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The Standard Model

> The Standard Model (SM) describes the fundamental constituents
of matter and their interactions

> strong and electroweak (EW) interaction

» Rich variety of interactions from a rather simple set of symmetries

> Self-interactions of electroweak gauge bosons
> Quantum corrections at EW mass scale from CERN
(probed in W/Z precision measurements)

> Large effects at highest energies

SUB)c x SU@) x  U(L)y

. . colour weak isospin  weak hypercharge
> At the LHC we can test the electroweak theory at highest energies red, green, blue I = 0, +1 vy
8 gluons wt w2, w3 B

- WH W, 2,y

2/28



Introduction

[e] lele]e}

Electroweak Theory

> Gauge couplings arise from the SU(2) potential term £ = —%ijwg‘v,with field strength tensor

Wy, = 0. W) = 0, W1 — gfanc Wy Wy
> It generates cubic and quartic couplings
Ls = iey_y 2 [WAW VY = W WV + WEW, v
Ly= e, [WoWHW W - wow W W]
+ el L Wowrv v - wovews |
+eyez | 2W WHZA — W Z'WA — W AW 2]

> With precise predictions of the coupling strength:

e, =gsinby,ey = and ez = e, cot Oy

eY
2V2sin 6y
> They always involve a pair of W bosons (there are no neutral vertices)
> Gauge interactions to Higgs boson

m? m2
Liiggs = —3 W, WHh* + 22,20’
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Electroweak Gauge Structure

> Gauge-boson self interactions play a crucial role for

LLLL

Born

pb

the renormalisability of the electroweak theory

Large cancellations of divergences arising in individual
diagrams are exact if couplings take the values of the SM

Diboson measurements are a sensitive probe of
the inner structure of the electroweak symmetry
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> In processes involving quartic couplings, the Higgs
boson is governing the high-energy behaviour

(if only massive gauge bosons participate in the scattering)

» Such processes became experimentally accessible
for the first time in the LHC run-2
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Experimental Probes

Standard Model Production Cross Section Measurements

Status: June 2024
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Experimental access to quartic electroweak interactions in triboson production and vector-boson scattering (VBS)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-039/
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Vector-boson Fusion and Vector-boson Scattering

> Quartic electroweak (EW) coupling experimentally accessible in EW production of WVjj
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Purely electroweak interactions involving only cubic and Processes involving both strong and electroweak interactions @

quartic self interactions

+@ not gauge-invariantly separable — measure EW production
+@+@® interference & not separable at all orders — provide measurement of sum
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Experimental Signature

> No colour connection between scattering quarks leads to
characteristic signature

— electroweak Zjj  ----- strong Zjj
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https://arxiv.org/abs/hep-ph/9605444
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Electroweak Wvyjj Production

» (Critical for a good measurements of Wyjj-electroweak is a precise

O = }W{ + :é: + >x< understanding of Wyjj-strong background
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> Estimation of strong Wyjj production relies on £y centrality and central jet activity
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Differential Electroweak Wvjj Production
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Electroweak Wvyjj Production
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> Electroweak Wvyjj production observed with > 50, measured to be:
Uncertainty Source Fractional Uncertainty [%]
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with large uncertainties in strong and electroweak theoretical modelling
» Compared to theoretical predictions:

Oewtheo. = 8.9730 fb (Sherpa 2.2.12, LO@0,1j)

Oew,theo. = 13.007 fb (Madgraph+Pythia8, LO)

Lepton, photon, pile-up
EW Wy j modelling
Strong Wy j modelling

Non-prompt background

Luminosity

Other Background modelling

miss.
ET

— N N 3 o

> Full set of results in EPJC 84 (2024) 1064
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2018-31/
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Electroweak W*W=jj Production

> In the W*W*jj final state, strong and electroweak

- e ey . . . .
3 o Daa . vewiew diagrams without self-interactions are suppressed
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> Theoretically understood well, at NLO EW®QCD (HEP 1710 (2017) 124, PRL 118, 261801 (2017))
= the W*=W=jj final state is often referred to as the golden channel
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https://www.arxiv.org/abs/1708.00268
https://www.arxiv.org/abs/1611.02951
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Electroweak W=W=jj and WZjj Production
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> Simultaneous measurement of W*W+jj and W.Zjj production (in cMs) E&‘;‘gﬂg " "
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Electroweak W=W=jj and WZjj Results

