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Motivation

T L Higgs
® | ongitudinal polarization of electroweak hechanism
gauge bosons is a direct consequence of
the EWSB
* Important test of the Higgs mechanism 1 .
* Particularly interesting: longitudinal VBS G°'dSt°t:Z::'e‘;"a'e"°e
4 Denner e 1997] “At high energy, longitudinal
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[J. Manjarrés Ramos, LHCP2022]
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https://www.quantumdiaries.org/2011/10/10/who-ate-the-higgs/goldstone-eaten-four/
https://indico.cern.ch/event/1109611/contributions/4789870/attachments/2446425/4192090/JManjarres_EWK_polarization.pdf

Vector boson polarization

What is vector boson polarization?
* Alignment of a particle’s spin with its momentum

* Helicity: h= S - ‘% ‘
p

Right-handed Left-handed

— —
- @
— —
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S
® Helicity is not Lorentz-invariant

o reference-frame needs to be defined for all polarization measurements

© Transverse polarization (T): (anti-)aligned (h = +1) —
o Longitudinal polarization (0/L): orthogonal (h = 0) S

How to measure vector boson polarization?
® Parity violation in weak interactions
—» effects on decay products
® Analytical distribution of decay angle is
known at born-level
® In practise° polarized templates
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Polarized templates

Monte-Carlo event generators

e Several generators available:
© Phantom: 2—6 proceses at LO+PS [A Ballestrero et al. 2008, 2017]
o MG5_aMC@NLO: arbitrary processes at LO+PS, multi-jet merging [D.Buarque Franzosi et al. 2020]

© Sherpa: arbitrary processes at nLO QCD + PS, multi-jet merging (V. Hoppe etal. 2023]
o POWHEG BOX RES: diboson processes at NLO QCD + PS I[G. Pelliccioli, G. Zanderighi 2023]

* Only Madgraph used so far by the collaborations e X L0 OB, Y5 = 137eV. fiucinl regon
B :l:‘:l,__-‘:‘._—‘::l: 1
Fixed-order calculations N s SO S
e fixed-order calculations show large, Dh

polarization-dependent NLO corrections 2l
pp > WW L ' ' : ___———
pp > ZZ X X X §-§:§f~_ __‘_i_
pp>WZ X X X e =
pol. VBS X X o : B | é

[A. Denner, G. Pelliccioli 2020]
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https://arxiv.org/abs/0801.3359
https://arxiv.org/abs/1710.09339
https://arxiv.org/pdf/1912.01725
https://arxiv.org/pdf/1912.01725
https://arxiv.org/abs/2311.05220
https://arxiv.org/pdf/1912.01725
https://indico.cern.ch/event/1334055/contributions/5807450/attachments/2809110/4902411/2024.02.28-Izmir-COMETA-1st-General-Meeting-poncelet.pdf
https://arxiv.org/abs/2010.07149

Polarization measurements in WZ
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CMS polarization measurement in WZ

Analysis target
® Singly-polarized states:
© W-polarization: Wi,Z, WrZ, W(Z
© Z-polarization: WZy,, WZgr, WZ,

/ . .
v 7 Helicity
/
Reference frame: laboratory frame >

Polarized templates ~ CMS Simulation 137 " (13 Tev) CMS Simulation 137" (13 Tev)
: : : : T | +— Generated I | +— Generated _
® Rewelg htin g of inclusive . PPoWZ Rl pvalue - 0.0613) = pp—W*Z T R ovalue = 0.8993
S — Fiducial £ 60000} — Fiducial —

Powh eg NLO-OCD sam ® le e i f0|=ug.|§47 +0.001 2 e f0|=ug.|358 +0.002

. Qo000 coee f] = 04814 0.002 o cewe £, =0.313 +0.002
using generato r-level cos HV = e o = 0.272 % 0.002 g winins o = 0,429 £ 0.002
. . . c 40000 I W
distribution Q e
- W o000l e _
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http://dx.doi.org/10.1007/JHEP07(2022)032
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CMS polarization measurement in WZ

Region Ny pr{lz1, 0z, lw,ls}  Nossg |Mlz1,0z) —mz|  pF*  Npwg min(M(L)) M(lz1,072, lw)

SR =3 >{25,10,25,—} GeV  >1 <15GeV >30GeV =0 >4 GeV >100 GeV
CR-ZZ =4 >{25,10,25,10} GeV  >1 <15GeV — =0 >4 GeV >100 GeV
CR-ttZ =3 >{25,10,25—}GeV  >1 <15GeV >30GeV >0 >4 GeV >100 GeV
CR-conv =3 >{25,10,25,—} GeV  >1 — <30GeV =0 >4 GeV <100 GeV

CMS 137 b (13 TeV) CMS 137 b (13 TeV)

o o o _EZSOO;é‘éII:;éétII:itIIH]IIIIIIIIIIHIII”III—: .E _ISIFI{IPICI)SI{II:;tIIHIIIII[III'II[IIIIIIH]III

Statistical Analysis | 0 e mwz, vz, 1 B e mwr, . ]

o Cut-based event selection DPoooof . WZo  EWZEWK  W9e-7Z7 o [wz, MWZEWK g2z ]

S X Ctzq %y S o000 MiX  [Hizq VvV i

® CR fOI’ ZZ, tOp aﬂd phOtOn U>J1500:Nonprompt%Total SMunc. ] Lﬁ iDXy XY Nonprompt & Total SM unc. :

conversion : pp—>W Z : 1500~ PP%W Z -

® cos Oy fitted separately for W 1000}~ . 1000 —

. . . B il . )

and Z in charge-inclusive and of . : :

n B B 500 =0 e

charged (WTZ /W™ Z) : : :

channels [ i — —

. D 44 Total SM unc. E D - Total SM unc. E

® free parameters: (u, an fL — fR & :3=¢r—¢—=,:_.e.:++_,f¢= 8 1134—_._._%5—._ . +_,_+

