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Pythia 8: A general purpose event generator
e Latestrelease 8.312 (May 2024)

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

Outline

1. Pythia 8 basics

2. Deep inelastic scattering (DIS)
3. Photoproductionin e+p
4

. Ultraperipheral heavy-ion collision
collisions (UPCs)

5. Summary & Outlook [figure by P. Skands]
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Multiparton interactions (MPIs)

* MPIsfrom2 — 2 QCD cross sections 107 2D integrated cross sections

100 TeV
dPMPI 1 d0_2~>2 100 | — 13Tev |

— — 2TeV
dp?  ond(vs) dp?

\ — 200 GeV
10° + ]
ond(+/5) is the non-diffractive cross section \

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

Luin) OF i (Mb)

do?22  ag(p?) | as(pfo + PP

dpf Pt (PR +pD)? ol -
¢ Energy-dependent parametrization: P (G210
Pro(v/5) = PI(v/5/ v/Srat)” * Gint(Pr.min) exceeds oot
e Number of interactions: (n) = oint(P10)/0nd = Several interactions



Parton-level evolution

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

¢ Probability for something to happen at given pr B
P b @M .
dp dPupi dPisr dPFSR) ,
— = + + P
dpr ( dpr Z dpr Z dpr - ‘

P dP dP dP
X exp {—/ dpt < o +y de,SR > FSR)
p T

T

where exp]. . .] is a Sudakov factor (probability
that nothing else has happened before pr) [0

Simultaneous partonic evolution
1. Start the evolution from the hard-process scale

2. Sample pt for each P;, pick one with highest prt

[T. Sjostrand, P. Skands:
EPJC 39 (2005) 129-154]

3. Continue until prmin ~ Aqcp reached



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)

SE
88 | I

B
prGevl
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

P (GeV]

e Some cosmic-ray related processes

[C. Bierlich, G. Gustafson, L. Lonnblad, H. Shah: JHEP10(2018)134] 6



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 7



Deep inelastic scattering



Event generation in DIS with Pythia 8

Hard scattering

e Convolution between PDFs and matrix
element (ME) for partonic scattering

Parton shower

e Final state radiation (FSR) PN
e Initial state radiation (ISR) for hadron .::
e QED emissions from leptons (omitted) - \ ™
Hadronization \ o
“\Qx\ \ N

e String hadronization with colour \/\
reconnections

e Decays to stable hadrons



Parton shower options for DIS in Pythia I

Transverse energy flow as a function of rapidity, x > 10

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

1/NdE, /dy / Gev

e No PSrecoil for the scattered lepton

Emissions from initial-final dipole

No shower-specific tuning done

MC/Data

F5SRSELNEE
. Y T
| E 4 |

Event shapes

e Reasonable description of single-particle
properties, such as transverse energy flow
e Differences for energy-energy correlators

Jet production f ]

e First emission match with matrix element N:J““l e s R

MC/Data

e Canuse “power shower” to fill the phase space
o Good description of high-Q? dijets [See Joni’s talk] T e e




Parton shower options for DIS in Pythia II

Vincia antenna shower PartonShowers:model = 2 [H1: arXiv:2403.10109 [hep-ex]]

[H. Brooks, C. T. Preuss, P. Skands, JHEP 07 (2020) 032] § o dwom s H1
e QCD, QED, EW, interleaved with MPIs ) ::: 7 o
e Efficient multi-jet merging with sectors ol — 1
Dire in Pythia PartonShowers:model = 3 ool ]
[S.Hoche, S. Prestel, EPJC 75 (2015) no.9, 461]

Ratio to
data

e Correct soft-gluon interference at lowest order

- o

e Inclusive NLO corrections to collinear splittings

Ratio to
data

Powheg+Pythia
I ‘

= o

LN T P & B CANNPUO  JE LMD S-S -}

‘ ¢
— Herwig 7.2 — ~Herwig 7.2 (Merging) --- Herwig 7.2 (Maichbox)

