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FOREWORD

This is a VBS/VBF summary talk
Only recent LHC Run2 results are included

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

« https://indico.cern.ch/event/905399/sessions/384934/#2021
0607
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GAUGE SELF-COUPLINGS

+ Heavy gauge-bosons discovered decades
before the Higgs boson

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

* Theoretically very clean < strengths w
determined by non-abelian SU(2)

« Experimentally hard to investigate
At the LHC final states: QOGC

with small cross-sections

and/or subdominant w.r.t. | piboson production | 117
compe’rlng processes in pp collisions
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VBF AND VBS AT THE LHC

EW process:

* Experimental signature: V or VV and
2 jets from scattered quarks

TGC and/or QGC diagrams at

the LO (direct access to self-

couplings)

O(%) NLO QCD corrections on

the EW component, unlike most

LHC processes

« Theory uncertainties very small

« EW corrections become as
important

May have large SM backgrounds

« Vjj or VVjj with jj from strong vertices

« Top-quark production, for final
states with many jets and/or W

qQq 2> Z qq (VBFf)
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OBSERVABLES / BSM MODELS (1)

+ Observables

« Cross-sections in detector-fiducial regions

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

Usually requiring large di-jet rapidity separation (Ay;) and/or mass (m;)

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

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

- Constraints on concrete BSM
models

* A prominent example:
alternative/additional sources
of EWSB otfher than the Higgs
boson modify significantly
double-longitudinal component
in VBS (g =V, V, qq)

6/8/2021 R. Covarelli
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BSM MODELS (2): EFT

- VBF processes setting competitive limits | £=£su+3 3 Afi4og
on d=6 operator coefficients d>4 i

» Usually given using SILH or Warsaw bases

+ VBS case more complex, as it receives similar-size BSM
contributions from both d=6 and d=8. Two alternative
approaches:

* Neglect d=6, as constrained by many other LHC data (Higgs.
dibosons...) = set limits on d=8 coefficients using gauge-boson-

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

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

R

arXiv:2011.07367
arXiv:2101.03180
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MEASUREMENT CHALLENGES

Experimental:
* Large QCD backgrounds: matrix-element :
techniques or machine-learning

» Missing neutrinos in W - v final states: p,V  oaNLOnocoin —
reconstruction (1v) or use approximations (2v) [ pownes —

« Jet systematic uncertainties in forward regions
Physics modeling:

- EW signals

Large theory-experimental efforts to cross-validate MC
generators

Parton-shower schemes very important Ballestrero ef al.,
o A Eur. Phys. J. C 78, 671 (2018)
* VVjQCD
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
e ERLQGES
Avoid unitarity violation by setting energy cut-offs

BONSAY —
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LHC Physics Centre at CERN

Electroweak WG
7

6/8/2021 R. Covarelli



e CMS:

« BDT-based analysis for EW

extraction

Input variables: Pr miss

my(W), m;, Ay;, W Zeppenfeld ="
variables...

Include quark-gluon
discrimination for jefs

* Results:

Fiducial cross-section
EFT d=6 constraints (also

VBEW = /(v

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

35.9 b (13 TeV)

-+ Data t quark
BEW Wajots T 3\‘;’“
B W-jets

Zijets
[ [3 N Interference

Jet energy scale unc.

Quark-gluon likelihood reweighting unc.
Qaco scaleuF

QcD scaley,

- my correctien unc.

