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Motivation: data for inclusive γ-p and γ-Pb from UPCs at the LHC

(Pb → γ)+p: [CMS: Murillo Quijada, QM2022]

Photoproduction and UPCs

• Pythia has a complete setup for photoproduction, can be applied also to UPCs
as well (Pb → γ + p)
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• Multiplicity well described when
including MPIs in γp

Photon-proton (�p) interactions

Agreement between data and simulation

For in �p interactions, Ntrk from the primary vertex with pT > 0.4 GeV and |⌘| < 2.4 is limited to

< 35 as seen at left of the figure. The mean pT of charged particles is smaller in the �p sample

than for hadronic minimum bias pPb (MB) collisions within the same Ntrk range. No evidence for

a long-range near-side ridge-like structure was found for either the �p or MB samples within this

Ntrk range
a
.

a
Paper CMS HIN-18-008 (to be submitted to Phys. Lett. B)
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• Fair agreement also in UPCs
19

(Pb → γ)+Pb:[ATLAS: PRC 104, 014903 (2021)]
G. AAD et al. PHYSICAL REVIEW C 104, 014903 (2021)

FIG. 4. Left: N rec
ch distribution in data, corrected for trigger and reconstruction efficiency and normalized per event (black points), compared

with that in DPMJET-III γ + Pb (dot-dashed green histogram), DPMJET-III γ + p (dotted red histogram), and PYTHIA γ + p (dashed blue
histogram). The bottom panel shows the ratios of the MC distributions to the data distributions. Right: "γ #η distribution in data for N rec

ch ! 10
(black points), normalized per event, and compared with that in DPMJET-III γ + Pb (dot-dashed green histogram), PYTHIA γ + p (dashed
blue histogram), peripheral HIJING Pb+Pb (solid magenta histogram), and DPMJET-III γ + p (dotted red histogram).

of the distribution in data is qualitatively similar to that in
DPMJET-III γ + Pb and Pythia γ + p simulation. However,
the distributions in the simulated photonuclear events de-
crease at smaller "γ #η values, while the distribution in data
rises. At low "γ #η, the shape in data is qualitatively similar
to that in peripheral HIJING Pb+Pb events. This comparison
suggests that the trigger-selected events contain a mixture of
peripheral Pb+Pb events and genuine photonuclear events,
with the latter dominant at "γ #η > 2.5. The possible impact
of residual peripheral Pb+Pb events in the set of selected
events is discussed in Sec. VI.

Figure 5 compares the charged-particle pseudorapidity dis-
tribution, dNch/dη, in data and simulation. The left panel
shows the dNch/dη in data, for charged particles with 0.4 <
pT < 5 GeV, for multiple N rec

ch selections in photonuclear
events. The distributions are corrected for tracking efficiency
on a per-track basis, which ranges from 0.7–0.9 depending on
track η and pT. To compare the relative shapes between N rec

ch
selections, the distributions are each normalized to have an in-
tegral of one. In all cases, the pseudorapidity distributions are
strongly asymmetric, peaking at η = −2.5 (the nucleus-going
direction) and then monotonically decreasing until η = +2.5

FIG. 5. Left: Charged-particle pseudorapidity distribution, dNch/dη, in selected N rec
ch ranges. The distributions are normalized to the same

integral and are shown in arbitrary units. Here, positive and negative η denote the photon-going and nucleus-going directions, respectively.
Right: dNch/dη distribution in data for N rec

ch > 10 (black points), normalized per event, and compared with that in DPMJET-III γ + Pb (dot-
dashed green histogram), PYTHIA γ + p (dashed blue histogram), peripheral HIJING Pb+Pb (solid magenta histogram), and DPMJET-III γ + p
(dotted red histogram) with the same reconstruction-level selection as the data. All distributions have been normalized to have the same value
as DPMJET-III γ + Pb at η = 0.

014903-6

• Multiplicity distribution well in line for γ-p but γ-p not enough for γ-Pb

• CMS γ-p v2 reproduced with Pythia, ATLAS data show finite v2 and v3 in γ-Pb
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Motivation: data for inclusive γ-p and γ-Pb from UPCs at the LHC

(Pb → γ)+p: [CMS: Murillo Quijada, QM2022]

Measurement of elliptic flow coe�cient

Fourier components (Vn�)

The two-particle azimuthal correla-

tions can be characterized by their

Fourier components (Vn�), where n
represents the order of the moment.

�p and MB pPb di↵er in v2
magnitude

The single-particle azimuthal

anisotropy Fourier coe�cients vn
can be extracted as vn =

p
Vn�.

The figure below shows the v2
dependence on Ntrk for two pT
categories. Predictions from the

PYTHIA8 and HIJING generators

are also shown for �p and MB

pPb interactions (blue and red

lines), respectively. None of the

models include collective e↵ects,

thus suggesting the absence of

collectivity in the �p system over

the multiplicity range explored in

this work.
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(Pb → γ)+Pb:[ATLAS: PRC 104, 014903 (2021)]TWO-PARTICLE AZIMUTHAL CORRELATIONS … PHYSICAL REVIEW C 104, 014903 (2021)

FIG. 15. Flow coefficients v2 and v3 for charged particles with
0.5 < pT < 2.0 GeV in photonuclear events, reported as a function
of charged-particle multiplicity N rec

ch . The vertical error bars and col-
ored boxes represent the statistical and total systematic uncertainties,
respectively. The photonuclear data points are positioned at the aver-
age N rec

ch value in each interval. The measurements in photonuclear
events (solid symbols) are compared with those in pp collisions
at 13 TeV and p + Pb collisions at 5.02 TeV [5] (open symbols),
integrated over 0.5 < pT < 5.0 GeV.

than at lower pT. In particular, the trend towards negative
v2 values and rising v3 values suggests that the factorization
assumption could be violated.

Figure 17 shows the same data as Fig. 16, but zoomed
in on the vertical axis to allow a better comparison with
the analogous pT-dependent values in the pp and p + Pb

measurements described above, with the selection N rec
ch ! 60.

In the region 0.4 < pT < 2 GeV the central values of the v2
are smaller than those in pp and p + Pb collisions, similar
to that observed in the N rec

ch -dependent results in Fig. 15.
However, due to the larger uncertainties in the pT-dependent
case, the v2 values for photonuclear and pp collisions are
compatible within the uncertainties of the former in the range
pT < 2 GeV. The v3 values are compatible between systems
within large uncertainties.

