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Introduction

4 The LHC has become a precision factory for SM parameters (e.g., sin?0_eff*e, W/Z
spectra) while pushing to multi-TeV tails that stress-test theory.

= Precision W/Z and W+jets results improve background modelling and systematic controls across

measurements.

* |nclusive and differential gauge bosons measurements validate NNLO (+EW) predictions and constrain
PDFs that are crucial for Higgs, top, and BSM analyses.

Standard Model Total Production Cross Section Measurements
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Introduction

O Multi-boson production and vector-boson scattering (VBS) provide direct access to
gauge self-interactions and longitudinal modes.
= These channels allow for the exploration of triple- and quartic-gauge couplings and the W/Z longitudinal

components associated with electroweak symmetry breaking, utilizing characteristic dijet topologies.
= Presence of new physics can significantly deviate the SM prediction of gauge couplings.

e Triple gauge couplings (TGC) * Quartic gauge couplings (QGC)

W w i a i . ) i . .
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- " Y Y Z g z Zeoaw %

U Higgs unitarization stands as a central conceptual test.
= |n purely bosonic VV—VV scattering, the amplitude increases as ~EZ, but the SM Higgs exchange
cancels this growth precisely, restoring unitarity.

= This is a very delicate equilibrium: if H boson is not the SM one, cancellation is only partial.
= Consequently, the observed high-energy behavior of VBS directly validates the Higgs mechanism.
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Selected highlights: Single vector boson studies

Topics References

B(W—cq)/B(W—q q') measurement CMS, Phys. Lett. B 868 (2025) 139754

Drell-Yan forward—backward asymmetry and effective CMS, Phys. Lett. B 866 (2025) 139526
leptonic weak mixing angle

W angular coefficients in low pileup data ATLAS, arXiv:2509.13759

W high transverse mass spectrum ATLAS, JHEP 07 (2025) 026

W cross section with low pileup ATLAS, Eur. Phys. J. C 85 (2025) 729
W + jets cross section ATLAS, Eur. Phys. J. C 85 (2025) 738
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https://doi.org/10.1016/j.physletb.2025.139754
https://doi.org/10.1016/j.physletb.2025.139526
https://doi.org/10.48550/arXiv.2509.13759
https://doi.org/10.1007/JHEP07%282025%29026
https://doi.org/10.1140/epjc/s10052-025-14178-x
https://doi.org/10.1140/epjc/s10052-025-14078-0

CMS, Phys. Lett. B 868 (2025) 139754

o 24high-p, jets

B(W—cq)B(W—q ¢') measurement .. .

0 High-purity sample of W bosons from ttbar ; %
production. -
0 Semi-leptonic ttbar decay channel. | u ”
O Tagging of charm jets: identification of a muon SM
inside a jet stemming from the semi-leptonic :
decay of the charm hadron. C ALEPH - 0.51 + 0.06
d Target measurement: _ OPAL . 0.481 + 0,053
W _ B(W — cq) —
c B(W — C(]) -+ B(W — UC_]) ;— World average - 0.49 + 0.04
Q The result 0.489%0.020, is consistent with the |
standard model prediction and is twice as - CMS 13 TeV T 0.489 +0.020
precise as the current world-average value. A N B I S B
0.35 04 0.45 0.5 0.55 0.6 0.65
B(W—cq)/B(W—qQq')
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https://doi.org/10.1016/j.physletb.2025.139754

sin? @ from DY forward-backward asymmetry

O Leptonic effective mixing angle sin? 6%

eff —
1 Asymmetry in lepton decay angle distribution:

~1 + cos? 0+ 0.5A, (1-3 cos?20) + A, cos 0

_)AFB - 3/ 8A4
CMS 60 fb™' (2018, 13 TeV)
i(E i ‘_-._Eit‘(CT1BZ)I | i
O Extracted from fitting ™
reconstructed L)
weighted Ag(y,m) * o |/
L‘L.;.‘ 0 ;""‘"‘""'““"”"""""’"’“""**‘"""’*++ doy
O_0'050:_ 20 40 60 E
Iyl-m bin

sin? §% = 0.23157 + 0.00010(stat) + 0.00015(syst) £ 0.00009(theo) + 0.00027 (pdf)
O Precision comparable with LEP and SLD measurements

