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Introduction

» VBF and VBS measurements only accessible
with large datasets.

> Low cross-section due to small ayy.

. . Status: July 2026
Standard Model Production Cross Section Measurements

—

8. 101 g s ATLAS Preliminary Theory
> They allow to probe the EWK sector: S 10 g Vs=578,13136 T s
> Stringent test of the SM. LHC pp 5 = 13 Tev
: : 10° S0ty Bl 0aa 32- 14010
> Probes TGC and QGC self interactions T G o v 8 Ty
and the Higgs role in maintaining unitarity. 1 ¢ 0By Bl oot 202-2037 3
141 P ; pr> Vs=7Te i
> Deviations from SM predictions can be 00 F e e o I N ]
interpreted through EFT. N PR N E
10 3 ey ':3 >"f°21 904 ”ZZM&WM&WO . v -?
> All measurements shown today with " A R el e
full Run 2 statistics ~ 140 b~ R e
] 1 E A njé 4 njzoe 2y ZOy O b ‘ml:l - VVZ fot WVI\:/IWt;;W S
> VBF W production. IAMINE - o e L "
> VBS VV production in semileptonic channel  107'f i o : Q“'AEZS%* o
- . - o O HHW/FHTT
» Observation of EWK yy production. 102k Ly o oy
" . " -+ —+ . - a DPSgiWi oo o H =y WZzy
» Polarisation in VBS W—W= production. 03k "m, wr f
o 2zy
. : ,
> GIObaI EFT fItS- PP Jets w y4 tt t \YAY; H Hjj VH ttv ttH tty vVvVv 7YY Vyy yy-WW

>

Combine EFT interpretation for anomalous
Quartic Gauge Coupling (aQGCQC).
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EWK W=jj production

» Sensitivity to WWy and WWZ couplings.

Event selection

» Exactly 1 lepton (e or p), E{Piss > 30 GeV and

m}V > 50 GeV.

> 2 well separated jets with | Ay | > 2.0

and mi; > 1 TeV.
Backgrounds

» Dominant background is QCD Wi]:i
production.

» Data-driven estimation using ABCD 04

method on C, and N=°P plane.
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EWK W=jj production
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EFT interpretation : 290 g |,y ay e :
- [A]l PowHEG+PYTHIA8 t ¢ ]
» Competitive limits with other ATLAS/CMS results. 10 © Powrec+Herwic? E
- cU - [0 SHerrPa2.2.11 a
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Semileptonic EWK VVjj

» Larger branching fraction and access to high-p regime

o Signal Background .
compared to fully leptonic final states. L L q 1
Signature: W)z Wz
> Three channels defined by lepton multiplicity:
» 0-, 1- and 2-leptons: VV — (Iv, I, vv)(qq). ! ! % ¢
. . . o
» 2 forward Jets with large m;; and i, - 77, < 0. Loptoric V:selection
» pr > 30 GeV and m;; > 400 GeV. Wiz pl 1
W)z :
Hadronic V reconstruction: VBS tagging jets
« Merged (boosted V. ,): : T e l -------
e 1 large-R jet (R = 1.0) with p%/ > 200 GeV. &High-PuPityJE Vinq selection
e Boson tagging using jet mass, D, and N, - | Low-Purity mezg:l
* High- and low-purity categories. f l
e Resolved (V — ]j) [ Resolved J ass Vh??ezgﬁc:gon
e 2smal-Rjets N T
PY 64 < mJJ < 106 Gev To CR selections
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Semileptonic EWK VVjj

> Signal extraction:

> RNN using jet kinematics and track §
multiplicity to separate EWK VVjj ¢
from V+jets and top-quark bkgs. 2
e Simultaneous likelihood fit across
SRs and CRs.
e First observation: 7.40 (6.10 expected). =
e Consistent with the SM: :
* Measured fiducial cross-section:
oy " =29.2 £4.91b

* Systematics dominated by signal
modelling, jets and £

SM
osM =202+ 351

e First ATLAS semileptonic VVjj EFT limits

 Up to x3 stronger constraints for
selected dim-8 operators.
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EWK yyjj production

> Event selection:
» 2 isolated photons: pr!””2 > 40, 30 Ge\V.

» 2 leading jets: p’l’]2 > 60 GeV and |y;| <4.4
> VBS-enriched topology:

> my; > 500 GeV, |An(j,j,)| >2.0andy; -y, <0

» Background Strategy:

> Dominant QCD yyjj background estimated
using 3 CRs.