There are currently no published theoretical predictions for
flow coefficients in photonuclear collisions within a hydro-
dynamic or parton transport framework. In such frameworks,
the elliptic and triangular flow coefficients scale with the
initial geometry eccentricities, ε2 and ε3 respectively, and the
charged-particle multiplicity dNch/dη. In the vector-meson
dominance picture, photon-hadron interactions arise through
fluctuations of the photon into hadronic states with the same
quantum numbers as vector mesons, which have a nontrivial
initial transverse geometry. This geometry is determined by
the spectrum of these fluctuations, and while models of this
spectrum exist [60], they have not yet been adapted to provide
quantitative models. In the absence of a complete model, the
magnitude of the eccentricities can be estimated by noting that
fluctuations of the photon into light vector-meson states such
as the ρ give the largest contribution to the cross section. The
initial geometries for ρ + Pb collisions can be computed with
a Monte Carlo Glauber calculation [61] which treats the ρ
meson as having two constituent quarks. The resulting mean
values of the second- and third-order spatial eccentricities,
ε2 and ε3, are nearly identical to those in the p + Pb case.
Also, when comparing p + Pb and photonuclear events with
the same N rec

ch , in fact the relevant dNch/dη is larger in the
photonuclear events since the particles are distributed over
a smaller pseudorapidity region. Thus, one might naively
expect the flow coefficients to be similar in photonuclear
events and p + Pb collisions. However, in order to compare
any such calculation with data, a full modeling of the photon

FIG. 16. Charged-particle flow coefficients v2 (left) and v3 (right) in photonuclear events with 20 < N rec
ch " 60, reported as a function of

particle pT. The vertical error bars and colored boxes represent the statistical and total systematic uncertainties, respectively. The photonuclear
data points are positioned at the average pT value in each interval.

014903-15

• Multiplicity distribution well in line for γ-p but γ-p not enough for γ-Pb
• CMS γ-p v2 reproduced with Pythia, ATLAS data show finite v2 and v3 in γ-Pb
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Outline

PYTHIA 8: A general purpose event generator
• Latest release 8.310 (July 2023)
• A new physics manual for 8.3
[SciPost Phys. Codebases 8-r8.3 (2022)]

Outline
1. Pythia 8 basics
2. Photoproduction in e+p at HERA
3. UPCs at the LHC

• Photon fluxes in Pythia
• Photon-ion collisions
• v2 extraction

4. Summary & Outlook
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[figure by P. Skands]
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Physics modelled within PYTHIA 8

Classify event generation in terms of
“hardness”
1. Hard Process (here t̄t)

2. Resonance decays (t, Z, . . .)
3. Matching, Merging and

matrix-element corrections
4. Multiparton interactions
5. Parton showers:

ISR, FSR, QED, Weak
6. Hadronization, Beam remnants
7. Decays, Rescattering

[figure credit: P. Skands]
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Photoproduction in HERA
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Electron-proton collisions and connection to UPCs

Classified in terms photon virtuality Q2

Deep inelastic scattering (DIS)
• High virtuality, Q2 > a few GeV2

• Lepton scatters off a parton by exchanging a
highly virtual photon

Photoproduction (PhP)
• Low virtuality, Q2 → 0 GeV2

⇒ Similar to UPCs
• Photon may fluctuate into a hadronic state,
resolved in the interaction

• Hard scale µ provided by the final state
4



Photon structure at Q2 ≈ 0 GeV2

Direct Anomalous VMD

Partonic structure of resolved (anom. + VMD) photon encoded in photon PDFs

f γi (xγ , µ
2) = f γ,diri (xγ , µ2) + f γ,anomi (xγ , µ2) + f γ,VMD

i (xγ , µ2)

• f γ,diri (xγ , µ2) = δiγδ(1− xγ)
• f γ,anomi (xγ , µ2): Perturbatively calculable
• f γ,VMD

i (xγ , µ2): Non-perturbative, fitted or vector-meson dominance (VMD)

Factorized cross section
dσbp→kl+X = f bγ (x)⊗ f γj (xγ , µ

2)⊗ f pi (xp, µ
2)⊗ dσij→kl

5



Evolution equation and ISR for resolved photons

ISR probability based on DGLAP evolution

• Add a term corresponding to γ → qq to (conditional) ISR probability

dPa←b =
dQ2

Q2
αs
2π

x′fγa(x′,Q2)

xfγb(x,Q2)
Pa→bc(z)dz+

dQ2

Q2
αem
2π

e2b Pγ→bc(x)
fγb(x,Q2)

• Corresponds to ending up to the beam photon during evolution
⇒ Parton originated from the point-like (anomalous) part of the PDFs
• No further ISR or MPIs below
the scale of the splitting

• Implemented only for Simple
Shower in PYTHIA
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Comparison to HERA dijet photoproduction data

ZEUS dijet measurement
• Q2 < 1.0 GeV2

• 134 < Wγp < 277 GeV
• Ejet1T > 14 GeV, Ejet2T > 11 GeV
• −1 < ηjet1,2 < 2.4

Two contributions
• Momentum fraction of partons in
photon

xobsγ =
Ejet1T eηjet1 + Ejet2T eηjet2

2yEe
≈ xγ

• Sensitivity to process type

• At high-xobsγ direct processes dominate
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[ZEUS: Eur.Phys.J. C23 (2002) 615-631]
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Comparison to ZEUS data for charged hadrons (Nch > 20)

Pseudorapidity
• Data well reproduced
• Not sensitive to MPI modelling (pT,0)
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Comparison to ZEUS data for charged hadrons (Nch > 20)

Pseudorapidity
• Data well reproduced
• Not sensitive to MPI modelling (pT,0)

Multiplicity
• Sensitivity to MPI parameters,
clear support for MPIs

• Data within pT,0 variations
• Good baseline to study γ+A in UPCs

• Direct contribution negligible in
high-multiplicity events (Nch > 20)
⇒ Focus on resolved processes
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Photon fluxes in PYTHIA 8
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Photon fluxes from Equivalent Photon Approximation (EPA)

