Pythia 8 for EIC

RBRC WORKSHOP: SMALL-X PHYSICS IN THE EIC ERA

Ilkka Helenius
%
December 16th, 2021

- A
I JYVASKYLAN YLIOPISTO N

UNIVERSITY OF JYVASKYLA ACADEMY OF FINLAND



(asted) W/ o

Outline
1.

2. Deep inelastic scattering (DIS)
3. Photoproduction (PhP)

4,

5. Intermediate Q2 region

6. Summary & Outlook

Introduction to PYTHIA 8

Diffractive dijets in PhP

<Taine
Final-Stake Inferactions /BE

[figure by P. Skands]



PYTHIA event generator

(subset of) Physics covered in 8.3
- Different beam combinations: G
ee, 77, ep, 7P, PP, PA, AA, DM

- Hard scattering: native LO, NLO+PS
with aMC@NLO and POWHEG-BOX

- Parton showers: Default, DIRE, VINCIA

- Multiparton interactions (MPIs):
Interleaved with shower evolution

STRinG.
Final-Stake Inferactions /BE

- Soft physics: Diffraction, Elastic,

Hadronic (re-)scattering
L . i [figure by P. Skands]
- Hadronization: String fragmentation,

Color reconnection, Ropes & shoving



Lepton-proton collisions classified in terms photon virtuality @Q°

Deep inelastic scattering (DIS)
- High virtuality, Q° > a few GeV?
- Lepton scatters off from a parton by O/{E;:.
exchanging a highly virtual photon - \ ) ™

Photoproduction .‘\oé\u\v Vs
- Low virtuality, @2 < 1 GeV?2 _{v
= Direct and resolved contributions O— -
. —~
- Factorize ~ flux, evolve vyp system fﬁ’\)
- Hard scale provided by the hadronic P
observable (i3> .
- Also soft QCD processes, diffraction \';\:‘\s



Event generation in DIS with PYTHIA 8

Hard scattering

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

Parton shower

- Final state radiation (FSR) -

«

- Initial state radiation (ISR) for hadron s
_ “\

- QED emissions from leptons (omitted
9 ( ) \ ..‘\'
Q

Hadronization

- String had.romzatlon with colour VN
reconnections

- Decays to stable hadrons



DIS with Pythia

Alternative shower model dipoleRecoil

[B. Cabouat and T. Sjostrand, EPJC 78 (2018 no.3, 226)]

1/NdE, /dy / GeV

- No PS recoil for the scattered lepton

- Reasonable description of single-particle
properties, such as transverse energy flow

- Results based on tune with the default ] .
global-recoil shower )

Hi1 data, 20 < Q < 30 GeV, Eur.Phys].C46:343-356,2006
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Completely new shower DIRE
[S. Hoche, S. Prestel, EPJC 75 (2015) no.9, 461]

1/odo/d(1—T)

- Correct soft-gluon interference at lowest order

- Inclusive NLO corrections to collinear splittings WET

MC/Data

- Good agreement with HERA data e.g. for thurst T




Event generation in photoproduction

Direct processes
- Photon initiator of the hard process (DIS-like)
- Convolute photon flux f, with proton PDFs f and
do

dgbp%feHX — be(X) ® ]C,-p(Xp7,u2) ® daw’ﬁfel

- Generate FSR and ISR for proton side

Resolved processes

- Convolute also with photon PDFs
do?P X = £2) @ £7(xy, 1) @ fP (xp, p?) @ do? = “

- Sample x and Q?, setup yp sub-system with Wyp

- Evolve vp as any hadronic collision (including MPIs)



Comparison to HERA photoproduction data

ZEUS dijet measurement

2 2 R .
- Q° < 1.0 GeV 1!\ [ —— Pythia 8.226 i
3 ~ —— resolved
© 134 < Wop <277 GeV D : (f;mthj““ <25 GeV
- B > 14 Gev, EF? > 11 GeV o0 [
—1 < <24 na
Two contributions F N
- Momentum fraction of partons in 2 i; -
ZIi1E
photon pietl g Eetz jet2 £ ég = —
Xobs — ~ X E0TE
v 2yE v A NN FRTNR FYUA PR SR PO wwwws s
S 01 02 03 04 05 06 07 08 09 U10
- Sensitivity to process type [ZEUS: Eur.Phys.J. C23 (2002) 615-631]

- At high—xf;bS direct processes dominate



Comparison to recent ZEUS data for charged hadrons

Multiplicity distributions

- Multiplicity distributions sensitive to
MPIs with resolved photons

- ZEUS data support for MPIs but with
slightly larger p%%f than in pp = less MPIs
(Good description also for vp
multiplicities in UPCs at LHC, see backup)

pr spectra for N, > 20
- Similar agremeent as above
- Useful constraints for MPIs in yp system

- Goog agreement also in ¢1{2}

dN/dN,,

-

dN/dp.

