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Inclusive WZ

q W= 4q Z q W=

7 Z T W= 7 Z

First step toward probing the EWSB through the scattering of EW
gauge bosons.

This work completes previous partial Run 2 inclusive W*Z analysis:
@ Reduced statistical uncertainty
@ Comparison with state-of-the-art SM fixed-order calculations
o EFT interpretations
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Leptonic decay channel

Fiducial cross-section
extrapolated to the total phase WZ branching ratios
space (EPJC 79 (2019) 535):

o
o, =51.0 £ 2.4 pb 5
. 3. Ve, Huy
— 7 x 10° events expected with S
_1 N
140 b~ s hadrons 0.47
Sensitive to choice of leptonic p~m -
.« . TT ) vy adrons
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Léo Boudet (LAPP) WEZ at +/5 = 13 TeV with ATLAS 25/11/2025


https://arxiv.org/pdf/1902.05759

W—evdeca

Selection in 3 steps, from least to most
stringent:

@ Baseline (Loose ID, p7 > 5 GeV)
o Z selection (Medium ID, pt > 15 GeV)
@ W selection (Tight ID, pr > 20 GeV)

Inclusive event selection
N leptons Exactly 3 leptons passing baseline selection
Z leptons 2 same flavour, opposite charge leptons passing Z-lepton selection
Mass window | |mg — mz| < 10 GeV
W lepton Remaining lepton passes W-lepton selection
W transverse mass | m¥ > 30 GeV

Z—pu decay
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Background estimation
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o ttV — dedicated CR 2000
(> 2 b-jets)
@ tZ, VWV, electroweak W*Zjj
— MC estimation
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Reducible: > 1 “fake” lepton
Zv,Z+j, tt 0.8
— data-driven method
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Fixed-order calculations

MATRIX framework computes matrix elements up to:
@ NNLO in QCD
@ NLO in EW

Two main schemes applicable, accounting for EW corrections
differently:

NNLO QCD + EW

do = doo(1+ dacp + dew) + dafg
NNLO QCD x EW,q

do = [dafgﬁ + 58?:,3) + dazg] (1+ dew) + dofd
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Inclusive cross-section measurement

Measurement by decay channel — x? combination.

ot s = 607 * 05 (stat) + 2.3 (syst) + 0.6 (lumi.) fb.

T T T IRRSREERZRREEE|
ATLAS cce
{s=13TeV, 140 fb™
wz

R L e E RaRaEy
f e ATLAS
H {s=13TeV, 140 fb™

eee | 60.6 £3.1 155 +0.07

uee | 575 +26 pee |156 +0.06
® Data
4 MATRIX NNPDF3.1 ®Data
o L NNLO QCDXEW, e
i | 620 +26 o w HH [1.39 £0.05 — MATRIX, CT18
----- MATRIX NNPDF3.1 or Sherpa 2.2.12, NNPDF3.0
NNLO QCD+EW

%4 PDF uncertainty
Hup |07 £26 00—+ e MATRIX MSHT20 Mup |141 t004 —oH MATRIX, NNPDF3.1

NNLO QCDXEWq

combined | 60.7 +2.4
NP/ /2 P I I I ;
50 55 60 65 70 75 80 12 13 14 15 16 17 18 19 2

fid. fid, fid.
Oy, [fb] Oy | Oy

combined |1.

JHEP 11 (2025) 006

Sensitive to the choice of PDF and MaTRrIX EW scheme.
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Differential cross-sections
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Differential cross-sections

SHERPA2.2.12 describes fairly the jet mutliplicity.
SHERPA2.2.12 and MATRIX describe A¢(¢V,Z) reasonably well.

Ratio to Sherpa
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EFT interpretation

e e
Cowerr = Lom + 3 /\:—4 (2 cmom)
n=5

I

c,g") Wilson coefficients, A new physics energy scale.
@ n = 5: non conservation of L, not considered
@ n = 6: dominant term

Operator type Wilson coefficient Operator cP
X3 cw Ow= &k WL”W{,” Wﬁ" even

i O = RwWrwlwgk odd

X?H? CHWB Oxwe = (bTUI(ﬁWLWB‘W even
Chive Oxwe = ¢TUI¢WI'WB‘W odd

H“D? CHD Oup = (D"!9)(¢'DH¢) even
Y2H2D c O = (4D ,0)(@y"q)  even
&) O = (51T0)(ar's q) even
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Fit at detector level

Decomposition method:
|M|2 |M5M|2 +Z 2% {MSMMI6} +Z A4|Ml6|2

Maximum likelihood fit to constrain floating parameter of interest
C,'//\z.
Fit at detector level:

@ SM prediction: SHERPA2.2.12 (NLO QCD)

@ EFT predictions: MADGRAPH5+PYTHIA8 interfaced with SMEFTSIM

(LO QCD)
@ Backgrounds
@ Uncertainties on each component

No EFT generator available at NLO OCD for the decomposition
method.

