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Pythia 8 event generator

Pythia 8: A general purpose event generator
e Latestrelease 8.313 (Jan 2025)

e A complete physics manual for 8.3
[SciPost Phys. Codebases 8-r8.3 (2022)]

Outline
e Pythia 8 introduction
e Deep inelastic scattering (HERA)

e Photoproduction

e With proton target (HERA)
e With nuclear target (UPC@LHC)

e Summary & Outlook

[figure by P. Skands]


https://arxiv.org/abs/2203.11601

Pythia Collaboration

Current members (in 8.313 release)

e Javira Altmann (Monash University)

e Christian Bierlich (Lund University)

e Naomi Cooke (University of Glasgow)

e llkka Helenius (University of Jyvaskyla)

e Philip llten (University of Cincinnati)

e Leif Ldnnblad (Lund University) S
« Stephen Mrenna (Fermilab) [Pythia Week in Oxford 2024]
e Christian Preuss (University of Wuppertal) * Spokesperson

e Torbjorn Sjostrand (Lund University) o Codemaster

e Peter Skands (Monash University) * Webmaster

https://pythia.org
authors@pythia.org



Physics modelled within Pythia 8
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Physics modelled within Pythia 8

Classify event generation in terms of [figure credit: P. Skands]

“hardness”
1. Hard Process (here tt)
2. Resonance decays (t,Z,...)

3. Matching, Merging and
matrix-element corrections

4. Multiparton interactions

5. Parton showers:
ISR, FSR, , Weak

6. Hadronization,

7. Decays, Rescattering




Available beam configurations in Pythia 8

Hadronic CO”iSionS [OPAL PLB 658 (2008) 185-192]

Inclusive et cross section for [y < 1.5

e p-p: hard, soft and low-energy processes ~
e h-p,whereh = 750 K=0 40 . i

Collisions with leptons

MC/Data

e ete™,including vy (alsoin p-p)

I I
30

I
T
4 |
I
I

I I
5 3540
pr[Gev]

PPb @ 5.02 TeV, Inclusive charged —1.0 < o < 10

e e-p: (neutrino) DIS, photoproduction with soft
and hard QCD processes

—— s
—— Pythias/Angantyr

Heavy-ion collisions with Angantyr
e A-A p-Aand h-A
e UPCs with proton target, also VMD-A

e Some cosmic-ray related processes

P (GeV]



Electron-proton collisions
Classified in terms photon virtuality Q2
Deep inelastic scattering (DIS)
« Highvirtuality, Q2 > afew GeV? O/@f‘f
e Lepton scatters off from a parton by - \ ’ ™

exchanging a highly virtual photon

Photoproduction
o Low virtuality, Q2 — 0 GeV? 4(0/ :Wf
= Direct and resolved contributions ¥';i
e Factorize ~ flux, evolve yp system f/ 'fjj
e Hard scale provided by the final state O/Q‘:;)
e Also soft QCD processes, diffraction % .i}:\>
o 5



Deep inelastic scattering (DIS)



Parton shower options for DIS in Pythia 8.3

The default shower with dipoleRecoil [H1: Eur.Phys.).C 84 (2024) 8, 785]
"E’

[B. Cabouat, T. Sjéstrand, EPJC 78 (2018 no.3, 226)] o twom Csswe HA
e First emission match with matrix element oo ]

ep

L=351.1 pt’
V§=319GeV ]
200<G¥/GeVA<1700

s000F - {0

e No PS recoil for the scattered lepton

¢ No shower-specific tuning done (in progress)

1000~

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

e QCD, QED, EW, interleaved with MPIs

o Efficient multi-jet merging with sectors

I I I L
NNLOJET (Ofc)m Had) 4ZNNLO®NLLZHad

Ratio to
data

- o

Ratio to
data

- o

Ratio to
data

Dire in Pythia[S. Héche, S. Prestel, EPJC 75 (2015) no.9, 461]
e Correct soft-gluon interference at lowest order

Ratio to
data
= o

~ o
LI T O PO ¢ B SNPUU . S-S )

e Inclusive NLO corrections to collinear splittings

===

(se2)

Ratio to
data

- ~KaTie+Cascade (Sett) — KaTie+Cascade

0 0.2 0.4 0.6 0.8 1 6




Multi-jet merging in DIS

Jet productionin DIS

e PS accurate only for soft and collinear emissions Incusie dijt crosssections o /dE[}

