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VBS is a fundamental probe to understand the electroweak symmetry breaking mechanism

— The presence of the Higgs field regularizes the VBS cross-section by canceling exactly the E?
behaviour of bosonic-only processes.

— A delicate equilibrium: if Higgs boson not SM one (), energy-growth of V V|, — V V, cross
section hint of new physics

[Denner, Hahn, 1997] . A. Denner et al.
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Outline

Ongoing activities from ATLAS and

(
v | CMS on semileptonic VBS
signatures
v — VBS W2V — lvjj
7 7 — VBS 72V — lljj

Instead of focusing on the specific analysis strategies, the current
limitations as well as possible future developments will be discussed

— Modelling of the VBS signal
— Modelling of the dominant background sources
— Semileptonic VBS in a global view
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Vector Boson Scattering at the LHC

Vector Boson Scattering (VBS) pivotal measurements in the ATLAS/ CMS EW landscape.
— First interesting results with 35.9 fb™! from the LHC Run-Il (2016)

— Increasing interest in VBS analyses with complex final states at the LHC thanks to the full
Run-Il luminosity (138 fb1)

Vs L Process Article Comments M
CM S 137/ Ew wE Wijj(zlzujj) PhysLettB809(2020) Run Il: » 50 W
I 137/~ EW W:thj(3lvjj) PhysLettB809(2020)135710 Run II: 6.8 Vv JJ‘IJ
137/~ EW ZZjj(4ljj) PhysLettB812(2021)135992 Run II: 4o q
13TeV 137/ EW Z~jj(Ujj) PhysRevD.104.072001 Run ll: »50 V L\/\(
138 fh—1 EW W ~iitl~ii) PhysRevDi08(2022)032017 Runll-60o | v - ﬁ
138 fb—" EW WE Vjj(lwjiij) PhysLettB834(2022)137438 | Run II: 4utyo 9
138 fB_ . TWWEWT 1112121/1/) PhysLettB841(2023)137495 Run'll:5.60
138/~ | EWWEWEjj(rl2vjj) CMS-PAS-SMP-22-008 Run Il: 270 9
NG C Process Article Comments
p) 1wofb~? EW Z(vvj)) JHEP06(2023)082 Run II: 3.20
1wofb~? EW Z(ll~jj) PhysLettB846(2023)138222 Run IIl: »50 Q g
T LAS 139fb~" EW ZZjj(al + 2[2vjj) NaturePhysics19(2023)237 Run lI: 570 F I rSt LH C eV|d ence
— EW ZZjj(4ljj HEP - 1 1
EXPERTMENT wrey | PP s R of a semileptonic
139 fb EW W=W=jj(2l2vj)) JHEP04(2024)026 Run II: »50
140 fb~1 EW W W jj(epvvjj) JHEP07(2024)254 Run II: 710 VBS process.
140 fb—1 Ew wt Yjj(lvjj) CERN-EP-2024-048 Run Il: »50
140 fo~" EW WEZjj(3lujj) JHEPO6(2024)192 Run II: 50
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CMS Semileptonic VBS W*V — LVjj physLettBg34(2022)137438

First LHC evidence of a semileptonic VBS process. Final

state with 4 jets, one charged lepton + MET. Search for
WYV VBS where the W+ — lxvl and V(W=/Z) — qq
- Resolved regime: Four R = 0.4 jets resolved in AR
- Boosted regime: Two R = 0.4 and one R = 0.8 jets
for boosted decays of the V-boson

Backgrounds

- — data driven based
corrections needed to simulations

-  QCD induced diboson and triboson production

- Drell Yan + jets

- Semileptonic tt and single top

- Non-prompt mainly from QCD-multijet, data driven
estimate

pew = 0.85 £ 0.12(stat) T (syst) = 0.8579 %

Simultaneous fit
of 12 regions

pEwqcp = 0.97 + 0.06(stat) %1 (syst) = 0.977929
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https://www.sciencedirect.com/science/article/pii/S037026932200572X?via%3Dihub

CMS Semi-leptonic VBS W*V — LVjj physLettBg34(2022)137438

Three different measurements from the same data

CMS 138 fb™! (13 TeV)
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VBS W*V — lvjj - Limitations statistics