Cw/N? [TeVd

CMS __  L=350f,\s=13TeV
20 S
o+ _ =
-20f- :
... Expected 68% CL :
— — Expected 95% CL i
- -+~ Expected 99% CL :
- Observed 95% CL | |
4 -2 2,4
Comw/ A2 [TeVd

o(EW (vjj) = 6.07 £ 0.12 (stat) £ 0.57 (syst) pb

onLo(EW ujj) = 6.747002 (scale) & 0.26 (PDF) pb.

combined with VBF Z, next slide)
Dedicated studies of extra jet

activity with different PS

programs
6/8/2021

R. Covarelli

- CMS 35.9 ib” (13 TeV
8 350 ' ' ‘ (] Da{a ) |:|u'1uark '

o W—ev EHEW W+jets @vv

2 300 W W+jets Ozejets

2 BDT>0.95 gRd D mterterence
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VBFZ > 1l

* Binned analysis in m;, in 1
signal and 3 conftrol regions
defined by &; and Ny In

Ay; 9ap

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

CMS:

« Similar to VBF W: BDT-based

analysis

for EW extraction

« Cross-section in fiducial
(but looser) region

 Both: constraints on d=6 EFT

6/8/2021

CMS, Eur. Phys. J. C 78 (2018) 589
ATLAS, Eur. Phys. J. C 81 (2021) 163
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[ Strong Zjj (SHERPA) +

[2] Strong Zjj (MG5_NLO+PY8) + X

== X=EW Zj (HERWIGT+VERNLO) + ZV (Vi) (SHERPA)
|

X

7x10°
my [GeV]

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

35.9 fl' (13 TeV)

= | " BDT- 092 | Dimuon | Wilson  Includes interval [TeV=7]
G400l 4 PYTHAPS coefficient | Mgsl|? Observed
- i cw [ A2 o [=0.19, 0.41]
lé’ yes [-0.19, 0.41]
¢ Cw | A? no [-0.11, 0.14]
- yes  [=0.11,0.14]
caw /N no [-3.78. 1.13]

i - craw g/ N no [0.23. 2.34]

R e yes  [0.23.2.35]

& 0T w0 e w0 'p%é‘ro;,; fgto(dé\of)

T
ATLAS
o (EW (4jj) = 534 + 20 (stat) + 57 (syst) fb
cro(EW 04jj) = 543 =24 1b
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VBS WEW* - 22y

CMS, Phys. Lett. B 809, 135710 (2020)
ATLAS, Phys. Rev. Lett. 123, 161801 (2019)

——T— [ T T T T T T T | T T T T T T T
L —+— Data |
25— ATLAS 4 WHWH electroweak —
r Vs=13TeV,36.1fb WEWHj strong ]
Non-prompt
I e/t conversions
. Wz
Other prompt
44444 Total uncertainty

20 &

Events / 100 GeV

155

«Golden channely (ogy/cqcp~10) _ 7
Non-prompt background R
estimates from data d T ‘
ATLAS (SM Observo’rion) 500 1000 1500 2000 2500 3000

m; [GeV]
- Signal-region data in four m; bins fit
fogether with 3l and low-m; reglons

=2. 89““8 4é (stat.) * (exp syst.) +8 }: (mod. syst.) +3 :i (lumi.) tb,

D|sogreemen’r with Sherpa

CMS (SM ObserVOTlon I EFT) from suboptimal MC configuration
* Fits of 2-dimensional Si0oms e
distributions in bins of my and 5, P £ - s BT -
m,in signal and control regions et o) p—
(also differentially in m;, my, 5 "B — e
and leading-lepton ij B i 1 i
- Stringent limits on d=8 EFT from | == - —
m;(WW) distribution ; -
mi [Gev]

S M| PR PRI | I E
500 1000 1500 2000 2500 3000
m. [GeV]
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VBS W*W* 2 2/*2v POLARIZATION

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

+ Challenging measurement

 Dedicated MC simulation

(MG5_aMC@NLO)
« Very low expected yields for W W,

« W four-momenta unknown (no direct
access to helicity angles)

e CMS:

« 2-dimensional fits of 2 BDT output
scores

« 2.6c observed significance for W Wy

6/8/2021

Inclusive: optimized o select EW WWjj

over backgrounds

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

R. Covarelli

C Bc | CMS simuiation (13 TeV)
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: p ATLAS o D
j 3 40 s-13 Tve\;/zsm :" — \‘;V;%g\gn _;
W/ CICJ 35F I S | ﬁl?sid. leptons =
> E [, 3
VBS WZ - 3(1v i
ATLAS E , / & Tot. unc. 3

