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Why weak boson polarization is interesting?

Gauge boson polarization is strongly related to the
structure of the electroweak sector

The Higgs mechanism predicts the existence of Higgs mechanism
Goldstone bosons, and those are eaten

by the W+, W-, and Z respectively, providing them
with a mass and their longitudinal polarization
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Why weak boson polarization is interesting?

Gauge boson polarization is strongly related to the
Goldstone boson theorem

“At high energy, longitudinal
vector bosons are analogous
to goldstone bosons”

structure of the electroweak sector

Higgs mechanism

The Higgs mechanism predicts the existence of
Goldstone bosons, and those are eaten

by the W+, W-, and Z respectively, providing them
with a mass and their longitudinal polarization

Important test of the EWSB

V.V -V .V,
Vector Boson
interactions

Also New physics might couple preferentially to
some polarization

W and Z boson
massive

o New physics
Additional with angular
longitudinal variables?

polarization




How to measure polarization?

What polarization means?

Right-handed: Left-handed:
Polarization describes the alignment of a particle’s
spin with its momentum. Quantified using the helicity: ___> ->
o Transversal polarization (T): the spin and momenta __> P <.._ P
are (anti)-aligned (h=1, -1) S S
e Longitudinal polarization (L or 0): spin parallel with h— § . E
the momenta (h=0) 1P|

A caveat

Polarization measurements are frame dependent
For all measurements you need to define a frame (there is not an universally preferred frame)

How to measure polarization?

Parity violation in weak interactions — polarization has effects on the decay products

Angular variables between the bosons and the decays are typically used to measure the weak bosons
polarizations

Perform fits to data distributions using polarized templates



Polarized templates how?

Monte Carlo generators

Several generators in the market:

® PHANTOM: 2 — 6 processes @ LO+PS [A. Ballestrero et al. 2008, 2017]

e Madgraph: arbitrary processes @ LO, PS matching, multi-jet merging [D. Buarque Franzosi et al. 2020]
o POWHEG-BOX-RES: diboson processes @NLO QCD+PS [G. Peliiccioli, G. Zanderighi 2023]
e Sherpa: arbitrary processes @nLO QCD, PS matching, multi-jet merging [MH, M. Schénherr, F. Siegert 2023]

Madgraph has been so far the one used by the collaborations

016 pp—e*e u*u- @ NLOEW, vs =13TeV, inclusive setup, uy =Mz

Fix order calculations - - [A. Denner, G. Pelliccioli 2021]
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The state-of-the-art

Measurements at LEP:

Only diboson process accessible for such measurements ete- =& W+W-

o Single boson polarization measurements: L3 [arXiv:0301027], OPAL [arXiv:0312047], DELPHI [arXiv:0801.1235]

o Joint-polarization measurements: OPAL [arXiv:0009021], DELPHI [arXiv:0908.1023]

Never reached observation level sensitivity for longitudinal-longitudinal joint-polarization

Measurements at the LHC:
Single and Joint- boson polarization measurements

pp = W=Z

o CMS @13TeV 137 fb-1 (inclusive phase space) CMS-SMP-20-014
o ATLAS @13TeV 139 fb-1 (inclusive phase space) Phys. Leit. B 843 (2023) 137895
o ATLAS @13TeV 139 fb-1 (high pt(Z) phase space) Submitted to PRL

pp — ZZ
o ATLAS @13TeV 140 fb-1 (inclusive phase space) JHEP 12 (2023) 107

pp — W=W-jj
o CMS @13TeV 137 fb-1 (VBS phase space) Phys. Lett. B 812 (2020) 136018



https://arxiv.org/abs/hep-ex/0301027
https://arxiv.org/abs/hep-ex/0312047
https://arxiv.org/abs/0801.1235
https://arxiv.org/abs/hep-ex/0009021
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http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-20-014/index.html
https://www.sciencedirect.com/science/article/pii/S0370269323002290?via=ihub
https://arxiv.org/abs/2402.16365
https://arxiv.org/abs/2310.04350
https://www.sciencedirect.com/science/article/pii/S0370269320308212?via=ihub

Polarization measurements in WZ




Single boson polarization measurement @13 TeV

The analysis target

Singlely-polarized final states:
“W polarization” : Wi .Z, WrZ, WoZ
“Z polarization” : WZ,, WZr, WZo

The frame

The helicity frame defined in the centre-of mass of the

measured gauge boson (W or Z) is used

How is the analysis performed?

