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Event generators

General purpose event generators

e Aim to provide a full description of a collision event, ie. exclusive hadronic final
states, using Monte Carlo methods

e Use perturbative QCD where applicaple, fill in with phenomenologica models

e Main players:

e Herwig(7.3.0) https://herwig.hepforge.org [Eur.Phys.J. C80 (2020) 452]
e Pythia (8.315) https://pythia.org [SciPost Phys. Codebases 8-r8.3 (2022)]
e Sherpa(3.0.1) https://sherpa-team.gitlab.io [JHEP 12 (2024) 156]

Specialized event generators
e Matrix-element (Hard-process) generators for higher perturbative accuracy and
multiplicities: Madgraph5(_aMC@NLO), POWHEG(-BOX)
e Fixed-order codes: MCFM, NNLOJET, ...


https://herwig.hepforge.org
https://pythia.org
https://sherpa-team.gitlab.io
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Parton Showers provide leading-log resummation

Dress the partons by generating explicit
branchings iteratively

e Start from highly-virtual partons,
evolve down to low scales with DGLAP

e Splitting probabilities from

d 2 . 2
= (3220[ gz ) ZPa—mc(Z)dz

b,c
where P,_,,.(2) splitting kernels

dPa(Z-/ Q2)

e Different choices in ordering variable
and phase-space mapping lead to

‘ A Baryor

some differences between different  roon

© Heavy Flavour

implementations



Improve precision: Matching and merging

Combine multi-jet (fixed-order) calculations with each other and with PS

Matrix element corrections (MECs): Merging:
e Correct first PS splitting (2 — 2 + 1) e Combine{n,n+1,...,n+ m}
with the full matrix element (2 — 3) events from ME generators with
Matching: each other and parton shower
e Combine {n, n + 1}-parton states e Overlap removed by applying cuts
from NLO ME generator with parton and vetoes
shower NLO merging:
e Exclude overlap by subtraction or by e As above but with NLO MEs, overlap
correction factors removed by subtraction
e NLO precision for n-parton e NLO precision for inclusive

observables (n + i)-parton observables



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



Hadronization models

String hadronization

e Implemented in Pythia, can be
interfaced from Sherpa

e Colour string between colour charges,
hadrons formed from string breaking

Cluster model
e Implemented in Herwig and Sherpa
e Gluons are forced to make qq pairs

e Form colour-singlet clusters, these
decay isotropically into hadrons




Electron-hadron collisions

Electroproduction (deep inelastic scattering, DIS)
e Lepton scatters off a parton by exchanging a ‘<
highly virtual photon O@;
e High virtuality, Q2 > afew GeV?2 - , =
e Hard process + Parton showers \ .'u\:\:?.\v'\
Photoproduction (PhP) .
« Low virtuality, Q2 — 0 GeV? 4\6/ L:
e Photon may fluctuate into a hadronic state, f’¥i\>
resolved in the interaction = MPlIs .
e Factorize photon flux, evolve vp system O/gi\.;)
e Also soft QCD processes, diffraction % ;\:\>



Electroproduction



Event generation in DIS

Hard scattering

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

Parton shower

e Final state radiation (FSR) PN
[ BN
e |nitial state radiation (ISR) for hadron as
o QED emissions from leptons - \ Ny
Hadronization \ ¢ ‘\\.\ .
. oL . u‘\\/ >
e String/cluster hadronization with colour \/\

reconnections

e Decays to stable hadrons



H1 data for 1-jettiness

Pythia " om[H1: EPJC 84(2024) 8, 785]
o Default shower with the dipole-recoil option § o A o b
¢ Vincia sectorized parton shower w1 % wrp 1
e Dire parton shower w0 ]

Herwig o 1
e Default angular-ordered shower % wz‘: ]

1eE T —mees - 3

e Matching (Matchbox) and merging

E bl iases —

Sherpa 0t

Powheg+Pythia

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

e With cluster and string hadronization
e NLO matching

---Rapgap

- -KaTie+Cascade (Sott) — KaTie+Cascade (set

0 02 0.4 0.6




Photoproduction



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, 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



PDFs for resolved photons

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

8f,~7(x, Q2) _ Qem 2 aS(QZ) 1 dz ,
Jlog(Q?) ~ 2x &1 T T Ty ; /X - Pi@)fi(x/2,Q%)

