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Introduction

The longitudinally polarization measurement of massive W and Z bosons

is a direct way to probe the EWSB mechanism .
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Goldstone boson theorem:
“At high energy, longitudinal vector bosons are analogous
to goldstone bosons”
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https://www.quantumdiaries.org/2011/11/21/

Boson polarization

-
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« Helicity: h = — (splnS momentum p)

Il

— Transversal (T): left-/right-handed (h =—/+1)
— Longitudinal (L): spin orthogonal to the momenta (h = 0)

» Polarization vectors in the helicity basis:

* For a spin-1 boson travelling along the z-axis, the polarization four vectors are:

gk = %(O,l, i,0); | & %(pZ,O,O,E) Sff — —%(0,1,1,0)
........... D L 9) Z : PO s IS
=1 S.=0 S, = +1
""""""""" transverse|  |longitudinal|  |transverse|

Longitudinal polarization isn’ t present for on-shell massless particles, the photon
can exist in two helicity states /; = +1 (LH and RH circularly polarized light)
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Polarization and Spin Density Matrix

« The density matrix of Z — [l decay

R. Rahaman, R. Singh, arXiv:2109.09345
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- The differential cross section is simply given by the SDM A
9 SDM for the V decay An example of SDM for qq —» ZZ
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LEP Measurements

* Only ee > WW - lvgq process accessible Tl 7 ey —meen
- Single boson polarization A A
— L3, arXiv:hep-ex/0301027 y
— OPAL, arXiv:hep-ex/0312047 I;E:m ------------ % A +
— DELPHI, arXiv:0801.1235 R =

« Diboson polarization
— OPAL, arXiv:hep-ex/0009021
— DELPHI, arXiv:0908.1023

do/dcos6y, (pb)

Never reached observation level sensitivity for
longitudinal-longitudinal joint-polarization (V. V;)

do/dcos6,, (pb)
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Diboson polarization

 In diboson events, the polarizations of both bosons are quantum
correlated

— Joint polarization is described by the Spin Density Matrix
— Closely connected to Quantum Entanglement and Bell non-locality

* Novel sensitivity to BSM

SM BSM
W+ qr.rqL.r — ViVi(h) ~ 1 ~ E?/M?
qr.rGLr — ViVi(h) | ~mw/E | ~ myE/M?
v, L qL,riLr = ViVe | ~mij,/E?* | ~ E?*/M?
qr,rqL.R — Vi Vz ~ 1 ~ 1
W~ High-energy behavior of amplitudes with different diboson

helicity configurations , ,
F. Riva et al, arXiv:1712.01310
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https://arxiv.org/abs/1712.01310

Polarization in VBS

- VBS: a no-lose theorem program for the LHC

— We would have either discovered the Higgs boson or New Physics

- A primary goal in VBS is to measure the scattering of V.V, = V, V;
— Strict cancellation required to unitarize the high energy behavior

Gauge structure of the SM Electroweak symmetry

breaking
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https://arxiv.org/abs/1412.8367

Theoretical challenges

- Two main obstacles for the direct theoretical calculations with polarized boson
— Weak bosons can be produced off-shell and some adjustment is required to make sense of their

polarization state

— Non-resonant diagrams should be handled properly to keep gauge invariance

- Commonly used approaches
— Narrow-Width Approximation (NWA)
— On-shell pro;ectlon (OSP)
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R. Poncelet, A. Popescu arXiv:2102.13583
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G. Pelliccioli et al arXiv:1710.09339
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https://arxiv.org/abs/1710.09339
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Theoretical challenges
. Fixed-order calculations Fixed-onden phenomenological landscape

NLO QCD + NLO EW
NNLO QCD

A. Denner & G. Pelliccioli 2020

Mareen HODDe’S talk A. Denner & G. Pelliccioli 2021
See also a recent review, arXiv:2509.20232

A. Ballestrero, E. Maina, G. Pelliccioli, 2020

all VV calculations

« MC simulations (ME+PS) Bl e il s e e S B s .
— PHANTOM: 2->6 processes @ LO+PS . T
— MadGraph5: arbitrary processes @ LO+ PS, also with multi-jet merging

— POWHEG-BOX-RES+PYTHIA: inclusive diboson processes @NLO QCD+PS

— Sherpa3: arbitrary processes @nLO QCD+PS, multi-jet merging

” first NLO QCD + NLO EW!
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https://conference.ippp.dur.ac.uk/event/1397/attachments/6267/8481/document.pdf
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How to measure the polarization

