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Outline

2

• Ultraperipheral collisions: photon induced reactions using relativistic 
heavy nuclei 

• Examples of processes in UPC: 
• Photon-photon processes 
• Exclusive reactions 
• Inclusive processes: 

➤ Open charm photoproduction  in UPC: 
➤ Theoretical predictions  for D0 production in UPC at LHC and 

comparison with CMS data
Work with Gian-Michele Innocenti and Matteo Cacciari, arXiv:2506.09893



Introduction to UPCs, LXV Cracow School of Theoretical Physics, Zakopane, June 17, 2025

UPC topical conference
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Discussing ultraperipheral collisions in ultraperipheral location…
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Heavy ion collisions
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lab frame

-v+v

Lead (Pb) nuclei: 
→ total 208 nucleus (A=208)

→ 82 protons (Z=82)

→ 126 neutrons

LHC : 

sNN = 5.36 TeV
Collisions of highly relativistic nuclei
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PbPb event at LHC
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PbPb collision: large multiplicity of produced particles
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UPC events: light by light scattering
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light-by-light scattering in UPC PbPb collisions at 5.02 TeV  
Two back-to-back photons with an invariant mass of 24 GeV with no 

additional activity in the detector are presented. 



7A photonuclear dijet candidate in PbPb UPCs ‘23

Clean dijets events with 
negligible

underlying QCD 
background

photonuclear events
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Ultraperipheral AA collisions
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UPC: ultraperipheral AA collisions,  

Dominated by electromagnetic component 

Cleaner environment than standard AA 
collisions 

Equivalent photon approximation EPA 

Photon flux enhanced by  of nucleus 

 Unique source of high-energy photon-
nucleus collisions  at a collision energy is much 
higher than in any electron-ion collider

b > 2RA

Z2

b

LHC : 

PbPb, Z=82, A=208 

sNN = 5.36 TeV
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Equivalent photon approximation
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Fermi, Weizsaecker, Williams

fγ/A(z) =
2Z2αem

πz [ηK0(η)K1(η) −
η2

2
(K1(η)2 − K0(η)2)] η = zmpbmin /(ℏc)

Z = 82, bmin = 2RA = 2 × 7.1 fm

fγ/A(z) ≃
2Z2αem

πz
log(

1
η

)

Flux of photons from a highly relativistic projectile
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Flux is cutoff at:

zmax ∼ (ℏc)/(mpbmin)

Small z

For EN ≃ 2500 GeV

Emax
γ ∼ 100 GeV

(in the lab frame)
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Photon fluxes for electron and nucleus
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z f (z)

fγ/A(z) =
2Z2αem

πz [ηK0(η)K1(η) −
η2

2
(K1(η)2 − K0(η)2)]

fγ/e(z) =
αem

2π [ 1 + (1 − z)2

z
log( Q2

max(1 − z)
(mez)2 )]

electron

nucleus
η = zmpbmin /(ℏc)

Z = 82, bmin = 2RA = 2 × 7.1 fm

HERA range

Comparison with electron 
flux 

HERA(electron-proton) 
photon energy, extending 
to large fractions 

UPC:  flux steeply falling 
beyond z=0.01

e

A

Q2
max = 0.01, 2 GeV2

fγ/e(z) ≃
αem

π [ 1
z

log( Q2
max

(mez)2 )]
Small z
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UPC physics
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γγ physics γA :photonuclear interactions

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

Photon-Photon Scatterings

Test extreme QED interactions
Clean back-to-back signals

CMS, arXiv:2412.15413

Acoplanarity

Measurement of Tau g-2 Factor in UPCs

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

Anomalous magnetic 
moment

Pb Pb

Pb Pb

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

Testing QED 

Testing SM  in general  

BSM and exotic searches

Inclusive: dijet, heavy quark production

Classes of processes 
 Exclusive processes (no colour exchange) 

 
 
 
 

 Inclusive processes (with colour exchange) 

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

Pomeron – Pomeron 
CEP 

Photoproduction 
Coherent or 
Incoherent 

Double photon exchange 

Direct production Resolved production 

gap 

gap 

gap 

gap 

gap 

gap 

gap 

gap 

gap 

gap 

gap 

Electromagnetic 
dissociation (EMD) 

single or mutual 

Pb

Pb

Pb

Pb

Exclusive production
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γγ physics: g-2
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Measurement of Tau g-2 Factor in UPCs

June 09, 2025 Zaochen Ye (SCNU) at UPC 2025 7

CMS-PAS-HIN-24-011

DELPHI (2004)

CMS 2015 UPC (2023)

ATLAS 2018 UPC (2023)

CMS 2018 PbPb UPC (2023)

CMS 2016-2018 pp UPC (2024)

Anomalous magnetic 
moment

Pb Pb

Pb Pb

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

CMS (p+p and PbPb) agree with SM, set best constrain!

Michael Murray’s talk

g-2 is ratio magnetic moment to spin

µ S

+

2

<latexit sha1_base64="3zB7sBrsTN80BcnYEveS51l+xTA="></latexit>

µ = g
e

2m
S �!

8
><

>:

g = 1: classical

g = 2: Dirac

g ⇡ 2.002: QED

• Swinger derived NLO correction  = 0.016
• g-2 for the electron is the most precise 

measurement in physics. 
• Recently the muon g-2 measured to be 

consistent with lattice QCD calculations.
• Many models of new physics predict deviation 

of g-2 that scales with mass2  
• Tau may point us to new physics. 