L o e e A B
—4+— Data

r —— Pythia 8.307 1
r 2000 < Q? < 5000 GeV

1071 -

pb/GeV]

e Matrix element corrections helps at high-Q2 but
still misses low-Q? high-Et part

do/dE[5]

Merging in DIS

Hard events with several final-state partons

Combine with parton shower emissions using
merging algorithms to avoid double counting

MC/Data

00900 mEmn

AN NN
o [T
5

A TR SRR R
3 60
Ef'y / GV

N
8

w
8

s
13

Need a dynamically calculated merging scale to

. ; ZEUS: EPJC 70 (2010) 965-982
account for multiple scales (Q2 and pJTet) [ ( ) ]

Vincia sector shower with a unique history



Multi-jet merging in DIS

Jet productionin DIS

e PS accurate only for soft and collinear emissions Diet producton crosssection in P

102 EETTTTT T T T T I T
—+— Data

e —— Pythia 8.307
55< Q¥ <8GeV2 3

e Matrix element corrections helps at high-Q2 but
still misses low-Q? high-Et part

/(AQ?APr) [pb/GeV?]

Merging in DIS

e Hard events with several final-state partons

e Combine with parton shower emissions using
merging algorithms to avoid double counting

MC/Data

e Need adynamically calculated merging scale to

. i H1: EPJIC77(2017) 215
account for multiple scales (Q? and pJTet) [ ( 2

¢ Vincia sector shower with a unique history



Multi-jet merging in DIS

Jet productionin DIS

e PS accurate only for soft and collinear emissions Diet production coss section i

S R R RS RA RS LA AR RAR RN RARRS RAR

—+— Data
SHERPA & PyTHIA
—— PyTHIA 8.307 £
55<Q?<8GeV: 3

e Matrix element corrections helps at high-Q2 but
still misses low-Q? high-Et part

7/ (AQ2APr) [pb/GeV?]

Merging in DIS

e Hard events with several final-state partons

e Combine with parton shower emissions using
merging algorithms to avoid double counting

MC/Data

e Need adynamically calculated merging scale to

i j H1: EPJC77(2017) 215
account for multiple scales (Q? and p*") [ JC 77 (2017) 215]

Part of the 8.313 release,

¢ Vincia sector shower with a unique history with an example



Photoproduction



Photon structure at Q2 ~ 0 GeV?

Direct Anomalous VMD
v _ q
q
A A
Partonic structure of resolved (anom. + VMD) photon encoded in photon PDFs
f,'ﬂ{(xw Mz) = + f,’%anom(x’yv Nz) + f,'ﬁ' A'VMD(X”; ) /42)
i = (5,'7(5(1 — X«,)

o f72"°M(x,, 1i?): Perturbatively calculable
° fi7'*VMD(x7,,. /12): Non-perturbative, fitted or vector-meson dominance (VMD)

Factorized cross section
dO_VA—>kH—X — f,"y(xfya MZ) ® fjA(Xp, MZ) ® do_ij—>kl



Multiparton interactions (MPIs) with resolved photons

* MPIsfrom2 — 2 QCD cross sections (1 EPJC‘ 0 (1‘?99)‘363 372l

£ F +H1
dPupi 1 do22

IT(, 2.28 GeV, x*

dp2  ona(V/s) dp?

P = 3.00 GeV
ond(1v/S) is the non-diffractive cross section e

E — P =330 GeV, \2/n =169 3
L — MPI off, x*/n = 2.48 ]

e Partonic cross section diverges at pt — O
= Introduce a screening parameter ptg

do?72  ag(p?)  as(pfo + PP

dp? B Pt (p%o + PF)? e ‘ﬁi‘vf-‘[ci:v,/ff
e Energy-dependent parametrization: e UseH1ldatato
p1o(V/S) = P (V/S/\/Sref) (re-)tune parameter(s)
e Number of interactions: (n) = oint(P10)/0nd o (W,p) ~ 200 GeV



Comparisons between Pythia, Sherpa and Herwig

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

Compare different generators for photoproduction L Doommenm s
g T Serpesngiere ]
o Good agreement at ME-level < o = S ]
3 ~+~ Pythia-Double Res. ]
E 10 ~+~ Pythia-Single Res. _]