— EFT simulations generated in the merged 0+1j scheme.
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EFT: CP-conserving case

Decomposition method:

C: i c?
IMP? = [Msu|* + Z A_122§R {MsuMie} + Z A_L|Mi,6|2
i 1

CP-even: all terms lead to Ao # 0,

choice based on sensitivity to EFT
in high energy tails.
— m{” binning optimised.

(mf2)* = (S pf + E7)°
~(Shpl )’
~(Srap )
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EFT: CP-violating case

Decomposition method:

IMP? = [Msul? +Z LR { M Mg} +Z N,IM

SM + linear EFT

do /dz

CP-odd: bosonic operators only.
— Aaint =0

Choice of variable based on the
asymmetry of the interference.

To exploit CP-odd variables properties, events classified in 3
categories:
SM, interference (w > 0), interference (w < 0).
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Multivariate approach

Enhance asymmetry with a set of BDT pos vs SM (EEEE‘;O)
Boosted Decision Trees using TMVA.
Three BDT acting each as binary YT BDT pos vs neg
classifier, three BDT scores Sp, Sp, So SVEnEs
for each operator. )

EFT like

BDT neg vs SM events

o e o o
So most sensitive to CP-violation. score S, (weight<0)
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Multivariate approach

Variable
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@ ¢y, cosby, ¢, cosby: angles of
/" and ¢~ in the modified
helicity frame.

o Triple products:
pJ_(Aa B7 C) = ﬁA : %

@ x: angle between W and Z
decay planes

@ 0y: angle between py and
z-axis in WZ rest frame
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Multivariate approach

Enhance SM vs EFT separation by combining the scores:

1+ 5p(Ci) 1+ Sn(ci)

Scomb(ci) = SO(CI)
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Multivariate approach

Expected sensitivity (Asimov fit, stat. only)

ATLAS Work in progress 95% Cl (fit lin+quad) ATLAS Work in progress 95% Cl (fit lin+quad)
‘White! lin; Blue: lin+quad 3 White: lin; | Blue: lin +5|uad
mez | [-6.509, 3.939] mp | L h [-0.165, 0.164]
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Improvement of expected limits by a factor up to 3 with respect to
best single observable for ¢, ;.

Splitting Scomb(€;) by m¥? < 600 GeV categories brings sensitivity to
quadratic term.
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Wilson coefficient limits
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Wilson coefficient limits

Limits driven by the EFT linear term, except for CP-even cy and cyp.
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Measurement dominated by statistical uncertainties.
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Comparison to existing CP-odd limits

Limits on CP-violating operators competitive with existing analyses.

Process Observable Cuig 95% CL ¢z, 95% CL

H — ZZ*  Optimal Observable [-0.82,0.31] —

H — Ww* Agj [—1.15,1.14] -

Wy pr - [-0.45,0.45]

EW-Zjj Agjvs ptf [0.23,2.35]  [-0.11,0.14]

w*z Scomb [-1.51,1.26] [-0.11,0.09]
red: CMS blue: ATLAS
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Conclusion

Inclusive cross-section measurement agrees with SM prediction.

Differential cross-section measurements enable testing different
schemes for the combination of NNLO QCD and NLO EW corrections.

Novel MVA approach to enhance sensitivity to CP-odd EFT
interference terms.

Limits on ¢; at 95% confidence level competitive with existing limits,
compatible with Standard Model scenario.

Input for incoming combination of all ATLAS CP-odd coefficients
measurements.
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Back-up
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Criteria Baseline selection Z selection W selection

pr cut > 5 GeV >15 GeV >20 GeV

|n| cut <27 <25 <25

Identification WP Loose Medium Tight

|dg* /o (dg")| cut’ <3 <3 <3

|62BL sin 9] cut” <0.5mm <0.5mm <0.5mm

Isolation WP PflowLoose_FixedRad PflowLoose_FixedRad PflowLoose_FixedRad

Overlap removal None u-jet u-jet
Electrons:

Criteria Baseline selection Z selection W selection

pr cut >5GeV > 15 GeV >20 GeV

[n| cut <25 <25 <25

|n8E2| cut <2.47 €lo,1371U1.52,2.471 € [o,1.37]1 U [1.52, 2.47]

Identification WP LooseAndBLayer Medium Tight

|dg"/o(de")| cut <5 <5 <5

|68 sin 0] cut <0.5mm <0.5mm <0.5mm

Isolation WP Loose_VarRad HighPtCaloOnly Tight_VarRad

Overlap removal e-to-p, e-to-e e-to-y, e-to-e, e-to-jets  e-to-y, e-to-e, e-to-jets

Ambiguous author Accepted Accepted Rejected

DFCommonAddAmbiguity No cut No cut <0
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Backgrounds

77 CR: inclusive selection with > 4 baseline leptons
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Fit uncertainties

Merged o+1j EFT samples to emulate real corrections
Theory uncertainty on EFT predictions taken as A(LO'TOJ”D

SM signal modelling uncertainty:

[SHy, — PHPy| — | /539SH2 + 631°CPHP} or 0
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Uncertainties
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2D LLH scans

