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I N T R O D U C T I O N

• VBS can involve quartic gauge coupling.  

• With photon: WWZγ, WWγγ 

• Interesting in the context of EWSB due to Higgs  
boson’s role in restoring unitarity in VV scattering  
cross-section. 

• Also sensitive to triple gauge couplings, but well constrained in diboson production. 

• Rare process and large background, only became accessible in recent years at the LHC. 

• Can be used to search for aQGCs. 
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exchange



Yee Chinn Yap 3

Some of the lowest 
measured SM 
cross-sections
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E W  A N D  V B S

• Not counting decays of the boson, at LO:  

• All purely EW-induced processes treated as signal, QCD-induced (at least one strong 
interaction vertex) as background. EW and QCD-induced processes interfere 
(O(𝛼S𝛼EW3)), effect typically few % of EW.
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In the extraction of EW signal, QCD is treated as background, but 
can be part of signal when measuring EW+QCD cross-section
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jet

jet
V

V

S I G N AT U R E

• At O(𝛼EW4), EW process cross-sections are typically much smaller than QCD ones. 

• Selection making use of typical VBS topology  
helps to minimise non-EW processes. 

• Typical topology: 

• 2 high energy jets with wide rapidity  
separation and large invariant mass. 

• Hadronic activity suppressed between the two jets. 

• Boson pair more central than in non-EW processes. 
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K E Y  O B S E R VA B L E S

• 𝜁: centrality of the diboson system relative to the two tagging jets 

•  

• Zeppenfeld variable  

• mjj: dijet invariant mass 

• |Δyjj| or |Δηjj|: (pseudo-)rapidity difference 

• Ngapjets: number of jets within the rapidity gap between the two tagging jets 

• |Δɸ(VV, jj)|: azimuthal angle difference between diboson and dijet 

ζ = |
yVV − (yj1 + yj2)/2

yj1 − yj2
|

η * = |yVV − (yj1 + yj2)/2 |
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A N O M A L O U S  G A U G E  B O S O N  C O U P L I N G

• Extend SM with dimension-6 and dimension-8 operators in  
Effective Field Theory (EFT) framework: 

• Dimension-6 and 8 operators give rise to aTGC and/or aQGC,  
allowing new types of interactions between weak bosons with  
non-SM tensor structure. 

• Anomalous gauge interactions would manifest themselves as  
enhancement in cross-sections at e.g. high mVV or pTV. 

• Lowest dimension operators that modify QGC but not TGC is dimension-8.
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P R O C E S S E S  I N V O LV I N G  P H O T O N S

• γγ→WW: ATLAS (Phys. Lett. B 816 (2021) 136190, see  
Savannah Clawson’s talk), CMS (JHEP 08 (2016) 119, 8 TeV) 

• Z(→ll)γ: ATLAS (ATLAS-CONF-2021-038),  
CMS (arXiv:2106.11082) 

• Z(→νν)γ: ATLAS (CERN-EP-2021-137) 

• W(→lν)γ: CMS (Phys. Lett. B 811 (2020) 135988) 

• γγ
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https://www.sciencedirect.com/science/article/pii/S0370269321001301
http://dx.doi.org/10.1007/JHEP08(2016)119
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-038/
http://arxiv.org/abs/2106.11082
https://doi.org/10.1016/j.physletb.2020.135988
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EW Zγjj
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ATLAS Z(→ll)γ

• eeγjj and μμγjj channels combined. 

• Found 4.1 σ evidence with 36 fb-1.  

• Data: 139 fb-1 full run 2 data recorded with single and di-lepton triggers. 

• MC: 

• EW signal: Madgraph LO +Pythia with dipole recoil on. 

• QCD Zγ: Madgraph NLO(≤1j) with FxFx merging. 

• Interference: Madgraph O(𝛼S𝛼EW3). Treated as a systematic on EW.  

• Others: ttγ with Madgraph LO, Sherpa NLO for WZ QCD and Madgraph LO for WZ EW.
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ATLAS-CONF-2021-038

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-038/


Yee Chinn Yap

• VBS-enriched selection: 
mjj>150 GeV, |Δyjj|>1,  
Ngapjets=0. 

• SR defined as 𝜁<0.4 and  

QCD-enriched CR as 𝜁>0.4.
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Lepton p`T > 20, 30(leading) GeV, |⌘`| < 2.47
N` � 2

Photon E�
T > 25 GeV, |⌘� | < 2.37

Econe20
T < 0.07E�

T
�R(`, �) > 0.4

Jet pjetT > 50 GeV, |yjet| < 4.4
|�y| > 1.0

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

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

⇣(``�) < 0.4
Ngap

jets = 0

Particle-level fiducial selection, similar to SR

ATLAS Z(→ll)γ: Selection

to remove FSR
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ATLAS Z(→ll)γ: Backgrounds

• QCD Zγ dominant. 

• CR designed to validate the MC  
modelling of this largest background. 

