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Multiple Parton Interactions

Parton Shower

Hadronisation 7 (initial and final
modelling \ ] state radiation)

Beam remnants,

g dial k Multiple parton
primordial k_

interactions

e Mostly produce low Q? interactions.
o Measured collectively with radiations and BBR contribution known as
Underlying Event (UE)
e Possibility of the production of high Q2 processes such dijet, Charmonium, V +
jets, WW,
o Need correlation observables




Outline

d Measurement of UE
d Measurement of hard MPI; DPS/ TPS
d Tuning of MPI models




Underlying Event

e Hadron sub-structure.

e Vertex identification in processes involving neutral particles in final states i.e.
H— yy

e Effect experimental observables such as isolation of leptons and photon, jet
energy scale.

e Need proper modeling of UE in Monte-Carlo event generators.

UE dynamics to explore

e Variation with scale of the hard interaction.
e Evolution with collision energy.
e Dependence on the process involved in the hard interaction

Need range of UE measurements for proper understanding and
subsequent modeling.




Underlying Event

Leading track/jet/ Degdl<Yan/ top pair

Conventional approach;

|Ag| < 60°

60° < |A¢| < 120° 60° < |A¢| <120°

e |dentify the hard interaction using an
experimentally well defined object i.e.
leading track, jet, Drell-Yan,
(anti)top-pair
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|A¢| > 120°
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UE with leading track/jet

e Faster rise in towards and away region as
compared to transverse region.

e Rate of increase changes about 4-5 GeV;
production mechanism changes from i
MPI — radiation

e Can be explained on the basis of overlap e e
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https://link.springer.com/article/10.1007/JHEP03(2017)157

UE with leading track/jet

e An increase of ~4 times in particles production as collision energy
increases from 0.9 to 13 TeV.

e With collision energy there is minimal effect on the scale dependence and
radiation contributions.

e Monash tune doing good job in reproducing collision energy dependence.

e Energy evolution is nicely described by power-law (MPI) + log (radiations)
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http://cds.cern.ch/record/2104473?ln=en
https://link.springer.com/article/10.1007/JHEP06(2023)023

UE with Y (nS)

e Look for modification of underlying event for different Y states; measure

<nch>
e Significant differences observed for different Y
states ~
e The effectis larger at low pHH_ g AlAYPrelminary 3
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https://cds.cern.ch/record/2806464

UE with Drell-Yan Eur Py 1012, 2080 (2012

Eur. Phys. J. C 79, 666 (2019)

e Theoretically understood and experimentally clean process.

e No final state radiation.
e Possibility of partial separation of MPI from radiation: PPoZeX WX 247 (13TeV)
° - @ Data (towards) CMS
- 3l £ Data (ransverse)
e Unlike leading jet/track, UE do not start from 0: initial 2" N
scale is set by invariant mass. 5 2-55‘;ha:g:§ga:vic.ﬁ<2) L
e Activity sharply increases with p. in away region: g2 *H#-F*_
recoiled hadronic activity. T e _ﬁ#‘*

e Transverse and towards regions sensitive to MPI. o P e s e
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https://link.springer.com/article/10.1140/epjc/s10052-012-2080-4
https://link.springer.com/article/10.1007/JHEP07(2018)032
https://link.springer.com/article/10.1140/epjc/s10052-019-7162-0

UE with Drell-Yan Eur. Phys. J. C 72, 2080 (2012)

JHEPQ7(2018)032
Eur. Phys. J. C 79, 666 (2019)

e Forp;.>10 GeV, DY events have a smaller particle density as compared to
the hadronic events,:
o Can be attributed to the differences in the nature of radiations

PP(P) > Z+ X > pu'p +X
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e Increase in activities with collision energy is consistent as observed hadronic
events
o With collision energy, mainly MPI increases and effect on radiation

contribution is minimal ;


https://link.springer.com/article/10.1140/epjc/s10052-012-2080-4
https://link.springer.com/article/10.1007/JHEP07(2018)032
https://link.springer.com/article/10.1140/epjc/s10052-019-7162-0

Measurement of Hard MPI — DPS/TPS

o/ Unfold correlation \/o Unfold correlation ) (Extract DPS \

observables observables contribution using
e Fit with DPS and SPS e Fit data to obtain best standard x-sec
templates to extract MPI model measurement
DPS contribution parameters approach : when,
\ I\ )| (SPS) bkg well defined
by MCs and under

\control /

4 )
Correlation Observables:
In DPS, two process are independent (unlike SPS production)

— unique features in p- and ¢ space
L q P; ¢ sp )

S m OOy { m =1 when X =Y G .= O non— differactive Impact parameter
XY™ o - eff enhancement factor;
2 @ m =2 when X #Y f ——® Dependent on MPI

parameters (tune)