O PDF is the dominant uncertainty

CMS, Phys. Lett. B 866 (2025) 139526

(1 — mg,/m3)k? is a key SM parameter

0.23099 + 0.00053
0.23159 + 0.00041
0.23221+0.00029
0.23220 + 0.00081
0.2324 +0.0012

0.23098 + 0.00026
0.23221+ 0.00046
0.23095 + 0.00040
0.2308 +0.0012

0.23142 + 0.00106
0.23101+ 0.00053
0.23152 + 0.00031
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https://doi.org/10.1016/j.physletb.2025.139526

ATLAS, arXiv:2509.13759

W* angular coefficients in low pileup data

 Sensitive probe of the underlying dynamics of QCD effects . e
in vector-boson production. aPT W dm deos0 dg 167 dp¥ &y dm®

[(1 +cos?0) + % Ao(1 = 3cos?0) + A sin26 cos

O Low pile-up enables optimized reconstruction of the W boson
transverse momentum.

1
+§ Ay sin® @ cos 2¢ + A3 sinf cos¢ + Ay cosé

+As sin @ sin 2¢ + Ag sin26 sin¢ + A7 sin6 sin ¢].

O First time measurements of the full set of W angular coefficients.
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https://doi.org/10.48550/arXiv.2509.13759

ATLAS, JHEP 07 (2025) 026

W high transverse mass spectrum

O First measurement of the charged-current DY process above the resonance region.
=  Powerful tool in understanding partonic interactions and testing the NNLO p-QCD predictions

= Measured region sensitive to large Q and provides new constraints on high-x anti- quark PDFs
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0 The double-differential (W my and lepton ) and charge asymmetry are reported.
0 Test of lepton flavor universality shows no significant deviations from the SM.
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https://doi.org/10.1007/JHEP07%282025%29026

ATLAS, Eur. Phys. J. C 85 (2025) 729

W cross section with low pileup data

U double-differential cross section reported as a function of lepton p; and 7.
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ATLAS, Eur. Phys. J. C 85 (2025) 738
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Selected highlights: Multi-Boson & VBS studies

VBS - ZV - llgg/Inuqq

WWZ and ZH cross section

W boson pair production in photon fusion
Same-sign W boson scattering in one tau final state
Observation of W*W-y

W=*Z production cross section

W*W~ production cross sections

Observation of double parton scattering in
same-sign W boson pair production

Observation of WW/WZ/ZZ in association with a high-
mass dijet system

Evidence for same-sign WW polarization
Observation of VVZ production

CMS, arXiv:2510.00118

CMS, Phys. Rev. Lett. 135 (2025) 091802
CMS, CMS-PAS-SMP-24-019

CMS, arXiv:2410.04210

ATLAS, arXiv:2509.14070

ATLAS, arXiv:2507.03500

ATLAS, JHEP 08 (2025) 142

ATLAS, arXiv:2505.08313

ATLAS, arXiv:2503.17461

ATLAS, Phys. Rev. Lett. 135 (2025) 111802
ATLAS, Phys. Lett. B 866 (2025) 139527
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https://doi.org/10.48550/arXiv.2510.00118
https://doi.org/10.1103/6z3d-zjw4
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-24-019/index.html
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-24-019/index.html
https://doi.org/10.48550/arXiv.2410.04210
https://doi.org/10.48550/arXiv.2509.14070
https://doi.org/10.48550/arXiv.2507.03500
https://doi.org/10.1007/JHEP08%282025%29142
https://doi.org/10.48550/arXiv.2505.08313
https://doi.org/10.48550/arXiv.2503.17461
https://doi.org/10.1103/bpln-ccql
https://doi.org/10.1016/j.physletb.2025.139527

CMS, arXiv:2510.00118

Measuring EW production of ZV via VBS

O Focus on final states where one boson decays to leptons (Z — £'¢°)
and the other decays hadronically (V — qq’) + two forward jets.

O Measured with an observed (expected) significance of 1.3 (1.8) o.