 They are based on yy centrality and
N=P,

jet
e ABCD method to estimate QCD in SR.

> Non-prompt y background estimated using
data from y ID and isolation sidebands.

» Signal extraction:
> Signal is extracted from a combined PLL
fit to SR and CRs.

Events / 100 GeV

Data / Pred.

VBF and VBS measurements in ATLAS

e e
(DTN o)
o O
o O

1400

1200F

1000

800

600

400

200

—_
—_ O

o o
® © .
UL

Background

arXiv:2607.25869

| BEEEBEEE AN IR BRI DR
- ATLAS ¢ Data _
C Vs=13TeV, 140 fb" [ JEW-pvii ]
[ EW-yyijj fiducial QCD-yyjj —
- QCD-CR2 B Non-prompt -
Post-fit 0 Other =
- 72 Uncertainty A
o

ez////ﬂ//////////////////‘///////////74///

s

.................................

600 800 1000 1200 1400 1600 1800 2000

m; [GeV]

Josu Cantero IFIC (UV-CSIC)

N
o)
o
o

Events / 100 GeV
S
S

1500F
1000F

500k

ata / Pred.

_I|III|III|III|IIIIII|III|III|III
- ATLAS ¢ Data

— Vs=13TeV, 140 fb CJEW-yyji  —

| EW-yyijj fiducial QCD-yyjj 4

- EW-SR Bl Non-prompt ]

— Post-fit 1 Other —

- 72 Uncertainty _
A

7~ | _

600 800 1000 1200 1400 1600 1800 2000
m, [GeV]

7


https://arxiv.org/abs/2607.25869

EWK yyjj production

> First observation: 6.20 (7.20 expected).

gy L IR LI I ERLENLENL I BN LI &

» Consistent with. the.SI\/I | E 0.045 F- ATLAS o Dam E
> Measured fiducial cross-section: IS = (5=13TeV, 140 b Total Uncertainty E

30 E: 0.04 - EW YYI] ® | MadGraph =

+ +EW = i | Sherpa =

Obs —138 «fb (05, =17.1+£24fb) 50035 Sherp ;

3 0.03 | =

> Uncertainties dominated by signal modelling (13%) 0.025 £ =
and non-prompt background estimation (9%). 002 - E

> Differential cross-section measurements as a 0.015 = =11, =
function of 6 observables: 0.01 & : { =

y E . . -

> m}/}/? mJJ?p 19 %19p%29 ‘A¢JJ‘ 0.005 ;_ ¢ : ’ _;

> Measurements of QCD+EWK differential o T A N R B -
cross-sections also performed. = 2-2 T T E

> EFT interpretation to set limits on dim-8 operators. 9 15 E N B =
e, S U D T e S TN

» Largest sensitivity to fTS/A4 : [-0.4,0.372] TeV— £ 051 3 ' + —

and frg/ A*: [-0.220,0.219] TeV ™ 0 600 800 1000 1200 1400 1600 1800 2000

- [GeV
arXiv:2607.25869 m; [ ]
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W polarisation in EWK W*W=}j production

Motivation Analysis Strategy
> Longitudinal W bosons originate from Goldstone modes. P
» Use a DNN to separate EWK W=W—j; from

» Wi W; scattering is a direct probe of EWK symmetry breaking. background processes.

q 1 > Use DNNs to separate longitudinal and
v W transverse contributions.

t
>~ ¥ &~ T

» Polarisation vectors defined in WTW=*

/ W centre-of-mass energy frame.
q q e Observables also measured in lab frame.

» W=W=jj is a sensitive channel due to small background. » Binned maximum likelihood fits of DNN.

» Distributions used to extract Wfo J] and
Event selection and topology WEWE jj
LT/

> Two same-sign leptons (e or u).

» EX7° > 30 GeV. Phys. Rev. Lett. 135 (2025) 111802

~ At least two jets with m;; > 500 GeV and |y;;| > 2.0.