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

0.6 —————— T 20 T T
Q2 =10.0GeV? — CJKL 18 Q°=10.0GeV? — CJKL
0.5 [ u-quark —— GRV b 16 f gluon — GRV
é il SASGAM ] § 14 SASGAM ]
2 <
S s s
3:’ 0.2 =
0.1 1
|

0.0 L L L L L L L L L
00 01 02 03 04 05 06 07 08 09 1.0 1 12

x xT



Evolution equation and ISR for resolved photons

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

dQ2 Olem eé Pﬂ,%bc(x)

Q% 21 f)(x,Q?)

sz Qs X/f(;y(xla Q2)
Q 2 xf(x @)

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

Paabc(z) dz +

d,Paeb =

13



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
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Comparisons between Pythia, Sherpa and Herwig

[I. Helenius, P. Meinzinger, S. Platzer, P. Richardson: arXiv:2406.08026 [hep-ph]]
Compare different generators for photoproduction Dijets in v~ (LEP)

T T RS R RS R
r —+— OPAL

—+— HERWIG-LO
—+— PYTHIA-LO

—+— SHERPA-LO

——

e Differences build up from inputs and modelling o %

e Scale variations large at LO :':‘—{

e Good agreement at ME-level

de/dx, [pb]

e T T
14 E =
13 E =
S  —] | % L=
3 b E T E
S ST
87 E =
8B il == e e e e AT T
o 01 02 03 04 05 o6 07
x

[OPAL: PLB 651 (2007) 92-101]
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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]
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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

14



Diffractive processes



Diffractive dijets at HERA

i H1 VFPS data

i H1 VFPS data - AFG y-PDF
: NLO H12006 Fit-B x 0.83 x (14, ) : NLO H12006 Fit-B x 0.83 x (143 )
S 40l H1 8 | H1
-~ 100 DIS - b
Nl - 1000
° k] 3
o) r o]
© L i ko) L
sor T 500}
L i I [
o E Il Il O E L
2‘ 2‘ 1.5
L2 o 1
o 205 L) L) [
8 ‘ ‘ ‘ 8
0 02 04 06 08 0 02 04 06 08

Zp Zp
e Good agreement between H1 data and NLO calculation in DIS regime (high-Q?)
o NLO overshoot the data in photoproduction (low-Q?)

15



Hard diffraction in DIS

Diffractive dijets

e Virtual photon interacts with Pomeron
from proton producing jets

e Signature: scattered proton or a rapidity
gap between proton and Pomeron
remnant

Factorized cross section for diffractive dijets
e DIS: do2ets+X — f;IP(ZIPa N2) ® f|g(XIPa t) ® doie—2iets
where f{ is Pomeron flux and fj'p diffractive PDF (dPDF)
e Factorization verifed by H1 and ZEUS at HERA
16



Hard diffraction in photoproduction

Factorization-based approach

b b
e Direct: ~ .
o 2ets fn/( ) ® doimZet g fj'P(ZP, 12 ® £ (xp, t) !et
e Resolved: renﬁ?
do?* = 2(x) @ £ (x5, p?) @ do" 3 @ P (zp, 1) @ F(xp, ) P
Factorization breaking P p
e Suppression wrt. factorized approach around b b
10%-50% at HERA v remn.
e Even larger effects seen in pp (and pp) }2;
e Potential explanation additional interactions remn.
between photon remnants and the proton 0 P
covering the rapidity gap p

17



Hard diffraction in photoproduction

Pythia [I.H., C. O.Rasmussen, EPJC (2019) 79:413] _ s
e Based on diffractive PDFs at LO

i

e Factorization breaking effects with dynamical
rapidity gap survival with MPI rejection
= Suppressionin line with the HERA data

Sherpa [F. Krauss, P. Meinzinger, EPJC 84 (2024) 9, 894]
e Both LO and NLO available
e NLO tend to overshoot the data

do/dzg [pb]

e Factorization breaking effects studies by
scaling resolved and direct components

MC/Data

Three Rivet routines available (2 for H1, 1 ZEUS) ———

,,,,,,

18



Tuning



MC tuning

Need for tuning

Charged Momentum Fraction

= ALEPH 2Ny
—— PY8 (Monash) 0.6 +0.1
—a— PY8 (Default) 1.4 201
--%-- PY8 (Fischer)

e Modelling complete collision events require
phenomenological models

10k

1/<n,>dn, /dx,

e These involve parameters that have to fixed
using experimental data

e Should be “global” to retain predictability of a
given model (eg. energy dependence)

