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Main sources for this talk: 
 
MBI workshop Wisconsin (Aug 2016) 
https://agenda.hep.wisc.edu/event/965/other-view?view=standard 
 
LHC SM EWK group meetings: 
https://indico.cern.ch/category/3290/ 
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Introduction 
Multi-boson production is a O(10-3-100)pb process. 
 

¡  Probes the electro-weak gauge symmetry of the 
SM. 
¡  Measure “fiducial” cross sections to minimize the 

dependence on theoretical predictions. 

¡  Determination of Gauge Boson Couplings provide a 
model independent test for “new” physics. 

¡  Sensitivity increases with energy reach. 

¡  Production Processes 
¡  Inclusive di-boson 

¡  Vector boson fusion 

¡  Vector boson scattering / exclusive 

¡  inclusive tri-boson 
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Calculations 
¡  Pre-LHC era: 
¡  Initial state, LO PDF 

(ppbar). 

¡  Final state, 2 massive 
vector boson, little phase 
space for additional 
emissions. 

¡  Higher order corrections 
thus small! 
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Calculation 
¡  Things look 

different at the 
LHC… 
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Tevatron LHC 

https://arxiv.org/abs/hep-ph/9503389v2 



Calculations 
¡  LHC era: 
¡  Initial state, LO PDF 

disfavored (pp). 

¡  Final state, 2 massive 
vector boson,  
lots of phase space for 
additional emissions. 

 

¡  Higher order corrections 
are important. 

¡  gq! 

03.11.16 Alexander Oh, University of Manchester 

7 



Calculations 
¡  Treatment of the hard-process: 

¡  On-shell VV’ production. 
¡  (+) Total cross-section.  
¡  (-) no treatment of decays. 

¡  Narrow width approximation (production + decay at pole-mass). 
¡  (+) includes physics final state (+ spin correlations) 
¡  (-) neglects off-shell effects 

¡  (Double-)pole approximation. 
¡  (+) includes off shell effects and phase space  
¡  (–) matrix elements include only resonant parts, no interferences 
¡  (+)  PA only for virtual NLO corrections (HERWIG++) 

¡  Full calculation. 
¡  (+) includes off-shell effects, irreducible background, interferences 
¡  (–) complicated calculation, depends on final state  
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Calculations 
¡ QCD NNLO and NLO EW available for di-boson processes: 
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Observables 
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¡  Total cross sections: 
¡  Almost no ambiguity when comparing experiments. 

¡  Theory dependence on extrapolation to full phase 
space. 

¡  Fiducial cross sections: 
¡  Minimize theory uncertainties due to phase-space 

extrapolations. 
¡  Define a “fiducial volume” mimicking the detector 

acceptance. 

¡  Definition in terms of final state truth particles after 
showering 

¡  Charged lepton and photon kinematics. 

¡  Neutrino transverse energy 

¡  Vector boson mass calculated from leptons. 
 

¡  Leptons are “redressed” with brem photons in 
ΔR=0.1. 

¡  Allows theorists to test their favorite model. 

 



Observables 
¡  Unfolded kinematic distributions:   

¡  Remove detector effects to allow 
independent interpretation of Data. 

¡  Commonly used method 
¡  Bayesian iterative unfolding. 
¡  Unfolding within detector acceptance. 
¡  Normalised distributions. 

 

¡  Published Results (HEPDATA): 
¡  Fractional, binned kinematic distributions. 
¡  Full correlation matrices. 
¡  Statistical and systematic uncertainties, 

background contributions. 

¡  In principle can combine experiments. 
¡  LHC EWK WG working on conventions. 
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Interpretation 
¡  Beyond standard models to address   
¡  Dark Matter candidate 
¡  CP asymmetry 
¡  Neutrino masses 
¡  Hierarchy problem 
¡  …  

¡  Effective Field Theory (EFT) approach 
¡  We have the tools for precise SM calculations. 
¡  We have BSM extension to test against. 
¡  With EFT parameterize the unknown. 
¡  Largely model independent. 
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Interpretation 
¡  EFT – TGC – Basis …  
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SM vector boson self-interaction term 



Interpretation 
¡  EFT – TGC – Basis …  
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? ?

Add additional interactions in the vertex*,  
e.g. Hagiwara et al. Nucl. Phys. B282 1987, 253-307:  
  

*Require: SU(2)xU(1) & EM gauge invariance, C,P  

but the subtle SM gauge cancellation fails  



Interpretation 
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¡  Fix this by 
¡  Introducing form factors. 

¡  LEP, TeVatron, LHC 
¡  Project scattering amplitude. 

