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<# MPI> In Drell-Yan production at hadron colliders
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<# MPI> In Drell-Yan production at hadron colliders

Era of precision physics for the
primary hard scattering.

What’s the status on MP|
modelling”?




Option A: MPI as part of the MC toolkit
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MPI modelling in general purpose MCs in a nutshell

[Bierlich et al SciPost Phys. Codebases 8 (2022)] [Sjostrand and van Zijl PRD 36, 2019 (1987)] [Sjostrand and Skands JHEP 03 053 (2004)]

Standard 2 — 2 cross section

. Ll A
t dpJ_ l]kff fl(xlaQ )f](XZ:Q ) ( 8 )dxl dedt

ds  a?(Q%) ds  aZ(p?)
T T 32
t t 20 P,

divergent when p; — 0
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ds  a(p?) )a?(piﬁpi)
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dp?  p? (p7,+p7)?

with p LO(\/E) a free parameter
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MPI modelling in general purpose MCs in a nutshell

[Bierlich et al SciPost Phys. Codebases 8 (2022)] [Sjostrand, van Zijl PRD 36, 2019 (1987)] [Sjostrand, Skands JHEP 03 053 (2004)] [Corke, Sjostrand JHEP 1103 (2011)]

Standard 2 — 2 cross section

el t A
t//é dpJ- l]kff fl(pr )f](xsz ) ( S ) dx, dx, dt

Interactions occur independently (w/ momentum, flavour sum rules): Poisson stat
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+ some Impact-parameter distribution @

ith F—

Nno-scattering probability



MPI modelling in general purpose MCs in a nutshell

[Bierlich et al SciPost Phys. Codebases 8 (2022)] [Sjostrand and van Zijl PRD 36, 2019 (1987)] [Sjostrand and Skands JHEP 03 053 (2004)]

Multi-parton interactions are interleaved with the rest of the showering

compete for x

dp _ (dﬂé : i dPisr 3 dPFSR)

dp, dp, dp, dp,
P 1 max
. [ dPupr dPrsr dPFSR) /
X exp| — f ( | | dp’,
- w 2 ay Yy

Tuning parameters: p O(\/E) and transverse geometry profile




MPIl/underlying event tuning

[CMS Collab. EPJC 76 (2016) 3, 155]

Tevatron LHC-Run
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MPIl/underlying event tuning

IS It possible to describe MP]

with QFT tools?




Option B: double-parton scattering as QFT playground

[Paver, Treleani, Nuovo Cim. A70 (1982) 215] [Blok, Dokshitzer, Frankfurt, Strikman, PRD 83 (2011) 071501] [Diehl, Ostermeier and Schéafer (JHEP 1203 (2012)]

The double-parton scattering (DPS) cross section can be written as

AScp )

_ J'b Fik(xi, X, b) ® 8,']'_>Z8kl—>jets X Fjl(xj, X1, b)z @( Q4

22 Aaco 1/Q* 1/Q° AqcD

where we have introduced the double-parton density F(x,, x,, b)

Double parton scattering can be used
for proton tomography, i.e. extract
partonic correlations




Option B: double-parton scattering as QFT playground

To first approximation, double-parton density Is given by

Y

h=

F(x,,x,, b) zf(xa>f<xb>J G(s)G(b +s) P

X, &~ G = matter profile
This leads to the so-called pocket-formula \
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Option B: double-parton scattering as QFT playground

To first approximation, double-parton density Is given by

matter profile

This leads to the so-called pocket-formula

A B
A.B _ 9SPs Osps

Opbps —



Experimental extractions of o

[CMS Collab. Nature Phys. 19 (2023) 3, 338-350]

Ot DPS
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Classic experimental challenge in DPS

Signal (2HS) Background (1HS)

Same experimental signature: Z boson (2 leptons) + jets



lllustration: first LHC DPS measurement with W(— £v) + jj

[ATLAS Collab. New J.Phys. 15 (2013) 033038]

INntroduce a metric to characterise MPI-likelihood: A = | [5? + [5‘}2

Signal (2HS) Background (1HS)

—>J3 >J1,2
pT < pT

YT
Pt t D7 |



lllustration: first LHC DPS measurement with W+2-jets

[ATLAS Collab. New J.Phys. 15 (2013) 033038]
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Low 2HS purities require very good understanding of 1THS
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Avoid QCD radiation issue: same-sign W=W+