H1 measurement 1-jettiness

52 > min[xP - p;, (q+ xP) - pj]

ieHFS

Ratio to
data

- o

Ratio to
data

b

= o

Ratio to
data

- -KaTie+Cascade (Sett) — KaTie+Cascade (set2)

e Sensitive to parton shower details e e — 10




Photoproduction in e+p



Photoproduction in electron-proton collisions

Direct processes
e Convolute photon flux f, with proton PDFs f,.p and dé

do® X = f2(x, Q%) @ fP(xp, %) @ g

e Generate FSR and ISR for proton side

Resolved processes
e Convolute also with photon PDFs

daep—>kI+X _ f;e(X, Q2)®f,~’y(x'y,/1/2)® fjp(xp’NZ)@)dJij—ml _‘(D/““-L 'j>

e Sample x and Q?, setup p sub-system with W,p f/ s
* Evolve yp as any hadronic collision (including MPlIs) _-:;,;?
Photon flux from EPA ‘,\.\)
feix @) — em 2 (LE (20 N
o 2m Q2 X N 11



Comparison to HERA dijet photoproduction data

ZEUS dijet measurement

2 —e— ZEUS

° Q2 < 1.0GeV 2. —— Pythia 8.226 i
3 —— resolved

o 134 < W, < 277 GeV S

o EF" > 14GeV, EX > 11GeV

o —1<yetl2 <24

Two contributions

0
e Momentum fraction of partons in e %‘2% -
C11E
photon . - o2 S 1o
ops B’ 4 BRPen” s Hﬁmﬂ:qﬁ
X, o = ~ X £0le
v 2yE, gl i3S I FN PN PR PN Y rorars

01 02 03 04 05 06 07 08 09 1.0

, obs
s

* Sensitivity to process type [ZEUS: EPJC 23 (2002) 615-631]

o At high—x‘;bs direct processes dominate
12



Comparison to HERA dijet photoproduction data

ZEUS dijet measurement

— 102 g
2 2 IC - —— ZEUS
L4 Q < 10 Gev (:} r —— Pythia 8.226
210t E —— resolved
® 134 < Wryp < 277 GeV .%? E dirbect o
3 29 < 0.75
; ; s 1F 1<yt <24
o EF > 14GeV, B > 11 GeV S 0 <1
o —1< njet172 <24 10~ ?
Two contributions e
:‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\
e Momentum fraction of partons in E %‘2% .
sl2g
£11 —+ ]
photon ety et | jeta etz ] eaa— -
EX"e 4 B el 2 08 E ——
Xobs _ T T ~ X 507 -t
v 2yE, gl 3= N RN FUTTE N PR ST

15 20 25 30 35 40 45 50 55
EFY [GeV)

* Sensitivity to process type [ZEUS: EPJC 23 (2002) 615-631]
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Comparison to HERA dijet photoproduction data

ZEUS dijet measurement

2 % 2 —e— ZEUS
b Q2 < 10 Gev % | — | o —— Pythia 8.226
% 10 ?I;Ij —— resolved
[ 134 < W’YP < 277 GeV .%? C ] di];)e(:t o
= r ] 2% > 0.75
i j T lg e <ot <24
o EF > 14GeV, B > 11 GeV S men R P
i [ | —
e 1< 77]et1’2 <24 07 e ==
f —
Two contributions -2 L |
E\ L ‘ I ‘ ] - ‘ ] - ‘ I L1
e Momentum fraction of partons in E13E 4
Zilgtt+ —+
photon 1 e iet2 etz s 19 —=r
B e 4 B en 208
Xobs _ T T ~ X 507
YT 2yEe. ~ My S s s R S PR I

20 30 40 50 60
EFY [GeV)

* Sensitivity to process type [ZEUS: EPJC 23 (2002) 615-631]

o At high—x‘;bs direct processes dominate
12



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

Pseudorapidity § 016;\\\\ TTTT TTTT TTTT TTTT TTTT \\\\7:
3 ouF E
0.14 —
e Datawell reproduced : E
* Not sensitive to MPI modelling (pt o) 01F =
0.08 —— ZEUS —
C —— gm-p, pitt, = 3 GeV]
006 = — gup, pith — 4GV
0.04 = Nep > 20 =
0.02 f— é
:‘ I ‘ Py ‘ I ‘ I ‘ Py ‘ Py ‘ [ \:
12 l\ L ‘ T ‘ T ‘ T ‘ T ‘ T ‘ L \7\
1.3 B =
%‘ 1.2 & =
RS e
E 09 o T
= 08 E :
" :
05 T\ L1l ‘ Ll ‘ I ‘ I ‘ Ll ‘ Ll ‘ I