Inter-parton transverse separation squared > sort of an impact parameter; smaller o_
implies a larger DPS 1




DPS with 4 jets

e Jet production is one of the most abundant
processes at LHC
o Low transverse momentum and
forward/backward jets allow for the low-x
region to be probed - important
information for MC tuning

e 42 nb" of low-pileup (<p> = 1.3) pp collisions
data at 13 TeV selected
o Exactly one primary vertex
o 4 jets with asymmetric p. cuts going down
to 20 GeV

JHEPO01(2022)177

AS = arccos (

(Pr1+Pr2) - (Prs+DPra)

[Pra + Prol [Prs + Pral
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https://link.springer.com/content/pdf/10.1007/JHEP01(2022)177.pdf

DPS With 4 jets JHEPO01(2022)177
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https://link.springer.com/content/pdf/10.1007/JHEP01(2022)177.pdf

DPS With Z e Y(]_S) CMS-PAS-BPH-23-007
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https://cds.cern.ch/record/2921885?ln=en

Triple Parton Scattering ——

Jy
e First study of inclusive triple J/{ production & TPS o s i iy
- contributions from DPS (dominated contribution) 6% Iy
+ TPS + SPS (minor contribution) p_é
e Extraction DPS effective cross section

[ Experimentally clean and pure final states with (six)
muons

a  J/W mesons with p.> 6.5 GeV and |y| < 2.4, Invariant
mass: 2.6-3.6 GeV

[ Background: semi-leptonic decays of heavy flavour, DY

3D un-binned extended maximum likelihood fit
Signal modelled using Gaussian with resolution fixed
to MC & mean to PDG J/{ mass

. Nature Physics 19, 338-350
d Exponential background 2023)

L

15



https://www.nature.com/articles/s41567-022-01838-y
https://www.nature.com/articles/s41567-022-01838-y

Triple Parton Scattering Nature Physics 19, 338-350 (2023)
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Predictions for SPS cross sections from
HELAC-ONIA & MG
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https://www.nature.com/articles/s41567-022-01838-y

DPS in pPb

pPb data provide an independent
tool to extract o,

DPS is enhanced by a factor of 600
in pPb collisions as compared to pp

pPb data sample collected at Vs, = 8.16 TeV during 2016
d Integrated luminosity: 174.6 nb™

CMsS pPb 174.6 nb™' (8.16 TeV
Ll

Channels considered

3 )/ P(=pp)/p(—pp)

3 J/P(—pp)/(—ee)

4 leptons with common vertex

J/¥ mesons with p.> 6.5 GeV and

ly| <2.4, decay length <0.01 cm 28672728283 313233343536
to reduce non-prompt M1 [GEV]

contribution. Invariant mass: PRD 110 (2024). 092002
2.6-3.6 GeV |

Events / 50 MeV
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.092002

DPS in pPb

3 1D fit of Ay variable in the DPS dominated region Ay > 1.92
A A data driven DPS templated is constructed using two J/{
from independent events
3 SPS template derived using simulated events
A 5.30 (combination with Fischer Formalism)

o CMs pPb 174.6 nb™ (8.16 TeV) - CMs pPb 1746 nb" (8.16 TeV)
L — PRI R & et 610 )
g pPb — Jiy + Jhy i g pPb — Jhy + Jiy
- ¢ Data — 10k N ¢ Data
2 10 W SPS + DPS E £ \\\\\S\\\\\g S\ sPS + DPS
L;g_l I DPS (0, =4 mb) L% ‘ Il DPS (o, = Qn\b)\\
I R - NN
A\ N
1 . N \\\ I
: '\ A\
i g AN
10“5 il s i
10—2 b b b b Vb bl b L b 1y 10—1 co e b e b b by by byl 1
0 05115 2 25 3 35 4 45 0 05 1 15 2 25 3
Ay Uy, Jhy) Ad(hy, Jhy,)

oc(pPb — J/¥]/p + X) = 22.0 &+ 8.9 (stat) == 1.5 (syst) nb

large upper uncertainty indicates the possibility of the

_ +00
OeffpA = 0.53%,,b absence of DPS contribution

PRD 110 (2024), 092002

Ocir = 4.0 mb — 0., > 1.0mb at 95% CL .


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.092002

Same-Sign WW PRL131, 091803 (2023)

e Golden channel for DPS production since SPS production suppressed at
matrix element level due to presence of (two) extra jets

(q(l’l) | D ( 4 1 W F—\
q®Y ot Y
SPS
W=
0/ DPS  \” s
0 > 7 O(a) ¢ O6@%a® =
Y N S,

e Experimentally clean final state with leptonic W decays
o Negligible contributions from leptons from adjacent bunch crossings
o Background contributions from prompt & nonprompt lepton
productions
e Signal extracted using binned maximum likelihood fit to the shape of the
BDT classifier

19



https://doi.org/10.1103/PhysRevLett.131.091803

Same-sign WW PRL131, 091803 (2023)

First observation of W+W+ via DPS with 6.2 s.d. (obs.)

