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Semileptonic VBS and anomalous quartic gauge couplings at 13 TeV
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missing energy from
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Fully- and semi-leptonic final states combination CMS-PAS-SMP-24-013

Upolates recent measurements on Tribosons L
EFT interpretation on experimental recent VBS Results Tobias’s talk
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s-channel

Submitted to J. High Energy Phys. - arXiv:2412.02477

** WZ production @LHC is dominated by quark-antiquark annihilation at tree
level = the process is sensitive to TGCs that could modify the WZ production
cross section and thus provide evidence of beyond-the-SM (BSM) physics.

= WZ is one of the main backgrounds for many SM measurements and BSM t-channel u-channel
searches in multileptonic final states a’ w Q'
q A q 4
* The measurement uses multileptonic final states and a simultaneous i
likelihood fit to the number of events in four different lepton flavour categories AN VUV -

Multilepton final states with four Lepton flavour categories: eee, eep, upe, and pupu
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Total WZ production cross section — . -
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W*W~ production cross section at Vs = 13.6 TeV

Maximum likelihood fit in signal- and background-enriched categories (WW Signal Region (SR) and the

one/two b tags, Z — 1T, same-sign, WZ and ZZ Control Regions (CR)) defined by the flavour and charge of
the leptons, the number of jets, and number of b-jets.

W*W~ production cross sections is an important test of the standard model:
sensitive EW boson self-interactions properties and a test of the predictions of perturbative QCD and the EW theory
large background in the measurement of Higgs boson production, in searches for BSM physics and in tt production studies
It is important to model the production of WW+jets accurately in event generators.
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Inclusive WW production cross section at Vs = 13.6 TeV
o = 125.7 + 2.3(stat) *+ 4.8(syst) + 1.8(lumi) = 125.5 + 5.6 pb
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The overall sensitivity is about 25% better than previous

CMS measurements at Vs = 13 TeV with a similar integrated

luminosity, because of several reduced experimental
uncertainties and the improved fit strategy

— e

The measured fdifferential cross
sections agree with the theoretical
predictions within uncertainties.
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EXPERIMENT

« Based on Run 2 cross-section measurement 2312.00420
« Updated with state-of-art Sherpa3 polarisation modelling with NLO EW & QCD corrections
* Frame dependant measurement using Deep Neural Networks built for:

* DNNiciusive: EW W*W*jj — background discrimination
» LL - DNNgignai: WV, W, — Wy Wy (with X=L,T) discrimination
* LX - DNNgignat: W, Wy — W, 1/, discrimination

* DNNs trained with up to 20 input variables such as An,p, m,y, Adjj, mjj,mg, mf?,p#,

"
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EXPERI

» Two fits performed to extract the WLiW)? and W; W; (WLJLWLi and W; W;) 95% CL "mitsgmated on the |
polarisation fractions: fiducial cross-section times BR:

« Fit performed in 3 regions of DNNiciusive: LL-DNNgjgn as a Observed oB(WLiWLi) = 0.45 fb
polarisation discriminator and low- m;; and WZ CRs also enter the fit Expected 6B (WiWi) — 0.70 fb
LYYLJ — Ve

* No significant excess consistent with Wfo is observed
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EXPERIMENT

« Two fits performed to extract the WLiW)? and WﬁWi (WLJLWLi and W;W)?)

polarisation fractions

* Fit performed in 3 regions of DNNjcusive: LX-DNNign2 @s @ polarisation

discriminator and low- mj; and WZ CRs also enter the fit

* Evidence of WLiW)? state: 3.30 observed (4.00 expected)
* Measurement precision is statistically limited
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Experimental
Lepton calibration 0.2
Jet energy and E'Tniss scale and resolution 3.9
Pileup modelling 1.2
Background, misid. leptons 4.2
Background, charge misrec. 0.5
Luminosity 1.1
Modeling
W*W=*jj EW + QCD uncertainties 4.7
Background, WZ scale, PDFs & o 0.4
Background, WZ reweighting 0.3
Model statistical 7.2
Small background normalizations 1.1
Normalisation factors 2.5
Experimental and modelling 11.1
Data statistical 34.1
Total 34.1
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EXPERIMENT

* Measured fiducial cross-sections times branching fractions are compared to theoretical predictions from
Sherpa3

« First fixed-order NLO EW corrections for the different WLiWLi iis WLi W;jj and W; W; jj processes are used
(arXiv:2409.03620), reducing by =~ 15% the cross-section in the SR

WW centre-of-mass frames

=
—— —

Process Prediction = Measured o8 (fb) Uncertainty breakdown (fb)

WEWZjj  0.29+0.07 0.01£0.21 (tot.)  +0.20 (stat.) = 0.05 (mod. syst.) + 0.02 (exp.
WzW=jj 256 +0.64 3.39+0.35(tot.) +0.30 (stat.) + 0.11 (mod. syst.) + 0.14 (exp. syst.)
WEWEjj 1.18+£0.29 0.88%0.30 (tot)  +0.28 (stat.) + 0.08 (mod. syst.) = 0.03 (exp. syst.)
WiWgjj 1.67+0.40 2.49+0.32(tot.) +0.30 (stat.) + 0.09 (mod. syst.) + 0.10 (exp. syst.)

