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OUTLINE

o Definition of MPI. Hard MPI vs soft MPI.

|. How do the general-purpose MC generators model MPI?
Il. What effects are missing from these models?

IIl. What processes can we use to probe these effects, and/or
study MPI in more detaile

DISCLAIMER: These slides represent my own personal
viewpoint/preferences, and are not supposed to be an
exhaustive list!



Protons are composite
(“bags of partons”)

Possibility of more than one
parton-parton scattering in

MULTIPLE PARTON INTERACTIONS

a single proton-proton
collision 2> MPI

These are ubiquitous: ~5-10
interactions per proton-proton
collision
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High
scale,
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Lower
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scale,
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MPI 'LANDSCAPE’

A

Double Parton Scafttering

(DPS)
i\j%: %4/ (Next talks!)
Minimum Bias
(MB) High multiplicity
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MPI 'LANDSCAPE’

Scale of
additional
interaction(s)
N Underlying event = several soft interactions
High accompanying a hard scattering
scale, -
rare A Affects a wide range of
/ \pdg measurements at the LHC
\ ‘Jet pedestal’
Lower
X
Low Underlying Event
scale, (UE)
common >

Number of interactions
considered



MPI 'LANDSCAPE’

Scale of

additional
interaction(s)
4 Double (or multiple) parton scattering

High = two (or more) high energy scatters.
scale,

rare Rare, but cleaner

environment to study MP|

Double Parton

I;Cower Scattering (DPS)
Useful probe to learn about  \
correlations between partons in
i the proton!
Low Double parton distribution (DPD)
scale,
common >

Number of interactions
considered



MPI MODELS IN MC GENERATORS

I. How do general-purpose Monte Carlo event generators model MPI?

: : : : . Beamline
Starting point: simple picture with uncorrelated scatters:
Butterworth, Forshaw, Seymour, Z.Phys.C 72 (1996) 637-646 PROTON 1 ®
Borozan, Seymour, JHEP 09 (2002) 015
Bahr, Gieseke, Seymour, JHEP 07 (2008) 076

/aex,n = fdzb P,(b,s) =jd2 n(ljj)n exp(—7(b, s))

Cross section for \ } PROTON 2
exactly n scatters |

Prob of n scatters at —) Poisson distribution

impact parameter b with mean 7(b, s) w1 T
gff111

Inclusive o { : \
cross section 7 n = = n

m n(b,s)™ #(b,s)=0,A(b) O
fornscatters > g, = Z ( )0‘exm = [ d°b >, —= | d?b A(b)"

n ’ n! n!

m=n

‘Pocket formula’



HERWIG MPI MODEL

T

_ = I e s asaar
Herwig MPI model: Two H ,- o A U revpman
components, “hard” and S| profie |\ Pertubative shape |
“ " . =0 I

soft”, applicable above 2l |
i I I
and below some p[™": T |
i B
; I
Then: , o e
PQCD 2->2 scattering
\ 2 3 4 <+— Model parameters b’ -

|
n(b,s) = A(b, )ongra(s, pi"™) + A(b, sore) Isofe I
AW) = [ @HGA(B))Ga([B-B)

Width parameters -
G(b) from electromagnetic FF:

42k oik-b
(27)% (14K /u2)?

@@:@@:f

dt

Use a;,; and i(ln ) to fix 3, 4 = 2 parameter model
dt t=0



Pythia MPI model: use perturbative cross section regularised
at small p,

dé _ 8rai(pl) _ 8mai(pi + pio)

2 4 2 2
dpt 9p; 9(PJ_ + pJ_O)Z
PL
pj_m‘,xl"- ————————————————————————————————
B S Evolution of MPI interleaved with initial-
SR state radiation:
R e (i2:1: L R
T R mat, it
ISR
e SO -~ ——————————————
s [ AP (dP dp pric1 (AP dP,

T U A S mult, int. = ( Ty ISR) exp (—/ 1 ( Ty I,SR) dpl)
I SO - - - - ISR- - - - -~ dpJ_ dpJ_ dpJ_ yZEN dpj_ dpj_
‘:::‘m ’ 7777 R R - e

Proy pe===p=—m==m - = —{( o~ -

, ___'m_____________________ﬂu_lh_int.