AN

dN / dDNN

Uncertainty source Alpw
Statistical 0.12
Limited sample size 0.10
Normalization of backgrounds 0.08
Experimental
b-tagging 0.05
Jet energy scale and resolution  0.04
Integrated luminosity 0.01
Lepton identification 0.01
Boosted V boson identification  0.01
Total 0.06
Theory
Signal modeling 0.09
Background modeling 0.08
Total {512
Total 0.22

Data/Expected

VBS EW WV sensitivity enhanced with DNN
models

Limited data and Monte Carlo in tails of DNN
spectra lead to important uncertainties

— These uncertainties will scale with the

increasing integrated luminosity (e.g. LHC Run-Ill or
HL-LHC)

CcMS L=138fb" (13 TeV) CMS L=138fb" (13 TeV)
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VBS W*V — lvjj - Limitations signal uncertainties I./MLX

*endorsed result from CMS-TS-2024-002

g{n:??ahllty source AOu ]].:f‘ZN CMS Work in progress s = 13 TeV, L = 41.5/fb
atistica . % P osm | UES JER  AKS scale
Limited sample size 0.10 ? [ AKBres. [AKBmassres. T biagSF
Normalization of backgrounds 0.08 L  JetPUID MET [
Experimental e I

b-tagging 0.05 .

Jet energy scale and resolution  0.04 - 1_.—_;_.—_;_.—_.;_;_;_.'_.'_.—_;

Integrated luminosity 0.01 !

Lepton identification 0.01 :

Boosted V boson identification  0.01 : , ,

Total 0.06 0 500 - 1000 1500 2000 2500 3000
Theory - : Mo

Signal modeling 0.09 T.heory uncertainties dominant both on VBS EW

Background modeling 0.08 signal and on backgrounds

Hotal 012 | — VBS WYV signal simulated at LO in QCD
Total 0.22 (MadGraph v2.6.5): large dependence on [/

— No improvement with luminosity
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https://cds.cern.ch/record/2887923?ln=en

VBS W*V — lvjj - Limitations signal modelling

Laboratoire

LO signal modelling sensitive to process definition: 2—4 + NWA used for public result or inclusive
2—6. Large shape and normalization disagreement observed in SRs between the two generations:
2—6 cross-section ~15% smaller compatible with the observed signal strength of 0.85 using the

2—4 sample
B 26 VBS EW sample
B 2-4 vBS EW sample

CMS Work in progress

*endorsed result from CMS-TS5-2024-002

CMS Work in progress

CMS Work in progress

CMS Work in progress
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https://cds.cern.ch/record/2887923?ln=en

VBS W*V — lvjj - Limitations signal modelling

Laboratoire

Origin of the disagreement: dynamical computation of hard scattering scale
differs between 2—6 and 2—4, covered by | H.

Leprince-Ringuet @ wems

CMS simulation work in progress

60.0 fo™! (13 TeV)

CMS simulation work in progress ~ 60.0 fb™' (13 TeV)

20 November 2024

Fixing the hard scattering scale §4so§ —— L suermany, -1z émi o
to a constant value (m,, ~ 91 T | DiEmieeciomome) 0 F [ usomsaeronen
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VBS W*V — lvjj - Limitations background modelling

VBS W=V — lvjj present an harsh multijet background.

Laboratoire
Leprince-Ringuet @ wems

Each bin has a freely floating normalization parameter

CMS Work in progress

L =59.7/tb (13 TeV)

CMS Work in progress

L =59.7/ib (13 TeV)

Main source from W+jets production S of L, momT T 1E OF e ey
‘% 105% -:égstzg;:?:;k[zzs] +‘|I)\:;[':1[5277;7 2 7; 5 1072 -lsgs[séigﬂcklzoasj +;v;ae[:s:}:;j§f)f ! j:
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yé:"‘——w = 3 b 3
up to 4 partons LO@QCD. NLO W+lJets (up to 2 partons M- — . Emﬁ g 2
at NLO@QCD) brings no improvement (except in Anl) + 3 1 “F E
. . . F LS 1
larger stat. uncertainty due to negative weights 5 0 : — g 10t .
% 051 T**_H = g 0_5‘ n T ***w+**++h
— Data-driven correction to the W+Jets LO sample in Wipie ¥ meroosn
CMS Work in progress L =137/fb (13 TeV) CMS Work in progress L =137/fb (13 TeV)
both boosted and resolved categories: measure W+jets R N IS ek e T e T
® 10° VBF-V + Vy Non-prompt i (e E VBF-V + Vy Non-prompt
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CMS Semileptonic VBS ZV — 212j