CcMS 138 b1 (13 TeV)

—+-Data [JNonprompt [—]Charge misid.
mwz Wy vy

mZzZ [Rare B DPS W'W*
[ Total unc.

CMS Supplementary

y+J/
T SaS ackotiod oy ey

I
=

ATLAS J/y+J/y (8 TeV) F—a

Eur. Phys. J. C 77 (2017) 76

hy+Jhy (1.

O b o 1) ot =
DO J/y+Y (1.96 TeV) ]

Phys. Rev. Lett. 116 (2016) 082002
CDF y+3jets (1.8 TeV) fm

Phys. Rev. Lett. 79 (1997) 584

DO y+3jets (1.96 Te' -
Phys. Rev. D 89 (2014) 072006

DO y+b/c+2jets 281 .96 TeV) b
Phys. Rev. D 89 (2014) 072006

Tty

DO 2y+2jets (1.96 TeV } &
Phyzs.y ne\],_ D 95: (2016) osz%m '

ATLAS W+2jets (7 TeV) —a—

New J. P. 15 (2013) 033038

5
A
5 F
7 ; e > r . CMS W+2jets (7 TeV) —e
=) 10 20 30 20 50 P

Eur. Phys. J.'C 80 (2020) 41

Bin number CMS WW (13 TeV., 138.0. ft')
aerv:2206.9 61 (submted to PARL) 2

e e PNl S ity MR o e

Inclusive W=W= —» 2|2v cross section

80.7 + 11.2 (stat) g (syst) + 12.1 (model)\f‘bj\‘
from Herwig: difference in

Fiducial cross section reconstruction Efficiencies for leptons
& generator acceptance

6.28 £ 0.81 (stat) = 0.69 (syst) & 0.37 (model) fb|
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https://doi.org/10.1103/PhysRevLett.131.091803

Monte Carlo Tuning

e Measurements (often) rely on Monte Carlo

©)

©)
©)
©)

Heavily dominated QCD-radiated / jets environment
irreducible backgrounds - MC for searches

achieve precision (NNLO) for SM measurements

need higher accuracy precision on phenom. parameters

e LO and NLO multi-leg generators matched with parton shower

O O O O

MadGraph5 +Pythia8 MLM-merging; LO up to 4 partons
MadGraph5_aMC@NLO+Pythia8 FxFx-merging; NLO up to 2 partons
Powheg MINLO +Pythia8; NNLO up to 2 jets

Sherpa, Herwig7... NLO

21




Parameters

MPI
e strong coupling and parton density
functions appear in many physics p;) = p;‘ff (EIE, ;)
stages of pp collisions and can be '

] ] smooth cut to regularize pt->0 divergences
evaluated at different orders in QCD

initial/final state radiation (PS)
strong coupling, regularization
upper scale...

e [tisimportant to have tunes at
different and PDF orders
(they can be very different!) and
compare to data to understand their
effect hadronization modelling

length of fragmentation string,
strange baryon suppresion...

beam remnants (primordial kT)

width of the gaussian of the primordial
KT in the proton...
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Tools/Procedure

PROFESSOR RIVET
for tuning MC generators for comparisons

https://professor.hepforge.org/ https://rivet.hepforge.org/

common strategy, experiment
independent, flexible and reliable

f*(p) = RO’
[Observables} }[Generate grid points] —P[xz(p) B Z WOZ A7

23




Pythia8 CMS tunes

Eur. Phys. J. C 80, 4 (2020)