< 09 < 0.9 _

© 0.8F E © 0.8F E

() -1 0 8 0 6 0 4 0 2 0 0. 2 0. 4 0. 6 0. 8 1 (M) -1 —0.8 —0.6 —0.4 —0.2 0 0.2 0.4 0.6 0.8 1

cos(,) q,, C0s(6y)
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CMS polarization measurement in WZ
p ‘\\ 1 —
CMS 137 b (13 TeV)
° ° ° ° ° OS5 T 7T T T
First observation of longitudinally polarized 7 _
W-bosons in WZ: 5.60(4.30) D4 -
° o o ° ° ° 0-35_ _
Significance for longitudinally polarized @
Z-bosons way above five standard deviations " — obsened L.
C — served, 95% ]
0.1 —— Observed, 99% CL
3 J= Best fit ]
Category = Observable  Observed = POWHEG expected MATRIX expected oot O Powheg:Pylhia
0.322+V.050 0.247010-0003 0. 248+0 003 0.10  0.15 0.20 0.25 0.30 0. 35 8\.,40
W inclusi fO . —0.077 —0.0003 WV _ g
R fir 0.183+0032 0.209 0002 0. 210+8 ggg - R
W, plus fo 0.358 000 0.2294T (000 0.237 004 cms 137107 (13TeV)
fir 0.2883_:§:§‘% 0. 305*_;%80%%7 0.293$§;§§§ oz - :
W minus fo 0.3617 123 0.27827 5007 0.268™ ) 5oz 0.30- =
0.24510 0.2583 0.253 0.265 -
Z, inclusi fo —0,024 00003 0003 ;
MU e emsgy el amip o
0.2367 5 0. 2710 0. 263 0.22F —— Observed, 68% CL-
Z’ plus fO _8.980 000883 0((]) %%7 _ — Observed, 95% CL__
fir 0'039:8:(1)%1/ —0. 07?-%0088% —0. 083%%827 0-20F —— Observed, 99% CL
0.266 10 0239210 0.23810 0.18- 4 Besti -
Zminus  J9 087, oo 058, 5 ponnes:Pyti
fir —0.1647015;  —0.1797 003 —0.1787 007 R e Y T - R P 025 """ ‘g.s
f|_ ) fR
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. s : ATLAS
ATLAS polarization measurement in WZ 7 =i

Z

RN
.'.\

. 0%
AnaIYSIS ta rg et W rest frame | I
® Joint-polarization states Wy Zy, WrZo, WoZr, WrZr W
® Singly-polarized states WZ rest frame /
q by q
Reference frame: WZ rest frame /
—> minimizes correlation between 00 and TT modes B A
2.2r - E f
- ATL A S ®  MadGraph 0,1jet@LO polarised T i
2__ Simulation B Theory parton level reweighting | .
c _ Fit of MadGraph@NLO  ,  Polarising DNN reweighting
'-g 1 8 . W'Z events /////// MC prediction stat. uncertainty g -~ =
g " | Polarization templates
) O ] 5 .
= ; - ® Events generated with MadGraph 2.7.3 + Pythia 8
= + i E in 0,1@LO merged setup
O\ —»> observed bias in extracted polarization
T, { TU : fractions, up to 50% of fraction value!
0k | ]
fOO fOT fTT

Phys. Lett. B 843 (2023) 137895 E. Bachmann | 11 July 2024 | LHC EW WG meeting | 9
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ATLAS

EXPERIMENT

Joint-polarization measurement in WZ

Templates Challenge: multiple reweighting methods to obtain templates at NLO-QCD
® Full phase-space reweighting of Powheg NLO-QCD with DNN [arXiv:19207.08209]

o factorization assumption: pnLo(Z, ¢, J) X po 15aL0(Z) - P(%, J|Z) - Po15@L0 — NLO(Z)
© MadGraph 0,1j@LO:  pyjer0(Z,i, §) o posjaro(Z) - p(i, j|7)

© Powheg NLO-QCD: PNLO( ) < po1jeLo(Z) * P0.10L0 — NLO (Z)
—> learn p(i, j|X) by discriminating (i, j) polarization against sum of polarizations
2.2r
2: ATL AS ®  MadGraph 0,1jet@LO polarised .
— Simulation B Theory parton level reweighting
* Binned reweighting of DNN score based on polarized = g ;g foveemmeno o o -
fixed-order NLO-QCD calculations (MoCaNLO) ;-;j o 3
[A. Denner, G. Pelliccioli, arXiv:2010.07149] §1.4f
© used to assess modelling uncertainties =12
@ 1:
T
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https://arxiv.org/abs/1907.08209
https://www.sciencedirect.com/science/article/pii/S0370269323002290?via=ihub
https://arxiv.org/abs/2010.07149

ATLAS

EXPERIMENT

Joint-polarization measurement in WZ

Statistical Analysis

. C\! : I I ] ] I ] | I I ] I | | ] I I :

o Free pa rameters /J/, f()(), fTO, fTT E 3500:— ATLAS e Data // Tot. unc. W, Z -
e DNN multiclass classifier trained on 2 oE. WZSRPostFit —  [JWiZ, [WeZ, (W2,
= - Vs=13TeV, 139 fb Others [ Misid. leptons tt+V =

MadGraph O 1J@LO polarlzed samples | WZZ mWZint E
K mlss = . . =

© InPUtS pT 7%T 7pT ) ‘yZ _V%W| 2000 | * e, -
DNN A¢(l ) A¢(£ ) 1500~ ¢ % e . =

®* Py distribution ﬁtted in four decay angle 000 Es.  [Tle * =
categories to separate OT and TO states oF — et ——. ] — | =

e Statistical uncertainties at the same level as 0: | e .-
SyStematiC uncertainties 3 1.2F |::ost; <05 ;|colsa;b:|>ol.5 | + :1co|59;;|<(;.5 | :|co|se;’;b:|>c;.5 | T:z

O Modelllng uncerta|nty OI’] DNN E: 1.1— |c059?|<:05 ;058 |<:(:v5+ /;038 :;(}5* /|cos€ z| >0.5 ;

. . . © 117> FPPPp ., 02/ o el /o o/ N Yo Y o of o R ol A A s 1 T
reweighting and choice of templates 5 Y /féf P S

. :_ | | | | I | | ] ] t | | | | ’ ] | | ] _:

o QCD scale 0 i > 3 /

. . . 4-category DNN score
o Jets / B8 reconstruction, calibration s
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Joint-polarization measurement in WZ

ATLAS

EXPERIMENT

=025 F ATLAS
T oz2F ' (s =13 TeV, 139 fo" . . . -
Y o Daa First observation of simultaneous pair-
: \ S A NLOQCD - . . .
04F ® = v Powheg+Pythia production of longitudinally-polarised VB
0.05 RN = 1 contour o < _[_' _[_' _[_'
N . e significance of 7.10 (6.2 o) for foo
_p SSPTTTITTITRRETTTITTTTTTT Wz events ® significance for frgand frr >50
0.25F — . ‘ -
0.2 E_ ':: @‘.‘ ;;— :.H‘O‘\“l _
| E : Data POWHEGH+PYTHIA NLO QCD
q_ll:o?5;_: T :I=;_”::]”“]:”:l:”:l”::l::_:;_l['..II”'II.”'I...']_; W:I:Z
o7 1 feo 0.067 £ 0.010 0.0590 £ 0.0009  0.058 =+ 0.002
065F O i¥ ¥ ‘Q i  for 0.110 £ 0.029 0.1515 + 0.0017  0.159 £ 0.003
ook + i {1 fro 0.179 £ 0.023 0.1465 + 0.0017  0.149 + 0.003
ossf 7 i "1 fpr 0.644 £ 0.032 0.6431 £ 0.0021  0.628 £ 0.004
0 0.02 0.04 0.06 005 0.1 005 01 015 02 025 01 015 02 025 0.3
fOO fOT

Phys. Lett. B 843 (2023) 137895
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Single boson polarization in WZ

4500
4000
3500
3000
2500
2000

Events /0.2

1500
1000
500

Data / Pred.