Polarization templates obtained by reweighting a

POWHEG+Pythia sample based on the generator-level

cos(08v) distributions

Cut-based SR selection, that exploits:

ts (generated)

CMS Polarization in WZ measurement

JHEP 07 (2022) 032

CMS,

The frame:

80000

60000

-
fully leptonic WZ decays: leptons p1>25/10/25 GeV, g) 40000

ptMiss>30 GeV
Z mass on-shell (15 GeV window)
W reconstructed using pdg mass constrain

Three Control regions for ZZ, top and photon conversions

LLI

20000

137 b (13 TeV)

CMS Simulation
- ppoWZ

: e £y = 0.247 £ 0.001
B - f_=0.481+£0.002

—— Generateld

—— Fiducial

e £y = 0.272 £ 0.002

— Fit, p-value = 0.0613 _



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

JHEP 07 (2022) 032 CMS

WZ polarization extraction

<)
The statistical analysis
The cos(0v) distributions at the reconstructed level are fitted separately +-Data [ Wz, Wz,
for W/Z production. szo Bl WZ EWK B qg—2Z
B ttX tZq Xy

Free parameters: u (overall WZ cross-section), fO, and fL-fR are fitted
simultaneously in all the measurements

N\ Nonprompt £ Total SM unc.

Simultaneous fit of SR and background CRs

CMS 137 fo' (13 TeV) CMS 13710 (13 TeV)
C rrrryrrrrYrrrrrrrrrrrrrrrrrrr T T T T T T ] C FrrrrrrTrrrTrTrTTrTTT =
M "SR Post Fit ] m 2500} SR Post Fit 7]
— o500 ¢ Data lIWZ, Wz, 1 - ' +-Data mwz, WZ, ]
® [ wz, BWZEWK  [llqq—-ZZ 1 Logoof W WWZEWK  [Elqg—ZZ"
qc) 2000:-ﬁx [ ]tZq Bvvv B CIC) [l X Dth [ Xy -
> Xy RYNonprompt & Total SM unc. > 'Y Nonprompt £ Total SM unc. i
LLI - 1 L1500 Wiz —
1500 pp—)W Z 3 i pPp— :
1000[- . - E
500k -
0 0
5 1.2F o E 5 1.2F o 3
B H_DTotal SM unc. g H_DTotal SM unc.
Q 1.0 t—g—e— —0———‘——0——‘——_._—¢- S . —— = _.=-¢-
‘® 09F & 09F
et et
© 08 . - © 0.8F =
O T 08060402 0 02040608 1 (0O -1 08-06-04-02 0 02 04 06 08 1
a, cos(6,,) cos(6,)
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WZ polarization results

JHEP 07 (2022) 032

All results are provided in the charge-inclusive and both charged (W+Z, and W-Z) final states.

0.3

0.2

0.1

0.0t

W polarization charge inclusive SR

—— Observed,

—— Observed,

—— Observed,
o Best fit

137 b (13 TeV)
L

() Powheg+Pythia
| - |

68% CL
95% CL
99% CL

"0.15 020 025 030

0.3\?\/ - %40
fi - 1]

NP 032
0.30
0.28
0.26
0.24
0.22
0.20
0.18
0.16

CMS

Z polarization charge inclusive SR

CMS/

137 fb' (13 TeV)

T T T

— Observed, 68% CL 3
—— Observed, 95% CL :
—— Observed, 99% CL :

o Best fit

e N L . O Powheg+Pythia

-03 -02 -01 00 01 02 03 04 05

fe -

Overall results consistent between observations and predictions.

Observed significance for the presence of longitudinally polarized W bosons of 5.60 (4.30 expected).
Way over the observation mark (>80) for Z bosons.

No strong correlation is found between the measured parameters on the fits
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ATLAS Polarization in WZ measurement A@s

EXPERIMENT

Phys. Lett. B 843 (2023) 137895

The frame:
The analysis target

Joint-polarizations: WoZo, WtZo, WoZt, WtZr

Singly-polarized final states

The frame

The WZ rest frame for single and joint polarizations as maximize the
decorrelation of 00 and TT polarization modes

How is the analysis performed?