Theoretical prediction Theoretical prediction

Process B (fb) without NLO corrections (fb)  with NLO corrections (fb)
EW WHwW+ 037 (SE:':g i 8;? (syst) 3.93+0.57 3314047
EW+QCD WHW* 039 (;:g i 8;; (sysh) 4.34 4+ 0.69 3724059
EWWZ 039 (sltfs i gﬁ (syst) 141+0.21 1.24+0.18
EW+QCD WZ 0.40 (S:gi: g;g (syst) 4.5440.90 4.36+0.88 UHEP 06 (2019) 067
QCDWZ 315049 3.12+0.70 3.12+0.70

0.45 (stat) & 0.18 (syst)

> Inclusive cross sections measured for electroweak and ew+strong production

LO 0(a%) O(asa®) O(aZa*)
EW EW EW
QCD QCD QCD
NLO O(a") O(asaf) 0O(a2a) O(adat)
from JHEP 1710 (2017) 124

> Results in agreement with theoretical predictions at LO and NLO
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https://www.arxiv.org/abs/1904.00882
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-19-012/index.html
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Electroweak W=W=jj Results
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> Both experiments provide differential W*W=*jj measurements in a wide range of variables
> Full details in JHEP 04 (2024) 026 (ATLAS) and PLB 809 (2020) 135710 (CMS)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2018-32/
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-19-012/index.html
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Semi-leptonic Vector-boson Scattering

> Semi-leptonic VW — ¢vjj or ¢vJ benefit from high V — gq branching ratio
> Much larger levels of background, mainly from production
— categorisation into resolved and boosted categories

> Lower precision than measurements in leptonic decays:

HEw = 0.85:;(2)'123

> However, semi-leptonic decays provide leading constraints on non-SM
quartic gauge couplings
> Full measurement in PLB 834 (2022) 137438

> Previous results on 2015+2016 data:
ATLAS  PRD 100 (2019) 032007 (0¢, 1¢ and 2¢ final states)
CMS  PLB 798 (2019) 134985 (1¢ and 2¢ final states, w/ EFT limits)

> And you should watch this link during this week
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https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-20-013/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-20/
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-18-006/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2018-27
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Experimental Status

Aug 2023 CMS Preliminary
T T T T T
CMS EW measurements vs. 7 TeV CMS measurement (stat,stat+sys) —+—0o——
8 TeV CMS measurement (stat,stat+sys) ——e——i
13 TeV CMS measurement (s?a}[al,sgsnsys) ——
qgwW e 0.84+0.08+0.18 19.3fh?
agw ref 0.91+0.02+0.09 35.9fb*
qqZ — o — 0.93+0.14+0.32 50fb?
aqZ e 0.84+£0.07+0.19 19.7fb™
qqZ o 0.98+0.04+0.10 359fb™*
wv i 0.85+0.12+0.18 138 fb*
VY - WW H—————<—————  174%0.00%0.74 19.7fb?
gng 1 ATLAS MS
0s WW VBF Z 139 fb 1, > 50 EPIC81(2021) 163 36fb ", > 50  EPIC78(2018) 589
ss WW VBF W - 36fb!, > 50 EPIC80(2020) 43
ss WW — VBS WW* | 140fb™", > D50 JHEP 04 (2024) 026 137fb™",> 50 PLB 809 (2020) 135710
qqzy VBS W*Z 140 fbt, > 50 JHEP 06 (2024) 192 137fb~!, 6.80  PLB 809 (2020) 135710
qqzy . VBS ZZ 139 fbt, 5.50-  NPHYS 19 (2023) 237 137fb~!, 400 PLB 812 (2020) 135992
qqwz . VBS Wy 140 fbt, > 50 EPIC84(2024) 1064 (137+20) fb!, 5.30-  PLB811(2020) 135988
q9zZ o VBS Zy 140 fb™!,> 50 ¢ PLB 846 (2023) 138222 137fb, 940 PRD 104 (2021) 072001
! ! ! 140 fb™!, 6.30" @-w JHEP 06 (2023) 082 s
All results aS 1. . 2 VBS WHW- | 140 fb!, 7.100  JHEP 07 (2024) 254 137fb™!, 5.60  PLB 841 (2023) 137495
hipi/icern.chigoipNj7 Cross-section Ratio: Texp./Ttheo. [ 7y—W W~ | 139 fo ), 840  PLB 816 (2021) 136190 100fbT,  — JHEPO7(2023) 229
VBS W 361, 2.700  PRD 100 (2019) 032007 137fb7%, 440  PLB 834 (2022) 137438