<latexit sha1_base64="Ix8k8dehFF+BXRx78wh3wNL+T9Y=">AAACCXicbVA9SwNBEN2LXzF+nVraLAYhacKtGj8KIWhjqWBiIIlhbzOJi3t7x+6eGI60Nv4VGwtFbP0Hdv4b98wVanww8Hhvhpl5fiS4Np736eSmpmdm5/LzhYXFpeUVd3WtocNYMaizUISq6VMNgkuoG24ENCMFNPAFXPo3J6l/eQtK81BemGEEnYAOJO9zRo2Vui6mV0kJ7qLyqAtHXsXzCKke7lW3yYFXPSyRnXLXLaZyCjxJSEaKKMNZ1/1o90IWByANE1TrFvEi00moMpwJGBXasYaIshs6gJalkgagO8n3JyO8ZZUe7ofKljT4W/05kdBA62Hg286Ammv910vF/7xWbPoHnYTLKDYg2XhRPxbYhDiNBfe4AmbE0BLKFLe3YnZNFWXGhlewIZC/L0+SxnaF7FWq57vF2nEWRx5toE1UQgTtoxo6RWeojhi6R4/oGb04D86T8+q8jVtzTjazjn7Bef8COnaWMg==</latexit>

a(exp)e = 0.00115965218059(13)
<latexit sha1_base64="yN+X6vwgyUNfTOLQ9iyCqWVa+qA=">AAACD3icbVDLTsJAFJ3iC/FVdelmItHAhnQIBV2YEN24xEQeCVQyHQaYMH1kZmokTf/Ajb/ixoXGuHXrzr+xhS4UPMlNTs65N/feY/ucSWUY31pmZXVtfSO7mdva3tnd0/cPWtILBKFN4nFPdGwsKWcubSqmOO34gmLH5rRtT64Sv31PhWSee6umPrUcPHLZkBGsYqmvn+K7sEAf/GLUD3tOEF0YJcNAqArN8zI0asgsoIpZzPX1fGIkgMsEpSQPUjT6+ldv4JHAoa4iHEvZRYavrBALxQinUa4XSOpjMsEj2o2pix0qrXD2TwRPYmUAh56Iy1Vwpv6eCLEj5dSx404Hq7Fc9BLxP68bqOGZFTLXDxR1yXzRMOBQeTAJBw6YoETxaUwwESy+FZIxFpioOMIkBLT48jJplUuoWjJvKvn6ZRpHFhyBY1AACNRAHVyDBmgCAh7BM3gFb9qT9qK9ax/z1oyWzhyCP9A+fwBAaJhQ</latexit>

a(exp)µ = 0.001165920715(145) Latest FNAL+BNL combined

Strength of !, γ	coupling depends on g-2 

3
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Measurement of Tau g-2 Factor in UPCs
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CMS-PAS-HIN-24-011

DELPHI (2004)

CMS 2015 UPC (2023)

ATLAS 2018 UPC (2023)

CMS 2018 PbPb UPC (2023)

CMS 2016-2018 pp UPC (2024)

Anomalous magnetic 
moment

Pb Pb

Pb Pb

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

CMS (p+p and PbPb) agree with SM, set best constrain!

Michael Murray’s talk
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γγ physics: g-2
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Constraints for g-2 from γγ → ττ

6. Summary 7

and more than a factor of four improvement over the previous CMS measurement using PbPb
collisions.

Figure 5: Breakdown of the 68% and 95% limits on at in the four considered decay channels
and the combined result, compared to a set of best previous measurements.

Moreover, this study provides the best measurement of the gg ! t+t� cross section, with
s(gg ! t+t�) = 447+16

�11 (stat+sys) µb. The fiducial phase space used in this analysis is sig-
nificantly larger than the one from the previous CMS measurement [6] with the same colliding
system. Given the higher signal efficiency in this study due to more relaxed kinematic require-
ments, a larger fiducial phase space is needed to fully contain the signal events passing these
kinematic requirements.

6 Summary
We report the best measurement of the gg ! t+t� fiducial cross section, s(gg ! t+t�) =
447+16

�11 (stat+sys) µb, using a data sample of PbPb collisions at a center-of-mass energy per nu-
cleon pair of

p
s

NN
= 5.02 TeV. The precision is partly made possible by the high signal ef-

ficiency obtained with relaxed requirements on the transverse momenta of the visible decay
products of the tau lepton with respect to other measurements. We also report a measurement
of at = �35+18

�10 (stat+sys) ⇥ 10�3. This result represents more than a factor of four decrease
in uncertainty on the limits of at as compared to the previous CMS measurement with the
same colliding system. This is due to a factor of four increase in luminosity, the inclusion of

PbPb measurement is in 
complementary phase 
space to pp measurement

<latexit sha1_base64="+xjDkG6cidNUqMpmVn5Ve4c5zJQ=">AAACE3icbVDLSsNAFJ3UV42vqEs3wSK0PkpS3wuh6MZlBfuANpbJdNIOnTyYmYgl5B/c+CtuXCji1o07/8ZJmoW2Hhju4Zx7uXOPHVDChWF8K7mZ2bn5hfyiurS8srqmrW80uB8yhOvIpz5r2ZBjSjxcF0RQ3AoYhq5NcdMeXiV+8x4zTnzvVowCbLmw7xGHICik1NV24V1UxA9BKe5GHQHD+MIoG4ZxXtxL6mFl/yCtZklVu1oh9ST0aWJmpAAy1LraV6fno9DFnkAUct42jUBYEWSCIIpjtRNyHEA0hH3cltSDLuZWlN4U6ztS6emOz+TzhJ6qvyci6HI+cm3Z6UIx4JNeIv7ntUPhnFkR8YJQYA+NFzkh1YWvJwHpPcIwEnQkCUSMyL/qaAAZRELGmIRgTp48TRqVsnlSPr45KlQvszjyYAtsgyIwwSmogmtQA3WAwCN4Bq/gTXlSXpR35WPcmlOymU3wB8rnDy9+mT0=</latexit>

a(exp)⌧ = 0.0009(+0.0032,�0.0031)

From pp (most precise)

