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Outline
• Triboson: recently observed processes 

•  (CMS and ATLAS),   (CMS),  (ATLAS)


• Dibosons (focus on polarization measurements):

• WZ in CMS and ATLAS @ 13 TeV and 13.6 TeV

•

WZγ WWγ Wγγ

ZZ → 4ℓ
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� = 22.5 + 4.7 � 3.4 + 6.6 � 5.5 fb (data)
NLO QCD + EW (theory) 140 EPJC 83 (2023) 496

� = 0.55 ± 0.14 + 0.15 � 0.13 pb (data)
Sherpa 2.2.2 (theory) 79.8 PLB 798 (2019) 134913

� = 0.82 ± 0.01 ± 0.08 pb (data)
NLO QCD (theory) 139 PRL 129 (2022) 061803

� = 176 + 52 � 48 ± 24 fb (data)
HELAC-NLO (theory) 20.3 JHEP 11, 172 (2015)

� = 860 ± 40 ± 40 fb (data)
NLO + NNLL (theory) 140 arXiv:2312.04450

� = 369 + 86 � 79 ± 44 fb (data)
MCFM (theory) 20.3 JHEP 11 (2015) 172

� = 880 ± 50 ± 70 fb (data)
NNLO QCD + NLO EW (theory) 140 JHEP 05 (2024) 131

� = 4.8 ± 0.8 + 1.6 � 1.3 pb (data)
NLO+NNL (theory) 20.3 PLB 756 (2016) 228-246

� = 8.2 ± 0.6 + 3.4 � 2.8 pb (data)
NLO+NNL (theory) 140 JHEP 06 (2023) 191

� = 6.7 ± 0.7 + 0.5 � 0.4 pb (data)
NNLO (theory) 4.6 JHEP 03 (2013) 128

PLB 735 (2014) 311

� = 7.3 ± 0.4 + 0.4 � 0.3 pb (data)
NNLO (theory) 20.3 JHEP 01 (2017) 099

� = 17.3 ± 0.6 ± 0.8 pb (data)
Matrix (NNLO) & Sherpa (NLO) (theory) 36.1 PRD 97 (2018) 032005

� = 16.9 ± 0.7 ± 0.7 pb (data)
Matrix (NNLO) & Sherpa (NLO) (theory) 29.0 PLB 855 (2024) 138764

� = 19 + 1.4 � 1.3 ± 1 pb (data)
MATRIX (NNLO) (theory) 4.6 EPJC 72 (2012) 2173

� = 24.3 ± 0.6 ± 0.9 pb (data)
MATRIX (NNLO) (theory) 20.3 PRD 93, 092004 (2016)

� = 51 ± 0.8 ± 2.3 pb (data)
MATRIX (NNLO) (theory) 36.1 EPJC 79 (2019) 535

� = 51.9 ± 2 ± 4.4 pb (data)
NNLO (theory) 4.6 PRD 87 (2013) 112001

PRL 113 (2014) 212001

� = 68.2 ± 1.2 ± 4.6 pb (data)
NNLO (theory) 20.3 PLB 763, 114 (2016)

� = 130.04 ± 1.7 ± 10.6 pb (data)
NNLO (theory) 36.1 EPJC 79 (2019) 884

� = 22.1 + 6.7 � 5.3 + 3.3 � 2.7 pb (data)
LHC-HXSWG YR4 (theory) 4.5 EPJC 76 (2016) 6

� = 27.7 ± 3 + 2.3 � 1.9 pb (data)
LHC-HXSWG YR4 (theory) 20.3 EPJC 76 (2016) 6

� = 55.5 ± 3.2 + 2.4 � 2.2 pb (data)
LHC-HXSWG YR4 (theory) 139 JHEP 05 (2023) 028

� = 58.2 ± 7.5 ± 4.5 pb (data)
LHC-HXSWG YR4 (theory) 31.4 EPJC 84 (2024) 78

� = 16.8 ± 2.9 ± 3.9 pb (data)
NLO+NLL (theory) 2.0 PLB 716, 142-159 (2012)

� = 23 ± 1.3 + 3.4 � 3.7 pb (data)
NLO+NLL (theory) 20.3 JHEP 01, 064 (2016)

