Diboson and triboson production and polarization
measurements
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Outline

* Triboson: recently observed processes

« W/Zy (CMS and ATLAS), WWy (CMS), Wyy (ATLAS)
* Dibosons (focus on polarization measurements):
e WZin CMS and ATLAS @ 13 TeV and 13.6 TeV
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Overview of CMS

CMS preliminary

cross section

results

3ub~t-138fb~1(2.76,5.02,7,8,13,13.6 TeV)

- Jet 7 TeV PRD 90 (2014) 072006 o(Jet) = 42e+09fb mB 5fb~1!
12 7 Tev PRD 84 052011 (2011) o(y) = 4e+07 fb e 36 pb~!
W 2.76 TeV PLB 715 (2012) 66 o(W) = 3.5e+07 fb = 231 nb~!
w 5.02 TeV  SMP-20-004 o(W) = 6.8e+07 fb 1| 298 pb~!
o w 7TeV  JHEP 10 (2011) 132 o(W) = 9.5e+07 fb & 36 pb~!
s w 8TeV  PRL112(2014) 191802 o(W) = 1.1e+08 fo i 18 pb~!
§ w 13 TeV  SMP-20-004 o(W) = 1.9e+08 fb 1] 201 pb~!
£ z 2.76 TeV JHEP 03 (2015) 022 o(Z) =8.9e+06fb [ 5 pb~1
9 Z 5.02 TeV  SMP-20-004 0(Z) = 2e+07 fb | 5 pb~?
- Z 7TeV  JHEP 10 (2011) 132 0(Z) = 2.9e+07 fb ¥ 36 pb~!
z 8TeV  PRL 112 (2014) 191802 o(Z) = 3.4e+07fo  # 18 pb~!
z 13TeV  SMP-20-004 0(Z) = 6e+07 fo | 201 pb~!
z 13.6 TeV SMP-22-017 0(Z) = 6e+07 fb 1 5 fb~1
Wy 7TeV  PRD 89 (2014) 092005 o(Wy) = 3.4e+05fb  mitf 5fb~!
Wy 13TeV  PRL 126 252002 (2021) o(Wy) = 1.4e+05fb o 137 fb~!
zy 7TeV  PRD 89 (2014) 092005 0(Zy) = 1.6e+05fo 1 5 fb~1
Zy 8TeV  JHEP 04 (2015) 164 o(Zy) =1.9e+05fb 20 fb~1
Ww 5.02 TeV  PRL 127 (2021) 191801 o(WW) = 3.7e+04fb » 302 pb~!
Ww 7 TeV EPJC 73 (2013) 2610 o(WW) = 5.2e+04 fb il 5fb~!
c wWw 8 TeV EPJC 76 (2016) 401 o(WW) = 6e+04fb 1 19 fb~!
§ WW 13 TeV  PRD 102 092001 (2020) o(WW) =1.2e+05fb 36 fb~!
@ wz 5.02 TeV PRL 127 (2021) 191801 o(WZ) = 6.4e+03 fb ' 302 pb~!
S wz 7TeV  EPJC 77 (2017) 236 o(WZ) = 2e+04fo il 5 fb~!
wz 8 TeV EPJC 77 (2017) 236 o(WZ) = 2.4e+04fb il 20 fb~!
wz 13 TeV  JHEP 07 (2022) 032 o(WZ) =5.1e+04fb W 137 fb~1
7z 5.02 TeV  PRL 127 (2021) 191801 0(2Z) = 5.3e+03 fb " 302 pb~!