CMS 138 o' (13 TeV), A =1 TeV CMS 138 b (13 TeV), A =1 TeV .

w

=
=
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w
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O Combined with the previously published WV channel in the lepton plus jets final state
to test aQGC and SMEFT.

= sets world-best limits on a selection of dimension-8 effective operators.
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CMS, Phys. Rev. Lett. 135 (2025) 091802

WWZ and ZH production cross sections

1 Measured the WWZ and ZH signal strengths at 13 TeV and 13.6 TeV in the 4-lepton final
state and compare with SM prediction

O A simultaneous fit that separates non-resonant WWZ production from ZH (H — WW)
production for the first time. q W W

a H
W >v\w{;j::w
Ziy* Z*
Era Total WWZ ZH cms_© R
RL]I"[ 2 29 (44) 13 (31) 20 (26) 138" (13 TeV) 62fb" (13.6 TeV) 200 fo' (13+13.6 TeV)
Run3 3.8(25) 25(13) 25(1.7) s o sa sy
e 0.52+0.45 £0.12
Total 45(5.00 24(3.3) 3.1(3.1) Nonresonant WWZ 1 1.9121.08+0.20
e 0.87 +0.44 +0.11
—— 1.01+0.56 £0.11
O First evidence for a triboson production “HH =1 T PoTE 90 02
process at 13.6 TeV. HH 0754030009
d Results agree with SM predictions. nelusive S 1.74+0.63+0.19
i 1.03 +0.29 +0.09

N
Signal strength: p = ﬁms’ T
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CMS, CMS-PAS-SMP-24-019

W boson pair production in photon fusion

PKU
O Pure electroweak environment, sensitive to trilinear and quartic gauge couplings.
. . 4 w+ Y we vy W+
O Exclusive ep final state. M N
CMS Preliminary, July 2025 channel limits vz E P < i
o/ A — = i 4 w- Y w- y W~
AR — o CMS Preliminary 138 fb™' (13 TeV)
. [ — . . c 1 L crved ja T
O Measured total cross section |™ = wmoem oo 5 POSITt 1,5 e " WW
bl Nonprom Zh— Tt
659tg§ fb_ fooJAY z W CICJ 10° =T{:~pp P %U;mrmin
O Fiducial 4.1%0.5 fb. c A = T 10°
ma/ A" =
fM’4 / A4 E Zﬁ_NFRD tEWZ;I:?EWH
A . s/ A —
4 Interpreted in dimension-8 ' =
EFT. -
fuz /A
-40 -20 0 20 40 60 80 0:6 :
aQGC Limits @95% C.L. [TeV'*] 0 50
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CMS, arXiv:2410.04210

Same-sign W boson scattering in one tau final state
1 SSWW process previously observed by CMS and ATLAS.

O This search focuses on final states with one hadronically decaying tau lepton.

138 fb™ (13 TeV)
S [
Tq10f - CMS } Data P aco ssww vBS
et, :

Other bkgs. 0S + (Zfy +jets
£10° = Signal Region X g (& +jets)
0 tt dilep. MNonprompt leptons
—~ D
210* B W ssww vBS %7 Stat. + syst. unc.
c

............ rrrerbrrere

EW signal QCD signal
1 DNN used to significantly boost the sensitivity of the search.

O The observed (expected) significance of the EW signal is
2.7 (1.9) o.

§ 2f =

1 The combined EW and residual QCD-mediated contributions %0 e pemmun '++'+T§
yields an observed (expected) significance of 2.9 (2.0) o. - ﬁ ____J'j

0 Results also interpreted in SMEFT, setting limits on several T 07 03 04 05 06 05 08 o9
dimension-6 and dimension-8 operators. SV DN outpt
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http://dx.doi.org/10.1103/PhysRevLett.120.081801
https://doi.org/10.48550/arXiv.2410.04210

