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© Motivation



Longitudinal bosons: probes of the Higgs mechanism

Aot SU@)L x Uy = U)ew 2
H 4
- ® Three broken generators — three
Goldstone bosons, absorbed by W+ N
and Z

0.5

A=+1 ® A massive vector gains a third degree of

T
el freedom: the longitudinal polarisation
S.=+1  Forp* =(E,0,0,p.): 0 S
Ei - i (0,F1, -i,0) s(’; - ' (p=,0,0, ) 1000 - : 2000 3000
A=0 V2 mv V5 [GeV]
+ el ® of x nf : at high energy Vj acts as the
S, =0

Goldstone boson, and the VoV — VoV .

L/O amplitudes grow with energy

e Only the Higgs exchange cancels the 1
Polarisation: the spin state of the boson with respect growth and restores unital’ity
to a chosen spin-quantisation axis
Helicity_basis: the axis is the direction of motion, 0.01
h = %Jf,wi\hstatesk = —1,0, +1

0.001
1000 2000 3000
Deviation from SM prediction in oy g hints at physics beyond the VElae o
Standard Model Longitudinal VBS cross-sections [1]
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What has been done

Diboson production and vector boson scattering: where we stand

Status: July 2026

Standard Model Production Cross Section Measurements

® VBS is unique: the two bosons
scatter off each other, so the
quartic vertex and the H

WW and ZZ first at LEP, WZ ’
exchange enter directly

at the Tevatron (2007)

WYZ cross-sections at 7, 8, 13
and 13.6 TeV by ATLAS and
CMS

Inclusive WZ polarisation: a
single longitudinal boson by
ATLAS and CMS [2, 3], both
jointly longitudinal observed by
ATLAS [4]

WZjj-EW cross-section since A Y Do Bt T P
2;‘/%27[5’ 6], at 13.6 TeV by ATLAS cross-section measurements ”

(] Oinel. ~ 8- 1010 pb 14 orders of magnitude: . .
Polarised VBS: same-sign > oyy ~ 102 pb among the rarest . : ;
WW only, one boson atatime, s oy pw ~ 4 - 10~ % pb processes measured WZJ{[EV:/H a s_t|gr_1al :jhre_gltlmes
2.3¢ and 3.3¢ [8, 9] smaller than its irreducible

background WZjj-QCD [6]
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SDM, fractions, and decay angles

The fractions of polarisation

The master formula Zo Zr
1 d? OWZ—0/%v,00 3\2 W7 W ZT Wo foo for fox
o A a0 dor  \an ] o (IZer7) ]
’
WZ—0'Fvptl w Z production decay W fro frr
e pWZ: 9 x 9 matrix [10], how the pair is produced — holds the r
fractions o
e I'W T'Z: the decay density matrices, fixed by the V. — ¢/ ® Each boson longitudinal (0) or transverse (T):
couplings, the decay angles of the leptons arise from them four joint states, >~ =1

® fox = foo + for: alongitudinal W,
regardless of the Z

® fvo = foo + fro: alongitudinal Z,
longitudinal o sin? 6* regérdless of t.he W
transverse 1 + cos2 6* ® foo: both longitudinal

= fox, fxo0, and foo: the three fractions
measured here

= each fraction has its own shape in cos 655, and cos 67: they are
sensitive to the polarisation
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The reference frame

The reference frame

Polarisation is not Lorentz invariantt: the axis is the boson
direction in the WZ centre-of-mass, the modified-helicity frame

0 WZ centre-of-mass: the production angle 6y, sets the axis W rest frame |
9 into each boson rest frame, where the decay angles are read: ‘

6%, and 67
WZ rest frame

™ T
S 016} ATLAS Simulation — WoZol-EW £ 0141 ATLAS Simulation — WoZgirEW
5 5 WoZrit EW
= V5=136TeV, 164f~" z o012 V5=136TeV, 164" - WiZgilEW
H 0.14F signal Region 5 0121 signal Region - WiZy EW
Qo012 El
2 @
s s
g o o
2oos B
E 50
2006 o <
— - o.
oo £t
002} = 002
3
21 075 -05 -025 0 02 05 075 1 075 -05 -025 0 02 05 075

cos 6y 0867,
In each boson rest frame, 055, and 0, carry the polarisation of the
parent
T Lorentz invariant: unchanged by a change of frame
4/14



@® Analysis strategy



WZjj-EW: signal, selection, and this measurement

[ pp = WEZij — (Fv,ete—jj ]

® Each incoming quark radiates a
boson, the two rescatter into the
WZ pair, at order oS,

* Three charged leptons and ExRiss:
the Z fully reconstructed, the W up
to its neutrino

® The quarks are barely deflected:
two forward tagging jets in
opposite hemispheres, large An;;
and mij

® |In WZjj-QCD colour flows
between the quark lines: more
central jets, smaller m;

This talk [11, 12]
First measurement of polarisation in WZjj-EW, 140fb~1! at 13 TeV and 164fb~! at 13.6 TeV

Selection and signal
region

® Exactly three leptons, the
SFOC pair closest to my,
makes the Z

® Two tagging jets,
mj; > 500 GeV, no b-jet

® Fiducial region of the previous
WZ and WZjj
measurements [13, 6]

T — WZjEW
ATLAS Simulation — wzjacp
VE=136TeV, 1640~

Signal Region

A.U. (normalised to unit area)
o o o o o
5 &5 8 & 5

°

800 Tx107 154109 2¢10° 25410 3x10° 35¢10° 4x10°
m; [GeV]
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Backgrounds and control regions

