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Triple Differential Measurement of Dijet

e Multidifferential cross section measurement
with LHC data unfolded for detector effects
EPJC 77 (2017) 746, EPJC 85 (2025) 72

(pr) « Energy scale of hard collision
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Triple Differential Measurement of Dijet
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e Multidifferential cross section measurement
with LHC data unfolded for detector effects
EPJC 77 (2017) 746, EPJC 85 (2025) 72
(pr) « Energy scale of hard collision

1 .
Vb = §|yJet1 +yjet2| — X1, X2
y* = Z|y¥t — yI*2| « Flavour contributions

— Tuned for tests and interpretations of
perturbative modelling, i.e. PDFs
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Triple Differential Measurement of Z+Jet

e Multidifferential cross section measurement
with LHC data unfolded for detector effects
EPJC 77 (2017) 746, EPJC 85 (2025) 72

p% < Energy scale of hard collision
Yo = 3ly? + Y|« x1, x0

y* = 2|y — y**| « Flavour contributions

— Tuned for tests and interpretations of
perturbative modelling, i.e. PDFs

e Add complementary sensitivity with additional
u final states
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Non-perturbative Contributions to Dijet
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e Estimation of non-perturbative (NP) effects

— Additional precision limitations for

perturbative interpretation o

e NP correction factor
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Non-perturbative Contributions to Dijet

e Estimation of non-perturbative (NP) effects 337 antie — Herwig7 N0
E3 R=0.4 = Herwig7 LO
— Additional precision limitations for ©as] — ¥'=0500<y,205(+2.0

— y"<05,05<y,=1.0 (+1.5)

perturbative interpretation a0l )7 05,10<y,=15 (+1.0)
y*=05,1.5<y,=2.0 (+0.5)
e NP correction factor 351 yEon R0 ERa 00
c ME + PS + Had + MPI
NP = ]
ME + PS *
2.01

e Diminish towards high (pr)
e Independent of perturbative order in QCD 2
e No significant y, dependence 109

50 100 200 500 1000 2000
<pr>1,2/GeV
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Non-perturbative Contributions to Dijet

e Estimation of non-perturbative (NP) effects ¥ **] an — e o
3 =0. -+ Herwig
— Additional precision limitations for ©as — 00<y" 505,05 (+20)
. . ) — 05<y"=1.0,y,=<0.5 (+1.5)
perturbative interpretation 201 — 1.0<y’ S15,y,=0.5 (+1.0)
— 1.5<y’ =2.0,y,=0.5 (+0.5)
e NP correction factor 334 TR ERsesns o0
c ME + PS + Had + MPI
NP = ]
ME + PS *?
2.01
e Diminish towards high (pr)
e Independent of perturbative order in QCD 17
e No significant y, dependence 10
e No Significant y* dependence 50 100 200 500 1000 2000

<pr>1,2/GeV

08.04.25 Georg-August-Universitat Gottingen



GEIORG'AUGUST’UNIVERSITAT
GOTTINGEN

Karlsruhe Institute of Technology

Non-perturbative Contributions to Z+Jet

e Estimation of non-perturbative (NP) effects ¥ **] anixa — o7 0
L jiny " Herwia
— Additional precision limitations for ©as  ¥1505,00<y,205 (+20)
. X . — y'=05,05<y,=<1.0(+1.5)
perturbative interpretation 401 — y'=05,10<y,=15(+1.0)
y'=0.5,1.5<y,=<2.0(+0.5)
e NP correction factor 35 Y on ez ne
¢ ME + PS + Had + MPI B b
NP = .
ME + PS *
o ) > 20
e Diminish towards high ps
15
e No significant y, dependence 107
56 160 260 560 ldOU
p%/GeV
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Non-perturbative Contributions to Z+Jet

e Estimation of non-perturbative (NP) effects

— Additional precision limitations for
perturbative interpretation

e NP correction factor

~ ME+PS+H

ad + MPI

Cnp =
NP MEJr

e Diminish towards high p%

PS

e No significant y, dependence

e Increase towards high y
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Anti-kt — Herwig7 NLO
=0.4 -+ Herwig7 LO
— 0.0<y'=05,y,=0.5 (+2.0)
— 0.5<y"=1.0,y,=<0.5 (+1.5)
— 1.0<y'=1.5,y,=0.5(+1.0)
— 15<y’=2.0,y,=0.5 (+0.5)
— 2.0<y'=25,y,=0.5 (+0.0)
——
e
50 100 200 500 1000
p%/GeV