• In case of a point-like lepton we have (neglecting electron mass)

f lγ(x,Q2) =
αem
2π

1
Q2

(1+ (1− x)2)
x

• For protons need to include form factors, using dipole form factor

f pγ (x,Q2) =
αem
2π

x
Q2

1
(1+ Q2/Q2

0)
4

[
2(1+ µpτ)

1+ τ

(
1− x
x2 −

M2
p

Q2

)
+ µ2

p

]
where τ = Q2/4M2

p, µp = 2.79, Q2
0 = 0.71 GeV2

• Drees-Zeppenfeld approximation (Mp = 0, µp = 1)

f pγ (x,Q2) =
αem
2π

1
Q2

1
(1+ Q2/Q2

0)
4
(1+ (1− x)2)

x

⇒ Large Q2 suppressed wrt. leptons ⇒ photoproduction
• In ME generators (such as MG5) integrated over Q2 and assumed collinear
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Define your own photon flux for PYTHIA 8

• Derive a new object from PDF class

• Pass as a pointer to PYTHIA

Example in p-p: γγ → µ+µ−

b
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[ATLAS: PLB 777 (2018) 303-323]

• No finite-size effects
accounted

10



Ultraperipheral heavy-ion collisions

• Large impact parameter (b ≳ 2RA)
⇒ No strong interactions

• Large flux due to large EM charge of
nuclei

⇒ γγ and γA collisions


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
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

















b > 2RA

• With heavy nuclei use b-integrated point-like-charge flux

f Aγ (x) =
2αEMZ2
xπ

[
ξ K1(ξ)K0(ξ)−

ξ2

2
(
K21(ξ)− K20(ξ)

)]
where ξ = bmin xm where bmin reject nuclear overlap, Q2 ≪ 1 GeV2
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Dijets in ultra-peripheral heavy-ion collisions

• Pythia setup with nucleon target only
⇒ Not a realistic background for jet
reconstruction

• Good agreement out of the box when
accounting both direct and resolved

• Also EM nuclear break-up significant

24

Measured Cross-Sections
• Going higher in photon energy opens up the low-x shadowing region.
• Results are quite consistent with the theoretical model.

Photon Energy
0.008 < 𝑧𝛾 < 0.015

DIS 2022, May 2-6, Santiago de Compostela, Spain Ben Gilbert

𝐻𝑇 ≡෍
𝑖

𝑝𝑇𝑖 𝑧𝛾 ≡
𝑀𝑗𝑒𝑡𝑠𝑒+𝑦𝑗𝑒𝑡𝑠

𝑠𝑁𝑁
𝑥𝐴 ≡

𝑀𝑗𝑒𝑡𝑠𝑒−𝑦𝑗𝑒𝑡𝑠

𝑠𝑁𝑁

[P. Steinberg @ DIS2023] 12



Photon-ion collisions
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Modelling γ-A with Pythia [by Marius Utheim]

Aim to simulate high-multiplicity events
• Dominated by resolved photons
⇒ Set up an explicit VMD model with

linear combination of vector-meson
states (ρ, ω, ϕ and J/ψ)

• Use VM PDFs from SU21
[Sjöstrand, Utheim; Eur.Phys.J.C 82 (2022) 1, 21]

• Cross sections from SaS
[Schuler, Sjöstrand; Phys.Rev.D 49 (1994) 2257-2267]

• Sample collision energy from flux
⇒ VMD-nucleon scatterings

• In line with the full photoproduction

21/26

Generic hadronic interactions in Angantyr

Model test: Multiplicities at 5.02 TeV

I Bimodal peaks are due to the presence or absence of an absorptive subcollision.

I Long proton tail is driven by larger cross section and more subcollisions.

I Heavier mesons produce fewer subcollisions, but each subcollision produces more
particles, leading to a non-trivial progression from ⇢0 to � to J/ .

Marius Utheim Hadronic interactions in Angantyr
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Modelling γ-A with Pythia [by Marius Utheim]

Angantyr model for heavy ions in Pythia
[Bierlich, Gustafson, Lönnblad, Shah; JHEP 10 (2018) 134]

• Monte Carlo Glauber to sample nucleon
configurations

• Cross section fluctuations, fitted to
partial nucleon-nucleon cross sections

• Secondary (wounded) collisions as
diffractive excitations

• Can now handle generic hadron-ion and
varying energy [I.H., Utheim; in progress]

⇒ VMD-nucleus scatterings
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Comparison with data for γ+A (preliminary)G. AAD et al. PHYSICAL REVIEW C 104, 014903 (2021)

FIG. 4. Left: N rec
ch distribution in data, corrected for trigger and reconstruction efficiency and normalized per event (black points), compared

with that in DPMJET-III γ + Pb (dot-dashed green histogram), DPMJET-III γ + p (dotted red histogram), and PYTHIA γ + p (dashed blue
histogram). The bottom panel shows the ratios of the MC distributions to the data distributions. Right: "γ #η distribution in data for N rec

ch ! 10
(black points), normalized per event, and compared with that in DPMJET-III γ + Pb (dot-dashed green histogram), PYTHIA γ + p (dashed
blue histogram), peripheral HIJING Pb+Pb (solid magenta histogram), and DPMJET-III γ + p (dotted red histogram).

of the distribution in data is qualitatively similar to that in
DPMJET-III γ + Pb and Pythia γ + p simulation. However,
the distributions in the simulated photonuclear events de-
crease at smaller "γ #η values, while the distribution in data
rises. At low "γ #η, the shape in data is qualitatively similar
to that in peripheral HIJING Pb+Pb events. This comparison
suggests that the trigger-selected events contain a mixture of
peripheral Pb+Pb events and genuine photonuclear events,
with the latter dominant at "γ #η > 2.5. The possible impact
of residual peripheral Pb+Pb events in the set of selected
events is discussed in Sec. VI.

