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The Electroweak Theory @

* Rich phenomenology arises from the non-Abelian gauge group structure ana
spontaneous EW symmetry breaking in the Standard Model

SU2), xU(lyy — W, W, 2%y

* Mass of electroweak gauge bosons and interactions strength predicted precisely

f : Vv, A
rom. £,£2,7, m‘%v
p =

20052
mscos=0Oy,

* Or alternatively can use as input parameters, e.g., Qggp, G, 1y, My

e LHC offers unique environment to test EW theory!
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Flectroweak Tests at LHC
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* Sensitivity to a wide range of physics e Delicate gauge cancellations at high energy

through quantum loops * Enhanced sensitivity to non-SM contributions

Measurements of SM parameters Investigation of EW gauge structure
3
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W Boson Mass and Width )

L
Eur. Phys. J. C 84 (2024) 1309, arXiv:2403.15085 EXPERTMENT
. -'(L) 012_' L DL | '. b .' L L L '. L L L L
e Re-analysis of 2011 data S - ATLAS Simulation M Nominal -
5 01 {5=7 TeV, pp— W +X e
- Favourable experimental environment for my, 5 - T PP —Amy=60MeV
c 0.08— --- AT, =+200 MeV —
measurement IS - AL —900 MeV
= - w=" _
- Consolidate earlier ATLAS results, in the context of CDF § 0.06— —
LL | _
latest measurement. 0.04 -
y W 0.02 —
e Fit p7 and m; distributions in W — £v
A e
- Improved statistic based on the profile likelihooa R
© \
- Updated to more modern PDF sets T A iame

 Measurement requires excellent precision in

lepton energy/momentum calibration (O(10™%))
and recoil response (~ tew %).
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https://arxiv.org/abs/2403.15085

W Boson Mass and Width

Eur. Phys. J. C 84 (2024) 1309, arXiv:2403.15085

W boson mass

my = 80,366.5 + 15.9 MeV

Overview of m, measurements
""""""" [ ] l
LEP :
LEP Combinaton | ATLAS - = e m
(s=7TeV, 46 ﬂo1 '

m,, = 80376 £ 33 MeV
_____________________________________________________________

DO (Run 2) é i -
Phys. Rev. Lett. 108 (2012) 151804 : .
m,, = 80375 £ 23 MeV

CDF (Run 2) : o 5
Science 376 (2022) 6589 : i : 101
m,, = 80434 + 9 MeV : o :

LHCb 2021 : - :
JHEP 01 (2022) 036 : 1 o -
m,, = 80354 + 32 MeV : '

ATLAS 2017 : ] :
Eur. Phys. J. C 78 (2018) 110 ® Measurement g ‘- .

m,, = 80370 + 19 MeV
|:|Stat. Unc.

ATLAS 2024 [l Total Unc.

m = 80367 + 16 MeV [ |SM Prediction , -

| Ak i
80200 80300 80400
m,, [MeV]

e Total uncertainty reduced by ~ 15%
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DELPHI
Eur. Phys. J. C 47 (2006) 309
I, =2404+173 MeV

OPAL

Eur. Phys. J. C 47 (2006) 309
I, =1996 + 140 MeV

L3

Eur. Phys. J. C 47 (2006) 309
r, =2180+ 142 MeV

ALEPH
Eur. Phys. J. C 47 (2006) 309
r, =2140+ 108 MeV

Combination
Phys. Rep.
I, =2195+83 MeV

ev. Lett. 103 (2009) 231802

DO :
Phys. R :
r, =2028+72MeV
CDF []stat. Unc.
Phys. Rev. Lett. 100 (2008) 071801
=2032+ 72 MeV

e First measurement at LHC

W boson width

I, = 2202 + 47 MeV

Overview of I', measurements

ATLAS
(s=7TeV, 46 b’

532 (2013) 119

@ Measurement

.Total Unc.
SM Prediction

|
1500

e Most precise single-experiment

measurements.

Parameters of the SM

L

EXPERIMENT

Simultaneous extraction

2200

2100

of my, and 1y,

x (80355,

ATLAS A Best fit p=-0.30
Vs=7TeV, 461" X SM prediction

95% CL

2088)

| | |
80320 80340 80360

e Correlation of -30%

|
80380

|
80400

m,, [MeV]
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https://arxiv.org/abs/2403.15085

Exclusive W Boson hadronic decays &9

ATLAS

Phys. Rev. Lett. 133 (2024) 161804, arXiv:2309.15887 EXPERIMENT

e Test bench for the QC

D factorization framework

e Could enable W boson mass measurement with a fully reconstructed final state at future colliders