ATLAS, arXiv:2509.14070

Observation of W*W-y NN

U Sensitive to both QGC and TGC vertex. 2 e , - we
U Focus on events with an opposite-charge e pair. v ‘ d
O Multivariate analysis method.
T AL LA M
g T T arias 2 Umarybome |
: ::é_ I?‘sz-ifiltﬁ =\Z/Ey E E j:_ j\ ;’5‘;}(13 TeV, 140fb~!  —— (é:ser:e;i ;
E Wj-y 1 = C — = Expecte
0 The observed (expected) asof , LM %u; o :
significance of the signal is o0- { S o QNS ===ssomoeeooooooooooag
5.9 (6.0) . 1505 f GT/J#__-_—_:;.“, "
5 S
Q Measured WWy fiducial s I /;/ :
. . 50 L ]
production cross-section ;s -
0 oy ]
=6.2%1.0 fb. % ok )‘ AR /*/ 2 ;
PR e I e e e e T S M
8 0.75F = =
e ] V§ [TeV]

0% 01 02 03 04 05 06 07 08 09 1

OB DT

[ Constraints at the 95% CL are set on 13 dimension-8 EFT Wilson coefficients within
SMEFT.
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ATLAS, arXiv:2507.03500
—/

W=Z ducti ti ! W
proauction Cross section
U Directly probes TGC, specifically WWZ.
O Measured both integrated and differential cross N
sections for W*Z in fully leptonic final state. w
q Z
|'|IllllllllllngEllllllIl||'|I||l|||| '|'|'|I||lll|||||'||E||I||'|'|l'||lllr|||||||||||||I'|
eee | 606 +3.1 —oht ATLAS eee [1.55 +0.07 F S — ATLAS
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uee |s7.5 +26 —ro+— il i uee [1.56 +0.06 P —e— | ATLAS — Observed 95% Cl lin. |
A D /s =13 TeV, 140 fb —— Observed 95:;6 Cl!in.+quad.
AR - MaAt$R|x NNPDF3.1 {  _eData _v:iz ) b octod 99 O i +quad, |
ey |62.0 +26 —He— NNLO QCDXEW,, eup 130 £005 i oo oo i : P auad
1 NI s rora Wl - -
ppp | 60.7 +26 —|-0-|— ----- Hﬁl’glééﬂ&%& ppp |1.41 +0.04 r—o—4 ..... MATRIX, NNPDF3.1 cljg i :: )
p————————— ——————p——————————— Ha | ; |
combined ' combined |1.46 +0.03 *-b-| 0.1 XC:-L: i *—‘T |
P IR PRI (/1 /P PP I PP B A I PR - Y I PR I PR B VK L —
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d Result matches NNLO QCD + NLO EW prediction. | ¢ /A2 [Tev?
4 Interpreted to test the CP violation effects in the SMEFT framework.
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ATLAS, JHEP 08 (2025) 142

W*W~ production cross sections

0 Measured in final state WTW~ — efvu™v differentially, extrapolated to full phase space.

q w q w g Jﬁ\‘\; W

a 0 Y
Z"Y* T T T T I T T T T '| T T T T T T T T T T | T T T T [ T T T T
----- Theory prediction
ATLAS VP
7’ wo g W g w- /5 = 13 TeV. 140 fb-" [ PDF uncertainty
SE: X 7 T w© . . . : - . [ ] Total uncertainty
§ [ ATLAS A certain ] & < L amas ¢ Daia ] pp > W'W —e— Measurements
2 10°F \5=13TeV, 1401b" : Snepazai2 () 10t ° I s=13TeV, 140 b’ Lot cenany ]
g T =l e 5 MNNLOsPythiad () é p 8= el ¢ MINNLO+Pythiad () | MATRIX 2.1 nNNLO QCD ® NLO EW
g [ PPoeVHY i GENEVA:Pyihias () ] 008k PP = €viy () + Sherpa 22.2 gg > x 1.7 123 + 1 (PDF) + 2 (scale) pb
§,.10F e @ n 410° ST ]
g | T N, ] ] This measurement
§ w Ol SatazzisEn agrwi ] ) o { * { . 127 + 1 (stat.) + 4 (syst.) pb
- ; [ 0 ‘ - CMS 36 o' [1]
[ o ] [ ¢ ] 118 £ 1 (stat.) £ 7 (syst.) pb
107 310 —0.05 i o 1
= g [ ] ATLAS 36 fo™' [2]
[ erte ] i ] 137 + 2 (stat.) + 10 (syst.) pb e
1072 E --:;3;‘95':-:1 -0.1F N
s . A : | | | | ] [1] Phys. Rev. D 102 (2020) 092001
S 14F 1 4 ] [2] Eur. Phys. J. C 79 (2019) 884
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£ osf R o | | | | ]
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1 Charge asymmetry in agreement with the SM expectation.
O A-p=0.014 +0.008 (stat.)*0.008 (syst.), consistent with no CP violation.
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ATLAS, arXiv:2505.08313

SSWW production from double parton scattering

O DPS studies are crucial for understanding the internal structure of colliding hadrons.