ATLAS

EXPERIMENT

® Measured fopand fr — frfor W and Z bosons in charge inclusive and both charged

final states

® Polarization templates of cos 67, from analytical reweighting of Powheg NLO-QCD

® Spin correlation: measured R, =

I I I | I I I I | I I I I I I T I I

plin

ATLAS e Data ///, Tot. unc.
W*Z SR Post-Fit [ 1Wp W,
(s=13TeV, 139 fo' [IWo Others
Misid. leptons Il tt+V
Bz BWZint

|[IIIlIIIIIIIII|Illf|||||]f||||||[|||||

llllllllllIllllllIJHlIlIlJlIll|IIJ

:_ =
B [ I I I | I I I [ | I I I I | I I I I i
: t } P
_,+ O Ll Lol il +f=.~
S £
L | | | | | ] I ] | l | ] | | | 1 1 | I ]
=1 0.5 0 0.5 1

Qw-C0S 6w

Phys. Lett. B 843 (2023) 137895

4000

3500

3000

Events /0.2

2500

2000

1500

1000

500

Data / Pred.

"=1 -0.5 0 0.5 1

foo
i i

I I I I | I I I T | ] ] I I I I I I ] —
ATLAS e Data //, Tot. unc. 3
W*Z SR Post-Fit (125 Z,
(s=13TeV, 139 fo" (1% Others
Misid. leptons Il tt+V
B ZZ BWZint

Jllldllllhllil”llll“llll”ll

||IIII|IIII|II-'II|IIIIIIIIIIIIII]IIII'

"""""""""""""

= 1.54 £ 0.35 (SM 1 3)

f

Data POWHEG—({]—PYTHIA
WinWt 2 |[023 + 0.05 0.2044 + 0.0024
WinW~Z|0.19 + 0.05 0.217 + 0.004
Win W5 Z | 021 4+ 0.04 0.2094 + 0.0016
ZinWTZ | 0.223 + 0.025 0.1971 + 0.0019
ZinW~Z | 0.241 + 0.029 0.2065 + 0.0023
ZinW*¥Z [0.231 + 0.019 0.2009 + 0.0014

f—Ir

Data POWHEG+PYTHIA
WinWtZ | 0.071 £ 0.023  0.0990 + 0.0015
WinW~Z | 0.026 + 0.027 -0.0491 + 0.0020
Win WEZ | 0.059 + 0.016 0.0390 + 0.0011
ZinWTZ |-020 + 0.10 -0.217 =+ 0.006
ZinW Z | 0.10 + 0.13  0.092 + 0.007
ZinW*Z |-0.10 + 0.08 -0.092 <+ 0.005

E. Bachmann | 11 July 2024

| LHC EW WG meeting | 13


https://www.sciencedirect.com/science/article/pii/S0370269323002290?via=ihub

ATLAS

ATLAS measurement of energy dependence of -/ exerimei
WZ polarization fractions and RAZ effect

Analysis target

e Joint-polarization states at highp% WoZo, WrZo, WoZr, WrZr
o first measurement to probe the energy dependence of polarization fractions

e Radiation Amplitude Zero (RAZ) eftect in WZ production

00-enhanced signal regions

Z I " o/. | Prediction
e Cuts on g;[;pzto mcreaseoOO—fra.c:’.uon — up to 23%! 100 < pZ S 200GV | p% > 200 GV
e Cutonpp” to reduce jet activity o I e 0234 2 0.000
—> more LO-like phase space for 0.120 + 0.002 0.062 £0.002
fro 0.109 + 0.001 0.058 + 0.001
frr 0.619 + 0.007 0.646 + 0.008

Signal regions

00-enhanced region 1

00-enriched region 2

Pass inclusive W Z event selection v
Transverse momentum of the Z boson (f?% ) [ 100, 200]| GeV

Transverse momentum of the WZ system (p.}"fz )

V4
> 200 GeV
< 70 GeV

arXiv:2402.16365 E. Bachmann | 11 July 2024 | LHC EW WG meeting | 14



https://arxiv.org/abs/2402.16365

Energy dependence of WZ polarization fractions Sl

Polarization modelling Discriminant variable
) : : : 7 -
* MadGraph LO+0,1] ® Dedicated BDTs trained in each p7. bin
¢ Uncertainties from NLO QCD+EW to discriminate Wy Z, vs rest
f|Xed‘Order Ca|CU|at|OnS (G. Pe|||CC|O||, Trainingvariable Definition
D uc N | N h I_e) AY (twZ) Rapidity difference between the W lepton and Z boson
py- Transverse momentum of the WZ system
_ R ——— pr(tw) Transverse momentum of the W lepton
S 350K ATLAS « Data mW,Z, - pT(féz ) Transverse momentum of the subleading Z lepton
E C Vs=13TeV, 140 fb \F’,Vr%zn;;:’VTZo -KIVJE_L NNV Emiss Missing transverse momentum
W 300F SR 100<pZ<200 GeV 2 Tot. Uncert. = cos Oy, Cosine of the angle of the Z lepton in the WZ rest frame w.r.t the z-axis
B O; el cos O¢,, Cosine of the angle of the W lepton in the W Z rest frame w.r.t. the z-axis

200

Statistical analysis
e 2 fit configurations
© 3 parameters: u, foo, fro + for
e © 2 parameters: i, foo
o N * Dominated by statistical uncertainties
ottt gt ¥ e NLO QCD uncertainties subleading

0.5__III]IIIIIII|III|III|III|III|IIIIIII|III_:
i -08 06 -04 02 0 02 04 06 08 1

150

100

50

Data/Pred.

arXiv:2402.16365 PDT score E. Bachmann | 11 July 2024 | LHC EW WG meeting | 15
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Energy dependence of WZ polarization fractions

- ATLAS

|l|||III|III|III|III‘IIIIIII

S o Data mW,Z,
£ 3501 - G WZeW,Z,  mWiZo
L%’ F fFH :)?) Tsz\i’zl)éoézv Prompt Non-prompt
C <p_= 4 Tot. Uncert.
800F post-Fit '

.55

ot

Data/Pred.

e ce

e

/L .

05 1 | |

AV

: I | 1 11 11 1 11 1 1 Illllll‘llll
-1 -08 06 -04 02 0 02 04 06 08

1

BDT score

Events/0.1

Data/Pred.

50 LI I I | I L I UL ‘ LI | LI I T T |_
ATLAS « Data mW,Z,
- - WZg Prompt
Vs = 123 LR Non-?)s}ompt % Tot. Uncert.
401 SR p?%>200 GeV
it

Post-F

|l|l

ATLAS

EXPERIMENT

3 parameter fit

Measurement

100 < p7 <200 GeV pZ% > 200 GeV

foo 0.19 %703 (stat) =005 (syst)  0.13 +(00 (stat) £002 (syst)
for+1o 0.18 +007 (stat) 00> (syst)  0.23 £0-17 (stat) £0-00 (syst)
frr 0.63 £007 (stat) +00; (syst)  0.64 +0-13 (stat) +0-9 (syst)
foo obs (exp) sig. 524.3)0 1.6 (2.5) o

‘fW L M“l 4 A
T

05308 206 04 02 0 02 04 06 08
BDT score

100 < pZ% < 200 GeV region

5 sigma observation for fjg in

Evidence for fyg inp% > 200 GeV
region for 2 parameter fit

arXiv:2402.16365

2 parameter fit

Measurement
100 < p7 <200 GeV pZ% > 200 GeV
foo 0.17 £y05 (stat) £ (syst)  0.16 £ 02 (stat) +7705 (syst)
fxx 0.83 05 (stat) £ 07 (syst)  0.84 +.-02 (stat) 00> (syst)
foo obs (exp) sig. 7.7 (6.9) o 3242) 0

E. Bachmann | 11 July 2024 | LHC EW WG meeting | 16
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RAZ effect in WZ ATLAS

Radiation Amplitude Zero effect
e At LO: TT cross-section drops to zero when cos 8y approaches zero
—> observable as dip in AY(WZ)and AY (/wZ)

® Diluted by NLO QCD eftects

—>» reduce jet activity with py 2 cuts

APV <70 GeV|.. |pVZ < 40 GeV|._ IpV% < 20 GeV|.

