
Pythia 8 development in Jyväskylä
Particle physics days 2024

Ilkka Helenius

November 28, 2024



Pythia 8 event generator

Pythia 8: A general purpose event generator

• Latest release 8.312 (May 2024)

• A complete physics manual for 8.3

[SciPost Phys. Codebases 8-r8.3 (2022)]

Pythia in Jyväskylä

• MC4EIC –Monte Carlo event

generation for electron-ion colliders

Academy research fellow (2020–2025)

• HD-Pythia – Hard and diffractive

scattering processes in high-energy

nuclear collisions with Pythia

Academy research project (2024–2028)
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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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Pythia Collaboration

• Javira Altmann (Monash University)

• Christian Bierlich (Lund University)

• Naomi Cooke (University of Glasgow)

• Nishita Desai (TIFR,Mumbai)

• Leif Gellersen (Lund University)

• Ilkka Helenius (University of Jyväskylä)

• Philip Ilten (University of Cincinnati)

• Leif Lönnblad (Lund University)

• StephenMrenna (Fermilab)

• Christian Preuss (University ofWuppertal)

• Torbjörn Sjöstrand (Lund University)

• Peter Skands (Monash University)

• Marius Utheim (University of Jyväskylä)

• Rob Verheyen (University College London)

[PythiaWeek in Oxford 2024]

• Spokesperson

• Codemaster

• Webmaster

https://pythia.org
authors@pythia.org 3
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Available beam configurations in Pythia 8

Hadronic collisions

• p-p: hard, soft and low-energy processes

• h-p, where h = π±,0,K±,0, ϕ0, . . .

Collisions with leptons

• e+e−, including γγ (also in p-p)

• e-p: (neutrino) DIS, photoproduction with soft

and hardQCD processes

Heavy-ion collisions with Angantyr

• A-A, p-A and h-A

• UPCswith proton target, also VMD-A

• Some cosmic-ray related processes

[OPAL: PLB 658 (2008) 185-192]
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Figure 14. The transverse momentum distribution of charged particles in the central pseudo-
rapidity region in inclusive pPb events.

Figure 15. Scaled
∑

E⊥ of charged particles at −3.7 < η < −1.7 and 2.8 < η < 5.1 from
Angantyr, compared with the ALICE V0 amplitude, data taken from ref. [53].

principle use the ALICE experimental definition of centrality, rather than the one from

ATLAS used in the previous section. In ALICE centrality is defined as percentiles of

the amplitude distribution obtained in the two V0 detectors, placed at −3.7 < η < −1.7

and 2.8 < η < 5.1. Since this amplitude is not unfolded to particle level, and cannot

be reproduced by Angantyr without realistic detector simulation, we instead construct a

reasonable particle level substitute for this measure. We assume that the V0 amplitude is

proportional to the total
∑

E⊥ from charged particles with p⊥ > 100 MeV in that region.

In figure 15 we compare the measured V0 amplitude [53] with the substitute observable,

scaled to match the bin just before the distribution drops sharply at high amplitudes. The

– 32 –
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ep and ee collisions
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Electron-proton collisions

Classified in terms photon virtualityQ2

Deep inelastic scattering (DIS)

• High virtuality,Q2 > a fewGeV2

• Lepton scatters off from a parton by

exchanging a highly virtual photon

Photoproduction

• Low virtuality,Q2 → 0GeV2

⇒Direct and resolved contributions

• Factorize γ flux, evolve γp system

• Hard scale provided by the final state

• Also soft QCD processes, diffraction
5



Multi-jet merging in DIS [I. Helenius, J.  Laulainen, C.T. Preuss: arXiv:2410.20950 [hep-ph]]

Jet production in DIS

• Parton shower generate emissions from a

Born-level hard-process

• Accurate only for soft and collinear emissions

• Matrix element corrections helps at high-Q2 but

still misses low-Q2 high-ET part

Merging in DIS

• Start from hard events with several partons in the

final state

• Combine with parton shower emissions using

merging algorithms to avoid double counting

Multi-Jet Merging
in DIS with

Pythia

Joni Laulainen

Jet production in
DIS
Parton Showers
Motivation

Merging
Algorithms
Merging scale

Results
HERA data comparisons
Scale variations

Summary

Summary
I Starting point: default Pythia shower

not enough to describe jets in DIS
! merging implementation.