From PbPb 

<latexit sha1_base64="5qGBD8f22zPPAey2UyKPc9Nz8HI=">AAACEXicbVC7TsMwFHXKq4RXgJElokJKBVQJUOiCVMHCWCT6kNoQOa7TWnUesh1EFeUXWPgVFgYQYmVj429w2gxAOZLl43Pu1fU9bkQJF6b5pRTm5hcWl4rL6srq2vqGtrnV4mHMEG6ikIas40KOKQlwUxBBcSdiGPouxW13dJn57TvMOAmDGzGOsO3DQUA8gqCQkqMZ8DYx8H1UTp2kJ2Ccnh+aFfO4auzLy6odZC/LLKuqo5UknUCfJVZOSiBHw9E+e/0QxT4OBKKQ865lRsJOIBMEUZyqvZjjCKIRHOCupAH0MbeTyUapvieVvu6FTJ5A6BP1Z0cCfc7HvisrfSiG/K+Xif953Vh4NTshQRQLHKDpIC+mugj1LB69TxhGgo4lgYgR+VcdDSGDSMgQsxCsvyvPktZRxTqtVK9PSvWLPI4i2AG7wAAWOAN1cAUaoAkQeABP4AW8Ko/Ks/KmvE9LC0resw1+Qfn4BjiymMY=</latexit>

a(exp)⌧ = �0.035(+0.018,�0.010)

plot from Michael Murray
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Exclusive vector meson production
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γ∗

p p

z

1 − z

r⃗

b⃗
x x

γ∗ γ∗ V = J/ψ,φ, ρ

p p′

z

1 − z

r⃗

b⃗

(1 − z)r⃗

x x′

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

photon.

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

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

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

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

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

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

These two changes lead to

Aγ∗p→Ep
T,L (x, Q, ∆) = i

∫

d2r

∫ 1

0

dz

4π

∫

d2b (Ψ∗
EΨ)T,L e−i[b−(1−z)r]·∆ dσqq̄

d2b
. (11)

The elastic diffractive cross section is then given by

dσγ∗p→Ep
T,L

dt
=

1

16π

∣

∣

∣
Aγ∗p→Ep

T,L

∣

∣

∣

2
=

1

16π

∣

∣

∣

∣

∫

d2r

∫ 1

0

dz

4π

∫

d2b (Ψ∗
EΨ)T,L e−i[b−(1−z)r]·∆ dσqq̄

d2b

∣

∣

∣

∣

2

. (12)

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

formed in this paper.

2.1 Forward photon wave functions

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

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

Ψhh̄,λ=0(r, z, Q) = efe
√

Nc δh,−h̄ 2Qz(1 − z)
K0(ϵr)

2π
, (13)

5

<latexit sha1_base64="ulyq6n0mBmHv1ZbPiUelHknvCRQ=">AAACAnicbVDLSsNAFJ34rPUVdSVuBovgqiTia1l047KCfUATys10kg6dyYSZiVJKceOvuHGhiFu/wp1/Y9Jmoa0HLhzOuZd77wkSzrRxnG9rYXFpeWW1tFZe39jc2rZ3dptaporQBpFcqnYAmnIW04ZhhtN2oiiIgNNWMLjO/dY9VZrJ+M4ME+oLiGIWMgImk7r2vheBEIAT7CkW9Q0oJR9wEyflrl1xqs4EeJ64BamgAvWu/eX1JEkFjQ3hoHXHdRLjj0AZRjgdl71U0wTIACLayWgMgmp/NHlhjI8ypYdDqbKKDZ6ovydGILQeiiDrFGD6etbLxf+8TmrCS3/E4iQ1NCbTRWHKsZE4zwP3mKLE8GFGgCiW3YpJHxQQk6WWh+DOvjxPmidV97x6dntaqV0VcZTQATpEx8hFF6iGblAdNRBBj+gZvaI368l6sd6tj2nrglXM7KE/sD5/ANyplnM=</latexit>

�p ! V p

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

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

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

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

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

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

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

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

2 Exclusive J/ψ production at LO

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

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

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

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

Q̄2 = (Q2 +M2
J/ψ)/4, x = (Q2 +M2

J/ψ)/(W
2 +M2

J/ψ). (1)

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

dσ

dt
(γ∗p → J/ψ p)

∣

∣

∣

t=0
=

ΓeeM3
J/ψπ

3

48α

[

αs(Q̄2)

Q̄4
xg(x, Q̄2)

]2
(

1 +
Q2

M2
J/ψ

)

, (2)

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

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

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

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

3

Lowest order formula (for electroproduction as well) 
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leading logarithmic accuracy, this two-gluon exchange amplitude can be shown to be directly

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

Q̄2 = (Q2 +M2
J/ψ)/4, x = (Q2 +M2

J/ψ)/(W
2 +M2

J/ψ). (1)

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

dσ

dt
(γ∗p → J/ψ p)

∣

∣

∣

t=0
=

ΓeeM3
J/ψπ

3

48α

[

αs(Q̄2)

Q̄4
xg(x, Q̄2)

]2
(

1 +
Q2

M2
J/ψ

)

, (2)

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

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

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

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

3
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Photoproduction: gp collisions

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

o δ=4(αP(t)-1)
o αP(t)=αP(0)+α’t

• Compare slopes 
ρ,ω,ϕ to J/ψ,ψ’,ϒ

• Extract g(x,Q2) arXiv: 1001.3241

e/

V

14Ronan McNulty, UPC Overview of LHCb, 9.6.25

Measurements in ep

Rise in the slope of the 
energy 
with the scale of the process
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PoS(LHCP2020)255

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

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

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

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

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

complete reference list is presented in [3].

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

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

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

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

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

3

Can be measured in UPCs 

Provides large energy range 
together with HERA 
measurements 

Can test evolution and gluon 
density at moderate scales 

NLO collinear 

NLO BFKL 

Nonlinear BK evolution 
with parton saturation
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V

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

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

amplitude for this process reads

A(x,∆, Q) =
∑

h,h̄

∫

d2r

∫

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

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

is the vector meson wave function.

