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• Physics motivation

• Αnalyses


• VBS Zγ where Z  ee/μμ


• VBS Zγ where Z  νν aiming at low/high  energy


• VBS W(ℓν)γ


• Prospect & Summary
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Physics motivation
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iMgauge ≈ i
g2

4m2
W[s + t]

The Higgs boson contribution cancels exactly the E2 dependance of the 
cross section at high energy in massive VBS only

• Unitarises the scattering amplitudes

• Key process linked with Electro-Weak Symmetry Breaking (EWSB)
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Very rare process (~ fb)
Larger cross sections:

• More precise measurement for SM test

• Possibly accurate differential cross section
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TGC: Triple gauge couplings QGC: Quartic gauge couplings 

Larger cross sections:

• More precise measurement for SM test

• Possibly accurate differential cross section


Multiboson couplings:

• T(Q)GC: WWZ, WWγ, WWZγ, WWγγ

• BSM TGC: ZZγ, Ζγγ

• BSM QGC : ZZγγ, ΖΖΖγ,Ζγγγ


BSM Higgs decay by Z → νν

Unique EFT interpretations 
for the pure neutral gauge 
couplings

Probe new physics 
through deviations from 
SM couplings

q

f̄

q

q

fZ

q

�

W

W



Lepton p`T > 20, 30(leading) GeV, |⌘`| < 2.5
N` � 2

Photon E�
T > 25 GeV, |⌘� | < 2.37

Econe20
T < 0.07E�

T
�R(`, �) > 0.4

Jet pjT > 50 GeV, |yj | < 4.4
|�y| > 1.0

mjj > 150 GeV or mjj > 500 GeV
Remove jets if �R(�, j) < 0.4 or if �R(`, j) < 0.3

Event m`` > 40 GeV
m`` +m``� > 182 GeV

⇣(Z�) < 0.4
Ngap

jets = 0

EW Z(ℓℓ)γ+jj

6

STDM-2018-36 
PRD 104 (2021) 072001

• Measurements use full Run 2 data, from both experiments, in the Z
ee/μμ channels 


• Signal generated with MadGraph [1] at LO 

→

VBS signal is selected by the VBS signature

Final state radiation (FSR) contribution is largely reduced by 
cutting on Zγ invariant mass

CMS

[1] http://madgraph.phys.ucl.ac.be/index.html

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.072001
http://madgraph.phys.ucl.ac.be/index.html


EW Z(ℓℓ)γ+jj: Background
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• Largest background comes from QCD Zγjj production

• Modelled using simulation, but constraint with data 


• Other major background comes from Z+jets events, with a jet 
misidentified as a photon, estimated with data-driven method

CMS

Nobs
tot = 1453

ATLAS
Sample SR, mjj > 150 GeV SR, mjj > 500 GeV CR, mjj > 500 GeV

NEW�Z�jj 269± 27 25± 6
NQCD�Z�jj 245± 21 224± 18
NZ�jj 1292± 50
NZ+jets 78± 30 21± 8 16± 5
Ntt̄� 73± 11 16± 2 8± 1
NWZ 17± 3 9± 2 4± 1

Total 1461± 38 560± 23 277± 17

Nobs 1461 562 274



EW Z(ℓℓ)γ+jj: Results
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σSM pred.
EW = 4.34 ± 0.26 (scale) ± 0.06 (PDF) fb

σEW = 5.21 ± 0.52 (stat) ± 0.56 (syst) fb
σpred.

EW+QCD = 13.3 ± 1.72 (scale) ± 0.10 (PDF) fb
σEW+QCD = 14.7 ± 0.80 (stat) ± 1.26 (syst) fb

Significance well above 5σ 

• Simultaneous binned maximum likelihood fit in CR and SR is used for 
extracting signal significance and cross sections

• CMS: mjj and Δηjj in SR, mjj  in CR

• ATLAS: mjj in both SR and CR


• Both EW and EW+QCD cross sections are measured

500 1000 1500 2000 2500 3000 3500 4000 4500 5000
 [GeV]jjm

0.5
0.75

1
1.25

1.5

D
at

a 
/ P

re
d.

0

100

200

300

400

500

600Ev
en

ts

ATLAS
-1 = 13 TeV, 140 fbs

Signal Region
Post-Fit

Data
jjγEW-Z

jjγQCD-Z
Z+jets
γtt

WZ
Total unc.