zz 7TeV  JHEP 01 (2013) 063 0(zZ) = 6.2e+03fb [ 5fb~!
zz 8 TeV PLB 740 (2015) 250 0(zZ) = 7.7e+03 fb Il 20 fb~!
zz 13TeV  EPJC 81 (2021) 200 0(ZZ) = 1.7e+04fb 137 fb~?!
A% 13TeV  PRL 125151802 (2020) o(VW) = 1e+03 fo |l 137 fb~!
Www 13 TeV  PRL 125 151802 (2020) o(WWW) =5.9e+02 fb il 137 fb1
wwz 13TeV  PRL 125 151802 (2020) o(wWwz) = 3e+02 fo | IIEN 137 fb~1
c wzz 13TeV  PRL 125 151802 (2020) owzz) = 2¢+02 o (NG 137 fb1
2 Wvy 8TeV  PRD 90 032008 (2014) o(WVy) < 3.1e+02 fb 19 fb~!
= Wwy 13TeV  SMP-22-006 oWwy) =6fb i 138 fb~!
* Wyy 8TeV  JHEP 10 (2017) 072 o(Wyy) =4.9fb  meiliailia 19 fb~?
Wyy 13 TeV  JHEP 10 (2021) 174 oWyy) =14 fb s 137 fb~1
Zyy 8TeV  JHEP 10 (2017) 072 o(Zyy) =13fb  plem 19 fb~?!
Zyy 13TeV  JHEP 10 (2021) 174 ozyy) =541 i 137 fb~1
VBF W 8TeV  JHEP 11 (2016) 147 o(VBF W) = 42e+02fb  mijfm 19 fb~!
VBF W 13TeV  EPJC 80 (2020) 43 o(VBF W) = 6.2e+03 fb i 36 fb~!
VBF Z 7TeV  JHEP 10 (2013) 101 o(VBF Z) = 1.5e+02 fb i 5 fb~1
VBF Z 8 Tev EPJC 75 (2015) 66 O(VBF Z) = 1.7e+02 fo  mijfjem 20 fb~!
VBF Z 13TeV  EPJC 78 (2018) 589 o(VBF Z) = 5.3e+02fo 36 fb~!
" EW WV 13TeV  PLB 834 (2022) 137438 o(EWWV) = 1.9e+03 fb  mijjjm 138 fb~1!
@ ex.yy»WW 8TeV  JHEP 08 (2016) 119 olex.yy-ww) =22 o «SIN 20 fb~!
T EWqgWy 8TeV  JHEP 06 (2017) 106 o(EW qqWy) = 11 b wusuiiie 20 fb-1
® EWqgWy 13 TeV  PRD 108 032017 o(EW qqWy) = 24 b pijjie 138 fb~!
e EWos WW 13 TeV  PLB 841 (2023) 137495 o(EWos WW) =10fb i 138 fb~1!
> EWssWW 8TeV  PRL 114 051801 (2015) oEW ss WW) = 4 fb  wij - 19 fb~!
EWssWW 13 TeV  PLB 809 (2020) 135710 O(EW ssWW) =4 fb  weiil 137 fb~!
EW qqZy 8 TeV PLB 770 (2017) 380 o(EW ggZy) = 1.9 fb - 20 b1
EWqgZy  13TeV  PRD 104 072001 (2021) o(EW qqZy) =52 fo  wiff 137 fp-1
EWqgqWzZ 13 TeV  PLB 809 (2020) 135710 o(EW qqwz) = 1.8 fb =il 137 fb~!
EWqgqzZ  13TeV  PLB 812 (2020) 135992 o(EW qqzz) = 0.33fb | 137 fb~!
| | | | |
1.0e+00 1.0e+02 1.0e+04 1.0e+06 1.0e+08
o [fb]

