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Motivation

WZy results at 13 TeV using 140 fb-! of Run2
Wyy results at 13 TeV using 140 fb-1 of Run2

// production at 13.6 TeV using 29 fb-! of Run3

// polarization and CP results at 13 TeV using 140 fb-! of Run2

WZ polarisation at high-P# using 13 TeV using 140 fb-! of Run2
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Motivation

Investigate the SM Electroweak Sector:

 Measurements of multiboson processes provide an important test of
the SM

e Study non-abelian structures through triple and quartic gauge couplings
» Deviations from predictions provide evidence of new physics

» Set limits on anomalous quartic gauge couplings via interpretations:
EFT and resonant searches

Longitudinal polarisation:
e Directly probes the Electroweak Symmetry Breaking mechanism

e Sensitive to new physics

e The first step toward longitudinal VBS



WZy Production

Phys. Rev. Lett. 132 (2024) 021802



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.021802

WZy Process

Targeting the WW~Zy quartic gauge coupling:
- 3 leptons (e, u): P> 30, 20, 20 GeV

« Z lepton pair with m,, > 80 GeV

. EIMS > 20 GeV

- 1 photon, P > 15 GeV

SR definition ZZ~ CR definition ZZ(e—y) CR definition

Lepton veto no additional leptons with pff‘ > 10 GeV  one additional lepton with pff* > 10 GeV same as SR
Z-leptons assignment smallest |my, — m 4] same as SR same as SR

AR AR,~v) > 0.4, AR(u,e) > 0.2 same as SR same as SR
ZZ(e — 7y) rejection im(ew,v) —mgz| > 10 GeV same as SR im(eyw,v) —mz| < 10GeV

Missing p E™5S 5 90 GeV no requirement ERSS 90 GeV
Z candidate mass My, > 81 GeV My, > 40 GeV same as SR

Reject FSR

 Non-prompt bkg. (WZ, ZZ, Zy, tty): estimated using a data-driven “Fake Factor” method
« Prompt bkg. (ZZy): estimated using MC samples and CRs



WZy Observation

A profile-likelihood fit is performed on three s SR 77y CR  ZZ(e —~) CR
bins to extract the signal and ZZ/Z/Zy W2 92 £15 021 £007  0.56+0.14
A 10.7 £+ 2.3 23 + 5 1.8 +0.4
backgrounds ZZ(e — ) 30 £ 0.6  0.028+0.020 30 =£6
Ty 1.054+ 0.32  0.15 +£0.06  0.2940.10
' Nonprompt background 30 £ 6 - -
W<Zy process observed (expected) with i T _ _
6.30 (50) Total yield 139 +12 23 45 +6
» consistent with the SM prediction within T 159 23 59
1.50
% 100 ATLAS
(Lg (s =13 TeV, 140 fb’ |E|\[/)vazt$
~ g W(= Iv)Z(= 1)y Ezzy
% SR =§\Z/\((e—>y)
Hwz, = 1.34 £0.20 (stat.) + 0.10 (syst.) + 0.07 (theory) . Shengong

av% = 2.01 + 0.30 (stat.) £ 0.16 (syst.) fb

* Photon identification and isolation are the biggest systematic
uncertainties

\/
100 105 110 115 120
my, [GeV]




Wyy Production

Phys. Lett. B 848 (2024) 138400



https://www.sciencedirect.com/science/article/pii/S0370269323007335

Wyy Process

« Sensitive to the WWyy and W WYy gauge coupling
 An important background for WH — Wyy

Event selection:

» 2 isolated photons, P > 20 GeV
» 1 isolated electron (muon), P > 20 (25) GeV
. EIMSS > 25 GeV && my(W) > 40 GeV

« /y veto:
m(ly), m(lyy) ¢ [82,100] GeV
&& pT(lyy) > 30 GeV

Source SR TopCR
Wy 41060 2845

Non-prompt 7 — 42050 42420

Misidentified e — ~ 1550411 12049
Multiboson (W H (vyy), WW =, Z~v) 6+13 H2+£1.7

Non-prompt 7 — ¢ 35+ 10 -
Top (tty, tWr, tqy) 30£7 136432
Pileup 10£5 -

Total 113634 332418
Data 1136 333




¢ Data
ATLAS
Cwyy

Vs =13 TeV, 140 fi' |
W(—Iv)yy Eje - YY
Post-Fit oi— |

[ Multiboson
@ Top

I Pileup

Data/Post-Fit
Ratio

> Total
k Uncertainty

— Pre-Fit/Post-Fit

» A profile-likelihood fit is performed on SR and TopCR
» Wyy observed significance with 5.60

e The fiducial cross section is measured for W — ev/uv
with a total 17% uncertainty

- The j — y background estimate is the dominant systematic
uncertainty

Wyy Observation

ATLAS —e— Data
s =13 TeV, 140 fb’’ Total pdf
Leading photon projection

Events / (2.25 GeV)

WN L O D W

(Data - Fit)/o,,.