I Problem: Hardest scale not unique
! use dynamic merging scale or
different factorization scale choice.

I Multi-jet merging provides good
description of HERA data also in
low-Q2 region.
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Outlook: Working DIS jet merging setup for an upcoming Pythia release,
possibly QED-clusterings to Vincia merging.
Upcoming projects: Matrix element corrections.

16 / 16

[H1: EPJC 77 (2017) 215]
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Comparisons between Pythia, Sherpa and Herwig

[I. Helenius, P. Meinzinger, S. Plätzer, P. Richardson: arXiv:2406.08026 [hep-ph]]

Compare different generators for photoproduction

• Good agreement atME-level

• Differences build up from inputs andmodelling

• Scale variations large at LO
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Comparisons between Pythia, Sherpa and Herwig

[I. Helenius, P. Meinzinger, S. Plätzer, P. Richardson: arXiv:2406.08026 [hep-ph]]
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Comparisons between Pythia, Sherpa and Herwig

[I. Helenius, P. Meinzinger, S. Plätzer, P. Richardson: arXiv:2406.08026 [hep-ph]]

Compare different generators for photoproduction
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Solid predictions for EIC require

• Validated inputs: (γ)PDFs, accurate flux

• Improvedmodelling for PS and remnant handling

• Tuning of models to HERA and LEP data

Predictions for multiplicity

distributions in EIC
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MPIs in photoproduction

[J.M. Butterworth, I. Helenius, J.J. Juan Castella, B. Pattengale, S. Sanjrani, M.Wing:

arXiv:2408.15842 [hep-ph], accepted for SciPost Physics]

Systematic comparisons ofMPI tunes
• pp at LHC and Tevatron and for γγ from LEP

• Data for jet and charged-particle production for

pp, γp and γγ (10 data sets in total)
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MPIs in photoproduction
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Conclusions
• Standard pp tunes generate tomanyMPIs

• Can find good agreement for γγ and γp

• Further constraints from 3- and 4-jet production
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tunes for each beam configuration
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Figure 6: HERA photoproduction multi-jet data (ωp5) for the distributions (left) xobs
ω

and (right) cos(ε3) (right). The xobs
ω distribution is for 4-jet events, and the cos(ε3)

distribution is for 3-jet events, both requiring jets to satisfy Ejet
T > 6 GeV, |ϑjet| < 2.4,

and 25 → Mnj → 50 GeV.

values are above the default used for LHC data of 2.28 GeV and indicate that fewer MPIs
are present in photon-initiated processes, as was observed in the case of dijet production
above.

The H1 measurement of charged hadron production is shown in Fig. 7 and compared to
the default Pythia tunes, and in Fig. 8 the OPAL measurements from LEP2 are shown.
In both cases the LHC/POWER tune gives too much activity, as already seen in the jet
data, especially at low pT. For the ωp data, the other tunes give a good description for
the central and backward regions, but fall below the data at positive rapidities. For the
ωω data, the pT spectrum of particle is much too soft in both measured W regions, with
all models giving too many low pT particles and too few at high pT.

Within the framework of the present study, the value of ϖ was varied, with prefT,0 kept
constant at 2.28GeV, and compared to HERA and LEP data. The data preferred a value
of ϖ in the region of 0.05 and 0.1, significantly below the default of 0.215 used for LHC
data, which resulted in an increased value for pT,0 at energies relevant to LEP and HERA
and therefore reduced MPI probability, further supporting observations in Figs. 7 and 8.