The templates challenge:

Polarized templates available with Madgraph 2.7.3 at LO+real corrections — great! but insufficient, bias
from 10% to 50% of the fraction values in this phase space

Joint polarization templates at NLO-QCD obtained using several reweighing techniques
© NLO-QCD at particle level available (MoCaNLQ) [A. Denner and G. Pelliccioli arXiv:2010.07149]

© Use DNN as a multi-dimensional reweigthing [arXiv:1907.08209] 14 '
| cos 022| Category 3 E Category 4
The joint-polarization extraction challenge: aids i

0 - ' TT

Four different polarizations fractions to extract OFLacoic A D P

DNN classifies each joint polarization state Catecorr 1 : Category 2
Events split in 4 categories based on cos6* to discriminate mix states (0T, TO) 00 ' To

0 0.5 1

i | COS Ozw I 14


https://www.sciencedirect.com/science/article/pii/S0370269323002290?via=ihub
https://arxiv.org/abs/2010.07149
https://arxiv.org/pdf/1907.08209.pdf

C'_

Events /0.2

oint-polarization WZ measurement

: | | | I I I I I I I 1 1 | | I I I I | :
3500 — ATLAS e Data //, Tot. unc. W.Z. =
— W-*Z SR Post-Fit OW:Z, [ W Z; W, Z =
3000~ {5 =13 TeV, 139 fb'! Others [ Misid. leptons E{i+V =
2500 BZz BWZinrt =
= ., ; : ! -
2000 |— 5 L WY 5 —
1500 ®  * L., E —
— S : S S -
1000 2 e ® 5 U .. —
- L e . P : =
o0 = = — e

0
. — | | | I | | | I | I | | I I | | | -
8 1.2 " [cos B,w| < 0.5 1|cos 6,w| > 0.5 1 |cos B,w| < 0.5 1 |cos B,w| > 0.5 E
D‘: 11: |cos 62| < 0.5 :|COS@;z|<05 :|cose;z|>05 1]cos 6,7 >0.5 =
E 1 Ht/ /;; £ A A tﬁ Aﬁ*ﬁ//{AA),A//-/-/-/-/-/-/-/-/-*—/7/7/7//}/7*//,'#/ﬂ#f/f*/ o, ///y 41 ArA A ﬁ+ﬁ/-/-/-/-//,§§
© = =
D 09 :_ | | | | I | | | | l | | | | I | | | | _:
0 1 2 3 4

4-category DNN score

First observation of joint polarisation states for diboson

Significance on foo at 7.10
Significance on frr and fro >50

Data POWHEG+PyYTHIA NLO QCD
wW*z
foo 0.067 £ 0.010 0.0590 £ 0.0009  0.058 £ 0.002
for 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

)

ATLAS

EXPERIMENT

Phys. Lett. B 843 (2023) 137895

Statistical analysis

Simultaneous fit of the 4 categories

Statistical uncertainties at the same level as
systematic uncertainties, mainly

Template modelling uncertainties (Higher order
QCD shape effects on polarization templates)

QCD scale
Ermiss/jets object reconstruction

A ——
H0.25F : ATLAS
[V~ o 3
02F - Vs =13 TeV, 139 fb
0.15F ! \/ R ® Data
. '\ "] A NLOQCD
F i v Powheg+Pythia
0.05F el < = 10 contour
OF 4 e 2 ¢ contour
::::::::::::::::::::::'....,....,....,....,....,..
o 03F T E W-*Z events
Y - 1 ]
0.25F . T .
02F Q A @ 3
0.15F ‘. VN N 3
0.1F + 3
F 1 1 P 1 I"....I....I....I....I....I..-
1 -+ e
Fo7sF + + v
"= E e I - I ]
07f SN E L 7. :
065f PE - 3
: ! K - I A \ ]
08 a F F
055 + + .
C 1 1 | 1 Ml B PP PP P PP PP PIPh ol EPEPEPEP EPEPEPErE APEPErrS PR Erers b