* Analysis enabled by special photon + track trigger

_ ><|1|0|3||||||| |||||||||||||||| | |||||||| | ||||||||
M o I . Data ]
M O TC ATLAS e S+B Fit E
N r (s=13TeV, 137 fb" Multijet 5
— 6 - Track-photon SR Z—ee B
W 2 - W*Snty [B=5x10 ]
' W Br(Wi N Mi}/) N 10—9 L% 5 - W*—p*y [B=5x10 ] —
’ -
/ Y
95% CL upper limits
Branching fraction Expected x107°%  Observed x107°
BW™ = 775+) 1.2707 1.9 x4 improvement
- - O 4 S 200 Bkgd
, , 2
B(W— — K ) 1.17073 1.7 | T M p # 4#( M} M #p
n N 493 First upper limits o ﬁ # * #M“m
BW™ — p~y) 6.0_77 .2 ‘ 8 200t
60 65 70 75 80 85 90 95 1'0(')"1'05'"1'10
m(track, photon) [GeV]
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.133.161804
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W+jets Production 57

arXiv:2412.11644 E A

* Inclusive and differential cross-section measurements in the collinear phase space as a function of a
variety of observables

e Explore the modelling of kinematic variables in the high momentum phase space

[fb]

| e | 1200 1 I 1 I I I | 1 I I I I 1 | I I 1 | 1 I I I I I I __ - _—
= B | ATLASI ; | | :l = 1400 - ATLAS ®  Data, stat. unc. .
- - hd Data, stat. unc. _ ~ / = - r — 13 TeV. 140 fb-1 —
q q 7 VS ev, ]
% 1000— ys = 13 TeV, 140 ! Stat. ® syt unc. — § 1200 - Stat. ® syst. unc. -
O = . 2= N 0 Sherpa2.2.11 NLO QCD .
© - Sherpa2.2.11 NLO QCD . a 1000— 7
© 800— — n N, — MG_aMC@NLO+Pythia8 FxFx N
B MG_aMC@NLO+Pythia8 FxFx - W ol B
B - = A MCFM W+1j @NNLO —]
— K MCFM W+1j @NNLO — e N
B 1 /TN N\ B, X E
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7 q .
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B.ADQA-I | | N
9 n | “ u L b T
1 ' L O ) Ml 1} l S I S T S N A | T . | :
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cD*B' 0.5 # Sherpa2.2.11 NLO QCD+EW —
g 151 -
o 1W—%~%—#—4—4—% e A; A‘ :A‘ :A‘ ——7 % ‘i‘ -
0.5{~ i MCFM W-1J@NNLO QCD+NLO EW (" ha s 0.5~ i MCFM W:+1j@NNLO QCD+NLO EW""™ —
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W
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W and Z Boson Production @

e~ 1 012 g ' | ! ! ' | ' ' ! | ' ' ' | ' ! ! | ' ' ' | ' § . .
2 - Iﬂhezzrjremem ATLAS Preliminary 7 ® First step in the study of gauge bosons at 13.6TeV
5 10" pp — X x> o = - Total/fiducial/ditferential cross-section measurements
O = J
D S _
n
O B _ sk
- = pp > W o~ A =
O C v - Py . PLB 854 (2024) 138725, arXiv:2403.12902
_§ 10 = 0 > ZIy* S - Uncertainty ~ 2-3% dominated by luminosity uncertainty
o ; - - - Ratio measurements for increased sensitivity to PDF
— 107 —=
% = M = - Good agreement with NNLO+NNLL QCD and NLO EW
= N o = i predictions
= pp — tt - -
C ppo g -, .
E PPXEHWW 2 o e E pp N ZZ
; pxpo.T) 57 LSS E PLB 855 (2024) 138764, arXiv:2311.09715
2 | Alf "' é | é 1'() | 1|2 1|4 - Uncertainty ~ 6% (with comparable stat./syst. uncertainties)
Status: June 2024 \s [TeV] - Good agreement with NNLO QCD + NLO EW predictions

ATL-PHYS-PUB-2024-011
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/ Boson Invisible Width )

L

Phys. Lett. B 854 (2024) 138705, arXiv:2312.02789 EXPERIMENT

e Sensitive to number of light neutrinos coupling to Z boson and potential non-SM contributions

 Measurements via different final states and analysis strategies test the consistency ot SM

['(Z — inv) = R™SS . [(Z - £7)

Z( — 1nv) + jets

@ 12 - - - — ]
EEC% | ATLAS $ Data corrected with Sherpa 2.2.11 |
| Vs=13TeV, 37 b A Data corrected with MG5_aMC+PY8 FxFx _
10 — . vy, Syst. @ stat. uncertainty —
- mls S Sherpa 2.2.11 —
| R I MG5_aMC+PY8 FxFx _
8 __ ) __ 0!
i ' 7 // g?; | | e Z(—>Lﬂf)+]€t8
sk R 0 f
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/ Boson Invisible Width