—

partonic centre-of-mass frames s

|

Description ~ Prediction = Measured o8B (fb) Uncertainty breakdown (fb)
WEWEjj 0.19+£0.05  0.16 £0.22 (tot.)  £0.21 (stat.) £ 0.05 (mod. syst.) + 0.03 (exp. syst.)
WIW=jj  2.67+£0.66 3.40+0.35(tot.) +0.31 (stat.) £ 0.11 (mod. syst.) + 0.14 (exp. syst.)
WEW=jj  1.24+0.31 0.84+0.37 (tot.)  £0.35 (stat.) £ 0.10 (mod. syst.) + 0.07 (exp. syst.)
WiWijj  1.62+£0.39 2.46+0.37 (tot.)  +0.34 (stat.) £ 0.10 (mod. syst.) £ 0.11 (exp. syst.)

-

Measured cross sections in

agreement’with the SM pre/dictions

R-esults driven by the statistical
uncertainty of the data in the SR
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EXPERIMENT

* EW Z(— ¢¢)y production=> a powerful test of the SM in the absence of hints of
new physics

* nTGC forbidden at the SM tree level.
¥* BSM physics could introduce a nTGC vertex
% SMEFT Dimension-8 or higher operators

** Extension of previous analyses (production XS, differential XS), with a focus
on the EFT model

% optimized event selecton for better nTGC sensisitivty on top of the Zy nTGC paper
(JHEP 12 (2018) 010) (also full Run2).
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TLA
< The theoretical predictions from the calculations of Sherpa 2.2.11 are compared with measurements for p’,f and ¢, .
< Theoretical uncertainties for the predictions are calculated from internal variations of Sherpa sample, including scale

variation, PDF variation, uncertainty due to a, and EW correction.
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Newly generalized form factor formulation for neutral triple gauge vertices
(h%, h%, k! ) map to the effective cutoff scale A} = % where i= G*, G-, BW

Constraints on Wilson coefficients and form factors =» first attempt to incorporate a
fully gauge-invariant SH(2),; & U(1)y symmetry

Superseding former U(1)., only formulation

New limits on hZ and h}{ differ by two orders of magnitude compared to previous ATLAS
results due to the updated formulation

2D parametrization: interference between two Wilson coefficients taken into account

i ] " Form factorm

Parameters Limits at 95% C.L. Parameters Limits at 95% C.L.

Observed 95% C.L. Expected 95 % C.L. Observed 95% C.L. Expected 95 % C.L.
O+ [-0.022, 0.020] [-0.025, 0.023] h) [-1.3%1075,1.4%x1075] [-1.5%1075,1.6 x 1075]
Oc- [-1.41, 1.08] [-1.50, 1.23] h% [-24%107°,2.6x107°] [-2.8%107°,3.0x 107°]
OBB [-0.37, 0.37] [-0.44, 0.44] h; [-3.5%x 1074,4.6 x 107%] [-4.0x 1074,4.9 x 1074]
O sw [-0.54, 0.53] [-0.62, 0.61] h’ [-3.2%x1074,3.2x1074] [-3.7x1074,3.6 x 1074]
Opw [-0.87, 0.95] [-1.05, 1.14] 202 :
Oww [-1.90, 1.78] [-2.26, 2.13] * sy = sinfy - 2” o, VM2

. — : A Sw € =

The 95% C.L. limits on two extra dimension-8 ) ‘w B CI?ﬁHW field A zw 2W [AL,]swew
operators O;. and O;- parameterized with the fully v = Higgs Te B = - L v fi= C_th
gauge invariant nTGC formulation are presented vacuu;nr | T AG] 26 Sw
for the first time at the LHC expectation value

More comments in Tobias’s talk
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Forward tagging jet

(arXiv: 2503.17461 & SMP-22-011 March 2025)

Vector Boson Scattering: interaction of
two vector bosons radiated from the
initial-state quarks, yielding a final state
with two bosons and two jets, VVjj, in a
purely electroweak process

Forward tagging jet

Experimentally challenging due to small xsections (“fb)

EWK production contains both VBS and non-VBS \ ﬂain background: Diboson QCD\
processes > cannot be dissociated production in association with two jets
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ATLAS
q ql/I
Measurement of semileptonic VBS production at 13 TeV with 140 fb- Wz
¥* After 0,1,2 leptons categorization and VBS topology tagging jets
require Hadronic boson decay (small/large-jets): Merged or W/z
resolved regions
( Large-R jet : AntiKrR=10 | " Small-R jet: Anti-Kt R=0.4 ) q q’
" 4
;; Leptonic Vi selection
\ MergedJ \_ Resolved ) g l g 1 g 1
¥* After 3 Variables Boson tagger (mass, n_tracks, D,) designed to VBS tagging jets
provide constant efficiency independent of the jet prapplied to large-R oo l ....... .
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A Recurrent Neural Network (RNN) has been developed to

