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“In the beginning there was symmetry.”  
- Werner Heisenberg

• …and then it broke. Now all we’ve got are 
particles. 

• Despite the (ongoing) success of the SM, it is a 
natural theory only up to ~1TeV 

• If there is no new physics beyond this, then this 
isn’t really a problem per se. However there are 
reasons to expect that this isn’t the case. 

• Latest indications suggest that if there is new 
physics, it must be at a scale further away than 
we expected, so that SM stays natural beyond 
1TeV (otherwise we should have seen some 
evidence by now)
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Kingdom of SM

Why are these so 
far apart?

Here be dragons (new physics)
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Kingdom of SM

Here be dragons?

?
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search for deviations 
in the tails

Λcutoff
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Kingdom of SM Precision EWK measurements 
at our energy scale can give 

insight into NP at higher (not-
directly-accessible) scales

Here be dragons? (please?)
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MT(WZ)

• New physics may introduce deviations in 
couplings at high energy scales leading to an 
enhancement of vector boson cross sections, 
especially at high pT. 

• Can be seen via, e.g.: 

• Specific observables, eg shape of pT, m or 
mT distributions 

• (Differential) cross section measurements  

• Precision measurements of EWK couplings 

Dibosons & VBF 

Tribosons & VBS

aTGC 

aQGC              
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Current Status of Diboson Measurements
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theoσ / expσProduction Cross Section Ratio:   
0.5 1 1.5 2

CMS PreliminaryMarch 2017

All results at:
http://cern.ch/go/pNj7

γγ  0.12± 0.01 ±1.06 -15.0 fb
(NLO th.), γW  0.13± 0.03 ±1.16 -15.0 fb

(NLO th.), γZ  0.05± 0.01 ±0.98 -15.0 fb
(NLO th.), γZ  0.05± 0.01 ±0.98 -119.5 fb

WW+WZ  0.14± 0.13 ±1.01 -14.9 fb
WW  0.09± 0.04 ±1.07 -14.9 fb
WW  0.08± 0.02 ±1.00 -119.4 fb
WW  0.08± 0.05 ±0.96 -12.3 fb
WZ  0.06± 0.07 ±1.05 -14.9 fb
WZ  0.07± 0.04 ±1.02 -119.6 fb
WZ  0.07± 0.06 ±0.80 -12.3 fb
ZZ  0.07± 0.13 ±0.97 -14.9 fb
ZZ  0.08± 0.06 ±0.97 -119.6 fb
ZZ  0.05± 0.04 ±1.10 -135.9 fb

7 TeV CMS measurement (stat,stat+sys) 
8 TeV CMS measurement (stat,stat+sys) 
13 TeV CMS measurement (stat,stat+sys) 

CMS measurements
 theory(NLO)vs. NNLO 
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Charged TGCs and ℒWWV

• Parameterisation of possible charged TGCs that is Lorentz invariant and obeys charge 
conservation: (V = Z or ɣ)
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only WWɣ and WWZ 
allowed in SM

gives final states 
WW, WZ, Wɣ
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Charged TGCs and ℒWWV
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Terms violating C and/or P

• Parameterisation of possible charged TGCs that is Lorentz invariant and obeys charge 
conservation: (V = Z or ɣ)
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Charged TGCs and ℒWWV
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Terms violating C and/or P

• Parameterisation of possible charged TGCs that is Lorentz invariant and obeys charge 
conservation: (V = Z or ɣ)

g1
ɣ = 1 from EM gauge invariance 

g1
Z - 1 

𝜅ɣ - 1 
𝜅Z - 1 
𝜆ɣ 
𝜆Z }

remaining 
independent 

parameters, all 
= 0 in SM
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EFT Approach 

• An alternative framework for describing modifications of diboson production is an EFT that is assumed to 
be valid below an energy scale Λ, formed by adding higher-dimension operators to the SM Lagrangian: 

• There are three CP-conserving dimension-6 operators, with coefficients that are zero in the SM, and are 
related to the LEP-constrained aTGC parameters. 