" i:iﬁ:ﬁii:iiii;;@&;:i::g: Sistrand, van Zill, Phys.Rev. D36 (1987) 2019,

. _ Siéstrand, Skands JHEP 03 (2004) 053

I Eur.Phys.J.C 39 (2005) 129-154

1 2 3 4 number



; MULTIPLE SCATTERING IN PYTHIA

Parton densities adjusted to take into Siéstrand, van Zill, Phys.Rev. D36 (1987) 2019,

Sjéstrand, Skands, JHEP 03 (2004) 053
account removal of flavour/momentum. Eur.Phys.J.C 39 (2005) 129-154
Ue Ocj

§s

Start at hardest interaction and work ‘backwards’. Start with
normal PDFs: [ f¥(x)dx =2, [ f%(x)dx =1, %; [ fi(x) xdx =1

Adjust PDFs for remaining

Interaction 1 Ug @ ‘d
involves valenceu 7@ ®

d ‘ interactions: Total
parton with Q ” momentum 1 — z, number
o)
S S

momentum z of u valence = 1.

Interaction 1 Ue ) Adjust PDFs for remaining
o OX,s

involves sea d ‘ intferactions: Total )
parton with Q Q momen.’rum‘ 1—2z, od‘d to d
momentum z distribution ‘companion
S‘ @ quark distribution’
S



Il. What is missing from general-purpose event generators?

1. Perturbative QCD correlations

From proton 1

From proton 2

Induces correlations, acts to
enhance MPI probability as
hard scale increases

(These effects are included in

dShower DPS Monte Carlo)
Cabouat, JG, Ostrolenk, JHEP 1911 (2019)
061

PERTURBATIVE QCD SPLITTINGS

Diehl, Ostermeier and Schdéfer (JHEP 1203 (2012)),
Manohar, Waalewijn Phys.Lett. 713 (2012) 196, JG and
Stirling, JHEP 1106 048 (2011), Blok et al. Eur.Phys.J. C72
(2012) 1963, Ryskin, Snigirev, Phys.Rev.D83:114047,2011,....

Pair of partons can have their origin in
one parton splitting perturbatively into

two.

Partons produced by
splitting at scale u

o ©
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2. Sum rules and symmetry

Consider DPS. When hard scales of two scatters are equal, we have
two constraints on the associated double parton distributions:

* SymmeTry: Fij(xllxz; Q) = Fji(xZJxl; Q)

« Momentum and number sum rules:

PDF
E iLj . — _ [ .
j dxz X2 F](xlleJ Q) — (1 xl)f (xli Q) P,
] // Y \\
J | \ e @0
JG, Stirling, JHEP 03 (2010) 005, Blok, Dokshitzer, Frankfurt, zx — 1o ) R
Strikman, Eur.Phys.J.C 74 (2014) 2926, Diehl, PI6BI, Schafer, ot . \ ‘.‘@
Eur.Phys.J.C 79 (2019) 3, 253 ' \ ‘)

Al -

NS

Pythia model. hardness ordering, satisfies sum rules in

uu number sum

‘final’ lowest energy scattering. At equal scales: random rule. Should = 3.

MOMENTUM AND NUMBER SUM RULES

Fedkevych, JG, JHEP 02 (2023) 090 3.351

hardness ordering & sum rules imperfectly satisfied! \ 2961

3.491
We recently developed a set of equal scale multi-parton e
PDFs based on Pythia model that is symmetric & safisfies 7.048

sum rules qui’re Well  Fedkevych, JG, smith, arxiv:2510.04554



CORRELATIONS IN SPIN, COLOUR...