Measured cross sections and exclusion limits at 95% C.L. August 2023

See here for all cross section summary plots

Inner colored bars statistical uncertainty, outer narrow bars statistical+systematic uncertainty
Light to Dark colored bars: 2.76, 5.02, 7, 8, 13, 13.6 TeV, Black bars: theory prediction
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Tribosons




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

Observation of WZy production at \/E = 13 leV

« WZy process observed (expected) with a significance of 5.4 (3.8) o

 Final state defined by requiring three charged leptons (WZ — £v£¢) and a photon
 Fiducial cross section measured as: 5.48 + 1.11 fb

» Three electrons or muons with one Z-candidate, p; > 15 GeV, AR(Z,y) > 0.3and |n’| < 2.5

CMS Preliminary 138 fo~! (13 TeV)

Top mm WZy
Nonprompt £ t Data
Nonprompt y N\ Unc.

Events / bin

Post-fit

300 400 500
Mzy [GeV]



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

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

Observation of WZy production at \/E = 13 leV

° Simultaneous f|'|: Of Signal and Process SR Nonprompt £ CR Nonprompt v CR Z7 CR
VvV 13.0 = 0.3 1.86 = 0.12 0.16 £ 0.02 1016 £ 12

background regions VVV 0.69 +0.05 036+ 0.11 0.01+0.01  0.10 % 0.04

. Vy 138 +076  4.66+2.05 438 + 27 0.01 + 0.01
* Major background sources 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
¢ Non—prom pt phO’[Oﬂ and Nonprompt y  15.8 4-2.2 <0.1 195 4 19 <0.1
leptons 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

 Prompt ZZ with an ISR Total prediction 109 £ 5 2027 + 33 660 + 21 1016 =+ 12
photon Observed 108 2029 658 1017

CMS Preliminary
L
'A% Top ¢ Data |

. Vy Nonprompt £ N Unc. |
i A'AY mm WZy

138 fo~! (13 TeV) CMS Preliminary

138 fb~1 (13 TeV) CMS Preliminary 138 fb~1 (13 TeV)
! ! ! [ ! ! ] ! ! ! I ! ! ! [ ! ! o ! ! ! !
[ . VvV Top t Data |

; Bl Vy Nonprompt £ XN Une.
| m VVV mm WZy

N .
B AV Top ml WZy
- . Vy Nonprompt £ { Data -
F . VVV Nonprompt y N\\ Une.

o
o

Events / bin
Events / bin
o
o
o

Events / bin
oo o N
o o o
(@) o (@)
N

(@)

o

Ny =2, Nyge > 0, MET < 30 ’ Ny = 4, Nye = 0, MET < 30

Ny =3, Ny > 0, MET > 30 |

§\i\\\*

wW
o
o
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Data / Pred.
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200 300 400 500 400 500 200 400 500
My [GEV] mzy [GeV] Mygp [GEV]

Data / Pred.




New physics at high energies manifesting at low energies

Events

Log(Variable analogous to partonic center of mass energy)




Operators

Observed limits [ TeV —*] Expected limits [ TeV —4] Unitarity bound [ TeV ]

EFT interpretation Fro/A?
of dimension-8 Fri/A*

. Fr,/A*
operators featuring § .~ s

SU(Z)L and U(l)Y FT,6//\4

-2.60, 2.60)]
-3.28, 3.24]
-7.15, 7.05)
-2.54, 2.56]
-3.18, 3.22)]
-6.857-051

252,252
-3.18,3.14
-6.95, 6.85]
-2.46, 2.50
-3.08, 3.14]
-6.65, 6.85]

1.32
1.48
1.35
1.55
1.61
1.71

4
field strength Frz/A

The WZy process is also
sensitive to mediation by
axion-like particles

1/, [TeV

BSM implication of WZy

https://arxiv.org/pdf/2004.05174

Unitarity Constraints on Anomalous Quartic Couplings

Eduardo da Silva Almeidd and O. J. P. Ebolil
Instituto de Fisica, Universidade de Sao Paulo, Sao Paulo — SP, Brazil.

M. C. Gonzalez—Garcidl
Institucié Catalana de Recerca i Estudis Avangats (ICREA),
Departament d’Estructura i Constituents de la Matéria,
Universitat de Barcelona, 647 Diagonal, E-08028 Barcelona, Spain and

C.N. Yang Institute for Theoretical Physics, SUNY at Stony Brook, Stony Brook, NY 11794-3840, USA

We obtain the partial-wave unitarity constraints on the lowest-dimension effective operators which
generate anomalous quartic gauge couplings but leave the triple gauge couplings unaffected. We
consider operator expansions with linear and nonlinear realizations of the electroweak symmetry
and explore the multidimensional parameter space of the coefficients of the relevant operators: 20
dimension-eight operators in the linear expansion and 5 O(p*) operators in the derivative expansion.
We study two-to-two scattering of electroweak gauge bosons and Higgs bosons taking into account
all coupled channels and all possible helicity amplitudes for the J = 0,1 partial waves. In general,
the bounds degrade by factors of a few when several operator coefficients are considered to be
nonvanishing simultaneously. However, this requires considering constraints from both J = 0 and
J =1 partial waves for some sets of operators.