Irreducible
Two families of background
8 009000001 t q q
© lIrreducible: three real leptons in the final state — ; 70
no selection removes them: WZj;j-QCD first, 70 w
7,73;-QCD and ZZjj-EW with a lepton lost, s B
(4 V, VVV, WZjj-INT, and WZjj-EW in = § < b t
* Reducible: one lepton faked by a jet, a hadron LW 7
decay or a photon conversion — badly modelled by ’
simulation and estimated from data a W+ a q
ZO
A “
Control regions 2 »
q w- q q
* Orthogonal regions enriched in a given background i
and depleted in signal, to constrain its normalisation vvv ZZjj-EW
from data .
Reducible
Region Definition For & e ———t q —— 70 g —>—prnnnn 70
b-CR Ny >0 SRV 1 q q
77-CR > 4 baseline leptons  77j;-QCD o | : a . a .
tt, hadron decay Z + jets, jet Z~, conversion

® Their normalisations are free in the fit
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The multivariate strategy

. - Signal region yield composition
* Three separate measurements, of very different difficulty:
® WoZojj-EW: ~1% of the yield, the hardest e e
® WoZxjj-EW: ~3.6 %, limited by the neutrino ) _Sis:\r"?lzs__Ew
0Zo))-
® WxZojj-EW: ~3.6 %, the most promising, Z — ¢¢ fully Wolri EW
reconstructed : ::Tizim“zl
Backgrounds
WZjj-EWin 7
* Two questions to answer per event, so two networks: . Ew
® s it signal? B WwZiaco
— =~ 250 WZjj-EW against ~ 1610 background events = e
tZj
® s it the targeted polarisation? ey
— 7 20 WoZoji-EW, ~ 65 WoZxjj-EW, = 67 e s
WxZojj-EW events

® Their outputs are combined into a 2D discriminant plane, binned
and fitted as a template

Pre-fit yields in the signal region, Run 2 + Run 3 [11, 12]

66.8%
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Two deep neural networks

ATLAS Simulation

°
N

©
S. vs B. E V5 =13TeV, 14016
S o1 3 WZj-EW
° [ Wzj-QcD
® Four outputs: WZjj-EW, WZ;jj-QCD, ZZjj-QCD, others B 008 !
* Led by the VBS topology: m;;, Njets, Anj é
£ 0.0
Polarisation <00
0.02
® Pol. 00, Pol. 0X, Pol. X0, trained on the polarised states, led by
cos 6* of their boson % 02 04 05 08
S.vs.B DNN score
fAi 0.12 ) ATLAS Simulation
A robust training paptenynal
[ ] - E WDZOj.j.—EW
e Top 25 inputs of three rankings, pruned at no cost il e

t 2 WrZgji-EW

I

i 1 270 WeZoi- EW
® 5-fold: no event scored by a network that saw it 1
® Hyperparameters by Bayesian optimisation
® Modelling cross-check: generators agree to a few %

A.U. (normalised to unit area)
=
o
2

= judged not on the ROC but on the expected significance of a o

template fit % 02 04 05 08
Pol.X0 DNN score

iy

8/14



The discriminant plane: k-means and Voronoi binning

Vs=13TeV+13.6 TeV

* z: the S. vs B. output, ATLAS Simulation o -
the probability of being 2 1 140 RO
y / Pol. XX Mostly pure WZjj-EW 2
in signal e y: the polarisation z 08
1 output, the probability of )
being the targeted state s 0.6
® Top right: signal, in the
Mostly Mostly remaining targeted polarisation 0.4
background ' polarisation states  Bottom right: signal, in
the other states 0.2
00 e /S.vs B. e Left: background

¢ The binning has to % 0.2 0.4 0.6 0.8 1

enhance the top-right S.vs.B DNN score
corner Voronoi regions for the fx o measurement [11]

® k-means on the signal events, weighted by %, pulls the centres to the most significant regions — the centres seed a
Voronoi tessellation of the plane — the cells, sorted by SJriB, are unrolled into a 1D template of k£ = 10 bins

= follows the non-linear shape of the signal, a few % more expected significance than the best grid [12]
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Binned profile-likelihood fit, Run 2 and Run 3 together

® SR: the unrolled Voronoi template
® CRs: ZZ (mj) and b-jets (a BDT)
KtV s HtZj per run

fiX pzzji-qcp,

Parameters of interest (POI)

fid.
Targeted X UWZjj-EW X fXX

® wyji-ew: the WZjj-EW signal strength
o ffid € [0,1]: the targeted fraction, measured directly, common to
both runs

Theory input

® No polarised VBS generator at NLO: NLO EW from MoCANLO [14],
—14.5% for WoZo against —19.6 % for WrZ~, ignored it would
bias the fractions

Other states o prywzjjpw X (1 — fi%

102

- - -
(=) o
=) —

Data / Pred.
o h
o o = O

— T T T T
ATLAS

Vs=136TeV, 1641b~"
Signal Region, Post-fit

fxo measurement

¢ Data

B W, Zji-EW
B W, Zj-EW
B WZji-QCD+INT
[ Misid. leptons
= 2zj;

3 tZj+ VWV

= tt+V

[ WZj-EW in ©
W\ Tot. unc.

