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FOREWORD

Thisisa VBS/VBF summary talk
Only recent LHC Run2 results are included

For those interested in more detalls, please refer to
presentations (and watch recordings !) of the
topical Monday session:

A https://indico.cern.ch/event/905399/sessions/384934/#2021
0607

6/8/2021 R. Covarelli



GAUGE SELFCOUPLINGS

AHeavy gauge -bosons discovered decades
before the Higgs boson

ANeve_rtheIess,cubic and quartic gauge self-
couplings yet among the least
known SM structures

A Theoretically very clean & strengths 1%
determined by non-abelian SU(2)

A Experimentally hard to investigate e
At the LHC final states: Q
with small cross -sections

and/OI' .SUbdominant Wl‘t Diboson production W
competing processes in pp collisions

W (Z ~
S
q % q % v - -
{ {:P{\ >‘?A<TGC v 4
. : Interplay with

q \ q V ¢ v _
Higgs sector
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VBF AND VBS AT THE LHC

A EW process :
A Experimental signature : V or VV and

qq A Zqq (VBF)

2 jets from scattered quarks

A TGC and/or QGC diagrams at
the LO (direct access to self-
couplings )

A O(%) NLO QCD corrections on
the EW component, unlike most
LHC processes
A Theory uncertainties very small

A EW corrections become as
important

A May have large SM backgrounds
A Vijj or VVijj with jj from strong vertices

A Top-quark production, for final
states with many jets and/or W
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OBSERVABLES / BSM MODELS (1)

/A Observables

A Cross-sections in detector -fiducial regions

EWonly and/or total QCD+EW (theoretically cleaner , although
interference terms are typically o(%) of the signal)

Usually requiring large di -jet rapidity separation (Dy;) and/or mass ( my)

A enhances EW-only component
Differential , if data allows
A Polarization

In the VBS case may be measured
for both VV or be inclusive in one

A Constraints on concrete BSM
models

A A prominent example :
alternative/ additional sources
of EWSBother than the Higgs
boson modify significantly
double -longitudinal component

inVBS gq A V,_V,qq)
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BSM MODELS (2): EFT

AVBFprocesses setting competitive limits | £=Lom+>. Y Afip?

on d=6 operator coefficients d>4 i

A Usually given using SILH orWarsaw bases

AVBS case more complex , as it receives similar-size BSM
contributions from both d=6 and d=8 . Two alternative
approaches
A Neglect d=6, as constrained by many other LHC data ( Higgs,

dibosons € ) A set limits on d=8 coefficients using gauge -boson -

specific basis by Eboli et al.
Phys.Rev.D 74 (2006) 073005

A Include d=6 VBS constraints
(although weaker ) in
combinations

arXiv:2011.07367
arxXiv:2101.03180
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MEASUREMENT CHALLENGES

A Experimental : 0y

A Large QCD backgrounds : matrix -element
techniques or machine -learning

BONSAY —

do/d my, [fb/GeV]

A Missing neutrinos in W A In final states: p " R S
reconstruction (1n) or use approximations (2n) . / PonHes —
A Jet systematic uncertainties in forward regions 7 A I
. . 9 E H
A Physics modeling : ; %ﬂ%ﬂ
A EW signals EC SR & |
Large theory -experimental efforts to cross -validate MC 200 1000 o0 f:"“{fjf 000 9500 4080
generators "

Parton -shower schemes very important Ballestrero etal.,
» Eur. Phys. J. C 78, 671 (2018)
A WVjj QCD
Jaeger et al.

Very expensive computations at NLO and/or

matched+merged (MG5_aMC@NLO/Sherpa) Eur. Phys. J. C 80, 756 (2020)
Need careful validation in data control regions
A EFTQGCs VBSCan  pymm

LHC Physics Centre at CERN

Avoid unitarity violation by setting energy cut -offs

Electroweak WG
7
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CMS, Eur. Phys. J. C 80 (2020) 43

VBF W A In

CMS 35.9 b (13 TeV)

= +-Data 1 quark CMS L =35.9 fb', \s = 13 TeV
~ ynf BEW Wejets &g L LB A I I
% B W-jets > H H H
=10 £ i : : :
A M ot gzof g — -
CMS: ST =
= 07 -
A BDTbased analysis for EW .
extraction oo e ol
g o4l g:zrl;—cgalllxeo::ikelihaad reweighting unc. _E_' Eix :sé gg:;: EE
i 3 Doof - mometshon L Otorves 85,
Input variables : P s §oon -~ TERREE
m(W), my, Dy;, W Zeppenfeld — §oo ooy 4l Comn/A° [TEV

variables é | BOT

Include quark  -gluon o(EW (vjj) = 6.07 4 0.12 (stat) 4 0.57 (syst) pb

discrimination for jets - —
A Results onpLo(EW vjj) = 6.747 1 (scale) £ 0.26 (PDF) pb.