)

GEIORG'AUGUST’UNIVERSITAT
GOTTINGEN

CIT

Karlsruhe Institute of Technology

08.04.25

e Estimation of non-perturbative (NP) effects

— Additional precision limitations for
perturbative interpretation

e NP correction factor

o _ ME £ PS { Had + MPI
NP ME + PS

Diminish towards high p%

Decrease at higher perturbative order
No significant y, dependence
Increase towards high y*
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Non-perturbative Contributions to Z+Jet

Anti-kt
=04

— Sherpa Merged
== Sherpa NLO
—- Sherpa LO

— 0.0<y"
— 05<y"
— Lo<y’
— 15<y’
— 20<y"

=<0.5, yp=0.5 (+2.0)
<1.0, y,=0.5 (+1.5)
<15, y,=<0.5 (+1.0)
=2.0,yp=0.5(+0.5)
=2.5, y5,=<0.5 (+0.0)
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Hadronization Effects in Z+4Jet

e Estimate influence by Hadronization with T 507 antikt — Herwig7 NLO
® R=0.4 =+ Herwig7 LO
G as — y"=0.5,0.0<y,<0.5 (+2.0)
ME + PS + Had — ¥"=05,05<y,<1.0(+1.5)
CH d= 201 — ¥y =05,1.0<y, <15 (+1.0)
a ME + PS y"=0.5,1.5<y,=2.0 (+0.5)
351 Yy =0.5,2.0<y,=2.5 (+0.0)
e Diminish towards high pZ "
e Decrease towards low p%, expected due to
out-of-cone effects i
e No significant y, dependence 20
L5 2
1.0 g
50 160 260 560 10b0

p#/GeV
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Hadronization Effects in Z+4Jet

e Estimate influence by Hadronization with T 507 antikt — Herwig7 NLO
® R=0.4 =+ Herwig7 LO
G as — 0.0<y" =0.5,y,<0.5 (+2.0)
ME + PS + Had — 05<y"=10,y,<05 (+1.5)
CH d= 201 — 1.0<y"=15,y,<0.5 (+1.0)
a ME + PS — 1.5<y’=2.0,y,<0.5 (+0.5)
351 — 2.0<y'=25,y,=0.5(+0.0)
e Diminish towards high pZ "
e Decrease towards low p%, expected due to
2.5

out-of-cone effects
No significant y, dependence 201
No significant y* dependence

15
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Underlying Event (UE) Effects in Z+Jet

e Estimate influence by MPI with

ME + PS + MPI
ME + PS

Cmpr =

e Diminish towards high pZ

e Increase towards low p7Z-, expected due to
MPI partons migrating into jets

e No significant y, dependence
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Cupr + X

5.04

4.54

4.04

3.51

3.0

25

2.0

15

1.0

Anti-kt
=04

— Herwig7 NLO
- Herwig? LO
— y"=05,00<y,=0.5 (+2.0)
— y'505,05<y,=1.0 (+1.5)
— y"=05,1.0<y,=15 (+1.0)
y'=0.5,1.5<y,=2.0 (+0.5)
y'=0.5,2.0<y,=2.5(+0.0)

100

200 500 1000
p%/GeV



GEIORG'AUGUST’UNIVERSITAT
GOTTINGEN

CIT

Karlsruhe Institute of Technology

08.04.25

Underlying Event (UE) Effects in Z+Jet

e Estimate influence by MPI with
Cor ME + PS + MPI
MPL™ T ME + PS

e Diminish towards high pZ

e Increase towards low p7Z-, expected due to
MPI partons migrating into jets

e No significant y, dependence

e Decrease at higher perturbative order

e Increase towards high y*

— Origin of observed trends in UE modelling
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A Deeper Look into the UE in Z+Jet

e Measure activity, e.g. Ncp, Z,N:Chl psh,

in “Rick-Field-style" analysis
e Towards: Leading hard object
o Away: Hard hadronic recoil
e Transverse: Soft UE contributions
— Important input for tuning of UE models