� = 94 ± 10 + 28 � 23 pb (data)
NLO+NNLL (theory) 3.2 JHEP 01 (2018) 63

� = 27.1 + 4.4 � 4.1 + 4.4 � 3.7 pb (data)
MCFM (NNLO) (theory) 0.3 PLB 854 (2024) 138726

� = 68 ± 2 ± 8 pb (data)
MCFM (NNLO) (theory) 4.6 PRD 90, 112006 (2014)

� = 89.6 ± 1.7 + 7.2 � 6.4 pb (data)
MCFM (NNLO) (theory) 20.3 EPJC 77 (2017) 531

� = 221 ± 1 ± 13 pb (data)
MCFM (NNLO) (theory) 140 JHEP 05 (2024) 305

� = 67.5 ± 0.9 ± 2.6 pb (data)
LHC TOP WG (theory) 0.3 JHEP 06 (2023) 138

� = 182.9 ± 3.1 ± 6.4 pb (data)
LHC TOP WG (theory) 4.6 EPJC 74 (2014) 3109

� = 242.9 ± 1.7 ± 8.6 pb (data)
LHC TOP WG (theory) 20.2 EPJC 74 (2014) 3109

� = 829 ± 1 ± 15.4 pb (data)
LHC TOP WG (theory) 140 JHEP 07 (2023) 141

� = 850 ± 3 ± 27 pb (data)
LHC TOP WG (theory) 29.0 PLB 848 (2024) 138376

� = 20.11 ± 0.04 ± 0.35 nb (data)
DYTURBO+CT18 (NNLO+NNLL) (theory) 0.3 arXiv:2404.06204

� = 29.53 ± 0.03 ± 0.77 nb (data)
DYNNLO+CT14 NNLO (theory) 4.6 JHEP 02 (2017) 117

� = 34.24 ± 0.03 ± 0.92 nb (data)
DYNNLO+CT14 NNLO (theory) 20.2 JHEP 02 (2017) 117

� = 60.18 ± 0.2 ± 1.78 nb (data)
DYTURBO + CT18 (NNLO+NNLL) (theory) 0.3 arXiv:2404.06204

� = 59.12 ± 0.029 ± 1.6 nb (data)
DYTURBO+CT18 (NNLO+NNLL) (theory) 29.0 PLB 854 (2024) 138725

� = 67.334 ± 0.06 ± 0.74 nb (data)
DYTURBO+CT18 (NNLO+NNLL) (theory) 0.3 arXiv:2404.06204

� = 98.71 ± 0.028 ± 2.191 nb (data)
DYNNLO + CT14NNLO (theory) 4.6 EPJC 77 (2017) 367

� = 112.69 ± 3.1 nb (data)
DYNNLO + CT14NNLO (theory) 20.2 EPJC 79 (2019) 760

� = 190.1 ± 0.4 ± 4.2 nb (data)
DYTURBO + CT18 (NNLO+NNLL) (theory) 0.3 arXiv:2404.06204

� = 187 ± 0.1 ± 6.5 nb (data)
DYTURBO+CT18 (NNLO+NNLL) (theory) 29.0 PLB 854 (2024) 138725

� = 95.35 ± 0.38 ± 1.3 mb (data)
COMPETE HPR1R2 (theory) 8⇥10�8 Nucl. Phys. B (2014) 486

� = 96.07 ± 0.18 ± 0.91 mb (data)
COMPETE HPR1R2 (theory) 50⇥10�8 PLB 761 (2016) 158

� = 104.7 ± 0.22 ± 1.07 mb (data)
COMPETE HPR1R2 (theory) 34⇥10�8 EPJC 83 (2023) 441
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Status: June 2024
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Observation of  production at 13 TeVWZγ s =
•  process observed (expected) with a significance of 5.4 (3.8)   


• Final state defined by requiring three charged leptons ( ) and a photon

• Fiducial cross section measured as: 5.48 ± 1.11 fb


• Three electrons or muons with one Z-candidate,  GeV, 0.3 and 2.5

WZγ σ
WZ → ℓνℓℓ

pT > 15 ΔR(ℓ, γ) > |ηγ | <

Post-fit

https://cds.cern.ch/record/2905175
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https://cds.cern.ch/record/2905175


