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Vector Boson Scattering (VBS)

* Electroweak (EW) production of vector "
bosons associated with jets

* Cannot be separated from other EW diboson 7 ¢

d . Not VBS
p ro u Ctl O n Standard Model Production Cross Section Measurements :
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Why studying VBS ?
* Processes involving Triple Gauge Couplings
(TGCs), having unique access to
* Couplings with the Higgs cancelling unitarity ><

violation by longitudinally polarized EW bosons
at high energy > ﬁi W
NW

e Test of the
* Interest of

1
Lg)+ ...

1 1 1
Lrrr = Lsy + —Ls + L —I_FE?—FF

o Effect of can be v
studied through



VBS in semileptonic final states

* Inclusive VVjj (V=W,Z) electroweak (EW) production

* Semileptonic final states: one gauge boson decays hadronically (quarks
pair) and the other one decays leptonically (leptons pair) \igher statistics than

Tagging jet fully leptonic final states,
" but larger backgrounds...
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Selections (1)

* \VBS jets (tagging jets)
* Small-R
* Opposite n sign
* Pair with highest m;

M > 400 GeV
* p/%t>30 GeV

* O-lep: 0 Looselepton, E;™ss > 200 GeV
* 1-lep: 0 Looselepton, 1 TightLepton, E;™s > 80 GeV, p; > 30 GeV
* 2-lep: 2 Looseleptons, p; > 27 GeV, mass windows for m,, and m



Selections (2)

* Hadonically decaying boson Wz awi

 Merged regime (prioritized): large-R jet VBS Jot
with highest p;, W/Z boson tagger, b-veto
on additional jet in 1-lepton channel

VBS Jet 2

W/Z - qq-bar

 Resolved regime: small-R jets with

highest p: not overlapping with tagging VBS Jet 1
jets, p;t > 40 GeV, p;2 > 20 GeV, m;; > 220

Jij K
GeV (top veto), b-veto on additional jet in ol ves set2

1-lepton channel




Analysis regions

* Signal regions (based on hadronically decaying boson)

* Resolved
* Merged with High Purity (HP): passes 50% working point of W/Z tagger

 Merged with Low Purity (LP): fails 50%, passes 80%

e Control regions (inverting boson selection cut)
e V+jets (V=W in 1-lepton, V=Zin 2-leptons)
* Top (b-jet instead of b-veto, only in 1-lepton channel)
O-lepton 1-lepton 2-lepton

Merged HP Merged LP Resolved Merged HP Merged LP Resolved Merged HP Merged LP Resolved

Signal
. RNN RNN RNN RNN RNN RNN RNN RNN RNN
Region
V+jets CR
Inverted V44 M;;=9 M9 M M2 M;;e M=
Selection
Top CR
b-tagged events M;; M M;;




RNN

* Need to discriminate between signal and backgrounds (V+jets, VV, top)

* Recurrent neural network using low-level variables (pT, N, ®d, E, Niracks)
Resolved SR E Merged SR

n<0

Trained 6 models for

pure-RNN model: (©, 1, 2) lep x (A,ferged, Resolved)

5 jets x 5 variables

improved-RNN model:
5 small-R + 1 large-R

RNN *' Small-R jets

score , — RNN

score

Leading large-R jet

From M. Fujimoto

* Only hadronic objects to harmonize between leptons channels
* Not used for cuts but discriminant in SRs
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Observation

Signal strength u extracted from binned likelihood fit
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First observation of EW diboson production in

semileptonic final states !
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Uncertainties

Uncertainty source Ou

Total 0.22

Statistical 0.09 . . .
Systematic 0.20 * Uncertainty dominated by systematics
Theory and modelling uncertainties

Floating normalizations 0.04

Z +jets 0.06

W +jets 0.07

tt 0.02

QCDVVjj 0.05

Single-top 0.01

m?}g reweighting 0.07

Signal modelling 0.13 ° i i i
S e oo In particular theory systematics on the signal

Experimental uncertainties

Jets and E‘TnliSS 0.09
Tracking 0.03
Leptons < 0.01
b-tagging < 0.01

Luminosity 0.01




Multi-POI fits

e Fits with

* Good agreement with SM overall
* Slight tension in the O-lepton channel

2-lepton
1-lepton
0-lepton
Merged

Resolved

Comb. EWK VVjj

L L B B I
ATLAS (s=13TeV, 140 fbo™

— T Ot

Stat.
Tot. ( Stat., Syst.)
| 1.15 ‘8 ( 024703
Ho- 1.02 05 ( 012708
——0=—y 222 05 ( o2, %)
[ 1.00 93  ( 01+.70%)
HoH 1.39 03 ( 012,105
F 4 1.28 53 ( 009,702




MEWK

2POI EW/QCD fit
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—— Observed 95% CL. ATLAS
+ Best fit

- - - Expected 68% CL.