Machine learning approach for final discriminant

separate VBS signal from backgrounds:

o Dedicated training in each channel (0,1,2 leptons) and

Events

Data/Pred.

merged/resolved regions (3x3 SR):
o Low level input jet variables for training: Py, n, ¢, E, N¢racks
o RNN score used as final discriminant
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EWK decaying semi-leptonically observed with 7.40 (6.1 expected)
« Measured EW VV]j signal strength:

Dominated by signal modelling and
obs __ +0.23 _ 0.20 y Sig g
pew = 1.287557 = 1.28 £ 0.09 (stat. {+0.19 (SySt-)] jet reconstruction uncertainties

T e Simultaneously constrain both of EWK

T T | T T T
-1 . .
ATLAS (s=13TeV, 140 fb and QCD contributions

— Tot X RERES | I | | | | | ]
Stat. i E - - - Observed 68% CL. ATLAS E
Tot. (Stat, Syst.) = 2B e ek R
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2-lepton === 1.15 03 ( *024.70%) 2:_7 E;‘ffg;?g l?/l%c/;e?L' =
tepton — 102 8% (oS L oF E
0-lepton === 222 3% ( =021, 75053 - Q .
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Merged o 1.00 o2 (o153 ) C ]
0.5 =
Resolved Fod 1.39 6% (012703 ) = uebs = 1.20 028 (+0.10 stat. *320 syst.) .
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Details on EFT interpretation in Tobias’s talk
More details on ATLAS semileptonic VBS analysis in Mathieu’s talk
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Measurement of semileptonic VBS production at 13 TeV with 138 fb-1 *Cvqq events are used

- Require 2 leptons and and VBS topology tagging jets and Hadronic for the EFT combination

boson decay (small/large-jets):

Merged or resolved regions 4 orthogonal SRs plus CRs to model the

(araoriot: Amtikrero ) [ Small-R jet: Anti-KrR=04 ) main backgrounds (top quark and Drell-Yan)
9
A - ¢ 138 fb ' (13 TeV)
9 9 = CMS """""""" RARARRARRIRRRRRARE
O4n6L Data Drell-Yan
Merged =10°F Prellmlnary +
Resolved = B Vy+V I VBF-V
\ W, \_ J .2105;_ SR boosted-b-tag -VES éCD = o
-~ W tZq [ Other
L210%F Il nonprompt — VBS EW
c E esoy o
Machine learning approach for final discriminant Al T e,
A Deep Neural Network (DNN) has been developed to

separate VBS signal from backgrounds:

4 SR: Merged/Resolved X btag/b-veto
Up to 14 input variables used for training, e.qg:

" ‘ %E@: w :51H¢:ﬁa H%ﬁ %ﬁ
Niets (Pr > 30 GeV), & Zeppenfeld, Ar;; 08t E i 2T j‘i1

Data / Pred.

JJ ’

DNN score
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Semileptonic VBS and anomalous quartic gauge couplings

138 fb™ (13 TeV)

CMS-PAS-SMP-22-011

138 fb™! (13 TeV)

138 fb™ (13 TeV)
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Impact on ,uObS

* The obs. (exp.) EW ZV VBS signal strength is Source —Au +Ap
DY and top rate parameters —-0.20 +0.20
obs __ 0.61 Theo —-0.24 +0.26
Hew = 0.63 +8 g? ( 1 OO+O 58) MC sl;lymple size (bin-by-bin unc.) | —0.14 +0.15
Other nuisances —0.11 +0.13
Dominated by statistical uncertainty of the data Data sample size —0.36__+0.36
Total —0.51 _10.53
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First measurement of the cross section
for the scattering of same-sign W boson

Vr
pairs via the detection of a T lepton e g
Vy (i
q” v vy
Events selected if they have two jets with ¢ SMDNN‘M“WV)
large pseudorapidity and large invariant SOCER'S P o EECsemws
mass, one T lepton, one light lepton (e or p) élﬁi:sgl oo -zjv"‘;‘;WWVBS %gt"a’z_"fs";z_'j‘;‘:_”s Ratio of the measured cross

and significant missing transverse ¢

momentum.
Study of the indirect effects of processes

section for EW same-sign WW
scattering and the SM

beyond the standard model via the effective expectations:

' i Omeasured +0.63

field theory framework, in terms of = 1.4471063
Osm '

dimension-6 and dimension-8 operators.