-1.5 -1 -0.5 0 0.5 1 1.5 2
n

[ZEUS: JHEP 12 (2021) 102]



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

Pseudorapidity S S A
~ I -
= 10-1 b — gm-p, pily =3 GeV |

e Datawell reproduced 3 — gu-p, pily = 4 GeV

* Not sensitive to MPI modelling (pt o) -2 -

Multiplicity . ]

103 E E
e Sensitivity to MPI parameters, g :
clear support for MPIs 1074 3 | |
L | | | | | | |
. . . . 1.4
e Data within pt g variations . 13
g1
2
o 09
= 08 E
0.7 &
gg T
20 25 30 35 40

Nen

[ZEUS: JHEP 12 (2021) 102]



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

Pseudorapidity = o A g
E f —— resolved %
e Datawell reproduced S0t direct <

* Not sensitive to MPI modelling (pt o)
Multiplicity
e Sensitivity to MPI parameters,
clear support for MPIs

° DataWithiinvovariations %:E:HHHHHHHHHHHHHH\H}:

14 _

« Direct contribution negligible in g s AU
0.6 &=

high-multiplicity events (N, > 20) 81§ - %

0 5 10 15 20 25 30 35 40
Nen

[ZEUS: JHEP 12 (2021) 102]



Alternative VMD-based approach [with Marius Utheim]

e Resolved contribution dominates total
cross section

= Set up an explicit VMD model with I
linear combination of vector-meson gf
states (p, w, ¢ and J /1))

e Use VM PDFsfrom SU21
[Sjéstrand, Utheim; EPJC 82 (2022) 1, 21]
e Cross sections from Sa$S
[Schuler, Sjostrand; PRD 49 (1994) 2257-2267]

e Sample collision energy from flux

= Vector meson-proton scatterings

14



Alternative VMD-based approach [with Marius Utheim]

e Resolved contribution dominates total

. £ L T T T L s T

cross section O e — o) —3GeV ]
10 E *:_‘ :gm—p‘pll.‘:g{—él(}cﬂvv El

— Set up an explicit VMD model with i ; g po
linear combination of vector-meson o
states (p, w, ¢ and J /1)) 0ok

e Use VM PDFs from SU21 g ‘tﬁi
1074 = E|

[Sjéstrand, Utheim; EPJC 82 (2022) 1, 21] g e

. 1.6 E- =

e Cross sections from Sa$S E R /ITTTi LIl
S ot IAAARSRRSN 1

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

02&5 o b by F

e Sample collision energy from flux 0 = e 3 o
= Vector meson-proton scatterings [ZEUS: JHEP 12 (2021) 102]

¢ Inline with the full photoproduction
14



Intermediate Q? region

Solid theory for Q% = 0 and at high Q2
= What happens in between?
Pythia 6 (inspired) model (+# Pythia 8)

e Select suitable scales and
suppress contributions by hand

"'/ “p
P _ =P D|r
Otot = 9pis &XP { e
UDIS

*p
+ ngr + URes

where

2
=P Q? 7P
® Opis = |:Q2+m%:| 9pis
2 n
o 5P _ | M w2
Res ~ “Res m2 +Q? W2+Q?
Y
° - UDlr (pT min — max(Q pr, mln))

UDIF
prmin = 1.3GeV, n= 3, m, = 0.7755 GeV

V5 = 318 GeV, W, = 100 GeV:

108

— Direct

— Resolved
DIS
— total

10?

10

o7'P [ub]

10°

107!

10 v 10t 102

10~ 1071
@ [Cev?)
Intermediate:
0.5 < Q%2 <5.0GeV? 15
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Otot = 9pis &XP { e
UDIS

*p
+ ngr + URes

where

2
=P Q? 7P
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2 n
o 5P _ | M w2
Res ~ “Res m2 +Q? W2+Q?
Y
° - UDlr (pT min — max(Q pr, mln))
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prmin = 1.3GeV, n= 3, m, = 0.7755 GeV
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— Direct
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DIS
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10?