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

The differential cross section for the process is given by

dσ

dt
=

1

16π
|A(x,∆, Q)|2 . (2.7)

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

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

2-dimensional Fourier transform

N (x, r,∆) = 2

∫

d2bN(x, r,b) ei∆·b . (2.8)

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

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

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

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

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

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

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

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

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

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

N (x, r,∆, z) = 2

∫

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

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

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

2.1 Dipole scattering amplitude from impact parameter dependent BK evolu-

tion

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

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

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

lowing form:

∂Nx0x1

∂Y
=

∫

d2x2

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

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

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

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

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

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

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

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

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

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

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

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

NGM(r, b;Y = ln 1/x) = 1− exp

(

− π2

2Nc
r2xg(x, η2)T (b)

)

, (2.12)

with

T (b) =
1

8π
e

−b2

2BG . (2.13)

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

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

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

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

C2

r2 with parameters µ0

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

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

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

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

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

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

when the initial condition is evolved with the BK equation.

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

terms of variables (log10 r, log10 b, cos θ), where θ is the angle between the impact parameter
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Can obtain good description of various features of the data on VM elastic photo- and 
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Figure 12: The differential cross section of J/Ψ production as a function of W for fixed Q2 in bins
of momentum transfer t, data from H1 [2].
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Figure 13: Differential cross section of J/Ψ production for a fixed W in bins of Q2 as a function
of momentum transfer |t|. Calculations were done with W = 100GeV and W = 90GeV. The
experimental data are from H1 experiment [2].

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

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

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

left for further investigation.
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Figure 11: Dependence of the slope parameter BD versus W for J/ψ and ρ production. Data are
from H1 experiment [2] and [7].

2. The skewedness effect was included in the gluon density distribution. This distri-

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

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

bring the calculations to agreement with the experimental data.

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

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

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

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

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

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

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

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

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

4. The calculation presented includes the running coupling in the evolution, but misses
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Figure 8: W dependence of the vector meson cross section for elastic production of J/Ψ. The
experimental data are from [2, 5].
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Figure 9: The ratio of R = σL

σT
cross section for longitudinally to transverly polarized vector

mesons. The plots are for ρ (top left W = 75 GeV and right W = 90 GeV), φ (bottom left
W = 90 GeV), and J/Ψ (bottom right W = 75 GeV).

indicate the growth with the energy which is slightly too fast as compared with the data.

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

calculations based on the dipole model.
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Berger, Stasto
HERA data

energy dependence t dependence energy dependence of 
the slope

Balitsky; Kovchegov
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VM production in UPC on proton and nuclei

19

High energy evolution

Huge di↵erence between taking into account b impact parameter dependence or not for
�p (H. Mäntysaari, J. Penttala, F. Salazar, B. Schenke, Phys. Rev. D 111 (2025))

Much smaller di↵erences for �Pb: nucleus much larger than proton and neglecting impact
parameter dependence is more justified

Possibility to determine e↵ects of saturation by neglecting the gluon recombination term
in BK: equivalent of linear BFKL equation

Looking for saturation in UPC vector meson and cc̄, bb̄ production at the LHC 7 / 14

VM in UPC PbPb: can test nuclear effects of the gluon density 
BK equation (with impact parameter dependence) can provide reasonable description 
of the data 
Pb data point to stronger suppression

plots from J.Penttala

see lecture by Christophe Royon



Introduction to UPCs, LXV Cracow School of Theoretical Physics, Zakopane, June 17, 2025

UPC with hard scale: open charm production

20

γ

A

D(pT, y)A A

Klein, Nystrand, Vogt; 
Adeluyi, Bertulani;  
Adeluyi, Bertulani, Murray; 
Gonçalves,  Bertulani

• Advantage: access to wide range of  scales :  

• Inclusive(*) process: test of factorization and universality of PDFs 
• Charm produced mainly in  fusion 
• Sensitive to the nuclear gluon density: nuclear modification 
• Tests of parton evolution: DGLAP vs BFKL vs CGC …

mT = p2
T + m2

c

γg

c

g
c̄

γ
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 kinematic space in nuclear DIS(x, Q2)

21

• Probing nuclear structure 
• Limited to fixed target DIS so far, 

moderate to large x 
• Electron Ion Collider will open 

new kinematics

Eur. Phys. J. C (2019) 79 :471 Page 3 of 35 471

ton distributions, are then presented in Sect. 5. In Sect. 6 we
quantify the impact on the nPDFs from future EIC measure-
ments of nuclear structure functions. Lastly, in Sect. 7 we
summarize and discuss the outlook for future studies.

2 Experimental data and theory calculations

In this section we review the formalism that describes deep-
inelastic scattering (DIS) of charged leptons off of nuclear
targets. We then present the data sets that have been used
in the present determination of the nuclear PDFs, discussing
also the kinematical cuts and the treatment of experimental
uncertainties. Lastly, we discuss the theoretical framework
for the evaluation of the DIS structure functions, including
the quark and anti-quark flavor decomposition, the heavy
quark mass effects, and the software tools used for the numer-
ical calculations.

2.1 Deep-inelastic lepton-nucleus scattering

The description of hard-scattering collisions involving nucl-
ear targets begins with collinear factorization theorems in
QCD that are identical to those in free-nucleon scattering.

For instance, in deep inelastic lepton-nucleus scattering,
the leading power contribution to the cross section can be
expressed in terms of a hard partonic cross section that is
unchanged with respect to the corresponding lepton-nucleon
reaction, and the nonperturbative PDFs of the nucleus. Since
these nPDFs are defined by the same leading twist operators
as the free nucleon PDFs but acting instead on nuclear states,
the modifications from internal nuclear effects are naturally
contained within the nPDF definition and the factorization
theorems remain valid assuming power suppressed correc-
tions are negligible in the perturbative regime, Q2 ∼> 1 GeV2.
We note, however, that this assumption may not hold for some
nuclear processes, and therefore must be studied and verified
through the analysis of relevant physical observables.