Observation of  production at 13 TeVWZγ s =
Process SR Nonprompt ` CR Nonprompt g CR ZZ CR

VV 13.0 ± 0.3 1.86 ± 0.12 0.16 ± 0.02 1016 ± 12

VVV 0.69 ± 0.05 0.36 ± 0.11 0.01 ± 0.01 0.10 ± 0.04

Vg 1.38 ± 0.76 4.66 ± 2.05 438 ± 27 0.01 ± 0.01

Top 3.34 ± 0.55 227 ± 15 27.0 ± 5.9 0.30 ± 0.04

Nonprompt ` 12.9 ± 2.8 1792 ± 34 <0.1 <0.1

Nonprompt g 15.8 ± 2.2 <0.1 195 ± 19 <0.1

WZG signal 60.8 ± 3.5 0.66 ± 0.01 0.20 ± 0.04 0.02 ± 0.01

Total background 48.5 ± 3.7 2027 ± 33 660 ± 21 1016 ± 12

Total prediction 109 ± 5 2027 ± 33 660 ± 21 1016 ± 12

Observed 108 2029 658 1017

• Simultaneous fit of signal and 
background regions

• Major background sources 

• Non-prompt photon and 

leptons

• Prompt ZZ with an ISR 

photon

Nℓ = 3, Nbtag > 0, MET > 30 Nℓ = 2, Nbtag > 0, MET < 30 Nℓ = 4, Nbtag = 0, MET < 30

https://cds.cern.ch/record/2905175
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New physics at high energies manifesting at low energies

Log(Variable analogous to partonic center of mass energy) 

ECM > ELHC

ECM < ELHC

SM

Ev
en

ts
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BSM implication of WZγ

Operators Observed limits [ TeV
�4

] Expected limits [ TeV
�4

] Unitarity bound [ TeV ]

FT,0/L4
[-2.60, 2.60] [-2.52, 2.52] 1.32

FT,1/L4
[-3.28, 3.24] [-3.18, 3.14] 1.48

FT,2/L4
[-7.15, 7.05] [-6.95, 6.85] 1.35

FT,5/L4
[-2.54, 2.56] [-2.46, 2.50] 1.55

FT,6/L4
[-3.18, 3.22] [-3.08, 3.14] 1.61

FT,7/L4
[-6.85, 7.05] [-6.65, 6.85] 1.71

https://arxiv.org/pdf/2004.05174
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The  process is also 
sensitive to mediation by 

axion-like particles

WZγ

EFT interpretation 
of dimension-8 

operators featuring 
 and  

field strength
SU(2)L U(1)Y
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Observation of  production at 13 TeVWZγ s =

10



Observation of  production at 13 TeVWZγ s =
• Final state: ,  ( )


•  observed with a significance of 6.3 

• Cross section (fiducial):


• 2.01 ± 0.30 (stat.) ± 0.16 (syst.) fb


• 


W → ℓν Z → ℓ+ℓ− ℓ = e, μ
WZγ σ

KEW = σNLO EW
fid. /σLO

fid. = 1.05

11

https://arxiv.org/abs/2305.16994
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• Clean final state 
with large number 
of signal events 
with respect to the 
background 
contributions

Photons Leptons (e, µ) Neutrino

|⌘| |⌘� | < 2.37 |⌘`| < 2.5 –

pT p�T > 15GeV p`1, `2, `3T > 30, 20, 20GeV p⌫T > 20GeV
Isolation Econe0.2

T /p�T < 0.07 – –

`Z assignment for eee/µµµ channels, choose smallest |m`` �mZ |
�R �R(`, �) > 0.4

Z invariant mass m`` > 81GeV

Fiducial requirements

https://arxiv.org/abs/2305.16994
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Observation of  production at 13 TeVWWγ s =

Trilinear coupling Quartic coupling Associated 
production ( )Hγ

•  process observed (expected) with a significance of 5.6 (5.1)   

• Fiducial cross section measured as: 5.9 ± 0.8 (stat.) ± 0.8 (syst.) ± 0.7 (modeling*) fb

• Associated search for H with a photon explored → generated by coupling of the 

Higgs boson to light quarks 

WWγ σ

12

*The theoretical modeling uncertainties 
include the renormalization and 
factorization of QCD scales, PDFs, 
and parton shower modeling