10
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10°
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Intermediate Q? region

Solid theory for Q% = 0 and at high Q2
= What happens in between?
Pythia 6 (inspired) model (+# Pythia 8)

e Select suitable scales and
suppress contributions by hand

"'/ “p
P _ =P D|r
Otot = 9pis &XP { e
UDIS

*p
+ ngr + URes

where

2
=P Q? 7P
® Opis = |:Q2+m%:| 9pis
2 n
o 5P _ | M w2
Res ~ “Res m2 +Q? W2+Q?
Y
° - UDlr (pT min — max(Q pr, mln))

UDIF
prmin = 1.3GeV, n= 3, m, = 0.7755 GeV

Vs = 85GeV, Wy, = 10 GeV:

108

— Direct
—— Resolved
102 DIS
— total

10

o7'P [ub]

10°

107!

10 v 10t 102

10~ 1071
Q* [GevY]
Intermediate:
0.2 <Q?<2.0GeV? 15



Ultraperipheral collisions (UPCs)



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! 16



Ultraperipheral heavy-ion collisions

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

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

e Large flux due to large EM charge of nuclei R

10%

Fop(@) 7/ e

leptons

protons
— Pb 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

2
101 1073 102 107! 10°

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

o Nuclear form factor heavily suppresses Q? of the photon = Photoproduction! 16



Dijets in ultra-peripheral heavy-ion collisions in XnOn

—_— 184 — T . — T -
e Good agreement out of the box when e ‘ 3
. . 9} 1015:: § d3<Hy<53GoV (<10%) :n::nssg;h:::‘?zz A
accounting both direct and resolved 21025 U wlilnewiey oo Acke E
. FI0%E o et e e 3
e EM nuclear break-up significant b{i R I
| X - =
. . ©|T to- . -
e Pythiasetup with nucleon target only T R EE E
= |s such a setup enough for v+A? 10O e E
e 10°E e - E
-9 . -3
.X 10 ---e. TN 76::
HT — § pT,i 10~ Pythia 8 yN — jets, T B E
. 15 nCTEQ PDFs with Pb photon flux ::
| NE T
. 4
z, %eJ“Viets e Peprpr :
/S £ . o
MNN X-;‘ — §0.5?_... : E
jets —Yi > E 81<H; <100 Gev 3 100< Hy < 123GeV.

XA ——e jets 8 1.5: o

VSNN O\\ E o o o]
107 102 107 102

See also [Eskola, Guzey, IH, Paakkinen, Paukkunen; arXiv:2404.09731]

z

[ATLAS—éON F-2022-021

v

]
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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
18



Modelling v+A with Pythia

[with Marius Utheim]

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

¢ Monte Carlo Glauber to sample nucleon
configurations

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

e Secondary (wounded) collisions as
diffractive excitations

e Cannow handle generic hadron-ion and
varying energy [I.H., Utheim; in progress]

= VMD-nucleus scatterings

le-3 Charged multiplicity

1 pPb

0%Pb
1 9P
1 JiyPb

0 50 100 150 200 250 300 350 400
Nen

Charged rapidity spectrum

— pPb

— JwPb

UNeydNep/dy




Comparison with data for y+A

Q 1 T T ; /‘__\_ f\ TTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘3
810 'Iglg-F/"tf1 PRI— Z 10 —— VMD-Pb avNDb=
%102 VS =5.02 TeV, OnXn 3 Sk — VMDPh defanlt.
5, |y E = —— VMD-Pb black disk
2 10 v ’7+> - E = 109-3 ~-p Pythia
Z Data 3 = 3 P Tythid
4 - 2 5
~ 100 - DPMJET-lll y+Pb Y En ZyAn > 25
S 10°0 DPMJET-ll y+p 2 <
= 10 RN N Pythia8 y+p 107
E 1076 f-
E 1077 -
—% | | Il IL ‘—t | :\
E lﬂtﬁtw RNRRRR NINANE
T 12 f iE
% E 1k =
E 2 B 3
o 3 S 08E E
- E = 0.6 = E
g 3 04 £ -
0 3 R T P e B e
0 11 I I LT b L L Ll LT s |
01020 36656 60 70 ,80 0 10 20 30 40 50 60 70 80
[ATLAS: PRC 104,014903 (2021)] ch Nay