—— Expected 95% CL.
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Fiducial cross-section measurement

e Fiducial extracted from truth yields, scaled by fitted signal

strengths
* Reparameterization of the fit because of the mixing between truth and reconstructed

channels
 Signal systematics set on shape effect only, residual normalization added to account

for differences between reconstructed and truth effects

e Results

2-lepton Resolved Merged

P 204+35fb 73+25fb 103+25fb 28+1.1fb 11.7+34fb 87+25f

TEWK
opoo® 292+49fb 157+28fb 10.7+2.8fb 3.1x1.1fb 179+43fb 11.4+341fb

Combined 0-lepton 1-lepton




EFT and aQGCs

* EFT Lagrangian Lgpr = Lsy + £5 +

A2
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https://journals.aps.org/prd/pdf/10.1103/PhysRevD.101.113003
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.101.113003

aQGC analysis

e Dedicated aQGC signal MC samples
* All operators of the Eboli model
* SRs separated in two my,, bins, fitted

* Clipping method

* Can be prevented by reducing theory phase space:

* Chosen points are 1.5, 2, 3, 5 TeV + no clipping
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* Floating SM EW signal and SM background as background

e 95% ClI limits extraction



Limits obtained

Wilson Coeflicient Expected limit  Observed Limit Expected Limit Unitarized Observed Limit Unitarized
fro/A* [-0.20, 0.18] [-0.25, 0.22] [-0.79, 0.47] at [1.76, 1.96] TeV [-0.85, 0.47] at [1.73, 2.00] TeV
fri/A* [-0.19, 0.19] [-0.24, 0.24] [-0.34, 0.34] at [2.59, 2.59] TeV [-0.43, 0.43] at [2.43, 2.43] TeV
fra/A* [-0.44, 0.44] [-0.55, 0.55] [-0.95, 0.96] at [2.22, 2.22] TeV [-1.16, 1.17] at [2.12, 2.11] TeV
fra/A* [-0.38, 0.38] [-0.48, 0.48] [-0.62, 0.62] at [2.71, 2.71] TeV [-0.88, 0.88] at [2.49, 2.48] TeV
fra/A* [-1.46, 1.32] [-1.51, 1.37] [-3.03, 2.60] at [2.02, 2.09] TeV [-3.03, 2.60] at [2.02, 2.10] TeV
frs/A* [-0.57, 0.53] [-0.64, 0.58] - [-2.65,2.57] at [1.53, 1.54] TeV
fre/A* [-0.76, 0.72] [-0.74, 0.71] [-2.82, 2.01] at [1.66, 1.73] TeV [-2.98, 2.62] at [1.64, 1.69] TeV
fri/A* [-1.78, 1.52] [-1.94,1.70] [-7.88, 4.29] at [1.65, 1.90] TeV [-6.70, 4.11] at [1.72, 1.91] TeV
frs/A* [-0.59, 0.59] [-0.48, 0.48] - -
fro/A* [-1.22, 1.22] [-1.02, 1.03] - -
fso2/A* [-3.22, 3.22] [-3.96, 3.96] [-5.53, 5.54] at [2.07, 2.67] TeV [-6.16, 6.17] at [2.01, 2.01] TeV
fs1/A? [-6.84, 6.86] [-8.06, 8.06] - -
fuo/A? [-1.13, 1.12] [-1.26, 1.25] [-2.61, 2.58] at [2.00, 2.00] TeV [-2.71, 2.65] at [1.97, 1.98] TeV
fu1 /A [-3.23, 3.24] [-3.95, 3.95] [-6.22, 6.22] at [2.27, 2.27] TeV [-7.42,7.43] at [2.17, 2.17] TeV
fua /A [-1.66, 1.67] [-1.85, 1.85] - -
fuz/A [-5.29, 5.29] [-5.68,5.71]  [-23.69,23.39] at [1.57, 1.57] TeV  [-18.62, 19.10] at [1.66, 1.65] TeV
fua/ A [-2.62, 2.62] [-2.96, 2.97] - -
fus/A? [-3.81, 3.82] [-4.41, 4.44] [-6.80, 6.80] at [2.33, 2.33] TeV [-7.28, 7.30] at [2.29, 2.29] TeV
fur /A [-5.32, 5.20] [-6.60, 6.43] [-9.47,9.38] at [2.43,2.43] TeV ~ [-11.91, 11.11] at [2.29, 2.33] TeV
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Conclusion

* First observation of EW diboson production in semileptonic final states
* Measured signal strength

* Measured fiducial cross section

* Competitive constraints on aQGCs

e Paper available at arXiv:2503.17461 (submitted to EPJC)



https://arxiv.org/abs/2503.17461
https://arxiv.org/abs/2503.17461
https://arxiv.org/abs/2503.17461
https://arxiv.org/abs/2503.17461
https://arxiv.org/abs/2503.17461

