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Introduction

Photoproduction

• High-energy collisions with real photons as

beam particles

• In theQ2 → 0 limit can factorize photon flux,

fγ , from the hard interaction

dσAB = fAγ (x,Q
2) ⊗ dσγB

• Can be studied in colliderswith charged beams

• e+e−: LEP, γ-γ, also γ∗-γ

• e-p: HERA, γ-p, EIC: γ-p and γ-A
• p-p: LHC, γ-p, γ-γ

• p-A: LHC, γ-p, γ-γ
• A-A: LHC, γ-A, γ-γ
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Equivalent photon approximation

Photon fluxes for different beams

• In case of a point-like leptonwe have

f lγ(x,Q
2) =

αem

2π
(1+ (1− x)2)

x
1
Q2

• For protons need to account the form factor

f pγ (x,Q
2) =

αem

2π
(1+ (1− x)2)

x
1
Q2

1

(1+ Q2/Q2
0)

4 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

whereQ2
0 = 0.71GeV2 (Drees-Zeppenfeld)⇒ LargeQ2 heavily suppressed

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

f Aγ (x) =
2αEMZ2

xπ

[
ξ K1(ξ)K0(ξ)−

ξ2

2

(
K2
1(ξ)− K2

0(ξ)
)]

where ξ = bmin xmwhere bmin reject nuclear overlap⇒Q2 ≪ 1GeV2
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Structure of real photons
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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

dσγA→kl+X = f γi (xγ , µ
2)⊗ fAj (xp, µ

2)⊗ dσij→kl
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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,Q

2)

where Piγ(x) = 3 (x2 + (1− x)2) for quarks, 0 for gluons (LO)

x
f
(x
,Q

2
)/
α
E
M

x

CJKL
GRV
SaSgam

Q2 = 10.0GeV2

u-quark

x
f
(x
,Q

2
)/
α
E
M

x

CJKL
GRV
SaSgam

Q2 = 10.0GeV2

gluon
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Evolution equation and ISR for resolved photons

ISR probability based onDGLAP evolution

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

dPa←b =
dQ2

Q2

αs

2π
x′fγa (x′,Q2)

xfγb(x,Q
2)

Pa→bc(z)dz+
dQ2

Q2

αem

2π

e2b Pγ→bc(x)
fγb(x,Q

2)

• Corresponds to ending up to the beam photon during evolution

⇒ Parton originated from the point-like (anomalous) part of the PDFs

• No further ISR orMPIs below

the scale of the splitting

• Implemented for the default

Simple Shower in Pythia 8
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Jet photoproduction
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Jet photoproduction

Factorize the cross section

• Direct processes: Convolute photon flux fγ with
proton PDFs f pi and partonic coefficient functions dσ̂

dσep→kl+X = f eγ (x,Q
2) ⊗ f pj (xp, µ

2) ⊗ dσ̂γj→kl

• Resolved processes: Convolute also with photon PDFs

dσep→kl+X = f eγ (x,Q
2)⊗f γi (xγ , µ

2)⊗ f pj (xp, µ
2)⊗dσij→kl

• In case of γ-γ convolute with two photon fluxes

Generate parton showers andMPIs for resolved events

• Sample x andQ2, setup γ-p sub-systemwithWγp

• Evolve γ-p (γ-γ) as any hadronic collision (withMPIs)

• Add beam remants for resolved photons 7



Jet photoproduction

A comparison study betweenHerwig, Sherpa and Pythia for jet photoproduction

[I. Helenius, P. Meinzinger, S. Plätzer, P. Richardson: in progress]
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• Start with hard-process partons in LEP-like setup

• Pythia and Sherpa in agreement when identical

αs, PDFs, photon flux, sub-processes withmassive partons… 8



Jet photoproduction in LEP [I. Helenius, P. Meinzinger, S. Plätzer, P. Richardson: in progress]
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[OPAL: PLB 651 (2007) 92-101]