> Electroweak VVjj production has been observed in all major channels in the LHC run-2

> They are amongst the rarest processes experimentally accessible at the LHC
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-27/
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-16-018/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-17-011/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2018-32/
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-19-012/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2018-35/
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-19-012/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-19/
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-20-001/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2018-31/
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-19-008/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2018-36/
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-20-016/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2018-59/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2022-06/
https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-21-001/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-21/
https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-21-014/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-20/
https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-20-013/index.html
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Interpretation of Measurements
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» Deviations from the SM couplings are quantified in an
Effective Field Theory approach
> Expansion of SM Lagrangian with higher-dimensional operators

Lsmerr = Lsm + Z 70m Z

Eine E> Eiic

WWWW | WWZZ | ZZ77 | WWAZ | WWAA | ZZZA | ZZAA | ZAAA | AAAA

fourg,® —— Lso. Lo X X X [9) [9) [9) [ 0 0

- L0, Lar1,Lare Ly X X X X X X X [0) [0)

two 4, ®, two .y o L2 Lars, Lara Las O X X X X X X [0) [0)

Lro L1 ,Lr2 X X X X X X X X X

fourFpy — 5 Trs Lrs Lrx 0 X X X X X X X X

Lro L19 [¢] [¢] X [€] [€] X X X X

from PRD 93 093013 (2016)
> There are no dim-6 operators that affect only the quartic electroweak couplings

> In VBS and triboson processes we study dim-8 operators only affecting quartic EW couplings
(assuming the dim-6 coefficients are 0, and other dim-8 operators are constrained elsewhere)

> For interplay with HEFT, see this talk
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https://arxiv.org/abs/1604.03555
https://indico.cern.ch/event/1383159/contributions/5970418/attachments/2935180/5155213/mbi24_eboli.pdf
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Limits on aQGCs from VBS
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10 i L
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s L 4
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o 14 £ -100 —
% 1.2 —! £ Z 3 == Unitarity bounds 1
g 1 O B = — Observed 95% CL limit ]
S 0.8 c\,:’ E == = e Expected 95% CL limit ]
' xe] e, | 1 1
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S ES S8 S _ L9888 . O988 0.5 1 1.5 2 2.5
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m,,, cut-off [TeV]

> Sensitivity to EFT effects in high-energy tails, but growth of amplitude with /s can violate unitarity
> Partial-wave unitarity for VV — VV scattering calculated in PRD 101, 113003

> Experimentally, provide limits with EFT contribution restricted as a function of my, < E,

> First unitarised limits on S-family operators from WZjj production, JHEP 06 (2024) 192
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.113003
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2018-35/
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Summary of aQGC Limits

> To constrain the full set of non-SM quartic gauge couplings, important to explore a variety of VBS channels

% ! ! T e baa i ‘ZAVWM‘EWK E
& ATLAS . Z(v7)yjj QCD W(lv)yjj QCD ] 15
(5=13Tev, 139 10" iy "y e ATLAS B
-"er\;/“/\‘ooaﬂ v‘,ﬁmwm it 3 = F 1
p— '=0. e\ / Uncertaint u — r 1
AT " ] < 1 Vs=13 TeV; 139 fo*
El s, C \ 3]
| ot [ -
1 B &———:
] C d
3 or e
2 L ]
A F /:— :
-0.5|- -
C / —— Expected ]
B -1 —— Observed —
8 |- . . i
8 F // —— Unitarity bound
_15l0 . . . . |
1 2 3 4