 
 

 

σSM pred.
EW = 3.5 ± 0.2 fb

σEW = 3.6 ± 0.5 fb

σpred.
EW+QCD = 15.7+5.0

−2.6 fb
σEW+QCD = 16.8+2.0

−1.8 fb
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• CMS has measured differential (1D and 2D) cross sections for EW, and 
EW + QCD Zγjj 

Within uncertainties, 
generally good agreement 

with predictions 
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New!
• New results for the VBS Z(ℓℓ)γ process from ATLAS

• Several differential cross sections are provided for EW, and EW + QCD


• As functions of  ,  ,  , ,  , | | , | |pγ
T pj

T pℓ
T pZγ

T mjj Δy Δϕ(Zγ, jj)

STDM-2018-36

50 100 150 200 250 300 350 400 450 500

0.02

0.04

0.06

0.08

0.1

0.12

0.14

]-1
 G

eV
×

 [f
b 

γ T
dE
σd

Total unc.

Data, stat. unc.

jj MGγEW-Z

ATLAS
-1 = 13 TeV, 140 fbs

Signal Region

50 100 150 200 250 300 350 400 450 500

 [GeV]γ
TE

0.6
0.81
1.2
1.4

D
at

a
Pr

ed
ic

tio
n

50 100 150 200 250 300 350 400 450 500

2−10

1−10

1

]-1
 G

eV
×

 [f
b 

γ T
dE
σd

Data, stat unc.
Total uncertainty
 

jj SHERPAγjj MG + QCD-ZγEW-Z

ATLAS
-1 = 13 TeV, 140 fbs

Extended SR
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Within uncertainties, generally good agreement with predictions 

EW Z(ℓℓ)γ+jj: Results
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EW Z(ℓℓ)γ+jj: Results
• CMS also set limit on aQGC by EFT, with events in dedicated search region 

with high pT photon (  > 120 GeV). 

• Fit on invariant mass of the Zγ system (mZγ)

pγ
T
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EW Z(νν)γ+jj
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• First measurement and observation in full run2 data

• Search for H(→inv)γ with VBF+MET+Photon signature

• Search for H decays to dark photon


• Mostly focus on low energy region  ∈ [𝟏𝟓, 𝟏𝟏𝟎] GeVpγ
T
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• EW signal sample by MadGraph at LO

• Higgs related sample at least at NLO

• Dominant background from QCD 

Zγ+jets and W(ℓν)γ+jets and 
controlled with CRs 

• 𝑊𝛾(𝜇𝜈) , 𝑊𝛾(𝑒𝜈) and Fake-𝑒 region: 

allowing one lepton (or jet fake electron) 

• 𝑍𝑅𝑒𝑣.𝐶𝑒𝑛.(𝛾) CR: QCD-Zγjj enriched 

EPJC 82 (2022) 105 

https://link.springer.com/article/10.1140/epjc/s10052-021-09878-z
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Observable Requirements

Njet with pT > 25 GeV � 2

|⌘( j1,2) | < 4.5

pT( j1) [GeV] > 60

pT( j2) [GeV] > 50

�R( j, `) > 0.4

|�⌘jj | > 3.0

C3 < 0.7

mjj [TeV] > 0.5

truth-Emiss

T
[GeV] > 150

��(truth-~Emiss

T
, ji) > 1.0

pT(�) [GeV] > 15, < 110

|⌘(�) | < 2.37

Econe20

T
/E�

T
< 0.07

�R(�, jet-or-`) > 0.4

C� > 0.4

��(truth-~Emiss

T
, �) > 1.8

N` with pT > 4 GeV and |⌘ | < 2.47 0
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• Signal extracted from simultaneous fitting 
across all the regions

• QCD Wγ and Zγ normalisations are floating 

in the fit 

µZ�EW �Z�strong �W�

1.03 ± 0.25 1.02 ± 0.41 1.01 ± 0.20

σEW = 1.31 ± 0.20 (stat) ± 0.20 (syst) fb

Observed (expected) significance: 5.2 (5.1) σ 

Centrality cut:



EW Z(νν)γ+jj: BSM search 
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1. 𝐻→𝒊𝒏𝒗.