¢ Differences build up from inputs and modelling N o4 Py Dl

e Scalevariations large at LO

N R A
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py M‘L‘ 1

MC/Data

it min |
o tbon g W o o “m“ln‘m
b Hm i

MC/Data

P
et peninagnt b AR

bt
IR

MC/Data
00 00 O RHRROS 00O HAERRO0 00 O RE MR

BRI N RSN SV RS- N VN

5 20 25 % 10

p1GeV]

w



Comparisons between Pythia, Sherpa and Herwig

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

Compare different generators for photoproduction Dijetsinyp (HERA)
e Good agreement at ME-level A S S L AL
4 2000 [~ —+— HERWIG-LO =
3 £ —— PymHiaLO T
e Differences build up from inputs and modelling oo | I St o -
3 14 < B <17 Gev
e Scalevariations large at LO s ]
500?:?:':?'—:,:_.——;—':* 1
N T N N N N I e
AR AR LA IR
éiim ——" —AJ— —
gobET T ==
SHE B
AT

[ZEUS: EPJC 23 (2002) 615-631]

10



Comparisons between Pythia, Sherpa and Herwig

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

Compare different generators for photoproduction Predictions for multiplicity
distributionsin EIC

PO IS R R AR AR RN AAAMI ARAM AR I

e Good agreement at ME-level

[pb]

e Differences build up from inputs and modelling

do/dNeharged

e Scalevariations large at LO

Solid predictions for EIC require

¢ Validated inputs: (v)PDFs, accurate flux

e Improved modelling for PS and remnant handling

e Tuning of models to HERA and LEP data

10



MPI tuning for photoproduction

[J.M. Butterworth, |. Helenius, J.J. Juan Castella, B. Pattengale, S. Sanjrani, M. Wing: SciPost Physics]
Systematic comparisons of MPI| tunes

—— LHC/POWER
307 ~ -
e ppat LHC and Tevatron and for v~ from LEP bel — e POwER

LEP/LOG

e Data for jet and charged-particle production for 3
pp, vp and v~ (10 data sets in total) g1s

10! 10? 10° 10*
V5 [GeV]

11



MPI tuning for photoproduction

[J.M. Butterworth, |. Helenius, J.J. Juan Castella, B. Pattengale, S. Sanjrani, M. Wing: SciPost Physics]

Systematic comparisons of MPI| tunes
e ppat LHC and Tevatron and for -~ from LEP

e Data for jet and charged-particle production for
pp, vp and v~ (10 data sets in total)

Conclusions
e Standard pp tunes generate to many MPIs
e Can find good agreement for v~ and yp
e Further constraints from 3- and 4-jet production

e Published new Rivet analyses enabling dedicated
tunes for each beam configuration

x00* for 25 < My; < 50 GeV
T T I T T T

do/dx¥(pb)

MC/Data

—+— ZEUS Data
—+— LHC/POWER
—+— LHC/LOG
—+— LEP/POWER

LEP/LOG
—+— No MPI

[ZEUS: NPB 792 1 (2008)]

11



MPI tuning for photoproduction

Automized tuning with Professor 2

ction as a function of ¥ for 25 < Ma; < 50 GeV/
EaRaRARE

e Use the 3-/4-jet data from ZEUS

do/dx(pb)

e Vary p%f and «, 100 points in parameter space
e Build interpolating function, minimize y2
Preliminary findings

e Large variation within reasonable variations

e Small discrepancy between the interpolated and

the simulation with the resulting parameters [ZEUS: NPB 792 1 (2008)]

12



MPI tuning for photoproduction

Automized tuning with Professor 2
e Use the 3-/4-jet data from ZEUS

e Vary p%%f and «, 100 points in parameter space

L S A
—+— Data

— epTune
— plo3

e Build interpolating function, minimize y2
Preliminary findings ol e
P22 B B BN RE
e Large variation within reasonable variations g L ;ﬁf:ﬂﬂﬁ%
g sl =TT :
e Small discrepancy between the interpolated and = 3:‘ | ‘ I ' ‘Ti
the simulation with the resulting parameters B o

e Tuneimprove agreement with ZEUS multiplicity [ZEUS: JHEP 12 (2021) 102]

distribution

¢ Include more data and test universality
12



Nuclear target



Ultraperipheral heavy-ion collisions

e Largeimpact parameter (b = 2R,)
= No strong interactions

e At LHC relevant for p+p, p+Pb, Pb+Pb ;éw ol b = 2R,
e Large flux due to large EM charge of nuclei
= v and A collisions