•   

• Since the LHC results have now surpassed LEP/Tevatron limits, the LHC aGC Taskforce recommends to 
now move towards using the dimension-6 EFT operators in our results.

9



Claire A. Lee

WZ→ℓνℓℓ

ATLAS and CMS diboson results focusing on aTGCs
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W+W-

Wɣ

WW→ℓνℓν

WV

WW→ℓνℓν + 
aTCG

8 TeV

WW→ℓνℓν WW→ℓνℓν + 
aTGC

13TeV

WV→ℓνqq + 
aTCG

WZ→ℓνℓℓ + 
aTGC

WV→ℓνqq + 
aTCG

WZ→ℓνℓℓ + 
aTGC

Covered in Md 
Naimuddin’s talk (VBS)7 TeV measurement

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2012-07/
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W+W-

Wɣ

WW→ℓνℓν

WV

WW→ℓνℓν + 
aTCG WW→ℓνℓν WW→ℓνℓν + 

aTGC

WV→ℓνqq + 
aTCG

WZ→ℓνℓℓ + 
aTGC

WV→ℓνqq + 
aTCG

WZ→ℓνℓℓ + 
aTGC

Covered in Md 
Naimuddin’s talk (VBS)7 TeV measurement

ATLAS and CMS diboson results focusing on aTGCs
8 TeV13TeV

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2012-07/
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WW→ℓνℓν + aTCG at 8 TeV - Introduction
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JHEP 09 (2016) 029

Eur. Phys. J. C 76 (2016) 401

t channel

TGC 
vertex

gluon 
fusion

Higgs 
prod.

Higgs considered signal for 
ATLAS, background for CMS

• W+W- differential cross section measurement 

• Same- and different-flavour channels , 0 jet (ATLAS) and 0,1 jet (CMS) 

• Limits on aTGCs calculated from distribution of leading lepton pT (ATLAS) and 
mℓℓ (CMS)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2013-07/
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-14-016/index.html
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WW→ℓνℓν + aTCG at 8 TeV - Cross Sections

• CMS predicted cross section quoted is solely non-
resonant NNLO WW production, 

• ATLAS predicted cross section includes H→ WW at 
NNLO 

• ATLAS scale choice: μR=μF=mWW/2  

• CMS scale choice: μR=μF=mWW (taking into 
account WW pT resummation) 

• Theoretical and statistical uncertainties in both 
measurements are fairly comparable 

• CMS experimental uncertainties are smaller 
(background estimation, JES, and ETmiss)
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1.4𝜎 excess in ATLAS 
that lasted until a 

better theory 
calculation came along

JHEP 09 (2016) 029

Eur. Phys. J. C 76 (2016) 401

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2013-07/
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-14-016/index.html
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WW→ℓνℓν + aTCG at 8 TeV - EFT coefficients
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CMS

ATLAS

JHEP 09 (2016) 029

Eur. Phys. J. C 76 (2016) 401

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2013-07/
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-14-016/index.html
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Wɣ

WW→ℓνℓν

WV

WW→ℓνℓν + 
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WV→ℓνqq + 
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Covered in Md 
Naimuddin’s talk (VBS)7 TeV measurement

ATLAS and CMS diboson results focusing on aTGCs
8 TeV13TeV

W+W-

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2012-07/
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WW→ℓνℓν at 13 TeV - Introduction

• Total (ATLAS & CMS) and fiducial (ATLAS) cross sections             
measured at 13 TeV 

• 𝑒μ channel only, 0 jet (ATLAS) and 0,1 jet (CMS) 

• Again, Higgs considered signal for ATLAS only 

• DY and top backgrounds estimated using CR, W+jets with matrix method 

• Main improvement from theory predictions 
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arXiv:1702.04519

CMS-PAS-SMP-16-006

ATLAS

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2015-20/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-16-006/index.html
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WW→ℓνℓν at 13 TeV - Uncertainties

17

dominant experimental uncertainties

dominant background uncertainties

CMS

ATLAS

arXiv:1702.04519

CMS-PAS-SMP-16-006

in ATLAS from JES & JER

in both ATLAS and CMS from 
estimation of fakes

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2015-20/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-16-006/index.html
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WW→ℓνℓν at 13 TeV - Cross Sections
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CMS