• Dense Neural Network (DNN) used as fitting discriminant

• Looser event to increase statistic

• Highly suppress the QCD production Zγjj events 


• Obs. (Exp.) branching ratio upper limit is 0.37 ( ) at 95% CL

2. 𝐻→𝛾𝛾d

• Transverse mass of the photon and MET system is used for fitting  

• Obs. (Exp.) 𝐻 → 𝛾𝛾d branching ratio upper limit is 0.018 ( ) at 95% CL when 

mh= 125 GeV
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• New measurement with extra  > 150 GeV to 
enrich the QGC events: 


• BDT to separate signal from backgrounds

• Observed (expected): 3.2𝜎 (3.7𝜎)


• Photon ET is used in aQGC search
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In the region where unitarity is preserved
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]
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�1 [�8.9, 7.3] ⇥ 10
�1

5) 5/⇤4
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�1 [�3.5, 4.3] ⇥ 10
�1

5) 8/⇤4
1.7 [�5.2, 5.2] ⇥ 10

�1 [�5.3, 5.3] ⇥ 10
�1

5) 9/⇤4
1.9 [�7.9, 7.9] ⇥ 10

�1 [�8.1, 8.1] ⇥ 10
�1

5"0/⇤4
0.7 [�1.6, 1.6] ⇥ 10

2 [�1.5, 1.5] ⇥ 10
2

5"1/⇤4
1.0 [�1.6, 1.5] ⇥ 10

2 [�1.4, 1.4] ⇥ 10
2

5"2/⇤4
1.0 [�3.3, 3.2] ⇥ 10

1 [�3.0, 3.0] ⇥ 10
1

JHEP accepted, arXiv:2208.12741

https://arxiv.org/abs/2208.12741
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• Measurements using full Run 2 data by CMS, with W leptonic decay 

• Signal is generated with MadGraph at LO

• Main backgrounds from QCD Wγ and nonprompt γ/ℓ by data-driven method


• Results extracted from 2D variables of mjj and mℓγ


• Simultaneous fit in the CR and SR 

Common selection 
• pT(ℓ/γ) > 35 (25) GeV

• Jets with  pT > 50 GeV

• ΔR(ℓ,γ/j) > 0.5 

• mT(W) > 30 GeV

• MET > 30 GeV

• |meγ - mZ | > 10 GeV 

• mWγ > 100 GeV

Control region 
• 200 GeV < mjj < 400 GeV 


Signal region 

• Δφ(φZγ,φjj) > 2 

• |ηZγ – (ηj1+ ηj2)/2| < 1.2 

• mjj > 500 GeV 

• Δηjj > 2.5 

Observed (expected) significance: 6.03 (6.79)σ 

PRD accepted, arXiv:2212.12592 

https://arxiv.org/abs/2212.12592
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Data γEW W

γTop, VV, Z γQCD W

MisID photon Double MisID

MisID lepton  syst⊕Stat 
-4 = 8 TeV4Λ/M,2F

ℒEFT = ℒSM + ∑
i

c(6)
i

Λ2
𝒪(6) +

c(8)
i

Λ4
𝒪(8) + . . . .

• Set limit on aQGC by EFT, with events in dedicated search region. 

• Fit on invariant mass of the Wγ system (mWγ) 

aQGC search region 

• photon pT > 100 GeV 

• mjj > 800 GeV 

• Δηjj > 2.5

most stringent to date
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• Overview of VBS/F processes with a photon measurements 
in both ATLAS and CMS


• VBS Zγ, Z  ℓℓ


• VBS Zγ, Ζ  νν in low and high photon pT region


• VBS Wγ, W  ℓν


• Rich and comprehensive physics results

• Differential cross sections

• Search for aQGC

• Search for Higgs invisible decay and to dark photon

→
→

→
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VBS/VBF 
with γ

Final 
states CMS ATLAS

Zγjj ℓℓγjj PRD 104 (2021) 072001 
ATLAS-CONF-2021-038
(mjj > 500 GeV)

Zγjj ννγjj — EPJC 82 (2022) 105 

JHEP accepted, arXiv:2208.12741 

Wγjj ℓνγjj PRD accepted, arXiv:2212.12592 —

VBS/VBF 
with γ

Final 
states CMS ATLAS

Zγjj ℓℓγjj PRD 104 (2021) 072001 ATLAS-CONF-2021-038

Zγjj ννγjj —
EPJC 82 (2022) 105 

JHEP accepted, arXiv:2208.12741 


Wγjj ℓνγjj PRD accepted, arXiv:2212.12592 —

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.072001
https://cds.cern.ch/record/2779171
https://link.springer.com/article/10.1140/epjc/s10052-021-09878-z
https://arxiv.org/abs/2208.12741
https://arxiv.org/abs/2212.12592
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.072001
https://cds.cern.ch/record/2779171
https://link.springer.com/article/10.1140/epjc/s10052-021-09878-z
https://arxiv.org/abs/2208.12741
https://arxiv.org/abs/2212.12592
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Background estimation
• Background processes estimated from simulation are normalized to the best theoretical cross section 

prediction and all of them are reweighted to correct pileup, lepton, photon and trigger efficiencies.