Photon flux from equivalent photon approximation

e Define flux in impact-parameter space = Reject hadronic interactions with by,

e Integrating the point-like approximation we get

a 2 2
o0 = 22212 [ey(emate) - 5 (ki) - 169)]

X 2
where £ = by, X mwhere b, ~ 2R, and m per nucleon mass

o Nuclear form factor heavily suppresses Q? of the photon = Photoproduction! 13



Dijets in ultra-peripheral heavy-ion collisions in XnOn

4 58.6<H, <758 GeV (x10%) B -8 --a
+ 758<H; <98.1GeV (x10°) 35
* 98.1<H, <126.9 GeV (x10") Data Scale Uncert. =

10711

X 10

b= Yo X -
i Z_? X\t- 1072 10 ' )‘(

© 126.9<H, <164.3GeV (x10™)  Data Stat. Uncert.
0 164.3 <H, <2125 GeV (x10™) : Data Syst. Uncert,
Ll M | .

o Good agreement out of the box when 3 W T T TS
. . O 10 PbtPh 5,02 TeV, 172 nb* anti-k, R=0.4 Jets =
accounting both direct and resolved g E et

¢ EM nuclear break-up significant o BE e 3
. . S0 E I

e Pythiasetup with nucleon target only 5 . e 3
= Is such a setup enough for y+A? B
::-35.0<Hr<45.36ev EEh SR =

:: ®= 453 <H, <586 GeV (x10 2) ;

Mjets

f 1.2F 35.0< H, <453 GeV £ 453 < H, <586 GeV. 3

Z"/ — —— e + YJets % £ 41 **+i+f {:{{

v/ SNN 8 F =

— ~ o8 =+
M, X‘}( g 12 536< Hy <758 Gov T 758< Hy <91 GoV. 3
S -
Xp = Jietse_)/jets é P e e e B -
—
A/ SN N — 0.8f T q
107 10 0% 107 102 0t

[ATLAS: arXiv:2409.11060] 4,



Multiplicity distributions in UPCs

y+p: [CMS: Murillo Quijada, QM2022]

CMS PPb, Sy, = 8.16 TeV (68.8 nb™)
‘g‘ : '.*iiii*illll‘ll!ll!UIILUUUUI‘I"E
I.ﬁ10 P pPb E
10° . Data . . 4
2 Simulation A v 3
10° S (PYTHIA8) (HWING)
¢ 3
6, J
10° Tty E
10° .:::A é
10 o :
4 3
10 ‘:u =5
tt3
1 L P \‘\\\‘\\\‘\+i\T\\\E

5 10 15 20 25 30
Ntrk

e Multiplicity distribution well

reproduced in v+p interactions

“ +Pb [ATLAS: PRC 104,014903 (2021)]
s 1 T T T T T T

g5, ATLAS

< 102 Pb+Pb, 1.0 b - 1.7 n

\E 1074 Sy = 5.02 TeV, OnXn

= 10%H Z,An>25

Tl ¢ Data

~ 10 -~ DPMJET-IIl y+P

S 10°f DPMJET-Il y+p

=100 R TR e Pythia8 y+p

MC / Data

01620 3040 50 60 70 s'gé
ch

High multiplicities missed with v+p

= Multi-nucleon interactions
15



Modelling v+A with Pythia

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

&~ 1 T i BSESSBRARRRRRRE

o IBE| _ \\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘3
5 E 5 3
z 10" ébTLAS 1 E Z —— VMD-Pb (byp) = b2B
ko) +Pb, 1.0 ub™- 1.7 nb'5 = VMD-Pb (b e
<107 \ = s -Pb (bnp) = by
s Syn =5.02 TeV, OnXn 2 H -
= 10 TAn>25 3 = —— VMD-Pb black disk
E Z i-p Pythia
o + Data 3 = ¥-p Py
4 3 =
= 10 s - DPMJET-IIl y+Pb 2 $,An > 2.5
= 1071 - DPMJET-IIl y+p <
=100} e Pythia8 y+p =

el ol vl ol 1

MC / Data
Ratio

(‘h

6162036465666~ 70 80
[ATLAS: PRC 104,014903 (2021)] Ney

e ATLAS data not corrected for efficiency, estimated with N7 ~ 0.8 - Ny,
e Relativeincrease in multiplicity well in line with the VMD-Pb setup