Three Deep Neural Network Discriminants E 2- n + IS B _
(DNNs) to separate to separate the SMVBS g £~~~ "+, Significance of the EW signal:
(SM DNN), EFT dim-6 (dim-6 DNN), and ° 2 ‘ observed 2.7c - expected 1.90
EFT dim-8 (dim-8 DNN) from the SM E’g

background processes. 0 01 02 03 04 05 06 0.7 08 09 1
SM DNN output
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wiwt, wiw*, wtz, ZZ Combination CMS-PAS-SMP-24-013

EW Production Final states
A" Selected events feature: Vector Boson Scattering SSWW = OSWWVbq WZ — 77
< > 2 jets with a high invariant mass and large - | . | p
pseudorapidity separation Ve q *,q
“< =1 heavy vector boson decaying leptonically I I
* Mixed approach using machine learning (DNN, we we ?
BDT) and traditional variables to separate Vih " V;_
signal and backgrounds depending on the it W 7 z
channel vr e e
Ve € .q q
Two combination models: W s, " 7

* Test Statistic: Profile likelihood ratio g (i)
% 4-POls: four parameters of interest - signal strengths wosww, Kssww> Bwz, Hzz
* 6-POls: six parameters of interest - signal strengths -+ +, Bw-w— By +w—Bw+z, Bw-7, Bzz

Test Statistic

! (_)lg) ) Product of the individual per-channel Iikelihoodsj
X

~ = 2= n (—’.g +b ) == S
L (716 LR = T =0 e @5 TT n(@le)
bin=k k syst=j

b

i =» the maximum likelihood estimators for the POls
=>» the maximum likelihood estimators for the nuisance parameters

8
5 =» value that maximize the likelihood
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CMS

wiwt, wiw*, wtz, ZZ Combination CMS-PAS-SMP-24-013

Two combination models:

* Test Statistic: Profile likelihood ratio ' results considering four and six independent signal strengtr:(
% 4-POls: four parameters of interest - signal strengths

CMS Preliminary 138 fb ' (13 TeV)
Hoswws Hsswws Hwz, Hzz [0 +1SD (syst) ~ =e= +1SD (stat®syst) + Obsorved
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Parameter estimate  Significance

I;Signal strengths are in agreement with the SM predictions within the 68% CL J
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all other POI(s) except the one(s) of interest are profiled in
the maximum likelihood fit along with the nuisance
parameters.

Simultaneous fits to all pairs of signal strengths are
performed to assess the correlation between
the different VBS production modes
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Recent measurements of diboson production from ATLAS and CMS experiments at
\/s = 13 TeV have been presented:
* Inclusive production cross section measurements of WZ and ww
* Sawme-sigwn polarisation
* First evidence of production of polarised WLiWi : observed significance 3.30, with a
measured cross-section of 0.88 + 0.30 fb L.
* Most stringent limits to date for the cross-section of W, W, : observed 95% CL upper limit
of 0.45 fb (expected 0.70 fb)
* BW dibosow production in semileptonic and fully hadronic final states

 EWK decaying semi-leptonically observed with 7.4c (6.1 expected)
« ATLAS and CMS reported improvements on aQGCs upper limits
» First measurement of the cross section for the scattering of same-sign W boson pairs via

the detection of a T lepton ~measured — 1 44+9.62
OsM .

» First Combination of fully- and semi-leptonic final states
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Table 1: Requirements for the definition of the signal and control regions of the analysis. Objects Fiducial and Total regions
in parentheses relate to the ZZ CR. Region Fiducial Total
Lepton definition Dressed (e, 1) Dressed (e, u, T)
s ; s Ny, =3 v v
Reglon N[ pT{gl/ZZ’EW(€3)I (84)} NOSSF [m(f%, g%) - mZ| p'li"mss thag mm(m(gf 6,)) m(él,éz,éw(fs)) PT{Elz/é%rzw}l; {25,15,25}GeV 7 _
(GeV) (GeV) (GeV) (GeV) (GeV) [71{eL, €3, 6, } < {2.5,2.5,2.5} 7 —
SR =3 >425/15,.25} >1 <15 >35 =0 >4 >100 Nossp =1 v v
1 p2
ZZCR =4 >{25,15,25,15} >1 <15 - =0 >4 >100 PGyt | SSSOICEN: ¥ 3
i min(m(¢, ")) > 4GeV v v
ttZCR =3 >{25,15,25} b | <15 >35 >0 >4 >100 (L, 2, 0,,) > 100GeV b o
XyCR =3 242511525} =1 — <35 =0 >4 <100