ATLAS

arXiv:1702.04519

CMS-PAS-SMP-16-006

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2015-20/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-16-006/index.html
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Wɣ

WW→ℓνℓν

WV

WW→ℓνℓν + 
aTCG WW→ℓνℓν WW→ℓνℓν + 

aTGC

WV→ℓνqq + 
aTCG

WZ→ℓνℓℓ + 
aTGC

WV→ℓνqq + 
aTCG

WZ→ℓνℓℓ + 
aTGC

Covered in Md 
Naimuddin’s talk (VBS)7 TeV measurement

ATLAS and CMS diboson results focusing on aTGCs
8 TeV13TeV

W+W-

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2012-07/
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WZ→ℓνℓℓ + aTGC at 13 and 8 TeV - Introduction
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Eur. Phys. J. C 77 (2017) 236

ATLAS-CONF-2016-043

t channel

TGC 
vertex

u channel

• The WZ cross section is sensitive to WWZ couplings 

• Fully leptonic final state in 4 channels combining 𝑒 and μ 

• The presence of aTGC would affect the W±Z integrated cross 
section and manifest itself as an increased yield of events at high 
values of pT

Z or mT
WZ 

• aTGC confidence intervals determined from differential cross 
section distributions vs mT

WZ (ATLAS) or pT
Z (CMS)

http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-14-014/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-043/
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WZ→ℓνℓℓ + aTGC at 13 and 8 TeV - Samples

• Signal  

• Powheg-Box v2+Pythia8 (NLO) (NLO Sherpa 2.1.1 for sys) 

• MC@NLO for aTGC signal events scaled by 1.11 based on 
NNLO QCD calculations 

• Backgrounds with 3 or more prompt leptons 

• qq->ZZ, tt and single top: Powheg-Box v2+Pythia (NLO) 

• gg->ZZ: Sherpa (LO) 

• ttV and tZ: MadGraph5 (LO)+Pythia8or6 

• Other backgrounds evaluated using data-driven techniques

21

• Signal  

• MadGraph5 (LO) 

• For aTGC modelling NLO MCFM 6.3 used 
to compute weights 

• Backgrounds with 3 or more prompt leptons 

• qq->ZZ, tt and tW: Powheg 2(NLO) 

• gg->ZZ: GG2ZZ (LO) 

• Other backgrounds (WW, single top, Z+jets, Vy) 

• Other backgrounds use MadGraph (LO)

CMSATLAS

Eur. Phys. J. C 77 (2017) 236

ATLAS-CONF-2016-043

Signal

Backgrounds with 3 or more prompt leptons

http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-14-014/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-043/


Claire A. Lee

WZ→ℓνℓℓ + aTGC at 13 and 8 TeV - Selection

• Event Selection 13 TeV 

• Various single lepton triggers (>24+ GeV) 

• 3 “medium” isolated leptons with pTℓ > 15 GeV (at 
least one with pT>25 GeV and trigger-matched) 

• one SF pair with OS and mℓℓ within 10 GeV of 
Z mass 

• mT(3rd lep + ETmiss) > 30 GeV and pT 3rd lep 
> 20 GeV (and tight ID for electrons) 

• veto on 4th loose lepton with pT > 7 GeV 
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• Event Selection 8 TeV 

• Dilepton trigger (17,8 GeV) 

• 3  isolated leptons with pTℓ > 10 GeV                          
. 

• one SF pair with OS and mℓℓ within 20 GeV of 
Z mass 

• ETmiss > 30 GeV and pT 3rd lep > 20 GeV 
(and tight ID for electrons) 

• veto on 4th loose lepton with pT > 10 GeV 

• m3ℓ > 100 GeV

CMSATLAS

Eur. Phys. J. C 77 (2017) 236

ATLAS-CONF-2016-043

http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-14-014/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-043/
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WZ→ℓνℓℓ + aTGC at 13 and 8 TeV - Backgrounds

• Reducible Backgrounds (Z+jets, Vy, ttbar, WW) estimated 
in control regions using matrix method with loose vs tight 
classification 

