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Vector Boson Pair Productions at the LHC

210

V

V

H

Rel. 
rate

1

10-1

10-2

10-3

Measurement of Diboson productions at 
energy frontier is important to test the 
validity of the Standard Model (SM) 
through the interplay of electroweak and 
QCD effects
 Relative small electroweak events rates 
 VBS: VLVLVLVL a key to understand EWSB

Study of Triple-gauge Couplings (TGCs) to 
test :
 Vector boson self-interactions – fundamental 

prediction of SM gauge symmetry
• Neutral couplings do not exist in SM

 Sensitive to new physics
• New, heavy particles that couple to vector 

bosons ?
• Compositeness of vector bosons?



ATLAS Electroweak Measurements 

3

 SM  measurements 
O(1014) σ range

 Overall good 
agreements with the SM 
predictions

 Sensitive to higher-order 
QCD and EW 
perturbative corrections

 This talk will present 
measurements of 
diboson production σ & 
aTGCs with
 WW  (8 & 13 TeV)
 WZ (8 & 13 TeV)
 ZZ (8 & 13 TeV)
 Zγ (8 TeV)



𝑾𝑾𝑾𝑾 → 𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍
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Phys. Lett. B 773 (2017) 354

• Major background: top and W/Z+jets events
• Dominant uncertainty: jet veto and jet energy 

scale and resolution calibrations

Event selection (8 TeV)

eµ chanel only (selection further optimized)13 TeV:

JHEP 09 (2016) 029

sf=1.03sf=0.88

σth(8TeV) = 63.2 pb

σth(13TeV) = 128.4 pb

• Two high pT isolated lepton pairs ee/µµ/eµ each 
with pT > 20 (25) GeV for ee/µµ (eµ) 

• ET
miss > 45 (20) GeV for ee/µµ (eµ) 

• Jet veto (jet pT > 25 GeV, |eta| < 4.5)

http://www.sciencedirect.com/science/article/pii/S037026931730669X
http://link.springer.com/article/10.1007/JHEP09(2016)029


WW Production Cross Section Measurements
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Phys. Lett. B 773 (2017) 354

Theoretical Predictions

Ratio of σ(13TeV)/σ(8TeV)

13 TeV

σ(NNLO) = 478±15 fb
σ(NNLO) = 128.4±3.6 pb

Fiducial and total σ measurements

8 TeV JHEP 09 (2016) 029
The last ATLAS WW σ
measurement at 8 TeV
resolved longstanding LHC 
anomalies in the observed 
σWW being more than 2σ
higher than the SM prediction 
(with NLO QCD correction); 
 Pushed theoretical 
calculations with NNLO and 
resumed QCD corrections up 
to NNLL accuracy.

http://www.sciencedirect.com/science/article/pii/S037026931730669X
http://link.springer.com/article/10.1007/JHEP09%282016%29029


Probe aTGC (WWZ, WWγ )
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Modified Lagrangian with aTGC parameters

Fit leading lepton pT to extract aTGCs

JHEP 09 (2016) 029

http://link.springer.com/article/10.1007/JHEP09%282016%29029


σWZ Measurements with WZlνll
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 Lower background than WW, higher BR than ZZ

 ET
miss cut replaced by a cut on mT

W

o Ensure that we are at the Z & W resonances
o A more stricter control of the backgrounds

 Cutting ET
miss strongly reduces the phase space

o ET
miss cuts would strongly reduce polarization phase 

space of W

Phys. Rev. D 93, 092004 (2016)Event selection

σth(8TeV) = 21.0 pb

σth(13 TeV) = 48.2 pb

ATLAS-CONF-2016-043

http://link.aps.org/doi/10.1103/PhysRevD.93.092004
https://cds.cern.ch/record/2206093


Precision σ Measurement with WZlνll
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ATLAS-CONF-2016-043 (13 TeV)

∆ reduced to 5% with NNLO

7% total

(8 TeV)

Precision measurement 
pushed of theoretical 
calculations (JHEP 

01(2017)139)

Phys. Rev. D 93, 092004 (2016) Phys. Lett. B 762 (2016) 1

Phys. Rev. D 93, 092004 (2016)

https://cds.cern.ch/record/2206093
https://cds.cern.ch/record/2206093
https://cds.cern.ch/record/2206093
http://link.aps.org/doi/10.1103/PhysRevD.93.092004
http://www.sciencedirect.com/science/article/pii/S0370269316304725
http://link.aps.org/doi/10.1103/PhysRevD.93.092004


Probe Anomalous TGC (WWZ)
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WWZ coupling is independent of the WWγ coupling, in 
contrast to WW production; Fit mT spectrum to set the aTGC
limits.

Phys. Rev. D 93, 092004 (2016) (8 TeV)

http://link.aps.org/doi/10.1103/PhysRevD.93.092004


WWlνjj and WZlνjj
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• Detect diboson WV through Wlν, and Vjj
• To maximize sensitivity to aTGC, select dijet from 

V decay with resolved jj and merged fat-jet J
• Most sensitive aTGC limits,  surpass LEP!