ch

16



Modelling v+A with Pythia

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

o

’E = T rec ’5 f T L L ‘ LI ‘ L ‘ O
3 - ATLAS S AN > 25 N =107 5 E T E
5 %p b+Pb10pb‘ 17067 Od<p <50GeV | T T VMD-Pb (bxp) = b5 3
E | < = — fluc
Z 85, =5.02 TeV, OnXn = 5 F YMD-PD (bxo) = b5 3
z 4 Data 3 z 6 —— VMD-Pb black disk |
= oo, DPMJET-IIl y+Pb 2 5k 7-p Pythia E
z 6L .. DPMJET-Ill y+p | z ‘ T4 > 2.5, NIE© > 10
= BEetian, ®e Pythia8 y+p = = 4 & 04<pr<50GeV
4F —HWING Pb+Pb 3 3E : 3
3E = 25 E
2= = 1 =
1 D= 5 | | | s
E 5 0 g+ttt
[o) SE T T B , he| 14| I I I [
© E T T T T T E| 13 = i
4(_6 25; 1.2 & =
o 2 g 11 E
= 150 Z AE
Q  q 08 E- =
E _E 0.7 & =
1 | T - | 06 — ‘ ‘ ‘ ‘ ‘
255 050 05 1 15 27 25 opE b Lo b b 1

-2 -1 0 1 2

[ATLAS: PRC 104,014903 (2021)] n "
e Multiplicity cut adjusted according to the limited efficiency
e Good description of the measured rapidity distribution with the VMD-Pb setup 17



Photoproduction on nuclear target at the EIC

e Min. bias events with E, = 18 GeV and E, = 275 GeV with W,;;, = 50 GeV
e Compare results with proton and nuclear targets, latter modelled with VMD

Charged-particle multiplicity in || < 4 Charged-particl ity distril Charged-particle pr spectra
R AAARERRARRRAS T T g

3 10 T T T T T T .

&l
z
z

+)(dNeve/dpr) [GeV~1]

(1/Nev

b i
147\\\‘\\\\‘\\\\‘ T T T T + 137 T IRRRRRRA A i
gE 3 HE E
DE E BE E

o iE N I

g 1 g1 5

£ 09 E - 09 E- - [
0.8 B = 0.8 & =
o7 E E 07 E E
[ A | | [ 88E L1 | | [ P e e

I R R T T P
n

e Asimilar increase of high-multiplicity events as in UPCs at the LHC
e More particles produced in the lead-going direction

e VMD:in 80 % of events the photon fluctuates into a p meson s



Summary & Outlook

Recent improvements
e Multi-jet merging in DIS

e A comparison study for
photoproduction

e Baseline study for tuning

e VMD to model photonuclear collisions,
in line with ATLAS UPC data

Ongoing efforts

e Tuning for DIS and photoproduction
with HERA data

e Further improvements and validations [figure by P. Skands]
for photoproduction with nuclear target 19

oqre
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MC4EIC workshop 2025 https://indico.jlab.org/event/930/

e Asatellite workshop in connection with the EICUG meeting on July 9-11in JLab
Topics

e General-purpose event generators for electroproduction, photoproduction, and
diffractive processes

e Comparisons and tuning to relevant ep and ed data

e Modeling of radiative effects

e Specialized event generators and interfacing

Organizers

e Frank Krauss
e |lkka Helenius

e Markus Diefenthaler
20


https://indico.jlab.org/event/930/

Backup slides



Recent highlights

New parton shower Apollo
CT.Preuss: JHEP 07 (2024) 161

AroLLo
Vincia

as = 0.005

e Improved antenna shower heriting from Vincia
= Easy to combine with fixed-order

01 02 03 04 05 06 07 o8 09 1

e Improved recoil handling similar to Alaric S/

Tworjet resolution (Durham algorithm)

= First NLL accurate parton shower in Pythia i 0
e Currently only forete~ ) b
Machine-learning based hadronization T Barhys1 € 17 sy 15
C.Bierlich, P. liten, S. Mrenna et al. (ML-HAD): g
SciPost Phys. 17 (2024) 2, 045, arXiv:2410.06342 ;;; ‘k I —
e Learn fragmentation functions from data § H g
88 ! ! !

e Currently tested in a simplified qq case B



Multiparton interactions (MPIs)

e MPIsfrom 2 — 2 QCD cross sections 10° QD integrated cross sections
dPMp| . 1 C|O'2H2
dp2  ona(v/s) dp2

' \ — 200GeV |
ond(V/s) is the non-diffractive cross section \

e Partonic cross section diverges at pr — O
= Introduce a screening parameter ptg