+ Helicity is not Lorentz invariant - reference frame dependent
— For diboson, the center-of-mass frame of the diboson system is preferred
- Weak bosons are their own polarimeters:
— The helicity of W and Z bosons is inferred from its decay products
- Polarization fractions extracted from template fits of angular variables or multivariate

Polar-angle distributions for Z-£* £~ decay

— The polarization fraction is also kinematically dependent

Electron Angular Distribution in W~ Boson Decay

0.8 1

0.6

0.4 4

Normalized distribution dr/d(cos8)

—— A= +1 (transverse +)
—— A= —1 (transverse -)

Probability Density
o

—— A =0 (longitudinal)
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Inclusive diboson production
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Diboson polarization

Why the LL fraction is smallest ?

Stable-Z approximation:

et = i(0, cosf, —i,—sin @),
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» LL is most sensitive to the mass, but| kinematically suppressed !
ﬂ Dominant contribution to o1 comes from the threshold region.

Duc Ninh LE, Phenikaa University, Vietnam

00 600 800 1000
myzz [GeV]

Q-H Cao, B. Yan et al, arXiv:2004.02031

LHCP 2025 theory talk
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Diboson polarization

* Recent measurements
- pp » ZZ — 41, ATLAS JHEP 12 (2023) 107 (Z,Z; measured with 4.3¢0)
- pp = WZ - vll joint WZ polarization measurements
ATLAS PLB 843 (2023) 137895 (W, Z, observed with 7.10)

- pp = WZ - lvll single-boson polarization measurements
ATLAS EPJC 79 (2019) 535
CMS JHEP 07 (2022) 032

Signal rate S/B Spin information

77 > 4l X v vV ATLAS
WZ - lll v v v ATLAS (and CMS with
single boson polarization)
WW — lvlv v X X None
WW - lvgqq v X v None
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https://link.springer.com/article/10.1007/JHEP12(2023)107
https://www.sciencedirect.com/science/article/pii/S0370269323002290?via=ihub
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W/Z polarization measurement

- Aregression NN is developed to reconstruct p? from the W — [v decay
ATLAS: PLB 843 (2023) 137895
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W/Z polarization measurement

A DNN based discriminant used to extract the polarization fractions
— Events are further split into 4 categories based on (|cos 8,y |, |cos 8,,|)

|COS H;Zl (\j — T T T | T T T T | T T T T | T T T —
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- NLO QCD corrections with a DNN 0= — = e
reweighting . 0: | I | | I I | I I | | | I I | | =
. . . - 8 1.25— |cos 6w| < 0.5 : |cos 6,w| > 0.5 + ' |cos 6,w| < 0.5 : |cos 6,w|> 0.5 E
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— The 4 DNNs are then applied to the _ L 4
Powheg WZ inclusive sample 4-category DNN score
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W/Z polarization measurement

- All joint polarization states observed
— Observed (expected) W, Z; 7.1(6.2) ¢ ouf™™ """ ATLAS

Y—
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Energy Dependence and the Radiation Amplitude Zero Effect

Polarization fraction is p; dependent
RAZ effect: at leading-order, the dominant helicity

amplitude for TT vanishes when cos 6y ~0 :
RAZ only happens for WZ and Wy processes and not £
for WW and ZZ processes *"  LHuangetal,
: . P STHY PRD 103, 053007 (2G21)
— Observed in Wy but not in WZ yet N I
pY(GeV)
2 _LL a2
a 07‘{’7? ~ 1 1 — cos” by « High p;(Z) region enhances the LL fraction
d*oyr,  8cos? by 1+ cos® Oy * Low pr(WZ) region suppresses jet activity
thus enhances the RAZ effect >also
s-channel t-channel u-channel enhancing the LL fraction

g |
f1L increases from 5 — 7% in the inclusive region
to 20 — 30% in the region with high p(Z) and

low p(WZ)

q 4

18
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https://doi.org/10.1103/PhysRevD.103.053007

Observation of WZ pol. and the Radiation Amplitude Zero effect

Measurement

100 < pZ <200 GeV p% > 200 GeV

foo 0.19 £003 (stat) +9-05 (syst)  0.13 -8 (stat) £0-03 (syst)
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ATLAS, PRL133 (2024) 101802
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RAZ effect leads to a dip around 0 in
the AY(WZ) and AY ([, Z) distributions
Significant dips are observed
Unfolded distributions also measured
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https://doi.org/10.1103/PhysRevLett.133.101802