8 TeV WWlνlν WZlνll WVlνjj
CWWW/Λ2 [-7.62,7.38] [-3.9, 4.0] [-3.1, 3.1]
CW/Λ2 [12.58,14.32] [-4.3, 6.8] [-5.1, 5.8]
CB/Λ2 [-35.8, 38.4] [-320, 210] [-19, 20]

Eur. Phys. J. C 77 (2017) 563

https://link.springer.com/article/10.1140/epjc/s10052-017-5084-2


Measurements of ZZ and Zγ Productions

• Test SM: measurements of σtotal, σdiff , and couplings with leptonic
final states: 4l, llνν, and llγ, ννγ

• Search for new physics with anomalous neutral triple-gauge couplings
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ZZ

Zγ

Phys. Rev. D 97 (2018) 032005 (13 TeV ZZ) JHEP 01 (2017) 099 (8 TeV ZZ) Phys. Rev. D 93, 112002 (2016) (8 TeV Zγ)

ZZγ, 
ZZZ

Zγγ

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.032005
http://link.springer.com/article/10.1007/JHEP01(2017)099
http://link.springer.com/article/10.1007/JHEP01(2017)099
https://link.springer.com/article/10.1007/JHEP01(2017)099
https://link.springer.com/article/10.1007/JHEP07(2017)107
https://link.springer.com/article/10.1007/JHEP07(2017)107
https://dx.doi.org/10.1103/PhysRevD.93.112002


Measurement of ZZ Production σ
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 ZZ Production σtotal, σdif cross section 
measurements through 4l & 2l2ν channels (8 TeV), 
and 4l channel (13 TeV).

 4l channel requires both Z’s on-shell, very clean, 
but the measurement uncertainty is still dominant 
by statistics (1017 events for 36.1 fb-1 at 13 TeV)

 Differential cross sections measured as a function 
of 20 observables, including mjj and ∆y(jj), which 
are particularly sensitive to the EWK-ZZjj process

Fiducial cross sections (8 &13 TeV)

Total cross section

 Best available SM 
predictions are based 
on fixed-order MATRIX 
NNLO QCD 
calculations:

NNLO QCD +NLO QCD 
gg initiated contributions 
+ NLO EWK corrections 
+ EWK-ZZjj

JHEP 01 (2017) 099Phys. Rev. D 97 (2018) 032005

8 TeV 13 TeV 13 TeV

σth(13 TeV) = 16.9 pb

σth(8 TeV) = 6.6 pb

https://link.springer.com/article/10.1007/JHEP01(2017)099
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.032005


Differential Cross Section Measurements at 13 TeV
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Phys. Rev. D 97 (2018) 032005

dσ/dpT
l1, l2, l3, l4
Z1, Z2, & ZZ
J1, j2, ∑𝑃𝑃𝑇𝑇

𝑗𝑗

dσ/dN
Njet
Njet (central)
Njet (pT>60GeV)
Angular dσ
YZZ
∆φ (Z1, Z2)
∆Y(Z1, Z2)
ηj1, ηj2
∆Y(j1, j2)
dσ/dmjj

unfolding
ZZ4l

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.032005


Search for Neutral aTGCs
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 Search for neutral aTGC from pT
Z spectra with 4l (and 

2l2ν) final states;
 SHERPA MC is used by ATLAS to model the 

anomalous coupling (ZZγ, and ZZZ) signals with 
parameters: f4

γ, f4
Z, f5

γ, f5
Z

Phys. Rev. D 97 (2018) 032005

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.032005


Measurement of  Zγ Production with Zll (l=e,µ) and Zνν Channels
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Phys. Rev. D 93, 112002 (2016)
 Zll channel (pT

l >25 GeV, ET
γ >15 GeV)

o Major background from Z+jets (estimated from data)
 Zνν channel (ET

miss >100 GeV, ET
γ >130 GeV) 

o Major backgrounds from γ+jet and W+γ (estimated from 
data)

 Exclusive channel defined with jet veto (for jet 
pT>30 GeV)

o Study high order calculation on Zγ channel

Total cross-section measurements vs SM predictions

Total σ
measurement
∆σ/σ ~5.5%
Need NNLO 
correction

Zll Zll

Zνν

https://dx.doi.org/10.1103/PhysRevD.93.112002


Explore aTGC in Zγ production
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(Phys. Rev. D 47, (1993) 4889)Using effective lagrangian approach: aTGC parameters ℎ3𝑍𝑍, ℎ3
𝛾𝛾, ℎ4𝑍𝑍, ℎ4

𝛾𝛾

 Use the event yield with photon ET > 250 (llγ) and 400 (ννγ) GeV with jet veto for limit setting
 Set limit on the CP-conserving couplings: h3

Z and h4
Z from ZZγ vertex and h3

γ and h4
γ from Zγγ vertex

 γ ET spectra are used to explore the aTGC in analyses
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Summary
 About 50 ATLAS papers 

published on diboson
physics studies

 Entering precision 
measurement era (σsys

< 5%) to test SM at 
highest energy scale

 Sensitivities of aTGC
surpass the LEP 
combined limits!

For charged aTGCs
• ∆κγ limits ~6x10-2

• λγ limits ~1.3x10-2

• ∆κΖ limits ~2x10-2

• λΖ limits ~1.3x10-2

• ∆g1
Ζ limits ~2x10-2

For neutral aTGCs
• hi

V limits ~10-4 – 10-6

• fiV limits ~10-3



Summary of Charged aTGC Limits
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMPaTGC



Summary of Neutral aTGC Limits
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMPaTGC



Backup slides
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aTGC parameters
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JHEP 09 (2016) 029

http://link.springer.com/article/10.1007/JHEP09%282016%29029


aTGC Form-Factor Scale
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JHEP 09 (2016) 029

http://link.springer.com/article/10.1007/JHEP09%282016%29029


Coupling Constraint Scenario
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JHEP 09 (2016) 029

http://link.springer.com/article/10.1007/JHEP09%282016%29029


ZZ Observation vs Prediction at 13 TeV
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