100 TeV
10t | — 13Tev |
— 2Tev

Luin) OF Gy (M)

do?72 O‘S(P%) O‘S(p%o + p12-)
dp2 i 2 212
bt bt (p%o + PT) 07 L -
e Energy-dependent parametrization: P (G
pTO(\/g) - p%%f(\ﬁ/\/sref)a ° Uint(pT7min) exceeds oot

e Number of interactions: (n) = oint(P10)/0nd = Severalinteractions



Parton-level evolution

Common evolution scale (pt) for FSR, ISR and MPls

e Probability for something to happen at given pr B
P
dP dPumpi dPisr dPFSR)
- = + + P
dpr ( dpr Z dpr Z dpr "

max

Py , (dP dP dp
X exp {/ dp’ ( MPI Z 5% Z FSR)
pr

where exp]. . ] is a Sudakov factor (probability v f ]
that nothing else has happened before py)

Simultaneous partonic evolution

1. Start the evolution from the hard-process scale [T. Sjdstrand, P. Skands:

EPJC 39 (2005) 129-154
2. Sample pt for each P;, pick one with highest pt | ) ]

3. Continue until prmin ~ Aqcp reached



PDFs for resolved photons

DGLAP equation for photons
e Additional term due to v — qq splittings

of! s 2 Olem s 2 Hd
L0 Q) _ e?P,-a,<x>+a§(73)§,.:/x 2 Pia) (/2 )

olog(Q?)  2r
where P, (x) = 3 (x? + (1 — x)?) for quarks, O for gluons (LO)

0.6 S S B S 20 - -
Q% =10.0GeV? — CJKL 18 F Q% =10.0 GeV? — CJKL ]
0.5 [ u-quark —— GRV b 16 k gluon — GRV g
= SASGAM =0y SASGAM ]
= 14
204 | 1 5
< i 12 F ]
S 03 S ]
&) H 8k ]
= 02 S o6f ]
4r ]
0.1 -
| oL ’
0.0 P S S | 0 -
00 01 02 03 04 05 06 07 08 09 1.0 10° 10 10" 1

T xT



Evolution equation and ISR for resolved photons

ISR probability based on DGLAP evolution
e Add aterm corresponding toy — qq to (conditional) ISR probability

dQ? as Xf) (¥, Q?) dQ? crem €2 P pc(X)
Q? 2r Ay, Q) I T o ko)

dpm—b -

e Corresponds to ending up to the beam photon during evolution
= Parton originated from the point-like (anomalous) part of the PDFs

e No further ISR or MPIs below
the scale of the splitting W
e Implemented for the default

Simple Shower in Pythia 8



Comparison to ZEUS data for charged hadrons (N, > 20)

Pseudorapidity

dN/dn
o
>

AR

e Datawell reproduced

* Not sensitive to MPI modelling (p10) 01
—4+— ZEUS

LE]
=1
k=]
=1
S
I
Q
&
= A

L R e

IR0 WO
:|

MC/Data

COOOO i

‘T\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\
-1.5 -1 -0.5 0 0.5 1 1.5 2

[ZEUS: JHEP 12 (2021) 102]



Comparison to ZEUS data for charged hadrons (N, > 20)

Pseudorapidity g LT T T TR
o = -
= L — gm-p, p,’i‘v‘f :3GeVi

o Datawell reproduced R — i — 4 GeV

 Not sensitive to MPI modelling (pr,0) -2 b ,

Multiplicity - ]

107 E

e Sensitivity to MPI parameters, g :

clear support for MPls 107 3
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Comparison to ZEUS data for charged hadrons (N, > 20)

ANRARREEARRA RRRES:

Pseudorapidity

combined =

resolved
— direct

e Datawell reproduced

* Not sensitive to MPI modelling (p10)
Multiplicity

e Sensitivity to MPI parameters,
clear support for MPls

e Data within pt g variations

Ratio

e Direct contribution negligible in

high-multiplicity events (N, > 20) §§ : %

0 5 10 15 20 25 30 35 40
Nen

[ZEUS: JHEP 12 (2021) 102]



Photoproduction on proton target at the EIC

e Min. bias events with E. = 18 GeV and E,, = 275 GeV with W,,,;, = 50 GeV
e Compare results with proton and nuclear targets, latter modelled with VMD

Charged-particle multiplicity in |5| < 4 Charged-particle y Charged-particle pr spectra
R RR R ARRAREERE RSN T T

