynman graphs for dijet photo-
production in UPCs of hadrons A and B. Graphs (a) and (b) corre-
spond to the direct and resolved photon contributions, respectively.

the requirement that the target nucleus stays intact, one can
study diffractive dijet photoproduction in UPCs AA → A +
2 jets + X + A. Studies of this process may shed some light
on the mechanism of QCD factorization breaking in diffrac-
tive photoproduction and, for the first time, give access to
nuclear diffractive PDFs [40,41]. While further progress in
constraining nPDFs will benefit from studies of high-energy
hard processes with nuclei in proton-nucleus (pA) scattering
at the LHC [42] and lepton-nucleus (eA) scattering at a future
Electron-Ion Collider (EIC) [43] and Large Hadron Electron
Collider (LHeC) [44], UPCs at the LHC present an important
and complementary method of obtaining new constraints al-
ready now on nPDFs in a wide kinematic range.

In this work, we make predictions for the cross section of
inclusive dijet photoproduction in Pb-Pb UPCs at the LHC
using NLO perturbative QCD [45] and nCTEQ15 nPDFs.
We show that our approach provides a good description of
various cross section distributions measured by the ATLAS
Collaboration [38]. Our analysis also shows that the dijet
photoproduction cross section in the considered kinematics is
sensitive to nuclear modifications of the PDFs. As a function
of the momentum fraction xA, the ratio of the cross sections
calculated with nPDFs and in the impulse approximation
behaves similarly to Rg for a given µ and deviates from unity
by 10–20% for the central nCTEQ15 fit. The calculations
using EPPS16 nPDFs and predictions of the leading twist
nuclear shadowing model give similar results. This suggests
that inclusive dijet photoproduction on nuclei can be used to
reduce uncertainties in the determination of nPDFs, which are
currently significant and comparable in size to the magnitude
of the calculated nuclear modifications of the dijet photopro-
duction cross section.

The remainder of this paper is structured as follows. In
Sec. II, we outline the formalism of dijet photoproduction in
UPCs using NLO perturbative QCD. We present and discuss
our results for the LHC in Sec. III and draw conclusions in
Sec. IV.

II. PHOTOPRODUCTION OF DIJETS IN UPCS
IN NLO PERTURBATIVE QCD

Typical leading-order (LO) Feynman diagrams for dijet
photoproduction in UPCs of nuclei A and B are shown in
Fig. 1, where the graphs (a) and (b) correspond to the direct

and resolved photon contributions, respectively. Note that
beyond LO, the separation of the direct and resolved photon
contributions depends on the factorization scheme and scale
(see the discussion below).

Using the Weizsäcker-Williams method, which allows one
to treat the electromagnetic field of an ultrarelativistic ion as
a flux of equivalent quasireal photons [1,46], and the collinear
factorization framework for photon-nucleus scattering, the
cross section of the UPC process AB → A + 2 jets + X is
given by [45]

dσ (AB → A + 2 jets + X )

=
∑

a,b

∫ ymax

ymin

dy
∫ 1

0
dxγ

∫ xA,max

xA,min

dxA fγ /A(y) fa/γ (xγ , µ2) fb/B

× (xA, µ2)d σ̂ (ab → jets), (1)

where a, b are parton flavors; fγ /A(y) is the flux of equivalent
photons emitted by ion A, which depends on the photon
light-cone momentum fraction y; fa/γ (xγ , µ2) is the PDF of
the photon, which depends on the momentum fraction xγ and
the factorization scale µ; fb/B(xA, µ2) is the nuclear PDF with
xA being the corresponding parton momentum fraction; and
d σ̂ (ab → jets) is the elementary cross section for production
of two- and three-parton final states emerging as jets in hard
scattering of partons a and b. The sum over a involves quarks
and gluons for the resolved photon contribution and the pho-
ton for the direct photon contribution dominating at xγ ≈ 1.
At LO, the direct photon contribution has support exactly
only at xγ = 1, i.e., fa/γ = δ(1 − xγ ). At NLO, the virtual
and real corrections are calculated with massless quarks in
dimensional regularization, ultraviolet (UV) divergences are
renormalized in the MS scheme, and infrared (IR) divergences
are canceled and factorized into the proton and photon PDFs,
respectively. For the latter, this implies a transformation from
the DISγ into the MS scheme. The integration limits are
determined by the rapidities and transverse momenta of the
produced jets; see Sec. III. Note that Eq. (1) is based on
the clear separation of scales, which characterize the long-
distance electromagnetic interaction and the short-distance
strong interaction. It generalizes the NLO perturbative QCD
formalism of collinear factorization for jet photoproduction
in lepton-proton scattering developed in Refs. [45,47–49],
which successfully described HERA ep data on dijet pho-
toproduction [50]. Hence, Eq. (1) involves universal nuclear
PDFs fb/B(xA, µ2), which can be accessed in a variety of hard
processes involving nuclear targets [33–35], and the universal
photon PDFs fa/γ (xγ , µ2), which are determined by e+e−