¡  k-Matrix (ATLAS) 
¡  Limit range of validity. 

¡  SM EFT   
(ATLAS, CMS). 

Collider. In Section V we also present our conclusions.

II. ZZZ AND ZZγ ANOMALOUS COUPLINGS

In the SM, at the parton level, the reaction p p
(−) → ZZ proceeds by the Feynman diagrams

of Fig. 1. Including the anomalous couplings under discussion requires the addition of the
graphs of Fig. 2. In the massless fermion limit, a reasonable approximation for hadron
collider processes, the most general form of the Zα(q1) Zβ(q2) V µ(P ) (V = Z, γ) vertex
function (see Fig. 3 for notation) for on-shell Z’s which respects Lorentz invariance and
electromagnetic gauge invariance may be written as [12]

gZZV Γαβµ
ZZV = e

P 2 − M2
V

M2
Z

[

ifV
4

(

P αgµβ + P βgµα
)

+ ifV
5 ϵµαβρ (q1 − q2)ρ

]

, (1)

where MZ is the Z-boson mass and e is the proton charge. The overall factor (P 2 −M2
V ) in

Eq. (1) is a consequence of Bose symmetry for ZZZ couplings, while it is due to electromag-
netic gauge invariance for the ZZγ couplings. The couplings fV

i (i = 4, 5) are dimensionless
complex functions of q2

1, q2
2 and P 2. All couplings are C odd; CP invariance forbids fV

4

and parity conservation requires that fV
5 vanishes. Because fZ

4 and fγ
4 are CP -odd, contri-

butions to the helicity amplitudes proportional to these couplings will not interfere with the
SM terms. In the static limit, fγ

5 corresponds to the anapole moment of the Z boson [13].
In the SM, at tree level, fV

4 = fV
5 = 0. At the one-loop level, only the CP conserving

couplings fV
5 receive contributions. Numerically, these contributions are of O(10−4) [14].

Loop contributions from supersymmetric particles and additional heavy fermions produce
ZZV couplings of a similar magnitude [14]. If the Z bosons are allowed to be off-shell, five
additional ZZZ couplings, and five additional ZZγ couplings contribute [15]. For these
couplings, the factor (P 2 − M2

V ) in the vertex function is replaced by (q2
1 − q2

2). The effect
of these couplings thus is strongly suppressed and we shall ignore them in our discussion.

It should be noted that the two ZZγ couplings contributing to ZZ production are
completely independent of the four ZγZ couplings which appear in Zγ production (assuming
that the Z-boson is on-shell). If all three vector bosons in the vertex function are off-shell,
there are seven couplings altogether. Four of them survive in Zγ production, and two in
f f̄ → ZZ.

The parton level di-boson production cross sections with non-SM couplings manifestly
grow with the parton center of mass energy

√
ŝ. S-matrix unitarity restricts the ZZV

couplings uniquely to their SM values at asymptotically high energies [16]. This requires
that the couplings fV

i possess a momentum dependence which ensures that the fV
i (q2

1, q
2
2, P

2)
vanish for any momenta much larger than MZ . For ZZ production, q2

1 , q
2
2 ∼ M2

Z even
considering finite Z width effects, but P 2 = ŝ may be quite large at the hadron colliders
under consideration. In order to avoid unphysical results that would violate unitarity, the
ŝ dependence thus has to be taken into account. To parameterize the ŝ dependence of the
form factor, we will use a generalized dipole form factor [17],

fV
i (ŝ) =

fV
i0

(1 + ŝ/Λ2
FF )n

(i = 4, 5) , (2)

3

ŝ 

σ



Interpretation 
¡  Standard Model EFT 

extension (SMEFT): 
¡  Wilson coefficients and 

operators. 
¡  Several complete Dim6 

operator basis available. 
¡  Chose basis to match best 

the physical observables. 
¡  Translation between basis 

possible. 
¡  Higgs field included -> 

Combination with EWK. 

¡  Being used in most recent 
results of aGC. 
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Higgs basis 
HISZ basis 
Warsaw basis 
SILH’ basis 
… 
Experiments still need to come 
to terms how to measure these. 
Discussion of “basis” vs  
“shifts” ongoing. 