• Large LO→NLO correction in Sherpa, uncertainty from scale variations

• Herwig LO close to Sherpa LO, NLOwithmatchbox underway

• Pythia result with highest cross section, still within the uncertainties 9



Jet photoproduction in LEP [I. Helenius, P. Meinzinger, S. Plätzer, P. Richardson: in progress]

• Summary of themodelling differences between the generators

Property Pythia Sherpa Herwig

Flux LL NLL LL

αs(M2
Z) 0.130, 1-loop running 0.118, 3-loop running

PDFs CJKL SAS2M SAS2M

Remnants forced splittings/PS rejection PS rejection forced splitting

γ → qq̄ Splitting yes no no

MPI tuning preliminary γ-p/γ-γ tune untuned untuned
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Jet photoproduction inHERA [I. Helenius, P.Meinzinger, S. Plätzer, P. Richardson: in progress]
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[ZEUS: EPJC 23 (2002) 615-631]

• Similar hierarchy as for LEP comparisons

• Herwig results on their way
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Jet photoproduction in EIC [I. Helenius, P. Meinzinger, S. Plätzer, P. Richardson: in progress]
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• We set up a Rivet analysis with highest-energy EIC-kinematics with similar jet

reconstruction as in HERA

• Similar observations in jet ET spectra as with HERA kinematics

• Large differences in multiplicity distribution (lack of tuning)
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Jet photoproduction in HERA
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[ZEUS: EPJC 23 (2002) 615-631]

• Possible to run Rivet analyses for Pythia 6 provided in the EICMCEGGitLab

• Enable systematic comparisons with themodern generators
13
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Single-particle observables
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Charged-particle production in HERA

Single-inclusive hadrons

• Allows to study events at lower pT

• More sensitive to hadronization andMPI

effects than inclusive-/di-jet data

• May require soft QCDmodelling

H1 analysis

• Photon flux integrated out, data for γ-p at

⟨Wγp⟩ ≈ 200GeV

• Rivet routine added in 3.1.10 release
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[H1: EPJC 10 (1999) 363-372]
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Charged-particle production in LEP

Single-inclusive hadrons

• Double-resolved photons dominate at

low pT, only these haveMPIs

• Single-resolved contribute∼ 20%

• Direct processes take over above

pT ∼ 5GeV/c

OPAL data

• Again potential to constrainMPI

parameters

• Rivet routine added in 3.1.10 release

b b
b
b

b
b
b
b
b
b
b
b
b
b b
b
b

b

b

b

b

b

OPALb

Pythia 8.231

pp tune

MPIoff

Resolved-Resolved

Direct-Resolved

Direct-Direct

10 < W < 125 GeV

10−3

10−2

10−1

1

10 1

10 2

10 3

10 4

10 5

d
σ
/
d
p
T
[p
b
/
G
eV

]

b

b
b b b
b
b
b b
b b b b b

b b b b b

b

b

b

5 10 15 20 25
0

0.2
0.4
0.6
0.8
1

1.2
1.4
1.6

pT [GeV]

ra
ti
o
to

P
y
th
ia

[OPAL: PLB 651 (2007) 92-101]
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Charged-particle production in LEP

[OPAL: PLB 651 (2007) 92-101]
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• A handle for energy dependence (LEP/LOG-tune in Pythia) 16



Multi-particle correlations

16



Multi-particle correlations

Correlations can arise from

• Jets, particle decays, rescattering

• Initial state effects, eg. CGC

• Final-state effects

• hydrodynamic evolution of

quark-gluon plasma,

• Collectivity in hadronization,

eg. string interactions

ZEUS analysis

• High-multiplicity events (Nch > 20)

• Reasonable agreement withMPIs in Pythia

• Rivet routine in progress
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(a) Photoproduction.
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(b) NC DIS with Q2 > 20GeV 2.