(@))

CMS Preliminary

138 b (13 TeV)

— Observed

---- Median Expected

I 68% Expected
95% Expected

— f=myp

150 200 250 300 350 400

ALP mass [GeV]
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NN e~

: 351160, Event Number: 668433028

ATLAS

EXPERIMENT

- S5

WWIIH—;,—H




arxcw;gta)sse'rvation of WZy production at \/E = 13 TeV

: i + p— _ . . .

e Final state: W —> fl/, Z —> f f (f — €, //t) F|duc|a| requwements
« WZy observed with a significance of 6.3 ¢ S Lepions (@ %) Nemsae

. . . ) | < 2.37 ‘| < 2.5 -
¢ CFOSS SeCtIOn (fldUCIaI). i p% > 15 G@V pETlaE%ES > 30720720 GGV p% > 20 G@V

. cone(.2
e 2.01 + 0.30 (stat.) = 0.16 (syst.) fb _ Isolaton By "/pp<OO7 - -
¢, assignment for eee/pupup channels, choose smallest |m,, — m |

e Kew =o0pq° "Wos? =1.05 AR AR(l,7) > 0.4

Z invariant mass Mgy > 81 GeV

ATLAS ¢ Data

{s =13 TeV, 140 fb™ JWzy
W(—= W)Z(—=1I) y B Zzy

SR W ZZ(e—y)

2 e (Clean final state
[_INonprompt .
72~ Uncertainty Wlth Iarge number
of sighal events
with respect to the
background

contributions

ATLAS ¢ Data

\s =13 TeV, 140 fb™ JWzy
W(—= W)Z(—1I) y B Zzy

SR B ZZ(e—y)
Post-Fit T Zyy

ATLAS ¢ Data
\s=13TeV, 140 fb" wzy

W(= )Z(= 1)y Zzy

SR W ZZe-Y)
Post-Fit ] 2Zvy

[ Pileup v [ Pileup v
[ ]Nonprompt [ ]Nonprompt
72> Uncertainty r 7~ Uncertainty

Events / 20 GeV
Events / 25 GeV
Events / 20 GeV

5
20 40 60 80 100 120 140 160 180 200 220
E™SS [GeV]

11


https://arxiv.org/abs/2305.16994

Observation of W Wy production at \/E = 13 TeV >

« WWy 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

Phys. Rev. Lett. 132 (2024) 121901

Associlated

*The theoretical modeling uncertainties
Include the renormalization and

factorization of QCD scales, PDFs, prOd UCtIOn (Hy)

and parton shower modeling 12


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

Observation of W Wy production at \/E = 13 TeV

WWy = eTv u~u,y or u*v,e” v,y final state

Events with b-jets vetoed
Additional loose leptons vetoed
Backgrounds suppressed by

. p?”ﬂ > 15 GeV
mYWW > 10 GeV

Signal extracted from a binned maximum

likelihood fit using two dimensional

distributions in mYW W and My, (product

of the Poisson probability mass functions
for each bin forms the likelihood function)

Events /bin

mY =/ 2pf? I — cos Ag(p B )
138 fb™' (13 TeV)

: Vy WWy
Postfit WWy SR: —

. vV Nonprompt /
Category O jet |: Promp

B Top Nonprompt y
—+ Data ~~ Stat ® Syst

m,, €(20,150] i m, €(150,250] : m, €(250,)



Observation of Wyy production at \/E = 13 TeV

/ .
24 Electron pp: 51.8 GeV
/{ | Photon 1 Egr: 99.3 GeVv
Y \ Photon 2 Egp: 53.1 GeV Muon Pt 43.6 Gev
| [ \ EDISS ; 61,5 GeV Photon 1 E;: 23.3 GeV
|l e Photon 2 Egq: 22.7 GeV
e EMSS: 35.7 GeV
e T
----- S
------------ \ \
\ o\
AN

Run: 331975
Event: 1451688618
2017-08-09 03:09:50 CEST

EXPERIMENT

ATLAS

EXPERIMENT

\~.
Run: 302300 )
Event: 1847159524

2016-06-17 15:08:25 CEST

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

14



Observation of Wyy production at \/; = 13 eV

https://arxiv.org/abs/2308.03041

 Wyy observed with a significance of 5.6 ¢

e Finalstate: W — v (€ = e, u)
e Fiducial cross section:

o 05q = 13.8 % 1.1 (stat.)*5, (syst.) £ 0.1 (lumi) fb
Largest background from jets that fake a photon
=7

Source SR TopCR

Wy~ 410460  28=£5
Non-prompt 7 — = 420 %= 50 42 420
Misidentified e — 7y 1554+11 12049
Multiboson (W H (vvy), WW~, Z~~) 6+13 5H52+1.7
Non-prompt 5 — /¢ 35+ 10 -
Top (tty, tW~, tgy) 307 13632
Pileup 10£5 —

Total 1136 =34 332+18
Data 1136 333



https://arxiv.org/abs/2308.03041

Observation of Wyy production at \/E = 13 leV

* 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 j — y background

ATLAS ¢ Data

Vs = 13 TeV, 140 fb’ DWYY
W(—lv)yy 81: v
Post-Fit R
Oai—!