e ATLAS data not corrected for efficiency, estimated with N3¢ ~ 0.8 - Ny,

e Relative increase in multiplicity well in line with the VMD-Pb setup
20



Comparison with data for y+A

= 10— _,H,,‘,,_,,Z‘A.mé‘é‘,\,lr,e‘c;{é,: = SgrrT T
5 ;ATLAS n> El 3 E — VMD-Ph s 1 7
S % Posph, 10ub‘ 1.7 nb" 04<p <5.0Gev ] T OTE VMD-Pb avNDb=1 3
= 8Fs = = E —— VMD-Pb default B
E 5.02 TeV, OnXn B =1 6 E X =
z 7E ¢ Data 3 ~ E —— VMD-Pb black disk 3
ER AR - DPMJET-IIl y+Pb J E sE pPythia 7
2 6L . DPMJET-IIl y+p Z E ‘ $,An > 2.5, N§°© > 10 3
= BReiimmg e Pythia8 y+p = = 4 = T 04<pr<50GeV
— HIING Pb+Pb 3 ‘ =
= o P E
E 1E -
a2 0 g
F 14 B -
s 25 e r
[m) .g 1.} — _
2 £ 09 E
[S) 08 E =
= = E 07 E E
_25_2 15_1 05 0 05 *‘] 1‘5 é 2’5 8? T BT RTRT BT RN SRR SRR

[ATLAS: PRC 104,014903 (2021)] 0 2 1 0 I )

e Multiplicity cut adjusted according to the limited efficiency

e Good description of the measured rapidity distribution with the VMD-Pb setup
21



Summary & Outlook

Deep inelastic scattering
e Several parton showers available
= No specific tuning, sparse validation
Photoproduction
e Soft and hard QCD processes included
e Validated against some HERA data
= More global MPI tuning

= Model transition from photoproduction to DIS

[figure by P. Skands]

Nuclear target
e First steps with VMD+A in 8.311, applied to UPCs at the LHC
¢ Inline with single-particle observables analyzed by ATLAS
= Further modelling to include complete structure of real photons 22
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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



Photon fluxes from Equivalent Photon Approximation (EPA)

¢ |ncase of a point-like lepton we have (neglecting electron mass)
Olem i (1 + (1 — X)z)

21 Q? X
e For protons need to include form factors, using dipole form factor

2(1 + pp7) <1x Mﬁ)

fl(x,Q%) =

Qem X 1
f»';)(xa Q2) = 2 @ (1 + QZ/Q%)4

where 7 = Q?/4M2, i, = 2.79, Q3 = 0.71 GeV?
¢ Drees-Zeppenfeld approximation (M, = 0, up = 1)

ory 2y _ Qem 1 1 (1+(1—x)?)
Q)= @@y «
= Large Q2 suppressed wrt. leptons = photoproduction

¢ In ME generators (such as MG5) integrated over Q2 and assumed collinear

1+7 x2 7@ +




Equivalent photon approximation

Compare to full calculation i
e Example processpp — vy — putu~ Ofzz T P62
s L. --- EPA, Eq. (5.17) [M =0, g, = 1]
¢ Different approximations (e.g.) by Drees and g T EPAEG 10 M A0, = 1)
Zeppenfeld ~ 20% difference to full BN g Mt e
calculation S ow T
¢ Keeping finite mass and correct magnetic ) . e
moment provides ~ few percent accuracy 005 L]
¢ Not checked for other observables, such as R
. 1.00 ==
acoplanarity BN S
é 0.50
0.25
0.00

20 30 40 50 60 70
Wy [GeV]

[S. Yrjanheikki, MSc thesis]


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

Define your own photon flux for Pythia 8

e b b b b s
20 30 40 50 60

. . H N =+ ,,—
« Derive a new object from PDF class Exampleinp-p: vy — u"p
class Proton2gammaEPA : public PDF { = Lt B B
3 [ —4— ATLAS ]
public: = —— DreesZeppenfeld
=) —— EPA 7
\