0 0.02 0.04 0.06 0.08 0.1 0.05 0.1 0.15 0.2 0.25 0.1

fOT

0.15 0.2 0.25 0.3

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

Single boson polarization WZ measurement £

EXPERIMENT

Phys. Lett. B 843 (2023) 137895

Single Boson polarization: fo and f.-fr measured for W and Z boson
Single Polarization templates using analytical reweighting agreed well with fitted templates with data

fo measured with 50 significance even in charge break-down

AN 4000 L [T T [ T T T T4 q\, N T T T T T T T T T
© - ATLAS e Data ///, Tot. unc. 3 © 4500 ATLAS e Data ///, Tot. unc.3
@ 3500F- W*Z SR Post-Fit 1 EéR Déth - @ s000E. W'Z SR Post-Fit W, w3
c - Vs= : ers S T = Ve -1 W, Others
7 o fom1aTev o9 Misid.leptons -V § 3500 Is=13Tev, 13910 DMisiol. leptons -tf+vers 3
L - mzz MWWZint - L = mzz WWZint J
25001 o 3000 . =
- W O g . = % 3
2000 3 2500 S B =
Exe Tans e - ® -
1500 0 T 3 2000 1|—|—\_\;W E
- = 1500 —
1000 - — = -
ﬂ 1000F=4 ’_,—'—s'—l— =
500= = 500 E
S S ——— R R I
5 1.1_ L s e B L B B B 5 1_1_ L L s s s S B s e
£ F ¢ ] © r t )

i o g [
= 1ff//{/////)///////#//////)p///////://f///}y/////é///////(//////////////(ﬁ_ = 1%V//////;y//////;//////////////f//—/—/—/—/-y//ﬂ/)///////{//////}///////%
© B ] = - ]
= 0 9— L T I T R 0o [ I I B R R BT L]
=1 -0.5 0 0.5 1 0'9_1 05 0 05 1
c0S 6,2 qw-cos 6w

Are the polarization correlated?
. . . Joo
The spin correlations using Re = —7—= Data POWHEG + PYTHIA
f 0 f 0 w*z
If uncorrelated R. = 1 while SM (NLO QCD) predicts R. = 1.3 foo 0.067 £ 0.010 0.0590 + 0.0009

for 0.110 £ 0.029 0.1515 £ 0.0017

Measured R. = 1.54 +0.35 (Obs. Significance 1.6¢ wrt R. = I hypothesis)  fro 0.179 £ 0.023 0.1465 + 0.0017
frr 0.644 £ 0.032 0.6431 + 0.0021
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RAZ effect and energy dependence of WZ A@

EXPERIMENT

polarization fractions Syt o AL

The analysis target
Radiation Amplitude Zero (RAZ) effect for WZ
Joint-polarizations at high pt(Z): WoZo, W1Zo, WoZT, WtZ7

Radiation Amplitude Zero effect

At LO strong gauge cancellations making a drop in the TT cross-section (true for WZ and Wy [DO result])

Use a pt(WZ) cut to reduce the jet activity — tighter pt(WZ) cut = more LO like Phase Space!

pT(WZ)<70 GeV pT(WZ)<40 GeV pT(WZ)<20 GeV
(D T T T I T T T I T T L— (n T T T I T T T I T T T U) - T T I T T T I T T T ]
g 3000 i g L - ‘GEJ 1600 — ]
O - ATLAS ¢ Data Prompt . T | ATLAS ¢ Data Prompt i T - ATLAS ¢ Data Prompt 7
2500 |— » Non-Prompt Wz, — 2000[— 4 Non-Prompt mw,z, — 1400— » Non-Prompt mw,z, -
- Vs=13TeV, 140 fb W,Z,+W,Z, W,z . - Vs=13TeV, 140 b W,Zr+W,Z, mW,z ] - Vs=13TeV, 1401b W,Z, 4+ W, Z, mw.z .
C #4<Tot. Uncert. 7] L 74 Tot. Uncert. _ 1200 — %4 Tot. Uncert. -]
2000|— — B 7 - 7 .
- . 1500{— — - .
- _ B _ 1000— —
15001~ = - ’ 800~ —
- ] 1000}— — C N
- - B 7] 600|— —
1000{— — B ] C .
- _ B 7 400[— —
- _ 500|— — - ]
500{— — L i - ]
C 7] - — 200{— —
- _ - o — C ]

