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Overview 

•  Effective Field Theories 
•  Vector Boson Scattering 
•  WZ fully leptonic inclusive and WZ VBS 
•  Dim-6 Operators 

–  WZ Inclusive  
–  WZ VBS 

•  Dim-8 Operators 
–  WZ VBS 
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Effective Field Theories 

•  Since there are no hints for New Physics through direct searchesè 
increased interest for indirect searches  

•  Assuming New Physics is heavy èEFTs emerge as the tool to look for 
deviations from the SM  

•  Low energy parametrization for unknown physics that can become 
reachable at very High Energy 

•  BSM terms added to the SM Lagrangian 
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3 Introduction - I 
⬩  No hints for NP through direct searches, increased interest for indirect searches 

⬩  The SM Effective Field Theory (EFT) emerges as the tool to look for deviations from 
the SM 

⬩  Expansion of the SM Lagrangian in series of higher dimensional operators  

 

 

⬩  Dim-6 and Dim-8 operators expected to play role in diboson final states 

⬩  EFT parameters that represent the strength of the new couplings  
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DRAFT

the Higgs boson unitarizes this process fully or only partially. These detailed studies will help in a more288

detailed study of the EWSB mechanism and may also be sensitive to signatures of physics beyond the SM.289

Such investigations of the longitudinal VBS processes in only feasible at the LHC.290

The VBS topology consists of a proton�proton collision with two initial quarks that each radiate an291

electroweak boson. The two bosons subsequently scatter and then decay. The two outgoing quarks are292

often close to the beam direction. Multiple processes can produce the same final state of two bosons (V)293

and two jets ( j) from the fragmentation of the two outgoing quarks (VV j j). The classification of these294

processes with a final state of two vector bosons (V) and two jets ( j) from the fragmentation of the two295

outgoing quarks (VV j j), ignoring the fermionic decay of the vector bosons.296

The production of VV j j at tree level is composed of electroweak production involving only electroweak-297

interaction vertices (denoted by “VV jj-EW”), and strong production involving at least one strong-298

interaction vertex (denoted by “VV jj-QCD”). The electroweak production is further categorized into299

two components. The first component is the EW VBS production with actual scattering of the two elec-300

troweak bosons. The scattering occurs via triple or quartic gauge vertices, the s- and t-channel exchange301

of a Higgs boson, or a W/Z boson (throughout this note, the notation “Z boson” means “Z/�⇤ boson”,302

unless specified otherwise). The second component is the EW non-VBS production with electroweak303

vertices only, where the two bosons do not scatter. The EW non-VBS component cannot be separated304

from the EW VBS component in a gauge invariant way. It is therefore included in the signal generation305

and cannot be distinguished from the EW VBS. Triboson production with one of the bosons decaying306

hadronically also yields the same VV j j final state. Such processes only contain electroweak interactions307

and are gauge invariantly separable from the EW VBS contribution. However, the resonant decay of a308

boson into two quarks can be suppressed by applying a requirement on the invariant mass of the two309

quarks. As a consequence, triboson processes are suppressed in the EW VBS signal region.310

Representative Feynman diagrams at tree level are shown in Figure 1 for EW VBS production, in Figure 2311

for EW non-VBS production, and in Figure 3 for VV jj-QCD production.312 VBS (larger):
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Figure 1: Representative Feynman diagrams for VV jj-EW production with a scattering topology including either
a triple gauge boson vertex with production of a W/Z boson in the s-channel (top left diagram), the t-channel
exchange (top middle diagram), quartic gauge boson vertex (top right diagram), or the exchange of a Higgs boson
in the s-channel (bottom left diagram) and t-channel (bottom right diagram). The lines are labeled by quarks (q),
vector bosons (V = W , Z), and fermions ( f ).
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Effective Field Theories -II 
•  First to look for Dim-6 and Dim-8 operators 

•  Experimental strategy: Associate Dim-6 and Dim-8 operators to vertices in 
forms of anomalous couplings 
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effective field theory
• add to the SM Lagrangian additional BSM terms 
• generic low-energy parameterisation of an unknown model that would 

become apparent at (too) high energies 

• simplistic realisation: choose a basis and associate operators to vertices in 
form of anomalous couplings
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Effective Field Theories : Experimental strategy 

•  So far, no theory model includes both Dim6 and Dim8 
operators  

•  Study the effect individually for Dim6 and Dim8  
•  In both cases, we aim to a combination of the EFT 

parameter limits  
•  How we plan to search: 

1.  MC Modelling 
2.  Data 
3.  Limit setting on individual channels and by combining 

channels 
•  Where we should search: 

–  Diboson processesà Could be sensitive to Dim-6 
operators 

–  VBS processesà Could be sensitive to Dim-6 and 
Dim-8 operators 
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• Vector boson scattering (VBS) at the LHC 

• Interaction of massive vector bosons (W, Z) radiated by partons of the 
incoming protons 

• Probe the non-Abelian gauge structure of the EW interactions 

• Key process to investigate electroweak symmetry breaking 

• Typical signature of VBS events: 2 energetic jets and four fermions 

• The scattering diagram can be mediated by Higgs boson 

• Interaction of longitudinally polarized bosons is of particular interest
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EWK production contains both VBS and non-VBS processes that 
cannot be dissociated 

Vector Boson Scattering 

• Vector boson scattering (VBS) at the LHC 
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Main background: 
Diboson QCD production 
in association with two jets 