L 3000F= @ e F
< C S ~ S 1600 — —
0] - N - -
kT - ATLAS ¢ Data Prompt . AT . ATLAS ¢ Data Prompt AT - ATLAS ¢ Data Prompt 3
2500 — 4 Non-Prompt W,z - L p Non-Prompt Wz, = 1400— ) p Non-Prompt Wz, =
: 'I{E =13 TeV, 140 fb WQZT+WTZO - WTZT = B 'Irg =13 TeV, 140 fb WUZT+WTZO - WTZT i - 'Irg =13 TeV, 140 fb WDZT+WTZO - WTZT 5
- 244 Tot. Uncert. B %4 Tot. Uncert. _ 1200— #4< Tot. Uncert. =
2000— - - 7 -
- 12001= ;. 1000 — .
1500:_ B 800__ =
B 1000{— — E E

= B 600 —
1000 — B C 5
- B 400— n
N 500 — — - -
500 — L - -
u - 200— -
8_ g_ g_ 1
S 18E ' = B 18E ' ' E B 18E ' e
I 16E // Y E S 16F / ' 7 3 S 16F é g =
‘a“‘;/ e ot E ‘a}-gz/ e Iy E s M Z L1t ,)»/ E
g 1'21§ 2 %2 s B B D : g “GE -] » Nd’/l,"?/,‘ 8 /}/ : );/.f/smé/p o 48 ’ E
0.8 = 0.8 . = 0.8 e ‘ —
0.6E s . s, = 0.6E / ; : % = 0.6E . : : . X =
-6 -4 2 0 2 4 6 6 -4 2 0 2 4 6 6 -4 -2 0 2 4 6
AY(WZ) AY(WZ) AY(WZ)
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ATLAS

w I I 1 1 1 1 I I I I
RAZ effect in WZ P e o
e eCt In 3 ATLAS + Data Prompt EXPERIMENT
- Vs =13 TeV, 140 b Non-Prompt
°" . WoZr+W-Z, Wz,

1200

Depth variable to quantify dip o
IN(|AY| < 0.5) o
IN(0.5 < JAY] < 1.5)/2

24« Tot. Uncert.

D=1

400

200

I|I||II‘III|I|I||II‘I|[||II|II||I
I|I||II‘III|I|I||II‘III|III|III|I

Measure depth using unfolded TT-only

° ° ° ° WZ Q—G ' ' 6
distributions for different p “ cuts
T AY(WZ)
S . L A I R S R S SR RN L BN - — 12 | |
< 0.7 ATLAS -e- Data @8 Stat. Uncert. — N B T 5
g = C (- 13 TeV, 140 b [ Tot. Uncert. - MG+Pythia = é - ?_TE.AS . o Data —+ MG+Pythia % Tot. Uncert. -
a2  F vy D - 2 1 Vs=13TeV, 140 fb o
N 0.6/— RAZ Region p_“< 70 GeV = = [ TT polarization state i
AL — - Q i 1
0.5 = S 08 7 . 7 — o
0.4 v — 0.6 o o
0.3 = C . RAZ di P IS
= —— = 0.4~ = o o I
02F- E : 1 clearly visible!
— = 0.2— -
0.1 — N i
— 3 — 0 l I
[ T T T T (N T TR W T N SR N | | | — - F =
0 . ' . S 10F | ! E
T 14 ———————— O
% 1.2 - g '1 """" — 2
S 1 A = =l 9
S o8 = = 08 20 40 I 70
0.6| _ , , , , =
0 1 2 3 4 5 B

max(p‘fz) [GeV]
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Polarization measurements in ZZ
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. e . ATLA
ATLAS polarization measurement in ZZ e

Analysis target: joint-polarization states Z;Z; and ZrZx

Reference frame: 77 rest frame

o
ot

z-z'-x' plane

Discriminant variable

e BDT trained to separate Z;Z;, from ZrZx p
o i /
. Z, rest frame .
puts: cos 01, cos b3, cosly , Agy , , Ady,,, ;
Y

@ SEARERERN LML R RARE RERE RARE RARE RRRE @ AEAABRSA ML AR RARE AL RARE RRE @ ADESEERAL R R R R
= u ATLAS Simulation 9 = 0 12“_ ATLAS Simulation N = T ATLAS Simulation a
Lﬁ 005__ E=13T9V _ZTZT ol Lﬁ ) ~ |’§=13Te\v’ _ZTZT . u:"J‘ 006:_ E=13Tev _ZTZT _:
- T qf— 2Z — 4 —Z;Z, 1 5 T GG — ZZ — 4 —Z.Z - T oG — ZZ - 4 —Z;Z, g
. - polarisation states —2ZZ 5 5 0.1 polarisation states —Z2Z — S - polarisation states —Z7Z =
= 0.04+ shape-only | = | shape-only 1 T 0-05__ shape-only |
B 3l = E © ¥ 5l

£ £ 0.08f R

0.03F N -

C 0.06_ 0_032_

0.02 § :

- 0.04_ 0_02;_

0.01 0.02F 0.013
_I 11 I 11 1 | 11 1 | L1 1 I 11 1 | 11 1 I 11 1 | 1 1 1 | 11 1 I 11 1 _I 11 I 11 1 | 11 1 | 1 1 1 | | 1 1 | 11 1 | 11 1 I 11 I_ : | 1 1 | | 1 | 1 1 1 1 | 1 | 1 | 1 | 1
-1 -08 -06 04 -02 0 02 04 06 038 1 -1 -08 06 04 -02 0 02 04 06 038 *1 -3 -2 -1 0 1 2 3
cosb, cosﬁ‘z1 a I,
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ATLAS polarization measurement in ZZ 2l

Templates challenge
* MadGraph 2.7.3 + Pythia 8 for polarized QCD qq — ZZ+0,1,2j and EWK qq — ZZjj

e Reweight QCD samples based on polarized NLO QCD+EW corrections (MoCaNLO):