Finally we show these tunes compared to charged-hadron production in the underlying
event at the LHC, for three di!erent centre-of-mass collision energies – 900 GeV, 7 TeV [30],
and 13 TeV [31] in Fig. 9. While none of the parameter settings describe the data perfectly
the two LHC tunes are closer than the LEP tunes, which lie well below the data at all
collision energies. We notice that the LHC/POWER tune retains approximately the same
level of agreement with the data at all three collision energies, which is expected, since
the tune made use of the lower-energy data as a constraint for the MPI parameters.
The LHC/LOG tune moves from being below the data at 900 GeV to being above it at
13 TeV. This suggests that a power-law energy dependence is appropriate in proton-proton
collisions. However, we have shown that this parameterization (LHC/POWER) gives poor
agreement with the jet data from photon-induced collisions.
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Ultraperipheral collisions (UPCs)
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Ultraperipheral heavy-ion collisions

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

• At LHC relevant for p+p, p+Pb, Pb+Pb

• Large flux due to large EM charge of nuclei

⇒ γγ and γA collisions
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b > 2RA

Photon flux from equivalent photon approximation

• Define flux in impact-parameter space⇒Reject hadronic interactions with bmin

• Integrating the point-like approximation we get

f Aγ (x) =
2αEMZ2

xπ

[
ξ K1(ξ)K0(ξ)−

ξ2

2

(
K2
1(ξ)− K2

0(ξ)
)]

where ξ = bmin xmwhere bmin ≈ 2RA andm per nucleonmass

• Nuclear form factor heavily suppressesQ2 of the photon⇒ Photoproduction! 9
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Experimental heavy-ion UPC classification

• Event selection typically relies on

Zero-degree calorimeters (X > 0)

XnXn: At least one neutron on both sides

⇒ A+A (hadronic interaction)

Xn0n: At least one neutron only on one side

⇒ γ+A
0n0n: No neutrons on either side

⇒ γ+γ

Zero Degree Calorimeters (ZDC)

• ZDC are 140 m away from the IP (|η|> 8.3) 
• Detect neutral particles: e.g. neutrons, 

photons 
• Separate UPCs from inelastic Pb+Pb collisions  
• Events are categorised into:  0n0n / 0nXn / 

XnXn

• Exclusive 𝛾𝛾 processes: mostly 0n0n  

• Photonuclear processes: typically 0nXn  
• Each category probes different impact 

parameters (b)

3

XnXn

0nXn
0nXn

0n0n

Phys. Rev. C
 104 (2021) 

Ann.Rev.Nucl.Part.Sci. 70 (2020) 323-354

Possible caveats
• Additional EM interactionsmay break up the nuclei in “near-encounter” events

[Eskola, Guzey, Helenius, Paakkinen, Paukkunen; PRC 110 (2024) 054906]

• Also diffractive processes will keep nuclei intact

⇒ Xn0n condition will remove diffractive contribution to γ+A
See e.g. [Guzey, Klasen; PRD 104 (2021) 11 114013] 10



Dijets in ultra-peripheral heavy-ion collisions in Xn0n

• Good agreement out of the boxwhen

accounting both direct and resolved

• EMnuclear break-up significant

• Pythia setupwith nucleon target only

⇒ Is such a setup enough for γ+A?

HT =
∑
i

pT,i

zγ =
Mjets√
sNN

e+yjets

xA =
Mjets√
sNN

e−yjets

2−10 1−10
Ax

17−10

14−10

11−10

8−10

5−10

2−10

10

410

710

1010

b/
G

eV
]

µ
  [ γz

 d
A

x
 d

T
Hd

σ3 d

 < 45.3 GeVTH35.0 < 
)-210× < 58.6 GeV (TH45.3 < 
)-410× < 75.8 GeV (TH58.6 < 
)-610× < 98.1 GeV (TH75.8 < 

)-810× < 126.9 GeV (TH98.1 < 
)-1010× < 164.3 GeV (TH126.9 < 
)-1210× < 212.5 GeV (TH164.3 < 

Pythia 8 + nCTEQ15
WZ+SIH PDFs
with Pb photon flux

ATLAS
-1Pb+Pb 5.02 TeV, 1.72 nb

 < 0.027γz < -410×3.7

 jets→ + A γUPC 
=0.4 JetsR tkanti-

TH < 4jetsm < TH0.9

Data Scale Uncert.
Data Stat. Uncert.
Data Syst. Uncert.