Interpretation 
¡ Different formalism to describe anomalous couplings. 
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Limits Unitarisation 
Scheme 

Vertex Process 

κ, λ, g1 FF, none WW(Z/γ) pp - WZ,Wγ,WW,Wjj 

f4,f5 FF, none ZZ(Z/γ) pp - ZZ, Zjj 

h3,h4 FF, none Zγ (Z/γ) pp - Zγ 

a0,C
W,fT,M FF, none WWγγ pp - WW (excl), Wγγ 

fT,M FF, none γγZ(Z/γ) pp - Zγγ 

fs,M,α4,5 FF, none, 
k-matrix 

WWWW pp - WWW,WWjj (ss) 

α4,5 k-matrix WZW(Z/γ) pp - WZjj 

TG
C

 
Q

G
C

 



ATLAS & CMS Multi-Boson SM 
measurements 

¡  Inclusive Di-boson production 
¡  VV channels with V=W,Z,γ
¡  fully leptonic or semi-leptonic 

final states

¡  Vector Boson Fusion 
¡  W / Z + 2 jets 
¡  Leptonic channels 

¡  Vector Boson Scattering 
¡  W/Z Wjj 
¡  leptonic and semi-leptonic 

¡  Tri-boson 
¡  W/Z γγ : leptonic
¡  WVγ : semi-leptonic
¡  WWW: leptonic
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Experiment ATLAS 	 CMS
Energy	[TeV] 7 8 13 7 8 13

Wg x x
Zg x x x x
WW x x x x x x
WZ x x x x x x
ZZ x x x x x x
WV x x
VBF	W 	 	 	 x
VBF	Z x x x
VBS	Wg x
VBS	Zg x
VBS	WW	(ss) x x
VBS	WV x
VBS	WZ x 	
WW	excl x x x
Wgg x
Zgg x x
WVg 	 	 x
WWW x
WWV x



Summary Plots 
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¡ ATLAS Di-boson 



Summary Plots 
¡ CMS 
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Summary Plots 

¡ ATLAS 
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Summary Plots 
¡ CMS 
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Three recent results 
¡ CMS WW exclusive (7TeV, 8TeV) 

¡ ATLAS WWW (8TeV)  

¡ ATLAS + CMS ZZ combination (7TeV) 
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CMS excl. WW 
https://arxiv.org/pdf/1604.04464v2.pdf 

¡  Exclusive WW production p(*) eµ p(*)
+MET 
¡  (*) protons remain intact or dissociate 

undetected. 

¡  Selection: 
¡  pT(l)>20 GeV 
¡  pT(ll) > 30 GeV 
¡  |η(l)| < 2.4 
¡  no additional tracks! 

¡  Dominant background 
¡  Inclusive di-boson  
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CMS excl. WW 
https://arxiv.org/pdf/1604.04464v2.pdf 

¡ Observed Signal 
Significance: 3.4σ 
(Expected 2.8σ) 
 

¡  Total cross section 
extracted:  

 

¡  Expected 6.2 ±0.5 fb. 
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CMS excl. WW 
https://arxiv.org/pdf/1604.04464v2.pdf 

¡ Combine 7TeV and 8TeV 
to extract aQGC limits. 
¡  With and w/o form factor. 

¡  Dim6 (aW
0/c) and  

Dim8 (fM,0-4)operators. 

 

¡  Comparable to ATLAS 8TeV 
limits. [link] 
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ATLAS WWW, 8 TeV 
https://arxiv.org/pdf/1610.05088v1.pdf 

¡  Three heavy vector boson 
final state search. 

¡  leptonic and semi-
leptonic channels. 

¡  Set limits on  
¡  Production cross section. 

¡  anomalous couplings. 
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ATLAS WWW, 8 TeV 
https://arxiv.org/pdf/1610.05088v1.pdf 

¡  Leptonic selection 
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¡  Increase MET with #SFOS. 

¡   SFOS mass outside Z peak. 

¡  Δφ (MET,3l) requirement. 



ATLAS WWW, 8 TeV 
https://arxiv.org/pdf/1610.05088v1.pdf 

¡  Semi-leptonic selection 
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¡  Two same sign leptons. 

¡  Z-veto on di-electrons. 

¡  Two resolved jets, mjj compatible 
with W. 



¡  Main Background from WZ+jets, 
followed by Vγ+jets, and other 
non-prompt backgrounds. 
¡  WZ estimated from Powheg + 

Pythia8. 
¡  Normalization from WZ validation 

region (1.08 for lvlvlv) or VBFNLO 
calculation (1.04 for lvlvjj). 

¡   Signal significance  
observed  0.96σ 
expected 1.05σ�
�
most sensitive 0-SFOS channel. 
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WZ validation  
region 

WZ signal 
region 

ATLAS WWW, 8 TeV 
https://arxiv.org/pdf/1610.05088v1.pdf 



ATLAS WWW, 8 TeV 
https://arxiv.org/pdf/1610.05088v1.pdf 

¡  Signal cross section compatible with 
expectation. 
¡  Fiducial 

¡  Total 

¡ Need more data for observation of 
WWW production. 
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ATLAS WWW, 8 TeV 
https://arxiv.org/pdf/1610.05088v1.pdf 

¡  Limit on anomalous QGC. 
¡  Only dim8 operators -> pure 

aQGC. 