3. Correlations in other quantum numbers  meknfi, Phys. Rev. D32 (1985) 2380

Diehl, Ostermeier and Schafer (JHEP 1203 (2012))
Manohar, Waalewijn, Phys.Rev. D85 (2012) 114009

Correlations between partons not limited to ones in x, transverse
space — can be in other quantum numbers!

E.g. spin correlations! ) —— =)
d.sp .::_} 4 F_

Spin correlations unlikely to be very important at small x values relevant
to e.g. underlying event — many partons, unlikely that any two will be
strongly correlated in spin. Potentially relevant to hard MPI.

. S

Other types of correlation M M _
. . au d o d u u d d

possible: colour correlations,

flavour interference

For recent studies see e.g. : Diehl, Fabry, PI6BI, JHEP

02 (2024) 229, Blok, Mehl, Int.J.Mod.Phys.A 39 (2024)

29, 2450111, Reitinger, Zimmermann, Diehl, Schafer,

JHEP 04 (2024) 087 w o d u d (TR d d



PROBING PERTURBATIVE SPLITTING

lll. Interesting processes/measurements to probe these effects &
improve our understanding of MPI?

1. Differential measurements on DPS processes where we gradually
increase the lowest scale in the process. The higher this lowest scale,
the more conftribution from perturbative splitting, the greater the
geometric enhancement

Hard 4j vs underlying event data

Phys.Rev.D 81]2010) 052012

. Transverse Ny, density vs. pif*!, \/5 = 7 TeV Normalized AS in pp— 4j in [jj| < 4.7 at \/s = 7 TeV
y + 3j DPS data from DO RS KRS P M s

r Do L, =10f

1 —  —— CMSdata
£ —— UE Tune

(2 Nepg /dridp)
|

—— UE Tune Q* dep.
—— UE Tune x-dep.
—— UE Tune Dynamic ¢,y

(1/o)de fdAS [1/rad)

Z ‘ 0.6 —
. T : :
0.4 :— —e— ATLAS data E

10~ Theory prediction fro — UeTune

—— UE Tune Q* dep.

[ 0.2 —— UE Tune x-dep. _:

- Snigirev, Y SR P ik ek i TP TG D SO D U DU D
sF- Phys.Rev.D 81 (2010) 065014 n:ié_ 3 T A A S A AR
[ 5 o11E S £ n1p e
8 E - Q 1.0% _J=E
Lo S o3E J e E
45 20 25 30 = BERUS :
p%(GeV) ‘46/84631 Rl S I N PR B I

; adi ) o 0.5 1 1.5 2 2.5 3
p. (leading track) [GeV] AS (rad)

“Dynamical a.sr model” Blok, Gunnellini, Eur.Phys.J.C 75 (2015) 6, 282



PROBING PERTURBATIVE SPLITTING

10k pp-Z{y-uM, V5 =13.6 TeV| £
. :\% anti-k; R=0.4, |y <2 iz
L 66 <my,; <116 -GeV 12
A I’e|CJTIV6|y C|eOﬂ 1k . e Jmal<25 47
environment to study F z
i i i s 102 % :
this — Z + jets, with a R :
. ~ 10-3 k—— MPI on, Pythia8+MINNLO S
TIghT veto on the Z pr. F~~- MPI on, Pythia8 e s 10 GeV 90%
10" f—— MPI off, Pythia8+MINNLO R 20 GeV 78%
Loss T MPI off, Pythia8 . | | 40 GeV 60%
g g 1.0k ]
£92r )
Andersen, Monni, Rofttoli, - Pythia8+MINNw\—\\:
Salam, Soto-Ontoso, 2 3 5 10 20 30 40 5060
PRL 132 (2024) 4, 041901 Py, min [GeV]
2.00 pp—=Z/y-uu, Vs =13.6 TeV {;
anti-k; R=0.4 &
175F  66<m, <116 GeV 15
pi > 27 GeV, |n,| <2.5
MPI < 15 GeV o '
pure-
(n(ptj,min)>15 Pz 1.25

r15/2 = ure NPT ) 257, effect from interconnection
(n(ptj,min)>2 \ 2 1.00 e e T
prz < 2 GeV oost ]
030F __ pythia8+MINNLO E
0.25E dShower w/o interconnection (Zgg only) E

dShower w/ interconnection (Zgg only)

0.0 i i i i i i \
020 25 30 35 40 45 50 55 60
Py, min [GeV]



2. Same-sigh WW production. ]c/lV
u
: SPS:
Direct SPS background suppressed ' ujﬁ d
. . / W +

by multiple coupling constant,

ields jets
VIEEs) 2 wt
Clean DPS process, but rare (high DPS: pz{gEW *
Q).

