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The Electroweak Theory

» Rich variety of electroweak interaction derived from symmetry principles
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> Mass of electroweak gauge bosons and interaction
strength predicted precisely from g,g’,v, 4
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> Four input parameters, e.g. agep, Gr, Mz and my

> At the LHC, we test the electroweak theory

> precision measurements of single W/Z bosons
> at high energy in multi-bosons production
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Recent cross-section measurements:

> Special low-pileup datasets at 5 and 13 TeV
(CMS-PAS-SMP-20-004 and arXiv:2404.06204)

> First measurements at 13.6 TeV

(CMS-PAS-SMP-22-017 and PLB 854 (2024) 138725)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2024-011/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-20-004/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2018-17/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-22-017/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2023-16/
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Experimental Test at the LHC

The Precision Frontier The Energy Frontier
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> Tests of the electroweak theory through delicate

gauge cancellations at high energy
> Sensitivity to a wide range of physics through

tum L > Deviations can lead to potentially large effects
quantum loops

3/16



Parameters of the Standard Model
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Measurement of the W Boson Mass and Width
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> Improved measurement of my, and first measurement of 'y at LHC ~ oss & T ‘1(‘)‘
> Measured from pt and m¥ distributions in W—¢v decays arXiv:2404.06204

> Rigorous checks of p;(W) modelling in dedicated measurements
> Progress in global PDF fits and theoretical calculations

= Revisit 2011 data (favourable experimental environment for measurement of my)
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https://arxiv.org/abs/0901.0512
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2018-17/

Parameters of the Standard Model
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Measurement of the W Boson Mass and Width

Overview of m,, measurements _ Overview of T, measurements
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More details in arXiv:2403.15085 (LHCb JHEP 01 (2022) 036) m, [GeV]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2019-24/
https://lhcbproject.web.cern.ch/Publications/p/LHCb-PAPER-2021-024.html

Parameters of the Standard Model
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Measurement of the Effective Weak Mixing Angle

Jepton plane CMSPreliminary 59 fb? (2018, 13 TeV)
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https://arxiv.org/abs/1708.00008

Parameters of the Standard Model
[e]e]e] )

Measurement of the Effective Weak Mixing Angle

> PDF uncertaint

— reduced differences between global PDF fits and reduced uncertainties
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> New, precise measurements from hadron colliders

. i 02
CMS:  sin® 6L,

. .2
LHCb:  sin® 0

More details in CMS-PAS-SMP-22-010 (LHCb in preparation)

(ATLAS: ATLAS-CONF-2018-037)

= 0.23157 + 0.00010 (stat) + 0.00015 (syst) = 0.00009 (theo) + 0.00027(PDF)
= 0.23152 + 0.00044 (stat) + 0.00005 (syst) = 0.00022 (theo/PDF)

Direct

Indirect

Measurements

Determinations

~ Total uncertainty

Statistical uncertainty

SLD, A,

PRL 86 (2001) 1162
LEP combination, Ann':’

Phys. Rept. 427 (2006) 257
ATLAS 7 TeV

JHEP 09 (2015) 049
LHCb 7 and 8 TeV/

JHEP 11 (2015) 190
Tevatron combination

PRD 97 (2018) 112007
CMS 8 TeV/

EPJC 78 (2018) 701

ATLAS 8 TeV preliminary
ATLAS-CONF-2018-037
CMS 13 TeV preliminary
CMS-PAS-SMP-22-010
LHCb 13 TeV/
This analysis

Electroweak Fit (J. Halleret al)
EPJC 78 (2018) 675

Electroweak Fit (J. de Blaset al)
PRD 106 (2022) 033003

| \ |
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-22-010/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-037/

Electroweak Coupling of Fermions
o

W Boson Decay Branching Fractions

\
N &“ 138 fb™ (13 TeV)
: . . § Foms =
» Branching fraction measurements rely on W boson pairs g o remney b -l
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> Most precise measurement of e/u ratio for on-shell W decays B
Qg
> Most precise measurement of R¢ for on-shell W decays §o e b
> Used to determine |Vs| = 0.959 + 0.021 B e o
(ATLAS measurement from W/Z ratio: |Ves| = 0.969 298 (EPIC 77 (2017) 367)) “

g - pAC. Ty CMS e/u/r/had  PRD 105 (2022) 072008
More details in arXiv:2403.02133 and CMS-PAS-SMP-24-009 ( ATLAS i/ NPHYS 17 (2021) 813 )

8/16


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2012-20/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2023-28/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-24-009/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-18-011/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2018-29/

Electroweak Coupling of Fermions
oe

Production of r-Leptons from Photons
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> Measurement of yy — 77 production, for the first time in pp collisions 0 1 2 3 4
H . . . . Number of reconstructed tracks, N,
> Basis to constrain anomalous magnetic and electric dipole moments PLB 816 (2021) 136190

> Energy of pp collisions allows production of particles at electroweak mass scale

More details in arXiv:2406.03975 (dramatically improving on constraints in UPCs by ATLAS and CMS)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-21/
https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-23-005/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2019-19/
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIN-21-009/