|_, L
Run- II ongoing Run-Il published

While the VBS WYV analysis is published, CMS is
also studying the VBS ZV counterpart with full
Run-Il luminosity. A preliminary result with 35.9

fb! is public with focus on aQGCs.

391" (13 Tev) CMS 35.9 b7 (13 TeV)
ﬂ ” ; 10* E T T T T T T T 3
€ 10°F —— Observed V +jets E E
g - 8 o { Observed [ v+ets
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[0} E
o 10} -

VBS-ZV and VBS-WYV present a very similar
topology and face the same problems regarding
background and signal modelling
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https://www.sciencedirect.com/science/article/pii/S0370269319307075?via%3Dihub

CMS Semileptonic VBS ZV — 212j

—

2 Leptons
Opposite charge

!

2 VBS jets
Anjj>25
M;j > 500 GeV
Py > 50

]

+1 Large Jet +2 Small Jets
Boosted Resolved
offshelt| V hadronic | on-shelt offshett| 'V hadronic | on-shell
mass mass
yes no
- ee/pp ll ee/pp _l
DY+jets CR Top CR DY+jets CR ZVSR Top CR
Obrjets ) Obrjets )
>0b-jets ) >0 bejets

LU X

Laboratoire I
Leprince-Ringuet @

Similar analysis with respect to VBS WYV Final
state with 4 jets, 2 charged leptons

- Resolved regime: Four R = 0.4 jets resolved in AR
- Boosted regime: Two R =0.4 and one R = 0.8 jets
for boosted decays of the V-boson

Backgrounds

— data driven
based corrections needed to simulations
- QCD induced diboson and triboson production
- Semileptonic tt and single top — normalization
floating in top enriched control regions

*endorsed result from A. Hakimi

"

O(azy,ag) DY+jets

VERY PRELIMINARY BOOSTED | RESOLVED | Combined
0.71 1.12 1.28
0.84 0.84 1.12
1.02 {F35 1.8
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https://theses.hal.science/tel-04106669v1

VBS ZV — 212j - Limitations background modelling

Laboratoire i
Leprince-Ringuet @

VBS ZV — 2ljj present an harsh multijet background. Main source from CHS il

inprogress L =59.74 fb! (13 TeV)

o 107 T T T T T
Z+jets production ok e e 1
. . 10°E 4 pata s 3
— Z+Jets MC: Madgraph+Pythia8 samples, HT binned up to 4 partons " e E
LO@QCD. Data-driven correction in bins of pTZ and subleading VBS jet p_ ﬁ: .
from a dedicated control region included in the global fit 1°ﬂ_
1 E
ratio MC/data : 10-‘% 7
- 104’L 1 1 1 1 1 L.
g 15
S ST e e
.“ % '_._:_._“_‘—0—:_,— m
\; 8 % 5 10 D
ﬁ Z+jets resolved bins U)
o CMS Work in progress L = 59.74/fb (13 TeV) 2
= (al 2 e | e S
< :>j 106? DY [Jves E M
= = 10 [ 1| &
Efin e o :
2D wg T = .
% o — 102%— H_"“"-—‘:;
10k 3
-~ N E
w8 3
- 10»2 1 1 | [l 1
500 600 700 §‘ .1 R
E 05
ZpT *endorsed result from A. Hakimi ° s 10

Z+jets resolved bins
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VBS ZV — 212j - Limitations background modelling