Figure 3. Two-particle correlation C(∆η,∆ϕ) in (a) photoproduction and (b) NC DIS with
Q2 > 20GeV 2. The peak near the origin has been truncated for better visibility of the finer
structures of the correlation. The plot has been symmetrised along ∆η. No statistical or systematic
uncertainties are shown.

is no indication of a double ridge, which was observed in high-multiplicity p+ p and p+Pb
collisions [8–10].

The Q2 dependence of two-particle correlations for the first and second harmonic are
shown in figures 4a and 4b, respectively. The results in photoproduction are shown at
Q2 = 0GeV2 and in NC DIS starts at 5GeV2. Above 5GeV2, the Q2 dependence of
long-range correlations is observed to be flat. The magnitude of c1{2} sharply decreases in
photoproduction. Except for c1{2} with pT > 0.5GeV, the correlations in photoproduction
are significantly reduced compared to NC DIS. The results are presented for the full ranges
of |∆η| and pT, and with a rapidity-separation condition, |∆η| > 2.0, for pT > 0.1 and pT >

0.5GeV. Short-range correlations that are unrelated to hydrodynamic collective behaviour,
such as the near-side peak seen in figures 3a and 3b, are expected to be suppressed by the
|∆η| > 2.0 constraint. Long-range correlations in heavy-ion collisions are known to increase
with pT up to a few GeV [7–13], motivating the additional high-pT constraint. To help
further isolate long-range correlations, two-particle correlations with a high-pT constraint
(pT > 0.5GeV) are also shown.

The normalised charged-particle multiplicity distribution in photoproduction corrected
for tracking inefficiency and the trigger bias is shown in figure 5. Expectations from
PYTHIA are shown with varying levels of MPI and colour reconnection. The normalised
dN/dpT and dN/dη distributions of charged particles in photoproduction are shown in
figures 6a and 6b, respectively. Two-particle correlations as a function of |∆η| for the first
and second harmonics are shown in figures 7a and 7b, respectively. At low |∆η|, the corre-
lations are positive and decrease rapidly toward larger |∆η|. Two-particle correlations are
shown as a function of ⟨pT⟩ for the first and second harmonics in figures 8a and 8b, respec-
tively. For both c1{2} and c2{2}, the correlation strength grows with increasing ⟨pT⟩, a
feature which is universally observed in all collision systems [7–13]. Four-particle cumulant
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(b) c2{2} versus |∆η|.

Figure 7. Two-particle correlations (a) c1{2} and (b) c2{2} versus |∆η| compared to PYTHIA
expectations for different levels of MPI, which are inversely related to prefT0. The mean number of MPI
for each value of prefT0 is: 8.3 (prefT0 = 2GeV), 3.8 (prefT0 = 3GeV), and 2.2 (prefT0 = 4GeV). The dashed
line corresponds to an expectation with colour reconnection (CR) switched off. The statistical
uncertainties of the data are shown as vertical lines although they are typically smaller than the
marker size. Systematic uncertainties are shown as boxes around the data points. Statistical errors
for the PYTHIA predictions are shown as thick vertical lines. Data points are shown at the bin
centre.
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Figure 8. Two-particle correlations (a) c1{2} and (b) c2{2} versus ⟨pT⟩ compared to PYTHIA
expectations for different levels of MPI. Other details as in figure 7a.

The sign of the measured four-particle cumulant correlation differs from measurements
in heavy-ion collisions that do not fully overlap, which are negative [65], as expected from
hydrodynamic collective behaviour [32]. However, this situation is different in small systems
such as ep photoproduction, in which the eccentricity of the initial state as depicted in
figure 2 fluctuates event-by-event. In contrast, heavy-ion collisions are characterised by
a persistent elliptical eccentricity, which dominates over the event-by-event component
induced by fluctuating parton distributions within the nucleus [66].