—

EEEEEEEE 25 E_ %%} _E
20F =
r % E

15F Z%L E
10F i =
QCD WZ < largest ATLAS, Phys.  SF |
) 93, — ]
background B
- Use of BDT-based analyses: S 1Py e i
inputs from lepton/jet kinematic L LR RN,
variables and relative _ BDT Score
separation TWriiEw =
o WA/ fOUI’—momeﬂfum by 0.57 *0-1% (stat.) *0-0% (exp. syst.) *0-0> (mod. syst.) 00! (lumi.) fb
. . ord-Shert — .321 0, at.) = 0.003 05 (sc .
COHSTI’GII’]Iﬂg m(W) to derive 0" Wiy = 0:321 £ 0.002 (stat.)  0.005 (PDF) 33 (scale) fb

ATLAS (SM observation) = o P

CMS (SM observation + EFT) 3 ke A RPN

 Analysis methods shared with . | | P Let
SAd me—Sign WW 0005 [F 1] o i

« Constraints on d=8 EFT from (2020)
m<(WZ) distribution
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VBS 727 = 4/

+ QCD 77 € largest background

« ATLAS (5.56 significance)
« BDT analysis
« Combination with 212v channel
 Focus on SM EW and EW+QCD
cross-section
- CMS (4.05 signif. + EFT)

* Using advanced MC simulation
for loop-induced QCD 77

* Matrix-element analyses (MEs

[te) T T T T T T
o e Data I ZZ(EW)
S 20f BN ZZ(QCD) mgyZZ 1
E 18 B Others 72 Uncertainty
E ATLAS
16¢ Vs =13 TeV, 139 fb"
t EECESf
Signal Region

ATLAS, arXiv:
2004.10612 2

g T T T

[
-08 06 -04-02 0 02 04 06 08 A1

c CMS 137 1o (13 TeV)
j L L I B A B IR
& + Data J MD
E [ Z+X =
S m.>100 Gev [{tZ VVZ E
s ! Hag—2Z N
- W gg—~ZZ 3

I Ew ZZjf ]
Clfp/at=2Tev™ £

CMS, Phys. Lett. B 812,
135992 (2021)

107

from MCFM program, at LO)
» Fiducial cross-sections in different

EW-purity regions

« Constraints on d=8 EFT operators
(T8, T?) from m(4l) distribution
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0 200 400 600 80C 1000 1200 1400 M7 (D) Measured ¢ (fb)
m, [GeV] inclusive
LO 0.275 4 0.021
EW NLO QCD 0278 +£0.017  0.33*01) (stat)* {33 (syst)
NLO EW 024240015
EW+QCD 535+0.51 529703 (stat) = 0.47 (syst)
VBS-enriched (loose)
LO 0.186 + 0.015 N
EW NLO QCD 0197 £0013 0180 00d (8 5052 (sys)
EW+QCD 121£0.09  1.00*]17 (stat) = 0.07 (syst)
VBS-enriched (tight)
LO 0.104 & 0.008
EW NLO QCD i 0.09+00 (stat) = 0.02 (syst)
EW+QCD 0.221 +0.014 o.zojg-g (stat) £ 0.02 (syst)
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SEMILEPTONIC VBS VV ¢ e — 2
oo . . 10
WVj 2> [v4] orlv21]
.o . CMS, Phys. Lett. B 798, 134985 10°
LV =2 L] vv 4 2019) 7
r i ATLAS, Phys. Rev. D 100, e .
or it/ vv 21 032007 (2019) § ST
ATLAS: s S
- SM-targeted e
- BDT-based in a total of 9 event categories S —
(humber of charged leptons, low/high S N B R R s
purity merged-jet reconstruction, resolved- “cms 35911 (13 TeV)
jet reconstruction) SWET
° - I i 3 N { Observed I V+ets
2.7c6 SM-VBS significance S0k ooomewwy [ Top ouar
CMS ; = F 75 Bkg. uncertainty