T T T T RREEEREERsREER
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e Asimilar increase of high-multiplicity events as in UPCs at the LHC
e More particles produced in the lead-goin direction
e Only modest effects to the pr spectra



Comparisons between Pythia, Sherpa and Herwig

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

e Summary of the modelling differences between the generators

‘ Property ‘ Pythia ‘ Sherpa Herwig
Flux LL NLL LL
as(Mg) 0.130, 1-loop running 0.118, 3-loop running
PDFs CJKL SAS2M SAS2M
Remnants forced splittings/PS rejection | PSrejection forced splitting
~v — qq Splitting | yes no no
MPI tuning preliminary y-p/~-v tune untuned untuned




Experimental heavy-ion UPC classification

o Event selection typically relies on g em T ‘
Zero-degree calorimeters (X > 0)
XnXn: At least one neutron on both sides
= A+A (hadronic interaction)

STARLIGHT 3.13 |

LHC beam energy 1

XnOn: At least one neutron only on one side i ]

XnOn B

= y+A s ]

. . 102 10°

OnOn: No neutrons on either side b (fm)
=ty

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

e Additional EM interactions may break up the nuclei in “near-encounter” events
[Eskola, Guzey, Helenius, Paakkinen, Paukkunen; PRC 110 (2024) 054906]
o Also diffractive processes will keep nuclei intact
= XnOn condition will remove diffractive contribution to y+A
See e.g. [Guzey, Klasen; PRD 104 (2021) 11 114013]



Dijets in ultra-peripheral heavy-ion collisions in OnOn

2000

1000

ATLAS Preliminary

Pb+Pb 5.02TeV, 1.72nb"

Not unfolded for detector response
UPC Dijets without breakup

anti-k, R=0.4 Jets

M, >35 GeV

ets

® 0nOn Data
—— Pythia yy — jets
— Re-scaled Pythia

3

10?

10

e 0nOn Data
—— Pythia yy — jets
—— Re-scaled Pythia

ATLAS Preliminary
Pb+Pb 5.02TeV, 1.72nb™
anti-k, R=0.4 Jets

M, >35 GeV

UPC Dijets without breakup
Not unfolded for detector response
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Y

jets

H; [GeV]
e Per-eventyield underestimated by a factor of ten! [ATLAS-CONF-2022-021]
e Shapeinareasonable agreement

e vy — 't~ okso likely a QCD effect = Contribution from diffractive events?



Alternative VMD-based approach [with Marius Utheim]

e Resolved contribution dominates total
cross section

. . . le—> Charged multiplicity (non-diffractive events)
= Set up an explicit VMD model with T —

1.75 o

linear combination of vector-meson =
states (p, w, ¢ and J /1))
e Use VM PDFs from SU21
[Sjostrand, Utheim; EPJC 82 (2022) 1, 21]
e Cross sections from SaS
[Schuler, Sjostrand; PRD 49 (1994) 2257-2267]
e Sample collision energy from flux

= Vector meson-proton scatterings



Alternative VMD-based approach [with Marius Utheim]

e Resolved contribution dominates total )
=z
cross section B

= s T
= Set up an explicit VMD model with

linear combination of vector-meson g

states (p, w, ¢ and J /1)) s b

* Use VM PDFs from SU21 :

10*4;7
[Sjostrand, Utheim; EPJC 82 (2022) 1, 21] CeH e
1.6 & =
e Cross sections from SaS Eide Aﬁx NEEE
S 08E = '*TTTTTI]I 1
[Schuler, Sjsstrand; PRD 49 (1994) 2257-2267] Fhe Y
028 v v by b b F
e Sample collision energy from flux ] = » 3 o
= Vector meson-proton scatterings [ZEUS: JHEP 12 (2021) 102]

e Inline with the full photoproduction



Vector meson dominance (VMD)

Direct Anomalous VMD

i
A A
Linear combination of three components

) = cairlvair) + > calad) + Y cv|V) V| fy/(4n)
a % P | 220
where the last term includes a linear combination of w 236
vector meson statesup to J/V¥ ¢ 184
J/v | 115