Figure 5 compares the charged-particle pseudorapidity dis-
tribution, dNch/dη, in data and simulation. The left panel
shows the dNch/dη in data, for charged particles with 0.4 <
pT < 5 GeV, for multiple N rec

ch selections in photonuclear
events. The distributions are corrected for tracking efficiency
on a per-track basis, which ranges from 0.7–0.9 depending on
track η and pT. To compare the relative shapes between N rec

ch
selections, the distributions are each normalized to have an in-
tegral of one. In all cases, the pseudorapidity distributions are
strongly asymmetric, peaking at η = −2.5 (the nucleus-going
direction) and then monotonically decreasing until η = +2.5

FIG. 5. Left: Charged-particle pseudorapidity distribution, dNch/dη, in selected N rec
ch ranges. The distributions are normalized to the same

integral and are shown in arbitrary units. Here, positive and negative η denote the photon-going and nucleus-going directions, respectively.
Right: dNch/dη distribution in data for N rec

ch > 10 (black points), normalized per event, and compared with that in DPMJET-III γ + Pb (dot-
dashed green histogram), PYTHIA γ + p (dashed blue histogram), peripheral HIJING Pb+Pb (solid magenta histogram), and DPMJET-III γ + p
(dotted red histogram) with the same reconstruction-level selection as the data. All distributions have been normalized to have the same value
as DPMJET-III γ + Pb at η = 0.

014903-6

[ATLAS: PRC 104, 014903 (2021)]
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• ATLAS data not corrected for efficiency, estimated with Nrec
ch ≈ 0.8 · Nch

• Relative increase in multiplicity well in line with the VMD-Pb setup
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Comparison with data for γ+A (preliminary)

G. AAD et al. PHYSICAL REVIEW C 104, 014903 (2021)

FIG. 4. Left: N rec
ch distribution in data, corrected for trigger and reconstruction efficiency and normalized per event (black points), compared

with that in DPMJET-III γ + Pb (dot-dashed green histogram), DPMJET-III γ + p (dotted red histogram), and PYTHIA γ + p (dashed blue
histogram). The bottom panel shows the ratios of the MC distributions to the data distributions. Right: "γ #η distribution in data for N rec

ch ! 10
(black points), normalized per event, and compared with that in DPMJET-III γ + Pb (dot-dashed green histogram), PYTHIA γ + p (dashed
blue histogram), peripheral HIJING Pb+Pb (solid magenta histogram), and DPMJET-III γ + p (dotted red histogram).
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to that in peripheral HIJING Pb+Pb events. This comparison
suggests that the trigger-selected events contain a mixture of
peripheral Pb+Pb events and genuine photonuclear events,
with the latter dominant at "γ #η > 2.5. The possible impact
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pT < 5 GeV, for multiple N rec
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events. The distributions are corrected for tracking efficiency
on a per-track basis, which ranges from 0.7–0.9 depending on
track η and pT. To compare the relative shapes between N rec
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selections, the distributions are each normalized to have an in-
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strongly asymmetric, peaking at η = −2.5 (the nucleus-going
direction) and then monotonically decreasing until η = +2.5

FIG. 5. Left: Charged-particle pseudorapidity distribution, dNch/dη, in selected N rec
ch ranges. The distributions are normalized to the same

integral and are shown in arbitrary units. Here, positive and negative η denote the photon-going and nucleus-going directions, respectively.
Right: dNch/dη distribution in data for N rec

ch > 10 (black points), normalized per event, and compared with that in DPMJET-III γ + Pb (dot-
dashed green histogram), PYTHIA γ + p (dashed blue histogram), peripheral HIJING Pb+Pb (solid magenta histogram), and DPMJET-III γ + p
(dotted red histogram) with the same reconstruction-level selection as the data. All distributions have been normalized to have the same value
as DPMJET-III γ + Pb at η = 0.
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[ATLAS: PRC 104, 014903 (2021)]
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• Multiplicity cut adjusted according to the limited efficiency
• Good description of the measured rapidity distribution with the VMD-Pb setup
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Two-particle correlations in ATLAS analysis

• ATLAS apply template-fitting method to
extract vn from two-particle correlations
• Perform a Fourier fit to obtain cn’s for
low-multiplicity events (nonflow?)

YLM(∆ϕ) = c0 + 2 ·
4∑

n=1
cn cos(n∆ϕ)

• Fit high multiplicity vn,n’s on top

YHM(∆ϕ) = F·YLM(∆ϕ)+G
[
1+ 2 ·

4∑
n=2

vn,n cos(n∆ϕ)
]

Free parameters cn, vn,n, F, G
• Can now repeat the fit with Pythia results

TWO-PARTICLE AZIMUTHAL CORRELATIONS … PHYSICAL REVIEW C 104, 014903 (2021)

FIG. 11. Summary of v2,2 and v3,3 results as obtained from a direct Fourier fit (open markers) and those obtained after the template-fitting
subtraction (filled markers). Results are shown differential in N rec

ch for fixed pa
T (left) and differential in pa

T for fixed N rec
ch (right).

of the selections considered here, the nonflow subtraction
has a significant effect on the extracted v2,2 and v3,3 values.
The resulting vn,n values are positive in all selections, with
one exception: in the pa

T-dependent results with a single HM
selection, the v2,2 value for 3 < pT < 5 GeV is negative. Ad-
ditionally, the v2,2 value for 2 < pT < 3 GeV is significantly
lower than that for 1.2 < pT < 2 GeV. In these selections, the
v3,3 values also rise significantly. The template fits to these
selections are shown in Fig. 12, and are discussed further
below.

B. Factorization test

In the flow paradigm, a two-particle azimuthal mod-
ulation characterized by a vn,n value arises from the
product of nonzero azimuthal anisotropies, vn, for each
particle. These are related via vn,n(pa

T, pb
T) = vn(pa

T)vn(pb
T),

or vn,n(pa
T, pb

T) = vn(pT)2 if a and b are selected from
the identical particle pT range. Thus, a single-particle
flow coefficient vn(pa

T) may be determined from two-
particle vn,n values through vn(pa

T) = vn,n(pa
T, pb

T)/vn(pb
T) =

FIG. 12. Selected template fit results for the highest pa
T intervals. In the top panel of the right plot, the solid red line shows the total fit to the

HM data in black markers. The dashed green line shows the scaled LM plus pedestal, while the dashed blue and dotted magenta lines indicate
the two flow contributions to the fit, Y ridge

2 = G[1 + 2v2,2 cos(2!φ)] and Y ridge
3 = G[1 + 2v3,3 cos(3!φ)], shifted upwards by FY LM(0) for

visibility. The middle panels show the pull distribution for the template fits in the top panel. The p values from the bootstrapping experiment
are also shown in the middle panels. The bottom panels show the same set of data and fit components, where the scaled LM distribution has
been subtracted from each to better isolate the modulation.