« cut-based analysis, optimized for VV high-
invariant-mass regions

« 2 categories: (v or [ plus a merged jet

« Best limits on a large set of d=8 EFT
operators

1000 1500 2000 2500
My (GeV)
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VBS WITH PHOTONS

* Wyjj (CMS)and Zyjj analyses
(CMg/ATLAS)

* Leptonic heavy-boson decays
combined with isolated photons (in
ATLAS also converted y considered)

« ATLAS: BDT-based analysis
« CMS: two dimensional fits using (m;,
Anj) for Zyjj and (my, m, ) for Wyjj
» Significances:
* 4.1c (Zyjj ATLAS)
* 5.30 (Wyjj CMS)

« Zvj] CMS: obervation + differential
cross-sections

« For Wyjj, best limits for certain d=8
operators (M/T5, 6, 7)

6/8/2021 R. Covarelli

CMS, Phys. Left. B 811, 135988 (2020)
CMS-PAS-SMP-20-016
ATLAS collab., Phys. Lett. B 803, 135341 (2020)

T T T T T
ATLAS
Signal Region

1s =13 TeV, 36.1 b
Zyjj, Z— e'e or p*w

EEEEEEEEEE
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T T T

% ~— EW Zy MadGraph 3
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-1
£ 10 --===» gystematic uncertainty, _g'
= ! An 1o
S 102 2.5<1A11“|<4.5 4.5<|Ann|<6 |A11"|>&;,
g Tt ]
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Events / 5 GeV

Data / Pred.

ATLAS, Phys. Lett. B 816 (2021) 136190 ATLAS

I e e T e e A e e
ATLAS 9
Vs=13Tev, 138 1t -

Omeas = 3.13 £ 0.31 (stat.) £ 0.28 (syst.) fb
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80

A W
100 120
Py [Gev]

EXPERIMENT

vy 2 WW-

p*)
o W + Exclusive production processes
e are mediated through yy fusion

« Use ey final state
p™ - Large QCD WW background
= removed by requiring 0 extra
i fracks in the detector - implies
conftrol on:

QCD WW underlying event
Pile-up description

] Proton rescattering effects
rammenen,  AChieved through control

samples + transfer factors
- First observation of the process

T T T
— —e— Daa ATLAS
i V=13 TeV, 139 16"

Data / Pred.
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EFT D=8 SUMMARY

«Scalam operators (4 Higgs-field
derivatives)

May 2020
CMS A
Channel Limits [ Lt is
| | 55 WW [-3.Be01, & 0e401] 19.4 ' BTeV
foq A"
— 55 VW [-6.0@-+00, B.:4e+00] 137 16" 13 TeV
H WZ [-5.8e+00, 5.8e+00] 1371 13 TeV
H W T [-2.7a+00, 2.7e+00] 359" 13 Tev
52 WW [1. 2802, 1. 20402 18,4 i’ BTeV
[y
A 55 VW [-1.Be+01, 1.9e+01] 137 10" 13 TeV
| WZ [-8.28-00, B.3e+00] 137 1" 13 TeV
H W Zv [-3.4e400, 3.4¢400] 359" 13 TeV
J | ! 1 | | 1 1 | 1 1 1 | 1
n . . . _4
aC summary plots at: htip:fcern.chigo/8ghC aQGC le |'tS @ 95°/:: C ) L [TEV ]
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«Transversey operators (4

gauge

tensors)