We start now by briefly reviewing the definition of the DIS
structure functions and of the associated kinematic variables
which are relevant for the description of lepton-nucleus scat-
tering. The double differential cross-section for scattering of
a charged lepton off a nucleus with atomic mass number A
is given by

d2σNC,l±

dxdQ2 (x, Q2, A)

= 2πα2

xQ4

[
Y+ FNC

2 (x, Q2, A) ∓ Y− xFNC
3 (x, Q2, A)

−y2 FNC
L (x, Q2, A)

]
(2.1)

0.01 0.1 1

x

1

10

100

Q
2
(G

eV
2 )

BCDMS
EMC
FNAL
NMC
SLAC

Fig. 1 Kinematical coverage in the (x, Q2) plane of the DIS neutral-
current nuclear structure function data included in nNNPDF1.0, as sum-
marized in Table 1. The horizontal dashed and curved dashed lines cor-
respond to Q2 = 3.5 GeV2 and W 2 = 12.5 GeV2, respectively, which
are the kinematic cuts imposed in this analysis

where Y± = 1 ± (1 − y)2 and the usual DIS kinematic
variables can be expressed in Lorentz-invariant form as

x = Q2

2P · q , Q2 = −q2, y = q · P
k · P . (2.2)

Here the four-momenta of the target nucleon, the incom-
ing charged lepton, and the exchanged virtual boson (γ ∗ or
Z ) are denoted by P , k, and q, respectively. The variable x
is defined here to be the standard Bjorken scaling variable,
which at leading order can be interpreted as the fraction of
the nucleon’s momentum carried by the struck parton, and
y is known as the inelasticity. Lastly, the virtuality of the
exchanged boson is Q2, which represents the hardness of the
scattering reaction.

As will be discussed below, the maximum value of the
momentum transfer Q2 in the nNNPDF1.0 input dataset is
Q2

max ≃ 200 GeV2 (see Fig. 1). Given that Q2
max ≪ M2

Z ,
the contribution from the parity-violating xF3 structure func-
tions and the contributions to F2 and FL arising from Z boson
exchange can be safely neglected. Therefore, for the kine-
matic range relevant to the description of available nuclear
DIS data, Eq. (2.1) simplifies to

d2σNC,l±

dxdQ2 (x, Q2, A) = 2πα2

xQ4 Y+FNC
2 (x, Q2, A)

×
[

1 − y2

1 + (1 − y)2

FNC
L (x, Q2, A)

FNC
2 (x, Q2, A)

]

, (2.3)

where only the photon-exchange contributions are retained
for the F2 and FL structure functions. In Eq. (2.3) we have
isolated the dominant F2 dependence, since the second term
is typically rather small. Note that since the center of mass
energy of the lepton-nucleon collision

√
s is determined by

123

Charm photoproduction 

NNPDF, EPJC 79, 471, 2019

• Charm produced mainly in  
fusion 

• Sensitive to the nuclear gluon 
density in UPC 

• Can test low x evolution: 
DGLAP vs BFKL vs BK

γg

propagator term in the cross section and the modest
integrated luminosity (∼0.5 fb−1 per experiment). The
large x region in global fits is therefore constrained to a
large extent by measurements from fixed target experi-
ments, e.g., BCDMS and NMC [41,42]. However, there are
uncertainties in the theoretical description of the fixed
target data due to their low hadronic final state invariant
masses,4 values where it becomes difficult to disentangle
perturbative corrections from powerlike effects. The EIC is
thus particularly promising in the high x region, where it is
expected to provide data that are both high precision and
theoretically clean.
eA pseudodata were produced analogously, considering

the nucleus to be Au, and per-nucleon integrated luminos-
ities of 4.4 fb−1, 79 fb−1 and 79 fb−1 for 5 × 41 GeV, 10 ×
110 GeV and 18 × 110 GeV, respectively. The locations in
the (x;Q2) kinematic plane of the EIC pseudodata used in
this analysis are shown in Fig. 2, together with shaded areas
representing the regions presently covered and considered
in existing global nPDF fits [13,14]. Note that we are
interested in the uncertainties while the central values are
irrelevant for this study. Therefore, the same PDF set
HERAPDF2.0NNLO [1] used for the proton is employed
for eA, corresponding to a central value of the nuclear

modification factor (defined as the ratio of each parton
density in a proton bound inside a nucleus to that in a free
proton) equal to 1.

III. EIC IMPACT ON PROTON PDFs

A. Comparison with HERA-only PDFs

The results presented in this section are obtained
from global QCD fits at NNLO, performed in the
HERAPDF2.0 framework [1] using xFitter, an open
source QCD fit platform [43]. Fits with identical con-
figurations are performed to HERA data only, corre-
sponding to HERAPDF2.0NNLO in [1], and also with the
additional inclusion of the simulated EIC pseudodata
described in Sec. II. To avoid regions that may be
strongly affected by higher twist or resummation
effects, a cut on the squared hadronic final state
invariant mass, W2¼Q2ð1−xÞ=x> 10GeV2 is included
for the EIC data. No such cut was required in the
HERAPDF2.0NNLO fit as the kinematic range of
the data included there is such that W2 ≳ 270 GeV2.
The central values of the PDFs with and without the EIC
pseudodata coincide by construction, so the uncertainties
can be compared directly.
The impact of the EIC pseudodata on the experimental

uncertainties in the HERAPDF2.0NNLO fits is illustrated
in Figs. 3 and 4. Relative uncertainties are shown for the
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FIG. 1. The locations in the (x;Q2) plane of the HERA (black
solid points) and EIC (open symbols) ep neutral current inclusive
DIS data points included in the analysis.
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RHIC

pPb@LHC

pPb@LHC

FIG. 2. The locations in the (x;Q2) plane of the eAu EIC
neutral current inclusive DIS data points included in the analysis
(open symbols), compared to the region (hatched areas) covered
at present by DIS and Drell-Yan fixed target experiments on
nuclear targets, and by dijet, electro-weak boson and D-meson
production in pPb collisions at the LHC.

4The hadronic final state invariant mass W is related
to the other standard DIS kinematic variables through W2 ¼
Q2ð1 − xÞ=x.