014903-11
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Template fit to Pythia simulations
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Comparison to ATLAS vn data
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The resulting vn,n values are positive in all selections, with
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T-dependent results with a single HM
selection, the v2,2 value for 3 < pT < 5 GeV is negative. Ad-
ditionally, the v2,2 value for 2 < pT < 3 GeV is significantly
lower than that for 1.2 < pT < 2 GeV. In these selections, the
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T),
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flow coefficient vn(pa

T) may be determined from two-
particle vn,n values through vn(pa
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FIG. 12. Selected template fit results for the highest pa
T intervals. In the top panel of the right plot, the solid red line shows the total fit to the

HM data in black markers. The dashed green line shows the scaled LM plus pedestal, while the dashed blue and dotted magenta lines indicate
the two flow contributions to the fit, Y ridge

2 = G[1 + 2v2,2 cos(2!φ)] and Y ridge
3 = G[1 + 2v3,3 cos(3!φ)], shifted upwards by FY LM(0) for

visibility. The middle panels show the pull distribution for the template fits in the top panel. The p values from the bootstrapping experiment
are also shown in the middle panels. The bottom panels show the same set of data and fit components, where the scaled LM distribution has
been subtracted from each to better isolate the modulation.

014903-11

• Simulated results in line with the direct Fourier fit for v2,2
• Consistent with zero after template fitting (non-flow subraction)
• String interactions in high-multiplicity hadronization, hadronic rescattering? 19



Summary & Outlook

Summary
• In e+p validated setup for
photoproduction at HERA

• Includes fluxes relevant for proton and
heavy-ion UPCs

• First steps for full γ+A (8.311)
⇒ In line with multiplicity distributions
⇒ As such not consistent with finite v2

Outlook
• Include full photon structure
• Study different string-interaction
effects for high-multiplicity events

MPIMPI

dσ̂0

·
·

·
·

··

Meson
Baryon

Antibaryon

· Heavy Flavour

[figure by P. Skands]
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Evolution equation and PDFs for resolved photons

DGLAP equation for photons
• Additional term due to γ → qq splittings

∂fγi (x,Q
2)

∂log(Q2)
=
αem
2π e2i Piγ(x) +

αs(Q2)

2π
∑
j

∫ 1

x

dz
z Pij(z) fj(x/z,Q2)

where Piγ(x) = 3 (x2 + (1− x)2) for quarks, 0 for gluons (LO)
• Resulting PDFs has point-like (or anomalous) and hadron-like components

f γi (x,Q
2) = f γ,pli (x,Q2) + f γ,hadi (x,Q2)

• f γ,pli : Calculable from perturbative QCD
• f γ,hadi : Requires non-perturbative input fixed in a global analysis



Photon structure at Q2 ∼ 0 GeV2

Direct Anomalous VMD

Linear combination of three components

|γ⟩ = cdir|γdir⟩+
∑
q

cq|qq⟩+
∑
V

cV|V⟩

where the last term includes a linear combination
of vector meson states up to J/Ψ

cV =
4παEM
f 2V

V f 2V/(4π)
ρ0 2.20
ω 23.6
ϕ 18.4
J/Ψ 11.5



Equivalent photon approximation

Compare to full calculation
• Example process pp → γγ → µ+µ−

• Different approximations (e.g.) by Drees
and Zeppenfeld ∼ 20% difference to full
calculation

• Keeping finite mass and correct magnetic
moment provides ∼ few percent accuracy

• Not checked for other observables, such as
acoplanarity
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Figure 8. Same as Figure 7, but at Ô
s = 13 TeV.

[S. Yrjänheikki, MSc thesis]

https://jyx.jyu.fi/handle/123456789/84037


Photon fluxes in PYTHIA 8

• Enable γ+p in e+p

• Enable γ+p in p+p

• Enable γ+p in Pb+p

10 4 10 3 10 2 10 1 100

x

10 2

10 1

100

101

102

103

104

105

xf
i (x

)*
/

EM

leptons
protons
Pb nucleus



Photon fluxes in PYTHIA 8
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Photon fluxes in PYTHIA 8

• Enable γ+p in e+p

• Enable γ+p in p+p

• Enable γ+p in Pb+p
10 4 10 3 10 2 10 1 100

x
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xf
i (x
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/

EM

leptons
protons
Pb nucleus

For more examples see
main68.cc, main69.cc,
main70.cc, main78.cc
in examples directory



Photon fluxes in PYTHIA 8

• Not enough? Define your own flux

[from main70.cc]
24

Measured Cross-Sections
• Going higher in photon energy opens up the low-x shadowing region.
• Results are quite consistent with the theoretical model.

Photon Energy
0.008 < 𝑧𝛾 < 0.015

DIS 2022, May 2-6, Santiago de Compostela, Spain Ben Gilbert

𝐻𝑇 ≡෍
𝑖

𝑝𝑇𝑖 𝑧𝛾 ≡
𝑀𝑗𝑒𝑡𝑠𝑒+𝑦𝑗𝑒𝑡𝑠

𝑠𝑁𝑁
𝑥𝐴 ≡

𝑀𝑗𝑒𝑡𝑠𝑒−𝑦𝑗𝑒𝑡𝑠

𝑠𝑁𝑁

[P. Steinberg @ DIS2023]

https://indico.cern.ch/event/1199314/contributions/5193054/attachments/2619474/4528709/SteinbergGilbert_DIS2023_v1b.pdf


An example process: γγ → µ+µ−

• Can take place in EE, SD and DD (also DY
processes with resolved photons?)

• Implemented natively in Pythia, can also
generate with an ME generator (MG5, SC)

EE contribution
• Clean process to study fluxes
• However, fluxes only does not account for
finite-size effects

• Not quite back-to-back due to

• pT generated by non-collinear photons
• QED radiation in the final state

• Acoplanarity |π −∆ϕ| quantify the effect
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[ATLAS: PLB 777 (2018) 303-323]



An example process: γγ → µ+µ−

• Can take place in EE, SD and DD (also DY
processes with resolved photons?)