Relatively high x values & strong wr
spin dependence in hard X sec - @ «
particularly susceptible to ¢
correlations.

Useful observable to meosur/ \\A ] k

correlations: asymmetry A

JG, Kom, Kulesza, Stirling, Eur.Phys.J.C 69 (2010) 53-65




Momentum and number sum rule
effects push A positive.

Comparison of several predictions
that take account of
momentum/valence number

restrictions:
Fedkevych, JG, Smith, arXiv:2510.04554

New model DPDs constructed at
low scale and pQCD evolved

New model DPDs constructed at W mass

PYTHIA

~—— X-Ord Evolved

wWHw+

w-w-

——

=
~

=
)

=
o

Ratio to PYTHIA

An alternative model of DPDs,
designed also to satisfy sum rules

JG, stirling, JHEP 03 (2010) 005

o
©

o
®
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‘1‘ E:g
igh x FEvnlreEy
Perturbative splitting effects tend to valence quark s
produce qq’ pairs with asymmetric \ l >
x values — also favours positive A D—> .
Chain ofgluon/v ’ >
Asymmetry A as a function of #min emissions — d"@
< O45FT T T T[T T T T[T T T T[T L T T enhancement /
04 dShower = from small x logs
035 - MR Fact A Small x
- EEE dSh-NoSpl E sea quark
03 & GSog =
0.25 Herwig j_,__i:
on = BN Pythia ; E ) )
o5 b /"ff 3 Results of an ng = 3 simulation:
$ oo No spliting - ~6% effect at Ny, = 0
>3 . \ | E Cabouat, JG, Ostrolenk, JHEP 11 (2019) 061
I_g;?HIHHUHHIHH‘HH‘HH:;
: 08 = e —— For an ns = 5 simulation with the
oz E ] cut n;| < 2.4, ~2.8% effect
o O%l L1 IO!BI 1 T I L1 1 I1!5l 11 1 > I — \ZJ-SJ 11 li |n AZZi, JG, e-I- Ol. CERN Ye”OW

Rep.Monogr. 7 (2019) 1-220

flmin
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SAME-SIGN WW & SPIN
NZ, AN,

:

. . @Q,=1GCeV:. R < G—
Spin correlations can push A o ©E N
. oy r+ I+
negafive or positive ml | >00]>03]>06]>09]>12
Apisepol ‘ 0.07 ‘ 0.09 ‘ 0.11 | 0.14 ‘ 0.16
Study to investigate how large Omicpol [fP] | 0.51 | 0.39 AR U
effects can be — maximise spin HL,/_«L; u%&
. — . —>t—] 1 ——P—
correlations at low scale, pQCD @Qy=1GeV: " & I37us"
. l+ l+
?‘T/OW? o Mok, PhvsRev. D100 £O19) 1 Ini] | >00]>03]>06]>09]>1.2
oTogno, Kasmets, SKQ, S.ReV. '
011508 JHER 10 2020, 214 Apospol | 0.04 | -0.05 | -0.05 | -0.06 | -0.07
Tpos-pol [fb] | 0.47 | 0.37 | 0.28 | 0.20 | 0.13
(With cuts to remove BG, see JHEP 10 (2020) 214)
Momentum and valence A A
number restrictions dilute e ool som ruies |0-12] preUMINARY
. . . PRELIMINARY
possible impact of spin 0.04
correlations (particularly in w-w-,00%8 wrw+

W~-W~ case). Potential to o3
use laftice momentsto | ggf;;fj:ummrff;
further constraint impact.