ZEUS
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Hard diffraction in PYTHIA 8

Direct:

Hard diffraction in photoproduction
- Process with a hard scale, desribed with a
colour-neutral Pomeron (IP) exchange
- Experimentally identified from rapidity gap
Factorization of the diffractive cross section

- Direct: Pomeron flux and diffractive PDFs
(dPDFs)
dojee, = f2(X) @ do? 2% @ £P (2, pu?) @ £ (xp, 1)
- Resolved: photon PDFs
dodeea=Fy (0 @ (%, 17) @ do” 2 @ £F (2, 1°) @ R (e, 1)

Resolved:




Hard diffraction in PYTHIA 8

Direct:

Hard diffraction in photoproduction
- Process with a hard scale, desribed with a
colour-neutral Pomeron (IP) exchange
- Experimentally identified from rapidity gap
Dynamical rapidity gap survival model
1. Generate diffractive events with dPDFs (PDF)

Resolved:




Hard diffraction in PYTHIA 8

Hard diffraction in photoproduction
- Process with a hard scale, desribed with a
colour-neutral Pomeron (IP) exchange
- Experimentally identified from rapidity gap
Dynamical rapidity gap survival model
1. Generate diffractive events with dPDFs (PDF)

2. Reject events where MPIs in vp system (MPI)

Direct:
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Hard diffraction in PYTHIA 8

Direct:

Hard diffraction in photoproduction
- Process with a hard scale, desribed with a
colour-neutral Pomeron (IP) exchange
- Experimentally identified from rapidity gap
Dynamical rapidity gap survival model
1. Generate diffractive events with dPDFs (PDF)

2. Reject events where MPIs in vp system (MPI)

Resolved:

3. Evolve ~IP system, allow MPIs




Hard diffraction in PYTHIA 8

Direct:

Hard diffraction in photoproduction
- Process with a hard scale, desribed with a
colour-neutral Pomeron (IP) exchange
- Experimentally identified from rapidity gap

Dynamical rapidity gap survival model
1. Generate diffractive events with dPDFs (PDF)

2. Reject events where MPIs in vp system (MPI)

Resolved:

3. Evolve ~IP system, allow MPIs

Implemented from PYTHIA 8.235 onwards
[I.H. and C.0. Rasmussen, EPJC 79 (2019) no.5, 413]
Same idea applied for pp collisions at the LHC
[C.0. Rasmussen and T. Sjostrand, JHEP 1602 (2016) 142] 9




Comparisons to HERA data

H1: [EPJC 51(2007) 549]  ZEUS: [EPJC 55 (2008) 177] Cuts H1 ZEUS

Q% [GeVZ] 001 1.0
: 2 et1
13 Efmin [GEV] 5.0 7.5
E jet2
; EF2 [GeV] 40 65
- XX 0.03 0025
N — ; 7—% PYTHIA setup
L B R R - dPDFs from H1 fit B LO
- PDF selection overshoots the data by 20-50 % * yPDFs from CJKL
. . . . f
- Impact of the MPI rejection increases with W pro = 3.00 GeV/c

(Tuned to inclusive
charged particle data
from yp at HERA)

- Stronger suppre_ssion in H1 analysis due to
looser cuts on E£® and xp = More MPIs

10



Comparisons to HERA data

H1: [EPJC 51(2007) 549]  ZEUS: [EPJC 55 (2008) 177] Cuts H1 ZEUS

ET ‘ Q% [GeVZ] 001 1.0
o jetl
Efmin GV 5.0 75
F jet2
ET min [GeV] 4.0 6.5
L X 0.03 0.025
R R A v’ analysis PDF MPI
- Stronger suppression at lovv—xgbS (more MPIs) H1 -2 14
ZEUS cuts select ts at high-x°s regi £EUS oot
cuts select events at high-x3* region H1& ZEUS 7.6 3.4
- Some theoretical uncertainty from vPDFs, (with all data points)

dPDFs and scale variation
M



Predictions for EIC

Repeat the H1 analysis at EIC kinematics (Ee = 18 GeV, Ep =275 GeV)

T
~—- PDF -1
— MPI

do/dW [pb]
k4
=]
Lol
do/dx, [pb]