S |- -1 BUSTey  _ oms  959i'03Tey)
I I 1 Dat Dt quark ] ]
Fiducial cross-section BT Woey Vi @ L T Y =
E 0 BDT > 0.95 =ﬂ ets E.ﬁm E E %80 BDT > 0.95 -;vﬂm
— 1 & PYTHIAPS [EBQCD EAME stat. unc.d Z 300F HERWIG++PS [ QCD
EFT d=6constraints (also k-

combined with VBF Z, next slide)

Dedicated studies of extra jet

activity with different PS S W W P i

programs T e o e
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AATLAS:

A Binned analysis in my, in 1
signal and 3 control regions
defined by x;and N In
Dyjj gap

A Focus on fiducial and
differential cross-sections
(EW and EW+QCD)

ACMS:

A Similar to VBF W: BDTFbased
analysis for EW extraction

Events / 15 GeV

CMS, Eur. Phys. J. C 78 (2018) 589
ATLAS,Eur. Phys. J. C 81 (2021) 163
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== X=EW Zj (HERWIGT+VERNLO) + ZV (Vi) (SHERPA)
|

X

7x10°
my [GeV]

opw = 37.4 £ 3.5 (stat) = 5.5 (syst) fb
HerwIG7+VBENLO. 39.5 + 3.4 (scale) + 1.2 (PDF) fb.

ows _ semlTey . : —
i BDT = 0.92 Dimuon Wilson Includes interval [TeV—"]|
e PYTHIAPS . coefficient [ Mae|’ Observed
T cw A2 no [-0.19, 0.41]
yes [-0.19, 0.41]
Ew A2 no [-0.11, 0.14]
yes [-0.11, 0.14]
caw /N no [-3.78. 1.13]
yes [-6.31, 1.01]
- cuwn /N no [0.23, 2.34]
= yes [0.23, 2.35]
0 a0 w0 a ‘1(‘)0'[; 120 a0
pT3 jet (GeV) ATLAS

o (EW £(jj) = 534 4 20 (stat) & 57 (syst) b
oLo(EW (4j) = 543 + 24 b

EXPERIMENT

A Cross-section in fiducial
(but looser) region
A Both: constraints on d=6 EFT
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VBS WAEW= A 2] #2n

«Golden channel »(sgy/Socp~10)

Non -prompt background
estimates from data
ATLAS (SMobservation )

A Signal-region data in four mj; bins fit
together with 3| and low reglons

CMS (SM observation + EFT)

CMS, Phys. Lett. B 809, 135710 (2020)
ATLAS, PhysRev. Lett. 123, 161801 (2019)
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Dlsagreement with Sherpa
from suboptimal MC configuration

A Fits of 2-dimensional 5 10
distributions in bins of myand 5 T £
m, in signal and control reglons 2 | mmmmmmmee ) U
(also differentiallyin m, m,, § L )
and leading -lepton pTﬁ o

0.002 10°

A Stringent limits on d=8 EFT from

m{(WW) distribution

3000
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VBS WAW=* A 21*2n POLARIZATION

CMS, Phys. Lett. B 812, 136018 (2021)

A Challenging measurement
A Dedicated MC simulation
(MG5_aMC@NLO)
A Very low expected vyields for W, W,
A W four-momenta unknown (no direct
access to helicity angles)

A CMS:
A 2-dimensional fits of 2 BDT output
scores

Inclusive : optimized to select EW  WWjj
over backgrounds

Signal: optimized to select W,W, or
W, W, over other polarization states

A 2.6s observed significance for W, W,
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QCD WZ a largest ATLAS, Phys.  SE | '
background R

T .

A Use of BDT-based analyses: S 1t ;
iInputs from lepton /jet kinematic L T e
variables and relative _ BDT Score
separation TWi-EW

A W fOUI‘ -momentum by 0.57 *0-1% (stat.) *0-0% (exp. syst.) *0-0> (mod. syst.) 00! (lumi.) fb
constrainin g m (W) to derive D" Ty iy = 0.321 £ 0.002 (stat.) + 0.005 (PDF){ 031 (scale) fb,

L

ATLAS (SMobservation ) = o T T

=
S [ Bammmuommaee
CMS (SM observation + EFT) &, =" 1 ..
A Analysis methods shared with . | R
Same _Slgn WW 0005 T e
; 2020
A Constraints on d=8 EFT from il
m(WZ) distribution &
= DO.S 3
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VBS ZZA 4

QCD Zza largest background ATLAS arxiv:

ATLAS (5.5 significance ) o
A BDTanalysis
A Combination with 212 n channel

A Focus on SM EW and EW+QCD
Cross-section

CMS (4.0s signif. + EFT)

A Using advanced MC simulation
for loop -induced QCD ZZ

A Matrix -element analyses (MES
from MCFM program , at LO)

A Fiducial cross-sections in different
EW-purity regions

A Constraints on d=8 EFT operators
(T8, T9) from m(4l) distribution
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CMS, Phys. Lett. B 812,

135992 (2021)
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