Laboratoire i
Leprince-Ringuet @

VBS ZV — 2ljj present an harsh multijet background. Main source from . CMS worinpogress L=59.7417 (13 TeV)
Z+jets production 2 CE o Dlee 1
. . 3 —+— Data st ]
— Z+Jets MC: Madgraph+Pythia8 samples, HT binned up to 4 partons bl 7
. . . . . . 10— === =
LO@QCD. Data-driven correction in bins of pTZ and subleading VBS jet p.. : =
10 3
from a dedicated control region included in the global fit 8 7
ratio MC/data : e E
N 10.2_. T R R [ A
g 15
E % 051 E ' g
ﬁ 1 ’ ) ) Z+]e(ssboosted bin: o
o CMS Work in progress L = 59.74/fb (13 TeV) ﬂ
. 2 E T T T T = m
v-c & g r top others h
4] o 104; bY [Jves 3 Q—
% EQ‘ 103%_ [ syst. _%
=R . .
ZIN :
7p) o p— 10;— =
) B
> e E
107 B8 =
L, 107 " .
,§ 15 ; : : f
500 600 700 b 1 A ¢
% 0.5
ZpT *endorsed result from A. Hakimi ° L 2 8 4 5 8

Z+jets bins boosted
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LU X

Laboratoire ™
Leprince-Ringuet @

VBS ZV — 212j - Limitations background modelling

As for VBS-WYV, multiple DNN models in boosted /

CMS Work in progress L =59.74 fi B O O Ste d rk in progress L =59.74 b (13 TeV)
E T

£ of w W P "2 resolved regions are used to extract the VBS-ZV
S o - - :
‘g e IR S e # signa[
w 104? o % .
e e — Measurement dominated by ,
11ooﬁ£ wrﬁj; DY-correction, background and signal modelling
1 ‘ ’ ‘ ‘ ! ‘ l ’ ‘ (QCDscales DY, QCD-VV, VBF-V).

10" 107" . .
g _ rge b — Room for improvement with LHC Run Il and more
g et e PR accurate theory predictions

CMS Work in progress L =59.74 fb ReSOlved rk in progress L = 59.74 fb™! (::N'F:s/u)t Source Uncertainty
'.g 104§_‘ top‘ ‘ ' ‘olhers ‘ o ‘ ‘ others ‘ o ‘ i N -
PR s 3 F o [ Jiee Statistical +0.417 -0.410
:>j § —4— Data l:lsysl. L%’ 10° E| i )
10 ; I - Z+jets correction +0.327 -0.312
"’%_+ 10 Theoretical +0.272 -0.243
1 1

o o Simulation statistics | +0.174 -0.164
< 102 2 102 EXperimenta| +0.199 -0.154
LT e I Total +0.652 - 0.612

0 0.2 0.4 0.6 O.BDNN ou‘pu: 0 0.2 0.4 0.6 0. SDNN Qmpu:

*endorsed result from A. Hakimi
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ATLAS Semileptonic VBS VV physrevD.100.032007

Laboratoire = retes
Leprince-Ringuet @ wears

ATLAS has only one semileptonic public result with limited Run Il dataset (35.5 fb™!). Full Run Il analysis is
ongoing. Simultaneous measurement of WW/WZ/ZZ VBS where one vector boson decays hadronically