Proton2gammaEPA(int idBeamIn) : PDF(idBeamIn) {} S0 -
3 £ — 3
& [ ]
void xfUpdate(int , double x, double Q2) { = = 1
double m2proton = pow2(@.938); B

double mup2 = pow2(2.79);
double Q20 = 0.71; 10-2 —
il [ o i 77 (e A < G 7 09 8 12 E e e e e e ]
double coupling = 0.5 * 0.007297353080 / M_PI * FQ4; E ! J I I I E|
double tau = Q2 / (4. * m2proton); . e E
xgamma = coupling * ( pow2(x) / Q2 ) * ( 2. * (1. + mup2*tau ) / (1. + tau) g 1E 3
* - _ 2 E E
C (1 - x)/pow2(x) - m2proton / Q2 ) + mup2); E 0.9 ::+_ % :
~o0sE E
E|
7

0
M,

e

¢ Passasapointer to Pythia [ATLAS: PLB 777 (2018) 303-323]

pythia.readString("PDF:beamA2gamma = on");

pythia.readString("PDF:beamB2gamma = on") H el
pythia.readString("PD ton2gammaSet ° NO ﬁnlte sSize effeCtS

PDFPtr photonFluxA = make_shared<Proton2gammaEPA>(2212); t d
PDFPtr photonFluxB = make_shared<Proton2gammaEPA>(2212); accoun e
pythia.setPhotonFluxPtr(photonFluxA, photonFluxB);




Photon fluxes in Pythia 8

e Enable~+pinetp 105
—— leptons
pythia.readString("Beams:idA = -11"); 1044 protons
pythia.readString("Beams:idB = 2212"); 5] —— Pb nucleus
pythia.readString("PDF :beamAZ2gamma = on"); = 10
£ 1024
2 1014
=
X
10°4
107!
1072

1074 1073 1072 1071 10°



Photon fluxes in Pythia 8

e Enable~+pinetp 105
—— leptons
pythia.readString("Beams:idA = -11"); 1044 protons
pythia.readString("Beams:idB = 2212"); 5] —— Pb nucleus
pythia.readString("PDF :beamA2gamma = on"); = 10
g 102
H < 1]
e Enable ytp Inptp g 10
100,

pythia.readString("Beams:idA = 2212");
1071,

pythia.readString("Beams:idB = 2212");
pythia.readString("PDF:beamA2gamma = on"); 102
1074 1073 1072 107!

10°




Photon fluxes in Pythia 8

e Enabley+pinetp 108
—— leptons
pythia.readString("Beams:idA = -11"); 1044 —— protons
pythia.readString("Beams:idB = 2212"); 5] —— Pb nucleus
pythia.readString("PDF :beamA2gamma = on"); z 10
£ 102
H < 1]
e Enabley+pinp+p g
100,
pythia.readString("Beams:idA = 2212");
pythia.readString("Beams:idB = 2212"); 107y
pythia.readString("PDF:beamA2gamma = on"); 10-2
1074 1073 102 1071 100

X

e Enable~v+pinPb+p

.readString("Beams:idA = 2212");
.readString("Beams:idB = 2212"); 3 3
.readString("PDF :beamA2gamma = on' main6s. cc, mainé9. cc,
.readString("PDF:proton2gammaSet = ma1n70 .cc, maln78 .cc

For more examples see

.readString("PDF :beam2gammaApprox = 2");

.readString("Photon:sampleQ2 = off"); . .
photonFlux = make_shared<Nucleus2gamma>(2212); n examples d|rect0ry

.setPhotonFluxPtr(photonFlux, @);




Photon fluxes in Pythia 8

e Not enough? Define your own flux

®  35<H;<43GeV ATLAS  Preliminary
B 43<H; <53GeV (x107) Pb+Pb 5.02 TeV, 1.72 nb"
class Nucleus2gamma2 : public PDF { A 53<H;<66GeV (x107) 0.008 < z, < 0.015
¢ 66<H; <81 GeV (x10°) UPC 7 +A 5 jets
90 +  81<H;<100GeV (x10%) anti-k, R=0.4 Jets
public: 0 100<H; <123GeV (x10™) 35.< My, <185 GeV
O 123<H; <152 GeV (x10)