• Z+jets (6% in SR): obtained from data- 
driven 2D sideband method utilising  
photon isolation and identification. 

• tty (5% in SR): from MC, using NLO k-factor and validated in a data eμγ CR.  

• WZ (EW+QCD, 1% in SR): from MC.
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• mjj distributions fitted simultaneously in SR and CR. 

• Good description of QCD Zγ by Madgraph MC is found in both regions. 
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ATLAS Z(→ll)γ: EW Signal Extraction
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• ~10 σ (11 σ) observed (expected). 

• Fiducial cross-section measured by scaling predicted  
cross-section by signal strength.  

• For EW+QCD fiducial cross-section, only SR is fitted. 
 

14

ATLAS Z(→ll)γ: Results
Uncertainty on σEW
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• Found 4.2 σ evidence with 36 fb-1.  

• Data: 137 fb-1 full run 2 data recorded with dilepton triggers. 

• MC: 

• Similar MC as ATLAS for the EW, QCD Zγ and interference. 

• ttγ with Madgraph NLO, Pythia LO or Powheg NLO for VV and single top.  

• aQGCs with Madgraph LO. 

• Backgrounds:  

• QCD Zγ from simulation but constrained by fit to data. Interference treated as part of QCD. 

• Z+jets: data-driven. 

• Other: tW and WW to NNLO, WZ, ZZ, QCD Wγjj and ttγ to NLO.
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CMS Z(→ll)γ
arXiv:2106.11082

http://arxiv.org/abs/2106.11082
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CMS Z(→ll)γ: Selection

to remove FSR

Higher pTγ in aQGC search

Zeppenfeld variable η*=|ηZγ-(ηj1+ηj2)/2|



Yee Chinn Yap

• SR and CR divided into lepton flavour and whether photon in ECAL barrel/endcap.  
SR divided further into 7 bins in mjj and |Δηjj|,  
CR into 3 bins in mjj. 

• Observed (expected) significance: 9.4 σ (8.5 σ). 
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Systematic uncertainty on μEW

CMS Z(→ll)γ: EW Signal Extraction
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CMS Z(→ll)γ: Cross-sections

•  

• Differential cross-sections in pTγ, pTl1, pTj1. Unfold via ML fit in bins of observables.  

• Double  
differential  
mjj vs |Δηjj|.  

• Both for EW  
and EW+QCD.

18
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• mZγ used to extract limits.  

•

19

CMS Z(→ll)γ: Limits on aQGCs

• 95% CL limits on EFT dimension-8 
operators M0 to M5 , M7, T0 to T2, 
T5 to T9. 

• Most stringent limit to date on T9.
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• Part of an analysis looking for 3 signal processes using a final state of missing ET, 
a photon and two jets with VBF/VBS topology: 

• Dominant background from Vγ+jets (QCD Zγ and EW+QCD Wγ). Other 
backgrounds from jet faking photon, electron faking photon, jet faking electron, 
fake MET and ttγ/Vγγ.

20

Z(→νν)γ

BSM

CERN-EP-2021-137
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• Data: 139 fb-1 full Run 2 data, collected with missing ET triggers.   

• MC: 

• EW signal: Madgraph LO+Pythia with dipole recoil on.  

• Normalised to NLO (QCD) predictions from VBFNLO via mjj-dependent correction. 

• QCD Zγ: Sherpa 2.2.8 NLO (≤1j), with NLO EW correction. 

• Alternative sample with Madgraph NLO (≤1j) using FxFx scheme. Difference taken 
as an uncertainty. 

• Interference: Madgraph O(𝛼S𝛼EW3). Treated as a systematic on EW.  

• Other backgrounds: Wγ samples similar to Zγ, Vγγ with Sherpa NLO, tty. 

21

Z(→νν)γ: Samples
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• SR for EW Z(→νν)γ:  

• pTj>60 (50) GeV, ηj1xηj2<0. 

• mjj>250 GeV, |Δηjj|>3, |Δɸjj|<2.5 to reduce multi-jet. 

• 15<pTγ<110 GeV (upper bound to reduce γ+jets). 

• ETmiss>150 GeV, lepton veto. 

•  

• Cγ=1 when photon in the middle between the two 
tagging jets, =1/e when aligned with one of the jets, 
and →0 when farther forward in η than the jets. 

• A third jet with pT>25 GeV can be present, if C3 (similar to 
Cγ but replacing ηγ with third leading jet η)<0.7.  

• Four CRs to constrain 
backgrounds:  

• Wγeν and Wγμν CRs: require an 
additional e/μ with pT>30 
GeV to constrain Wγ. 

• ZγRev.Cen. CR: reverse centrality 
cut to constrain QCD Zγ. 

• Fake-e CR: like Wγeν but 
reverse ETmiss cut.