3−
10 2−10 1−10

Ax

0.8

1

1.2  < 45.3 GeVTH35.0 <  < 58.6 GeVTH45.3 < 

3−10 2−10 1−10
Ax

0.8

1

1.2  < 75.8 GeVTH58.6 < 

3−10 2−10 1−10
Ax

 < 98.1 GeVTH75.8 < 

T
he

or
y 

/ D
at

a
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Multiplicity distributions in UPCs

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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[ZEUS: JHEP 12 (2021) 102]

• 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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javier.murillo@cern.ch Particle correlations in small systems 3 / 5[Murillo Quijada (CMS), QM 2022]

• Fair agreement also in UPCs
19

• Multiplicity distribution well

reproduced in γ+p interactions

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

• Highmultiplicities missed with γ+p

⇒Multi-nucleon interactions
12



Modelling γ+Awith Pythia

[I. Helenius, M. Utheim: EPJC 84 (2024) 11, 1155]

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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014903-6

[ATLAS: PRC 104, 014903 (2021)]

VMD-Pb 〈bND〉 = bBD

ND

VMD-Pb 〈bND〉 = bfluc
ND

VMD-Pb black disk

γ-p Pythia

Σγ∆η > 2.5
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• ATLAS data not corrected for efficiency, estimatedwithNrec
ch ≈ 0.8 · Nch

• Relative increase in multiplicity well in line with the VMD-Pb setup 13



Inclusive D-meson production in UPCs

• New experimental analysis for

open charm production in UPCs

ongoing in CMS and ALICE

• Can use Pythia UPC

implementation to calculate

cross-section predictions

24
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Suora ja hadroninen, D0 + D0

2.0 < pT < 4.0

4.0 < pT < 8.0

8.0 < pT < 12.0

Kuvio 9. Differentiaalinen vaikutusala eri poikittaisliikemäärän ja rapiditeetin
väleillä.[A.-M. Levälampi: Research training thesis, 2024]
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Dijets in ultra-peripheral heavy-ion collisions in 0n0n
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Figure 8: A breakdown of the di�erent systematic uncertainties impacting this measurement in a representative
sample of bins in HT for each z� bin used to measure results. Total statistical uncertainty is shown as the black dashed
line, while total systematic uncertainty is shown as the red dashed line. The pseudorapidity gap selection (green)
and sensitivity to the prior (cyan) uncertainties are sub-dominant everywhere. The JES (magenta) and JER (blue)
uncertainties are substantial but not dominant, while the uncertainties associated with using components of a jet
calibration sequence derived for high-µ data in a low-µ environment (orange) are dominant in most bins.

To this end, Figs. 9 and 10 show measured distributions of the jet system rapidity, HT, and the dijet ��.
Also shown are the corresponding results obtained for a P����� 8 evaluation of �� processes. The data
are not unfolded for jet response and are presented as uncorrected yields. The P����� 8 cross-sections, if
scaled by the luminosity of the current measurement, are about an order of magnitude smaller than the
measured yields. To better compare the P����� 8 distributions to data, they are shown scaled to have the
same total yield as the data. The measured rapidity distribution is observed to be wider than that predicted
by P����� 8 for �� processes. Also, the data fall o� more steeply with increasing HT than the P����� 8 HT
distribution, and the measured �� distribution is noticeably wider than that in the P����� 8 MC.
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Figure 9: Distributions of yjets (left) and HT (right) for dijet and multi-jet final states in events having no nuclear
breakup. The results are presented in terms of yields, not unfolded for response or corrected for event selection
e�ciency. They are compared to results of a P����� 8 simulation of jet production in �� processes. Since those
simulations severely underpredict the data, they are re-scaled to match its total integral to enable a direct comparison
of the shapes.
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[ATLAS-CONF-2022-021]• Per-event yield underestimated by a factor of ten!

