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Motivation for multiboson measurements

Triple and quadruple gauge couplings

— Probe the non-abelian structure of
the electroweak sector

=> search for deviations
W+ W+ W+ W
Z/y w{ ’ Wt w»{ , :i{
W Zfv Z[ Z/
Longitudinal polarisation
— First step toward longitudinal VBS

— Sensitive to new physics ?
=>Goldstone equivalence theorem

Goldstone equivalence theorem

“At high energy, longitudinal

Higgs: vector bosons are analogous
mechanism to goldstone bosons”
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Diboson results

Z7— 4lat13.6 TeV arXiv:2311.09715
ZZ polarisation arXiv:2310.04350

WZ polarisation at high pT arxXiv:2402.16365



https://arxiv.org/pdf/2311.09715.pdf
https://arxiv.org/pdf/2310.04350.pdf
https://arxiv.org/pdf/2402.16365.pdf

/7 = 4 lepton with Run 3 data

q A | Z 9 Z|| 03

za%, /Jf , | ZZ- 4l decay channel

______ =>First Run 3 measurement

H*
A Four-lepton signature > 2 SFOC pairs
Lepton kinematics pr > 27/10 GeV
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https://arxiv.org/pdf/2311.09715.pdf

ZZ inclusive cross section at 13.6 TeV

First measurement at 13.6 TeV for this process

— Year 2022 : 29 fb-1
— 6.5 % precision, statistically dominated

o [pb]
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| LHC Data 2022 {s=13.6 TeV
| e ATLAS ZZ— Il {mII 66-116 GeV) 29 fb”'

~ LHC Data Vs = 13 TeV )
- m CMS ZZ— il (m 60-120 GeV) 137 fb™

20| o ATLAS ZZ-> Illl (m 66-116 GeV) 36.1 fb”

|~ LHC Data Vs = 8 TeV g
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[ ATLAS ZZ- li(l/vv) (m, 66-116 GeV) 20.3 b

15/ LHC Data Vs = 7 TeV :
[ m CMS ZZ5 Il (m, 60-120 GeV) 5.0 fb
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36.7+ 1.6 (stat.) + 1.7 (sys.) fb

Sherpa qqZZ NLO.QCD + ggZZ LO.QCDx1.7(*)
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ZZ differential cross sections at 13.6 TeV

lterative bayesian unfolding for mqand p*
=> Good agreement in most of the bins
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Ingredients for polarisation measurements

First joint-polarisation measurement : inclusive WZ (2022)
— Experimental compromise between signature and event yield

— Set the general methodology: Fit on data with polarisation templates

Frame dependence of polarisation:
> Natural choice is diboson rest frame W rest frame 5 / o
WZ rest frame
Discriminating variable: . | / L
— Extract most polarisations as possible : Model independence ! /
— Low statistics ! 2

::l ”\(\\ Ilj: Z rest frame
Polarised templates S -
— Representative of higher order corrections ?

— Interference term?


https://arxiv.org/pdf/2211.09435.pdf

ZZ Run 2 polarisation

Same ZZ- 4l event selection (+ tighter Zmass window Jmy-mz| < 10 GeV)
=> Fully reconstructed, lower event yield

In ZZ rest frame

=> Joint-polarisation pseudo-cross sections

FOI' Z|_Z|_, ZLZT, Z+Z+

x
f
| /
i 4
I Z4 rest frame
7 . Z’
o ' p

- z-z'-x' plane

7 /

Yy Here, “L” means “longitudinal”

BDT
variables
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Discriminating variable:
BDT trained for LL against LT & TT
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https://arxiv.org/pdf/2310.04350.pdf

Polarisation templates

Polarised Templates:

— MadGraph LO +0,1j polarised for qq— ZZ
and ZZ VBS

— Sherpa NLO inclusive forgg —» 77

Reweighting (except for ZZ VBS)

— 1D fixed order polarised reweighting NLO
QCD+EW along cos9;

— Interference term reweighting inclusive
qq—ZZby (Inclusive — ¥ polarised)