_ Aragm
- 2
fu



Modelling v+A with Pythia

[I. Helenius, M. Utheim: arXiv:2406.10403 [hep-ph]; Accepted for publication in EPJC]
Angantyr model for heavy ions in Pythia
e Monte Carlo Glauber to sample nucleon
configurations

le-3 Charged multiplicity

e Cross section fluctuations, fitted to partial =

1 ¢Pb
1 JiyPb

nucleon-nucleon cross sections

e Secondary (wounded) collisions as .
diffractive excitations

o kv N w & v o N ®

e Cannow handle generic hadron-ion and
varying energy

= VMD-nucleus scatterings



Modelling v+A with Pythia

[I. Helenius, M. Utheim: arXiv:2406.10403 [hep-ph]; Accepted for publication in EPJC]
Angantyr model for heavy ions in Pythia
e Monte Carlo Glauber to sample nucleon
configurations

Charged rapidity spectrum

— pPb

e Cross section fluctuations, fitted to partial
. —— ¢pb
nucleon-nucleon cross sections

— JwPb

e Secondary (wounded) collisions as
diffractive excitations

UNeydNep/dy

e Cannow handle generic hadron-ion and

varying energy ;

= VMD-nucleus scatterings



Two-particle correlations in v+A with Pythia

[ATLAS: PRC 104,014903 (2021)] . .
[I. Helenius, M. Utheim: EPJC 84 (2024) 11, 1155]

0.03——— T 004
= r ¢V,, Template Fit ATLAS 7 : . VM
> [ Voo FourierFit  pb+Pb, 1.0 pb- 1.7 nb*| ¢ vy Fourier fit Eﬁ}lllar Lh}\l?r;fli 20
[ #vy,Template Fit s« =5.02 TeV, OnXn ; ¢ wvyo Template fit Cos o
t " - NN g 0.03 HM: 20 < Nj© < 60
0.02- 1 v, 5 Fourier Fit ZAn>25 | b w5 Fourier fit 04 < b 20[) Gev
U7 20<|An|<5.0 | ) . Py < 2.0 Ge
| 0.4<pP<2.0Gev o ] 0.02 [} v3 3 Template fit $
L LM 15 < N™ <20 1 s °
P HM20<NG <60 1 &
0.01- N 0.011 0
I ° | .
[ o0 e t 1 0.00 888 t
[ * a2 = ' J '
Of—m-&p + }
o 4
] —0.01 T T T -
T 0 1 2 3 4 5
0 1 2 3 4 5 P} [GeV]
pZ [GeV]

¢ No finite v, 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

;/"‘D [CMS: Murillo Quijada, QM2022] ~+Pb [ATLAS: PRC 104,014903 (2021)]
cms

N SRR RARNRARN RER RS RS AR RARE RRRNRRRE S R L B N B R R BRI
-~ 3 0.3<p_<3.0GeV/c ] 0.14- ATLAS Template Fit .
0.45¢ T E [ Pb+Pb sy, =5.02TeV 20<|Ap[<50
0.4F TP pPb E 0.12]- 1.0 ub™- 1.7 nb* ]
E Data - = ] [ Z,An> 2.5, 0nXn 05 < p3° <5.0 GeV |
0-35¢ Simulation - - E 0.1f 04 <p}° <20Gev PP Ve wVs ]
03F 3 " ¢ v, Photonuclear p+Pb f Vo $ Vs ]
“F (PYTHIAS) (HWING) 3 0.085 # v, Photonuclear b
025> E T . =
0.2f 3 0060 5 ° ° e o o
0.15F t E c ]
g F\‘\_i E 0.04 ¥ y 7
ot F E r 1
005F e—=——=—— 2o ] 0.02- 1- ¢+ * 0 ¢ 9
E 1 r o b
S U U I S U T B . N ) ) 1
024 g 0 12 14 16 18 % 30 20 50 60 70 80

Ntrk Nl'ehC
e Finite v, for y+p, in line with Pythia Finite v, also after Template fit
= Jet-like correlations? subtracting “non-flow”



Inclusive D-meson production in UPCs

e New experimental analysis for
open charm production in UPCs

ongoing in CMS and ALICE “—‘—

102

e Canuse Pythia UPC
implementation to calculate
cross-section predictions

do/dprdy (mb/GeV)

A y 4 ———
S 7
‘LLL\ D" a ::7 N g i:i <m< 10
o 0 < pr <80
—_— = t—jv [ 80 < pp < 120
’—7 —-2.0 —-1.5 —-1.0 —0.5 0.0 0.5 1.0 1.5 2.0
\ o> — e u
% — ‘5 b . . .
[A-M. Levalampi: Research training thesis, 2024]
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