Voronoi regions
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©® Results



Polarisation fractions and cross-sections

2,
3

» T T
'5 I ATLAS Vs=13TeV, 140" 14
T [ Data Vs=13.6TeV,164 fo™' .8
g r * MadGraph g
c [ 4 shepa3so =
2 1 ¥ MocanLONLOEW k%)
g [ ; 1S
% L 4 g
L ¢ 106
o

e | iz

0.5 -

L : _

0 1 1 1 1 1 1
foo fox fxo  Mwzjiew
From [11]

® foo and fox fluctuate down to the physical boundary while
fxo fluctuates up

First evidence for a longitudinal Z in VBS
fxo =0.324T0092 at 4.00

in agreement with the predictions within one standard
deviation

Cross-sections
Fiducial, per lepton flavour:

BTeV = 0.347 £ 0.079 fb

[ ]
IWZjj-EW

The first WZjj-EW cross-section at 13.6 TeV

fid.,13.6 TeV _
W2 EW /v 005 = 0.374 + 0.094 fb

against 0.37375-0%% predicted

® All three measurements are statistically dominated, and stable between the Run 2, Run 3, and combined fits [11, 12]
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Upper limits

1

g [ T T ]
N [ fréﬁs ﬁliliiv’“&!f’,b ® Best-fit foo and fox sit at the boundary f = 0, so one-sided limits are quoted
O T Smato ]
ook —ome2s ] Fraction Expected Observed
b —2I0A = 6.18 q
W 1 foo 0.21 < 0.12
o4 ] fox 0.46 <0.19
02F — . 95 % CL upper limits, Run 2 + Run 3
00' o5 . : _ 15 ® Both observed limits are tighter than expected, the direct consequence of the
’ Hwzjew downward fluctuation
5T pryvam ] ® Under the SM, observing fox < 0.007 has a probability of 0.6 %, a 2.50
[ e bata V5= 136TeV, 164 b ] fluctuation
0.8~ ® MadGraph —
[ A Sherpa3.0 B
[ ¥ MoCaNLONLOEW ]
. —-2InA =23 - .o ..
O —em e ] fox \(0 = WrZojj-EW » and WrZrjj-EW *
04f ] compatible with
0.2:- — fxo /¢ since WxZojj-EW = W1 Zgjj-EW + W Zgjj-EW
00: o : The two are compatible: a fox at zero means more W Zojj-EW events, and those

Hwzjew make most of WxZojj-EW
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Bfxo
-0006  -0.004 0002 0000 0002  0.004  0.006

ATLAS 0055
. . Vs =13TeV, 140 fb~! . Dﬂ'p‘ﬂg&
Relative uncertainty [%] fxo  Bwzjj-EW e ety > Nuis. Param. Pul
Pol. templates, NLO EW correction{ ESS====——m=
WZjj-EW theory modelling 1.7 4.9 200D backaround oo e esponse —EEEEs—
s : 7j- ackground, scale variations —— ]
WZjj-QCD theory mOde”mg 1.6 5.0 Jet n intercalibration modelling e ———
-li eItS 3.6 6.6 Jet pileup p topology [—
ile-u 0.5 1.9 Electron ID ——— .
MC stgtistics 2.4 1.1 Jet energy resolution, NP | e
. . Jetin-situ non-closure |
Others <1.3 <1.6 Jet pileup offset, NP V/ T———
— — Jet energy scale modeling EE—
i Jet n intercalibration non-closure ——————
All SyStematlcs 5.2 10.2 W2Zjj-QCD background, modelling e N E——
Luminosity 0.4 1.2 ZziEw e
Statistics 26.6 13.8 Jet energy resolution NP IV —
Muon momentum scale —
Total 27.1 17.2 Mo omameton —
— =l
Jet vertexing T
Jet energy resolution NP V —
® fxo is statistically limited: 26.6 % statistical seteneray resouton NP I T ————
. . et flavor composition .
against 5.2 % systematic Jet energy resolution NP VI .
. . . . e Pileup reweighting data SF —_—
® |eading systematics: jets, MC statistics, Run 2 fakes, flavor composition ——
WZjj-EW and WZjj-QCD modelling N e——s |

05 00 05
(6 —6o)/00

Impact of the nuisance parameters on fxq [11]
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First evidence for longitudinally

. . T First WZjj-EW cross-section at
polarised Z bosons in WZjj-EW First limits on the other longitudinal 13.6 TeV
0.002 states
fxo = 0.3247 5 5g5 0.374 4 0.094 fb per lepton flavour, as
4.00 (2.90 expected) foo <012 fox <0.19at95% CL in the SM

The analysis

® Run 2+ Run 3, 304fb~!: deep neural networks and a Voronoi

binning of their scores What comes next

® Compared with NLO EW predictions from MoCANLO, NLO EW ® Statistically limited: more Run 3 data and the
effects on the templates included as an uncertainty HL-LHC will turn the limits on Wy and WZg into
® Paper submitted to JHEP: arXiv:2607.20246 [11], details in [12] measurements

® Presented at ICHEP 2026 and in a CERN seminar, featured in the
CERN Courier

A new experimental probe of electroweak symmetry breaking through VBS
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@ Analysis details



The paper

Evidence for longitudinally polarised Z bosons in electroweak W= Z production in association with two jets from
pp collisions at /s = 13 TeV and 13.6 TeV with the ATLAS detector

CERN-EP-2026-213, arXiv:2607.20246, submitted to JHEP [11], PhD thesis [12]
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‘WZjj-EW diagrams
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‘WZjj-QCD diagrams
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barrel Wew Small Wheel (NSW) borrel torold magnet

muon chambers muon chombers

endcap toroid

endcap calorimeters

borrel electromagnetic calorimeter

solenoid mognet

borrel hadronic calorimeter

® From the beam outwards: inner detector
(In] < 2.5, 2T), calorimeters (|| < 4.9),
muon spectrometer (|n| < 2.7)

Left from [12], right ATLAS Experiment © CERN

ATLAS

EXPERIMENT

® Electrons: track and electromagnetic cluster, muons: inner-detector
and spectrometer tracks combined

e Jets: anti-k; R = 0.4 on particle-flow objects, Eiss from all
calibrated objects

Backup 2/25



Fiducial phase space

Leptons In] < 2.5, dressed (AR < 0.1), resonant-shape assignment
Z leptons pr > 15GeV, |mye — mz| < 10 GeV, AR(¥%,¢5) > 0.2
W lepton pr > 20GeV, m¥ > 30GeV, AR((Z,(W) > 0.3