r ¥ & [ ¢ ¢ & & & & ] & & T 7 & 7T %]
. | ATLAS Vs=13 TeV, 35.5 fb™!, Observed _|
0-lepton R — ZZ-w2j — ot Tot. ( Stat. Syst.)
o — Stat.
0.83 065 .
VjiCR Ziepion|— b—e—t  1.97*0% (1050 7083 As CMS analysis, boosted and resolved
SR WAV S Wi Sy 033708 (1025 +047) regimes analyzed, BDT used to extract the
l-lepton  WCR signal in each regime
TopCR | et 247718 (2080 113)
2-lept0n SR — 2V 212 Combination |- ko 1.05+042 (4050 +037)
| P IR S S RN SR SRS S S S R SR |
ZCR 0 2 4 6 8 10 ALERE SR 33 WARE REEEE rereT I_I.I_Eéﬁ;v‘(ll;;;lf
—e—Data _ - /jj (n=1.05) -
Best fit p=o/c_, - :Eﬁ?gﬂ o 365" - g
righ-purity SR Wiets fred SR e uopton
—— e —— Ztiets | -
Fiducial phase space | Predicted o'g\dg,s‘/N{,jj Measured ag\dgf"‘;ﬁ,ﬁ [fb] Uncanainty
O-lepton  4.1+0.3 (theo.) 10.1 +£3.3 (stat.) fg:é (syst.)
Merged l-lepton  6.1+0.5 (theo.) 2.0+ 1.5 (stat.) f%:g (syst.)
2-lepton  1.2+0.1(theo.) 2.4£0.6(stat) 08 (syst.)
M a d G ra ph O-lepton 9.2+ 0.6 (theo.) 22.8+7.4(stat.) 54 (syst.) . Lot g T ==
Resolved 1-lepton  16.4+ 1.0(theo.) 5.5+4.1 (stat.) f;’; (syst.) § E 7 é E 9
LO @ Q C D 2-lepton 6.0+ 0.4 (theo.) 11.8+3.0(stat.) 38 (syst.) g E 74 8 o05E E
O-lepton  13.3 +0.8 (theo.) 32.9.+10.7 (stat.) *13-3 (syst.) I E 3
Inclusive 1-lepton  22.5+ 1.5 (theo.) 7.5£5.6(stat) 103 (syst.) g F 1 % osE — 3
: $ verbpeckerstrsb e eesbeesbercbeed. & 7 98 06 -04 02 0 02 04 06
2-lepton 7.2+ 0.4 (theo.) 14.2+3.6(stat.) 4 (syst.) ¢ -08=06-04-02 0 02 04 06 08 BDT
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ATLAS Semileptonic VBS VV Run I Z LU_X
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Laboratoire
Leprince-Ringuet 0

Promising preliminary results toward the analysis of the full Run
Il dataset from ATLAS CERN-THESIS-2022-165

— Novel RNN methods exploited to extract the signal showing
more discriminative power with respect to traditional NN.
Attention to susceptibility to modelling uncertainties in the training

(a) significance

(b) signal strength

102 expected | observed
Sl ] pre-fit | post-fit | pre-fit expected | post-fit observed
a1 mm&»»mr@kww\@ RNN(5j) | 3.04 | 3.03 5.65 RNN(5j) 1.00 £ 0.36 2.02 +0.46
g 0.8 o i . RNN(4j) | 2.77 | 2.80 4.86 RNN(4j) 1.00 £ 0.40 1.94 +£0.48
= 0.2 a5 o8 1 NN | 257 [273] 427 NN | 1.00 £ 0.42 1.63+0.45
RNN ) )
RNN(55) RNN(47) NN

- 25 : . . Expected Observed Expected Observed Expected Observed
5 'Zgr E Total | 0365 - | 0456 - [ 0397 - |0477 - [ 0425 - |0460 -
s 3 =3 Systematic | 0.313 73% | 0.408 80% | 0.340 73% | 0.427 80% | 0.372 77% | 0.411 80%
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Semileptonic processes in the global context L/MLX

The measurement of polarized vector boson scattering is a long term goal of both ATLAS and CMS collaborations
— promising result for HL-LHC. If we want to obtain insights into the EW sector before we need a statistical
combination of different VBS channels (Run-Il + Run-Ill). Semileptonic ZV and WV channels act as a link between

fully-Lleptonic (and more pure) channels *endorsed result from CMS-TS-2024-002

The combined measurement of VBS signal strength is a first step toward a combined measurement of
polarization fractions — Semileptonic VBS can play an important role

CMS work in progress 138 fo™' (13 TeV)

CMS work in progress D Single . Combination 138.0 o' (13 TeV)
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Semileptonic processes in the global context
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Conclusions and future perspectives

The interest in Semileptonic VBS signatures is growing in both ATLAS and CMS
collaborations thanks to the Run-Il integrated luminosity: the first evidence for VBS WV is a
promising first step toward a complete understanding of the VBS process.

However the analyses are complex

— Tiny signal overwhelmed by multijet backgrounds

— Use of advanced Machine Learning techniques to extract the signals

— Difficult modelling of the EW signal and large uncertainties limit the sensitivity

— Multijet background hard to model with MC, data driven techniques limit the sensitivity
— Limited statistical power can be cured by analyzing Run lll data

Semileptonic VBS signatures play an important role in the global picture

— In global combinations, they act as a link between pure fully leptonic channels
— Vector boson polarization taggers interesting tool for polarized scattering

— Boosted regimes sensitive to BSM physics at dimension-8 or even 6
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