VBF and VBS measurements in ATLAS Josu Cantero IFIC (UV-CSIC)



https://journals.aps.org/prl/abstract/10.1103/bpln-ccql

W polarisation in EWK W*W=}j production

DNN score for Win J] measurement

U) _IIIIIIIII|IIII|IIII|IIII|IIII|IIII| IIIIIIII IIIII_ E
qC) 250 ATLAS ® Data ] W+W+jj EW — GCJ
kT - Vs=13TeV, 140 fo ! Wl WEWSEW B WEWE EW - i

200 - W W fit B WEWj Int WHEWH] QCD_

- SR:DNN__ . bin2 Bl WZQCD Wl WZEW }

: Post-Fit Non-prompt Conversions

150 2 2 Other prompt 7/ Tot. Uncert. —

g T - Predicted W*Wjj EW (10x SM) -

100 —

50 pmmmmee S

e "_““""j

1.4 :—

Data / SM
%
\
*§
*\r
g
\\
Data / SM

0 01 02 03 04 05 06 0.7 0.8 0.9
Signal DNN score

» No significant Wfo signal is observed. » Observed significance of 3.30 (4.00 expected).
> |t corresponds to measured

o - BOW*W;jj) = 0.88 £0.3 fb (SM: 1.18 %+ 0.29 fb)

» 95% CL upper limit on o - B(Wfo]j)
IS 0.45 fb (0.70 is expected)

VBF and VBS measurements in ATLAS

DNN score for Win J] analysis

90 ATLAS ® Data B W Wjj EW B
80 E Vs =13 TeV, 140 fo" W WWjji EW [ W Wijj EW 3
- W W it B WWj Int W*W-jj QCD =

e SR: DNN__ . bin2 Bl WzQCD Bl WZEW -
60 — Post-Fit Non-prompt Conversions—
50 i_ Other prompt 7/ Tot. Uncert. _i
a0 ¢ [N =
30 z
20
10

o
14 =
1.2F ,
0.8 F
0.6 F

0O 0102 03 04 05 06 0.7 08 09 1

Signal DNN score
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ATLAS Global EFT fit

> Eﬁectlve. field .theory: a model agnqstlc framewqu JHEP 07 (2026) 238
for possible higher scale new physics beyond direct search.
> Many experimental measurements have been interpreted in the EFT framework.

> Expansion of the SM Lagrangian into local operators

with mass dimension > 4. LHC energy
e A is the scale of new physics. +  New physics (UV)
o Ol.(”) operators introduce new interaction vertices. SM New physics (EFT)

. cl.(”) are Wilson coefficients that indicate the

strengh of the coupling.

, Energy
» \Warsaw basis:

> |t provides a complete and non-redundant parametrizasion of dim-6 operators respecting SM gauge symmetries.

Violating Lepton and Baryon numbers
®) Ne

5 6) NN (D Ng
ZLsmerr = L syt Z
i

l
Dimension-8
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ATLAS Global EFT fit

e Several measurements included.
e SM prediction is varied according to the EFT

( (C(6))2
expectation. HSMEFT = Hsm A; Z T Z Cij

(6) (6)

e Global EFT fit is performed to constrain dim-6 K | i
Wilson coefficients. Linear component Quadratic component
ATLAS s =13 TeV, 36-140 fb™ SMEFT A =1 TeV I High-Mass DY (CC) " High-Mass DY (rr)
JHEP 07 (2026) 238 ik i T R
Process Dataset [fb~1] SMEFT sensitivity | g % f I° g
Higgs boson measurements [10—19] 2 % 2 g
pp > H— vyy, ZZ*— 46, WW* — {vly 140 Higgs boson operators . % . '%i
pp > H—> Zy, utu~ 140 Higgs boson operators / % f ®
pp = H— bb, 777~ 126-140 Higgs boson operators ol = -
Electroweak measurements [22—-24] ]
pp = WW~ — e*fvuFy 36 Four-fermion operators and triple gauge couplings i’ 100 | E
pp > W*Z — v €™ 36 Four-fermion operators and triple gauge couplings § Q
pp > Zjj >t jj 140 Four-fermion operators and triple gauge couplings 2 10-" 3_2§
HMDY measurements [25, 26] § %
pp o Z/y* - tF 1™ 140 Four-fermion operators involving leptons cLL: to-2 . §
pp — W* — {*y 140 Four-fermion operators involving leptons
Top-quark measurements [27, 28] ol e
pp — tt > Wb Wb — e*u¥vvbb 140 Four-fermion (heavy-flavour) operators o _ngthét ; - : P =99%
pp — tt > WbWb — qq’b tvb 140 Four-fermion (heavy-flavour) operators 5 z i L :S ; 55 TR ;g e : ! | g ,ﬁ : | ' '
Di-HiggsmeaSIEremen_ts 20, 21] g 1 L : : : : i : : : Iy : :: { I : | l \ | Tl
pp — HH — bbyy, bbt 1~ 140 Trilinear Higgs boson self-coupling g _?5_ | | | ' : s [[ 1| | '
Electroweak precision observables [29-33] & b
LEP, SLD, ATLAS EWPO - Weak boson—fermion couplings _3§ -