¡  Limits for dipole FF and w/o. 

¡  O(100) more stringent limits 
then ssWW analysis (CMS). 

¡  Comparison to ATLAS ssWW not 
possible due to different 
unitarisation scheme (k-matrix). 
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ZZ combination for 7 TeV 
¡  Measurements of aTGC parameters have been performed 

by ATLAS and CMS in many diboson channels. 
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMPaTGC 

•  Limits on neutral (charged) aTGCs are (close to) world best 
limits. 

•  Combination of results at 8 and 13 TeV will be an important 
result. 

•  Why 7 TeV 
•  Define and test framework for the combination of upcoming 

results. 
•  Ensure the framework is well tested thus we perform the 

combination of public results with similar sensitivity from both 
experiments -> ZZ @ 7TeV as benchmark channel. 
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ZZ combination 
¡  Identified many technical differences in the way how the aTGC 

limits were set in ATLAS and CMS  
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Combined limits 
 

•  Channels: ZZ->4l and ZZ->2l2nu (ATLAS) and ZZ->4l (CMS) 
•  Signal: Sherpa MC with ME weights (ATLAS) and pol2 fit on expected 

yields (CMS) 
•  Combined fit on ATLAS Pt(Z) distribution and CMS M(ZZ) distribution 
•  deltaNLL and F-C criteria for limits 
•  lnN nuisance shape; nuisance summation: 
 

N _ i = N _ i(S) (1+σ k
iτ k )

k
∏



Uncertainties 
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uncertainty ATLAS: 4l [pTZ] ATLAS: 2l2nu [pTZ] CMS: 4l [MZZ] 

N_bins 4 3 5 (x3 channels) 

Luminosity 3.9% 3.9% 2.2% 

Stat on signal Shape - - 

- Shape  - 

Stat on bkg data-driven Shape) - - 

- Shape - 

Stat on bkg MC - Shape  - 

Reco uncertainty Normalisation Normalisation - 

Syst on bkg data-driven Shape Shape  - 

Syst on bkg MC - Normalisation - 

Total bkg uncertainty - - Per channel, normalisation 

Signal other 
(stat+fit+reco) 

- - 13.42% (normalisation 

Signal theory 
(PDF+scale) 

Normalisation Normalisation Normalisation 

Uncertainties in the same row are treated as correlated! 



Results 

03.11.16 Alexander Oh, University of Manchester 

36 

1D deltaNLL limit f4γ f4Z 

CMS code ATLAS code CMS code ATLAS code 

Combined 
(expected) 

[-0.0119, 0.0123] [-0.0120, 0.0123] [-0.0102, 0.0104] [-0.0102, 0.0104] 

Combined 
(observed) 

[-0.0102, 0.0108] [-0.0102, 0.0108] [-0.00871, 0.00909] [-0.00870, 0.00907] 

1D deltaNLL limit f5γ f5Z 

CMS code ATLAS code CMS code ATLAS code 

Combined expected [-0.0125, 0.0120] [-0.0126, 0.0119] [-0.0105, 0.0103] [-0.0105, 0.0103] 

Combined observed [-0.0108, 0.0103] [-0.0108, 0.0103] [-0.00906, 0.00886] [-0.00902, 0.00885] 

Public results 

7TeV 
8TeV 
8TeV 

Combination yields ~20%  
improvement compared  
to single results. 
 
Paving the way towards 
8 TeV and run-2 combinations. 
 



aGC Summary Plots  
¡  Charged aTGC: LHC provides best limits 
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from arXiv:1610.07572v1  



aGC Summary Plots  
¡  Neutral aTGC: CMS and ATLAS comparable. 
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aGC Summary Plots  
¡  Quartic aGC: CMS and ATLAS charter new territory! 
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Wrap-up 
¡  (1,2,3,…)-boson final states probe the EWK gauge structure of the 

SM. 

¡  Precision calculation at NNLO(QCD) and NLO(EWK) are 
necessary and are becoming available.  

¡  Fiducial cross sections and unfolded kinematic distributions of MBI 
processes will be the legacy of LHC to EWK physics. 

¡  EFT and anomalous gauge couplings are useful tools to compare 
and combine experiments/channels. 

¡  Still many multi-boson final states to be discovered. 

¡  Combination of EWK & Higgs to gain sensitivity. 

¡  Exploit cross-section ratio measurements.  
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