5 ©
E: [TeV]

> e.g.leading experimental constraints on Tg, Tg (and a few others) from Z(— vv)yjj production
> Limits on M-family dominated by Wvyjj production
> Sensitivity to S-family operators from WWjj, WZjj, ZZjj channels
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Interpretation
oooe

EFT Approach vs. Direct Searches

=
o
o

ATLAS

> F ]
= o s > F El
%_, 80 ATLAS = g 301 =15 Tev, 130 e Daa E
E s=13Tev, 13916 1 3 sk e B E
- ] £ I inclusive m; -
= 604 & g E PostFit e ]
< F S O a0k - W Cun;evfrmns‘{
= 400 B : = N o ]
20k 4 15 E
of . of E
o0 -
—40} { oE 1
_enll [ T = tar +
60 i e s imit 512 Y { /l L 3
~80f T 1 5 ? /
n 3 <4 ,/T/ + Y A
e o e R 0 08 H = L o e e L e e
1 2 3 4 5 o 06 ) ) = 100 ATLAS — Obs. 95% CL upper limit |
0 500 1000 2 7 E (5=13Tev, 139" —— Exp. 95% CL upper mit 3
cut-off [TeV. iz £ 1
M [ ! mr [GEV] ;1 r [ Expected limit (+10) ]
fo © [ Expected limit (+20) 4
» Example: 2.50° excess in mr distribution of VBS W*W* D e E
> Limits on S-family operators (m, based) in agreement with expectation 5; K ]
(although for low clipping values, exclusion of the Standard Model at 95%) ° o0 )
10 E
= EFT limits complement but do not replace direct searches F ]

P
2500 3000
m,. [GeV]
¢
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> Further reading: PLB 860 (2025) 139137,EPJC 81 (2021) 723


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2023-19/
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-017/

Polarisation
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Polarisation Measurements

10t i R O ’
okt (@) - -~
pb 1012 (b) - /_/r -
N @-+(b) ——-
WO @)+ T
108 /// -

i)

10¢

10 Figure 21.3. The Goldstone boson equivalence theorem. At high energy,
the amplitude for emission or absorption of a longitudinally polarized massive
gauge boson becomes equal to the amplitude for emission or absorption of
the Goldstone boson that was eaten by the gauge boson.

10%

My =100 GeV
| | | | Peskin, Schroeder; An Introduction to QFT

200 500, 1000_ _ 2000 5000 10000 +/s/GeV
from Nucl. Phys. B525 (1998) 27-50

10°

> Divergencies in individual VBS diagrams are associated with longitudinally polarised W* and Z bosons
> Longitudinal polarisation states arise from electroweak symmetry breaking via the BEH mechanism
= Polarisation measurements are a direct probe of electroweak symmetry breaking
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Polarisation
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Experimental Method

> Polarisation is not invariant under Lorentz transformation (— depends on chosen reference frame) PR AN
> Measured on a statistical basis from decay angles G
W rest frame | |
> Theoretical decomposition in individual components (00, T0, 0T, TT) oW
> Main challenge in measurements: WZ rest frame v
. . q 4
incorporate higher-order QCD effects ! v !
(PLB 814 (2021) 136107, JHEP 10 (2021) 097, . . . /
JHEP 04 (2019) 065) B B t 7y e
(\’ ‘D\ :;Z rest frame
. .
-1 cos® 1 -1 cos(® 1 -1 cos(@ 1 L

PLB 843 (2023) 137895

2.2¢ ]
Incorporating higher-order corrections: of ATLAS o teamoneop ]
I Simulation B Theory paron evel reweighting |
Py . . . [ Fitof MadGraph@NLO 4 polarising DNN reweighting
® Decomposition in event-generators at 0,1j@LO 185w ovens D

T

B + reweighting to fixed-order calculations
A Truth-level DNN (similar to pol. tagging)
[ NLO+PS becoming available

Fit result / MC prediction
PR P
N B (o]