Cγ = exp[−
4

(ηj1 − ηj2)2
(ηγ −

ηj1 − ηj2

2
)2] > 0.4

22

Z(→νν)γ: SR and CRs
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• Normalisation of EW+QCD Wγ and QCD Zγ background determined from fit through use of CRs.  
 
 

• Jet faking photon: data-driven with 2D sideband method  
to determine fake rate. 

• Electron faking photon: using fake rate from Z→ee data 

• Jet faking electron (affecting Wγeν CR): from Fake-e CR  
using anti-eID information.  

• Fake MET: MC using data-driven jet smearing.  

• ttγ/Vγγ.

23

Z(→νν)γ: Backgrounds and Extraction of EW Signal

SRZγRev.Cen
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Z(→νν)γ: Results

• EW Z(→νν)γjj  
observed with  
5.2 σ (5.1 σ  
expected).

σ fid = 1.31 ± 0.20(stat) ± 0.20(syst) fb
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EW Wγjj

25

VBS via QGCTGCnon-VBS
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• Partial Run 2 data analysis with 35.9 fb-1.  

• MC: 

• EW signal: Madgraph LO 

• QCD Wγ: Madgraph NLO (≤1j)  
with FxFx merging 

• Interference (Madgraph LO)  
treated as uncertainty on the  
signal.  

• Others: VV Pythia LO, single top  
Powheg, ttγ Madgraph NLO. All  
normalised to NLO cross-sections.
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W(→lν)γ

Common

pTl>30 GeV, pTγ>25 GeV,  pTj>40 (30) GeV,  
mTW>30 GeV,  
pTmiss>30 GeV,  
ΔR>0.5 between selected objects,  
|meγ-91|>10 GeV

CR 200<mjj<400 GeV

SR
mjj>500 GeV, |Δηjj|>2.5, mWγ>100 GeV, 
η*<1.2, |Δɸ(Wγ, jj)|>2

Phys. Lett. B 811 (2020) 135988

https://doi.org/10.1016/j.physletb.2020.135988


Yee Chinn Yap

• QCD Wγ: simultaneous fit to SR and  
CR.  

• Misidentified photon or lepton or both:  
data-driven. 

• e→γ: from MC.  

• Others: from MC, normalised to NLO. 
 
 

μQCD = 1.28+0.18
−0.16

27

W(→lν)γ: Backgrounds
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• 2D fit in 4 mjj bins and 3mlγ bins simultaneously in SR and in CR.  

• , 4.9 (4.6) σ 

• Combined with 8 TeV : 5.3 (4.8) σ. 

•  

• For EW+QCD fiducial cross-section,  
only SR is fitted. 

•

σEW = 1.20+0.26
−0.24

σ fid
EW−Wγjj = 20.4 ± 2.8(stat) ± 3.5(syst) fb

σ fid
EW+QCD−Wγjj = 108 ± 5(stat) ± 15(syst) fb

28

W(→lν)γ: EW Signal Extraction
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• mWγ used to extract limits.  

•

29

W(→lν)γ: Limits on aQGCs

• Selection for aQGCs search: Common  
selection + mjj>800 GeV, |Δηjj|>2.5,  
mWγ>150 GeV, pTγ>100 GeV. 

• Limits on operators M0 to M7, T0 to T2,  
T5 to T7. Very stringent.
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S U M M A R Y

• Observations of EW production of Zγjj and Wγjj at 13TeV from ATLAS and CMS.  
 
 
 
 
 

• Measured EW cross sections agree generally well with predictions (LO in most cases, NLO QCD in 
Z(→νν)γ). 

• Main challenge in constraining the dominant QCD-induced production of Vγjj ☞ design dedicated CRs. 

• Process involving photon has larger cross-sections, and sensitive to anomalous quartic gauge couplings. 
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Experiment Process L [fb-1] Reference

ATLAS Z(→ll)γ 139 ATLAS-CONF-2021-038

CMS Z(→ll)γ 137 arXiv:2106.11082

ATLAS Z(→νν)γ 139 CERN-EP-2021-137

CMS W(→lν)γ 35.9 Phys. Lett. B 811 (2020) 135988)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-038/
http://arxiv.org/abs/2106.11082
https://doi.org/10.1016/j.physletb.2020.135988
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D I M E N S I O N - 8  O P E R AT O R S

32
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ATLAS Z(→ll)γ
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• SR, pre-fit
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CMS Z(→ll)γ
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• SR, post-fit

37

CMS Z(→ll)γ
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• CR, post-fit
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CMS Z(→ll)γ
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• EW differential cross-sections
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CMS Z(→ll)γ
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• EW+QCD  
differential  
cross-sections
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CMS Z(→ll)γ
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CMS Z(→ll)γ

Post-fit yields
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Z(→νν)γ
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Z(→νν)γ

Post-fit yields
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• SR, EW extraction

44

W(→lν)γ
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• SR, EW+QCD extraction
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W(→lν)γ
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W(→lν)γ
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W(→lν)γ

Pre-fit yields