— 2D inclusive reweighting along cos0%*z: and A@ue

— 1D reweighting with
— Remaining

Inclusive — (X polarised + Interference)

vs NLO shape differences

Normalised: LO
Qo2 T
. = ATLAS Simulation
o F Vs=13TeV
- 0-135— qo = Z2Z - 4l
c 0.16— polarisation states

.14 =" shape-only

— 2.2, -- 22 (w/o NLO correction)
o Z.Z --- Z.Z (w/o NLO correction)

—2Z,Z ---.Z Z (w/o NLO correction)

R |

0.6 0.8
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Evidence for joint-polarisation states

Events / 0.1

Data / Pred.

Hu = 1.15 £ 0.27(stat.) £ 0.11(syst.)
=> Evidence for LL joint-polarisation at 4.36 against background only, consistent with SM

=»Main uncertainties from statistical power, interferences and
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Contribution Relative uncertainty [%]
Total 24
| Data statistical uncertainty 23
Total systematic uncertainty 8.8
MC statistical uncertainty 1.7
Theoretical systematic uncertainties
l ggq — 77 interference modelling 6.9
NLO reweighting observable choice for g — ZZ 3.7
PDF, ¢ and parton shower for gg — ZZ 22
NLO reweighting non-closure 1.0
QCD scale for gg — Z2Z 0.2
NLO EW corrections for g§ — ZZ 0.2
gg — ZZ modelling 1.4
Experimental systematic uncertainties
Luminosity 0.8
Muons 0.6
Electrons 0.4
Non-prompt background 0.3
Pile-up reweighting 0.3
Triboson and ¢7Z normalisations 0.1

10,



ZZ CP properties

Maximize sensitivity to CP-odd aNTGC

Unfolded result
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Constraints on CP-odd aNTGC parameters

Interference only Full
aNTGC parameter Expected Observed Expected Observed
fé [-0.16,0.16] [-0.12,0.20] [-0.013,0.012] [-0.012,0.012]

4

Y [-0.30,0.30] [-0.34,0.28] [-0.015,0.015] [-0.015,0.015]
T, @




WZ features in specific phase spaces

Signal regions
Radiation Amplitude Zero | 00-enhanced region 1 00-enriched region 2
Pass inclusive WZ event selection v Vv v
Transverse momentum of the Z boson (p% ) - [100,200] GeV > 200 GeV
4 i Transverse momentum of the WZ system (p}vz) < 20,40, 70 GeV < 70 GeV
’ Here, “0” means “longitudinal”
Extract polarisation in 00-enriched region 180 o LI
— Probe polarisation fraction energy dependence 125 [ 1 g, 56Ty
[ B . rn

=> Cut on pr?: foo should increase o b . .0 s°:rai~NLOQCD

? . - = . z

E i E * =

° ° ° 2 0.75 [ 3 x % X x 3
Radiation amplitude zero effect ] : S R

— Consequence of gauge structure CE T o T

£ r --xx x x xx‘u
— Already seen in Wy events T oes [ e xx
— Effect diluted by NLO corrections: cuton P2 = % . .

R -2 0 2
AYwz

[S. Frixione et al.]


https://arxiv.org/pdf/2402.16365.pdf
https://doi.org/10.1016/0550-3213(92)90668-2

WZ polarisation energy dependence

Discri m i na ti ng va ria ble Training variable | Definition

—BDT 00 against 0T+T0and TT
=> 3 templates zinclusive measurement

Polarised Templates:
— MadGraph LO +0,1j polarised

Reweighting
— Inclusive NLO QCD rescaling
— Data scale Factor in the inclusive region
— Interferences are negligible

— Compared to polarised NLO QCD+EW
predictions

— NLO QCD+EW vs NLO QCD x EW

AY (twZ) Rapidity difference between the W lepton and Z boson
p%v z Transverse momentum of the WZ system B DT
pr(lw) Transverse momentum of the W lepton .
pT({ZZ ) Transverse momentum of the subleading Z lepton var. lables
e Missing transverse momentum
cos by, Cosine of the angle of the Z lepton in the WZ rest frame w.r.t the z-axis
cos B¢y, Cosine of the angle of the W lepton in the WZ rest frame w.r.t. the z-axis
g |||||||||||III||||||||||||||||||l||||
= ATLAS « Data mW,Z, ]
£ 350 4 W,Z4W-Z, mW-Z 3
L% Vs =13TeV, 140 1b Pr%rrTlpt T NJn-Tprompt

Data/Pred.