selected events

pt of one of the leptons arising from the Z in the 3 CRs Process eee  eep  ppe  pup Inclusive
Non-prompt 25+7  13+5  24+7 30+10 9315
N . | a471'(136TeY) N 2477 (138 ToV) 713678 i 2542 3741 4943 7543 18645
L B B L B B B B Bl (S L I I L L R B T ™
3 12 ge g sComs  zon s o £ 3 e e T Xy 12+2 25+03 24+2 32405 4143
e Postit 1 o f Postit. 2 0o oy ] S fmn S HEX 80+£08 11+1  14+1 2142 54+3
2 100 - 2 s0f wz - 2 i Data 3 VVV 4+1 5+2 7+3 10+4 2745
2 ¢ Data 1 2 - X ] 2 %% Uncertainty VH 30+£05 38+07 5+1 9+2 2042
o o 8% Uncertainty S sof . Zq - g . : tZq 42405 53406 75+09 11+1 2842
= L B q0-2Z ] C I Non-prompt ] w Bz 3
e 99-2Z . E I Other 1 I Xy E Background 82438 78+5 13049 160+11 450+ 17
woF B Other 3 : B ethen ] Wz 410+£10 556+12 768+14 1096+£22 2830431
- 1 - E Prediction ~ 491413 634413 898+16 1256424 3280434
A 7 HEEREE L ! B PN E Data 491 643 869 1276 3279
0 ] e e —— == 0 (TR . e
e] g |"'|"'\'H; L R R 8 = i Y*\i E 2;
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Source Inclusive (%) eee (%) eep (%) ppe (%) pup (%)
Integrated luminosity 1.5 1.5 14 1.4 15
Trigger efficiencies 0.5 1.0 1.0 1.0 0.7
b tagging 0.1 0.1 0.1 0.1 0.1
Pileup 0.4 0.6 0.8 0.2 0.4
Jet energy scales 0.9 1.3 0.7 1.1 0.7
Electron reconstruction 1.2 4.0 29 1.1 —
Electron ident. efficiencies 0.7 3.6 24 14 —
Electron energy scale 0.1 0.1 0.1 0.0 —
Muon efficiencies 0.7 — 0.3 0.8 1.2
Non-prompt bkg. normalization 0.7 1.6 0.5 0.7 0.7
VVV normalization 0.4 0.4 04 0.4 0.4
tZq normalization 0.1 0.1 0.1 0.1 0.1
ZZ normalization 0.3 0.8 0.7 0.5 0.5
ttZ normalization 0.3 0.7 0.6 04 0.5
X7 normalization 0.2 0.7 0.3 0.4 0.2
VH normalization 0.2 0.2 0.2 0.1 0.2
ISR/FSR 0.3 0.5 0.2 0.4 0.3
WZ theory (pg, 1g, PDF) 0.2 0.2 0.2 0.2 0.2
MC statistical 0.5 1.9 0.9 1.0 0.9
Statistical 2.0 53 4.6 3.8 3.3
Total 3.3 8.4 6.4 5.0 42

Category Accuracy Fiducial cross section (fb)
POWHEG, NLO QCD 68.0 23 (scale) & 1.0 (PDF)
cee MATRIX, NLO QCD 69.9 *37 (scale)
MATRIX, NNLO QCD 77.0 715 (scale)
MATRIX, NNLO QCD x NLO EW 754717 (scale)
Measured 72.0 £4.0 (stat) & 4.5 (syst) &= 1.0 (lumi) £ 0.1 (theo)
POWHEG, NLO QCD 68.0 ¥22 (scale) =+ 1.0 (PDF)
ce MATRIX, NLO QCD 68.7 135 (scale)
MATRIX, NNLO QCD 75.0 718 (scale)
MATRIX, NNLO QCD x NLO EW 734117 (scale)
Measured 73.9 £ 3.5 (stat) & 3.1 (syst) &= 1.1 (lumi) = 0.3 (theo)
POWHEG, NLO QCD 68.0 123 (scale) & 1.0 (PDF)
. MATRIX, NLO QCD 68.7 138 (scale)
i MATRIX, NNLO QCD 75.0 18 (scale)
MATRIX, NNLO QCD x NLO EW 734717 (scale)
Measured 71.2 £2.9 (stat) & 2.0 (syst) &= 1.0 (lumi) =+ 0.1 (theo)
POWHEG, NLO QCD 68.0 127 (scale) + 1.0 (PDF)
MATRIX, NLO QCD 69.9 13 (scale)
e MATRIX, NNLO QCD 77.0 715 (scale)
MATRIX, NNLO QCD x NLO EW 754117 (scale)
Measured 75.3 £ 2.5 (stat) & 1.5 (syst) &= 1.1 (lumi) £ 0.1 (theo)
POWHEG, NLO QCD 271.9 739 (scale) + 3.8 (PDF)
b MATRIX, NLO QCD 277.1 153 (scale)
clusive
MATRIX, NNLO QCD 304.0 71 (scale)
MATRIX, NNLO QCD x NLO EW 298.1 183 (scale)
Measured 297.6 £ 6.4 (stat) £ 6.4 (syst) £ 4.2 (lumi) £ 0.5 (theo)
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Table 1: Summary of the requirements defining the WW SR and dilepton CRs.