Towards
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A Deeper Look into the UE in Z+Jet

pp - Z+X - pu+X 2.1 b (13 TeV)
E —e— Data CMS
R ™ JHEP 2018 32 (2018)
POWHEG + HERWIG++

<M,, (Gev) <101

E Charged particles

(p, > 0.5 GeV, n| <2, transverse)

>

e Measure activity, e.g. Nep, 3_ ot pSh,
in “Rick-Field-style” analysis
e Towards: Leading hard object
e Away: Hard hadronic recoil
e Transverse: Soft UE contributions

!\’T!*’

1/[An£(Acp)] O=p_ (0GeV/rad]

— Important input for tuning of UE models «,Oi%
e Most recent analyses by ATLAS epic79666(2019) é, p—
and CMS Juep 201832 (2018) with /s = 13 TeV s 1121;
low-pileup data éggé S
e Single differential in p# g4
— What to expect differentially in y* (yp)? Q oSk rewany
20 40 60 80 100
p[Gev]

08.04.25 Georg-August-Universitat Gottingen


https://doi.org/10.1140/epjc/s10052-019-7162-0
https://doi.org/10.1007/JHEP07(2018)032
https://doi.org/10.1007/JHEP07(2018)032

€)

GEIORG'AUGUST'UNIVERSITAT
GOTTINGEN

Karlsruhe Institute of Technology

08.04.25

UE Activity in the Transverse Region

Spshr/Gev

Herwig7 LO ) N
10 ch ~ch
Transverse — 0.0<y"=0.5,00<y,<0.5 e Showmg Zi:l P, same for NCh
Anti-kt — 0.0<y =0.5,05<y,=<1.0 . .
L] R=04 T oomrzostooners | @ Nosignificant y, dependence
00<y"=0.5,15<y,=2.0
0.0<y =0.5,20<y,=<25
6
41
24 \_f”_,_
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UE Activity in the Transverse Region

Herwig7 LO . N. h
10 ch C
E Transverse — 0.0<y"=05,00<y,<0.5 b Showmg Zi:l pT » Same fOf NCh
E::] YA Chuiao=s] e Nosignificant yj, dependence
8l — 10<y’=1500<y=
T 1Sy =2000<=03 | ¢ |ncrease towards high y*
6l
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p%/GeV
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UE Activity in the Transverse Region

E ° Stjl?:;;ierse — 0.0<y"=0.5,0.0<y,<0.5 b ShOWIng ZII\I:CP;I. pslz—h’ same for NCh
E::] | RZ0% T huia=e| e Nosignificant yj, dependence
T 15y7s2000<0205 | o |ncrease towards high y*
67 e Slight differences in shape and yields,

but consistent trends when switching

2 & MPI model
\_//
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UE Activity in the Transverse Region

Sherpa Merged

,_.
o
[}

Showing Z,N_Chl p%h, same for Ny

E Transverse — 0.0<y"=<05,00<y,<0.5 =

E\ Anti-kt — 0.5<y"=1.0,0.0<y,=<0.5 . .

& o] Reo0d T roeretsooenecs | @ Nosignificant y, dependence
T 15y7s2000<0205 | o |ncrease towards high y*

o
|
[ ]

Slight differences in shape and yields,
but consistent trends when switching

4 -‘EQZ\QQ MPI model

Slight dependence on perturbative order

|

5 10 20 50 100
p#/GeV
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UE Activity? in the Transverse Region

Herwig7 NLO ME+PS N.
10 : } ch ch
> [ ] .
8 Transverse — 0.0<y"=05,00<y,s05 Showmg i=1 P7» same for NCh
E\ Anti-kt — 0.0<y =0.5,05<y,=<1.0
IE g| R=04 . 0.0<y =05 1.0<y,<15
00<y"=0.5,15<y,=2.0
0.0<y =0.5,20<y,=<25
6
41
2
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UE Activity? in the Transverse Region