• Implemented natively in Pythia, can also
generate with an ME generator (MG5, SC)

EE contribution
• Clean process to study fluxes
• However, fluxes only does not account for
finite-size effects

• Not quite back-to-back due to
• pT generated by non-collinear photons
• QED radiation in the final state

• Acoplanarity |π −∆ϕ| quantify the effect
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• Needed to tune Pythia
primordial kT parameters
for external events

• Can use (user-defined) flux
for Q2 sampling



Heavy-ion collisions

• Angantyr in Pythia provides a full heavy-ion collisions framework
[Bierlich, Gustafson, Lönnblad & Shah: 1806.10820]

• Hadronic rescattering can be included as well, enhances collective effects
[CB, Ferreres-Solé, Sjöstrand & Utheim: 1808.04619, 2005.05658, 2103.09665]

Angantyr (CB, Gustafson, Lönnblad & Shah: 1806.10820)

• Framework for full heavy ion collisions.
⇧ Glauber calculation decides which nucleons hit each other.
⇧ PYTHIA pp, pn & nn events stacked on top of each other.
⇧ A clean slate for adding collective e↵ects, no QGP.
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• Just specify your nuclear beams and run!

10

Hadronic rescattering (CB, Ferreres-Solé, Sjöstrand & Utheim: 1808.04619, 2005.05658, 2103.09665)

• Hadrons may scatter again in the final state
• Some e↵ects in pp, very important in ion collisions.
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• Inevitable for precision, even in min-bias.

• Low Energy framework very versatile, added bonus!
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p+A collisions

[Bierlich, Gustafson, Lönnblad & Shah: 1806.10820]
• Angantyr can be applied also to asymmetric p+A collisions
• The centrality measure well reproduced
• Similarly centraility-dependent multiplicities

Asymmetric collision systems

• Same type of measurements in pA equally well reproduced.

• Question of “centrality measure” more important here:
Angantyr reproduces experimental curve well.

8

Asymmetric collision systems

• Same type of measurements in pA equally well reproduced.

• Question of “centrality measure” more important here:
Angantyr reproduces experimental curve well.
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ATLAS data for vn in γ+PbG. AAD et al. PHYSICAL REVIEW C 104, 014903 (2021)

FIG. 17. Charged-particle flow coefficients v2 (left) and v3 (right) in photonuclear events with 20 < N rec
ch ! 60, reported as a function of

particle pT. The vertical error bars and colored boxes represent the statistical and total systematic uncertainties, respectively. The photonuclear
data points are positioned at the average pT value in each interval. The data are compared with the analogous measurements in pp collisions
at 13 TeV and p + Pb collisions at 5.02 TeV for N rec

ch " 60 [5]. The v2 data are also compared with a CGC-based theory calculation from
Ref. [31]. These photonuclear data are the same as in Fig. 16 but with different y-axes ranges to allow comparison with additional data and
theoretical predictions.

fluctuations in the selected γ + Pb events needs to be carried
out. In addition, correctly accounting for the boosted kine-
matics and limited acceptance using a fully three-dimensional
simulation may be important.

An alternative interpretation of two-particle correlations in
small collision systems involves interactions at the earliest
time between gluon fields in the color glass condensate (CGC)
framework [62]. Recently such calculations have described
heavy-flavor hadron and quarkonia azimuthal anisotropies in
p + Pb collisions [63,64], although calculations in the CGC
framework fail to describe other aspects of the data, such as
the charged-hadron flow coefficients in p + Pb at the LHC
and small-systems collisions at RHIC [65,66]. The authors

have extended these calculations to consider a color dipole
interacting with a Pb nucleus either at the future Electron
Ion Collider or in photonuclear collisions at the LHC [31].
The CGC calculation for photonuclear collisions is shown
in Fig. 17 and is in reasonable agreement with the v2 data
within uncertainties. In these calculations, the Pb nucleus is
described with a saturation scale Q2

s = 5 GeV2 and typical
parton transverse momentum " = 0.5 GeV, as used in calcu-
lations of v2 for heavy-flavor mesons and quarkonia [63,64].
However, in the calculation for the photonuclear case, the pa-
rameter Bp = 25 GeV−2, which controls the transverse area of
the interaction and thus the number of color domains from the
Pb nucleus taking part in the interaction, is significantly larger

FIG. 18. Comparison of results for raw Fourier coefficients v2,2 and v3,3 (left, without nonflow subtraction) and for nonflow subtracted
coefficients v2,2 and v3,3 (right, with nonflow subtraction using the template method), shown in data (open points) and in DPMJET-III (filled
points). The results in data and DPMJET-III are presented as functions of N rec

ch and N truth
ch , respectively.

014903-16

• Non-zero flow coefficients also for γ+Pb
• Expected baseline from MC simulations?



Comparison with data for γ+A (preliminary)G. AAD et al. PHYSICAL REVIEW C 104, 014903 (2021)

FIG. 4. Left: N rec
ch distribution in data, corrected for trigger and reconstruction efficiency and normalized per event (black points), compared

with that in DPMJET-III γ + Pb (dot-dashed green histogram), DPMJET-III γ + p (dotted red histogram), and PYTHIA γ + p (dashed blue
histogram). The bottom panel shows the ratios of the MC distributions to the data distributions. Right: "γ #η distribution in data for N rec

ch ! 10
(black points), normalized per event, and compared with that in DPMJET-III γ + Pb (dot-dashed green histogram), PYTHIA γ + p (dashed
blue histogram), peripheral HIJING Pb+Pb (solid magenta histogram), and DPMJET-III γ + p (dotted red histogram).

of the distribution in data is qualitatively similar to that in
DPMJET-III γ + Pb and Pythia γ + p simulation. However,
the distributions in the simulated photonuclear events de-
crease at smaller "γ #η values, while the distribution in data
rises. At low "γ #η, the shape in data is qualitatively similar
to that in peripheral HIJING Pb+Pb events. This comparison
suggests that the trigger-selected events contain a mixture of
peripheral Pb+Pb events and genuine photonuclear events,
with the latter dominant at "γ #η > 2.5. The possible impact
of residual peripheral Pb+Pb events in the set of selected
events is discussed in Sec. VI.