0 Measurement performed with WW=* - [*vitv events.’

q
-
E ok ATLAS DPS W W ¢ Data DPS W'W*  Other -
w 15 =13 TeV, 140 10 Past-fit Ch. fiip.[ Wy P Non-prompt
. BmwZE - Unicertainty ]
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1P O-jel SR, ee o et SR, e - 0ol SA, pe O-jet SA, pp . g
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ATLAS (7 = 13 Te¥, WEW*E | 2035)

U Observation with a significance of 8.8 o.

Experiment (energy, final state, year)

J Measured DPS effective cross section of 10.6 £1.8 mb.

L o
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ATLAS, arXiv:2503.17461

Observation of WW/WZ/ZZ + high-mass dijet

4 Final states with one boson decaying leptonically and
the other boson decaying hadronically are studied.

0 EWK VVjj observed with 7.40 (expected 6.10).

+0.23

O EKW signal strength measured to be 1.287 ;57
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O First set of limits in this semi-leptonic channel by ATLAS on
dimension-8 SMEFT operator coefficients.

1—05005115

C\@ Long Wang (BUAA) | ATLAS/CMS EWK/SM results

31 October 2025

20


https://doi.org/10.48550/arXiv.2503.17461

ATLAS, Phys. Rev. Lett. 135 (2025) 111802
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Same-sigh WW polarization ustc

O Polarized WW/ZZ from VBS provides sensitive test to EWSB.
0 Theory predictions challenging beyond LO.

%) SRR RN

‘a;: 90F ATLAS ® Data - WIW EW 3

5 80F Vs=13TeV, 140 1fb™ Wl WWjEW Wl W Wi jjEW 3
20 EWWj fit B WAWH Int WAWj QCD 3

SR: DNN bin 2 BN wZQCD B wz Ew

0 Dedicated DNNs trained to separate Wi W<jj from WiWxjj B0E PastFit T 1 Nowmart 1 Gomions-

and Wi Wi jj from WiW2jj for two independent fits. iz- omerpromet 7 Tt tneer. 2
Description  Predicted o8 (fb)  Measured o8 [fh] Uncertainty breakdown {fb) Zg
W W LI | 0.16 £ 0.22 (tot.) 0021 {(stat.) £ 002 (mod. syst.) £ 0.06 [exp. =yst.) 10
Wi W=jj T 6T + (.66 3.40 + 0.35 (tot.) 031 {stat.) £ 0.08 (mod. syst.} £ 0.16 [exp. syst.] 0 ST - - - oo mors SRR T
W W= 1.24 #0131 0.84 & 037 (tot.) A5 (=tat. ) £ (.05 (mod. syst.) £ 011 [exp. syst.] s 14 ) 3
AT v - L . . L . s 1.2 .
W Wy a2 1.62 4 (1.9 2.46 £ 0.37 [tot.) +{L34 (stat.) & .06 (mod. syst.} & 0.14 (exp. =yst.) E \es %// /%W//W
g 08
- . gn 0.6
L Observed (expected) significance of at least one 0 01 02 03 04 05 06 07 08 08 1
longitudinally polarized W boson is 3.3 (4.0)o. Signal DNN score

O Most stringent limits to date on the production of two longitudinally polarized same -
sigh W bosons set to be 0.45 (0.70) fb at 95% CL.
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Observation of VVZ production

O Channels categorized by N leptons:
= WWZ - qqlvll, WZZ- lvqqll.

= WW_Z- Wvlvll.
= WZZ - WL, ZZ7Z - L.