• Irreducible background QCD Z! normalization is significantly constrained by data                                        
in a low Mjj control region.

• A data-driven method is used to estimation non-prompt photon contribution.

Ø A fit was performed using the shape of "i#i# (the shower shape variable)
from data, true and fake photon

Ø Build non-prompt sample by inverting one of medium cut-based photon variable with 
corresponding loose cut-based value while keep others invariant.

Ø For each event in this non-prompt sample, a photon pT dependent weight is applied

Fake photon is from data by inverting charged isolation between 5 and 10 GeV
Closure test was done to select a best charged isolation sideband

Data is from data with medium working points photon

True photon is from QCD Z! with medium photon working points and 
matched to generator-level

Template fit

npredicted
fake−in−SR = ntot × ϵfake−fraction = Nunweighted

fake−in−CR × weights

Based on the Z+jets events, two good leptons from 
Z, 70 < mℓℓ< 110 GeV

Data Remove σiηiη cut

True 
Template

Remove σiηiη cut
ΔR(γreco,γgen) < 0.3
Get shape from simulation

Fake 
template

Remove σiηiη cut
Invert the charged isolation variable 
Get shape from data

σiηiη =
∑5×5

i wi(ηi − η̄5×5)2

∑5×5
i wi

≠0, if Ei > 0.9% of E5x5wi
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• Refers to the analysis arXiv: 1012.4389 (Measurement of the inclusive isolated prompt photon cross section)


• The amount of nonprompt photons in A is NB x 
NC/ND


• The shape of the mjj distribution for events with 
nonprompt photons is obtained from B,C, and D

ATLAS
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ATLAS: mjj > 150 GeV
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CMS
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Coe�cient Observed limit [TeV
�4

] Expected limit [TeV
�4

]

5) 0/⇤4 [�9.4, 8.4] ⇥ 10
�2 [�1.3, 1.2] ⇥ 10

�1

5) 5/⇤4 [�8.8, 9.9] ⇥ 10
�2 [�1.2, 1.3] ⇥ 10

�1

5) 8/⇤4 [�5.9, 5.9] ⇥ 10
�2 [�8.1, 8.0] ⇥ 10

�2

5) 9/⇤4 [�1.3, 1.3] ⇥ 10
�1 [�1.7, 1.7] ⇥ 10

�1

5"0/⇤4 [�4.6, 4.6] [�6.2, 6.2]
5"1/⇤4 [�7.7, 7.7] [�1.0, 1.0] ⇥ 10

1

5"2/⇤4 [�1.9, 1.9] [�2.6, 2.6]

Coe�cient ⇢c [TeV] Observed limit [TeV
�4

] Expected limit [TeV
�4

]

5) 0/⇤4
1.7 [�8.7, 7.1] ⇥ 10

�1 [�8.9, 7.3] ⇥ 10
�1

5) 5/⇤4
2.4 [�3.4, 4.2] ⇥ 10

�1 [�3.5, 4.3] ⇥ 10
�1

5) 8/⇤4
1.7 [�5.2, 5.2] ⇥ 10

�1 [�5.3, 5.3] ⇥ 10
�1

5) 9/⇤4
1.9 [�7.9, 7.9] ⇥ 10

�1 [�8.1, 8.1] ⇥ 10
�1

5"0/⇤4
0.7 [�1.6, 1.6] ⇥ 10

2 [�1.5, 1.5] ⇥ 10
2

5"1/⇤4
1.0 [�1.6, 1.5] ⇥ 10

2 [�1.4, 1.4] ⇥ 10
2

5"2/⇤4
1.0 [�3.3, 3.2] ⇥ 10

1 [�3.0, 3.0] ⇥ 10
1

Unitarity is not preserved

Unitarity is preserved