Nucleus2gamma2(int idBeamIn) : PDF(idBeamIn) {}

void xfUpdate(int , double x, double ) {

double bmin = 2 * 6.636;

double z = 82.;
= Pythia 8 yN — jets, s oS
== nCTEQ PDFs with Pb photon flux

double m2 = pow2(0.9314);
double alphaEM = 07297353080; 1 -2 1 1

double hbarc = 0.197; 0 0 Xa
double xi = x * sqrt(m2) * bmin / hbarc;

s 35 < H; < 43 GeV 43 < H; <53 GeV
double bK@ = besselKO(xi); © 1.5F E: E
double bK1 = besselK1(xi); ég R = ] bl
double intB = xi * bK1 * bK@ - 0.5 * pow2(xi) * ( pow2(bK1) - pow2(bK®) ); = 0.5F =+ E
xgamma = 2. * alphaEM * pow2(z) / M_PI * intB; > e cey PP v
S 15k T + " N E
D j -
i f * +
F ost ‘ E : 1
2 - 2 -
10 10 x 10 10 x

[frommain70. cc] [P. Steinberg @ DIS2023]


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

An example process: vy — ptpu

e Cantake placein EE, SD and DD (also DY

L B T T
—+— ATLAS

processes with resolved photons?) 2 ;‘f\: T

o Implemented natively in Pythia, can also = 3
generate with an ME generator (MG5, SC) )

EE contribution b ‘ ‘ ‘ e

1.2 A

e Clean process to study fluxes S u — E

Z 1E 3

9 lm;ﬁ— } 3

e However, fluxes only does not account for 2ol + 1 E

finite-size effects I S S N N R S

Myt

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



An example process: vy — ptpu

e Cantake place in EE, SD and DD (also DY 0050 -
processes with resolved photons?) 00257 T el e
0.020 iy R
e Implemented natively in Pythia, can also 2 s il h
generate with an ME generator (MG5, SC) 4 . VL‘:‘T :
EE contribution 000 g,f Lft
e Clean process to study fluxes il g
-10 -8 —6 4 -2 0
e However, fluxes only does not account for log(lm = A¢" D
finite-size effects o Needed to tune Pythia
e Not quite back-to-back due to primordial kT parameters
e pr generated by non-collinear photons for external events
e QED radiation in the final state e Canuse (user-defined) flux

Acoplanarity |m — A¢| quantify the effect for Q% sampling



Heavy-ion collisions

e Angantyr in Pythia provides a full heavy-ion collisions framework
[Bierlich, Gustafson, Lonnblad & Shah: 1806.10820]
e Hadronic rescattering can be included as well, enhances collective effects
[CB, Ferreres-Solé, Sjostrand & Utheim: 1808.04619, 2005.05658, 2103.09665]

(a) Centrality dependent 7 distribution PbPb, \/Syy = 5.02 TeV Pb-Pb \/5un = 5.02 TeV, 02{2, |Ay| > 1.4}
5 5% F omE" " T T E
3 Pythia8/Angantyr o F —+— ALICE Data B
z —s— ALICE PbPb /Sy = 5.02 TeV % o1z E —— Pythia 8/Angantyr
32 < L —— + rescattering |
£ 2000 +4- + = E
z iyttt = S e T —
= IS ? ,‘** 44, 1
0.08 |- & —
1500 0.06 H':F -
0.04 |
1000 0.02 [~ ’7
o - - ‘
1.4 E- =
1.3 E- .
8 125
00
’ SN b =
g o9E!
> 08 FE
07 B
o 8]?7 1 A . | |

NIyl < 08)



p+A collisions

) [Bier[ich, Gustafsgq, Lénnblad & Shah: 1806.10820]
e Angantyr can be applied also to asymmetric p+A collisions

e The centrality measure well reproduced
e Similarly centraility-dependent multiplicities

Sum EZ distribution, pPb, v/Syx = 5 TeV. = oo (a) Centrality-dependent # distribution, pPb, v/Syn = 5 TeV.
el g
0 4 —e— ATLAS (uncorrected) Zi —e— ATLAS
Ttk —— Pythia8/Angantyr = — Pythia8/ Angantyr (generated centrality)
5 E —— (SDTries = 2) 580 —— Pythia8/ Angantyr (L EX” bins from data)
5 E —— (SDTries = 4) E
= 1073 =
1074 £
1075 = .
E D
106 L N — | HELPH
14 =
il
£ 12 F
g PRIl
g 09 i:b,rr FJ
= 08 L
07 £
06 = | | L |
03 E 1 . L - ol L L L . .
0 50 100 150 200 -2 -1 o 1 2

LE [



Experimental heavy-ion UPC classification

e 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)

XnOn: At least one neutron only on one side
= y+A

STARLIGHT 3.13 |
LHC beam energy

— XnXn 1

— 0nOn
XnOn

| et L)

10° 10°

OnOn: No neutrons on either side b (fm)
= ’7+")/ Ann.Rev.Nucl.Part.Sci. 70 (2020) 323-354

Possible caveats

e Additional EM interactions may break up the nuclei in “near-encounter” events
o Also diffractive processes will keep nuclei intact

= XnOn condition will remove diffractive contribution to v+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

w‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\

-2 -1 0 1 2 40 60

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?