.
—t—
—

—

‘o
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ot

o o F
N T
oo
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https://arxiv.org/abs/2010.07149
https://arxiv.org/abs/2107.06579
https://arxiv.org/abs/2107.06579

Gauge-Boson Polarisation in pp —» W*Z

Polarisation

[e]e] lee]e]e)

> Polarisation fractions measured in fit to DNN
exploiting kinematic and angular variables

> In four categories:

|cos 0;W| s 0.5
|cos 0;Z| s 0.5
foo Jor fro frr
Relative uncertainty [%)

e energy scale and id. efficiency 034 0.6 0.8 0.31
p energy scale and id. efficiency 0.8 023 0.23 0.13
ET™ and jets 3.3 1.3 1.2 04
Pile-up 0.6 0.17 04 0.15
Misidentified lepton background 2.3 1.6 0.8 0.26
ZZ background 0.9 0.17 032 0.07
Other backgrounds 3.0 1.6 1.3 04
Parton Distribution Function 0.5 1.8 0.09 0.5
QCD scale 0.19 8 09 2.0
Modelling 9 4 29 12
Total systematic uncertainty 14 15 8 4
Luminosity 0.35 0.24 0.15 0.05
Statistical uncertainty 13 10 12 3.0
Total 19 18 14 5

Q! T T T T T T T T I T T T T I T T T T
o 3500— ATLAS e Data //,Tot. unc. W.Z;
@ W*Z SR Post-Fit [IWqZy [ IWeZy CIWeZ,
S 300" {5-13TeV, 139 fb™ Others [ Misid. leptons [l tT+V
B 250 mZZ ®WWZint
. — ——— ———
B 12F Icosul<05  ilcosOul>05 1 lcos 8wl <05 1 lcos 8u| > 0.5 E
o 1qf lcoséil<05 i lcos 62/ <05 i lcos 62> 0.5 i lcos 62> 0.5 3
5 b tudiid  YPTOTK WA S YN Y0 SO W
T S : A E
a o9 i i i
TR AT SN AN TS SN S S ST U £ S R R
1 2 3

4-category DNN score

» Largest source of uncertainty in foo:
polarisation modelling and Ef reconstruction

> pp — W52, production observed with 7.10-
> Reported in PLB 843 (2023) 137895
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2022-01/

Polarisation
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W=Z Polarisation at High-p;

“ L o o L L EEE ~ L L s B I
S ATLAS « Data W2, $ S0 aTLas « Data W,
2 _ G WZ W2,  mW.Z, £ _ G WZW,Z,  mWiZy
2 fs=13 Tez\/. 140 fbr Prompt T Non-prompt < 5= i3 TeV, 140 fo Prompt " Non-prompt
w SR 100<p-<200 GeV z Tot. Uncert. w 40[- SR p>200 Gev 4 Tot. Uncert.
Pre-Fit ' Pre-Fit

No

e ! e
o 1. T 5
& 15F 5 3
o E [ E|
g ) PO B 1L+L+L* {’ g \\ll l L‘lll‘4 s 1’
8 ¥ LA v gl 8 ? [\lr ‘T\\\+ ;+ 3
33 N N SN IS APV BN AV I R B [ | I B ARV . IR B APRVEN IVEPIN I SN P A
-1 -08 06 04 02 0 02 04 06 08 1 -1 -08 -06 -04 02 0 02 04 06 08 1

BDT score BDT score

> First study of the energy dependence in two phase-space regions, 100 GeV < p; < 200 GeV and p; > 200 GeV

» Using individual BDTs of ang. and kin. variables

Measurement H Prediction
> : 100 < pf <200 GeV P > 200 GeV 100 < pf <200 GeV  p¥ > 200 GeV
Documented in PRL 133 (2024) 101802 foo 0.19 £003 (stat) 002 (syst)  0.13 +002 (stat) £0-92 (syst) || foo 0.152 +0.006 0.234 2 0.007
Tmi H H H forso 0.18 +007 (stat) £0-05 (syst)  0.23 +{17 (stat) £0:96 (syst) || for 0.120 +0.002 0.062 + 0.002
> Similar technique used to obtain evidence for 7~ 0,63 £05 (sa0) £008 (sys0) .64 5012 (sta) £008 o) | fro 010950001 0058 %0001
ZLZL production JHEP 12 (202 3) 107 foo obs (exp) sig. 52(43)0 1.6 (2.5) 0 frr 0.619 £ 0.007 0.646 + 0.008