ML fit with 2 simultaneously floating POI (CP-even):
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Existing ATLAS limits

anomalous TGC: WZ complementary to other EFT studies in Vector
Boson Fusion (VBF) and Scattering (VBS) processes:

Process Observable ¢,7595% CL  €95% CL
H— 17 Ad; [-2.5, 51] -

H — Ww* Adj; [-1.2,14] —
Electroweak Zjj Ad; [0.23,2.35] [-0.a1, 0.44]
w=z Scomb [-1.51,1.26] [-0.11, 0.09]
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BDT performance
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BDT variables import

Rank So(c,yp) input  Separation

¥ W -
Rank  Sp(Cys) iNPUt  Separation Rank  Sn(C.z5) INPUt _ Separation 1 PL(EPJZ,Mf ) 2.427e-02
T wz 2 pi(W e %) 2.087e-02
- sise-cn b S omteon 3 opWet M) ieneor
2 3.945e-02 2 Iy 3.722e-02 L -
4 Ag(l",2) 1.079e-02
3 |cosfy| 2.411€-02 3 |cosfy| 2.419€-02 . ootmeon
4 DGV, 17y 2.358e-02 L AG(W, 7y 2.310e-02 . pw((ﬂ ) 2.5829_03
5 pi? 1.903e-02 5 pt? 1.913e-02 ° ¢*L 0, 82603
6 ERis 1.591€-02 6 ERis 1.509€-02 8 pz (2 ) .67oe—o3
7 PN PALZM)  12430-02 7 PUSPLZ M) 1190e-02 : mLW AN 1670603
8 pi(W, e, (") 9.407€-03 8 pL(W.(, M) 0.703¢-03 2 coi&* 3.7516_04
9 pr(W.e ") 8.869e-03 9 pL(W.er ") 7.5906-03 10 conle 3.751e_04
10 cosby, 3.763e-03 10 |yz—Yewl 3.905e-03 I COZX 3:1849_04
1 Vz—Yewl 3.537€-03 1M cosby, 3.889e-03 ; A o
12 ¢ 2.215e-03 2 ¢ 2.357¢-03 3 cosfyy 3.
‘ - 1 |cosby| 2.851€-04
15 vz —Yewl 2.270e-04

(Work in progress)
S = WparentQparent — WieftQleft — Wrigthright

Q=ps(1—ps) = NsNs 5 the Gini index of a node

(ns + ng)

Léo Boudet (LAPP) i 25/11/2025



Toys extracted limits

10* pseudo-experiments per scan point (Asimov fit, stat. only)

g L2 T T T T g L2 e e e
S [ 68%CL:[0.7340.739] —|-Prob.fromtoys | € [68% CL:[-0.0722,0.0731] |- Prob. from toys |
. 1 2 [ ]
i oswoL [-1.41,1.4] — Prob. asymptotic JfoswcL: [0.117,0126L o asymptotic |
08 A 08 A
0.6; ] 0.6; J
0.4; ] 0.4; J
0.2 J 0.2— —
P T S T R T ol L L L (e Lo
-2 -1 0 1 2 -0.2 -0.1 0 0.1 0.2
cHWtilB cWiil

(Work in progress)

Operator Asymptotic 95% CL  Toys 95% CL
Chivs [-1.423, 1.432] [-1.407, 1.404]
Clww [-0.114, 0113] [-0.117, 0.116]

Léo Boudet (LAPP) WE2Z at /5 = 13 TeV with ATLAS 25/11/2025



CP-odd Uncertainties

Chivs 95% CL Ciiy 95% CL
Stat. [-1.296, 1437] [-0.087, 0.076]
Stat. + ZZth.  [-1.304, 1.212] [-0.088, 0.077]
Stat. + EFT th. [-1.297,1a54]  [-0.087, 0.076]
Stat. + exp. [-1.459, 1.220] [-0.094, 0.082]
Stat. + WZ th. [-1.486, 1.250] [-0.108, 0.091]
Stat. +syst.  [-1.505,1.263] [-0.109, 0.093]
(Work in progress)
Dominated by statistical uncertainties, followed by WZ theory
uncertainties.

o WZ theory: @ Experimental:

MC modelling, s and PDF objects?, bkg, luminosity
@ ZZ theory: @ EFT theory:

as and PDF LO vs o+1j difference

Léo Boudet (LAPP) W=Z at /5 = 13 TeV with ATLAS



Comparison to existing limits

Limits on CP-conserving operators globally not as stringent as those
from direct H production measurements.

Process Observable cﬂg 95% CL c,(_,? 95% CL
High pr VH(— bb) my [-0.15,0.10] [—0.17,0.04]
VH(— bb) STXS(p¥Y)  [-0.19,0.10] [-0.23,—0.18]
U[—0.005, 0.04]
This work Scomb [-0.37,3.98] [-0.15,0.02]

red: CMS blue: ATLAS

Léo Boudet (LAPP) WE2Z at /5 = 13 TeV with ATLAS 25/11/2025
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