ol——— 0 0

5 gz 7 ‘ 7 3 | gs ‘ 7 3 5 gs ‘ 3
o 18E E o 18E 3 o 18F E
a ]g:// ' % 3 a 1-6;/ ' 7 3 a 18F % 4 3
SIE . N BRI W 53 EERE R gy =
& 1% » .oain e a8 7t & 14 2 5 iie i in i S Z E & 14E 2.0 I 2 E
0.8F- 7 = 0.8F ’ = 0.8F ’ =
0.6E . ‘ : 5 0eE %, /'/ = 0.6E ‘ ‘ ‘ ‘ : =
-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)

Polarization modelling: Madgraph LO 0+1j merged samples. Uncertainties by reweighing to NLO QCD+EW
based on fix order predictions (G. Pelliccioli, Duc Ninh Le)
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Radiation Amplitude Zero effect in WZ

Depth AY(WZ)|

Data/Pred.

Define a Depth variable to qualify how deep is the TT deep

D=1-2x%

central
unf

sides
N, unf

D =0 no deep
D <0 an excess
D > 0 means there is a deep

Calculated the depth using unfolded TT only distributions
(00+0T+TO-subtracted) for different pt(WZ) cuts

1.2

—
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L ATLAS
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2
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2. Z
V. Z

20
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70
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Depth variable well above 0 ! We see the RAZ deep !

&

m
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o
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-
£
m
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—

Submitted to PRL
— 1p1(W2)<20 GeV | =0
€ | |
= 1600 —
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-1 040 -
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1200 74« Tot. Uncert. Miena —
y Aitha |

7
1000 : '

800
600
400

200

Unfolded angular variables (w.o subtracting any
polarization state)

= IR L
N — -
olez 0/ ATLAS -e-Data @ Stat. Uncert.
< z E Vs=13TeV, 140 fb" [ Tot. Uncert. .- MG+Pythia -
< 0.6[— RAZ Region pi%< 20 GeV —
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0.5 —
04 E [E— E
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WZ join polarization - 00-enhaced region A@s

EXPERIMENT

Submitted to PRL

To increase the contribution of the longitudinal component we use pt(WZ)<70 GeV and do the measurement in

2 p1(£) bins [100,200] and [200, inf] GeV

Prediction
Double Longitudinal component increased up to 23% 100 < pZ <200 GeV  pZ > 200 GeV
Relative s-channel contribution expected to be higher at high pt(Z) Joo 0.152 + 0.006 0.234 + 0.007
Jor 0.120 + 0.002 0.062 + 0.002
To separate the polarization components dedicated BDT were fro 0.109 £ 0.001 0.058 +0.001
trained for each pt(Z) bin frr 0.619 + 0.007 0.646 + 0.008
g Frrrrrrryrrrprrrp e e e e T R Q L L Y Y IO T T_]
@ - ATLAS » Data mWZ, . Q - ATLAS « Data mW,.Z ]
€ 350 - _ ] W.Z+W-Z, mW-Z — 8 50 ] 00 —
2 (s=13Tev, 140" pO T ™ SNonprompt 5 [ Vs=13TeV, 14010 ‘F’X%Zr;;:’vTZO -\,(lvgﬁ)rompt )
3001 IgoRs:-cl):(i)t<pT<200 GeV 4 Tot. Uncert. 3 o - SR pz_>200 GeV 4 Tot. Uncert. ]
7, n 40— Pre'FTlt —
250 - - i
200 — 30:— _:
150 —f E E
. 20 —
100 - I i
50 = 10k N
0_ 111 | 1 1 | 111 || L1 1 L1 1 1 .
2__I t | e | T P e P e T P t I__ 1 1 1 1 | 11 | | | | | 1 1 1 | 1 1 1 | | I | | 1 1 1 | 1 1 1 [
. 2F - 0
g 1 5:_ _: 2__I T T | T 1T 1 | T T 1 | T 11 | T 1T 1 | T 1T 1 | T T 1 | T 11 | T 1T 1 T T I__
- ! b .t 'y I E
RAMMRAEIE T B 2RI S -
0.5__| 11 | 1 1 | 11 1 | 11 | 1 1 | 11 | 1 1 | 11 1 | 11 | 11 I__ (U 1_ | + | 7 ! K /+ ]
1 08 06 -04 02 0 02 04 06 08 1 = = | | | | + | | | | e
BDT score 051208 06 04 w02 0 02 04 06 08 1
COS GV