6/8/2021
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EFT D=8 SUMMARY

cMS l:1
Aug 2020 ATLAS _Channel ) Limits j Ldt s
. IA* = www -1.26+00, 1.2¢+00) 35910 13TeV
To —_ 2y -3.8e+00, 3.4e+00) 19.7 b 8 TeV
— Zy -7.4e-01, 6.9e-01 359 b’ 13 TeV
] ﬁ -3.4e+00, 2.9¢ 29.2 fb! 8TeV
; y -5.4e+00, 5.6e+00 19.7 fo’ 8TeV
— Wy -6.0e-01, 6.0e-01 35.9 fo! 13 TeV
_ ss WW -4.2e+00, 4.6e 19.4 fb' 8 TeV
H ss WW -2.8e-01, 3.1e-01 137 fb’! 13 TeV
H wz -6.2e-01, 6.5e-01 137 fb”! 13 TeV
i &2y ol Tao0] 53?1'3;" By
1. 1.1e 5.9 fbo e
. IAY — www -3.3e+00, 3.3e+00) 35917 13 TeV
T [ Y .4.4e+00, 4.4e+00 19.7 fo’ 8TeV
— 6\7 -1.2e+00, 1.1e+00! 35.9 fb”! 13 TeV
e y -3.7e+00, 4.0e+00) 19.7 fo’ 8 TeV
H Wy -4.0e-01, 4.0e-01 35.9fb" 13 TeV
— ss WW -2.1e+00, 2.4e+00] 19.4 fb’' 8 TeV
H ss WW -1.2e-01, 1.5e-01 137 b’ 13 TeV
wz -3.7e-01, 4.1e-01 137 fb’ 13 TeV
Wy 2v 3001, 13001 A ST 1
1 : 9f!  13Te
£ IA® — www -2.7e+00, 2.6 359107 13 TeV
T2 I | Y -9.9e+00, 9.0e+00| 19.7 fo’! 8TeV
_ ﬁ' -2.0e+00, 1.9e+00) 359 fb"! 13 TeV
I 4 y -1.1e+01, 1.2e+01 19.7 fo! 8 TeV
— Wy -1.0e+00, 1.2e+00) 35.9 fb! 13 TeV
k ss WW -5.9e+00, 7.1e+00) 19.4 fo' 8 TeV
H ss WW .3.8e-01, 5.0e-01] 137 fb’ 13 TeV
— wz -1.0e+00, 1.3e+00] 137 fb”! 13 TeV
— 2z -6.3e-01, 5.9e-01 137 fb” 13 TeV
. H %N v -58&%2&9% ] 35.9 %" ; :gr T%v
, { Y -9.3e+00, 9.1e 317 €'
frs /A = z 7.0e-01, 7.4e-01 35.91b" 13 TeV
H Wy e S oa 0], 3y, Tev
O]  359fb e)
AR — z -1:6e+00, 1. 359107 13TeV
T6 p— -2.8e+00, 3.0e+00) 19.7 fb! 8TeV
H Wy -4.0e-01, 4.0e-01] 35.9 fb! 13 TeV
fIAY | —] ﬂ -2.6e+00, 2.86+00) 3591b! 13TeV
: = W R 24
Y -9.0e-01, 9. 3 e
L IA® — Zy -1.8e+00, 1.8e+00] 19.7 %—BTW
T8 H Zy -4.7e-01, 4.79-01! 35.9 fb”! 13 TeV
—_ Zy -1.8e+00, 1. 20.2 fb' 8 TeV
H y 7.4 -4.3e-01, 4.3e-01 137th" 13 TeV
f. IA F Zyy -7.46+00, 7. 20.31b" 8 TeV
T9 p— Zy -4.0e+00, 4.06+00 19.7 fo’ 8TeV
Zy -1.3e+00, 1.3e+00 359 fb! 13 TeV
p——] Zy -3.9e+00, 3.9¢+00 20.2 fb! 8 TeV
| | | ) HH 2z | -9.2¢-01,'9.2e-0{] L 187y’ 13 TeV

aC summary plots at: http://cern.ch/go/8ghC

aQGC Limits @95% C.L. [TeV*]
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EFT D=8 SUMMARY