Jets anti-k; R = 0.4, py > 40GeV, |n| < 4.5, AR(j,£) > 0.3
Tagging jets  two leading jets with ;1 - 72 < 0, mj; > 500 GeV
Excluded b-quark in the initial or final state (tZj)

Detector level: the same, plus the b-jet veto, a fourth-lepton veto, tight identification and isolation for the W lepton, and a
trigger-matched lepton with pr > 27 GeV (25 GeV in 2015)
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Polarised cross-sections at NLO EW (MoCANLO)

0,
Mode oLO [fb] SEW [%] oNLO EW [fb] f [/°]
LO NLOEW

Full 0.27208 —18.5 0.2216 103.4 103.4
Unpolarised 0.267 77 —18.5 0.2183 101.8  101.8
WoZo 0.023045 —14.5 0.0197 8.8 9.2
WoZr 0.049365 —17.9 0.0405 18.8 18.9
WrtZo 0.049023 —-17.9 0.0402 18.6 18.8
WrZr 0.141725 —19.6 0.1140 53.9 53.1
Interference 0.004 62 —15.0 0.0039 1.8 1.8
Zpol' 0.263158 —18.5 0.2144 100.0 100.0
WoZx 0.072410 —16.8 0.0602 27.5 28.1
WxZo 0.072068 —16.8 0.0599 27.4 28.0

® Polarisation defined in the WZ centre-of-mass frame
® Interferences between states (~2 %) and off-shell effects (~1.5 %) included in the fractions [14]

® Polarised states in the double-pole approximation: only the doubly resonant diagrams, the boson momenta projected
on-shell in the numerator, the Breit—-Wigner lineshape kept. Off-shell effects: the full off-shell result against the unpolarised
DPA, Full/Unpolarised = 1.016

WTZat /s = 13.6 TeV. Interference: the unpolarised DPA minus the polarised sum [14, 12]
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Pre-fit event yields

SR 7Z-CR b-CR

Run 2 Run 3 Run 2 Run 3 Run 2 Run 3
Data 646 953 210 235 666 766
Total prediction 800 4190 1060 +270 204 + 11 240 + 24 687 £+ 56 751 £+ 75
WxZojj-EW 29.2+ 0.7 37.6+ 2.0
WxZrjj-EW 78.0+ 2.2 102.1+ 5.9
WZjji-EW 0.6+ 0.1 0.8+ 0.2 514+ 1.3 34+ 0.9
WZjj-QCD 530 £190 710 +£260 6.3+ 2.1 87+ 3.0 93 + 36 75+ 27
Misidentified leptons 46 + 11 62 + 19 1.7+ 04 22+ 0.5 155 + 38 195 + 61
7.7jj-QCD 416+ 29 51.8+ 9.4 158.4+ 8.6 181 + 20 101+ 0.6 9.0+ 0.9
t7Zj 286+ 1.0 373+ 3.5 0.4+ <0.1 0.8+ 0.1 134.14+ 5.0 1544+ 94
tt+V 209+ 0.7 229+ 2.3 100+ 0.3 119+ 1.0 289 £+ 11 312 £+ 19
77jj-EW 6.7+ 1.7 154+ 3.9 2284+ 5.7 304+ 7.7 0.3+ 0.1 0.3+ 0.1
WZjj-INT 6.5+ 1.3 9.2+ 1.9 0.1+ <0.1 0.1+ <01 0.6+ 0.1 0.4+ 0.1
WZjj-EW in T 59+ 0.6 75+ 0.8
vvv 24+ 0.6 3.7t 09 414+ 1.0 48+ 1.2 04+ 0.1 04+ 0.1

Before the fit, total systematic uncertainties [11]
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Post-fit event yields (fxo fit)

SR 77-CR b-CR

Run 2 Run 3 Run 2 Run 3 Run 2 Run 3
Data 646 953 210 235 666 766
Total prediction 668 £ 23 934 £ 28 210 £+ 14 238 £ 15 663 £ 26 771 £+ 28
Wx Zojj-EW 36 + 11 48 £ 14
WxZrjj-EW 76 + 18 103 £ 24
WZjj-EW 06+ 0.1 0.8+ 0.2 50+ 1.3 34+ 09
WZjj-QCD 393 + 30 573 + 37 50£ 04 6.8+ 0.6 62.2+ 10.0 59.1+ 5.0
Misidentified leptons 45 £ 10 54 + 15 1.7+ 04 22+ 05 152 £ 36 168 £ 48
77jj-QCD 440+ 4.0 524+ 54 170 £ 15 183 £ 16 9.9+ 06 9.3+ 05
tZj 333+ 6.4 441+ 89 0.5+ 0.1 1.0+ 0.2 157 £+ 30 182 £ 35
tt4+V 1984+ 2.4 25.7+ 3.6 95+ 1.2 133+ 1.8 275 £+ 32 349 £+ 42
ZZ7jji-EW 56+ 1.3 135+ 3.2 19.14+ 4.6 26.7+ 6.3 02+ 0.1 02+ 0.1
WZjj-INT 6.5+ 1.3 94+ 1.9 0.1+ <0.1 0.1+ <0.1 0.6+ 0.1 04+ 0.1
WZjj-EW in T 59+ 06 76+ 08
vvv 24+ 06 3.7+ 09 41+ 1.0 49+ 1.2 04+ 0.1 04+ 0.1

Mgy = 0.96 £ 0.12 (1.09 £ 0.14), pyz; = 1.18 £0.22 (1.15 £ 0.22), pzz = 1.09 £0.11 (0.97 £ 0.11) for Run 2 (Run 3)
Backup 6 /25