19


https://arxiv.org/abs/2402.16365

)

WZ join polarization - 00-enhaced region ATLAS

Statistical analysis

Fit performed using 2 configurations (more free

parameters less model dependent):

EXPERIMENT

Submitted to PRL

100 < pZ <200 GeV  pZ > 200 GeV

Prediction

3 parameters: 00, TO+0OT and TT foo 0.152 + 0.006 0.234 + 0.007
2 parameters: 00 vs TO+0T+TT Jor 0.120 +0.002 0.062 +0.002
fro 0.109 + 0.001 0.058 + 0.001
Dominated by statistical uncertainties, but NLO EW and frr 0.619 + 0.007 0.646 + 0.008
QCD uncertainties have the largest impact!
3 free parameters
Measurement We are able to reach observation/
100 < p7. <200 GeV pZ > 200 GeV evidence of double longitudinal
foo 0.19 £003 (stat) +0-92 (syst)  0.13 +0-09 (syst) bosons at high pr(Z) !! = approaching
00 003 it the regime where longitudinal bosons already
Jors+1o 0.18 £7g (stat) e (syst)  0.23 £ (syst) behave as Goldstone bosons
frr 0.63 0702 (stat) £0-0s (syst)  0.64 |3 (syst)
foo obs (exp) sig. 524.3)0 1.6 (2.5) o
2 free parameters
Measurement
100 < pZ <200 GeV pZ% > 200 GeV
foo 0.17 £005 (stat) £90; (syst)  0.16 +5-02 (syst)
fxx 0.83 £002 (stat) +0-0% (syst)  0.84 +£0- (syst)
foo obs (exp) sig. 7.7 (6.9) o 3242) 0
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Polarization measurement in ZZ
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ATLAS ZZ —4¢ Polarization &)

EXPERIMENT

JHEP 12 (2023) 107

The analysis target
Joint-polarizations: Z\Z, and Z\Z1.Z1Z1 QCD 2z EWK ZZjj gg-loop ZZ

q VA qQ q3

The frame: The centre-of-mass frame of the two Z bosons g%% f,fl’
A
gs&@&

Z

How is the analysis performed?

Y

The joint-polarization extraction challenge: z

.. . . . q VA a2 Q4 7

Boosted Decision Tree trained to discriminate Z,.Z. vs Z1Zx
Using the leptons and Z bosons angular variables T o
g 0 25 ATLAS Simulation — 2,2, ---. Z,Z(w/o NLO correction)
> "°E {s=13TeV =
The templates challenge: % 0.18F- q; e i . — 2.2, - 2,2, (Wlo NLOcorrect!on)_;
c 016 polarisation states 2B 22 (Wio NLO correction) _—
Polarized templates available with Madgraph 2.7.3 for 5 0.14F= shape-only 13
=012 b= —
» QCD and EWK, buit... B E
» Not possible for the loop-induced gg 0-08_2__—;1 —
0.06— —
NLO EW + QCD corrections and the loop-induced gg 0.04 = S
. . . 0.02— —
calculations are available for ZZ at particle level (MoCaNLO) ot ==
[A. Denner and G. Pelliccioli JHEP10(2021)097] S 1.1 —
O 1.05— —
A three step reweighing method using 1D and 2D distributions to: Z I e i e e a

Incorporate NLO EW + QCD corrections to the Madgraph 09708 06 04 02 0 02 04 06 08

2.7.3 simulation BDT Score

 Obtain polarized templates from the unpolarized Sherpa
the loop-induced gg MC sample

Include interference effects among the polarization templates (non-negligible for some observables)
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ATLAS ZZ —4¢ Polarization 69

ATLAS

EXPERIMENT

JHEP 12 (2023) 107

Evidence of longitudinally polarized bosons in ZZ!