Quantity WW One/twob tags Z — tT Same-sign
Number of tight leptons Strictly 2

Additional loose leptons 0

Lepton charges Opposite Same
e >25GeV

g >20GeV

Mgy >85GeV >85GeV <85GeV  >85GeV
Py — — <30GeV —
Number of b-tagged jets 0 1/2 0 0

N; 0/1/2/ >3

]

WWSR  Same-sign CR Z — 1t CR  Oneb tag CR  Twob tags CR
43898 3456 56 551 68656 57617
16030 4160 80.9+5.0 2648 +37 2128 +£27 227 £11
Top quark 19900+ 130 879+37 1131.6+88 63450+210  55550=+210
Z =TT 2124+31 5714+41 45610+£320 226.0+8.6 19:5:£2.3
487.7+8.6 512.14+9.6 97621 974 211 11.8+0.6
37.1+0.8 33.6+0.7 66.0+1.6 6.9+0.2 1.0+£0.0
Nonprompt  4880+140  2390+53 6580+280 26704100 1695+98
76.0+1.6 25.8+0.6 47+0.1 837 41111 8.6+04
10.7£0.5 8.7+11 07+0.1 441+14 52.0+1.6
2265477 233:3 7.5 68.8+3.4 43.4+34 3.0+04
Higgs boson  90.2+6.4 272+ 1.7 345 £ 32 294+17 20.9+1.2
43860180  3457+53 56550240 68720+220 575904230
WZ CR 77 CR Table 2: Summary of the requirements defining the WZ and ZZ CRs.
s L o3 Variable WZ 7z
WZ 3470+85 0.9+0.1 Number of tight leptons Strictly 3 Strictly 4
ZZ 271+£20  599+25 Additional loose leptons 0
Nonprompt 819480 <} Lepton pr >25/10/20GeV  >25/20/10/10GeV (pt ordered)
VvV 60.5£29 54402 |mpe — my| <15GeV <15GeV (both pairs)
tVx 26.0+£2.3 2302 M3y >100 GeV =
Vo 55.8+6.0 < 1 Myy = >150 GeV
Higgsboson 28.4+19 24406 e >30GeV —
Total 4729476 610425 Numberofb-tagged jets 0
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Table 4: Definition of the fiducial region.

Variable Requirement
Lepton origin Direct decay of a prompt W boson
Lepton definition Dressed leptons (e® )
Leading lepton pt ptmax > 25GeV
Trailing lepton py pLmin > 20GeV
Additional leptons 0

17| of leptons FEetAs
Dilepton mass myy > 85GeV

Jet pr Py > 30GeV

17| of jets 17| < 2.5
Jet-lepton removal AR(j,¢) > 0.4

Table 7: Inclusive fiducial cross section and normalized cross sections for events with N; =
0,1, >2 jets. The uncertainty listed is the total uncertainty obtained from the fit to the yields.
The expected predictions are obtained from POWHEG+PYTHIA. In parentheses, the split of
systematic and statistical uncertainties are reported.

Observable Expected Observed

Cross section (fb) 812 £ 34 (31,15) 813--35{32,15)

O-jet fraction 0.648 +0.015 (0.012,0.009)  0.640 £ 0.016 (0.013,0.009)
1-jet fraction 0.256 + 0.013 (0.008,0.010)  0.243 £ 0.013 (0.009,0.010)

>2-jet fraction 0.096 + 0.011 (0.008,0.008) 0.119 £ 0.011 (0.008,0.008)



http://arxiv.org/abs/2406.05101

Source ee+ uu

Quantity Cuts ;

Zy signal 271.01 + 2.39 (stat) + 44.34 (syst)
lepton kinematics pr (61) > 30 GeV, pr(£2) > 25 GeV, |n| < 2.47 Z+jets 81.90 + 71.29 (stat)+ 97.65 (syst)
photon kinematics pT > 200 GeV, |n| <2.37, AR(y,£) > 04 multiboson 33.47 + 4.58 (stat) = 10.03 (syst)
photon isolation E7 conc2l) / E; Y <0.07 pile-up 1.01 + 0.11 (stat) £ 0.20 (syst)
jet kinematics pr(j) > 30 GeVif |p| <2.50r pr(j) >50GeVif2.5< |n <4.5 tty 0.31 + 0.18 (stat) + 0.05 (syst)
invariant mass |mee —mz| < 10 GeV, (mee +meey) > 182 GeV tWy 0.13 + 0.02 (stat) + 0.04 (syst)
jet multiplicity Nijet =0 Total prediction 387.83 + 71.48 (stat) + 107.71 (syst)

Table 4: Definition of the fiducial region at particle level.
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nTGC

* The precise measurement of the electroweak Zy production is a

powerful test of the Standard Model (SM), particularly in the
absence of hints of new physics beyond the SM.