2 0 95 00 o 0 0
B0 S E G e G 6

Ratio

- Only up to ~ 10% effects in the considered W range
- Noticeable suppression only at low x, where cross section small
= Available energy and kinematical cuts for diffraction push the kinematics to
region where only little room for MPIs (€ > 5.0 GeV, F¥ > 4.0 GeV) 12



Intermediate Q” region

Solid theory for Q> = 0 and at high @? V/S =318 GeV, Wy, = 100 GeV:
. 103
= What happens in between? —— Direct
— Resolved
Pythia 6 (inspired) model (£ Pythia 8) 10° DIS
) total
- Select suitable scales and
suppress contributions by hand z v
07 p E )
Jtotp - UD\S exp [ DW + U’lerp + &ges 10
r’Dls
where 0!
2 2«
. ‘73|sp = {inimz} Opis
e e 1w 1 1075= 0T 07 0" 102
ORes = ORes m2+Q2 [m} Q? [GeV?|
© 55" = 05" (Bromin = max(Q, pr.min)) Intermediate: 0.5 < Q? < 5.0 GeV?

pr,min = 1.3 GeV, n =3, m, = 0.7755 GeV s
1



Intermediate Q” region

Solid theory for Q> = 0 and at high @? VS = 140 GeV, Wip = 10 GeV:

. 103
= What happens in between? —— Direct
. . . . — Resolved
Pythia 6 (inspired) model (£ Pythia 8) 10° DIS
5 total
- Select suitable scales and
. . 10t
suppress contributions by hand z
5P ¢
Jtotp - UD\S exp [ DW + U’lerp + &ges 1
r’Dls
where 0!
2 2«
. ‘73|sp = {inimz} Opis
2 _
Lo Y | M w2 1" 107= 0T 07 0" 102
ORes = ORes 2+ Q2 Wt Q2 Q% [GeV?)
o=
83," = 03" (Br.min = Max(Q, Prmin)) Intermediate: 0.3 < Q% < 3.0 GeV?

pr,min = 1.3 GeV, n =3, m, = 0.7755 GeV s
1



Intermediate Q” region

Solid theory for Q> = 0 and at high @? VS = 85 GeV, Wi, = 10 GeV:
. 103
= What happens in between? —— Direct
— Resolved
Pythia 6 (inspired) model (£ Pythia 8) 10° DIS
) total
- Select suitable scales and
suppress contributions by hand z v
“p [ Ug‘fp YR =P z 100
Jtot *UD\S exp +UD|r +URes
r’Dls
where 0!
2 2«
. ‘73|sp = {inimz} Opis
NI { m r [ a ]” 1075= 10T 100 0" 10°
Res Res | m2+Q? W24 Q2 Q?* [GeV?)
© 53, = 03, "(Brmin = max(Q, pr,min)) Intermediate: 0.2 < Q% < 2.0 GeV?

pr,min = 1.3 GeV, n =3, m, = 0.7755 GeV s
1



Summary & Outlook

Pythia 8.3 capabilities in ep
- DIS (high Q?) events with ey
dipoleRecoil option and DIRE
- Photoproduction (Q? = 0) including
direct and resolved contributions
- Also hard diffraction with
dynamical rapidity gap survival
Outlook

- New data from HERA and UPCs at the
LHC provide further constraints

STRinG.
Final-Stake Inferactions /BE

fi by P. Skand
- For a complete setup need also the [figure by P- Skands]

region between DIS and PhP!
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CMS data for «p in UPCs at the LHC

CMS Data
g CMSprelmnay 9P (5,-816Tev o)
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[J. A. Murillo Quijada, DIS2021]



Intermediate Q” region

Solid theory for Q? = 0 and at high Q° VS = 318 GeV, Wy, = 100 GeV:

10*

Direct
Resolved
DIS

DIS reg.
DIS supp.
total

= What happens in between?
Pythia 6 (inspired) model (£ Pythia 8) 0

- Select suitable scales and
suppress contributions by hand

10" -

=

. . 51P . .

7 57 5 .
Tt = Gpig exp — 7 + 050 + Fhes 10

9pis

where

=" @ 17 _4*p o
T Ops = {Qum%} Opis

2

e * m? 2 n )
" BRed = TRes {f;,faz} 5] B
R A B o

Foi” = Ooie” (Pramin = MAX(Q, Prmin)) Unmodified DIS cross section

w=13GeV, n =3, m, = 0.7755 GeV .
Pr.min ’ ! diverges at Q2 — 0 GeV?
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