O A combined signal strength for VVZ is measured:

Table 1: Measured signal strengths and inclosive cross sections and observed (expected) sensitivities for WWZE,

WZZ, and VVE production. The uncertaintics listed are statistical and systematic.
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ATLAS, Phys. Lett. B 866 (2025) 139527
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10°

1= =13TeV, 140 b’
5L .
10°F Combined fit

® Data WZZZ WZzZ
PBWWZ [JWZ+jets B ZZ+jets
[(]Z+jets [DJttZ B Cthers
[[JFake - Uncertainty

10 | :
Process Signal strength Cross section (fb) Observed {(expected) sensitivity ]
VVZ | 143 £020(stat) 03 (syst) 66073 (stat.) ' (syst.) 6447 3. T ) _
WWZ | 153 2026 (stat.) "L (syst) 442 = 940 star) "0 (syst.) 44(36) 0 E 1 -;f/,w.-mmw--w%.ﬂ»..wf/,“%
WZZ | 213008 o 008 ouer ) 200711 (star ) S5 (syst.) 28 (16) o < o
ey Cgm?f?,q "?13.;% ‘ég‘:fegs g;fta' Cﬂ&.ﬂ. i 8y Stz iy SI:MW:;? a;.f-&':‘,h ;;‘gﬂuug SS,&?
0 VVZ production observed with a significance of 6.4 o (expected 4.7 o).
d WWZ production shows a significance of 4.4 o (expected 3.6 o).
O Interpreted in SMEFT for dim-8 operators.
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Selected highlights: Other SM/QCD measurements

Topics References

Charged lepton flavor violating Z decay CMS, arXiv:2508.07512
Rare decays of Z and H to J/iy or JAY(2S5)+y CMS, Phys. Lett. B 865 (2025) 139462
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CMS, arXiv:2508.07512

Charged lepton flavor violating Z decay

O Family number violation seen in quark sectors via weak decays and neutral leptons via
neutrino oscillations.

d =_epto;1 flavor violation suppressed (~10-¢%) for charged leptons (via neutrino induced
oops).
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CMS, Phys. Lett. B 865 (2025) 139462

Rare decays of Zand H to J/y or Y (2S5) +y

O SM predicted rate decay Z/IH- Y (nS)y, n=1 or 2, never observed before 1251 7o

D = 225f { Data (4671 events) |
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Summary

4 The LHC’s Run2 precision program has matured and is bearing fruit

More precision measurements on vector bosons spectra.

More observations and evidences on multi-bosons/VBS production.

Increased sensitivity to diboson polarization.

Stringent constraints on aTGC/aQGC and SMEFT.
Rare SM decays setting new limits.

Looking at Run3 and beyond

LHC has delivered >300/fb of pp collision at 13.6 TeV.
Rung3 precision physics at EWK is producing results.

Multi-boson physics progressing from observation to
precise measurement.

Expecting more individual and combined new
measurements soon.
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SMP-23-002 CMS W mass submitted to Nature

Events/GeV

Data/Pred

1 o107 16.8 fb™' (13 TeV)
Mo r o Tt T T
. CMS Postfit } Data ]
0.8} x?ndf = 35.4/30 WS py .
| (p=23%)
I B Nonprompt |
0.61 m Z/y* > g/t ]
W* = 1v |
0.4
0.2
0.0
I R L T L L
1'0025;— == mw+9.9MeV Model unc. p
1.0000§ -,-.----}'.
0.9975F | | | ]

50 55
pt (GeV)

Electroweak fit
PRD 110 (2024) 030001

LEP combination
Phys. Rep. 532 (2013) 119

DO

PRL 108 (2012) 151804

CDF

Science 376 (2022) 6589

LHCb

JHEP 01 (2022) 036

ATLAS

arXiv:2403.15085

CMS

This work

CMS _ -
My in MeV
| 80353 +6
80376 + 33 rt——
80375 + 23 ——
804335 +94 ]
80354 + 32 r————————
80366.5 + 15.9 e ——
80360.2 £+ 9.9 ——
80300 80350 80400 80450
my (MeV)

arXiv:2412.13872, submitted to Nature

CE?W
\\
ZA

Long Wang (BUAA) | ATLAS/CMS EWK/SM results

31 October 2025



SMP-20-004 & SMP-22-017

WI/Z cross section measurements are finally published
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