Input variables of the networks

Variable S.vsB. Pol.00 Pol.0X Pol. X0 Variable S.vs B. Pol.00 Pol.0X Pol. X0
Njets v x x x ro1 x v x x
El v x x x my? x v v v
pJ:l} v X X v EB?ISS x x v v
P2 x x x v ple x v x v
J
nt x v v v p.22 x x x v
2 v v v X w x x v v
$I2 x x v x P
mj; v x x x n %1 v v v v
Ang; v v v v ‘%2 x v x v
Agi; v v v x ntw v v v v
AR(j1,2Z) x v v v cos O3y x v v x
(pJ,IJ‘) x x x v cos 0, X v X v
AJPJT v v v X |cos Oy | v v v x
Rphard v x " " Ap(lz,,z,) ¥ v x x
T
Y v v v v Ap(bw,vy) z : \; :
Z x v v v Ce

P AWZ v v v v
o v v v v v

230 x x x v

= 18 variables for S. vs B., 20, 19, and 20 for the polarisation networks, out of 44, chosen by a ranking and pruning on the fit
significance [11, 12]
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Input features: ranking and pruning

e Start from the full list of variables

® Ranked with three independent methods

Top 25 across the three, then prune until the ROC and the AUC start to degrade

S. vs B.: the methods agree on mj;, Njets, Anj;, then ¢, the defining observables of the VBS topology

Polarisation networks: each follows the boson it targets, cos 6* first, then that boson’s decay kinematics

® Input modelling checked in a validation region 150 < mj; < 500 GeV

= pruning costs no performance and reduces the risk of overfitting

Details in [12], selected inputs in [11]
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Polarisation DNN outputs

0.4
0.35
0.3
0.25]

A.U. (normalised to unit area)

ATLAS Simulation
Vs =13TeV, 140fb~"
1 WoZgl-EW
WoZrjl-EW
C270 WeZgi-EW
171 Wy Zqji-EW

0.6

Pol. 00, AUC 0.84

0.8
Pol.00 DNN score

A.U. (normalised to unit area)
o o 4 I
o o o o s
» D @ - N

14
Q
[N

ATLAS Simulation
Vs=13TeV, 140fb~"
1 WoZol- EW
WoZrj-EW
WrZoji-EW
17 Wy Zgj EW

o
o

o

o
o
>

A.U. (normalised to unit area)
o o4
o =
B @

0.02]

ATLAS Simulation

Vs =13TeV, 140"
1 WoZol-EW
(0ZTi-EW
WZoji-EW
WrZyjji-EW

02 04 06

Pol. 0X, AUC 0.80

0.8
Pol.0X DNN score

04 06 0.8

Pol.X0 DNN score

Pol. X0, AUC 0.84

Score distributions of the polarised WZjj-EW states, SHERPA 3.0, Run 2, normalised to the same integral [11]
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i regions of the other two measurem

Vs=13TeV +13.6 TeV

Vs=13TeV+13.6 TeV . .
ATLAS Simulation 1 1
140fb~" + 164 fb™

14010 " + 164 fb" ]

ATLAS Simulation

o 1 o
= =
g 8
- SIVB=236
€N 1D bin No. 6 @ 771Dt No. 8
zZ 0.8 VB =029 zZ 0.8 1D bin No. 4 S/VB=1.20
Zo. = 0. — SIVB =059
in No.
[a] o SIVB=0.36
1= 1D bin No. 4 x
e 0.6 SIVB=0.17 m}rnNo.s o 0.6
° S/VB=0.76 =
o o 1D bin No. 6
o o -0 SIVB - 120
0.4 0.4
i S/vB =031 1D bin No. 3
1D bin No. 1
0.2 S/VB =0.07 W 0.2 S/v/B = 0.60)
S/VB =020
1 . . 0.6 0.8 1

S.vs.B DNN score S.vs.B DNN score

fox

foo

With the S/+/B of each region [11]
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Variables sensitive to polarisation

T — T T F025
£ 5| ATLAS Simulation et £0.16f ATLAS Simulation £014F ATLAS Simulation g ATLAS Simulation
= | Ve-136Tev, 164ty L wizgiew z V5= 136TeV, 164167 z V5= 136TeV, 16416°" z V= 136TeV, 16416°"
H Signal Region —= WrZe EW 3 014F signal Regi H 012 5 2] SinalRogon Z wzew
Lo4 2 2 2
3 3o 3 ot 3
2 2 2 2,
s S 01 s ]
E03 g €008 £
H Zom H H
- - =006 -
El El El El
oz 2006 2 2
- 0.04
0.04 005
04 == 002 - 0.02
55 1 075 05 025 0 02 05 075 1 075 05 025 0 02 05 075 02 04 08 08
Jcos6yl €080}y cos 7, Al
* *
| cos Oy | cos Qew cos HEZ APJJ
T
K H — WoZlt EW K — Wzl EW i — Wzl EW
£ 04F ATLAS Simulation 4 ATLAS Simulation wﬁwrzw £ 4F ATLAS Simulation ngﬂ“' o 4 ATLAS Simulation ngﬂ“' o
= oasf vE-106TeV, t64M! 204} ve-1a6Tey, 16amt L Wamew z VE=136TeV, 1641671 T Wanew 2075} 5o 136Tev, 1641 T Wanew
H Signal Region 5| SonaiRegon Zwzew 5 035f Signal Regon wzew S oys} Sl Peven Zwzew
2 03 2 2 B
3 Bos g o3 3
2 2 2 20125
‘g 025 ] ] s
£ £ 0% £
5 § o1
8o g, &0 £
3 3 3 S o075
2018 < <015 <
ot 01 o1 005
005 0.05 0.025
0 e 0 — — 0
100 200 300 400 500 600 700 200 300 300 500 05 1 15z 25 5 35
pYZ [GeV] pY (Gev] p [GeV] 1¥2 = Vil
WZ w Z
pT pr pT lyz — vy ‘W |

Run 3 shapes of the polarised states. The W needs the neutrino p ., estimated by a neural network [4]: the Z is better reconstructed, hence fx is the most sensitive fraction
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Variables separating EW from QCD