[ Multiboson
B Top

B Pileup

ATLAS
Vs =13 TeV, 140 fb™
W(— Ivjyy

Data 2015-2018 B (stat) (total)

13.8 = 1.1 (stat)* 2:) (syst) + 0.1 (lumi) fb

Sherpa 2.2.10 NLO

+24 + 0.5
13.6 | (scale) o4 (stat+PDF+a) fb

Data/Post-Fit
Ratio

N\ Total
k Uncertainty

____ Pre-Fit/Post-Fit
Ratio

MadGraph5_aMC@NLO
14.8" | (scale) " (stat+PDF+a,) b
: - 0.4

10 12 14 16
' X Br(W— e/u v) [fb]

o0

p,’ [GeV]

16 NLO electroweak corrections included



Dibosons




Why study polarization?

o(VV — VV), no Higgs

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

Studying the Higgs
mechanism Higgslessly!

WtW-— - WHtW~-

arXiv:0806.4145

ChatGPT

"However, it is important to note that the precise role ol the Higgs boson in unitarizing

WW scattering, in particular, is still an active area ol research and there are ongoing studies
to reline our understanding ol this process.”




Polarization is a frame-
dependent measurement
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arXiv:2211.09435

Joint polarization measurement _in WZ process

 Helicity fractions are frame dependent ATLAS _1
e Joint polarization state: 2E ) o A WA Vs=13TeV, 139 b

EXPERIMENT ® Data

foo (f7r) both bosons longitudinally (transversely) Y NLO QCD
' T F R i v Powheg+Pythia
polarized osf g A
for (fr0): W(Z) boson is longitudinally polarized, Z(W) is g 5 2 & contour
transversely polarized S 1 W:Zevents
« Joint helicity fractions measured: - I :

Jfoo: 71 0, for: 340, fro: 71 0, fr 11 0

POWHEG-+PYTHIA NLO QCD
W=z

.0590 £ 0.0009 . 058 .002

1515 £+ 0.0017 . 159 .003

1465 £ 0.0017 . 149 .003
6431 £+ 0.0021 . 628 .004

Wtz

0583 =
1484 =+
1461 + T P P T I . I .
6472 + 0O 0.02 0.04 0.06 0.08 0.1 0.05 0.1 0.15 0.2 0.25 01 0.15 0.2 025 0.3

Wz f 00 fOT fTO
0600 +

1560 =
1470 =+

0.6 F

0.55F

H H H H
HH H H

Z F(,Mq,uq) F(uquq) % Complete 9X9 matrix hard to
Awlz " i, determine, focus on 4 linear

' ' ' narm L
6370 + 0. , , Mg combinations

Poyiyiziy =



https://arxiv.org/abs/2211.09435

arXiv:2211.09435

Joint polarization measurement in W/Z process

Frame defined as:
« Decay angles in the W*/Z rest frame

relative to the W=/Z direction in the W*/Z
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

( D7)

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 (OT and TO)

. |cos87,| <0.5,]cos&7,| <0.5
cos &7, > 0.5,[cos 67, <0.5
. |cos®,| <0.5,|cos 07| > 0.5
. |cos8%,| > 0.5,|cos&7,| > 0.5

Events/ 0.2

O
()
—

al

—

!
(O

O

21

ATLAS

W*Z SR Post-Fit
{s=13TeV, 139 fb”

e Data
[ ] WTZO
Others
. YV

Tot. unc. W, Z-

W_OZ_T [ 1WoZ,

Misid. leptons tt+V
BWZinrt

|cos 8,w| < 0.5
|cos 62| < 0.5

' |cos B,w| > 0.5
' |cos 8721 < 0.5

' |[cos O,w| < 0.5
' |[cos 62| > 0.5

' [cos O w| > 0.5
' |[cos 6)z] > 0.51

i p 4

4-category DNN score
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Polarization measurement in WZ (high p#)

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

« New: measurement of fractions in high p% regime and low p}VZ ATLAS

EXPERIMENT

» Leads to an improvement of 20-30% in f,

e Data mW.,Z,
160 5= 13Tev, 140 fo!  WortWeZo  ERWrZg
z_ Prompt Non-prompt
140 SR 100<p <200 GeV 24 Tot. Uncert.