SR 100<p?<200 GeV 4 Tot. Uncert.
Post-Fit ' '

| | P TR IR R A | | |

-1 -08 -06 -04 02 O 02 04 06 038 1
BDT score




WZ polarisation energy dependence

Measurement Prediction
100 < p% <200 GeV p% > 200 GeV 100 < p% <200 GeV  p% > 200 GeV
Joo 0.19 +0-03 (stat) £0-02 (syst)  0.13 £0-09 (stat) +0-02 (syst) || foo 0.152 + 0.006 0.234 + 0.007
for+ro 0.18 007 (stat) 0% (syst)  0.23 017 (stat) 098 (syst) || for 0.120 + 0.002 0.062 + 0.002
frr 0.63 =002 (stat) £0-% (syst)  0.64 £0-12 (stat) 2% (syst) || fro 0.109 + 0.001 0.058 + 0.001
foo obs (exp) sig. 5243)o 1.6 (25) o frr 0.619 + 0.007 0.646 + 0.008
M : P - M T ° Source Impact on fiy) [%]
Enriched in 00 joint-polarisation: o e
. Luminosity 0.1 0.2
— 0.19 and 0.13 to be compared to 0.067 in Flectron calraton 10 09
. . Muon calibration 1.1 1.3
I nClUSIVe phase Spa Ce Jet energy scale and resolution 5.9 9.0
ET™ scale .and.resolu.tion 1.0 0.6
— Consistent with SM i 5o
Non-prompt background estimation 5.8 0.8
. . Modelling
Uncertainties: 21.7% and 66.9% (fo) B, o E I
.. . [ "NLO QCD effects 6.8 82 |
— Statistically dominated NLOEW effcts — L1 33
Effect of additive vs multiplicative QCD+EW combination 1.3 3.8
H H H H Interference impac 1.4 0.7
- SUb leadlng Uncertalntles From QCD hlgher PI;F, Scales, anlzl S}t‘lowcrse[[ings 3.5 92
Experimental and modellin 12.1 17.7
Order eﬂ:eCtS | Da?a statistical : 18.0 64.5
Total 21.7 66.9




Radiation Amplitude Zero effect

Subtracting background and Depth of th Ided AY.»di
0T, TO and 00 contributions, epth of the unfolded AYuz dip
D=1-2x Ncentral/

For pi¥4 < 20 GeV

N - i
n T T T T | T S - ATLAS e Data —+ MG+Pyth|a %Tot Uncert. 1
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Good agreement with SM G



Triboson results

W2Zy arXiv:2305.16994
Wyy arxXiv:2308.03041



https://arxiv.org/pdf/2305.16994.pdf
https://arxiv.org/pdf/2308.03041.pdf

Previous triboson measurements

Standard Model Production Cross Section Measurements

—

SinceRun 1:

Status: October 2023

— Zyy (ATLAS and CMS)

8 1on ATLAS Preliminary
— pr >100 GeV ‘ Theory
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https://arxiv.org/pdf/2305.16994.pdf
https://arxiv.org/pdf/2308.03041.pdf

The WZy process

]

Targeting the WWZy quartic
gauge coupling
=> Signature:

2 SFOC leptons d

+ 1 lepton + MET
+ 1 photon

s AV ATAYAYAYAYAY

I3 ﬁ ! \
NANANAN Z 1 V.4 W \

W s = |

4 q —-—W\lxﬁ:: ‘\ /‘
—hnny T A /
W \ n/
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SR definition