Phys. Lett. B 854 (2024) 138705, arXiv:2312.02789

['(Z — inv) = 506 = 2(stat) = 12(stat)

e Single most precise recoil-based
measurement (~ 2.5%)

e Dominated by systematic
uncertainties (leptons)

e Result in agreement with LEP
combination and SM predictions

13 January 2025

Recoil-based

ATLAS

s=13 TeV 37 fb" —e— Total Syst. | SM
LEP Lineshape " 499.0 + 1.5 MeV
L3 =] 498 + 17 MeV
OPAL ——=—=—==—=—— 539+ 31 MeV
ALEPH ———ee———] 450 + 48 MeV
LEP Combination, Photon-tagged F—m— 503 + 16 MeV
CMS ——e—— 523 + 16 MeV

Parameters of the SM

600
[(Z—sinv) [MeV]
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WZ Polarization @

Phys. Rev. Lett. 133 (2024) 101802, arXiv:2402.16365 EXPERIMENT

e Study of diboson polarization probes gauge symmetry structure and electroweak symmetry
breaking mechanism.

e Experiments gaining sensitivity to V; V; production and starting to study energy dependence
of cross-section.

< A NNANANNNL <
g W g
q A
q rd q
> ENNNANNN >
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WZ Polarization

Phys. Rev. Lett. 133 (2024) 101802, arXiv:2402.16365

e The W;Z, tinal state only makes up ~ 6% of total
W/Z cross-section.
* Measure polarization fractions in longitudinally-
enriched regions.
- p}VZ < 70 GeV = Reduce jet activity
- High p% - Enhance s-channel contributions
 Measurements compatible with SM predictions.
Measurement Prediction
100 < p7 < 200 GeV p% > 200 GeV 100 < pZ <200 GeV  pZ > 200 GeV
foo 0.17 £905 (stat) 2005 (syst)  0.16 £5-02 (stat) £003 (syst) || foo 0.152 £ 0.006 0.234 +0.007
Ixx 0.83 705 (stat) 007 (syst)  0.84 002 (stat) =005 (syst) || for 0.120 + 0.002 0.062 + 0.002
f()() obs (exp) Sig. 7.7 (69) o 3.2 (4.2) o fT() 0.109 + 0.001 0.058 + 0.001
frr 0.619 £+ 0.007 0.646 + 0.008
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EW Gauge Structure
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WZ Radiation-Amplitude-Zero (RAZ) £

Phys. Rev. Lett. 133 (2024) 101802, arXiv:2402.16365

EXPERIMENT

e At LO, scattering amplitudes predicted to be zero for specitic Transversely-polarized W,Z
W scattering angle in the WZ rest frame O A B
&
. . > [ ATLAS -
e Variables sensitive to RAZ effect: AY(WZ), AY (¢, Z) T $ Data Bwz -
sool 8=13TeV, 140" -
e RAZ arises primarily from W,Z; amplitude - 7 Tot. Uncert. -
- Subtract measured W, Z, fractions and background i _
L . . . 600— 7
* Unfolded distributions compatible with SM prediction - 7 -
1.2 — —
T|C-I | ATLAS | e Data —+—MG+Pyth|ia %4 Tot. Uncert. i 400 —
o i _ﬁ=1|3-!-e\{.,140tﬂt3'1 ] u -
- polarization state n | i
8 .81 ” ] - _
y 7 i 200—
0.6 - Radiation- _
- i Amplitude-Zero )
] O ] ]
i 2 I E—S——————————, ——r _
Reduction in jet activit = B 18 7, =
’ M - <1 7] =
S L oF | | E 8 I 7///; Z%%%é%%/}%?%ﬂ////% =
- T— A e 24 7. =
g - -6 —4 =2 0 2 4 6
o= 20 40 | -
AY(WZ)

max(p; W2y [GeV] !
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Quartic Electroweak Couplings

* Some of the rarest processes experimentally accessible at LHC

- Vector-boson scattering observed in most channels

- Increasing sensitivity to triboson production

Diboson Triboson
Wyir, W4 Wyy, VVZ

13 Januar y 2025 EW Gauge Structure
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Diboson: Wyjj

Eur. Phys. J. C 84 (2024) 1064, arXiv:2403.02809

e Observation of EW Wyjj with > 66 established using ML techniques

e Study modelling of several key kinematic observables.