[CMS Collab. PRL 131 (2023) 091803]

Traditional gold-plated observable for MPI:

Signal (2HS)

q

g::

Background (1HS)

q W:Z




Avoid QCD radiation issue: same-sign W=W+

[CMS Collab. PRL 131 (2023) 091803]

Traditional gold-plated observable for MPI| sufters from background:

CMS 138 fb™' (13 TeV)
"UE) 600— —+ Data Nonprompt Charge misid. —
2 F Wz Wy I Vy =
L 500 —x B ZZ Rare Il DPS W"W* —
- Total unc. m
400 : : —
m etyt e & 4+ —11— _
300F- w W B u-u 5 wu = BDT
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100 : —
0 S
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L oF =
£ 45F :
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Just 6.2 statistical significance with full Run 2 dataset ®



Theory challenges in DPS: beyond pocket-formula

[Diehl, Ostermeier, Schafer JHEP 1203 (2012)], [Diehl, Gaunt, Schénwald JHEP 1706 (2017) 083]

=24:—
Jx, +xz) ( X, ) |

lim qu( X5 b) ~ a, P 2

8§—499

Perturbative interconnection, i.e. 1 — 2

xq+xc—]

Delicate interplay with loop corrections to 1THS: need to avoid double counting

Extend 1HS theory to 2HS: double PDFs, colour flow, sum rules, DGLAP

Substantial progress in describing 2HS with MC tools: dShower

[Cabouat, Gaunt, Ostrolenk JHEP 11 (2019) 061], [Cabouat, Gaunt JHEP 10 (2020) 012]



Theory challenges in DPS: beyond pocket-formula

Rest of this talk: present an

experimental strategy to optimally
disentangle 1THS from MPI




ldea: exploit Parisi-Petronzio lesson from 1979

[Parisi, Petronzio, NPB 154 (1979) 427-440] [RadISH: Monni, Re, Torrielli PRL 116, 242001, Monni, Rottoli, Torrielli PRL 124 (2020) 25, 252001]

We explore Drell-Yan events and study the p,, — 0 limit. Two concurring

mechanisms: 35 _
Leading jet pt vs ptZ s RaclyH NNLL .
30} '
k, I Z
25 |
3 20f
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ldea: exploit Parisi-Petronzio lesson from 1979

[Parisi, Petronzio, NPB 154 (1979) 427-440] [RadISH: Monni, Re, Torrielli PRL 116, 242001, Monni, Rottoli, Torrielli PRL 124 (2020) 25, 252001]

We explore Drell-Yan events and study the p,, — 0 limit. Two concurring
mechanisms:
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https://doi.org/10.1016/0550-3213(79)90040-3

ldea: exploit Parisi-Petronzio lesson from 1979

[Parisi, Petronzio, NPB 154 (1979) 427-440]
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[RadISH: Monni, Re, Torrielli PRL 116, 242001, Monni, Rottoli, Torrielli PRL 124 (2020) 25, 252001]

Leading jet pt vs ptZ

—— RadISH NNLL

pp-Z/y-uu, vs =13.6 TeVE
anti-k; R=0.7 i
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Peu>27 GeV, | <2.5
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https://doi.org/10.1016/0550-3213(79)90040-3

Key observation to suppress 1HS contribution

[RadISH: Monni, Re, Torrielli PRL 116, 242001, Monni, Rottoli, Torrielli PRL 124 (2020) 25, 252001] [MINNLO: Monni et al JHEP 05 (2020) 143]

By constraining p

35
—— MPI off, Pythia8+MINNLO
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we can forbid QCD radiation from 1HS above 2-3 GeV

35



What happens when switching on MPI?

[RadISH: Monni, Re, Torrielli PRL 116, 242001, Monni, Rottoli, Torrielli PRL 124 (2020) 25, 252001] [MINNLO: Monni et al JHEP 05 (2020) 143]
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Suggests we should study MPI with help of a tight cut on p



Did nobody think about this before?