24/28


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2020-01/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2021-05/

Polarisation
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Polarisation in Vector-boson Scattering

- . . . . c . . . . C
§ [ aTLAS simutation T wew, S ATLAS Simulation — WEWEEW S ATLAS simulation — WEWEEW
E 0.4} V5=13TeV, 140fb~! —— WEWE 3 020[ ys=13Tev, 140fb2 —— WFEWEEW 4 __a 020k f:PTe-V' 140fb-1 —— WEWEEW ]
2 Signal region e WAWEJEW t Signal region e WEWEEW 5 ignal region e WEWEEW
Z Pol. in W =W * -CMF st u’"’éem 2 Pol. in W=w=-CMF i Stat. uncert, 3 Pol. in WEw=-CHF w stat. uncert.

k ] o 0.15F ™ 4 ° L ]
g & g0
= _ < ] =
£ £ -
E 5 01 1 5 010f T
4 =4 =4 - I
=
0.05 1 0.05 =1 I ]
-
u—uuduﬂ""r-’.r
= O =000 =000 + + + + + +
=5 =z =
o (& 1. O |= o2 15F 1
2 2(8 &lg
EIEL E[E E|E 10p=mmzn i
51E EIE E|E
z[2 ——, 218 2le os __"_'_'_'_,_:—'_'_'— 1
0 200 400 600 800 1000 00 o5 TTo 15 20 25 30
mr [GeV] Agyi
SR
WEW=jj EW WrW5 jj EW
. . . . . . . . T ..
> In VBS, polarisation states differ in diboson and jet kinematics WEWjj EW,
> Maximise sensitivity through combination in DNN/BDT
= p =SR]
> Separating W*W+<jj from other bkg. WEWETEW

> Discriminating either Wi Wi and WX W*, or Wy W* and Wi Wf
> Separately for WyW=* and Wy Wy
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Single W Polarisation in VBS

@
(=]

Polarisation
0000080

o BO———— g - : 137 b (13 Tev)
S 160 ATLAS ® Data W wiwi Ew E s [ cms W Other bkg. ¢ Data
o Vs =13 TeV, 140 fo* Wi Ew W Wi Ew B — 10 —W, W, \\Bkg.unc.
140/ Wy Wi fit W WW Int WWj QCD = lé’ W W W, Wy — W, Wy WHW* E
SR W wz Qco Wwzew B [ —W.W. mwz 1
120 post-Fit Non-prompt Conversions = & 10° A 7z E
100 Other prompt 7/ Tot. Uncert. = -:\:;anrompt ;
80 Incl. DNN bin 0 Incl. DNN bin 1 Incl. DNN bin 2 e Sy mtvx |

noA
o O

44
g

o

t

Data / SM
LG ao

oy N

-1 -0.5 0 0.5

Signal DNN score + Incl. DNN bin BDT score

> Measurement from double differential DNN/BDT distribution
> Evidence for purely electroweak Wi Wjj production:

> ATLAS: 3.30 obs. (4.00 exp.)
> CMS: 2.3¢0" obs. (3.10 exp.)

> Cross sections in agreement with theoretical predictions
ATLAS 0.88 +0.28 (stat) + 0.09 (syst) fb  1.18 + 0.29 fb (Sherpa LO@O0,1j + corrections)

CMS 1.20722¢ fb 1.63 +0.21 fb (Madgraph LO + corrections)

(where fiducial phase space differs between both experiments)
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Double W Polarisation in VBS