• Misid leptons - 60% of total background 

• Irreducible background (ZZ, ttV, VVV, tZ) estimated from 
simulation 

• 70% of irreducible background from ZZ 

• WZ with tau decays considered background, estimated 
from simulation (about 6.5 to 7.6% in CMS case) 

• Dominated by WZ events where the W decays to a tau

23

ATLAS

Eur. Phys. J. C 77 (2017) 236

ATLAS-CONF-2016-043

http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-14-014/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-043/
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WZ→ℓνℓℓ + aTGC at 13 and 8 TeV - Uncertainties
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dominant experimental uncertainties dominant background uncertainties

CMSATLAS

Eur. Phys. J. C 77 (2017) 236

ATLAS-CONF-2016-043

from lepton efficiencies from fakes

http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-14-014/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-043/
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WZ→ℓνℓℓ + aTGC at 13 and 8 TeV - Cross Section
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Eur. Phys. J. C 77 (2017) 236

ATLAS-CONF-2016-043

• Theory & CMS 13 TeV:  60 < mZ < 120 GeV  
• CMS 7 and 8 TeV: 71 < mZ < 111 GeV 
• ATLAS: 66 < mZ < 116 GeV

http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-14-014/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-043/
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WZ→ℓνℓℓ + aTGC at 13 and 8 TeV - Differential
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Eur. Phys. J. C 77 (2017) 236

ATLAS-CONF-2016-043

http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-14-014/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-043/
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WZ→ℓνℓℓ + aTGC at 13 and 8 TeV - Limits
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CMS

CMS
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Wɣ

WW→ℓνℓν

WV

WW→ℓνℓν + 
aTCG WW→ℓνℓν WW→ℓνℓν + 

aTGC

WV→ℓνqq + 
aTCG

WZ→ℓνℓℓ + 
aTGC

WV→ℓνqq + 
aTCG

WZ→ℓνℓℓ + 
aTGC

Covered in Md 
Naimuddin’s talk (VBS)7 TeV measurement

ATLAS and CMS diboson results focusing on aTGCs
8 TeV13TeV

W+W-

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2012-07/
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WV→ℓνqq + aTCG at 8 TeV - Introduction
• WW or WZ with one W boson decaying to 𝑒ν or μν and one W or Z boson 

decaying hadronically 

• The presence of jets and the large background from W+jets and ttbar 
production limit the experimental precision, but ~6 times greater branching ratio 

• Also, for WW case the ℓvqq kinematics can be better reconstructed 

• Both resolved (two small-R jets, jj) (ATLAS) and boosted (one large-R jet, J) (ATLAS, 
CMS) cases considered 

• large R jet has increased reconstruction efficiency at high pT (improved BSM 
sensitivity) 

• After final event selection S/B is still low, signal extracted by fit to mjj or mJ 
distribution 

• aTGC contributions determined from pT(jj,J) distribution

29

arXiv:1706.01702

Phys. Lett. B 772 (2017) 21

diagram credit: G Salam

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2015-23/
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-13-008/index.html
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WV→ℓνqq + aTCG at 8 TeV - Event Selection
• Jet selection: 

• ATLAS: Small- and large-R jets are reconstructed using the anti-kT algorithm, with radii 0.4 and 1.0 

• CMS: Small-R jets reconstructed using anti-kT with radius 0.5; large-R jets using Cambridge-Aachen with radius 0.8 

30

• One CA8jet pT>200, no additional CA8 
jets with pT>80 GeV 

• ETmiss>50(70) for μ(𝑒) 

• similar cuts on ΔR variables and 
includes Δɸ(J, ETmiss) > 2.0 

• Additional cut on ratio of 2-subjettiness 
to 1-subjettiness < 0.55 to discriminate 
against W+jets backgrounds.