§ - Zj-EW
£ o6} ATLAS Simulation ~ araeo
£ V5=136TeV, 16410
El Signal Region
205
B
-
S04
€
s
£o03
S
<02
o1
800 TH10% 15107 2410° 256100 3:10° 352100 4x10°
m; [GeV]
™mij
5 O —
o imulati — WZEW
£ o) ATLAS Slmulalloni‘ e
= V5=136TeV, 1641t
; .15} Sional Region
E 0125
g
£ o1
£
50075
<
0.05
0.025
02 0.4 06 08 1
i
Apr
A
T

T
3 — WZjEW
£ 0.175] ATLAS Simulation  Waaco
] V5 =136TeV, 16410
3 Si | Re
3 os} SanalRogon
E 0125
E
s o1
£
50075
<

005

0025

2 3 4 5 6 7
Anjj
Anjj

g . — WZjjEW
e ATLAS Simulation oo
E ol vE=136Tev 16467
S 100 & .
S Signal Region
L
3
=
T q10-1
g
s
£
3
<1072

10-3

o1 02 03 04 05 06 07 08
hard
Rpr

Rhard

rT

s
g — WZjEW
§ | ATLAS Simulation — Waraoo
£ Ve=136Tev, 16407
El Signal Region
205
B
-
To4
€
5
o3
S
o2 L 4
0.1
0 25 3 35 4 45 5 55
Niets
Nj ets
s
g — WZjEW
g ATLAS Slmulallonr‘ — Wigaco
’;’ 02 %s:ﬂiﬁ‘:ev 16410
Signal Region
L
=t
2
2015
=}
E
5
£
5 o
<
005
05 1 5 2 25 3 35
1Yz =Yyl
lyz —y,wl

Run 3 shapes. Input modelling checked in a validation region 150 < m; < 500 GeV, the most important variables measured in the signal region at 13 TeV [6]
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@ Fit and control regions



Control region: ZZ

2
ATLAS - aew g | amas - woew
Vs=13TeV, 1406 mm WZj-QCD+INT W100F \5-136Tev, 164167 mm WZj-QCD4INT
P ZZ-CR, Post-fit [ Misid. leptons ZZ-CR, Post-fit [ Misid. leptons
= zzj =F
Urpose = tz;”wvv = szvav
. . . B tt+V Ett+V
77 production with one lepton lost is the N Tot. unc. N ot une,
. . N
second irreducible background.
Requiring four or more baseline
leptons isolates it
e Fitted variable: m;;, which 20 0
separates the softer ZZjj-QCD B 1 |
. o o
from the harder signal F \\m\\z\\\j\\\\&&\ 3 TR \&\\\%T&\
® Common to the three 8 8
measurements, one normalisation 055 180 300 500 800 055 180 300 500 800
m;; [GeV] m;; [GeV]

factor per run, uncorrelated
between the runs = uzzji.qep = 1.097014 (Run 2) and 0.9775-15 (Run 3), both compatible with unity

Run 2 alone previously gave 1.08 & 0.11 [6]
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Control region: b-jets

Purpose
g ¢ Data g 700 ATLAS t Data
. = ATLAS " < "
b-quark processes are vetoed in the SR, @ 500 L, EmWZEW > |, mmwziEew
.. . € Vs =13TeV, 140fb [l WZjj-QCD+INT € goo | VS =136TeV, 164fb Bl WZj-QCD+INT
S0 requiring one b-tagged jet turns that 2 | boRpostit =1 Misid. leptons 27} beR postit =3 Misid. leptons
veto into a control region for tZj and 400 = o 500 = v
T Ett+V Ett+V
tt + V 300 N Tot. unc. N Tot. unc.
® Fitted variable: a dedicated BDT, 200 -
tZjat+1landtt +V at —1
e Two normalisation factors at once, 100
per run and uncorrelated .
1.5 1.5
® Primary vertex g E
-i o o
@ Secondary vertex (b) bet 51 4 } S 1 3 f +
Tertiary vertex (c) g S {
0.5_1 —65 ll) 0?5 1 D'5—1 —65 ll) 0?5 1
b-CR BDT score b-CR BDT score

= fg4y = 0.96 £0.12 (Run 2) and 1.09 + 0.14 (Run 3), z147; = 1.18 +0.22 (Run 2)
and 1.15 £+ 0.22 (Run 3)

Run 2 alone previously gave 0.90 + 0.13 and 1.23 + 0.22 [6]

From [12]
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Control regions before the fit

2 2 o v

=4 t Data =4 t Data S 600 t Data S 700 t Data

o [ ATLAS - WZjEW 2 ATLAS - WZjEW - ATLAS - WZjEW - ATLAS - WZjEW

w Vs =13TeV, 1401b~" B8 WZ}-QCD+INT W00} Vs=136TeV, 164107  mm WZj-QCD4INT 2 V6=13TeV, 1401b™" B WZ}-QCD+INT £ Ve=136TeV, 16410 mm WZj-QCD+INT

2Z:CR, Pre-fit l:l Misid. leptons 22.CR, Pre-fit l:l Misid. leptons 2 500F bR Pre-t l:l Misid. leptons 2 600F bR, Prefi 3 Misid. leptons
7zj 7zj 7zj = 2z

l:l 1Zj+ VWV l:l 1Zj+ VWV l:l 1Zj+ VWV 500 031+ VWV
[=18% [=FT8% =18 sV

N\ Tot. unc. AN Tot. unc.

i\\\ Tot. unc. AN Tot. unc.