\ \ ‘__600_"']"'["']'"I"‘I"'I"'I"'I"'I'_
o [ ]
Fit using 2 free parameters Z.Z. vs Z1Zx ° ATLAS ¢ Data ]
. . 4+ [ -1
Evidence for Z.Z, with 4.3¢ ( 3.80 exp.) S ool 'S=13TeV. 14010 Wzz
b - pp > ZZ — 4l Bzz
Measured Z.Z, cross section in agreement with - Post-Fit AvAl ]
i 4001 B Interf. ]
predictions .pred. _ [ _
oLy =2.10+0.09 fb. | BB Non-promo!
300 Others ]
I 7 Uncertainty '
o9 =12.45+0.56(stat.)+£0.21(syst.) fb i
2171 200} ]
100} ]
Contribution Relative uncertainty [ %] : :
Total 24 s Of : —
isti i S 11t ;
Data statistical uncertainty 23 a ' j /+ + 4 + j y
Total systematic uncertainty 38 = N ;//3‘//&‘//// ///////{ e 2% 2% LT ///7//// /;T G555 ///7///%/ _
MC statistical uncertainty 1.7 8 08 ] 0 3 O 5 O 2 O 5 0 O 8
Theoretical systematic uncertainties B B B I 4
qq — ZZ interference modelling 6.9 BDT Score
NLO reweighting observable choice for gg — ZZ 3.7
PDF, a, and parton shower for gg — ZZ 2.2 _ o _
NLO reweighting non-closure 1.0 Modelling uncertainties coming from the
QCD scale for g — ZZ 0.2 reweighing procedure among the most important
NLO EW corrections for gg — ZZ 0.2 ones!
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
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Polarization measurements in Vector Boson
Scattering
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VBS same sign WW polarization

measurement

First polarization measurement in VBS using @13 TeV
(137 fb-1, full run-2)

The analysis target
doubly polarized final states: W .W., WtWt, W W~

single boson longitudinal polarization: W .Wx and WtW(x
production (any polarization for the second boson).

The challenge
Separation Signal from Background (WZ, Nonprompt)

Separation between the different polarization modes
themselves.

How is the analysis performed?
Polarization templates take directly from Madgraph

Cut-based SR selection, that exploits:

o VBS topology requires mj>500 GeV and lepton
Zeppenfeld’s .

o fully leptonic W decays: leptons p1>25/20 GeV,
ptmiss>30 GeV
Three BDTs are trained:
© Inclusive BDT: ssWW signal vs background
©® LL vs the rest: To extract W W and WtWJx
o TT vs the rest: To extract W .Wx and WTW+

Phys. Lett. B 812 (2020) 136018 CMS
- D < \\\
137 o™ (13 TeV) [ F-—
> 151-cms B Other bkg. ¢ Data i
O - —W W, N Bkg. unc. -
st
@ I —W,W WW* .
2] B LYVt |
% B L Wz i
> L _
w W Nonprompt |
N W tVx |
SN _
0.5 a
500 1000 1500 2000 2500 3000
m, [GeV]
137 fo” (13 TeV)
= [ cms | MOtherbkg. + Data 7
~ | —W W, \\ Bkg. unc.
2t W, W WW? 1
C LT
© 400 - — W W, mwZz .
T zz |
" Nonprompt
i B tVx a
OSSN )
\\\\\;\\\\\\\
=
N
8
© £
a -
1

05

1

BDT score 25


https://www.sciencedirect.com/science/article/pii/S0370269320308212?via=ihub

VBS same sign WW polarization

measurement

Events / bin

Data/SM

Phys. Lett. B 812 (2020) 136018 CMS

B Other bkg. ¢ Data

—W W, X\ Bkg. unc.
. g . WiW_F
The statistical analysis — W, W; Wz
Two fits performed depending on the signal hypothesis ==ttty ZZ
o To extract W.W. and WrWx cross sections: Inclusive BDT x “LL vs all” BDT (5x5 bins) = R,°“P’°mpt
X

o To extract WTWt and W Wx cross sections: Inclusive BDT x “TT vs all” BDT (5x5 bins)

Inclusive BDT

137 b (13 TeV)

[ cMs  MIOtherbkg. ¢ Data |

0 —W W, N\ Bkg. unc.