Post-Fit '

Events/0.1

Measurement Prediction
100 < p7 <200 GeV pZ > 200 GeV 100 < pZ <200 GeV  pZ > 200 GeV

foo 0.19 £0-07 (stat) +9-05 (syst)  0.13 902 (stat) £0-05 (syst) || foo 0.152 + 0.006 0.234 + 0.007

for+1o 0.18 +5-07 (stat) =002 (syst)  0.23 +9-11 (stat) 0% (syst) || for 0.120 + 0.002 0.062 + 0.002

frr 0.63 +002 (stat) +9-07 (syst)  0.64 +9-17 (stat) +0-00 (syst) || fro 0.109 + 0.001 0.058 + 0.001

foo obs (exp) sig. 52(4.3) 0 1.6 (2.5) o frr 0.619 = 0.007 0.646 = 0.008

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

(1.6 o) in the phase space: (p% > 200 GeV)
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0\, : scattering angle of the W boson in the WZ
rest frame with respect to the z-axis 22
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Radiation Amplitude Zero effect in WZ at 13 TeV

ATLAS

EXPERIMENT

 Dominant helicity amplitude with two transversely-polarized bosons exactly zero
e when SCattering angle of the W boson in the WZ rest frame (w.r.t the incoming antiquark direction)

approaches 90" — Radiation Amplitude Zero (RAZ)
e arises from the gauge structure in the SM

e RAZ= drOp at 0 in the AY(WZ) (rapidity difference between Wandeosons) and AY(ZWZ) (rapidity

difference between lepton from W decay and Z boson) distributions

 First observation of RAZ effect in WZ production, seen in Wy previously

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

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

reduced by placing stringent requirement on p}y z
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Radiation Amplitude Zero effect iIn WZ at 13 TeV

Unfolded distributions ATLAS

ATLAS -o- Data @ Stat. Uncert.
Vs =13 TeV, 140 fb™ Tot. Uncert. -~ MG+Pythia

RAZ Region p¥VZ< 70 GeV

—_
N

B |
- ATLAS e Data —+ MG+Pythia g% Tot. Uncert.

— Vs=13TeV, 140 fb”
~ TT polarization state

Depth IAY(W2)I

O
o

/
%

O
»

|

0.4

Data/Pred.

Data/Pred.
TN
I \ERIEY

Effect expected for only transversely polarized Depth of the RAZ dip defined as

bosons, all other polarization components are D= 1—2x NOAY(WZ)| <0.5) + D - dip
subtracted NO.S < |AY(ZwZ)| < 1.5)
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JHEP 07 (2022) 032, https://cds.cern.ch/record/2905015

Measurement of the W/Z process

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
W7

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

Measured at several center-of-mass energies

13.6 TeV

13 TeV 13 TeV

- _1 _1
CMS 137 6 (13 ToV) 34.7 1" (18.6 Tev) CMS 137 fb (13 TeV) CMS 137 fb' (13 TeV)
B CMS - ' I I | ] 10000~ . | =
B || | I Preliminary 9p) 7000 SR Post Fit ] 7)) -SR Post Fit ]
‘ — c L 4 Data Wz c  [+Daa [ IWZ mWZEWK ]
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POWHEG+NNPDF31 | B |-~ NNLO QCD x NLO EWK > 6000 IWzEWK [[lqg—zz > 8000 i = 3(3/\/ E X Nc?n rompt -
NLO QCDxLO EWK Scale uncertainty O (PP — WZ) = (stat) = (syst) = (lumi) = (theo) LI - B ttX tZq L - TS PIOmPE |
5000 i | &2 Total SM unc.
MATRIX+NNPDF31 - lvw Xy 6000
NNLO QCDxNLO EWK : B _
: 4+30+3.3+£08=+0.2pb L
| — . MATRIX+PDF4LHC15 . g 2423023520800 - ]
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Sl (O Best fit é - 2000— -
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- Statistical uncertainty s H_._H P 0 - O;'
mbin
Combined B Systematic uncertainty Inclusive H—o-H 55.2x1.2x1.2+0.8=0.1pb S 1 .4: oS 1.2F ' E
‘ : D - Total SM unc. 7 O 11E Total SM unc. E
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Events

Measuring the W polarization in WZ processes

* Single boson spin density matrix derived from joint spin density matrix CMS.