data; for a review, see [45]. Hence, the interplay between the
direct and resolved photon contributions in Eq. (1) is also uni-
versal and controlled by the standard µ2 evolution equations
of photon PDFs and the choice of the factorization scheme.

In our analysis, we used the following input for Eq. (1). For
photon PDFs fa/γ (xγ , µ2), we used the GRV HO parametriza-
tion [51], which we transformed from the DISγ to the MS fac-
torization scheme. These photon PDFs have been profoundly
tested at HERA and the Large Electron-Positron (LEP) col-
lider at CERN and are very robust, in particular at high xγ

(dominated by the pQCD photon-quark splitting), which is
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direct: resolved:
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Let’s assume an impact-parameter dependent factorization similar to
Greiner et al., PRC 51 (1995) 911

The inclusive UPC dijet cross section can be written as:

dσAB→A+dijet+X =
∑
i,j,X′

∫
d2bΓAB(b)

∫
d2r fγ/A(y, r)⊗ fi/γ(xγ , Q

2)

⊗
∫

d2s fj/B(x,Q2, s)⊗ dσ̂ij→dijet+X′δ(r−s−b)

A Bb

s
r
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Let’s assume an impact-parameter dependent factorization similar to
Greiner et al., PRC 51 (1995) 911

dσAB→A+dijet+X =
∑
i,j,X′

∫
d2bΓAB(b)

∫
d2r fγ/A(y, r)⊗ fi/γ(xγ , Q

2)

⊗
∫

d2s fj/B(x,Q2, s)⊗ dσ̂ij→dijet+X′δ(r−s−b)

Nuclear suppression factor:
Probability for having no hadronic interaction
at impact parameter b

A Bb

s
r
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Let’s assume an impact-parameter dependent factorization similar to
Greiner et al., PRC 51 (1995) 911

dσAB→A+dijet+X =
∑
i,j,X′

∫
d2bΓAB(b)

∫
d2r fγ/A(y, r)⊗ fi/γ(xγ , Q

2)

⊗
∫

d2s fj/B(x,Q2, s)⊗ dσ̂ij→dijet+X′δ(r−s−b)

Photon flux:
The number of photons at radius r
from the emitting nucleus

A Bb

s
r
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Let’s assume an impact-parameter dependent factorization similar to
Greiner et al., PRC 51 (1995) 911

dσAB→A+dijet+X =
∑
i,j,X′

∫
d2bΓAB(b)

∫
d2r fγ/A(y, r)⊗ fi/γ(xγ , Q

2)

⊗
∫

d2s fj/B(x,Q2, s)⊗ dσ̂ij→dijet+X′δ(r−s−b)

Photon PDF:
Density of partons type i within the photon

A Bb

s
r
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Let’s assume an impact-parameter dependent factorization similar to
Greiner et al., PRC 51 (1995) 911

dσAB→A+dijet+X =
∑
i,j,X′

∫
d2bΓAB(b)

∫
d2r fγ/A(y, r)⊗ fi/γ(xγ , Q

2)

⊗
∫

d2s fj/B(x,Q2, s)⊗ dσ̂ij→dijet+X′δ(r−s−b)

Nuclear PDF:
Density of partons type j within the nucleus
at distance s from the center

A Bb

s
r
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Let’s assume an impact-parameter dependent factorization similar to
Greiner et al., PRC 51 (1995) 911

dσAB→A+dijet+X =
∑
i,j,X′

∫
d2bΓAB(b)

∫
d2r fγ/A(y, r)⊗ fi/γ(xγ , Q

2)

⊗
∫

d2s fj/B(x,Q2, s)⊗ dσ̂ij→dijet+X′δ(r−s−b)

Partonic cross section:
Production rate for the dijet system
from partons i and j