* The neutral Triple Gauge Couplings (nTGCs) provide a unique
pathway to the new physics beyond the SM as it can arise from SM

effective field theory (SMEFT) operators that respect the full
electroweak gauge group SU(2), ® U(1)y of the SM at only the level

of dimension-8 or higher.

C; sign(€;) 1
— J _ J _
Lsmerr = Lsm + Z ﬁoj =Lsm + Z v Oj=Lsu+ AT 0;
J J J J J
@ S — . @ : ————— —
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In the ab f deviati f the SM dictions, the ~ 1 Vo -
n the absence of deviations from the SM predi _ £(c.d) = - ((’g)ng(g)
measurement of the differential cross section as a function of JOk - V] ’

p’T’ is used to set limits on anomalous neutral triple gauge -
couplings.

test statistic measures & 5

The constraints on both Wil§on coefficiepts in the SMEFT  i,6 agreement between Xz(c’ 5) == Fe 5))TV—1(5;_f(C, 5))
framework and form factors in the effective vertex approach the statistical model and
are derived and they incorporate a fully gauge-invariant e unfolded results
SU(2), & U(1)y symmetry.

Parameters Limits at 95% C.L.
The 95% C.L. limits on two extra dimension-8 operators O, Observed 95% C.L. Expected 95 % C.L.
and O¢- parameterized with the fU”y gauge invariant nTGC hz [-13%x1075,1.4%10°5] [-1.5%1075,1.6 x 1075]
formulation are presented for the first time at the LHC. h% [-2.4%107%,2.6 x107°]  [-2.8x107%,3.0x 107°]
. " Y - -4 -4 _ -4 -4
Under the updated formalism, the new limits on h% and h! hy [-3.5%107,4.6x 107]  [-4.0x 107, 4.9 x107]
: : 4 % [-3.2x1074,3.2x 104  [-3.7x 1074,3.6x 1074
differ by two orders of magnitude compared to previous
ATLAS results. 2002
1 vM;
hy = - 5
[AG, ] swew
A two-dimensional fit is also performed to obtain bounds for pairs of NnTGC parameters. cw
Constraints on each pair of nTGC parameters are shown in the form of ellipses at 95% C.L. hy = s—h4
on the (h%, h}) planes. It is also assumed that any excess in data over background w Spsizs
predictions only comes from nTGC effects, and only two scanned parameters are varied zZ _ 1 veMz
while other parameters are set to zero at one time. The statistical constraints on h} and 37 [AL ] 2swew
h% differ by a constant factor as defined in equation 4b. For completeness, we show the i i
constraints on both parameters in the figure. y 1 vM;

3 .1 22
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arXiv:2503.11317

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

** Longitudinal polarisation generated by Goldstone bosons in EWSB
** Unitarity of V;, V, scattering cross-section at high energies guaranteed by gauge symmetry

Measurement of production cross sections of polarised at with Wi+ at 13 TeV with 140 fb-1

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

QCD W*W"]] production

DN

o~ < o~ <

W:t

q q

triple-gauge boson vertices @ quartic gauge boson vertex Higgs exchange QCD W+W?#jj production
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» Two fits performed to extract the WLi W; and W; W; (WLi WLi and W; W;) polarisation fractions
* Fit performed in 3 regions of DNNinciusive, USiNg LX-DNNg;., @s a polarisation discriminator
* Alow- m;; and WZ CRs also enter the fit

* Evidence of W:W)? state: 3.30 observed (4.00 expected)

* Measurement precision is statistically limited

Region 1 Region 2 Region 3
Process Region 0 to 0.3 | Region 0.3 to 0.7 | Region 0.7 to 1
Wi Wi jj 1.8 £0.7 56 +1.9 8.3 +2.8
WEWEjj 6.0 £2.5 17.8 +6.2 25.7 +£8.5
WiEWE 18.4 +4.4 64.0 +10.0 111.9 +14.7
QCD WEW=jj 14.4 £4.1 12.5 £3.5 2.6 £0.8
Int WEWTjj 2.3 £0.1 6.0 £0.2 4.8 +0.1
QCD W*Zjj 33.3 £2.6 20.3 +1.6 4.5 +0.4
EW W*Zjj 3.3 +£0.1 6.2 £0.2 5.5 +0.2
Non-prompt 31.2 £4.3 20.2 £2.9 104 +3.1
Conversions 14.6 £3.7 6.2 £1.8 1.6 =£0.5
Other prompt 3.7 £0.7 2.6 £0.6 0.8 £0.2
Total SM 129 +7 161 +10 176 +13
Data 142 158 175
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Wi+ — iEvl'*y =» where L and ' can be e or u N