IMPACT OF INCLUSIVE ELECTRON ION COLLIDER DATA ON … PHYS. REV. D 109, 054019 (2024)

054019-3

Armesto, Cridge, Giuli, Harland-Lang, 
Newman, Schmookler, Thorne, Wichmann

Q2

x

DGLAP

BFKL/BK

Q2
s ∼ A1/3x−λ
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 kinematic space in  UPC with nuclei(x, Q2)
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Need  to probe 
small   and  region

pT < 2 GeV, y > 1
x Q2

Charm level estimate, fragmentation shifts 
the estimates to higher Q2

LO kinematics crude estimate
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Example: probing low x gluon using charm at HERA
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0
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H1 NLO

QCD fit to F2

D* (DIS)
D* (γp)

CTEQ4F3

µ2=25 GeV2

Figure 9: Gluon densities obtained from the two D∗ analyses. The inner error bars represent
the statistical and the outer the total error. The systematic error is a quadratic sum of all con-
tributions, dominated by the theoretical uncertainty. Both results are compared to the result of
the H1 QCD analysis of the inclusive F2 measurement [1] at µ2 = 25 GeV2 (light shaded band)
and the CTEQ4F3 parameterization.
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γ

p

D*(pT, y)

10 2

10 3

10 4

10 5
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µ2 (GeV2)

g(
x g,µ

2 )

H1 D* (γp)

.....   MRST1 stat. errors only

<xg> = 9.4 • 10-4

 2.3 • 10-3
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 1.4 • 10-2

 3.8 • 10-2

Figure 7: Gluon density distribution, measured in photoproduction as a function of the scale µ2.
Data are plotted as g(xg, µ2) and not xgg(xg, µ2), in order to show most clearly the evolution
with scale. Each key symbol represents a different bin in xg with the average value given in the
figure. The error bars represent the statistical errors only. The dotted lines represent the gluon
density of the MRST1 parameterization, shown as a function of scale µ2 for the same set of xg

values.
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Using  photoproduction D* data  H1 
extracted gluon density; using estimator 
of the longitudinal momentum fraction 
of proton carried by the gluon

Sensitive to gluon at small x !
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Cross section for charm production in ep and UPC

24
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Direct and resolved contribution

25

direct resolved

Both related beyond LO 

Only sum is observable

In addition to direct process, need to take into account the contribution 
when the photon fluctuations and the parton from the photon interacts with 
parton from the nucleus to produce ccbar pair.
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Cross section for charm photoproduction in FONLL

26

FONLL: collinear framework for heavy flavor photoproduction and hadroproduction         
Cacciari,  Frixione, Nason;  Cacciari, Greco, Nason 

Connects small transverse momenta with mass effects to the large transverse 
momentum region with logarithmically enhanced terms  

Accurate up to NLO:  terms exact 

Includes terms up to NLL:  

ln pT /m
αemαs, αemα2

s

αemαs(αs ln pT /m)k, αemα2
s (αs ln pT /m)k
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 is regularizing function, vanishing at , and approaching unity at large G(m, pT) pT → 0 pT

<latexit sha1_base64="Het+MgE7P2fVmqeKSr6a565Vm0Q="></latexit>

d�

dydpT
= A(m)↵em↵s +B(m)↵em↵

2
s+

Fixed order NLO

<latexit sha1_base64="Pt3No+b9kwkGMGruMkfb1o31hJs="></latexit>

+

✓
↵em↵s

1X

i=2

ai(↵s log(pT /m))i + ↵em↵
2
s

1X

i=1

bi(↵s log(pT /m))i
◆
⇥G(m, pT )

Resummed NLL



Introduction to UPCs, LXV Cracow School of Theoretical Physics, Zakopane, June 17, 2025

Fragmentation functions: from c to D

27

Use Peterson-Schlatter-Schmitt-Zerwas  (PSSZ) function:         

 

Parameter choice: 

D(z) = 𝒩
1
z (1 −

1
z

−
ε

1 − z )
−2

ε = 0.02, 0.035

D0 in UPC and D* at HERA

Braaten-Cheung-Fleming-Yuan (BCFY) fragmentation function 
Direct decays  and decays from D* states 
Parameter choice:    

c → D0

r = 0.1

c
D(0,*)

0.0 0.2 0.4 0.6 0.8 1.0
z
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3

4
D(z)

ϵ=0.02
ϵ=0.035

PSSZ

Frixione, Nason

Cacciari, Nason ; Cacciari, Frixione, 
Houdeau,Mangano,Nason, Ridolfi
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Comparison with HERA data on D*

28

Update FONLL results by Frixione & Nason with recent PDFs 
Compute both FONLL and fixed order FO at NLO; direct+resolved 

Proton PDF sets: CT18ANLO, HERAPDF2.0, nNNPDF3.0_p 

Photon PDF sets: GRV, AFG 

Fragmentation:  

PSSZ with ,  Frag. frac. for D*+ : 0.235 

BCFY with r=0.1, r=0.06 

Scale variation:    
 

Charm mass: 1.3-1.5 GeV

ε = 0.02,0.035

μr = 0.5 ÷ 2.0 μ0 , μf = 0.5 ÷ 2.0 μ0 , μ0 = m2
c + p2

T

We begin with Zeus data from ref. [4], for which we present a comparison with our FONLL

predictions in fig. 7. As often stated in the literature, the data lie above the theoretical pre-

dictions obtained with the default choice of parameters. On the other hand, we see that the

data are marginally consistent with our upper band. However, the data seem to indicate a

pT spectrum harder than that suggested by QCD. As far as the pseudorapidity distribution is

concerned, QCD appears to do a decent job, except in the positive-η region. The rightmost

data points, however, are by far the ones affected by the largest errors.

Figure 8: As in fig. 7, for the H1 ETAG33 data.

Figure 9: As in fig. 7, for the H1 ETAG44 data.