VBF and VBS measurements in ATLAS Josu Cantero IFIC (UV-CSIC) 12
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Combined EFT interpretation sensitive to aQGC

> 7 VBS + 1 triboson Run 2 measurements are combined to put limits on dim-8 Wilson coefficients.
17 Eboli basis operators allow to prove all gauge boson vertices.
 Eboli basis includes dim-8 operators (S, T and M) designed to probe aQGC.
e S operators includes derivative of Higgs field.
e [ operators include only gauge fields.

M operators mixed Higgs and Gauge fields.

Analysis Input type Eboli operator results Luminosity [fb~! ] Reference
VVijj— (ljj/tvjj/vvjj)jj Reco-level Differential Full 140
WZjj— 1TlI71*vjj Reco-level Differential Partial 140
WEW=jj — [*vI*vj] Reco-level Differential Full 139
ZZjj] - 177177 Unfolded Differential None 140
Wyjj— lFvyjj Unfolded Differential Full 140
ZyYjj] > vvyjj Reco-level Inclusive Partial 139
Zyjj = 1T l7yjj Unfolded Differential None 140
Wyy — [Fvyy Reco-level Differential None 140

VBF and VBS measurements in ATLAS Josu Cantero IFIC (UV-CSIC)
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Combined EFT interpretation sensitive to aQGC

> Combination of results respecting unitarity and positivity bounds.
> UV theories assumed to obey unitarity, locality and causality.
> Clipping scan to report unitarized limits.

fIN* Cl [TeV] Contribution

A at95% CL [TeV]

1.0
0.8
0.6
04
0.2

0.0

o)
o

N
(&)

> Remove EFT effects for energy scales above a certain threshold.

1.5 TeV unitarization

ATLAS

Vs =13 TeV, 140 b

VV-semileptonic

W=W=jj
Wzjj
ZZ(4jj
Wyjj
ZAvv)yjj
- Alyjj
Wyy

=

425 E Expected 95% CL
I | Observed 95% CL
| Il Il -4 0.0 I Expected 68% CL

I Observed 68% CL

fsoo fs1 fmo Tm1 Tmz Tms fva fvs fmz fro fri fro frs fre fr7 frs fro

#  Unitarization cut-off
- mm =1.0
f=(4n)2

VBF and VBS measurements in ATLAS

Phys. Lett. B 879 (2026) 140683

Coefficient Profiled expected confidence intervals [TeV ~*

Profiled observed confidence intervals [TeV ~4]

fsoa/A?
fs1/A?
fuo/ A
/A
2 /A
fuz /A
fua /AN
fus /A
7 /A
fro/A*
fri/A*
fra/A*
frs/A?
fre/A?
fr1/A?
frs/A*
fro/A?

[-4.06, 4.08]
[-8.72, 8.73]
[-1.67, 1.68]
[-8.13, 7.52]
[-1.91, 1.91]
[-4.16, 4.16]
[-3.15, 3.15]
[-3.48, 3.49]
[-16.6, 15.7]
[-0.33, 0.24]
[-0.199, 0.211]
[-0.578, 0.639]
[-0.405, 0.384]
[-0.658, 0.642]
[-1.51, 1.58]
[-0.196, 0.181]
[-0.360, 0.384]

[-4.87, 4.88]
[-9.82, 9.82]
[-1.68, 1.65]
[-9.05, 8.58]
[-1.97, 1.99]
[-3.89, 3.92]
[-2.55, 2.56]
[-2.77, 2.777]
[-12.4, 12.9]
[-0.34, 0.22]
[-0.254, 0.283]
[-0.665, 0.599]
[-0.319, 0.289]
[-0.490, 0.370]
[-1.17, 1.13]
[-0.163, 0.147]
[-0.281, 0.280]

Josu Cantero IFIC (UV-CSIC)

» 17-96% improvements over published ATLAS results.
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Conclusions

> The study of VBF and VBS processes are essential for understanding of the EWK
sector of the SM.
> These processes provide direct access to the triple and quartic gauge couplings

predicted by the SM.
» Several BSM scenarios predict deviations from these couplings.