W iy,
Kinematics Descriptions | Scaling W/Il
Object-level variables
pfrl pr of the leading lepton logo(2)
nﬂ n of the leading lepton x
l, type Flavor of the leading lepton T
peT2 pr of the subleading lepton logo(z)
n£2 7n of the subleading lepton x
¢e2 — gi)ll Difference in azimuthal angle between the leading and subleading leptons T ] . ..
£y type Flavor of the subleading lepton x Variables used in the training and
! of the leading jet log,o(z .. .
o T of the leadling jet B (e) optimization of the DNNs. The
i 0 . . . L . . .
¢j2 —¢ Difference in azimuthal angle between the‘ leat.ilng jet and leading lepton x va rlable S are S Cale d W|th
Py pr of the subleading jet logo(z) ) i )
0"  of the subleading jet @ different scaling functions for the
¢’ — (;521 Difference in azimuthal angle between the subleading jet and leading lepton T . . . .
s Missing transverse momentum log, () tral ni ng and appl |Cat|0n .
P(ERISS) — gt Difference in azimuthal angle between the missing transverse momentum and leading lepton T
Event-level variables
Z;l Zeppenfeld variable of the leading lepton [64] Nz
ZZ@ Zeppenfeld variable of the subleading lepton [64] NE
mo Transverse mass of the leading lepton and Ep VT
mfﬁ Transverse mass of the subleading lepton and Ep™™ NG
ARy, Distance AR between the leading and subleading leptons T
Ay, Difference in pseudorapidity between the leading and subleading leptons VT
My Invariant mass of the two leptons logo(z)
peTZ pr of the dilepton system VT
mp Transverse mass of the dilepton system and ER™ [20] VT
mr Projected transverse mass \/(pfﬁ —I—pffz + BRI (gt gt 4+ BRI [65) VT
AR;; Distance AR between the leading and subleading jets x
Ay Rapidiy difference between the leading and subleading jets T
mj; Invariant mass of the two jets logo ()
Agj; Difference in azimuthal angle between the leading and subleading jets T
(peT1 -pf}z)/(pff1 p]TQ) pr ratio of the leptons and jets [22] log;(z + 0.02)
min(AR, ;) Minimal distance AR between the leptons and jets T
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CMS-PAS-SMP-24-013

wiwt, wiw*, wtz, ZZ Combination
All selected events feature:

> 2 jets with a high invariant mass
and large pseudorapidity separation

m{”> > 500,300 or 100GeV

> 1 heavy vector boson decaying
leptonically

Test Statistic: Profile likelihood ratio q
parameter of interest: signal strength u
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EW Production

Final states
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Two combination models:
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¥ 6-POls: six parameters of interest - signal strengths
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interest -
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wiwt, wiw*, Ww*Z, ZZ Combination
All selected events feature:
> 2 jets with a high invariant mass and large pseudorapidity

separation

> 1 heavy vector boson decaying leptonically
Mixed approach using machine learning (DNN, BDT) and
traditional variables to separate signal and backgrounds
depending on the channel
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Signal strengths are in agreement with the SM predictions within the 68% CL J
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Two combination models:
% 4-POls: four parameters of interest - signal

strengths wosww, Ussww, Uwz, Hzz
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Newly generalized form factor formulation for neutral triple gauge vertices
(h%, kY, kY ) map to the effective cutoff scale A} = % where i= G*, G-, BW

Constraints on Wilson coefficients and form factors =» first attempt to incorporate a
fully gauge-invariant SY(2), & U(1), symmetry

Superseding former U(1)., only formulation

New limits on hZ and hZ differ by two orders of magnitude compared to previous
ATLAS results due to the updated formulation

2D parametrization: interference between two Wilson coefficients taken into account
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Newly generalized form factor formulation for neutral triple gauge vertices
(h%, h%, ) ) map to the effective cutoff scale A} = % where i= G*, G-, BW
Constraints on Wilson coefficients and form factors =» first attempt to incorporate a
fully gauge-invariant SY(2), & U(1), symmetry
Superseding former U(1)., only formulation
New limits on hZ and hZ differ by two orders of magnitude compared to previous

ATLAS results due to the updated formulation
2D parametrization: interference between two Wilson coefficients taken into account

W I2y) Production: Constraints on Energy Scale A, |

Parameters Limits at 95% C.L.

Observed 95% C.L. Expected 95 % C.L. fox
OG+ [-0.022, 0.020] [-0.025, 0.023] .
Oc- [-1.41, 1.08] [-1.50, 1.23]
Ogg [-0.37, 0.37] [-0.44, 0.44] .
O sw [-0.54, 0.53] [-0.62, 0.61]
OBW ['087, 095] ['105, 114] Nes ATLAS Preliminary
Oww [-1.90, 1.78] [-2.26, 2.13] V5 = 13 TeV, 140 fb-!
The 95% C.L. limits on two extra dimension-8 Row I

. . Ci=0.01

operators O;. and O;- parameterized with the — =1
fully gauge invariant nTGC formulation are o G = an?
presented for the first time at the LHC : T T T T T T

N\ 95% CL exclusion [TeV]
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