A Bb

s
r
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Let’s assume an impact-parameter dependent factorization similar to
Greiner et al., PRC 51 (1995) 911

A Bb

s
r

A

r |r| ∼ |b| � |s| ∼ RB ‘far-passing’

: any s equally allowed
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Let’s assume an impact-parameter dependent factorization similar to
Greiner et al., PRC 51 (1995) 911

A Bb

s
r

A

r |r| ∼ |b| � |s| ∼ RB ‘far-passing’

: any s equally allowed

A

r |r| ∼ |b| ∼ |s| ∼ RB ‘close-encounter’

: restricted s phase space for UPC events

non-UPC UPC
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Let’s assume an impact-parameter dependent factorization similar to
Greiner et al., PRC 51 (1995) 911

dσAB→A+dijet+X =
∑
i,j,X′

∫
d2bΓAB(b)

∫
d2r fγ/A(y, r)⊗ fi/γ(xγ , Q

2)

⊗
∫

d2s fj/B(x,Q2, s)⊗ dσ̂ij→dijet+X′
δ(r−s−b)

A Bb

s
r

Now, if fj/B(x,Q2, s) = 1
B TB(s) · fj/B(x,Q2), we can write

dσAB→A+dijet+X =
∑
i,j,X′

f eff
γ/A(y)⊗ fi/γ(xγ , Q

2)⊗ fj/B(x,Q2)⊗ dσ̂ij→dijet+X′

where the effective photon flux reads

f eff
γ/A(y) =

1

B

∫
d2r

∫
d2s fγ/A(y, r)TB(s) ΓAB(r−s) as in ATLAS-CONF-2022-021 (see Appendix A)
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A Br = b
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sNN/2
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Pointlike (PL) approximation: TB(s) = Bδ(s), ΓAB(b) = θ(|b|−bmin), bmin = 2RPL = 14.2 fm

⇒ f eff,PL
γ/A (y) =

∫
d2r fPL

γ/A(y, r)︸ ︷︷ ︸
=Z2αe.m.

π2
m2
py[K2

1 (ζ)+ 1
γL
K2

0 (ζ)]ζ=ymp|r|

θ(|r|−bmin) = 2Z2αe.m.
πy

[
ζK0(ζ)K1(ζ)− ζ2

2 [K2
1 (ζ)−K2

0 (ζ)]
]
ζ=ympbmin

: Coincides with Guzey & Klasen, PRC 99 (2019) 065202



Effective photon flux in UPC PbPb (2: WS with TB(s) = Bδ(s))
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BA r = b
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Woods-Saxon source on point-like target (WSδ(s)): TB(s) = Bδ(s), ΓAB(b) = exp[−σNN T
WS
AB (b)]

⇒ f
eff,WSδ(s)
γ/A (y) =

∫
d2r fWS

γ/A(y, r)︸ ︷︷ ︸
=Z2αe.m.

π2
1
y

∣∣∣∣∫∞0 dk⊥k
2
⊥

k2⊥+(ymp)2
FWS(k2⊥+(ymp)2)J1(|r|k⊥)

∣∣∣∣2
ΓAB(r)

: cf. Guzey & Zhalov, JHEP 02 (2014) 046; Zha et al., PLB 781 (2018) 182; Eskola et al., PRC 106 (2022) 035202



Effective photon flux in UPC PbPb (3: Full WS profile)
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Woods-Saxon nuclear profile (WS): TB(s) =
∫

dzρWS
B (z, s), ΓAB(b) = exp[−σNN T

WS
AB (b)]

⇒ f eff,WS
γ/A (y) =

∫
d2r fWS

γ/A(y, r)︸ ︷︷ ︸
=Z2αe.m.

π2
1
y

∣∣∣∣∫∞0 dk⊥k
2
⊥

k2⊥+(ymp)2
FWS(k2⊥+(ymp)2)J1(|r|k⊥)

∣∣∣∣2
Γeff
AB(r), where Γeff

AB(r) =
1

B

∫
d2sTB(s) ΓAB(r−s)

: Accounting for the s dependence important at small |r|!
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For the ‘far-passing’ events with |r| > 3RPL the PL approximation works fine. . .
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For the ‘far-passing’ events with |r| > 3RPL the PL approximation works fine. . .