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”



ATLAS data for v, in v+Pb

& 02 © T T T T

L Pb+Pb, 1.0 ub™- 1.7 b ;eonlp‘lzt:‘?tso 1 0.2 bpiPb 1.0 ub™-1.7nb" 4 Template Fit |

[ Vsw=502Tev,onXn | "o e s o] [ VSuy = 5.02 TeV, OnXn 2.0 <|An| <5.0 1

[ TAn>25 TP, R =20 1 > 25,20 < N <60 || ¥ PP, Ng 260 |
0.151- = n>2. ¢PP N >60 | 0.15F YAT]> .5, h ch =

L 20< NG <60 TR - 191" ¢ Photonuclear } p+Pb, N3° = 60

I ¢ Photonuclear % * B & - L ]

B * 1 L ]

L CGCcaIc.*ﬁ i 01 ]

0.1~ N - i 1

[ * - R B L ]

L = [} ] - +* i

L * ob [mi 0.05j + +1} 5 .

B % DD+ B L * Ml g i

- a 4

0.05j ,,*D$ 7 . ]

07””\ \l\ A Y- e B I I I N .
0 1 2 3 4 5 0 1 2 3 4 5

p, [GeV] p. [GeV]

e Non-zero flow coefficients also for yv+Pb
e Expected baseline from MC simulations?



Comparison with data for y+A (preliminary)

S 1 T T T T =]
&5 0 ATLAS 1 & ~ T T T T T T T R
Pb+Pb, 1.0 ub"- 1.7 nb''Z 5 f . 3
< 10° \/:i D0 Tev, ok 4 = K gmp Py 3G
” 103 ZXN >25 ' 3 > gm-p, pi¥f =4Gev 3
g 100 A E = —— vmd-Pb, pigh = 3 GeV ]
=10 ¢ B?,t,f/‘l P E] vmd-Pb, piél = 4 GeV 3
.5 - -l y+Pb 3 =
= 1074 . DPMJET-IIl y+p 3
= 10°%0 e S Pythia8 y+p >

ol ek vl il

Ratio

MC / Data

oo

N

Len b dvebe Tl vl 1o

[
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ch NEge
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[ATLAS: PRC 104, 014903 (2021)]
e Pythia8 v+pin ATLAS result should correspond to gm-p on right
e Relativeincrease in multiplicity well in line with the VMD setup



Comparison with data for y+A (preliminary)

&~ 1 T T T T ™3
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g 102 {5y =502V, n <o by i B
% 103 E ZYA7]+>§.5 = ng N —— vmd-Pb, pf§) = 3 GeV ]
=10t DPMJET-1I y+Pb Y SN vmd-Pb, piy = 4 GeV 3
s o - 3 i) 11
> 10°F . DPMJET-ll y+p = £ 1078
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[ATLAS: PRC 104,014903 (2021)] ch N

e Pythia8 v+pin ATLAS result should correspond to gm-p on right
e Relativeincrease in multiplicity well in line with the VMD setup



Comparison with data for y+A (preliminary)
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[ATLAS: PRC 104,014903 (2021)] n R

e Pythia8 v+pin ATLAS result should correspond to gm-p on right
e Relative shift in rapidity distribution in line with the VMD setup using Angantyr



Comparison with data for y+A (preliminary)
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e Pythia8 v+pin ATLAS result should correspond to gm-p on right
e Relative shift in rapidity distribution in line with the VMD setup using Angantyr



Comparison with data for y+A (preliminary)
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[ATLAS: PRC 104,014903 (2021)]  ZA7 Y

e > An: Sum of rapidity gaps for which An > 0.5
e Similar for v-p and v-Pb



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