Phys. Rev. Lett. 132 (2024) 121901

https://doi.org/10.1103/PhysRevLett.132.121901


Observation of  production at 13 TeVWWγ s =
•  →  or  final state

• Events with b-jets vetoed

• Additional loose leptons vetoed

• Backgrounds suppressed by


•  GeV


•  GeV


• GeV

WWγ e+νeμ−ν̄μγ μ+νμe−ν̄eγ

Mℓℓ > 10
pℓℓ

T > 15
mWW

T > 10

mWW
T = 2pℓℓ

T pmiss
T [1 − cos Δϕ( ⃗pT

ℓℓ, ⃗pT
miss)]

13
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of the Poisson probability mass functions 
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Observation of  production at 13 TeVWγγ s =

Final state with 2 photons and one electron Final state with 2 photons and one muon
14



Observation of  production at 13 TeVWγγ s =
<latexit sha1_base64="6WahHdmkMPRGJvPG19vTNmYEdRA="></latexit>
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•  observed with a significance of 5.6 


• Final state:  ( )

• Fiducial cross section:


• 


• Largest background from jets that fake a photon 
( )

Wγγ σ
W → ℓν ℓ = e, μ

σfid = 13.8 ± 1.1 (stat.)+2.1
−2.0 (syst.) ± 0.1 (lumi) fb

j → γ

Source SR TopCR

W�� 410± 60 28± 5
Non-prompt j ! � 420± 50 42± 20
Misidentified e ! � 155± 11 120± 9
Multiboson (WH(��), WW�, Z��) 76± 13 5.2± 1.7
Non-prompt j ! ` 35± 10 –
Top (tt�, tW�, tq�) 30± 7 136± 32
Pileup 10± 5 –

Total 1 136± 34 332± 18
Data 1 136 333

15

Wγγ

https://arxiv.org/abs/2308.03041

https://arxiv.org/abs/2308.03041


Observation of  production at 13 TeVWγγ s =

1 1.5 2 2.5 3 3.5 4

10

210

310Ev
en

ts

1 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 21 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2

Data
γγW
γ →j 
γ →e 

 l→j 
Multiboson
Top
Pileup

ATLAS
-1 = 13 TeV, 140 fbs

γγ)νl→W(
Post-Fit

TopCR TopVR SR

0.6
0.8

1
1.2
1.4

R
at

io

  [GeV]
T

1
γ

p

Ratio
Data/Post-Fit

Uncertainty
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Pre-Fit/Post-Fit
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) [fb]ν µ e/→ x Br(Wfid
γγWσ 

ATLAS
-1 = 13 TeV, 140 fbs

γγ)ν l→W(

Data 2015-2018       (stat)       (total)
 0.1 (lumi) fb± (syst) 

  - 2.0
 + 2.1 1.1 (stat)±13.8 

Sherpa 2.2.10 NLO
) fbsα (stat+PDF+

  - 0.4
  + 0.5 (scale)  - 1.6

 + 2.413.6

MadGraph5_aMC@NLO
) fbsα (stat+PDF+

  - 0.4
  + 0.4 (scale)  - 1.1

 + 1.114.8

• Backgrounds estimated using data-driven methods

• performing a two-dimensional template fit to the leading and sub-leading photon isolation distributions


• Largest uncertainty associated with  backgroundj → γ

16 NLO electroweak corrections included 
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Why study polarization?

“However, it is important to note that the precise role of the Higgs boson in unitarizing 
WW scattering, in particular, is still an active area of research and there are ongoing studies 
to refine our understanding of this process.”


18

arXiv:0806.4145 


ChatGPT

Studying the Higgs 
mechanism Higgslessly!