Z/Z polarization measurement

* In ZZ - 4l decay, both Z bosons can be fully reconstructed
— Two on-shell Z events are selected: my; > 180 GeV, |m; —m;| < 10 GeV

- A BDT discriminant to separate Z;Z; from the others
- NLO QCD and EW corrections applied to LO events via reweighting
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Z/Z polarization measurement

- BDT template fit to extract the polarization fraction
— Observed(expected) Z; Z; signal strength: 4.3(3.8) o

S e00F T T T roo T 1
P [ ATLAS ¢ Data
= [ Vs=13TeV, 140 fb mzz
s 00 ZZ — 4l Wz
i Y 2 A Z,
 Post-Fit Z.Z. :
400 Goodness-of-Fit: p-value = 0.28 B Interf. . First evidence Of ZLZL production
: B Non-prompt
300% Others
[ 77 Uncertainty
200F
100F
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COE 8 | /+
% 1//:/;&4//// ///////{ /+//+ /+//+/ /////// //¥ /;/////
g 09
[a)
a 038
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VBS
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Polarization measurements in VBS

boson scattering
Recent measurements

Same-sign WW production is the most sensitive channel to study vector

- pp - WEWjj VBS, CMS PLB 812 (2020) 136018 (W, Wy measured with 2.3¢)

- pp » WEW1jj VBS, ATLAS PRL 135 (2025) ©

111802, (W, Wy measured with 3.30) 3

30

25
&

~ 20
)
15 -

10 |-

BVVjj-EW at /s = 8 TeV
OvVjj-QCD at /s = 8 TeV
BVVjj-EW at /s = 13 TeV
Ovv;j-QCD at /s =13 TeV

x10

wWEw* Wtw- ZZ -2

o)

P. Anger, CERN-THESIS-2014-10

x10

zv Zy Wz ZZ — 4L
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WEw2jj VBS polarization measurement

+ Challenges:

— VBS modeling; background estimation; selection & bkg rejection — well studied in inclusive VBS
measurements

— Modeling of polarization VBS process @ NLO
— Limited number of single- & di-longitudinal events

10/11/2¢5

- Measure W,*W2jj and set limits for W, *w,%jj
— Reconstruct the polarization information with neutrino as E&SS

Standard Model Production Cross Section Measurements

Status: June 2024
[ATL-PHYS-PUB-2024-011

\\\\\\\\

ATLAS Preliminary
V5 =5,7,8,13,13.6 TeV

Theory

Expected fractions:

61% Wi Wx

29% WZW;

39% Wirw*
10% W,j—“W,j—“} R

SM prediction

WEW=*jj EW

WEW=jj Int
W=W=jj QCD

Other prompt
Conversions

“

Non-prompt WZ QCD

WZ EW
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WEIw=*jj VBS polarization measurement

ATLAS: PRL 135 (2025) 111802

Two sets of DNNSs are trained to improve the separation
— DNNiyusive 10 distinguish EW WWjj process from backgrounds

— DN Npolarization t0 €xtract the polarized signal for EW WL WL jj or WL wWtjj

,,,,,,,,,,,,,,,,,,,,,,,,, _52 180_ UL L L L
S | ATLAS simulation WEWE W ] 5 g0 ATLAS ® Data v EW E
3 020} vs=13Tev, 140fb? -= WFWEEW A U>J F Vs = 1+3 TeV, 140 fo'! wiwij Ew B w;wjj Ew -
5 | Signal region ceee WEWE-EW | = W W) fit W Wi Int W*Wj QCD ]
7 Pol. in W= W *-CMF 140 WWi i Www W ]
S 'm ' w7 Stat. uncert. | - SR P wzacb B wzEew .
Qo[ ""'3 ] 120 — Post-Fit Non-prompt Conversions ]
',—Eu [ 1 ] 100 :_ Other prompt 7/ Tot. Uncert. _:
E 010 - Inc. DNNbinO . Inc. DNNbin1 Incl. DNN bin 2 3
z ] 80— : -
0.05 1 CMS PLB 812 (2020) 60;— ﬂ } : —;
: | 136018 used a similar 40 ' -
=000} | approach but with BDTs 54§
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Signal DNN score + Incl. DNN bin
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https://journals.aps.org/prl/abstract/10.1103/bpln-ccql
http://dx.doi.org/10.1016/j.physletb.2020.136018
http://dx.doi.org/10.1016/j.physletb.2020.136018

H |g her-order corrections ATLAS: PRL 135 (2025) 111802

Polarization effects reflected in the kinematics of leptons, jets and missing

energies _pp - e*ve*vii + X, relative NLO corrections
— Precise full-kinematics simulation is essential o

+ Substantial NLO QCD and EW corrections gﬁﬁﬁﬁﬂ%
— Polarization state dependent Lt

- NLO QCD: e Py 21

=020 —— unpol.