«Mixed» (2 and 2)
* In general

N > > S S > S S 3m> S5>>
2333 R R B3R R B33 33 222 R S e R RO AR R SRR
o oonF R o F o F oo R o o E o E o F oo o o ooFoooooEoooo
L o @ T T o 0 O e T o 000 T2 0w 000 R 0 0 D e D e e e P e e

||||| PR R R R -
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ERSR R o R SR B DRI ARP BRIURSERSERES

5 340 O3 LD oI wugig "]

2332 mmmmmmwmmmmwmmmwmmmmmmmmmmmmmmm 237223595353099838
g8 SE8e888858

RE3IRAEE2

283883242

m&1&ﬂ1&152{?114111481125332229

e

Q@M =OQODM RO PO =

______ e

ATLAS
]

CMS

Aug 2020
fug /A°
IN

agreement

excellent

expectations

-

fy /A*
fiaa /A*
N
fus /A"
N

800

BCK)
aQGC Limits @95% C.L. [TeV*]

200

-200

aC summary plots at: http://cern.ch/go/8ghC
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CROSS-SECTION SUMMARY

Maly 2021 . . | QMS Preliminalry
CMS EW measurements vs. 7 TeV CMS measurement (stat,stat+sys) ot
Theory 8 TeV CMS measurement (stat,stat+sys) —
13.TeV CMS measurement (stat statzsys)

qgW (R— 0.84+0.08+0.18 19.3fb"
qqw e 0.91+0.02+0.09 35.9fb"
qqZ —+—ofp— 0.93+0.14+0.32 5.0’
qqZ e 0.84+0.07+0.19 19.7 fb"
qqZ o 0.98+0.04+0.10 359fb"
-WW 1.74+0.00+0.74 19.7 fb"
qqWy 1.77+067+056 19.7 fb"
qqWy e —— 1.20+0.16+0.21 359fb"
sSWW #——e "+ 0.69+0.38+0.18 19.4fb"
ss WW B 1.20+0.11£0.08 137 fb"
qaqZy . 1.48+065+048 19.7fb"
qaZy R 1.20+0.12+0.13 35.9fb"
qqWZz e 1.46+0.31+0.11 137 fb"

1.19+0.38+0.13

137 o™

VBF, VBS, and Triboson Cross Section Measurements  sius: wareh 2021

Yy
Zyyollyy
= [Njer =
Wyy—tvyy
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- Good agreement with SM
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20 25 30 35
data/theory

specifically at high energy < EFT limits

* Importance of modeling of all di-boson+2 jet QCD contributions at the
best possible accuracy = very challenging task, large amount of

theory literature in recent years
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a & 7 TeV CMS measurement (L<5.0 fb™)
CONCLUSIO| \| S 31057 @ 8 TeV CMS measurement (L<19.6 fb™')
o L E]I_ﬁ;roer\;g!\élgcrgoessurement (L<137 fb™)
<104k Eme:::"sj 4 Z Z CMS 95%CL limits at 7, 8 and 13 TeV
ie) F
§10°F .
VBF and VBS challenges g0
- Low yields and in most cases 5 1o} |
large irreducible backgrounds, § |
multivariate analyses are a must S Pyjaz v
- Needs modeling of QCD with 2 g | L1
extra jets with best possible 10 e
accuracy i
107 : "z Wy 2y WWWZ'ZZ o o w2 o e 2 ) e T e e e
VBS and VBS measurements TR

« Among the rarest processes ever measured

« Evidence/observation and first cross-section measurements
only possible thanks to partial or full LHC 13-TeV data

* Access to elusive gauge self-couplings and NP limits from EFTs

* VBS VV investigating EWSB at scales different from Higgs mass
Polarization measurements crucial, we have just started

Full set of Run 2 results + LHC Run3 data essential to

clarity global picture
6/8/2021 R. Covarelli 21