The data from H1 are compared to our calculations in fig. 8, for the ETAG33 sample, and

in fig. 9, for the ETAG44 sample. In the case of the y spectra relevant to the cuts 2.5 < pT <

3.5 GeV, 3.5 < pT < 5 GeV, and 5 < pT < 10.5 GeV, we multiply the data by the width of

the pT bin size, since they are originally quoted in ref. [3] as dσ/dydpT cross sections. The pT

spectra are perfectly described by our FONLL predictions; all the data points are consistent

with the default predictions within one standard deviation, with the marginal exception of the

largest-pT point in the ETAG44 sample. Shape-wise, the y spectrum of the ETAG33 sample

9

Frixione&Nason

H1 NPB 545  (1999) 21 

ZEUS EPJC 6 (1999) 67 
H1 EPJC 72 (2012) 1995

Data set Q2
max zmin zmax pT (pseudo)rapidity

H1 ETAG44 0.009 0.02 0.32 pT > 2GeV |y| < 1.5
H1 ETAG33 0.01 0.29 0.62 pT > 2GeV |y| < 1.5

ZEUS 1 0.187 0.869 pT > 2GeV |⌘| < 1.5
H1 2012 2 0.09 0.8 pT > 1.8GeV |⌘| < 1.5

Table 1: Kinematic cuts in data sets for D⇤ photoproduction. Data are from : H1 (ETAG33
and ETAG44 scenarios) [28], ZEUS [29] and H1 (2012 data) [30].

scale. We performed variation of factorization scale µF /µ0 = 0.5, 1.0, 2 as well as variation of
renormalization scale within µR/µ0 = 0.5, 1.0, 2.0, to obtain the uncertainty bands. For the
fragmentation functions we used Peterson fragmentation function with two choices of param-
eter ✏ = 0.02 used in [39] for FONLL calculation and ✏ = 0.035 used in FMNR calculation in
[30]. The calculation is then multiplied by 0.47 which stems from the fragmentation fraction
of c ! D⇤ to be 23.5% and the fact that experiment measures D⇤+ +D⇤� contributions, see
[39]. We also compared the FONLL case with the FO fixed order massive case.

In Fig. 3 all four data sets from HERA are compared with the theoretical calculations
based on the FONLL and FO. The plots show transverse momentum distribution, while the
(pseudo)rapidity is integrated out in the kinematic region defined in Table 1. The proton
PDF used in all cases is CT18ANLO. The blue solid curve corresponds to FONLL and blue
bands indicate the renormalization scale dependence while the factorization scale is fixed.
There are also two cases shown, which indicate the factorization scale dependence (dotted and
dashed magenta). As demonstrated in [39], and observed also here, the renormalization scale
dependence is the dominant one, except for lower values of transverse momenta where some
factorization scale variation is sizeable. For some choices of renormalization and factorization
scale the results become unreliable at low transverse momentum. Thus for one of such scenario
we only show the curve down to about 2GeV. The description of older H1 data is very good,
for the ZEUS and later H1 data the FONLL prediction is somewhat too soft, the description
is good in the low pT region and underestimates the data at higher pT . Also the calculation
based on newer PDFs is fully consistent with the original FONLL calculations [39] based on
CTEQ5M PDF set1. For comparison we also show the calculation based on the fixed order
(FO) NLO calculation, black solid with grey bands. As mentioned above, for this calculation
we take " = 0.035, consistently with parameters used in FMNR calculation in [30]. The
distribution is harder in that case, and the description of the data is better, especially at
higher pT and this is particularly visible for ZEUS [29] and H1 2012 [30] data.

In Fig. 4-left we show the same distribution as in Fig. 3d but for the case fo the AFG
photon pdf. We see that the di↵erences are negligible. In Fig. 4-right we show the impact
of the change of Peterson fragmentation function parameter from " = 0.02 to " = 0.035 as
well as impact of the di↵erent choices of the PDF, in all cases we use the FONLL calculation.
While the fragmentation function parameter leads to the slight softening of the distribution
in pT , the changes of the PDFs, that is from CTA18NLO, HERAPDF2.0, nNNPDF3.0 p, as
well as the change from GRV to AFG photon PDF do not result in significant di↵erences in
the predictions. In particular, the studied PDF choices do not a↵ect the pT distribution in
any significant way in the kinematic region studied.

In Figs. 5, 6, 7 (pseudo)rapidity distributions are shown for di↵erent cuts in pT and
di↵erent data sets. The blue bands show the renormalization scale variation for FONLL
and grey bands for FO calculation, with solid blue and dashed black the central values for

1
For consistency check, we also used CTEQ5M PDF set in FONLL code and reproduced the calculations

of [39].
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Comparison with HERA:  pT  distributions for D*
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Reproducing Frixione&Nason calculations, results with CT18ANLO consistent with previous ones 
Fragmentation dependence: calculation with BCFY closer to the data than PSSZ

Fragmentation: 

Red: BCFY 

Blue: PSSZ

m(D*) = 2010 MeV

Note: these are 
ep cross sections
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Comparison with H1 (ETAG44, ETAG33) data:  rapidity  distributions D* 
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p e
Data set Q2

max zmin zmax pT (pseudo)rapidity
H1 ETAG44 0.009 0.02 0.32 pT > 2GeV |y| < 1.5
H1 ETAG33 0.01 0.29 0.62 pT > 2GeV |y| < 1.5

ZEUS 1 0.187 0.869 pT > 2GeV |⌘| < 1.5
H1 2012 2 0.09 0.8 pT > 1.8GeV |⌘| < 1.5

Table 1: Kinematic cuts in data sets for D⇤ photoproduction. Data are from : H1 (ETAG33
and ETAG44 scenarios) [28], ZEUS [29] and H1 (2012 data) [30].

scale. We performed variation of factorization scale µF /µ0 = 0.5, 1.0, 2 as well as variation of
renormalization scale within µR/µ0 = 0.5, 1.0, 2.0, to obtain the uncertainty bands. For the
fragmentation functions we used Peterson fragmentation function with two choices of param-
eter ✏ = 0.02 used in [39] for FONLL calculation and ✏ = 0.035 used in FMNR calculation in
[30]. The calculation is then multiplied by 0.47 which stems from the fragmentation fraction
of c ! D⇤ to be 23.5% and the fact that experiment measures D⇤+ +D⇤� contributions, see
[39]. We also compared the FONLL case with the FO fixed order massive case.