1 k MOC&NLogi{ton Sh_NLOifftide [JHEP1 O (2021 ) 097]
. pol — . ; X L e L e B Ly B By B L A B
MG_OlZJLOEif“de MoCaNLOfIf‘gton % 0'0225_ ATLAS Simulation — 2,2, -+ Z,Z,(wio NLO correction) =
f . f 9 AY i 01.85— ‘I:= 1§’ZT9V4| —— 2,2, --- Z,Z,(w/o NLO correction) =
b — il qq — — . =
as a tunction ot cos 01 or |[AY ;| S 016 polrisaton sats — 22, 22,0 NLO cometion) >
5 0.14F shape-only T i [—
MoCaNLOP¥"* " — 3~ MoCaNLOP ™" T 012 L -,.J_l_ =
2 N = T E
oLa inc 0.08 .---. =
, 006" = Eeacfe =
as a function of cos 61 or |AYz| o 04E- =
0.02— =
;_=|"." R | | | | | | —
; Sh NLOT® — Nreco o S
o Kpes = Q 1051 =
Zpol NP01 <
097 —"908 06 04 02 0 02 04 06 08

as a function of cos 0, and A¢; ;. BDT Score
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https://arxiv.org/abs/2107.06579
https://arxiv.org/abs/2107.06579
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ATLAS polarization measurement in ZZ i

Templates challenge
® Polarized templates for gg-loop induced ZZ from inclusive ggZZ sample (Sherpa 2.2.2)
and polarized leading order calculation (MoCaNLO)

gg//,parton
O NggZZ,reco _ MOC&NLOPOI < ShggZZ,reco
pol - gg//,parton Inc
MoCaNLO: > 7
as a function of cos 604
© interference negligible
o 2D reweighting as for qqZZ
/
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ATLAS

ATLAS polarization measurement in ZZ

|||||||||||||||||||||||||||||||||||||

6001

Statistical anaIYSiS % - ATLAS ¢ Data
o F . ‘5 =50 Vs =13 TeV, 140 fb Wzz
ree parameters: urr, LT + UTL + WTT & oz m
e Evidence for doubly-longitudinal ZZ with 4.30 (3.80) L
° I\/Ieas%red cross-section in agreement with SM prediction: ooy 7 Unoorainy
o 07 SZL = 2.45 + 0.56(stat.) + 0.21(syst.) fb 200} : ‘
IZ)TZL = 2.10 £ 0.09 tb 100} |
% 1 1 /f/fé//‘////i‘//v’/‘/f; /+//+ )+74/+ vi//;%r/; %*///F// /4;//;///// %
Contribution Relative uncertainty [ %] g o3 f
Total 24 1 08 -06 -04 02 0 04 06 08
BDT Score
Data statistical uncertainty 23
Total systematic uncertainty 8.8 Measu rement Iimited by
MC statistical uncertainty 1.7 StatiSti Cal power
Theoretical systematic uncertainties
qq — ZZ interference modelling 6.9
NLO reweighting observable choice for gg — ZZ 2 N . .
PDF, a; and parton shower for g — ZZ 2.2 Th eo ret|Ca| SYStematlcs
NLO reweighting non-closure 1.0 o o o
OCD seals Tor 43 — 22 e dominated by reweighting
NLO EW corrections for g§ — ZZ 0.2 uncertainties!
gg — ZZ modelling 1.4

JHEP 12 (2023) 107
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Polarization measurements in same-sign WW
Vector Boson Scattering




CMS same-sign WW polarization measurement

Analysis target
e Joint-polarization: W; Wi, W=Wx
e Singly-polarized states: W, Wy, Wz Wy
gly-polarized states: W; W, Wr Wk

Reference frame
o \WW rest frame
® |nitial state parton-parton rest frame

Analysis strategy
® Cut-based SR selection, leveraging VBS

topology
® CRsto constrain WZ, nonprompt lepton, tZq

and ZZ backgrounds

Phys. Lett. B 812 (2020).136018

B

2

g

2

g

C M S\ 2
/ 2

. §

-3

Y g
g

N g

&

O

Variable Requirement
Leptons Exactly 2 same-sign leptons, pt > 25/20 GeV
P >50 GeV
‘mgg = mz| >15GeV (ee)
Myy >20GeV
pmiss >30GeV
b quark veto Required
Max(z;) <0.75
i >500 GeV
‘A’?jjl F 21D
137 b (13 TeV)
> 15-cMs M Otherbkg. ¢ Data
Q) B —W W, N BKg. unc.
; ] W, W; L
= I — W, W mwZz
© [ T 22
L B Nonprompt
I tVx

0.5

14
12 E

Data/SM

0.8 |

500 1000 1500 2000 2500 3000
m; [GeV]
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CMS same-sign WW polarization measurement =
BDT input variables

Discriminant variable

Inclusive BDT: W*W * vs bkg.

* Two signal BDTs per frame:

o WiWivs WaWi
o WiWixvs WaWx

Polarization modelling
* pol. MadGraph LO
e NLO QCD+EW correc-
tions from inclusive
fixed-order calculations

Phys. Lett. B 812 (2020).136018

inclusive BDT

05 1
BDT score

137 b (13 TeV)
= | cms  MOtherbkg. + Data i
; —W W, N \?vl‘(*%v* unc.
— —W W W .
GCJ400_ _WLWT mwZ ] Slgnal BDT
> T°T ZZ
L i
| " Nonprompt | m]]
NN ) A5
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2
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7 05 05 1 pfl
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144
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>0tk —W, W, W Bkg. unc. | — 10° —W, W, wBkg.unc. 3
= - W W W Wy — W W = W, W, W w,— W, W, ¥
3 —w,w,  mwz S —w,w,  EWwz £
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CMS same-sign WW polarization measurement £

Statistical Analysis

* One fit per signal hypothesis
o WiWiand WEWi: Inc
o WiWiand WEW 5 : Inc
®* Free parameters: (17, 1T

137 b (13 TeV)

\\\\\;\\\\\\‘

'_% CMS | B Other bkg. ¢ Data
> | —W. W, 2 Bkg. unc.
2 —W, W W W+
- LT
D 400 — W, W, mwz
L B ZZ |
I Nonprompt
i Btvx
o AN

1 05 0 05

BDT score

Phys. Lett. B 812 (2020).136018

X
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CMS same-sign WW polarization measurement

WW-frame

e Significance for VVLiVV;gL production of 2.30 (3.10)
® 95% CL upper limiton W7 W;: 1.17 (0.88) fb

Process

o B (tb)

Theoretical prediction (fb)

Wi Wy
Wi Wr
Wi Wy
W W3

+0.42
i
| 20+036
5 171-+049
- —047

0.44 = 0.05
3.13 == 0.35
1.63 = 0.18
1.94 1+ 0.21

pp-frame

e Significance for Wi W ¥ production of 2.60 (2.90)
® 95% CL upper limiton W7 W;": 1.06 (0.85) fb

Process

o B (fb)

Theoretical prediction (fb)

W=W:
WL W
WEWy
WIWs

0.40
e
g

0.51
2.0372,

0.28 £ 0.03
3.32 4+ 0.37
1.71 £ 0.19
1.89 £ 0.21

Phys. Lett. B 812 (2020).136018
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Measurement strongly
dominated by statistical
uncertainties!
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Conclusion