T =T o e e e T E 137 b (13 TeV)
S EATLAS ® Data MWW ew E £ CMs | mOther bkg. ¢ Data ]
& 400-1Vs=13Tev, 140 ot I Wiwgj Ew W Wiwsj EW = =~ 0% —W, W, N Bkg. unc.
3oL WeWi fit [ Wi oco E 2 WW W Wy — W, W WHw*
E SR BWwz Qco Bwzew E| g — W, W, mwz 1]
300 Post-Fit Non-prompt Conversions - W 10° zz i
E Other prompt 7/ Tot. Uncert E [ Nonprompt 3
250? = +Predicted WAWj EW (10x SM) E Wtvx ]
200F Incl. DNN bin 0 Incl. DNN bin1 Incl. DNN bin 2 5
1505 i =
Co ;
500 — =
0=* I e P L =
= A
e Y S NSRS S W'
£ors T thT
O 05
0 1 ) 2 _3 -1 -0.5 0 0.5 1
Signal DNN score + Incl. DNN bin BDT score

> Experiments barely sensitive to double-longitudinal polarisation, yet

ATLAS  0.01 = 0.20 (stat) + 0.05 (syst) fo  0.29 + 0.07 fb (Sherpa LO@0,1j + corrections)
CMS 0.321242 fb 0.44 + 0.05 fb (Madgraph LO + corrections)

Upper limit of 0.45 fb = important constraint on BSM models
Incorporating polarised (JHEP 11 (2024) 115) or inclusive NLO EW corrections
More details in PLB 812 (2020) 136018 (CMS) and arXiv:2503.11317 (ATLAS)

v

v

v
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https://arxiv.org/abs/2409.03620
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-20-006/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2019-29/

Summary

> The LHC tests the electroweak theory at highest energies in
measurements of multiboson production

> Processes involving quartic electroweak couplings became
experimentally accessible in the LHC run-2

> Observation of all major VBS channels
> First measurements of polarisation in diboson and VBS

= These are important steps in the study of EW symmetry breaking
with the Higgs mechanism

Ow,w, expected significance [o]

0

Summary
(]

14 TeV

L CMS

| Phase-2 Projection

— WW rest-frame

=== pp rest-frame

. | . . . | . . .
2000 4000 6000

CMS-PAS-FTR-21-001 Luminosity [fb]

We're well prepared to systematically explore EW couplings in run-3 and beyond
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-21-001/index.html
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Electroweak Zjj Production

> Electroweak Zjj production is a model process for VVjj production
» Critical for precise measurements of Zjj-electroweak is a good

understanding of background
[} T T T T T T T T T T T T T T T T T T T
i< 10° [ATLAS Prefit Vs =13 TeV, 139 fb™, Zjj - Iljj
g -¢- Data Il EW Zjj (Powrec+Py8) [ Strong Zjj (SHERPA)
L 100k ZV (V -jj) Il tt, single top [ Other VV =~ Uncertainty
gap
Jets Strong Zjj Strong Zjj
enhanced enhanced
> 1 CRa CRb
9780 events 3286 events
EW Zjj Strong Zjj
enhanced enhanced .
T 2
=0 SR CRc g 15
7937 events 1992 events E 0 é‘
©
05 10 0012345123451234512345
: ’ §Z mj; = (1.0,1.5,2.25,3.0,4.5,7.5) m; bin

» Estimation of strong Zjj production relies on Z centrality and central jet activity
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Electroweak Zjj Results

> ATLAS (s =13 TeV, 139 fb*
O 11l EW Zjj ~ i Nt =0,&, <05 (EWSR) |
é e * Data, stat. unc.
= o o Total unc.
€102k Lt 4 Status 2020:
S [t |
5 a o wrong colour flow in Sherpa
o,
10°F el 3 @ Pythia8 ignorant of colour flow
A SHERPA 2.2.1
-4 | [E] HerwicT+Vi =
107 g e o
g 2
g 15 o o o . ¢
e I =4° [ % T ¢ | 9}
g 05 a & a a
g 10 2x10° 3x10°  4x10° 7x10° 2%Fatias {5 =13 Tev, 139 fo!
m; [GeV] 'g 0.4FEW Zjj - Ilj N =0, & <05 (EW SR)
Soasf = e S 1
. .. . S [ [ Unfolding Il U Strong Zjj model
> Inclusive EW Zjj cross sections measured to be: T 03f Waewzmeel L0 sarstes
Lo.2sf e
o
oew = 37.4 + 3.5 (stat) £ 5.5 (syst) fb £ o2f E
0.15
> Leading uncertainty in strong Zjj modelling and jet reconstruction 0. S \
> Only small reduction of stat. unc. compared to result from 3.2 fo™*: °‘°5 5
c103 2x10° 3x10°  4x10° 7x10°
oew = 34.2 + 5.8 (stat) + 5.5(syst) fb (relying much more on Zjj modelling) m; [GeV]
/i
| 4