[ATLAS Collab EPJC 74 (2014) 12, 3195] [Bansal et al. PRD 93 (2016) 5, 054019] [CMS Collab EPJC 83 (2023) 8, 722]

Simulations pp —Z +jets Vs =13TeV
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Underlying event study Enhanced MPI with p,, < 10 GeV



This study: establish what cut to use, explore new opportunities

35 e
We want balance between ; —— MPI on, Pythiag+MINNLO
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Corresponds to 12 million events in Run 3 at LHC



New observables: cumulative jet spectrum with p,, < C,

Average number of jets above py; i, Tor a given cut C,onp,,:

min

do..(p., < C,)
<n(ptj, min)>CZ — J dpt] : t

o(piz < Cz) dp,;

ptj,min
For small jet radii, R ,the total spectrum is a linear sum, i.e.:

n—HS
<n(ptj,min)>CZ Ril Z <n(sz,min)>lCZ= <n(pzj,min) lé/IZPI_Off + (n(ptj,min) 1%/[;)1‘0“
i



New observables: cumulative jet spectrum with p,, < 2 GeV

—— MPI off, Pythia8+MINNLO  PP>Z/y=HM, VS =13.6 TeV
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Less than 1 jet/event from the primary hard scattering @)



New observables: cumulative jet spectrum with p,, < 2 GeV

i pp—Z/y-uu, VS =13.6 TeV|=
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Around 10 jets/event from multi-parton interactions



New observables: cumulative jet spectrum with p,, < 2 GeV

Tight cut on p,, yields high-purity MP

samples. How can we exploit them?




Pure MPI cumulative jet spectrum withp,, < C,

We Iintroduce the pure MPI contribution to the inclusive jet spectrum

no—MPI
)¢,

<n(ptj, min) >pure = <n(pf] mln)>CZ B <n(pT_m:n

INn the pocket-formula approach this reduces to

A B
SAB OSpS OSPS
DPS —

- e )




Pure MPI cumulative jet spectrum with p,, < C,

We introduce the pure MPI contribution to the inclusive jet spectrum

MPI _ no—MPI

Py i), = P min)) e, — <n(pT_m:n) c

INn the pocket-tormula approach this reduces to

ure—MPI
<n(pt], min)>I():'Z =

Ocff




pure—MPI
)P

New observable: ratio of (n(ptj, with different p,, < C,

min

We propose to measure

ure—MPI
<n(ptj, min) >Il)5

1502 = “MPI
(M(Pyj,min))s

Pocket formula: 715, = 1 Pythia: 715, = 1



pure—MPI
)P

New observable: ratio of (n(ptj, with different p,, < C,

min

We propose to measure

ure—MPI
<n(ptj, min) >Il)5

F152 = VPl
(M(Pyj,min))s

Pocket formula: 715, = 1 Pythia: 715, = 1

Perturbative interconnection:

These splittings result in higher p,, = 15, > 1 ®



Probing deviations from the pocket-formula

[dShower: Cabouat, Gaunt, Ostrolenk JHEP 11 (2019) 061, Cabouat, Gaunt JHEP 10 (2020) 012]
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Ptj, min [GeV]

Can one see effect of perturbative interconnection in data”?



Assessing statistical significance of perturbative interconnection

Assume dShower size for signal.
Evaluate few assumptions for:

theory uncertainty on 1HS subtraction

)>pure —MPI _ )>no —_MPI

<n(ptj, min <n(pt] mln)>CZ <n(pt] min

+ their correlation for different C,,
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10 < x <15 GeV

anti-k; R=0.4

1HS theory assumption: 5% uncertalnty

1
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Assessing statistical significance of perturbative interconnection

THS Th.

Assume dShower size for signal.
Evaluate few assumptions for:

theory uncertainty on 1HS subtraction

no—MPI

—MPI _
Py min)e, = Py min))c, — SPy min))e,

+ their correlation for different C,,

Just barely feasible. Motivation for

NNLO (matched) Z+2j calculations
to reduce theory uncertainty

9/,

107

107,
| 20

(=MINNLO)

uncert. =9 1007 correlated

p=1.0, f,=0.05, f, =0.05

(rxp — 1)/Aryp2

(rx2 — 1)/Ary2

(rxp2 — 1)/Ary2

2

x =15 GeV
x =10 GeV

anti-k; R=0.4

10 < x < 15 GeV ]