-15 10 -5 15 20 25 30
EX*" [GeV]

ATLAS
Vs =13 TeV, 140 fb"
W(— vy

Data 2015-2018 [ (stat) (total)

13.8 + 1.1 (stat)*_i'; (syst) = 0.1 (lumi) fb

Sherpa 2.2.10 NLO

+2.4 +0.5
13.6 _ (scale) Coa (stat+PDF+ay) fb

MadGraph5_aMC@NLO
14.87 [ (scale) * "' (stat+PDF+a) fb

10 12 14 16

o{j\‘}'w x Br(W— e/u v) [fb]



Run3 ZZ Production
at 13.0 TeV

Phys. Lett. B 855 (2024) 138764



https://www.sciencedirect.com/science/article/pii/S0370269324003228

77 @ 13.6 TeV

» Key channel to search anomalous neutral TGCs (aTGCs)
» Study the off-shell Higgs boson production

g

Fiducial and differential cross-sections are measured in 4 lepton final states

- 4 isolated leptons (e, i), P > 27, 10, 10, 10 GeV
o 2 Z-lepton pairs
¢ 66 <m,, <116 GeV for both pairs

160~ ATLAS ¢ Data Magg -2z
(s =13.6 TeV, 29 fb'igg — ZZ EW ZZjj
ZZ — 4l Bl Irreducible [ _]Reducible
/ 22 Uncertainty

>
[
)
o
a\
S~
[%2]
2
=
c
L

e my,> 180 GeV

Process | qq — 27 g9 —Z7Z EW qq— ZZ + 2j ttZ VVV Reducible
515 £ 50 74 £+ 44 4.7 £ 1.0 5.0 £ 0.8 2.1 4+0.2 254+ 8.1 | 626 £ 88

« Prompt back.: triboson and ¢/

« Non-prompt back. : Z+jets, WZ, ¢f using the data-driven “Fake Factor” method

500 600 700
m,, [GeV]




77 @ 13.6 TeV

* Asingle bin is used to extract the fiducial cross
section

» Extrapolated to the total cross section with
66 <m, < 116 GeV for both Z bosons

ATLAS = === Data

Vs=13.6 TeV, 29 " [ Statistical Uncertainty

ZZ — 4l 1=e, n Total Uncertainty
—=— Predicted

This measurement
36.7 + 1.6 (stat.) + 1.7 (sys.) fb

Sherpa qqZZ NLO.QCD + ggZZ LO.QCDx1.7(*)
36.87,7 (sys.) fb

MATRIX gqZZ NNLO.QCD + ggZZ NLO.QCD(*)
39.1£ 0.7 (sys.) fb

MATRIX qqZZ NNLO.QCDxNLO.EW + ggZZ NLO.QCD(*)
36.5+ 0.7 (sys.) fb

(*) + Powheg EW ZZjj

15 20 25 30 35 40 45
fiducial cross-section [fb]

Fiducial | 36.7 & 1.6(stat) + 1.5(syst) = 0.8(lumi) fb | 36.8 732 fb 36.5 £ 0.7 fb

Total | 16.8 +0.7(stat) + 0.7(syst) + 0.4(lumi) pb | 17.0 T173 pb 16.7 + 0.5 pb

lterative Bayesian unfolding: m1, , and P, (4¢)

—_i
o

ATLAS #4 Data

’ ¢ Sherpa qqgNLO+ggLOx1.7(— ZZ) (*)
\s=13.6 TeV,29f6' & Shera qqINLOXNLO EW]+ggLOX1.7(5 Z2) (*)
77 4| MATRIX qgNNLO+ggNLO(= Z2) (*)
MATRIX qg[NNLOXNLO EW]+ggNLO(= Z2) (*)

(*) + Powheg qgNLO(- ZZjj)

S
[
©)
~~
L2

q
£
S
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Prediction/Data

T 2%10° 3x10° 4x10°
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// Polarisation and
CP Studies

JHEP 12 (2023) 107



https://link.springer.com/article/10.1007/JHEP12(2023)107

* The polarisation measurement of massive weak bosons directly
probes the Electroweak Symmetry-Breaking mechanism

« Measurement of longitudinally polarised Z,Z, bosons in ZZ — 4¢

* Provides unique sensitivity to physics BSM

// Polarisation at 13 TeV

final states (£ = e, u)

BDT is trained to distinguish the Z.Z, from Z.Ztand Z1Z~

polarisation components

Events /0.1

°
()
S

o

~
]

-—
)

o

| : f/&/;/ﬁix/#//{/%//+/*/-/+//i///%////%*/;i//été/ /é;////// g

ATLAS ¢ Data
\s =13 TeV, 140 fb Wzz
pp —» ZZ — 4l | yava
Post-Fit Z.Z,
B Interf.
B Non-prompt
Others
7 Uncertainty

t

) -06 -04 -0.2 0 0.2 0.4 0.6 0.8
BDT Score

.+ Hz 7 = 1.15 £ 0.2/7(stat.) £ 0.11 (syst.)
with 4.36 (3.80) significance

 Fiducial cross section = 2.45 +£ 0.60 fb

* |nterferences and modelling are the largest systematic
uncertainties
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//Z CP Properties