III|III|III|III|III
ATLAS

Vs = 13 TeV, 140 fb'
EWW(—Iv)yj
Data (syst) (total) B8
13.2+251fb

Sherpa 2.2.12 —o—

8.9" s (scale) " (stat+PDF+a) fb

MadGraph5+Pythia8

13.0" 5 (scale) * ¥ (stat+PDF+ay) fb

IIIIIIIIIIIlIlIlIIIlI

“

0 2 4 6 8
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Diboson: WZjj

JHEP 06 (2024) 192, arXiv:2403.15296

e Multivariate discriminant used to separate
EW and strong production modes

* First study of modelling of several key
kinematic observables
— 18—
=2 | ATLAS .
= T'6:_\/§=13Tev 140 fb~' A — } B
o - e T e -
4;—|- 1 4:— W3Zjj — ¢'veejj ) —:
N 1.2F -
N - .
ST [ —
0.8 —
0.6F —
0.4 :_ : IE)/IZ?Graph+Pythia8 _:
B Sherpa 2.2.12 7
0.2_— - 58% Confidence Level —]
S ELLE 95% Confidence Level -
O_ | ] I | ] ] ] I | ] ] | I ] ] | ] I | ] | ] I | ] ] I_
0 0.1 0.2 0.3 0.4 0.5 0.6

Owzjj—ew [fD]
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Triboson )
Wyy VV/

Phys. Lett. B 848 (2024) 138400 arXiv:2412.15123

Observation with 5.60 significance
S e BDT discriminants trained in each event category

ATLAS . :
5 - 13 TeV. 140 b to enhance the separation between signal and
W(- Iv)yy background
Observation
Data 2015-2018 | (stat) (total)
13.8 +1.1 (stat)*_j; (syst) = 0.1 (lumi) fb
Sherpa 2.2.10 NLO Process Signal strength Cross section (fb) Observygd (expected) sensitivity
+0.5
13.6" 5 (scale) *  (stat+PDF+ay) fo VVZ ) 1.43 +0.20(stat.)*0-3 (syst.) 66O+90(stat ) TS5 (syst.) 6.4 (4.7) o
+0.21 +6
MadGraph5_aMC@NLO WWZ ) 1.33 £0.28(stat.)” - (syst.) 442 + 94(stat.)™] (syst ) 4.4 (3.6) 0
14.8" " (scale) " (stat+PDF+a) b WZZ | 21378 (stat.) )70 (syst.)  200* 5} (stat.) ™S (syst.) / 2.8(1.6) 0
] | ]| 1 1 | | 1 1 | I | I I | I I | | | | | | ]

2 4 6 8 10 12 14 16

olid x Br(W— e/ v) [fb] Evidence
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Anomalous Quartic Gauge Couplings,ﬁ?S

EXPERIMENT

e Deviations from the SM are quantified in an Eftective Field Theory approach

(8)
ZsmerrT = Lsmt T Z

e Considering only operators affecting QGC at dimension-8

e Limits on Wilson coetticients reported without and with unitarity preservation using clipping technique.

Wyjj VV/Z

Eur. Phys. J. C 84 (2024) 1064, arXiv:2403.02809 arXiv:2412.15123
(?oefji\ilents [TeV 4] Obserj\;dble Expec;ej [2TzV 4] Obsel\lfe;i [szV 4 M O St i 1OO§ """ ‘-\‘ """" ATLAS """" g
;TO;M o {-1'5’ 15} {-1'1’ 1'2} . £ PF N Vs=13TeV, 140fb" =
Tl Pt -1, L. -4, L. < - : 32 +jets and 42 combination -
T JA? !/ [-4.4, 4.7] [-3.1, 3.5] : Sen5|t|Ve tO Sm 50 \‘\ ]
- 533 S First LHC = = . -
3 ‘ 242 | foo foo s = b e :
. N —_——— e3¢ -
frs/A pJT{ [-1.7, 1.7] [-1.2, 1.3] COﬂStra | htS OE_.‘“__‘_—_—_—_—_:E
fT()/A4 [7fjrj. [-1.5, 1.5] [-1.0, 1.1] E — — /?’=. E
fr7/A* péf [-3.8, 3.9] [-2.7, 2.8] —25 :—% g =
fao/ A P! [-28, 28] [-24, 24] oF V2 -
Far1 /A? p7r [-43, 44] [-37, 38] —0F / —-— Unitarity bound -
a2/ A pT [-10, 10] [-8.6, 8.5] _753_ / —— Expected E
fuas /A p; [-16, 16] 13, 14] : / — Obseved -
Fara/N* p [-18, 18] [-15, 15] 100 ———— —_— e .
fms/A p; [-17, 14] [-14, 12] 1.0 1.5 2.0 2.5 3.0
farr/A? Py [-78, 77] [-66, 65] V. [TeV]
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Summary £

L

EXPERIMENT

e The LHC and ATLAS are providing a wealth of valuable insights into the electroweak sector.

e ATLAS has made significant strides in precision measurements, studies of the
electroweak gauge structure, and exploring rare processes.

e With growing datasets and more refined techniques, the opportunities for discovery are as
good as ever.

e New physics might just be around the corner, and the search continues.

All ATLAS results available at
https://twiki.cern.ch/twiki/bin/view/AtlasPublic
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