. . . but producing high-pT jets requires sufficient energy from the photon
which enhances sensitivity to the ‘near-encounter’ region



Effective photon flux and UPC dijet cross section
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: most of the events with large zγ (correspondingly small xA) come from small |r|!
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∼ 40% effect in WSδ(s) vs. full WS cross sections in the largest zγ bin (but 10% for WS vs. PL)
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Questions for further investigation:

All of this assumed that we can factorize fj/B(x,Q2, s) = 1
B TB(s) · fj/B(x,Q2), but this is a

simplification – use impact-parameter dependent nPDFs (EPS09s, FGS10) instead.
How are then these objects we probe here in a (more or less) inclusive process related to the GPDs
extracted from exclusive processes?
Here we have neglected the possibility of electromagnetic breakup through Coulomb excitations;
Including it would modify the ΓAB(b) suppression factor.



Summary
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In principle, inclusive dijet photoproduction off nuclei is a good probe for nuclear PDFs

However, in UPCs impact-parameter space is restricted due to requirement of no nuclear overlap

Due to requiring the production of high-pT jets, significant part of the cross section comes from
events where the nuclei pass each other at small impact parameters

: Sensitivity to the nuclear transverse profile

: Significant effect in the largest measured zγ bins

Will be interesting to study whether we can constrain impact-parameter dependent nPDFs this way

Still have to include the e.m. breakup modelling to be able to compare directly with the data



Thank you!
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FIG. 2. NLO QCD predictions for the ratio of the cross sections of dijet photoproduction on nuclei and the proton as a function of p̄T , η̄,
xobs

A , and xobs
γ in the EIC kinematics. The calculation uses central values of nCTEQ15 nPDFs (solid lines) and 32 sets of error PDFs (shaded

band).

photon contribution has the support exactly at xγ = 1 and
fγ /γ (xγ , µ2) = δ(1 − xγ ). At NLO, the separation between
the resolved and direct photon contributions depends on the
factorization scheme and scale µ. Indeed, by calculating the
virtual and real corrections to the matrix elements of interest
using massless quarks in dimensional regularization, one can
explicitly show that ultraviolet (UV) divergences are renor-
malized in the MS scheme and infrared (IR) divergences are
canceled and factorized into the nucleus (proton) and photon
PDFs, respectively; see Ref. [25]. For the latter, this can imply
a transformation from the DISγ to the MS scheme. As a result,
the direct photon contribution becomes sizable and in practice
dominates the cross section at xγ ≈ 1 even at NLO.

In our analysis, we used for the photon flux of the electron
the improved expression derived in the Weizsäcker-Williams
approximation [26]

fγ /e(y) = α

2π

[
1 + (1 − y)2

y
ln

Q2
max(1 − y)

m2
ey2

+ 2m2
e y

(
1

Q2
max

− 1 − y
m2

ey2

)]
, (2)

where α is the fine-structure constant; me is the electron
mass; and Q2

max is the maximal photon virtuality. Motivated

by studies of jet photoproduction at HERA, we take Q2
max =

0.1 GeV2 and assume that the inelasticity spans the range of
0 < y < 1.

For the photon PDFs, we used the GRV HO parametriza-
tion [27], which we transformed as explained above. These
photon PDFs have been tested thoroughly at HERA and the
Large Electron Positron (LEP) collider at CERN and are very
robust, especially at high xγ (dominated by the pQCD photon-
quark splitting), which is correlated with the low-xA region
that is of particular interest for this work. For the nuclear PDFs
fb/B(xA, µ2), we employed the nCTEQ15 [18] and EPPS16
[19] parametrizations including both central and error PDFs.
The latter are used to evaluate the theoretical uncertainty
bands of our predictions.

III. PREDICTIONS FOR DIJET PHOTOPRODUCTION
CROSS SECTIONS AT FUTURE
ELECTRON-ION COLLIDERS

We performed perturbative NLO QCD calculations of
the dijet photoproduction cross section using Eq. (1), which
was numerically implemented in an NLO parton-level Monte
Carlo [21–25]. This framework has been successfully tested
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The experimental condition for photoproduction at EIC is
much simpler - depends only on electron scattering angle!

fγ/e(y) =
αe.m.

2π

[
1 + (1− y)2

y
log

Q2
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ey

2

+ 2m2
ey

(
1

Q2
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− 1− y
m2
ey

2

)]
,

where Q2
max is the maximal photon virtuality

Probe nPDFs down to x ∼ 10−2

Klasen & Kovarik, PRD 97 (2018) 114013
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