In Fig. 3 all four data sets from HERA are compared with the theoretical calculations
based on the FONLL and FO. The plots show transverse momentum distribution, while the
(pseudo)rapidity is integrated out in the kinematic region defined in Table 1. The proton
PDF used in all cases is CT18ANLO. The blue solid curve corresponds to FONLL and blue
bands indicate the renormalization scale dependence while the factorization scale is fixed.
There are also two cases shown, which indicate the factorization scale dependence (dotted and
dashed magenta). As demonstrated in [39], and observed also here, the renormalization scale
dependence is the dominant one, except for lower values of transverse momenta where some
factorization scale variation is sizeable. For some choices of renormalization and factorization
scale the results become unreliable at low transverse momentum. Thus for one of such scenario
we only show the curve down to about 2GeV. The description of older H1 data is very good,
for the ZEUS and later H1 data the FONLL prediction is somewhat too soft, the description
is good in the low pT region and underestimates the data at higher pT . Also the calculation
based on newer PDFs is fully consistent with the original FONLL calculations [39] based on
CTEQ5M PDF set1. For comparison we also show the calculation based on the fixed order
(FO) NLO calculation, black solid with grey bands. As mentioned above, for this calculation
we take " = 0.035, consistently with parameters used in FMNR calculation in [30]. The
distribution is harder in that case, and the description of the data is better, especially at
higher pT and this is particularly visible for ZEUS [29] and H1 2012 [30] data.

In Fig. 4-left we show the same distribution as in Fig. 3d but for the case fo the AFG
photon pdf. We see that the di↵erences are negligible. In Fig. 4-right we show the impact
of the change of Peterson fragmentation function parameter from " = 0.02 to " = 0.035 as
well as impact of the di↵erent choices of the PDF, in all cases we use the FONLL calculation.
While the fragmentation function parameter leads to the slight softening of the distribution
in pT , the changes of the PDFs, that is from CTA18NLO, HERAPDF2.0, nNNPDF3.0 p, as
well as the change from GRV to AFG photon PDF do not result in significant di↵erences in
the predictions. In particular, the studied PDF choices do not a↵ect the pT distribution in
any significant way in the kinematic region studied.

In Figs. 5, 6, 7 (pseudo)rapidity distributions are shown for di↵erent cuts in pT and
di↵erent data sets. The blue bands show the renormalization scale variation for FONLL
and grey bands for FO calculation, with solid blue and dashed black the central values for

1
For consistency check, we also used CTEQ5M PDF set in FONLL code and reproduced the calculations

of [39].
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Comparison with ZEUS data:  pseudorapidity  distributions D*
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Comparison with H1 2012 data:  pseudorapidity  distributions D* 
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HERA ep vs LHC UPC AA

33

Differences between ep and UPC AA

• Electron vs nucleus photon flux: different behavior 

• In ep: some data sets have larger range of  

• Proton vs nuclear target: nuclear modification expected 
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UPC event selection 

34

 AA UPC: CMS selection of UPC events with 0nXn (zero neutrons in one ZDC, at 
least  one neutron in opposite ZDC), requires accounting for survival probability 
factor  for nucleus due to possibility of electromagnetic dissociation (EMD) 

incoming

Nucleus A 
γ-emitting

incoming

Nucleus B

(before scattering) 

A

B

outgoing

Nucleus B 
broken (Xn)

A

outgoing

Nucleus A 

Unbroken (0n)

(after scattering) 

B

In UPC 0nXn selection means  (part of) coherent diffraction is  rejected. 
In theoretical calculation it is included:   inclusive process 
Estimate from Frankfurt-Guzey-Strikman model: ∼ 10 %
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Electromagnetic dissociation in UPC
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<latexit sha1_base64="Ns+qVpMnWyFENRem9ZkejG0b2wU="></latexit>
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• 0nXn requirement means photon-emitting nucleus left unbroken 

• Additional EM interactions can lead to break-up of nucleus 

• Effective flux: fold the survival probability, assuming factorization of 
hard interaction and soft-excitation probability
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Comparison of FONLL with preliminary CMS data on D0
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Cross section: FONLL 
nPDF: EPPS21 
Photon flux: EMD included 
Fragmentation: BCFY, r=0.1 
Lighter bands/lines : 

Scale variation:  

Darker/smaller bands: PDF uncertainty 
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Comparison of FONLL with preliminary CMS data on D0
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Cross section: FONLL 
nPDF: nNNPDF 
Fragmentation: BCFY, r=0.1 
Lighter bands/lines  

Scale variation: 

Darker/smaller bands: PDF uncertainty 
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Comparison of FONLL with preliminary CMS data on D0
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proton PDF lead PDF

Comparison of proton vs nuclear PDF 

CT18ANLO vs EPPS21 Pb 

Nuclear modification largest for  

2< pT <5 GeV

Testing nuclear effects: 

proton vs lead PDF
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Low pT and transverse momentum distributions

39

Very large scale and PDF uncertainties for 
low transverse momentum region 
Opportunity for measurements to put strong 
constraints on nPDFs at very low scales
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Nuclear gluon distribution: shadowing effects

40
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Shadowing ratio at about 70% for lowest pT bin 
and low x, evaluated at the gluon(parton) level 

Indeed, a reduction visible in lowest bin in CMS 
measurement, seems stronger than the nPDFs
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Wider range of rapidity: -4<y<4

41

Cross section large down to y=-4: large x in nucleus, more photon PDF sensitivity 
Cross section still non-negligible for low pT up to y=3: small x region
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y-differential measurement of D0 UPC production
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Slide from Gian Michele Innocenti

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIN-25-002/index.html
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CMS data vs theoretical calculations
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Summary and outlook
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• UPCs offer ample opportunities to test SM and nuclear structure 

• Many new measurements at RHIC and LHC 

• Recently: CMS measurement on the open charm photoproduction in PbPb UPC at 
LHC  

• Reasonable agreement between theory and data on D0 production from CMS, 
within theoretical and experimental uncertainties 

• Effects of nuclear modification visible in the CMS kinematics, at low pT 

• CMS data at low pT (differential in  rapidity) may point to stronger nuclear 
modification than currently encoded in the nPDFs, however more detailed studies 
needed to disentangle various effects 

sNN = 5.36 TeV