Summary

* \Weak boson polarization is a useful tool to
© probe the inner workings of the EWSB
°© look for physics beyond the Standard Model
® First observation of joint-longitudinally polarized VB in WZ, evidence in ZZ,
with Run 2 dataset
© Modelling of polarization templates is the main systematic uncertainty
© Interference contribution may not be negligible
—> Careful selection of observables, decorrelation from ¢7,
and / or interference templates necessary
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Outlook

® Recent advancements in Monte-Carlo generators:

© Powheg-Box-Res+Pythia: inclusive VV @NLO QCD+PS (G reliiccioli, G. zanderighi 2023]

© Sherpa 3: arbitrary processes @nLO QCD+PS, multi-jet merging,

interference templates v Hoppe, M. schénherr, £ Siegert 2023)

© polarized gluon-loop induced processes via UFO model v Javurkova et al. 2024]
® Recent interest in semi-leptonic decay channels

© higher statistical power, but larger backgrounds
* New developments in machine learning techniques

o first steps towards a polarization tagger: “Amplitude-assisted tagging” (zixiv.2306.0772¢)
e Study of BSM sensitivity in polarized analyses

o EFT via UFO models should be possible in MadGraph and Sherpa

E. Bachmann | 11 July 2024 | LHC EW WG meeting | 31


https://arxiv.org/abs/2310.14803
https://arxiv.org/abs/2311.05220
https://arxiv.org/abs/2311.05220
https://arxiv.org/abs/2311.05220
https://arxiv.org/abs/2306.07726
https://arxiv.org/abs/2401.17365

Outlook

* Projections for measurement of joint-longitudinal W W;" at the HL-LHC presented
in the Yellow Report

14 TeV

'6' | | | | | | |
T > | CMS _
¢ [ ATLAS Simulation Preliminary - = | Phase-2 Projection l
> 51—

@ Vs=14 TeV 2 _S . {
2 — Y Vol ' = o
& I pp — W Wi 0 c 4L | s
2 4 Py (®)) ;
LU B o —_ S et T
; N @ v e 1 9
3 o 8 ------- ID—:

- D - S e |
S . | B s | S e &

T assmspiarenRs — W S i
S > = L/ 5
B E (0] 2~ /- 1 &
1} ——— with all sources of uncertainty |:II z—' " _ WWﬂ::,: ::;:e | %

B with only statistical uncertainties < @) = =

| - I L1l L 1 I L1 1 I L1 1 1 I L1 1 1 I L1 1 1 | L1 1 1 I L1 1 | I Ll 1
% 1000 2000 3000 4000 5000 6000 7000 8000 i 1l
LuminOSity [qu] O | | ] | ] ] ] | l ] ] |
2000 4000 6000
Luminosity [fb]
m Cut based analysis ® Almost the same analysis as

presented before
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Open questions

® |nterpretation of template-based polarization measurements

© inherently model-dependent — alternative approach?

© in the meantime: as many polarization fractions as possible!
® Best reference frame to use

© agreed-upon standard choice not yet defined
® Optimal definition of polarised-boson signals

o clear guidelines for the experiments are needed

Join the COMETA COST action!

ocost

EUROPEAN COOPERATION
IN SCIENCE & TECHNOLOGY

Funded by
the European Union

https://www.cost.eu/actions/CA22130/
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CMS polarization measurement in WZ

Yields
Process eee eel uue uuu Inclusive
Nonprompt 19 =8 48 + 16 45 =15 143 += 39 255 =46
V4 429+1.4 73 7 188 =6 363 £ 10 668 + 15
Xy 25+3 5.51+0.9 98 + 10 3314 161 =11
ttX 126 £1.3 24+ 3 47 +5 98 + 11 181 =13
VVV 8t3 14 +6 30 +12 60 + 24 111 £ 28
VH 3106 87=x1.6 19 =4 37 =7 68 =8
tZq 11.2+1.9 21 +4 45 + 8 88 + 16 165 += 19
WZ EWK 85=1.3 16 =2 355 72 11 132 =12
Total background 130 =10 211 £+ 20 507 £+ 26 894 + 54 1741 4+ 64
WZ 561 =15 112224 2328 =39 4974 =82 8985 £95
Total expected 691 £18 1333 £28 2835+43 5868 =89 10726 £95
Observed 739 1286 2849 5855 10729




CMS polarization measurement in WZ

Uncertainties
Source Combined eee eeu puue pup
Electron efficiency 0.6 32 18 09 —
Muon efficiency 1.2 — 05 1.0 15
Electron energy scale 0.1 03 01 01 0.0
Muon energy scale 0.1 0.0 00 01 0.1
Trigger efficiency 0.7 0.7 08 07 07
Jet energy scale 0.9 0.8 07 10 09
b tagging 1.6 1.8 1.7 18 1.6
Pileup 0.9 1.0 12 08 07
ISR 0.2 02 02 02 02
Nonprompt normalization 0.6 0.7 08 0.6 0.7
Nonprompt shape 1.0 1.2 1.0 09 09
VVV normalization 0.5 06 05 05 05
VH normalization 0.2 01 02 02 02
WZ EWK normalization 0.2 02 02 02 02
Z7Z normalization 0.3 03 03 03 03
ttZ normalization 0.3 04 04 04 03
tZq normalization 0.4 04 04 04 04
X7 normalization 0.2 05 01 05 0.1
Total systematic uncertainties 2.8 43 37 3.0 3.0
Integrated luminosity 2.1 22 22 21 21
Statistical uncertainty 1.5 50 34 25 20

PDF+scale 0.9 09 09 09 09




ATLAS Polarization measurement in WZ

Object selection

Muon object selection

Electron object selection

Selection

Baseline selection

Z selection

W selection

Selection

Baseline selection

Z selection

W selection

pr > 5 GeV

Inl < 2.7

Loose quality

|d§’L‘/a'(d€L}| < 3 (for |n| < 2.5 only)
|Azg"sin@| < 0.5 mm (for || < 2.5 only)
PflowLoose_FixedRad isolation

O NN

u-jet Overlap Removal
pr > 15 GeV
Il < 2.5

Medium quality

NSNNNISNSNASNANANAS

PT = 5 GeV

Electron object quality
|pcleser) < 2.47, |n| < 2.5
LooseLH+BLayer identification
|d§L/a-{d{'}3L)\ <5

|Azg" sin6| < 0.5 mm
Loose_VarRad isolation

e-to-u and e-to-e overlap removal

AN N NN

pr > 20 GeV
Tight quality
PflowTight_FixedRad isolation

NN RN NN RSN

e-to-jets overlap removal

pr > 15 GeV

Exclude 1.37 < |peluster] < 1.52
MediumLH identification
HighPtCaloOnly isolation