Study of different 
polarization states in 
diboson processes → 
sensitive probe of 
electroweak symmetry 
breaking



Z

θl,Wℓ

ν

W

ℓ+

ℓ−θl,Z

 rest frameWZ

 rest frameZ

 rest frameW
Polarization is a frame-
dependent measurement 

19
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• Helicity fractions are frame dependent

• Joint polarization state:


•  both bosons longitudinally (transversely) 
polarized


• :  boson is longitudinally polarized,  is 
transversely polarized


• Joint helicity fractions measured:

• : 7.1 , : 3.4 , : 7.1 , : 11 

f00 ( fTT)

f0T ( fT0) W(Z) Z(W)

f00 σ f0T σ fT0 σ fTT σ
Data Powheg+Pythia NLO QCD

W±Z

f00 0 .067 ± 0 .010 0 .0590 ± 0 .0009 0. 058 ± 0. 002
f0T 0 .110 ± 0 .029 0 .1515 ± 0 .0017 0. 159 ± 0. 003
fT0 0 .179 ± 0 .023 0 .1465 ± 0 .0017 0. 149 ± 0. 003
fTT 0 .644 ± 0 .032 0 .6431 ± 0 .0021 0. 628 ± 0. 004

W+Z

f00 0 .072 ± 0 .016 0 .0583 ± 0 .0012 0. 057 ± 0. 002
f0T 0 .119 ± 0 .034 0 .1484 ± 0 .0022 0. 155 ± 0. 003
fT0 0 .152 ± 0 .033 0 .1461 ± 0 .0022 0. 147 ± 0. 003
fTT 0 .66 ± 0 .04 0 .6472 ± 0 .0026 0. 635 ± 0. 004

W�Z

f00 0 .063 ± 0 .016 0 .0600 ± 0 .0014 0. 059 ± 0. 002
f0T 0 .11 ± 0 .04 0 .1560 ± 0 .0027 0. 166 ± 0. 003
fT0 0 .21 ± 0 .04 0 .1470 ± 0 .0027 0. 152 ± 0. 003
fTT 0 .62 ± 0 .05 0 .6370 ± 0 .0033 0. 618 ± 0. 004

arXiv:2211.09435

Joint polarization measurement in WZ process

ρλWλ′￼
WλZλ′￼

Z
≡

1
Cnorm

× ∑
μqμq̄

F (μqμq̄)
λWλZ

F (μqμq̄)
λ′￼

Wλ′￼
Z

* Complete 9X9 matrix hard to 
determine, focus on 4 linear 

combinations
20

https://arxiv.org/abs/2211.09435


Joint polarization measurement in WZ process
• Frame defined as:


• Decay angles in the  rest frame 
relative to the  direction in the  
center-of-mass frame


• Deep Neural Network (DNN) trained with 
several kinematic variables: transverse 
momenta of the three leptons and the neutrino 
and angular variables 
( , )


• DNN classifier trained: components of the 
vector output, one for each joint-polarization 
state, combined in single output node at last 
layer 


• Four categories defined to disentangle mixed 
helicity states (0T and T0)

• 


• 


• 


•

W±/Z
W±/Z W±/Z

Δϕ(ℓW, ν), Δϕ(ℓZ
1 , ℓZ

2 ) pWZ
T

|cos θ*ℓW | < 0.5, |cos θ*ℓZ | < 0.5
|cos θ*ℓW | > 0.5, |cos θ*ℓZ | < 0.5
|cos θ*ℓW | < 0.5, |cos θ*ℓZ | > 0.5
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Polarization measurement in WZ (high  )pZ
T

• Boosted decision tree trained to measure polarization fractions (7 variables):

• New: measurement of fractions in high  regime and low 

• Leads to an improvement of 20-30% in  
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  scattering angle of the  boson in the   
rest frame with respect to the 𝑧-axis 

θV : W WZ

Measurement Prediction
100 < p`Z  200 GeV p`Z > 200 GeV 100 < p`Z  200 GeV p`Z > 200 GeV

500 0.19 ±0.03
0.03 (stat) ±0.02

0.02 (syst) 0.13 ±0.09
0.08 (stat) ±0.02

0.02 (syst) 500 0.152 ± 0.006 0.234 ± 0.007
50)+)0 0.18 ±0.07

0.08 (stat) ±0.05
0.06 (syst) 0.23 ±0.17

0.18 (stat) ±0.06
0.10 (syst) 50) 0.120 ± 0.002 0.062 ± 0.002

5)) 0.63 ±0.05
0.05 (stat) ±0.04

0.04 (syst) 0.64 ±0.12
0.12 (stat) ±0.06

0.06 (syst) 5)0 0.109 ± 0.001 0.058 ± 0.001
500 obs (exp) sig. 5.2 (4.3) f 1.6 (2.5) f 5)) 0.619 ± 0.007 0.646 ± 0.008