- Individual helicity fractions: f, (longitudinal), f; and f5 (left and right handed

transverse helicity states)

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

CMS Simulation

pp—W'Z

137 tb™ (13 TeV)

—+é— Generated
—— Fit, p-value = 0.0002
—— Fiducial
eane fy=0.229 = 0.002
f, =0.538 = 0.002

e fr =0.233 + 0.002
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SR Post Fit
2500 —+— Data WZL WZR
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Measuring the Z; polarization in ZZ — 4¢ process

https://arxiv.org/pdf/2310.04350

o Study of polarization in ZZ — 4¢
 Require 2 Z-candidates

 Maximize sensitivity to ZL by constructing BDT ATLAS

* Reweighting for: EXPERIMENT
* each polarization state (separately for

88 = 44,94 — 2Z)
* interference effect between polarization states
* higher order calculations

ATLAS Simulation — Z.Z === Z.Z(W/0 NLO correction)

s =13 TeV

qq — ZZ — 4l

polarisation states —Z/Z, ----Z,Z (w/o NLO correction)
-1 shape-only

V4

o
N

Z.Z Z.Z (w/o NLO correction)

(70)
e
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ks
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©
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LL

* Variables sensitive to polarization
* CP sensitive variables defined as the direction of

motion of the Z, boson in the in the four-lepton rest

04 06 08
BDT Score o7 frame
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Measuring the Z; polarization in ZZ — 4 processes

» /;Z; measured with 4.3 ¢

 Analysis statistically limited, highest source of systematic uncertainty from gqg — ZZ
iInterference modeling

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

ATLAS ¢ Data
(s = 13 TeV, 140 b mzz Pre-fit Post-fit
pp — ZZ — 4l WzZz

8.7 220

Post-Fit VA Y44 189.3
Goodness-of-Fit: p-value = 0.28 B Interf. Lol | 20 711
120 2147

B Non-prompt ZTZL 710
Others ZT ZT 2170
2.8 334
7.1  18.5 7.0

77 Uncertainty Interference 33.7
Others 20.0 3.7 19.9 3.7

O ; Total 3140 + 150 3149 + 57
! , e B b S

09 ¢ f Data 3149 3149

0.8
-1 -08 -06 -04 -0.2 : : 06 038
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Events / 0.1
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Stress testing the SM over various energies with dibosons

CMS Supplementary .
. —— pp NNLO QCD x NLO EWK (MATRIX) ﬁ CMS Preliminary
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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!

ATLAS Online Luminosity
2011 pp Vs=7TeV
—— 2012 pp Vs =8 TeV
2015pp Vs=13TeV
—— 2016 pp Vs =13 TeV
—— 2017 pp Vs=13 TeV
—— 2018 pp Vs =13 TeV
2022 pp Vs =13.6 TeV
2023 pp Vs =13.6 TeV
2024 pp Vs =13.6 TeV
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m— 2015,13 TeV, 4.3 fb™

2016, 13 TeV, 41.6 fb™

2017,13 TeV, 49.8 fb™
= 2018, 13 TeV, 67.9 fb™
m— 2022, 13.6 TeV, 41.5 b

2023, 13.6 TeV, 32.7 fb™
= 2024, 13.6 TeV, 108.0 fb™
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7 polarization in Z-boson decays

« Polarization of 7 leptons is measured in Z — 77 events

« Differential cross section of the gg — Z — 777~ in lowest order is expressed as:
do

d cos 0.
 Forward-backward asymmetry defined in terms of /| and F,

= Fy(8)(1 + cos? 0;) + 2F1(3) cos 0, — h:[F5(5)(1 + cos® 0;) + 2F5(3) cos 0]

« Polarization defined in terms of £, and F|,
. Simplified when \/§ = M,

%

D
. W
4y S y 4

Helicity states of incoming quarks and outgoing 7 leptons: thin arrows show direction of movement, thick arrows show helicity
0 : scattering angle of the 7~ with respect to the quark momentum in the rest frame of the Z boson
h_: helicity 32