2
z
a

P

3 3 3 3
a a
5 hw \\\\\\\\\\\\\“\A\\\\Q\“T\\\X\ﬁ\\\\ PRI NS &&\‘&\\&\\&%&\\\N\ RSOSSN R %\\\&\ AR
8 8 8 8
0'50 180 300 500 800 0'50 180 300 500 800 o 5_ -0.5 0 0.5 1 0'5 -0.5 0 0.5 1
mjj [GeV] mjj [GeV] b-CR BDT score b-CR BDT score
77-CR, Run 2 77-CR, Run 3 b-CR, Run 2 b-CR, Run 3
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@ Results



Polarisation fractions: the numbers

Data
+ total (+ statistical, + systematic, + luminosity) ~ MAPGRAPH SrERPA3.0  MoCANLO NLO EW
foo 0.00070-55% (19-005, < 0.001, < 0.0001) 0.0902 4 0.0005  0.087 + 0.001 0.0902 + 0.0005
fox 0.00750:007 (F0:008, T0:002 T0.0008) 0.2808 £0.0002  0.2793 £0.0009  0.2758 % 0.0008
Fxo 0.324F5:8%2 (1000 T 00s, Toooit) 0.2758 + 0.0003  0.274 %+ 0.001 0.2745 + 0.0008
pwzi-Ew  1.06 £0.18 (£0.15, £0.11, +0.01) 0.94106% 1.00752
Evidence for longitudinal Z bosons Upper limits at 95 % CL No Wo seen
fxo: 4.00 observed (2.90 expected) fox < 0.19 (expected 0.46) fox expected at 2.6
agrees with NLO EW foo < 0.12 (expected 0.21) P(fox < 0.007|SM) = 0.60 %,
00 = & : corresponding to 2.5¢
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Fraction against signal strength: the fx, fit

-
[

") — T T T [ T T T T [ T T T T [ T T T T — o 1 —_—
S  ATLAS Vs=13TeV,140fb™" - % <X [ ATLAS Vs=13TeV, 140 fo" ]
B %% Dat = e L ® Data =13.6TeV,164 fo™"
S [ ata Vs=13.6TeV,164 fo"'| O N v Vs e E
S ¥ MadGraph CC> F Ao Sherpa3.0 1
c [ 4 shema3so /) = [ v MoCaNLONLO EW ]
£ 11 wcamonoen W2 osf I :
%) : ; o i ]
=T ; : 1 & 3 ]
< | i i 15 041 b
o a a 2 i ]
oor z z ] s 1

0.5 : : — 0.2 3

s | mr ] ; :

r i mAV b o vy

- : : E 0 0.5 1 1.5

L } ; g M wzjj-Ew

WAV A g
oLl uimmth .\ . .
® New physics enhancing or suppressing a state would
foo fox fxo  HMwzjew shift both f and juwz;i-iw
Fractions and pywyzjj-pw (from the fxq fit) against MADGRAPH, SHERPA 3.0 and ® fxo and pwz;i-gw consistent with the SM

MoCANLO NLO EW
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WZjj-EW fiducial cross-sections

Measured [fb] Predicted [fb]

SHERPA 3.0 MADGRAPH

/s = 13TeV (Run 2) 0.347 £ 0.079 0.335 0.314
s = 10.6 e un . . . _0 .
13.6TeV (Run3) 0.374+0.094 0.37315555 0.345

Fiducial, per lepton flavour, each run fitted alone, from the fx¢ fit. Values from the fox and foo fits agree within 10 %

Predictions: sum of the four polarised states, MC statistical uncertainty below 0.1 % [12], SHERPA at 13.6 TeV with its PDF
and scale uncertainties [11]

Run 3 alone: 0.374 4+ 0.077 (statistical) +0.053 (systematic) +0.009 (luminosity) fb, the first WZj;-EW cross-section at
13.6 TeV
+0.05

Signal strength relative to SHERPA 3.0: measured pwz;-ew = 1.06 £ 0.18, predicted 0.947 5 57 by MADGRAPH and
1.00102 by SHERPA 3.0
13 TeV measured before in [6]

= in agreement with the SM predictions [11, 12]
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Post-fit distributions: the f,, and

Jfox fits

€ + Data € + Data T 4 Data k=3 ¢ Data
ot ATLAS - WoZg EW 2 ATLAS - WoZo EW 2 ATLAS 2 WoZyl-EW 2 ATLAS 2 WoZyJ-EW
W10 5-13Tev, 140" mm Other WZJ-EW Wio4k Vs=136TeV, 16416 mm Other WZji EW w VE=13TeV, 140107 WyZyji-EW 10%F s=136Tev, 164167 mm WyzyjiEW
Signal Region, Post-fit B WZjj-QCD+INT Signal Region, Post-fit Bl WZjj-QCD+INT Signal Region, Post-fit W WZjj-QCD+INT Signal Region, Post-fit Bl WZjj-QCD+INT
foo measurement =] Misid. leptons foo measurement =3 Misid. leptons fox Measurement =1 Misid. leptons fox measurement = Misid. leptons
108 = 7z =2z =2z =z
0= 1Zj+ VW =317+ VW B3 1Zj+ VW =3 1Zj+ VW
=Ry (= (=Y =R Y
I WZjEWint I WZj-EWint = WZjEWin< = WZj-EWin<
- WoZoi-EW Exp. -~ WoZgil-EW Exp. WoZyi-EW Exp. WoZyji-EW Exp.
NN Tot. unc. N Tot. unc. AW Tot. une. A Tot. une.
100 10°
° ° '8 °
(3] o o
Sis l L £ A &s l S5
o 1 o o o
= . O e IS M boondk .L "L'-l—l‘ 51 R oo | 5 1 ool ! Lol J |
£ Y t [ £ I 1 8 LA A B £ t 1
Sos Sos | Sos 805
0 0 0 0
1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10
Voronoi regions Voronoi regions Voronoi regions Voronoi regions
foo, Run2 foo, Run3 fox,Run2 fox,Run3