Fraction of events where both bosons are longitudinally polarized measured with an 
observed significance of  

5.2  (1.6 ) in the phase space:  GeV (  GeV)σ σ 100 < pZ
T < 200 pZ

T > 200

https://arxiv.org/abs/2402.16365
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Radiation Amplitude Zero effect in WZ at 13 TeV

• Dominant helicity amplitude with two transversely-polarized bosons exactly zero 

• when scattering angle of the  boson in the  rest frame (w.r.t the incoming antiquark direction) 

approaches  → Radiation Amplitude Zero (RAZ)

• arises from the gauge structure in the SM


• RAZ ⇒ drop at 0 in the  (rapidity difference between  and  bosons) and  (rapidity 

difference between lepton from  decay and  boson) distributions 

• First observation of RAZ effect in  production, seen in  previously 

(SMP-20-005), longitudinally polarized  make observation challenging

• Next-to-leading order (NLO) QCD correction dilute the effect, hadronic activity 

reduced by placing stringent requirement on  

W WZ
900

ΔY(WZ) W Z ΔY(lWZ)
W Z

WZ Wγ
W′￼s

pWZ
T
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Effect expected for only transversely polarized 
bosons, all other polarization components are 
subtracted 

Depth of the RAZ dip defined as 

, +  ⇒ dip𝒟 = 1 − 2 × ( N( |ΔY(WZ) | < 0.5)
N(0.5 < |ΔY(ℓWZ) | < 1.5) ) 𝒟

Unfolded distributions
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Saptaparna Bhattacharya

Measurement of the WZ process 

Multiboson Interactions, 2021
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• Electroweak process: sensitive to the PDFs of u and d quarks; relatively unaffected by the gluon 

• High WZ cross section makes it the dominant process that can be studied in the trilepton final state


• Ratio of  cross section is one of the most precisely measurable quantities 


• Measured at several center-of-mass energies

W+Z
W−Z

JHEP 07 (2022) 032, https://cds.cern.ch/record/2905015
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Measuring the W polarization in WZ processes 
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• Single boson spin density matrix derived from joint spin density matrix

• Individual helicity fractions:  (longitudinal),  and  (left and right handed 

transverse helicity states) 

• θW: angular distance between the momenta of the W boson and the charged lepton 

from its primary decay
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Measuring the  polarization in process ZL ZZ → 4ℓ
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• Study of polarization in 

• Require 2 Z-candidates


• Maximize sensitivity to  by constructing BDT

• Reweighting for:


• each polarization state (separately for 
)


• interference effect between polarization states

• higher order calculations

ZZ → 4ℓ

ZL

gg → ZZ, qq̄ → ZZ
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• Variables sensitive to polarization 

• CP sensitive variables defined as the direction of 

motion of the  boson in the in the four-lepton rest 
frame  

Z1

https://arxiv.org/pdf/2310.04350
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Measuring the  polarization in processes ZL ZZ → 4ℓ
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Interference 33.7 ± 2.8 33.4 ± 2.7

Non-prompt 18.7 ± 7.1 18.5 ± 7.0

Others 20.0 ± 3.7 19.9 ± 3.7

Total 3140 ± 150 3149 ± 57

Data 3149 3149

•  measured with 4.3 


• Analysis statistically limited, highest source of systematic uncertainty from  
interference modeling 


• Clean final state with background contributions from Z+jets and  events (non-prompt 
sources), background uncertainties have high statistical component

ZLZL σ
qq̄ → ZZ

tt̄
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Stress testing the SM over various energies with dibosons
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Conclusion

• The full Run 2 dataset allowed us to observe rare processes predicted by the SM

• Precision tests of diboson processes now possible

• Studying the Higgs mechanism Higgslessly with polarization measurements

• Run 3 luminosity already exceeds Run 2!
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CMS 2010, 7 7e9, 45.0 pbೋ¹
2011, 7 7e9, 6.1 fbೋ¹
2012, 8 7e9, 23.3 fbೋ¹
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2024, 13.6 7e9, 108.0 fbೋ¹