NSNASNSNSN|ISSNSASNSNSASS

pr > 20 GeV
TightLH identification
Tight_VarRad isolation

Unambiguous author
DFCommonAddAmbiguity < 0

A N N N B N N N BN N N N Y NN




ATLAS Polarization measurement in WZ

Event selection

Inclusive event selection

Event cleaning Reject LAr, Tile and SCT corrupted events and incomplete events

Primary vertex Hard scattering vertex with at least two tracks

HLT _e24_lhmedium_L1EM20OVH || HLT_e60_lhmedium || HLT_el2®_lhloose

HLT mu20_iloose_L1MU15 || HLT_mu50

HLT_e26_lhtight_nod0®_ivarloose || HLT_e60_lhmedium_nod® || HLT_el40_lhloose_nod®
HLT _mu26_ivarmedium || HLT_muS®

Trigger 2015

Trigger 2016-2018

ZZ veto Less than 4 baseline leptons
N leptons Exactly three leptons passing the Z lepton selection
Leading lepton pr | p*d > 25 GeV (in 2015) or p;*d > 27 GeV (in 2016)
Z leptons Two same flavor oppositely charged leptons passing Z-lepton selection
Mass window \Myr — Mz| < 10 GeV
W lepton Remaining lepton passes W-lepton selection

W transverse mass mf > 30 GeV




ATLAS Polarization measurement in WZ

Z 7 Control Region

Pre-fit Post-fit

W Z unpol. 30.6 £ 1.9 30.6 £ 1.9
47 2030 + 150 2290 + 50
tt+V 153 + 23 143 + 21
Misid. leptons 14 £+ 4 15 £ 4
Others 32 + 8 33 + 8
Total MC 2260 + 150 2510 + 50
Data - 2554

Yields
Signal Region

Pre-fit Post-fit
WZ in T 620 + 60 630 + 60
Y4 1420 =+ 120 1630 £+ 50
tt+V 870 4+ 130 820 =+ 120
Misid. leptons 1170 4+ 230 1010 + 220
Others 00 + 90 780 4+ 90
WoZg 920 + 40 1190 + 160
WoZr 2670 + 50 1900 + 500
W2, 2670 £+ 60 3100 =+ 400
W Zyp 10200 + 230 10900 =+ 600
Total MC 21400 £ 500 21950 &+ 170
Data — 21936




ATLAS Polarization measurement in WZ

Predicted and measured fractions

Data POWHEG+PYTHIA NLO QCD fo
Wtz Data POWHEGHPYTHIA
foo 0.067 + 0.010 0.0590 + 0.0009 0.058 + 0.002 WinW7Z | 0.23 £ 0.05 0.2044 & 0.0024
fop  0.110 + 0.029 0.1515 + 0.0017  0.159 =+ 0.003 Wi W 21 0.19 = 0.05 0217 = 0.004
fro 0.179 4+ 0.023 0.1465 + 0.0017  0.149 + 0.003 Wm W~z 0.21 £ 0.04 02094 £+ 0.0016
for 0.644 + 0.032 0.6431 4+ 0.0021  0.628 + 0.004 Zzm W7z 10223 £ 0.025 0.1971 = 0.0019
- ZinW~™Z | 0.241 + 0.029 0.2065 + 0.0023
W'z ZinW¥Z | 0.231 + 0.019 0.2009 + 0.0014
foo  0.072 £+ 0.016 0.0583 + 0.0012  0.057 £ 0.002
for 0.119 + 0.034 0.1484 + 0.0022  0.155 & 0.003 f— fu
frr 0.66 + 0.04 0.6472 + 0.0026  0.635 + 0.004 —— ‘
- WinWrZ | 0.071 £ 0.023 0.0990 &+ 0.0015
W Z WinW~Z | 0.026 £ 0.027 -0.0491 + 0.0020
foo 0.063 £ 0.016 0.0600 &= 0.0014  0.059 £ 0.002 Win W Z | 0.059 £ 0.016 0.0390 £ 0.0011
for 0.1 + 0.04 0.1560 & 0.0027 0.166 + 0.003 ZinW"Z |-0.20 + 0.10 -0.217 =+ 0.006
fro 0.21 + 0.04 0.1470 & 0.0027  0.152 + 0.003 ZinW~ Z | 0.10 + 0.13  0.092 + 0.007
frr 0.62 £ 0.05 0.6370 £ 0.0033  0.618 £ 0.004 ZinW*Z |-0.10 + 0.08 -0.092 + 0.005




ATLAS Polarization measurement in WZ

Uncertainties
Joo for fro  Jrr W*in Wz ZinWwW*z
Relative uncertainty [%] fo fu—Jr fo fu—Jr

e energy scale and id. efficiency  0.34 0.6 0.8 0.31 Relative uncertainty [%]
1 energy scale and id. efficiency 0.8 0.23 0.23 0.13 e energy scale and id. efficiency 1.4 0.8 1.3 0.7
E%liSS and jets 3.3 1.3 1.2 0.4 i energy scale and id. efficiency 2.1 5 0.8 0.5
Pile-up 0.6 017 0.4 0.15 Bt andjets 1.9 2.8 0.28 3.0
Misidentified lepton background 2.3 1.6 0.8 0.26 E{l}ejélp i i-j 3 . i -g fé
Z 7 background 0.9 0.7 0.32 0.7 ) midentiied lepton backgroun | | | -
Other backe ds 30 1.6 1.3 0 4 Z 7 background 0.7 0.6 0.6 25

ther backgrounds ' ' ' ' Other backgrounds 0.9 1.3 0.7 1.3
Parton Distribution Function 0.5 1.8 0.09 0.5 Parton Distribution Function 05 9 9 0 .05 05
QCD scale 0.19 &8 0.9 2.0 QCD scale 6 6 0 .29 5
Modelling 9 4 2.9 1.2 Modelling 12 3.1 2.2 19
Total systematic uncertainty 14 15 8 4 Total systematic uncertainty 14 11 3.9 21
Luminosity 03> 0.24 0.15 0.05 Luminosity 0.25 0.09 0.06 0.19
Statistical uncertainty 13 10 12 3.0 Statistical uncertainty 13 40 9 90
Total 19 18 14 5 Total 19 40 10 90




ATLAS measurement of ene?y dependence of
WZ polarization fractions and RAZ effect

Event selection

Inclusive WZ event selection

Event cleaning Reject LAr, Tile and SCT corrupted events and incomplete events

Primary vertex Hard scattering vertex with at least two tracks

HLT_e24_lhmedium_L1EM20VH || HLT_e60_lhmedium || HLT_e120_lhloose

HLT _mu20_iloose_L1MU15 || HLT_mu5®

HLT_e26_lhtight_nod®_ivarloose || HLT_e60_lhmedium_nod® || HLT_el4®_lhloose_nod®
HLT mu26_ivarmedium || HLT_muS5®

Triggers in 2015

Triggers in 20162018

ZZ veto Less than 4 baseline leptons
N leptons Exactly three leptons passing the Z lepton selection
Leading lepton pt 3911*3"“] > 25 GeV (in 2015) or pl{f“d > 27 GeV (in 2016-2018)
Z leptons Two same flavor oppositely charged leptons passing the Z-lepton selection
Z lepton invariant mass imer — Mz| < 10 GeV
W lepton Remaining lepton passes the W-lepton selection
W transverse mass m,'i,v > 30 GeV
AR AR(L,, %) > 0.2, AR({z, tw) > 0.3
Signal regions
Radiation Amplitude Zero | 00-enhanced region 1 00-enriched region 2
Pass inclusive W Z event selection v v v
Transverse momentum of the Z boson (p% ) - [100, 200] GeV > 200 GeV
Transverse momentum of the WZ system (p}vz ) < 20,40, 70 GeV < 70 GeV