CMSATLAS

arXiv:1706.01702

Phys. Lett. B 772 (2017) 21

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2015-23/
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-13-008/index.html
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WV→ℓνqq + aTCG at 8 TeV - Backgrounds

• W+jets CR 

• ATLAS: SR and (mJ < 65 GeV or mJ > 95 
GeV) (85% purity) - SF=0.84 

• Top CR 

• ATLAS: require a b-tagged jet and require 
∆R(j,J) > 1.0 (90% purity) SF=0.87 

• CMS: require a b-tagged jet

31

• W+jets and top backgrounds by far dominant, followed by 
multijets, with data-driven corrections from CR for W+jets 
and top

arXiv:1706.01702

Phys. Lett. B 772 (2017) 21

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2015-23/
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-13-008/index.html
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WV→ℓνqq + aTCG at 8 TeV - Uncertainties 

32

• Estimates a 20% uncertainty in the 
total background normalisation by 
taking the precision of the ratio of 
curves fitted to the W+jets pTJ 
distributions in the signal and 
sideband regions of W+jets simulation 

• Scale and PDF uncertainties are 
estimated to be approximately 18–
26%.

CMSATLAS

arXiv:1706.01702

Phys. Lett. B 772 (2017) 21

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2015-23/
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-13-008/index.html
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WV→ℓνqq + aTCG at 8 TeV - Signal Extraction

• Binned maximum-likelihood fit to mjj or mJ 
distribution 

• Performed on combined 𝑒 and μ channels 

• mass range  40 GeV < mjj < 200 GeV and 50 < mJ 
< 170 GeV

33

• Unbinned maximum-likelihood fit to mJ distribution 

• Performed for 𝑒 and μ channels separately 

• mass range 40 < mJ < 140 GeV

CMSATLAS

arXiv:1706.01702

Phys. Lett. B 772 (2017) 21

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2015-23/
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-13-008/index.html
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WV→ℓνqq + aTCG at 8 TeV - Cross Section & Coupling Parameters

34

Significance = 4.5𝜎 (5.2 exp)

Significance = 1.3𝜎 
(2.5 exp)

The theoretical uncertainty in the WV → lνJ channel is 
dominated by scale uncertainties because of the 
aggressive jet veto

CMS

ATLAS

arXiv:1706.01702

Phys. Lett. B 772 (2017) 21

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2015-23/
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-13-008/index.html
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WV→ℓνqq + aTCG at 8 TeV - EFT Coefficients
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CMS

ATLAS

arXiv:1706.01702

Phys. Lett. B 772 (2017) 21

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2015-23/
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-13-008/index.html
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Current Status of Charged aTGC Limits

36

Ref: LHC EW WG twiki

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMPaTGC


Claire A. Lee

Summary

• Whatever new physics there is seems (for the moment) to be lurking out of our 
grasp 

• But new physics may introduce deviations in couplings at high energy scales, 
leading to an enhancement of vector boson cross sections especially at high pT. 

• Current results from the LHC mainly cover the 7 and 8 TeV datasets (though the first 
aTGC result is available from ATLAS in WZ fully leptonic channel), and have 
surpassed LEP/Tevatron limits for essentially all parameters. 

• With the excellent performance of the LHC in run 2 at 13 TeV, we now have the 
opportunity to complete the set of measurements, placing the tightest restrictions 
on aTGC parameters and EFT coefficients yet.
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Λ
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backup

38



Claire A. Lee

WW→ℓνℓν at 13 TeV - Event Selection
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WW→ℓνℓν at 13 TeV - Event Yields
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WZ→ℓνℓℓ + aTGC at 13 and 8 TeV - aTGC and EFT limits
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WV→ℓνqq + aTCG at 8 TeV - Samples
• Signal 

• qq → WV: MC@NLO+Herwig (Powheg-Box & Sherpa 
1.4.1 for systematics) 

• aTGC contributions use built-in reweighting feature of 
MC@NLO 

• V+jets 

• Sherpa 1.4.1 (LO) normalised to NNLO with FEWZ 

• tt and single top 

• Powheg-Box+Pythia6 

• ZZ 

• Powheg+Pythia8 normalised using MCFM NLO

42

• Signal 

• MadGraph5_AMC@NLO 

• V+jets 

• MadGraph5 

• ttbar and single top 

• Powheg 1.0 
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WV→ℓνqq + aTCG at 8 TeV - Yields
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