 Differential cross-section as a function of Optimal CP-sensitive observable

o TYZ,1(3) — Sln(q)l(3)) X COS(91(3))

« Symmetric in the SM, but asymmetry in the presence of a CP-odd anomalous triple
gauge coupling (aNTGC)

SM (symmetric aNTGC (asymmetric nfolded distribution

ATLAS Simulation ATLAS Simulation
Vs =13 TeV s=13Te BSM q— ZZ— 4 %10~

ATLAS —¢— Data
SM pred. (Sherpa qq — Z2)
SM pred. (Powheg qq — Z2)

Interference only

aNTGC parameter Expected Observed Expected Observed

[-0.16,0.16] [-0.12,0.20] [-0.013,0.012] [-0.012,0.012]
[-0.30,0.30] [-0.34,0.28] [-0.015,0.015] [-0.015,0.015]
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VWZ Polarisation
@ High p#

arXiv:2402.16365
Accepted by Phys. Rev. Lett.



https://arxiv.org/abs/2402.16365

WZ Polarisation @ High pT

. Measure joint-polarisation states at a high Pz :W,Z,,
Wolr, Wiy, WrZyp) T

* The first study to probe the energy dependence of polarisation
fractions // ’
* Radiation Amplitude Zero (RAZ) effect in WZ production : v

Training variable | Definition

AY (twZ) Rapidity difference between the W lepton and Z boson
Transverse momentum of the WZ system

Transverse momentum of the W lepton

Transverse momentum of the subleading Z lepton

Missing transverse momentum

Cosine of the angle of the Z lepton in the WZ rest frame w.r.t the z-axis
Cosine of the angle of the W lepton in the W Z rest frame w.r.t. the z-axis

17



W<Z Polarisation @ High p%

ATLAS o Data mWw,Z,

0
s=13TeV, 140 fo! _ WoZrtWrZo  EW:Z;

Prompt Non-prompt
SR 100<p?<200 GeV 4 Tot. Upncert, . Promp

Post-Fit '

Events/0.1

ATLAS « Data mW,Z,

B 4 mWZ, Prompt
Vs=13TeV, 140 fb -Non-epS}ompt % Tot. Uncert.

Events/0.1

40 SR p%>200 GeV

P% > 200 GeV
2 fit parameters

R

Post-Fi

Data/Pred.
Data/Pred.

BDT score BDT score

. 5.2 observation of fj, in thel00 < P% < 200
GeV region

. 3.20 evidence of fj, inthe P# > 200 GeV
region using 2 parameters fit

* Leading systematic uncertainty from QCD higher
order effects

3 parameters fit configurations: fyo, for +J70, J77

Measurement

100 < p7. <200 GeV pZ > 200 GeV

foo 0.19 =03 (stat) 007 (syst)  0.13 002 (stat) =007 (syst)

0.08 0.02

Jorsto 0.18 +0-07 (stat) £0-0° (syst)  0.23 017 (stat) £0-5 (syst)

frr 0.63 1882 (stat) :1:8:82 (syst) 0.64 +0-12 (gtat) +£0-06 (syst)

0.12 0.06
foo obs (exp) sig. 1.6 (2.5) o

foo obs (exp) sig.

2 parameters fit configurations: fy, /.,

Measurement

100 < p% <200 GeV pZ > 200 GeV

0.17 705 (stat) £0-05 (syst)  0.16 £7°02 (stat) £03 (syst)

0.05 0.03
0.83 005 (stat) =00 (syst)  0.84 +.-0 (stat) +-0> (syst)

0.05 0.02
7.7(6.9) o 32(4.2) 0

18



Radiation Amplitude Zero Effect

» AtLO, W, Z; the cross-section drops to zero when 0, approaches /2

* The scattering angle of the W in the WZ rest frame relative to the incoming antiquark
direction

e Observed in AY(WZ) and AY(lyZ)

, . N(|AY| < 0.5) D > 0, indicates the
» Depth variable to quantify dip: D=1 -2 - NOS < |AY| < 13)

ATLAS -o- Data @ Stat. Uncert. ATLAS e Data —+ MG+Pythia % Tot. Uncert.
vg — 13 TeV, 140 fb-1 DTOt Uncert —r— MG+Pyth|a 1 vg — 13 TeV, 140 fb-1

RAZ Region p¥"z< 70 GeV TT polarization state

)l
o

Depth IAY(WZ

o
(0¢]
VS~§

Z
%

P;VZ <70 GeV

: W7 :
PV < 40 Gev Observed in the P “ regions

Data/Pred.
Data/Pred.
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Summary

* Measurements of multiboson production processes test gauge interactions within the SM
electroweak theory and its symmetry-breaking mechanism

* Multiboson production processes have relatively small cross sections at the LHC and is
sensitive to new physics and anomalous triple and quartic gauge couplings

* Presented results are consistent with the SM predictions
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