ATLAS measurement of ene?y dependence of

WZ polarization fractions and RAZ effect
Yields
Process 100 < p7 < 200 GeV p% > 200 GeV
Pre-fit Post-fit Pre-fit Post-fit
WoZo 222 + 5 290+ 60 | 47.6 1.5 28 + 19
WoZr + WrZy 323+ 12 280 + 140 | 23.7 + 0.8 50 + 40
WrZr 856 + 31 920 + 100 124 + 4 132 + 29
Prompt background 169+ 18 166 £ 18 | 24.1 £2.7 242+ 2.7
Non-prompt background 68 + 29 80+40 | 2.8+ 1.1 2.8+ 1.1
Total Expected 1640 £ 60 1740 =40 222 +8 236+ 15
Data 1740 236




ATLAS measurement of ene
WZ polarization fractions an

Predicted and measured fractions

3 parameter fit

RAZ effect

?y dependence of

Measurement Prediction
100 < p7 <200 GeV p% > 200 GeV 100 < pZ <200 GeV  pZ > 200 GeV
foo 0.19 %003 (stat) £0-02 (syst)  0.13 =002 (stat) +0-0% (syst) || foo 0.152 + 0.006 0.234 + 0.007
for+o 0.18 £007 (stat) £0-0° (syst)  0.23 £0-17 (stat) £0-9 (syst) || for 0.120 + 0.002 0.062 + 0.002
frr 0.63 £0-97 (stat) £0-07 (syst)  0.64 £ 13 (stat) £0-0° (syst) || fro 0.109 + 0.001 0.058 + 0.001
foo obs (exp) sig. 5243)0 1.6 2.5) o frr 0.619 + 0.007 0.646 + 0.008
2 parameter fit
Measurement Prediction
100 < p7 <200 GeV p% > 200 GeV 100 < pZ <200 GeV  pZ > 200 GeV
foo 0.17 £755 (stat) 2970y (syst)  0.16 02 (stat) +5-05 (syst) || foo 0.152 + 0.006 0.234 + 0.007
fxx 0.83 %75 (stat) =07 (syst)  0.84 =02 (stat) 0> (syst) || for 0.120 + 0.002 0.062 + 0.002
foo obs (exp) sig. 7.7(6.9) o 3242) 0 fro 0.109 + 0.001 0.058 + 0.001
frr 0.619 + 0.007 0.646 + 0.008




ATLAS measurement of ene
WZ polarization fractions an

Uncertainties

3 parameter fit

Source Impact on fy [%]
Experimental 100 < pZ <200 GeV  pZ > 200 GeV
Luminosity 0.1 0.2
Electron calibration 1.0 0.9
Muon calibration 1.1 1.3
Jet energy scale and resolution 5.9 9.0
ET™ scale and resolution 1.0 0.6
Flavor-tagging inefficiency 0.1 0.2
Pileup modelling 1.6 1.1
Non-prompt background estimation 5.8 0.8
Modelling
Background, other 1.4 1.6
Model statistical 2.5 5.6
NLO QCD effects 6.8 8.2
NLO EW effects 1.1 3.3
Effect of additive vs multiplicative QCD+EW combination 1.3 3.8
Interference impact 1.4 0.7
PDF, Scales, and shower settings 3.5 9.2
Experimental and modelling 2.1 7.3
Data statistical 18.0 64.5
Total 21.7 66.9

J

y dependence of

RAZ effect

pr? < 20 GeV

Impact [%]
Source TT state Sum of polarizations
Experimental AY(twZ) AY(WZ) | AY(EwZ) AY(WZ)
Luminosity 1.2 0.5 0.3 0.1
Electron calibration 1.3 0.7 0.7 0.2
Muon calibration 1.9 0.7 1.1 0.8
Jet energy scale and resolution 8.1 3.6 2.0 1.0
ET"™ scale and resolution 0.3 0.8 0.4 1.0
Flavor-tagging inefliciency 0.0 0.0 0.0 0.0
Pileup modelling 1.3 1.3 27 0.4
Non-prompt background estimation 4.2 1.4 5.7 1.7
Modelling
Background, other 4.0 1.4 49 1.5
Model statistical 2.3 1.3 4.1 2.2
NLO corrections 13.3 3.5 0.0 0.0
PDF, Scale and shower settings 13.1 5.4 0.7 0.5
Unfolding uncertainty 0.0 4.4 0.0 0.8
Experimental and modelling 21.5 9.1 9.3 3.7
Data statistical 13.3 6.5 24.1 11.7
Total 25.3 11.1 25.9 12.3




ATLAS Polarization measurement in ZZ

Yields
Pre-fit Post-fit
Interference 3377 £ 28 334 £ 2.
Non-prompt 187 =+ 7.1 185 = 7.0
Others 20.0 = 3.7 199 + 3.7
Total 3140 + 150 3149 + 57

Data 3149 3149




ATLAS Polarization measurement in ZZ

Uncertainties
Contribution Relative uncertainty [%]
Total 24
Data statistical uncertainty 23
Total systematic uncertainty 8.8
MC statistical uncertainty 1.7
Theoretical systematic uncertainties
qq — ZZ interference modelling 6.9
NLO reweighting observable choice for gg — ZZ 3.7
PDF, «, and parton shower for gg — ZZ 2.2
NLO reweighting non-closure 1.0
QCD scale for gg — ZZ 0.2
NLO EW corrections for gg — ZZ 0.2
gg — Z7Z 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




CMS same-sign WW polarization measurement

Yields
Process Yields in W=W= SR
WiW+ 16.0 £18.3
& % 63.1 +=10.7
& i 110.1 £18.1
QCD V\fj[\/\fi 13.8+1.6
Interference WEW+ 8.4+ 0.6
WZ 63.3 +7.8
/77 0.7+0.2
Nonprompt 213.7 =52.3
tVx 7.1+2.2
Other background 269 £9.9
Total SM 522.9 £ 60.7

Data 524




CMS same-sign WW polarization measurement

Uncertainties

Source of uncertainty WIWT (%) WiWzr (%) Wi Wx (%) WiWr (%)
Integrated luminosity 3.2 1.8 1.9 1.8
Lepton measurement 3.6 1.9 2.5 1.8
Jet energy scale and resolution 11 2.9 2.5 1.1
Pileup 0.9 0.1 1.0 0.3
b tagging 1.1 1.2 1.4 1.1
Nonprompt lepton rate 17 2.7 9.3 1.6
Irigger 1.9 1.1 1.6 0.9
Limited sample size 38 3.9 14 5.7
Theory 6.8 2.3 4.0 2.3
Total systematic uncertainty 44 6.6 18 7.0
Statistical uncertainty 123 15 42 22

Total uncertainty 130 16 46 23