Figure 5 compares the charged-particle pseudorapidity dis-
tribution, dNch/dη, in data and simulation. The left panel
shows the dNch/dη in data, for charged particles with 0.4 <
pT < 5 GeV, for multiple N rec

ch selections in photonuclear
events. The distributions are corrected for tracking efficiency
on a per-track basis, which ranges from 0.7–0.9 depending on
track η and pT. To compare the relative shapes between N rec

ch
selections, the distributions are each normalized to have an in-
tegral of one. In all cases, the pseudorapidity distributions are
strongly asymmetric, peaking at η = −2.5 (the nucleus-going
direction) and then monotonically decreasing until η = +2.5

FIG. 5. Left: Charged-particle pseudorapidity distribution, dNch/dη, in selected N rec
ch ranges. The distributions are normalized to the same

integral and are shown in arbitrary units. Here, positive and negative η denote the photon-going and nucleus-going directions, respectively.
Right: dNch/dη distribution in data for N rec

ch > 10 (black points), normalized per event, and compared with that in DPMJET-III γ + Pb (dot-
dashed green histogram), PYTHIA γ + p (dashed blue histogram), peripheral HIJING Pb+Pb (solid magenta histogram), and DPMJET-III γ + p
(dotted red histogram) with the same reconstruction-level selection as the data. All distributions have been normalized to have the same value
as DPMJET-III γ + Pb at η = 0.
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• Pythia8 γ+p in ATLAS result should correspond to gm-p on right
• Relative increase in multiplicity well in line with the VMD setup
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FIG. 4. Left: N rec
ch distribution in data, corrected for trigger and reconstruction efficiency and normalized per event (black points), compared

with that in DPMJET-III γ + Pb (dot-dashed green histogram), DPMJET-III γ + p (dotted red histogram), and PYTHIA γ + p (dashed blue
histogram). The bottom panel shows the ratios of the MC distributions to the data distributions. Right: "γ #η distribution in data for N rec

ch ! 10
(black points), normalized per event, and compared with that in DPMJET-III γ + Pb (dot-dashed green histogram), PYTHIA γ + p (dashed
blue histogram), peripheral HIJING Pb+Pb (solid magenta histogram), and DPMJET-III γ + p (dotted red histogram).

of the distribution in data is qualitatively similar to that in
DPMJET-III γ + Pb and Pythia γ + p simulation. However,
the distributions in the simulated photonuclear events de-
crease at smaller "γ #η values, while the distribution in data
rises. At low "γ #η, the shape in data is qualitatively similar
to that in peripheral HIJING Pb+Pb events. This comparison
suggests that the trigger-selected events contain a mixture of
peripheral Pb+Pb events and genuine photonuclear events,
with the latter dominant at "γ #η > 2.5. The possible impact
of residual peripheral Pb+Pb events in the set of selected
events is discussed in Sec. VI.

Figure 5 compares the charged-particle pseudorapidity dis-
tribution, dNch/dη, in data and simulation. The left panel
shows the dNch/dη in data, for charged particles with 0.4 <
pT < 5 GeV, for multiple N rec

ch selections in photonuclear
events. The distributions are corrected for tracking efficiency
on a per-track basis, which ranges from 0.7–0.9 depending on
track η and pT. To compare the relative shapes between N rec

ch
selections, the distributions are each normalized to have an in-
tegral of one. In all cases, the pseudorapidity distributions are
strongly asymmetric, peaking at η = −2.5 (the nucleus-going
direction) and then monotonically decreasing until η = +2.5

FIG. 5. Left: Charged-particle pseudorapidity distribution, dNch/dη, in selected N rec
ch ranges. The distributions are normalized to the same

integral and are shown in arbitrary units. Here, positive and negative η denote the photon-going and nucleus-going directions, respectively.
Right: dNch/dη distribution in data for N rec

ch > 10 (black points), normalized per event, and compared with that in DPMJET-III γ + Pb (dot-
dashed green histogram), PYTHIA γ + p (dashed blue histogram), peripheral HIJING Pb+Pb (solid magenta histogram), and DPMJET-III γ + p
(dotted red histogram) with the same reconstruction-level selection as the data. All distributions have been normalized to have the same value
as DPMJET-III γ + Pb at η = 0.
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• Relative increase in multiplicity well in line with the VMD setup
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FIG. 4. Left: N rec
ch distribution in data, corrected for trigger and reconstruction efficiency and normalized per event (black points), compared

with that in DPMJET-III γ + Pb (dot-dashed green histogram), DPMJET-III γ + p (dotted red histogram), and PYTHIA γ + p (dashed blue
histogram). The bottom panel shows the ratios of the MC distributions to the data distributions. Right: "γ #η distribution in data for N rec

ch ! 10
(black points), normalized per event, and compared with that in DPMJET-III γ + Pb (dot-dashed green histogram), PYTHIA γ + p (dashed
blue histogram), peripheral HIJING Pb+Pb (solid magenta histogram), and DPMJET-III γ + p (dotted red histogram).

of the distribution in data is qualitatively similar to that in
DPMJET-III γ + Pb and Pythia γ + p simulation. However,
the distributions in the simulated photonuclear events de-
crease at smaller "γ #η values, while the distribution in data
rises. At low "γ #η, the shape in data is qualitatively similar
to that in peripheral HIJING Pb+Pb events. This comparison
suggests that the trigger-selected events contain a mixture of
peripheral Pb+Pb events and genuine photonuclear events,
with the latter dominant at "γ #η > 2.5. The possible impact
of residual peripheral Pb+Pb events in the set of selected
events is discussed in Sec. VI.

Figure 5 compares the charged-particle pseudorapidity dis-
tribution, dNch/dη, in data and simulation. The left panel
shows the dNch/dη in data, for charged particles with 0.4 <
pT < 5 GeV, for multiple N rec

ch selections in photonuclear
events. The distributions are corrected for tracking efficiency
on a per-track basis, which ranges from 0.7–0.9 depending on
track η and pT. To compare the relative shapes between N rec

ch
selections, the distributions are each normalized to have an in-
tegral of one. In all cases, the pseudorapidity distributions are
strongly asymmetric, peaking at η = −2.5 (the nucleus-going
direction) and then monotonically decreasing until η = +2.5