TransMIN charged-particle density, /s = 13 TeV

PYTHIAS8 parameter CP1 CcP2 Lo A R S R R R
PDF Set NNPDF3.1LO NNPDF3.1LO = f ]
wg () 0.130 0.130 s <':
SpaceShower:rapidityOrder off off % 08 = =
MultipartonInteractions:EcmRef [GeV] 7000 7000 T a6 E. {U . CPI ;
aSR (my) value/order 0.1365/LO 0.130/LO I k& S G ]
atSR (my ) value/order 0.1365/LO 0.130/LO &ML EN g
a¥®(my) value/order 0.130/LO 0.130/LO Toozfr =
aME(my) value/order 0.130/LO 0.130/LO AP - il i E
MultipartonInteractions:pTORef [GeV] 24 23
MultipartonInteractions:ecmPow 0.15 0.14
MultipartonInteractions:coreRadius 0.54 0.38
MultipartonInteractions:coreFraction 0.68 0.33 T T T P
ColorReconnection:range 2.63 2.32 10 20 30 40§ o
X*/dof 0.89 0.54 PGV
e .
TransMIN charged-particle density, /s = 13 TeV
%,_2:_'"'|""|""|""|""|l:
PYTHIA8 parameter CP3 CP4 GP5 < - b - IL:":';
PDF Set . NNPDF3.1 NLO NNPDF3.1 NNLO NNPDEF3.1 NNLO :3 IE _+::+_ —[_—'%
ag(my) 0.118 0.118 0.118 Z o8k +‘+‘ -
SpaceShower:rapidityOrder off off on i - . CP3 E
MultipartonInteractions:EcmRef [GeV] 7000 7000 7000 g [ 2 — CP4 ]
'R (m) value/order 0.118/NLO 0.118/NLO 0.118/NLO Fosfp ~—CP5 =
aER (1) value/order 0.118/NLO 0.118/NLO 0.118/NLO = j( —— CMS Data ]
aMP(m, ) value/order 0.118/NLO 0.118/NLO 0.118/NLO " g E
a¥E(m;) value/order 0.118/NLO 0.118/NLO 0.118/NLO of ]
MultipartonInteractions:pTORef [GeV] 1.52 1.48 141 = :‘3’
MultipartonInteractions:ecmPow 0.02 0.02 0.03 S 12 [
MultipartonInteractions:coreRadius 0.54 0.60 0.76 D :(‘) _ b
MultipartonInteractions:coreFraction 0.39 0.30 0.63 S ogE JE
ColorReconnection:range 4.73 5.61 5.18 (+%: 5 = U PUSITIG] [P ESIPHS (P TA KPS
x2/dof 0.76 0.80 1.04 10 20 30 40 ﬁt[cg;]
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https://link.springer.com/article/10.1140/epjc/s10052-019-7499-4

CMS Herwig(7) tunes

Eur. Phys. J. C 81, 312 (2021)

SoftTune CH1 CH2 CH3
as(mz) 0.1262 0.118 0.118 0.118
PS PDF set MMHT 2014 LO NNPDF3.1 NNLO NNPDF3.1 NNLO NNPDF3.1 NNLO
agF (mz) 0.135 0.118 0.118 0.118
MPI & PDF set MMHT 2014 LO NNPDF3.1 NNLO NNPDF3.1 LO NNPDF3.1 LO
remnants atPF (mz) 0.135 0.118 0.118 0.130
phin (GeV) 3.502 2.322 3.138 3.040
b 0.416 0.157 0.120 0.136
u? (GeV~32) 1.402 1.532 1.174 1.284
P 0.5 0.400 0.479 0.471
X2/ Nyor 12.8 6.75 1.54 1.71
TransMin charged-particle density /s = 13 TeV Transverse charged parhcle densnty f 13 TeV
z MM The predictions using the

(I/Nevents) dchh /dﬂ d(P
° o

0.4 I

0.2

0.8

0.6 ——

— CMS data

SoftTune .
——CH1
— CH2
- CH3

SuisE

tune CH2 or CH3 provide
a better description of the
data than those using CH1
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https://link.springer.com/article/10.1140/epjc/s10052-021-08949-5

DPS tunes Eur. Phys. J. C 76, 155 (2016)

PYTHIAS parameter Tuning range Tune 4C CDPSTPSS1-Wj CDPSTP8S2-Wj
PDF CTEQ6LI CTEQG6L1 CTEQGLI
MultipartonInteractions:pTORef [GeV] 1.0-3.0 2.085 2.085% 2.501
MultipartonInteractions:ecmPow 0.0-0.4 0.19 0.19* 0.179
MultipartonInteractions:expPow 0.4-10.0 20 1.523 1.120
ColourReconnection:range 0.0-9.0 1.5 1:5% 2.586
Multipartonlnteractions:ecmRef [GeV] - 1800 1800* 1800*

x2/dof = 2 0.118 0.09

Predicted ¢ (in mb) = 30.3 25.9%23 25.8+82

* Fixed at Tune 4C value
Normalized AS in pp— W+2j, /5 = 7 TeV Normalized AS in pp— 4j, /s = 7 TeV
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https://link.springer.com/article/10.1140/epjc/s10052-016-3988-x

Summary/Outlook

A range of LHC measurements to understand dynamic of UE
o Helped in improving the models
o Isthere any surprises in MPI trend at TeV scale?

DPS is measured in wide spectrum of the final state i.e. V + jets, 4 jets,
V +J/psi (Upsilon), WW
o Still need a consistent measurement to explore the scale
dependence of DPS.
o Jets processes can be an excellent choice but SPS definition is
highly model dependent.
Dedicate tuning efforts to improve MCs
o UE + MB, DPS, Color-Reconnection
o Energy scaling behaviour of intrinsic k. in DY

Thank you /4
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