Amirante, JG, WIP Moment of polarised valence
For existing lattice data see e.g.: Bali, Diehl, GlaBle,
Schdafer, Zimmermann, JHEP 09 (2021) 106

Moment of polarised valence

Moment of unpolarised valence Moment of unpolarised valence
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UNDERLYING EVENT PROBES

3. Observables with some tunable dependence on underlying event
effects. Possibility to probe different aspects of underlying event (e.g.
number/hardness of additional interactions).

Example: Vector angularity Ty = E kL,ie_‘L'y*"
Bijl, Niedenzu, Waalewijn, Phys.Rev.D 109 (2024) 1, 014011 3

t<—hadrons
Fora=0,|7,| = |Zi kJ_il — |kJ_Z| AS a moves away from zero, more

and more UE dependencel

0.06

—— MPI; hadronization
No MPI; hadronization

—— MPI; hadronization

0.200
a=0 No MPI; hadronization b

----- No MPI; no hadronization 0.175% i._ a=1 ----- No MPI; no hadronization
010
N O U E > 0125
) > 0
- dependence! o >
) 1

N,

=l 0.050
0.01 hlm'""’k.g_,. !
% 0.0251
A e e ]
0.000
0.00 10 20 30 40 50 60 .
|%a] [GeV] |Ta| [GeV]

JG, JHEP 07 (2014) 110. See also: Zeng,

Link between MPI and factorization violation JHEP 10 (2015) 189, Schwartz, Yan, Zhu,
Phys.Rev.D 97 (2018) 9, 096017



UNDERLYING EVENT PROBES

Jet veto observables — e.g. colour singlet with jet veto

_ 1.0 == ftp——
o o 5 | ==
= - 3
5 08 <
o) gg — H (13 TeV) < g9 — H (13 TeV)
£ s my = 125 GeV 3 my = 125 GeV

0.6
i / R=105 S R=105
= / 3 W/
S o4 — Tpy < T < o4l / — Ty < T
£ Ty <tz 3 " =Ty < T2
3 02 — < T £ 02 Gonggl, JG, Tackmann, — pry < T
S / 2 Vryonidou, JHEP 05 (2020) 054

¥ )
00 5 10 15 20 25 30 00 5 10 15 20 25 30

T [GeV] T [GeV]
% UE feeds particles into jets Hadronisation smears
5 (effectincreases asR 1), particles out of jets (effect

Underlying Event Dasgupta, Magnea, Salam, 1 Hadronisation
JHEP 02 (2008) 055 INCreases as R l)

By using different veto observables and jet radii R, can alter sensitivity
to UE and hadronization

Useful aspect of all these observables — possible to produce highly
accurate resummed predictions for single scattering part

E.g. NNLL" + NNLO predictions for T ¢; jet veto in Higgs (Gangal, JG, Tackmann, Vryonidou, JHEP 05 (2020) 054) and Drell-
Yan (Clark, Gangal, JG, JHEP 08 (2025) 060)

Study of the impact of UE on 0-jeftiness using GENEVA: Alioli, Bauver, Guns, Tackmann, Eur.Phys.J.C 76 (2016) 11, 614
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SUMMARY

* Protonis composite > we get MPI in pp collisions. Energy of
additional scatters can be hard (DPS, rare) or soft (underlying event,

ubiquitous).

« MC event generators are fundamentally based on independent
scaftering picture, with some improvements.

« Some effects missing from general-purpose MC event generators:
« Perturbative QCD splitting effects (included in dShowerl)
« Consistent freatment of momentum & number constraints with
DPD symmetry
« Correlations in other quantum numbers (spin, colour...)

« Potentially interesting measurements to probe MPI & correlation

effects
« Differential measurements of DPS (dependence on lowest scale)
« Same-sign WW (asymmetry measurement)
« Tuneable UE probes where single scattering component is
computable to high accuracy.
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