Reducing reliance on theory modelling of strong Zjj production introduces large stat. unc. in control regionsm/28
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Strong and Electroweak Zjj Measurements

3 10EATLAS 5=13Tev, 1397 7 & 10°FATLAS T T s=13Tev, 139 1
Q Zjj - llj Nge=0,&,<05EWSR) | — Zjj - lj . Nt =0, & <0.5 (EW SR)
2 1 T 4 Damstatune. 3 > L 4 Data, stat. unc.
- = Total unc. .<Fl o s Total unc.
10 E E— p—
E e _8 10-% il
8107E a2 4
oA
10°F . E )
[G] Strong Zjj (SHerra) + X [©] Strong Zjj (Swerra) + X e (<]
_, [ [E] Strong Zjj (MG5_NLO+PY8) + X [A] Strong Zjj (MG5_NLO+PY8) + X i
107 E . X = EW Zjj (HerwiGT+VBFNLO) + 2V (V i) (SHERPA) == 1=~ X = EW Zjj (HERWIGT+VBFNLO) + ZV (V —j) (SHERPA) B
s * s 1 1 1 1 ;
8 15 5 B B 8 15 il 0 .
R e e s e e [ R R = =
2 o5 s 2 05 \ . . \
8 Taae 10° wo &2 3 4 5 6 7 8
m; [GeV] | Ay |
LO 0(0{4) O(ascx3) 0(045042)
e . EW EW EW
> In addition, combined measurement of the strong and /QCD /QC&‘ Qe
electroweak Zjj production processes
. T . NLO O(a® O(asa® 0(aza® 0(aga?
> At higher order, distinction is ambiguous adapted f,(gn)qJHEp 1710(“( “0)17) 194 75 (a2e)

> Insensitive to strong and electroweak interference

» Zjj production is standard candle to benchmark theo. calculations relevant for vector-boson scattering
> More information in EPJC 81 (2021) 163
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-27/

Summary
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Bonus: Limits from Triboson Production

o T T T T T T T T T T T
S ATLAS e Data WZZzZ wzz
o . {s=13TeV, 140 fb* BWwWwz [Owz+ets W Zz+ets
10°F Combined fit Oz+ets @Muz W Others
Post-Fit [JFake  Uncertainty

> Quartic couplings experimentally accessible in triboson production wl
» Experimentally and theoretically more difficult than VBS wl

> Recent measurement of VVZ production slightly higher than wh
prediction at NLO (similar as in WWW before)

> My personal impression: EFT limits are valid to higher energies

e 1]
L1
. s a

— triboson processes could be a valuable addition to EFT programme 5,

R a2 ins s 12 ™ s M o0 5 P ] &
— 100p v . -
> E \ ATLAS 3 € eoF o
e 75 b VS=13TeV, 1406 3 F ATLAS |
T sk \\ 3¢+ jets and 4¢ combination J ; a0 Vs = 13 TeV, 140 fb*]
< = , — < E .. ]
R N wz 10 20 Wi E
Pho— > E E ]
. E 0
> Observation of WWZ 0F F 1
. . E - -20F 4
production reported in -5 D E S ]
. E ’ El -4~ B
arXiv:2412.15123 -0 /7 — = Unitarity bound E — epowcitmt ]
_75 E / —— Expected 3 60 —— Obs. 95%CL Limit |
E / —— Observed | C —— Unitarity Bound ]
E / | _ F i
100 0 5 20 25 30 80 I z 3 2 5

\E [Tev] my, cut-off [TeV]
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