— Sherpagd provides VBS polarization simulation for LL, < e
TL, TT and the Interference | Wi

- With VBS approximation and Narrow-Width- 0535 S mx}
Approximation S —_— WEW L
+ LO in EW and approximate NLO in QCD E-o.zo%—f
— Dedicated DNNs used to correct approximations S -030
o NLO EW 0.40 200 422e+u+ [Gés\(}o] 500 T000
- M;; reweighting based on fixed-order corrections A. Denner ,C. Haitz, G. Pellicciol,

arXiv:2409.03620
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https://arxiv.org/abs/2409.03620
https://journals.aps.org/prl/abstract/10.1103/bpln-ccql

WEw2jj VBS polarization measurement

- DNN template fit to extract the polarization fraction  AtAs: PRL 135 (2025) 111802
— Observed(expected)WLiWijj signal significance: 3.3(4.0) 0 FEATURED IN PHYSICS

— CMS:23(3.1) ¢ EDITORS' SUGGESTION
@ T AR R AR REA AN AN AR $TCs VIEWPOINT
c 90F atLAs ® Data B WIWH EW Physics
5 80E Vs=13TeV, 140 fo! Wl WiWjiEW EE WiWijj EW 3 ) ) ) ) ) o
EWEW it B WA Int WEWSj QGD 3 Probing the Higgs Mechanism with Particle Collisions and Al
70 - SR:DNN, . bin2 Ml wzacD Bl WZEW Published 10 September, 2025
60 |~ Post-Fit Non-prompt Conversions—
50 =3 Other prompt 77 Tot. Uncert. J
- ] ‘ A deep neural network has proven essential in confirming a key prediction of one of the
40 E standard model's cornerstones.
30
Reporting on international
20 CERN C OURIER high-energy physics
10
12-_”H-”“-””|H'IIIH --H”-H”-l“l_ Physics v | Technology v | Community v | Magazine
> ' _/+ ]
w 1.2 . —
~ £ ’ 4 4 4 ] 4| HIGGS AND ELECTROWEAK | NEWS
% 0 ; W% W //% Pinpointing polarisation in vector-boson
0 6L E scattering
T E L L . . L L L L L = 16 May 2025
0O 0102 03 04 05 06 07 08 09 1
A report from the ATLAS experiment.

) Signal DNN score |
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https://journals.aps.org/prl/abstract/10.1103/bpln-ccql

Propsect

* Diboson polarization measurements
— Only W, Z; observed so far, more channels to come ZLZL, w,W;, etc)

— Probe BSM .

— Quantum tomograph in diboson system? ! ll

cos (-)

Number of expected pp - WW events that that
violate the Bell inequality

(run2) £ = 140 fb! (Hi-Lumi) £ = 3 ab™?

I
8 8 38
=] o (=]

VBS polarization measurement
— Establish VLVL — VLVL at the HL'LHC?

events 288 6145

E. Gabrielli et al, arXiv:2302.00683
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https://arxiv.org/abs/2302.00683

Summary

- Diboson polarization study (either in inclusive pp — VV production or in
VBS) well motivated to test the EWSB and probe BSM

— Large datasets available at the LHC
— New developments in MC event generators for polarized boson production

— Advanced ML techniques as polarization taggers
Continuous development in theoretical calculations also essential

Also paves the road for Quantum Entanglement study

) )
Quantum Polanzat|on and Angular
Entanglement Spln correlatlons correlatlons

Quantum Spin reconstruction
tomograph
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Backup
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SDM and Quantum Entanglement

- The spin density matrix is a fundamental tool in quantum mechanics, encapsulating all

observable information of a quantum system

p= ZPil‘M (W,

- AV,Vg system produced in pp collisions is a pair of qutrits

- The system is separable if If the SDM can be written as

p =) pirs® P,

- ph, pL are the density matrices acting on the Hilbert spaces of subsystems Aand B, respectively.