Dashed line: post-fit SM with the polarised WZjj-EW contributions at their pre-fit values
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Signal region before the fit

£ 4 Daa 2 » 2 4 Daa
B |anas g g . S wgew B anas - zgew
@10t} 5= 1aTev, 1o 2w G100k em 1aTev, 10! WiZgEW L ’
Signal Region, Pre-ft B WZj-QCD+INT Signal Region, Preit B WZ]-QCD+INT Signal Region, Pre-ft [ WZj-QCD4INT
1o measurement 3 Misid. leptons fox moasuroment. 3 Misid. leptons oo moasuroment 3 Misid. eptons
108 =z 10! =z 2 i
(= [=E R 10° (=
=i =iy =i
= waewine = Wi ewine S wziewns
" N ot - S Tothne - N To e
10' 10"
10° 109
Eis Eis
Qos Qaos
J J
IR [ R
Voronoi regions Vorono regions. Voronoi regions
fxo, Run2 fox,Run2 foo, Run2
2 g 2
€ t 4 Data €
5 |amas e g pamas S wizaew g famas = wizgrew
ol va=rasTev, 16 mm wizgiew W pal va=136Tev, 16467 mm Wz EW G ] vs-rasTev teen ! mm oterwzew
Sigal Region, Pre-ft [ WZJ-QCD+INT ‘Signal Region, Pre-ft (B WZ[-QCD+INT Signal Rogion, Preit Bl W2 QCDVINT
o measurement 3 Misid. loptor fox measurement. 3 Misid. leptons foo massursment = ?'z?d lepions.
10° = 108 =Wy 10° =z
=i = i
= warewin: = Wi ewine S waiewn:
- N ot o STt - N To e
10! 10!
109 109
3 K %
&is & &is
El Fl El
Sos g Sos
0 El o 12 3 4 5 6 7 o 9
Voronoi regions Vorono regions. Voronoi regions
fxo,Run3 fox,Run3 foo,Run3
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Run 3 input variables after the fx, fit (1/2)

2 2 £

g | anas } oaa 5 |amas § 300} arLas Lo

s -z g -z ew g -z

G0k v et oz G300F 5 36T, 164107 e W | ve=tasTev, tean ! oew
250 Sl Fegon, Post it Wy GcDINT

Wz EW
Signal Region, Post il [ W2J.GCD-INT ‘Signal Region, Postfit

250 1,y moasurement o measurement 3 Misid. loptons
=2z

4o measurement 3 Misid. leptons
300 =2z
=z 20 200
=Ty
S WZEWin < 150
200 N Uncertanty S Uncertainty

2 1 1

'
3 g 2
< | T < [ Lod ek < had { [
w1 @ L) '3 )
£ R g0 A gy Y
& 8 &

TS5 o5 o s E o5
Jcos by cosOy cos6;;
* *
cos 0 cos 0 cos 0
| vl W 0z

£a00 § Daa H § Daa 2 { oaa
g 7T} ATLAS . Wz EW 9 jos} ATLAS Wz EW  jg¢| ATLAS - W
o VE=136TeV, 164157 Wiz EW o VE-136Tev, 16410 Wz e & VE=138TeV, 1641671 Wazr W

250 Signal Regon Postt I WJ-QCDAINT Sinal Regon Postit I W51 GGDNT Signl Fegion. Postt [ W5} OCDAINT

fyo measurement 3 Misid. leptons fyo measurement. 3 Misid.leptons | txo measurement 3 Misd. leptons.
200 =2z 108 [=F-) 10 =2z
5 B1Zj+ VW [=F/B00 =1
=i = =
150 S wziEwins = wzjEwine = wzpewine
102| N Uncertainty 102 N Uncertainty

N Uncertainty

100
10" 10"
s
o 10° 10°
" ;
: ] Ls [ k. |
&‘.Hll‘i = gl < R -
-] T ] ¥ ! g N
Ry T Zos i &os M
o w60 T a0 0 @0 59 T
PP (Gev) p¥ (Gev] pZ (GeV]
WZ w z
pr pr pT
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ATLAS - EW
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Run 2 and Run 3 fitted alone

Individual fits

Combined
Run 2 Run 3
foo 0.00019-053 0.05619- 522 0.00019-554
fox 0.00719-051 0.00019- 358 0.02419-52¢
fxo 0.32410-092 0.41179-133 0.270190-157
W Zjj-EW 1.055+0.181  1.037+0.236  1.004 + 0.252

0\1,3%%\7\, [fb]  0.35340.061  0.347 + 0.079
od STV, [fb] - 0.393 4 0.068 0.374 + 0.094
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Upper limits and correlations

-

3 [ ATLAS I Vs= 113Tev, 140 o7 ] 8 [ ATLAS I Vs= 1I3Tev, 140 67" ]

osl ® Data Vs=13.6TeV,164 b~ - osl ® Data Vs=13.6TeV,164 "

.8~ W MadGraph — .8~ ® MadGraph —

fOO fOX : A Sherpa :’:.0 : : A Sherpa ;.0 :

Expected 0.21 0.46 o6l —smzn 1 oeb Llmeee™ ]

+lo [0.15, 0.29]  [0.35, 0.58] [ o2 -ete ] b 2m e ]

+20 [0.08,0.36]  [0.24, 0.70] 04k ] o4l ]

+30 [0.02, 0.44]  [0.13, 0.81] ; ] ; 1

Observed 0.12 0.19 02 ] 02r . ]
95% CL upper limits 00_ 05 15 Gc; 05 ] 15

H wzjj-ew H wzjj-ew

Contours at —21n A = 2.3 (full) and 6.18 (dashed), and 11.8 (dotted-dashed) for fyx . MoCANLO is computed for Wt Z only, its Hwzjj-EW is setto 1
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Impact of the nuisance parameters on fyx and fy

-0.006
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