The Gauge Sector
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Diboson Production at /s = 13.6 TeV
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> First measurements of diboson processes in run-3 data taken in 2022

> Jet-inclusive measurements of WW production now standard
> Diboson measurements routinely achieve precision of better than 5%
> WW, ZZ, WZ have been measured at Vs = 13.6 TeV

More details in arXiv:2406.05101, PLB 855 (2024) 138764 and CMS-PAS-SMP-24-005
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https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-24-001/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2022-17/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-24-005/index.html

Quartic Electroweak Couplings

The Gauge Sector
O®0000

> Quartic electroweak coupling experimentally accessible in vector-boson scattering and triboson production

SR = N E

> Some of the rarest processes experimentally accessible at LHC
> Vector-boson scattering observed in all major channels

> exploiting characteristic signature
> in agreement with theoretical predictions

> Triboson production experimentally more difficult
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsCombined

Electroweak Wvyjj and WZy Production

> Recent example from ATLAS: Wyjj production

> Observation with > 60 exploiting characteristic signature in a neural net

» Differential measurement reducing model assumptions

More details in arXiv:2403.02809

(Observation in CMS in PRD 108 (2023) 032017)
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> Recent example from CMS: WZy production
> Observed with 5.40 from fit to my,

> Measured slightly higher than theory prediction at NLO, u = 1.47+933

The Gauge Sector
[e]o] le]e]e]
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More details in CMS-PAS-SMP-22-018
(Observation in ATLAS in PRL 132 (2024) 021802)

NN score

-0.29
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2018-31/
https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-21-011/index.html
https://cds.cern.ch/record/2905175?ln=en
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2019-17/

The Gauge Sector
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Anomalous Quartic Gauge Couplings

> Deviations from the SM are quantiﬁed in an Effective Field Theory approach

— 200 L T T T
Lsverr = Lsm + Z o)+ Z —0 kS E = ATLAS
@) e .
= r ; (s =13 TeV, 140 fb
- : . % 100
» Considering operators only affecting QGC (at dim-8) T F
g I
» Constrain operators sensitive to electroweak symmetry breaking s o
Electroweak WZjj production, JHEP 06 (2024) 192 g L
g [
CMS Preliminary L=138b*(13 TeV) E -100+
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& -200—5l L 4

2:
JHEP 06 (2024) 192mWZ cut- off [Tev]

> Study of interplay of dim-8 (QGC) and dim-6 (TGC)
Electroweak W*=W=jj production with W — tv, CMS-PAS-SMP-22-008

-15 -10 10
CHW

CMS-PAS- SMP 22 008 13/16


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2018-35/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2018-35/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-22-008/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-22-008/index.html

The Gauge Sector
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Diboson Polarisation

> Longitudinal polarisation generated by electroweak symmetry breaking
— asymptotically behave like Goldstone bosons of electroweak symmetry

g 3500 ‘AT‘LA‘S T ‘-D‘ata‘ /‘,’,T‘ot. L‘mc‘. T \‘NTZ‘T
> Measured from decay angles of the decay leptons P wz SRPoSUEL o T LWz s DD
> Individually in WZ events: [ ) Wz mWZint
> ATLAS: PLB 843 (2023) 137895 Wt e 2000 * .
> CMS:JHEP 07 (2022) 032 Wit mame L w0 . i
q By q

> Recent observation of joint polarisation

. B, i 2 B 125 fosanicos  Hoowem05 | | Heosam<os | Heosemsos 1

> Theoretical decomposition in individual | - 7wt e £ Eiwsices lmeedoos freie Losiiﬂlé’?* t
components (LL, TL, LT, TT) % g bt *:,;:f‘ bbbttt

SR SIS R R L E

> Main challenge: incorporating higher-order corrections PLB 843 (2023) 137895  4category DN score
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2022-01/
https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-20-014/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2022-01/

The Gauge Sector
[e]o]e]e]e] ]

Polarisation Results

137 fb™ (13 TeV)
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VBS WiWijjat < 1o
> Experiments gain sensitivity to V,V, production, starting to study energy dependence of cross section

Evidence for Z,Z, production in JHEP 12 (2023) 107
Study of energy dependence of W, Z, prod.in arXiv:2402.16365

> Ultimate test of electroweak symmetry breaking is the study of V,V; scattering at the HL-LHC
Analysis of WEWjj and WEWjj in PLB 812 (2020) 136018
= Active field on both theoretical and experimental side

15/16


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2021-05/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2020-01/
https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-20-006/index.html

Summary
(]

Summary

> Numerous results of precision electroweak physics released in the last 12 months!
> The LHC is competing with previous machines in electroweak precision

> Facilitated by large datasets, detailed understanding of the detectors, dedicated reconstruction techniques
and state-of-the-art theory predictions

> New measurements of key electroweak parameters my, and sin? egﬁ

> High-precision measurements of lepton couplings

> The LHC tests the electroweak theory at highest energies in multiboson measurements
> They join precision probes in improving our understanding of electroweak symmetry breaking
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