- pi=20Ypi=1
QE witthess: concurrence

Forpurestate  C[|)] = v/2(1-"Tr[(pa)?]) = v2(1-Tx[(v5)%),

For mixed state C(p) = {ﬁgﬁ}ZPiC”‘I’M-

A%

(C(p))? 2maX{0, Tr[p?] — Tr[(pa)?], Tr[p?] —Tr[(pB)2]} =
€(p)? < 2min{1-Tr[(pa)?], 1-Tr[(p5)*]} = €5

2
chB )

C,g > 0=>QE
Cys = 0 = non-QE (separable)

Frank Krauss et al, arXiv:2505.12125
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https://arxiv.org/abs/2505.12125

ATLAS ssWW polarization

(92}
5 250 - ATLAS ® Data  WAWH EW
kT - Vs=13TeV, 140 o' MW WIW5EW I WEWLj EW -
000 - WLWi fit B WAWHj Int WWj QCD T
- SR:DNN__ . bin2 Bl WZQCD B WZEW ]
- Post-Fit Non-prompt Conversions ]|
150 7 Other prompt 777 Tot. Uncert. __
== Predicted W /W jj EW (10x SM) T
100 .
] 2000 TS .
O """"""""""""""""""""""""""""""
= 1.4 3
w 1.2
5 NI A
CDU 0.8F
06
0O 0.1 02 03 04 05 06 0.7 08 0.9
Signal DNN score
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CMS ssWW

- Polarization samples are generated using MADGRAPH5 aMC@NLO at
LO interfaced with Pythia8

137 b (13 TeV 137 fo” (13 TeV

~

. = A CMs  MmOtherbkg. + Data - =  Fcms | MOtherbkg. ¢ Data -
c ————T———————————— 1371 (13 TeV) ~ 10° —W, W, N Bkg.unc. = ~ 404 L AN W\ Bkg. unc. _|
o CmS Wi Other bkg.  + Data 2 = WLWX/WTWT_WLWT ww* . 2 E W W /W Wy _WLWT ww* E
~ i —W, W N\ Bkg. unc. < B mwz ] c - Wz E
2} Lt W= q>) 3 _WTWT o B _WTWT 1
2 T —W W, ww . o 10° Zz 3 ,_,>J103__ zz _
© 400 — W, W, mwz — S i Nonprompt 3 : 2 Nonprompt 3
20l 822 et - —— Bhererom T mw

onpromp 1i 02 = \\\.\\\'\\.\\i\\\‘\\ E 2 LS
| th n (¥ 10 \\\\\\ =
N - _ .\\\\\\\‘\\\\\\E

NS ]

=
n
= .F . 2
s : i 8 oo
Q os |- ; - -1 05 0 05 1 —_1 05 0 05 1
-1 05 0 05 1 BDT score BDT score
BDT score
W, *W2jj against all W, W, jj against all
“Inclusive BDT”: Trained on WW as a signal vs Top quark
simulated events that account for the Non-prompt Two BDTs to separate the polarization components
background
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ssWW
B @@ ATLAs | cmMs I

LX WW-cmf signifance: 4.56 (expected)
LL WW-cmf upper limit: 0.75 fb (expected)

Expect about 210 ssWW-EW events
53% ssWW-EW purity

Polarised higher-order QCD

Polarised NLO-EW

Renorm. and factor., resumm., and merging scale

uncertainty calculated at higher-order QCD
Polarisation interference directly modelled

Discrimination via DNNs

» Study of different MVA approaches

» Extensive optimization of training setup
Combination of two DNNs

» 2D bin optmization to maximize significance
Dominated by statistic

LX WW-cmf signifance: 2.3 (3.1)

LL WW-cmf upper limit: 1.17 (0.88) fb
Expect about 190 ssWW-EW events

36% ssWW-EW purity
(40% are nonprompt events with high uncertainty)
Unpolarized NLO-QCD

Unpolarised NLO-EW
Only appliedon TT
(would explain overestimated significance)

Renorm. and factor. scale uncertainty at LO-QCD

Polarisation interference not taken into account

Discrimination via BDTs
» Application of DNNs leaded to similar results

Combination of two BDTs

» 5x5 bins with similar LL (LX) yields
Dominated by statistic 3 4'