• Shape in a reasonable agreement

• γγ → µ+µ− ok so likely a QCD effect⇒Contribution from diffractive events? 15



Summary & Outlook

MC4EIC

• Multi-jet merging in DIS

• MPI tuning for γγ and γp

• Comparisons between other event

generators for photoproduction

• Amodel for photon-ion interactions,

applied to UPCs, relevant also for EIC

HD-Pythia

• Improvemodelling of hard processes

in nuclear collisions

• Implement photon-initiated

diffraction with nuclear beams

MPIMPI

dσ̂0

·
·

·
·

··

Meson
Baryon

Antibaryon

· Heavy Flavour

[figure by P. Skands]
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Recent highlights

New parton shower Apollo

C.T. Preuss: JHEP 07 (2024) 161

• Improved antenna shower heriting fromVincia

⇒ Easy to combine with fixed-order

• Improved recoil handling similar to Alaric

⇒ First NLL accurate parton shower in Pythia

• Currently only for e+e−

Machine-learning based hadronization
C. Bierlich, P. Ilten, S. Mrenna et al. (ML-HAD):

SciPost Phys. 17 (2024) 2, 045, arXiv:2410.06342

• Learn fragmentation functions from data

• Currently tested in a simplified qq case

Apollo
Vincia
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Figure 3: Numerical predictions in the limit of small ωs for the angle !ε12 normalised to

the NLL result obtained with Vincia and Apollo.

event frame and avoids boosts into the centre-of-momentum frame of antenna ends with

vanishing invariant mass. The limit ωs → 0 is extracted by a bin-wise linear regression fit of

the results obtained for ωs ↑ {0.02, 0.01, 0.005, 0.0025}. As already highlighted in [32, 36],

it su”ces to consider the strict leading-colour limit 2CF = CA = 3 and keep the value

of the strong coupling ωs fixed to reproduce the failure of local transverse-recoil schemes

eq. (2.8) and establish the consistency of the global transverse-recoil scheme eq. (2.25) with

the NLL target. In the following, these simplifications are therefore applied to obtain both

the NLL reference results and the parton-shower predictions.

The inconsistency of the antenna recoil scheme with NLL resummation is best seen

in the distribution of the angular separation of the two primary Lund-plane declusterings,

!ε12 [32]. Figure 3 contains predictions obtained with the conventional antenna shower

Vincia and the new partitioned dipole-antenna shower Apollo, both normalised to the

NLL result. The Vincia results in fig. 3 qualitatively reproduce the features observed

in both [32] and [36] for the case of the Pythia and Dire showers. In particular, there

remains a notable angular dependence in the limit ωs → 0, in disagreement with the flat

NLL result. The flat !ε12 distribution is, on the other hand, reasonably well reproduced

by the Apollo shower for all values of ωs considered here. Since this test is su”cient to

highlight the shortcomings of the antenna recoil scheme, predictions obtained with Vincia

will not be shown for the other event shapes.

Figure 4 contains predictions obtained with the Apollo algorithm for the classical

event-shapes (one minus) thrust ϑ [70, 71], heavy-jet mass ϖH [72], total and wide jet

broadening BT and BW [73, 74], and the three-jet resolution y23 in the Cambridge algorithm

[75]. In addition, also the fractional energy correlators FCx [62] are considered for the three

choices 0, 1
2 , and 1 of the parameter x. In all cases, the di#erence to the NLL reference

result decreases with decreasing ωs. Disregarding remaining statistical fluctuations and a

residual bump at large L in the ωs → 0 fit, owing to the regression across the ωs = 0.02

and ωs = 0.01 results, a constant ratio of 1 is found in the ωs → 0 limit in all cases. This

– 21 –
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Figure 6: Apollo predictions (purple) for Durham jet-resolution scales in comparison

to Pythia (blue) and Vincia (red) and experimental data from the JADE and OPAL

collaborations [83]. The purple band indicates uncertainties arising from the choice of

fragmentation parameters in Apollo.