A2L 9'ET = s A ‘Mirl<Ajz<dd ‘1amoysp

§'z>|"| ‘99 Lz <™d'N9D 9TT > "W > 99

35 40 45
Ptj, min [GeV]

p=1.0,f,=0.1,f=0.1

x =15 GeV
x=10 GeV

10 <x <15 GeV]

sp TAjzedd ‘1amoysp

Gz>|"| ‘AeD Lz <™d'AeD 9TT > ""w > 99
AL 9ET

35 40 45
ptj,min [GEV]

p=1.0,f=0.1,f=0.2

[ x=15 GeV
x =10 GeV

10 <x <15 GeV ]

TiCAlzedd amoysp

Gz> "] 'ASD LT <™d'N9D 9TT > "w > 99
NLIET=5A

0 35
Ptj, min [GeV]

(rx2 — 1)/Arxp2

)]
T

(rx2 — 1)/Ary2

(rx/2 - 1)/Arx/2

507, correlated

p=0.5,f=0.05,f,=0.05

H
T

x =15 GeV
x =10 GeV

10 <x <15 GeV ]

anti-k; R=0.4 ]

Gz> "] ‘A99 Lz <™d'A9D 9TT > "w > 99

35 40 45
Ptj, min [GeV]

p=0.5,f=0.1,1f=0.1

(S,]

IS
T

w

x =15 GeV
x =10 GeV
10 <x <15 GeV]

sh TeAjzedd ‘1omousp

Gz>|"| ‘AeD Lz <™d'NeD 9TT > "w > 99
AOL9ET ‘

25

30 35 40 45 50 55
ptj, min [GEV]

p=0.5,f=0.1,f=02

60

e (8] (o))
T — T

w

0 x=15GeV
x =10 GeV
10 <x <15 GeV

Gz> "] 'ASD Lz <™d'N9D 9TT > "W > 99

40 45
Ptj, min [GeV]

s A ‘fifeA/z<dd ‘Jamoysp

A3L9ET

s A ‘MifeAjzdd ‘1amoysp

ASL9ET

uncorrelated

0=0.0, ,=0.05, f,=0.05

7 oo
[ i x =15 GeV ?5@
[ x=10 GeV
6F H s
3 10<x<15GeV {3
[ 128
7 SV WV SN S SIS S S S i
L ] 3%
Q L 1vy
X . 1
3 a4 anti-k; R=0.4 1oz
~ . 4 zo
a0 s
[ o
N A
a3 3 L N
5( [ w
2f
1f ]
L 1 1 1 1 1 1 1 ]
20 25 30 35 40 45 50 55 60
Ptj, min [GeV]
p=0.0,f,=0.1,f=0.1
7 oa
mm x =15 GeV 13
x =10 GeV 35
6r 10 <x<15GeV] =3
s
Y e E L P PP P o
.
X N
3 4f anti-k; R=0.4 195
= <o
— =
I ==
o 3 ---------------------------------- -1~
< &
P IS S T T S T S N S T S

ol

40

20 25 30 35 45 50 55 60
Ptj, min [GeV]
p=0.0,f=01A=0.2
7
[ 1 x=15 GeV
r x =10 GeV
6; 10<x<15GeV 7,
L e B e PR -
o
S [ )
< 4+ anti-k; R=0.4
= ]
1_F 1
T -
[ ]

30 35 40 45 50 55

Ptj, min [GeV]

60



Assessing statistical significance of perturbative interconnection

Can we go beyond 2HS?




Final topic: seeing 3HS via azimuthal correlations

[Previous studies of 3HS: CMS Collab. Nature Phys. 19 (2023) 3, 338-350, D’Enterria, Snigirev PRL 118 (2017) 12, 122001]

Measure A¢ between leading jets using a tight cut on p,,

Signal (3HS) Background (2HS)
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Final topic: seeing 3HS via azimuthal correlations

Pythia 8.306

spdd

BEE 1HS [HS; =HSj, = HSZ]
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Clear signal of 3HS in terms of a plateau for all values of A



Conclusions

Study of Drell-Yan events with tight cut on p,, opens door to new MPI studies

Perturbative

ngh purity 2HS samples 3HS (and potentlally 4HS)
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Potential for significant impact on conceptual and

quantitative understanding of multi-parton interactions