Herwig7 NLO ME+PS+Had

Transverse — 0.0<y"=05,00<y,<0.5
Anti-kt — 0.0<y =0.5,05<y,=<1.0
R=0.4 . 0.0<y" =05 1.0<y,s15

00<y"=0.5,15<y,=2.0
00<y =0.5,20<y,<25

e —

T T T

10 20 50 100
p%/GeV
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UE Activity? in the Transverse Region

Herwig7 NLO ME+PS-+Had-+MPI . N
10 ch ~ch
E Transverse — 0.0<y"=0.5,00<y,<0.5 e Showmg Zi:l pr, same for NCh
E\ Anti-kt — 0.0<y =0.5,05<y,=<1.0 . . .
5 o] Reos T rercosrece=">| e MPI (and Hadronization) introduce
00y’ =05, 15 <y, 520 additional activity
0.0<y =0.5,20<y,=<25
64
4]
2 \//
0 ™ ™ ™
5 10 20 50 100

p%/GeV
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UE Activity? in the Transverse Region

Merged ME+PS
E ° St:::‘svirseJr — 0.0<y"=0.5,00<y,=<0.5 b ShOWIng ZII\I:C};I. pslz—h’ same for NCh
E::] | RZ0% ERPObbe b boll I MPI (and Hadronization) introduce
— 15<y7520,00<y,505 additional activity
6l e Some trend in y* already visible at
parton shower level
o]

5 10 20 50 100
p#/GeV
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UE Activity? in the Transverse Region

Sherpa Merged ME+PS-+Had i N.
10 ch ch
E Transverse — 0.0<y"=<05,00<y,<0.5 ® Showmg Zi:l pT » Same for Nch
E\ Anti-kt — 0.5<y"=1.0,0.0<y,=<0.5 . - .
5 o] Reos T iveee=r| e MPI (and Hadronization) introduce
— 15<y'520,00<y,505 additional activity
61 e Some trend in y* already visible at
parton shower level but enhanced by
41 Hadronization
2]
5 10 20 50 100
p#/GeV
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UE Activity? in the Transverse Region

Sherpa Merged ME+PS-+Had-+MPI . N.

10 ch ~ch

E Transverse — 0.0<y"=0.5,00<y,<0.5 e Showmg Zi:l pr, same for NCh

E\ Anti-kt — 0.5<y"=1.0,0.0<y,=<0.5 . . .

5 o] Reos T iveee=r| e MPI (and Hadronization) introduce
— 15<y'520,00<y,505 additional activity

e Some trend in y* already visible at
parton shower level but enhanced by

a -% Hadronization and MPI models

5 10 20 50 100
p#/GeV
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Conclusions
e Something surprising and special is o 10 ASTWIG7NLO MEFPS ! Had tIPY
. . . . [} — 0. *<0.5,0. =0.
happening in the soft (NP) region in & | Transverse T e,
Z-+jet production EE o) R=04 — 10<y"=1500<y,505

. — 1.5<y"=<2.0,0.0<y,=<0.5
e Shows some perturbative dependence

o Originates in the PS but gets 6
enhanced in MPI modelling

Consistent trends between different a4 /\’\—/\/\
models, but some differences ﬁ

e There exists no directly sensitive data

— Measure dependency of Z+jet 0 : , - 4
production on y* in the soft regime pE/Gev
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Derivation of NP-Correction Factors

d®c  _ New(AX.Ayp,Ay*)

[}
dX dyb dy* NefF,tot
with Nefr s = Zies w; for all events i in phase space S

Oincl

PO
g . .
o CfY = —MELESHMEL for an MC generation at perturbative order PO
ME+PS

e Fit f(x) = a-In(x/GeV)? + ¢ to smoothen statistical fluctuations
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UE Analysis Object Definitions and Selections

o Jet e Charged Final State Particles
o Anti-kt with R=0.4 o |n| <24
o |n| <24 e pr > 500 MeV
o ptl > 25GeV
o AR(p, jet) =

V(e — 8 + (e — 1) > 03
e Dimuon (Z)
o pif>125
o | <24
e mz —20GeV < my+y,- <
mz + 20 GeV
® 5GeV < p£ < 100 GeV
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