NDL accuracy. In the resummation region, located centrally in the figures, good agree-

ment between the three showers and experimental data is seen. In this region, the influence

of the choice of fragmentation parameters is also minimal, indicated by the light-purple

band. As expected the impact of the choice of hadronisation parameters is largest when

the observable is small, i.e., towards the far left-hand side of the plots. In the multi-particle

limit, located to the right-hand side of the figures, the Apollo shower undershoots the

data significantly, owing to the fact that it acquires no formal fixed-order accuracy for

configurations with more than three partons, i.e., that no merging scheme is employed

here. In the Pythia and Vincia showers, this is mitigated by the large value of ωs in the

case of the former and the additional renormalisation-scale factors in the case of the latter.

Although not shown in the figures, it has been verified that the same applies to Apollo

upon using an artificially large value of ωs.

Figure 6 contains Apollo predictions for jet-resolution scales for the transition to
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Multiparton interactions (MPIs)

• MPIs from 2 → 2QCD cross sections

dPMPI

dp2T
=

1

σnd(
√
s)
dσ2→2

dp2T

σnd(
√
s) is the non-diffractive cross section

• Partonic cross section diverges at pT → 0

⇒ Introduce a screening parameter pT0

dσ2→2

dp2T
∝
αs(p2T)

p4T
→

αs(p2T0 + p2T)

(p2T0 + p2T)
2

• Energy-dependent parametrization:

pT0(
√
s) = prefT0(

√
s/
√
sref)α

• Number of interactions: ⟨n⟩ = σint(pT0)/σnd
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• σint(pT,min) exceeds σtot
⇒ Several interactions



Parton-level evolution

Common evolution scale (pT) for FSR, ISR andMPIs

• Probability for something to happen at given pT

dP
dpT

=

(
dPMPI

dpT
+

∑ dPISR

dpT
+

∑ dPFSR

dpT

)
× exp

[
−
∫ pmax

T

pT

dp′T

(
dPMPI

dp′T
+

∑ dPISR

dp′T
+

∑ dPFSR

dp′T

)]

where exp[. . .] is a Sudakov factor (probability

that nothing else has happened before pT)

Simultaneous partonic evolution

1. Start the evolution from the hard-process scale

2. Sample pT for eachPi, pick onewith highest pT

3. Continue until pTmin ∼ ΛQCD reached
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Figure 1: Schematic figure illustrating one incoming hadron in an event with a hard inter-
action occurring at p⊥1 and three further interactions at successively lower p⊥ scales, each
associated with (the potentiality of) initial-state radiation, and further with the possibility
of two interacting partons (2 and 3 here) having a common ancestor in the parton showers.
Full lines represent quarks and spirals gluons. The vertical p⊥ scale is chosen for clarity
rather than realism; most of the activity is concentrated to small p⊥ values.

‘one-parton-inclusive’ pdf’s should be applicable; when averaging over all configurations of
softer partons, the standard QCD phenomenology should be obtained for the ones partic-
ipating in the hardest interaction, this being the way the standard parton densities have
been measured. Thus it makes sense to order and study the interactions in a sequence of
falling ‘hardness’, for which we shall here take p⊥ as our measure, i.e. we consider the inter-
actions in a sequence p⊥1 > p⊥2 > p⊥3 > p⊥4. The normal parton densities can then be used
for the scattering at p⊥1, and correlation effects, known or estimated, can be introduced in
the choice of ‘subsequent’ lower-p⊥ scatterings.