Reject ZZy - ZZy CR Lepton veto

4Rejecl' FSR

/ £ »
/ —-—,\,\% ’szm"‘< [
/q - i
g ——
v -~

no additional leptons with p% > 10 GeV
smallest |my, —m |

AR((,y) > 0.4, AR(u,e) > 0.2

Identify one Z boson  7Z-leptons assignment
AR

RejectZZ - ZZCR  ZZ(e — y) rejection

Identify one W boson  Missing pr

z/y -
/ 4] £ w ¢
L e ’
q
" 7

im(ew,v) —mg| > 10 GeV
Er™ > 20 GeV

Z candidate mass

My > 81 GBV

Non-prompt background: zy, Wz, 7z, tty
=> Data driven “Fake Factor” method

Irreducible background: zz, zzy
=> Control regions


https://arxiv.org/pdf/2305.16994.pdf

W<Zy observation

Three bin fit: SR, ZZ CR, ZZy CR
— WZy observed with 6.30
— Consistent with SM at 1.5¢
— Statistically dominated (15%)

Uwzy = 1.34 + 0.20 (stat.) + 0.10 (syst.) + 0.07 (theory)
Uzzy = 1.19+0.25 Uzz=0.98+0.19

Owz/™=2.01% 0.30 (stat.) + 0.16 (syst.)
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The Wyy process

WWyy and WWy
gauge coupling .

+ W

Background for

-
7 w =
_ v i 4
v
W % N
W !
¥ v
v q
q
q 5 q
o %

Event selection:

—2isolated y, 1 isolated e or p,
MET > 25 GeV, mt" > 40 GeV

— Multi boson veto : 2™ lepton veto
—Zy veto: my, my & [82;100] GeV; pr'v> 30 GeV

. ; Treated as background

=

Loose’

Subleading photon ID

lye/ley
for SR

Tight

lyy lye/ley
Object selection

Background : Main challenge
— Non-promptyore: j>y,e—=vy,j—-1
—Top CR

>0
Number of b-jets


https://arxiv.org/pdf/2308.03041.pdf

Wyy template fit

Events

Template Fit SR+ TopCR:
— Signal / background ~ 0.5
=> Wyy observed with 5.6 o

TopCR TopVR
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Post-Fit

T lllll'[llll

1 IIIII_I]III

é&\{i\%\}\\\\\*\\\\\\\\\\\}\\\&; A f\ alL .
0 40 70 o /20 0/ 20

©0 0.7

p.' [GeV]

Source SR TopCR
W~y 410+£60 28£5
Non-prompt j — 7y 420+£50  42£20
Misidentified e — ~ 155+11 120+9
Multiboson (W H (yv), WW~, Zy7) 76+13 52£1.7
Non-prompt j — £ 35410 -
Top (tty, tWr, tgy) 307  136+32
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No deviation from Standard Model

Systematic uncertainty dominate
— Main = Prompt photon identification:j—y

I|III|III|III|III|III|I
ATLAS
Vs=13TeV, 140 fb’
W(—= Iv)yy

Data 2015-2018 [ (stat) (total)

13.8+1.1 (stat)fz'; (syst) £ 0.1 (lumi) fb

Sherpa 2.2.10 NLO

13.6" 2% (scale) ;’f (stat+PDF+a,) o

.6

MadGraph5_aMC@NLO

14.8" [ (scale) "' (stat+PDF+a) fb

& 4 6 8 10 12 14 16

GUS'W x Br(W— e/u v) [fb]

WYy inclusive cross section

Pre-fitimpacton o, :

(10 =0+A0 [0 = 8-A0
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ATLAS
Vs =13 TeV, 140 fb™

I j—Yy background

Zyy modelling

Photon ID efficiency

Photon isolation efficiency

Wyy QCD scale

JES Grouped, NP1

JES Grouped, NP2
Correction factor stat.

j— e background

Pileup

Photon trigger efficiency
e—Y background, fit window
j—u background, WZ modelling
Muon trigger efficiency
(j—v)y syst., TopCR

Pileup background

Jet flavour response

ET™ soft track scale
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EXPERIMENT






Inclusive WZ joint-polarisation

First joint-polarisation measurement :