Jan Apr Jul Oct
Month in Year

0

20

40

60

80

100

120

140]
-1

D
el

iv
er

ed
 L

um
in

os
ity

 [f
b ATLAS Online Luminosity

 = 7 TeVs2011 pp  
 = 8 TeVs2012 pp  
 = 13 TeVs2015 pp  
 = 13 TeVs2016 pp  
 = 13 TeVs2017 pp  
 = 13 TeVs2018 pp  
 = 13.6 TeVs2022 pp  
 = 13.6 TeVs2023 pp  
 = 13.6 TeVs2024 pp  

7/24 calibration

30



Additional Material

31



Z
qR

qL

⌧�R

⌧+L

Z
qL

qR

⌧+L

⌧�R

Z
qR

qL

⌧+R

⌧�L

Z
qL

qR

⌧�L

⌧+R

32

 polarization in Z-boson decaysτ

Helicity states of incoming quarks and outgoing  leptons: thin arrows show direction of movement, thick arrows show helicityτ

qr

q̄ℓ

qℓ

q̄r

qr

q̄ℓ

qℓ

q̄r

• Polarization of  leptons is measured in  events

• Differential cross section of the  in lowest order is expressed as:


• Forward-backward asymmetry defined in terms of  and 

• Polarization defined in terms of  and 


• Simplified when 

τ Z → ττ
qq̄ → Z → τ+τ−

F1 F2
F2 F0

̂s = MZ
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<latexit sha1_base64="aZf2ZxF/IgBUqbEeYKMiDEN9PYg="></latexit>
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d cos ✓⌧
= F0(ŝ)(1 + cos2 ✓⌧ ) + 2F1(ŝ) cos ✓⌧ � h⌧ [F2(ŝ)(1 + cos2 ✓⌧ ) + 2F3(ŝ) cos ✓⌧ ]

: scattering angle of the  with respect to the quark momentum in the rest frame of the Z boson 

: helicity

θτ τ−

hτ
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 polarization in Z-boson decaysτ
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• Tau spin observables constructed from several decay angles

• Optimal observable to measure  helicity → polarimetric vector 


• Final-state dependent variable

• Largest source of uncertainty from QCD normalization


• Measured value of  polarization:  = -0.144 ± 0.006 (stat) ± 0.014 (syst)

• In agreement with LEP, SLD, ATLAS


• More precise than the previous ATLAS measurement, almost matches precision of single LEP experiments

• Weak mixing angle  = 0.2319 ± 0.0019 (0.8% precision)
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Measuring the W polarization in WZ processes 
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•  and 




• Single boson spin density matrix derived from joint spin density matrix

• Individual helicity fractions:  (longitudinal),  and  (left and right handed transverse helicity states) 


• θW: angular distance between the momenta of the W boson and the charged lepton from its primary decay

1
σ

dσ
d cos θW±

=
3
8 [(1 ∓ cos(θW±))2 fW

L + (1 ± cos(θW±))2 fW
R + 2 sin2(θW±)fW

0 ]
dσ

σd cos θZ
=

3
8 [(1 + cos2(θZ) − 2c cos(θZ))fZL + (1 + cos2(θZ) + 2c cos(θZ))fZR + 2 sin2(θZ)fZ0 ]

f0 fL fR



Content of the talk

• ATLAS

• Diboson polarization fractions and Radiation Amplitude Zero effect in WZ production


• https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2020-01/

• Measurement of ZZ production cross-sections in the four-lepton final state


• https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2022-17/

• Evidence of pair-production of longitudinally polarised vector bosons and study of CP properties in ZZ→4l events


• https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2021-05/

• Observation of gauge boson joint-polarisation states in WZ production


• https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2022-01/

• CMS


• Measurement of the pp→WZ inclusive and differential cross sections, polarization angles and search for 
anomalous gauge couplings at √s =13 TeV 

• https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-20-014/index.html


• Measurements of production cross sections of polarized same-sign W boson pairs in association with two jets in 
proton-proton collisions at √s =13 TeV 

• https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-20-006/index.html


• Measurement of the 𝜏 lepton polarization in Z boson decays 

• https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-18-010/index.html
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