FIG. 5. Left: Charged-particle pseudorapidity distribution, dNch/dη, in selected N rec
ch ranges. The distributions are normalized to the same

integral and are shown in arbitrary units. Here, positive and negative η denote the photon-going and nucleus-going directions, respectively.
Right: dNch/dη distribution in data for N rec

ch > 10 (black points), normalized per event, and compared with that in DPMJET-III γ + Pb (dot-
dashed green histogram), PYTHIA γ + p (dashed blue histogram), peripheral HIJING Pb+Pb (solid magenta histogram), and DPMJET-III γ + p
(dotted red histogram) with the same reconstruction-level selection as the data. All distributions have been normalized to have the same value
as DPMJET-III γ + Pb at η = 0.
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• Pythia8 γ+p in ATLAS result should correspond to gm-p on right
• Relative shift in rapidity distribution in line with the VMD setup using Angantyr
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FIG. 4. Left: N rec
ch distribution in data, corrected for trigger and reconstruction efficiency and normalized per event (black points), compared

with that in DPMJET-III γ + Pb (dot-dashed green histogram), DPMJET-III γ + p (dotted red histogram), and PYTHIA γ + p (dashed blue
histogram). The bottom panel shows the ratios of the MC distributions to the data distributions. Right: "γ #η distribution in data for N rec

ch ! 10
(black points), normalized per event, and compared with that in DPMJET-III γ + Pb (dot-dashed green histogram), PYTHIA γ + p (dashed
blue histogram), peripheral HIJING Pb+Pb (solid magenta histogram), and DPMJET-III γ + p (dotted red histogram).

of the distribution in data is qualitatively similar to that in
DPMJET-III γ + Pb and Pythia γ + p simulation. However,
the distributions in the simulated photonuclear events de-
crease at smaller "γ #η values, while the distribution in data
rises. At low "γ #η, the shape in data is qualitatively similar
to that in peripheral HIJING Pb+Pb events. This comparison
suggests that the trigger-selected events contain a mixture of
peripheral Pb+Pb events and genuine photonuclear events,
with the latter dominant at "γ #η > 2.5. The possible impact
of residual peripheral Pb+Pb events in the set of selected
events is discussed in Sec. VI.

Figure 5 compares the charged-particle pseudorapidity dis-
tribution, dNch/dη, in data and simulation. The left panel
shows the dNch/dη in data, for charged particles with 0.4 <
pT < 5 GeV, for multiple N rec

ch selections in photonuclear
events. The distributions are corrected for tracking efficiency
on a per-track basis, which ranges from 0.7–0.9 depending on
track η and pT. To compare the relative shapes between N rec

ch
selections, the distributions are each normalized to have an in-
tegral of one. In all cases, the pseudorapidity distributions are
strongly asymmetric, peaking at η = −2.5 (the nucleus-going
direction) and then monotonically decreasing until η = +2.5

FIG. 5. Left: Charged-particle pseudorapidity distribution, dNch/dη, in selected N rec
ch ranges. The distributions are normalized to the same

integral and are shown in arbitrary units. Here, positive and negative η denote the photon-going and nucleus-going directions, respectively.
Right: dNch/dη distribution in data for N rec

ch > 10 (black points), normalized per event, and compared with that in DPMJET-III γ + Pb (dot-
dashed green histogram), PYTHIA γ + p (dashed blue histogram), peripheral HIJING Pb+Pb (solid magenta histogram), and DPMJET-III γ + p
(dotted red histogram) with the same reconstruction-level selection as the data. All distributions have been normalized to have the same value
as DPMJET-III γ + Pb at η = 0.
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FIG. 4. Left: N rec
ch distribution in data, corrected for trigger and reconstruction efficiency and normalized per event (black points), compared

with that in DPMJET-III γ + Pb (dot-dashed green histogram), DPMJET-III γ + p (dotted red histogram), and PYTHIA γ + p (dashed blue
histogram). The bottom panel shows the ratios of the MC distributions to the data distributions. Right: "γ #η distribution in data for N rec

ch ! 10
(black points), normalized per event, and compared with that in DPMJET-III γ + Pb (dot-dashed green histogram), PYTHIA γ + p (dashed
blue histogram), peripheral HIJING Pb+Pb (solid magenta histogram), and DPMJET-III γ + p (dotted red histogram).

of the distribution in data is qualitatively similar to that in
DPMJET-III γ + Pb and Pythia γ + p simulation. However,
the distributions in the simulated photonuclear events de-
crease at smaller "γ #η values, while the distribution in data
rises. At low "γ #η, the shape in data is qualitatively similar
to that in peripheral HIJING Pb+Pb events. This comparison
suggests that the trigger-selected events contain a mixture of
peripheral Pb+Pb events and genuine photonuclear events,
with the latter dominant at "γ #η > 2.5. The possible impact
of residual peripheral Pb+Pb events in the set of selected
events is discussed in Sec. VI.

Figure 5 compares the charged-particle pseudorapidity dis-
tribution, dNch/dη, in data and simulation. The left panel
shows the dNch/dη in data, for charged particles with 0.4 <
pT < 5 GeV, for multiple N rec

ch selections in photonuclear
events. The distributions are corrected for tracking efficiency
on a per-track basis, which ranges from 0.7–0.9 depending on
track η and pT. To compare the relative shapes between N rec

ch
selections, the distributions are each normalized to have an in-
tegral of one. In all cases, the pseudorapidity distributions are
strongly asymmetric, peaking at η = −2.5 (the nucleus-going
direction) and then monotonically decreasing until η = +2.5

FIG. 5. Left: Charged-particle pseudorapidity distribution, dNch/dη, in selected N rec
ch ranges. The distributions are normalized to the same

integral and are shown in arbitrary units. Here, positive and negative η denote the photon-going and nucleus-going directions, respectively.
Right: dNch/dη distribution in data for N rec

ch > 10 (black points), normalized per event, and compared with that in DPMJET-III γ + Pb (dot-
dashed green histogram), PYTHIA γ + p (dashed blue histogram), peripheral HIJING Pb+Pb (solid magenta histogram), and DPMJET-III γ + p
(dotted red histogram) with the same reconstruction-level selection as the data. All distributions have been normalized to have the same value
as DPMJET-III γ + Pb at η = 0.
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• Σγ∆η: Sum of rapidity gaps for which ∆η > 0.5
• Similar for γ-p and γ-Pb



Role of cross section fluctuations
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• High-multiplicity tail less pronounced with Angantyr:CollisionModel = 0
with fixed nucleon radius, ATLAS data seem to favour fluctuations



Energy distributions vs. multiplicity
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⟨WγPb⟩ ≈ 150 ⟨WγPb⟩ ≈ 470 ⟨WγPb⟩ ≈ 570
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