Back-up



O-lepton event selection

Selection SR | V CR
Number of Loose leptons 0
Z— vy ET™ = 200 GeV
;J%”'” > 50 GeV
min[mI}(E.’lE“”.mmll-R jets}) >n/6
anti-QCD ADET™ I ) =72
AE"™ Sig - 1) = 7/9
Leading Tag jet pr > 30GeV
VBS jets candidates | Subleading Tag jet pr > 30GeV
ReSOIVEd mjj j = 400GeV
Number of small-R jets =4
o . Leading signal jet pt > 40GeV
WiZ—=jJ Subleading signal jet pr = 20GeV
Z—=ggand W — gg 64 < m;; < 106GeV [ 50 < m;; < 64GeV ormy; > 106
VBS enhancing mjj; = 220 GeV
Selection SR VER
HP | LP
Number of Loose leptons 0
Z — vy ."_'.'.“l’.“'“'“ > 200 GeV
Py > 50 GeV
mi|1(A(IJ(E.?.“-‘".S|11alI-R_icts}} > mf6
anti-QCD ADETS pite) <mf2
AGET™, Sig — J) > /9
Leading Tag jet py = 30GeV
Me rged VBS jets candidates | Subleading Tag jet pr > 30GeV
nijj > 400GeV
W/Z—J Num ot large-R jets ] . =1 | _
3-Var Tagger pass50WP | pass80WP && !passSOWP | failBOWP




Resolved

Merged

1-lepton event selection

cuts SR W CR (WR) 1 CR(TR)
Number of Tight leptons 1
. MNumber of Loose (! Tight) leptons 0
W —fy - 2 -
Eq = B GeV
prif) = 30 GeV
Leading Tag jet py = 30 GeV
WVEBS jets candidates | Subleading Tag jet pr = 30 GeV
My = d00GeV
Number of small-R jets =4
WiZ— jj Lcadlng.j-:t ,.rn = 4 Gc‘v':
Subleading jet pr = 20 GeV
£ — ggand W — g 04 < my; < 106GV | S0 < m; < 64 GeV oormg; > 106 | 64 < my; < 060V
Top veto MNumber of additional b-tagged jets 0 =1
VBS enhancing My = 220 GeV
Selection SKE W CR (WR) tr CR(TR)
HF LF incl HP LP
Num of Tight leptons 1
, Num of Loose (TTight) Teptons 1]
Weo ET > E0GEV
i) = 0GRV
Leading Tag jet = A0GeY
VES jets candidates | Subleading ™ EENT
my; > MM ey
WiF Num of Targe-K jets =1
' 3-Var Tagger pussaWE | passElWE && TpassSUvwE | Tail30WF passIWE | passBEOWE && Tpass3IWEF
Top veto Num of b-tagged jets outside of large-R jet i] =1




Resolved

Merged

2-leptons event selection

Selection SR | ZCR
Number of Loose leptons 2
Same flavor yes
: Leading lepton pr = 27GeV
zZ=t Subleading lepton py = 27GeV

dilepton invariant mass

83 < m,,. < 99GeV
—0.01170pt ¢ + 85.63 < my, < 0.01850pt ¢ +94.00GeV

Opposite sign

For g channel only

Leading Tag jet pr = 30 GeV
VBS jets candidates | Subleading Tag jet pr = 30 GeV
myj > 400GeV
Number of small-R jets =4
o .. Leading signal jet pr = 40 GeV
Wiz —=jj Subleading signal jet pr = 20GeV
Z—ggand W — gg 64 < m;; < 106GeV | 50 < mj; < 64 GeV orm;; = 106
VBS enhancing M > 220 GeV
Selection SR ZCR
’ HP | LP incl
Number of Loose leptons 2
Same flavor yes
, Leading lepton pr = 27GeV
Z—tl Subleading lepton py = 27GeV

dilepton invariant mass

83 < m,,. < 99GeV
=0.01170pT,¢¢ + 85.63 < myy, < 0.01850p,¢¢ + 94.00GeV

Opposite sign

For g channel only

Leading Tag jet pr = 30 GeV
VBS jets candidates | Subleading Tag jet pr = 30 GeV

mjj = 400GeV

Num of large-R jets =1

W/Z— T

3-Var Tagger

pass5S0WP | passB0OWP && !pass50WP | failBOWP




Fiducial cross-section

No,o X fotep truth + No,1 X i1ep truth + No,2 X (21ep truth + No,none X Holeptruth
No,0 + No,1 + No,2 + No,none

Holep — Holep — 0.946 - Holeptruth + 0.052 - HMlleptruth + 0.002 - M2leptruth

Nl,O X Molep truth + Nl,l X Hilep truth + N'1,2 X M2lep truth + Nl,none X Hilep truth

llep —
Hilep Ni,0+ N1+ N2+ Ninone Hilep — 0.979 - Mlleptruth + 0.021 - H2leptruth
P N2 o X totep truth + No1 X fitep wuth T Noj2 X U1ep truth + N2,none X Molep truth
21
°P N2,0 —+ N2,l + Nz,z + N2,n0ne M2lep — M2leptruth
NRes,Res X MRes truth + NRes,Mer X fMer truth + NRes,none X [Res truth HRes — 0.922 - MRestruth T 0.078 - MMertruth
HRes —
NRes,Res + NReS,Mer + NRes,none
N X + N X + N X
Liner — Mer,Mer X HMer truth Mer,Res X HURes truth Mer,none < HMMer truth UMer — 0.039 . URestruth + 0.961 - UMertruth

NMer,Mer + NMer,Res + NMer,none
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