- — W, W, wWwW* -
400 - — W, W, mwz

zz

0 [ Nonprompt

~ B tVx 7
NN _‘

BDT score

1 05 0 05 1

Events / bin

Data/SM

LL vs all BDT

137 ™ (13 TeV)

' B Other bkg. ¢ Data

T
o
g_
» |

10 —W W, W\ Bkg. unc. _;
= W,W/wWow, — W W, wWw* =
- —W_W. mwz ]
T°°T
10° | Zz .
= i Nonprompt 3
:\ \\\\\\\\\\\ @ NN NN NNNNNNNN . tVX :
102 SO —

\\\3\\'

\\\\\\\‘\\\\\\_

4

BDT score

7 05 0 05 1

Data/SM

TT vs all BDT
137 o™ (13 TeV)
- cMS  MOtherbkg. ¢ Data -
10* —W, W, W Bkg. unc. 3
— s =
E W W, W, W, — W, W, ww =
0° Wl .;\IZZ =
- 2 Nonprompt -
T TR B tVx T
102 = \\\.\\\-\\.\\\'\\\.\\\‘\\\\\\\Q\\\\\\E

-1 05 0 05 1
BDT score
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VBS same sign WW polarization

measurement

The results

Presented in the WW reference frame and in the incoming

parton frame

Results in the WW reference frame

Significance for LX production at 2.30 (3.10 expected)

Process o B (fb) Theoretical prediction (fb)
WEW 0.3270:% 0.44 + 0.05
Wi Wi 3.067 02 313 + 035
Wi Wy 1207023 163 £ 0.18
Wi Wy 211705 1.94 £ 021

Results in the incoming parton reference frame

Significance for LX production at 2.60 (2.90 expected)

Process o B (fb) Theoretical prediction (fb)
WEW 0.2470:39 0.28 £ 0.03
WEW5 3.257039 332 £ 0.37
WiEWs 1407059 171 £ 0.19
WEW5s 2.0379:2) 1.89 + 0.21

-2AInL

Phys. Lett. B 812 (2020) 136018 C MS

CMS 137 fb™ (13 TeV)

| = Observed

95% CL

S A SN 1/ . .1 (R /S, . A ———

| 68% CL

-

_____________________________________________________________________

|
===+ Expected bkg. only stat

------- Expected bkg. only stat+syst . &
-+ Expected signal+bkg. 'S

®
vt
e

05 15
Gy, 0]

Uncertainties

Very strongly dominated by
statistical uncertainty, significant
improvements are to be expected
from Run Il and the HL-LHC before
systematics start to become a
significant issue
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Summary Al

The measurements of Weak boson polarization are interesting!

o they probe the ingredients of the EWSB
© are an interesting corner to look for new physics

With our current data we are already able to probe the polarization fractions in VV production.

© Results include the first evidence or observation of double longitudinally polarized gauge bosons in VV
production

© Big limiting factor for our measurements is the modelling of the polarization templates! — theory
community is actively working on the topic!

© VBS production still severely limited by data statistics, but already showing promise in same-sign WW
production. A lot can be expected as we gather more datal!

While other ATLAS and CMS measurements don’t provide direct interpretations on the polarization of
the gauge bosons, closely related results are often provided. Differential cross section measurements
of angular distributions are closely related and can be used for re-interpretations, combinations, etc...
we have them for WZ, same-sign WWjj, WW, ZZ and Z VBF
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Do you want on polarization?

= %u— ‘ ~
T nteracti
+ Polarization werkshop- -
Toulouse Sept 23 - 27 2024

Image credit: Benh LIEU SONG CC BY-SA 3.0

Polarization Workshop: https://indico.cern.ch/event/1371888/overview
MBI conference: https://indico.cern.ch/event/1383159/
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..and in the future

ATL-PHYS-PUB-2018-052

Expected Significance

6
- ATLAS Simulation Preliminary
5 —
- \s=14 TeV
Lo P o Wi
3
2 :— ------------------
1 :_ ———— with all sources of uncertainty
B with only statistical uncertainties
B | | | I | l | l

OO

Some projection studies for polarization measurements in the HL-LHC can be
found in the Yellow Report (using the parton center of mass frame).

A lot of new results expected as we take more and more data in the future!
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Simple cut-based analysis
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Almost the same analysis as presented before
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