In ref. [1] we developed a new and sophisticated model to take into account such corre-
lations in momentum and flavour. In particular, contrary to the earlier model described in

2

[T. Sjöstrand, P. Skands:

EPJC 39 (2005) 129-154]



Parton shower options for DIS in Pythia

The default shower with dipoleRecoil
[B. Cabouat, T. Sjöstrand, EPJC 78 (2018 no.3, 226)]

• First emissionmatch withmatrix element

• No PS recoil for the scattered lepton

• No shower-specific tuning done

Vincia antenna shower
[H. Brooks, C. T. Preuss, P. Skands, JHEP 07 (2020) 032]

• QCD, QED, EW, interleavedwithMPIs

• Efficient multi-jet merging with sectors

Dire in Pythia [S. Höche, S. Prestel, EPJC 75 (2015) no.9, 461]

• Correct soft-gluon interference at lowest order

• Inclusive NLO corrections to collinear splittings

[H1: Eur.Phys.J.C 84 (2024) 8, 785]

Single di�erential cross section

1-jettiness cross section

Data unfolded using TUnfold

Correct for QED radiation and electro-weak e�ects

Resulting cross section reported for e≠p and e+p collisions

Comparison with MC models

Compare data to 15 di�erent models

”≠distribution at · b

1 = 1
æ Events with empty current hemisphere
æ Dedicated talk by Zhiqing

Cross sections are measured at high precision
æ None of the MC models works perfectly, now have precision
data for tuning
æ Exact QCD predictions have sizeable scale uncertainties and
large hadronization corrections
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Comparison to ZEUS data for charged hadrons (Nch > 20)

Pseudorapidity

• Data well reproduced

• Not sensitive toMPImodelling (pT,0)
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Comparison to ZEUS data for charged hadrons (Nch > 20)

Pseudorapidity

• Data well reproduced

• Not sensitive toMPImodelling (pT,0)

Multiplicity

• Sensitivity toMPI parameters,

clear support forMPIs

• Data within pT,0 variations

• Direct contribution negligible in

high-multiplicity events (Nch > 20)
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Comparison to ZEUS data for charged hadrons (Nch > 20)

Pseudorapidity

• Data well reproduced

• Not sensitive toMPImodelling (pT,0)

Multiplicity

• Sensitivity toMPI parameters,

clear support forMPIs

• Data within pT,0 variations
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Comparisons between Pythia, Sherpa and Herwig

[I. Helenius, P. Meinzinger, S. Plätzer, P. Richardson: arXiv:2406.08026 [hep-ph]]

• 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



Alternative VMD-based approach [with Marius Utheim]

• Resolved contribution dominates total

cross section

⇒ Set up an explicit VMDmodel with

linear combination of vector-meson

states (ρ, ω, ϕ and J/ψ)
• Use VMPDFs from SU21

[Sjöstrand, Utheim; EPJC 82 (2022) 1, 21]

• Cross sections from SaS

[Schuler, Sjöstrand; PRD 49 (1994) 2257-2267]

• Sample collision energy from flux

⇒ Vector meson-proton 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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Vector meson dominance (VMD)

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



Modelling γ+Awith Pythia

[I. Helenius, M. Utheim: arXiv:2406.10403 [hep-ph]; Accepted for publication in EPJC]

Angantyr model for heavy ions in Pythia

• 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

⇒ VMD-nucleus scatterings
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Modelling γ+Awith Pythia

[I. Helenius, M. Utheim: arXiv:2406.10403 [hep-ph]; Accepted for publication in EPJC]

Angantyr model for heavy ions in Pythia

• 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

⇒ VMD-nucleus scatterings
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Two-particle correlations in γ+Awith Pythia

[ATLAS: PRC 104, 014903 (2021)]
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[I. Helenius, M. Utheim: EPJC 84 (2024) 11, 1155]
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• No finite v2 left after template fit in the Pythia simulation

⇒Revisit with final state effects such as rope hadronization and string showing



Collectivity in UPCs at the LHC

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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⇒ Jet-like correlations?

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

• Finite vn also after Template fit

subtracting “non-flow”
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