Data from Barate et al., Phys. Rep. 294 (1998) 1
Pythia 8.183
1 1 1

set i

Theory/Data

Tools for automated tuning

e

e Rivet provides easy comparison between data B T

Xp

and simulations _
[P.Skands, S. Carrazza, J. Rojo,

e Professor 2 provides Rivet-based framework EPJC 74(8), 3024 (2014)]

to optimize parameters by minimizing x? w0



An example: Tuning MPIs in photoproduction

[J.M. Butterworth, I. H., J.J. Juan Castella, B. Pattengale, S. Sanjrani, M. Wing: SciPost Phys. 17 (2024) 6, 158]

Systematic comparisons of existing MPI tunes 35
. . ) —— LHC/POWER
e Vary pt o parametrization 01 — wHo/LoG
’ 95| — LEP/POWER

LEP/LOG

e pp at LHC and Tevatron and for 4+ from LEP

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

10! 102 10° 10*
Vs [GeV]
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An example: Tuning MPIs in photoproduction

[J.M. Butterworth, I. H., J.J. Juan Castella, B. Pattengale, S. Sanjrani, M. Wing: SciPost Phys. 17 (2024) 6, 158]
SyStematiC compa risons of eXiSting MPI tunes ("r(:sfa‘:e;:t:'u‘n‘\'fr,y‘ f‘uTT‘/‘F‘, ‘/?7‘?;7\/‘(‘0,‘,‘(;‘ a‘nd‘,\.? <075
e Vary pr o parametrization

ERRamsms

—— OPAL Data

10 — LEP/LOG |
£ ! —+— LHC/LOG ]

do/dx, [pb]

e pp at LHC and Tevatron and for 4+ from LEP

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

MC/Data

[OPAL: EPJC 31, 307 (2003)]
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An example: Tuning MPIs in photoproduction

[J.M. Butterworth, I. H., J.J. Juan Castella, B. Pattengale, S. Sanjrani, M. Wing: SciPost Phys. 17 (2024) 6, 158]
Systematic comparisons of existing MPI tunes
e Vary pr o parametrization

do/dxg¥(pb)

e pp at LHC and Tevatron and for 4+ from LEP

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

Conclusions
e Can find good agreement for vy and vp

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

LEP/LOG
—+— No MPIL

[ZEUS: NPB 792 1 (2008)]
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An example: Tuning MPIs in photoproduction

[J.M. Butterworth, I. H., J.J. Juan Castella, B. Pattengale, S. Sanjrani, M. Wing: SciPost Phys. 17 (2024) 6, 158]
Systematic comparisons of existing MPI tunes
e Vary pr o parametrization

n as a function of x§%* for 25 < My; < 50 GeV

ARNRARMSERA NI Raa s ARaana e ey an e
—+— Data 3
S tune-result
—— run-result

do/dxg¥(pb)

e pp at LHC and Tevatron and for 4+ from LEP

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

B ERG
S 4
T
T

oope o =
CESINNY
o

R

Conclusions
e Can find good agreement for vy and vp

MC/Data
)

e Published new Rivet analyses enabling dedicated
) [In progress]
tunes for each beam configuration

e Automatized parameter optimization with

Professor 2
20
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MCA4EIC

e Monte Carlo event generators required for detector planning and analysis
e Follow up MC development relevant to EIC with MC working group in the EICUG

Previous workshops, following MCEGs in 2018 and 2019

e MC4EIC 2021, Remote, hosted by CFNS
e Kick of to review experimental needs for theory and event generators

e MCA4EIC 2022, Remote, hosted by BNL
e Reports from MC developers and experimentalists, live notes

e MCA4EIC 2024, In-person meeting in Durham
e Reports from general purpose and specialized event generators
e Reviews on the existing data relevant to validation

e MCA4EIC 2025, Hybrid in JLab (connected to EICUG meeting the following week)
e Overview talks and generator updates, focus on Rivet and validation
e Draft areport from the validation efforts 21
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Summary & Outlook

Many recent developments in different
areas relevant for EIC
e Extend capabilities for different
processes in event generators
e Precision improvements with matching
and merging
e Firstvalidation and tuning efforts
completed/ongoing
Things to work on
e Radiative effects, nuclear targets,
diffraction
e What else? How to communicate [figure by P. Skands]
experimental needs? Rivet analyses?

22