7 polarization in Z-boson decays

Tau spin observables constructed from several decay angles

Optimal observable to measure 7 helicity — polarimetric vector
* Final-state dependent variable
e |Largest source of uncertainty from QCD normalization

Measured value of 7 polarization: P_(Z) = -0.144 + 0.006 (stat) + 0.014 (syst)
* In agreement with LEP, SLD, ATLAS
More precise than the prewous ATLAS measurement, almost matches precision of single LEP experiments

Weak mixing angle sin Qeﬁ 0.2319 + 0.0019 (0.8% precision)
,@ >
0

A/. " Decay angles of the 7 in 7 — hv decays




lye/ley
Object selection
>0

(7))
e
()
e
L
(TH
o
.
()]
L
S
-
2

e
e143311d Az

Loose
Lepton selection

Loose
Leading photon ID

Non-iso

Tight

TT

0sI-UON ﬁ

YsiL

9S00

dl uoyoyd Suipea|gns

aoue|b e 1e suoibal uoneplea
pue |0J]1u09 ‘[eubis Jo uoniulaQq



Measuring the W polarization in WZ processes

| do

o d Ccos HWi

do

od cos 07

3 _
— 2 (1F COS(QWi))Z fXV + (1 = c:os(@Wi))2 fxv + 2 sinz(HWi)f(\)N and

3 2 7 y 7 . ) 7
2 (I + cos“(6z) — 2c cos(02))f; + (1 + cos“(07) + 2c cos(62))fx + 2 sin“(62)f

* Single boson spin density matrix derived from joint spin density matrix
- Individual helicity fractions: f, (longitudinal), f; and f (left and right handed transverse helicity states)

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

CMS Simulation
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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
e 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 7 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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https://arxiv.org/pdf/2308.0304 1

The pileup background consists of events in which one or both photons do not originate from the primary
vertex, mainly due to a limited photon pointing resolution. The fraction of photons originating from a
pileup vertex 1s calculated 1n a subset of SR data where at least one photon i1s converted. Since the fraction
of photons that convert 1s independent of their production vertex, the relative fractions of signal and pileup
photons 1n the converted sample 1s representative of the fractional number of signal and pileup photons in
the full SR. Converted photons that are required to have at least one ID track with silicon hits [49] and a

conversion radius, defined as the radial distance of the conversion vertex, of less than 400 mm are used
for this estimate because the presence of an ID track allows for the calculation of a longitudinal impact
parameter. The difference between the longitudinal impact parameters of the converted photon and the
primary vertex, Az, 1s Gaussian-distributed and expected to be close to zero for photons from the hard
scatter, while pileup photons are expected to have a much broader distribution [55]. The |Az| > 55 mm tails
of the distribution are used to estimate the fraction of pileup photons in the SR. The statistical uncertainty
on the pileup background 1s 56%, due to the limited number of events 1n the estimation region.
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https://arxiv.org/pdf/2310.04350

For the polarisation measurements, dedicated systematic uncertainties are considered in the modelling of
the polarisation templates, including theoretical uncertainties from higher-order corrections, PDFs and ag
described above, and the uncertainties associated with the reweighting methods as described in Section 6.1.
For both the gg — ZZ and gg — ZZ polarisation templates, the theoretical uncertainties from QCD scales
are taken from the MoCANLO calculations by varying the QCD scales as described above, while for the
template of the interference term, which 1s reweighted from the inclusive SHERPA gg — ZZ samples, these
theoretical uncertainties are estimated from the SHERPA sample. The parton showering and hadronisation

uncertainty 1s estimated for the signal by comparing the nominal PyTHiA 8 parton showering with the
alternative HErRwIG 7 [93, 96] algorithm. Uncertainties from the NLO EW corrections are estimated by
taking the difference between the additive and the multiplicative prescription in MoCANLO [66]. For the
1D reweighting method 1n Section 6.1, the uncertainty 1s estimated by comparing the reweighted templates
using the nominal observable and an alternative observable: the rapidity difference of the two Z bosons.
For the additional 2D reweighting, the residual difference between the sum of the four templates and the
inclusive prediction from the SHERPA sample is taken as an uncertainty.
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