Multiparton interactions in ep photoproduction were investigated through comparisons
of dN/dNch, dN/dpT, dN/dη, cn{2}, and cn{4} with PYTHIA predictions. While there
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[ZEUS: JHEP 12 (2021) 102]
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Collectivity in γ-p at the LHC

CMS analysis for p+Pb

• Pb provides photon flux, γ-p at

energies similar to HERA and

beyond

• Fourier fit to dN/d∆ϕ to obtain v2

• Finite v2 for γ-p, in line with Pythia

• No explicit collectivity included in

themodel

⇒ No collective behaviour observed

[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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Two-particle correlations in γ-A by ATLAS

• ATLAS apply template-fittingmethod to

extract vn from two-particle correlations

• Perform a Fourier fit to obtain cn’s for
low-multiplicity events

YLM(∆ϕ) = c0 + 2 ·
4∑

n=1

cn cos(n∆ϕ)

• Fit highmultiplicity 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

• Should subtract the “non-flow” contributions

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

FIG. 8. Two-dimensional normalized particle pair distributions in photonuclear events, corrected for acceptance effects with the mixed-
event distribution, and presented as a function of !η and !φ. The peak at (!φ,!η) = (0, 0) is truncated to better show the structure of the
correlation function. Each panel represents a different pa

T range for the selection 20 < N rec
ch < 60 and 0.4 < pb

T < 2.0 GeV.

cn, describing the LM reference, are free parameters in the fit,
but F and G are constrained such that the integrals of both
sides of Eq. (1) are the same. Modulation terms up to fourth
order (v2,2, v3,3, and v4,4) are considered in the fit, in order to
best describe the HM data. By fitting Y LM(!φ) and Y HM(!φ)
simultaneously, the extracted uncertainty in F , G, and vn,n
correctly accounts for the statistical uncertainty of both the
LM and HM samples. An example of the simultaneous fit of
the HM selection and LM reference is shown in Fig. 9. Ex-
amples of the template fit in additional HM and pa

T selections
are shown in Fig. 10. In the bottom panels of Figs. 9 and 10,
the p values are defined following the procedure described
below.

The template fit is performed by minimizing the standard
χ2 between the data points and the functional form. However,
the data points within the correlation functions contain non-
trivial point-to-point correlations, since a single particle b may
be used in combination with multiple particles of type a. The
minimum of the χ2 statistic, when calculated in the traditional
way, is found at the appropriate values of the fit parameters.
However, the p value and the uncertainty in the parameter
values, if also determined in the standard way, would be inac-
curate. In order to properly account for these correlations and
determine the parameter value uncertainties, a bootstrapping
procedure was applied. Pseudoexperiments were generated
by giving a random Poisson weight (with a mean of one) to

FIG. 9. An example of the template-fitting procedure for a selected pT range. The left plot displays the LM data with open markers and
the simultaneous fit in the green dotted line. The lower panel displays the pull distribution. 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-right panel shows the pull distribution for the template fit in the top panel. The bottom-right
panel shows the same set of data and fit components, where the scaled LM distribution has been subtracted to better isolate the modulation.

014903-9

[ATLAS: PRC 104, 014903 (2021)]
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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 for γ+Pb, even after the template fit

• Expected baseline fromMC simulations? Hydro or hadronization effect? 20



Summary & Outlook

Summary

• Photoproduction provides access to rich structure of real photons

• Modern event generators can handle different contributions

• Not only HERA data available, also LEP and LHC should be included

• Number of Rivet available analyses has increased in recent years

⇒ Enables systematic and global tuning ofMC generator parameters

Open questions

• Obviously still important Rivet analysis missing, which ones?

• Interplay with photon PDF fitting andMPIs?

• UPCs at the LHC provides first collider-energy γ-A
⇒Origin of the collective behaviour? Relevant for EIC?
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Jet photoproduction in LEP
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[OPAL: PLB658 (2008) 185-192, 2008]

• Also amore recent jet analysis in γ-γ from LEP available

• Only pT with varying η range
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