» Full Run 2 data have enabled the first observations of EWKV Vj and yyjj production, together with
differential measurements that test SM predictions.
> New channels to probe quartic gauge interactions and constraining aQGC at high energies.

> Evidence for at least one longitudinally polarised W boson in same-sign WW scattering marks an
important step towards measuring the fully longitudinal component where Higgs mechanism plays
a central role Iin preserving unitarity.

> Run 3 data together with improved theoretical modelling and better control of systematic
uncertainties, will allow more precise measurements of rare EWK processes.
> EFT fits provide a model-independent framework to constrain possible extension of the SM.
» Stay tuned for new results!

VBF and VBS measurements in ATLAS Josu Cantero IFIC (UV-CSIC)
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EWK yyjj production

» First observation: 6.20 (7.20 expected).

» Consistent with the SM
» Measured fiducial cross-section:

otV = 13.8239 fb
» Uncertainties dominate by signal

modelling and non-prompt
background estimation.

Source Relative uncertainty [ %]

EW-yyjj modelling 13
QCD-yyjj modelling 4.0
Other backgrounds modelling 24
Non-prompt stat. uncertainty 8.7
Jet 5.0
Photon 2.5
Pile-up modelling 1.9
Luminosity 0.9

MC statistical uncertainty 3.8

Total systematic uncertainty 18

Statistical uncertainty 9.6

» Differential cross-section
measurements as a function of 6
observables performed for first time.

"1 11 )2
> My, My, pr's Prs Prs | Ay |
» Measurements of QCD+EWK
differential xsecs also performed.

VBF and VBS measurements in ATLAS

EW-only fit EW+QCD fit
QCD-CR1 QCD-CR2 QCD-CR3 EW-SR EW-SR
EW yyjj 46 + 12 330+ 70 10+5 1450 + 280
QCD yvyjj 1640 + 100 3850 +£220 1230+ 70 4740 + 340 6010+£2,50
vji+jy+jj 610 + 90 1870 + 190 400 + 60 2310 £ 220 2470 + 230
electrons 183+2.3 25 +7 13 +8 61 +15 61 +15
pile-up 30+ 10 100 + 30 36 +6 150 + 26 150 + 26
H — yy 26+0.04 1690+0.15 145+003 55.0+0.5 55+0.5
Total 2350 + 50 6190 + 80 1690 + 40 8760+ 110 8750+ 100
Data 2348 6192 1686 8754 8754
Coefficient Expected Limits [ TeV ~*] Observed Limits [ TeV ~"]

Fro/A° [—1.29, 1.22] —1.16, 1.09

Fri /A [-1.61, 1.59] —1.45, 1.43

Fro A [-3.29, 3.15 -2.97, 2.82

Fra)A° [—3.42, 3.26] —3.08, 2.92]

Fra) A* [-1.73, 1.61 —1.57, 1.44

frs /A [—0.443, 0.416 —0.400, 0.372

Fre] A [—0.987, 0.972] —0.890, 0.872

fra /A [—1.48, 1.39] [—1.34, 1.24]

fra/A° [—0.244, 0.244 —0.220, 0.219

fro/ A [—0.524, 0.524] —0.471, 0.471

Josu Cantero IFIC (UV-CSIC)



EWK yyjj production

» First observation: 6.20 (7.20 expected).
» Consistent with the SM
» Measured fiducial cross-section:

otV = 13.8539 fb
» Uncertainties dominate by signal

modelling and non-prompt
background estimation.

» Differential cross-section
measurements as a function of 6
observables performed for first time.

Vi 1 pl2
> m}/ya mjjapT 9pT 9pT ’ ‘ A¢JJ |
» Measurements of QCD+EWK
differential xsecs also performed.

> EFT interpretation to set limits on
dim-8 operators.

arXiv:2607.25869

Source Relative uncertainty [ Y]
EW-yyjj modelling 13
QCD-yvyjj modelling 4.0
Other backgrounds modelling 2.4
Non-prompt stat. uncertainty 8.7
Jet 5.0
Photon 2.5
Pile-up modelling 1.9
Luminosity 0.9
MC statistical uncertainty 3.8
Total systematic uncertainty 18
Statistical uncertainty 9.6

VBF and VBS measurements in ATLAS Josu Cantero IFIC (UV-CSIC)


https://arxiv.org/abs/2607.25869