Discriminating variable
with a DNN score

—— T — I

3500 ATLAS e Data 7/ Tot. unc. |WZ; o t s
W*Z SR Post-Fit [IW;Z, TIWZ, Others d

3000 {5 =13 TeV, 139 b Misid. leptons litt+V  WZZ

Events /0.2

Extract 4 joint polarisation
00,07, 70, TT

- . 1
W rest frame .
1]

W

1
1
L} rrl
b ’
WZ rest frame ‘*\_ " LT
q oy

Templates at LO +0,1 jet

polarised g ’ /
T S A P B UL L BLRLRS .
B moises fmones 4ieeas Denenos Y r Sk
Reweighted with DNN S NN ¥ SV S s I ' H\f\ [t e
and parton level NLO QCD = I T T T I o
predicl_'ions ’ 1 ’ 4-calez;ory DNN score
Data POWHEG+PYTHIA NLO QCD
w=Z
Negligible foo 0.067 + 0.010 0.0590 + 0.0009 0.058 + 0.002
interferences Sor 0.110 £ 0.029 0.1515 + 0.0017 0.159 + 0.003

fro 0.179 = 0.023 0.1465 + 0.0017 0.149 + 0.003
frr 0.644 + 0.032 0.6431 + 0.0021 0.628 + 0.004


https://arxiv.org/pdf/2211.09435.pdf

W/Z event selection

Inclusive WZ event yield

Signal Region

Pre-fit Post-fit
WZint 620 + 60 630 + 60
ZZ 1420 + 120 1630 =+ 50
tr+V 870 + 130 820 + 120
Misid. leptons 1170 =+ 230 1010 + 220
Others 800 = 90 780 + 90
WoZo 920 + 40 1190 + 160
WoZt 2670 £ 50 1900 + 500
WrZy 2670 + 60 3100 + 400
WrZr 10200 + 230 10900 + 600
Total MC 21400 + 500 21950 + 170
Data — 21936

00-enriched event yield

Process | 100 < p% < 200 GeV | pZ > 200 GeV
WuZy 22245 476+ 1.5
WoZr + WrZy 323+ 12 237+ 0.8
Wy Zy 856 + 31 124 + 4
Prompt background 169 + 18 241 2.7
Non-prompt background 68 + 29 28+ 1.1
Total Expected | 1640 + 60 | 222+ 8

Data | 1740 | 236

Event selection

Inclusive WZ event selection

Event cleaning
Primary vertex

Triggers in 2015

Triggers in 2016-2018

Reject LAr, Tile and SCT corrupted events and incomplete events

Hard scattering vertex with at least two tracks

HLT_e24_lhmedium_L1EM20VH || HLT_e60_lhmedium || HLT_e120_lhloose
HLT_mu20_iloose_L1MU15 || HLT_mu56

HLT_e26_lhtight_nod®_ivarloose || HLT_e60_lhmedium_nod® || HLT_e148_lhloose_nodd
HLT_mu26_ivarmedium || HLT_mu50

e o ZZ veto Less than 4 baseline leptons
Slg n ature‘ 3 lep tons N leptons Exactly three leptons pgssing the Z lepton selection
Leading lepton pr r)lf“d 25 GeV (in 2015) or r)lmf'dd 27 GeV (in 2016-2018)
* 7 leptons Two same flavor oppositely charged leptons passing the Z-lepton selection
z Lepton pald» Z lepton in‘ll)ariam mass mgr - Mz] < 10 EZV S '
W lepton Remaining lepton passes the W-lepton selection
W lepton + ME T W transverse mass m;v > 30 GeV
AR AR(L;,65) > 0.2, AR((z, tw) > 0.3

Signal regions

Radiation Amplitude Zero | 00-enhanced region 1 00-enriched region 2
Pass inclusive WZ event selection v v v
Transverse momentum of the Z boson (p% ) - [100,200] GeV > 200 GeV
Transverse momentum of the WZ system (p‘TV ) < 20,40,70 GeV <70 GeV

(26
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