QCD	
  VVjj	
  

QCD:	
  QCD=2,	
  QED=4	
  

•  Vector Boson Scattering: interaction of two vector bosons 
radiated from the initial-state quarks, yielding a final state with 
two bosons and two jets, VVjj, in a purely electroweak process  
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VBS phenomenology 
•  VBS events at LHC have distinct event topology: 

VVjj 
–  Two energetic jets with large di-jet mass (mjj) and 

high rapidity separation 
–  diboson system, centrally produced with respect to 

the two forward jets  
•  Separation from Background (QCD production) 
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Fig. 2: Di�erential distribution in the di-jet invariant mass mjj (left) and the di�erence of the jet rapidities |∆yjj|
(right) for the three LO contributions to the process pp æ µ+‹µe+‹ejj. The EW contribution is in red, the QCD
one in orange, and the interference one in grey. The sum of all the contributions is in blue. The cuts applied are
the ones of Sec. 3.3 but no cuts on mjj and |∆yjj| are applied.
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cuts on mjj and |∆yjj| are applied.
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A typical VBS event (W+W+jj)

7

Louis Portales 12

VBS event topology

                                                  

● Up to 6 objects to iden%fy in a single event: 

– Always there: two very forward hadronic jets

– Process-speci@c:  (lepton+ETmiss) and/or opposite charge same Mavor 

lepton pair and/or addi%onal central hadronic jets

Cracow, 15/04/2019Cracow, 15/04/2019



Current Status in WZ Inclusive from ATLAS 

•  Latest Publication on 13 TeV using 
2015+2016 data 

•  Search for WZ leptonic decays 
•  Electrons and muons only 
•  Z -> ee,µµ: 2 high-pT, isolated leptons 

with their invariant mass consistent with 
Z mass 

•  W -> eν, µν: 1 high-pT, isolated and well-
identified lepton and MET, with their 
transverse mass consistent with W 

•  Four final states: eeeν, eµµν, µeeν, 
µµµν 

•  Unfolded distributions to variable 
sensitive to EFTs provided, but not limits 
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• WZ producton modes at LO :

LAPP, 05/31/2018 Angela Burger WZ Inclusive Analysis Approval 3

Introducton

• Recent measurement done with 2015 data at 

3.2fb1

• Good agreement with recent calculaton at NNLO

• Full 2015+2016 dataset contains >10x more 

statstcs

• Expect precision similar than at 8TeV (4%)

• Extract also diferental cross secton, proft from 

larger dataset, especially in distributon tails

• Can compare diferental cross secton to NNLO predictons

• First polarizaton measurement of bosons in diboson channel

• Sensitve to tribboson coupling vertex WWZ

• Measure fully leptonic decays to electrons and/or muons

Table 3: Summary of the relative uncertainties on the measured fiducial cross section �fid.
W

±
Z

for each channel and
for their combination. The uncertainties are reported as percentages. The first rows indicate the main sources of
systematic uncertainty for each channel and their combination, which are treated as correlated between channels.
A row with uncorrelated uncertainties follows, which comprise all uncertainties of statistical origin including MC
statistics as well as statistical uncertainties in the fake-factors calculation, which are uncorrelated between channels.

eee µee eµµ µµµ Combined
Relative uncertainties [%]

e energy scale 0.2 0.1 0.1 < 0.1 0.1
e id. e�ciency 2.8 1.8 1.0 < 0.1 1.1
µ momentum scale < 0.1 < 0.1 < 0.1 < 0.1 < 0.1
µ id. e�ciency < 0.1 1.3 1.6 2.8 1.5
Emiss

T and jets 0.2 0.2 0.3 0.5 0.3
Trigger < 0.1 < 0.1 0.2 0.3 0.2
Pile-up 1.0 1.5 1.2 1.5 1.3
Misid. leptons background 4.7 1.1 4.5 1.6 1.9
Z Z background 1.0 1.0 1.1 1.0 1.0
Other backgrounds 1.6 1.5 1.4 1.2 1.4
Uncorrelated 0.7 0.6 0.7 0.5 0.3
Total systematic uncertainty 6.0 3.5 5.4 4.1 3.6
Luminosity 2.2 2.2 2.2 2.2 2.2
Theoretical modelling 0.5 0.5 0.5 0.5 0.5
Statistics 3.6 3.3 3.2 2.7 1.6
Total 7.3 5.3 6.6 5.3 4.5

�fid.
W

±
Z!`0⌫``

= 63.7 ± 1.0 (stat.) ± 2.3 (exp. syst.) ± 0.3 (mod. syst) ± 1.4 (lumi.) fb,

where the uncertainties correspond to statistical, experimental systematic, modelling systematic and
luminosity uncertainties, respectively. The corresponding SM NNLO QCD prediction from MATRIX is
61.5+1.4

�1.3 fb, where the uncertainty corresponds to the QCD scale uncertainty estimated conventionally by
varying the scales µR and µF by factors of two around the nominal value of (m

W

+m
Z

)/2 with the constraint
0.5  µR/µF  2. This prediction is obtained by correcting the result in Ref. [31] for Born level leptons to
dressed leptons by a factor of 0.96, which is estimated in the fiducial phase space using P�����+P�����.
Changing the PDF set used from NNPDF3.0nnlo to MMHT2014 or CT14 a�ects the MATRIX prediction
by +2% and +1%, respectively. The uncertainty due to varying the ↵S coupling constant value used in the
PDF determination is 0.6% and 1.0% for W+Z and W�Z production, respectively. The measured W±Z
production cross sections are compared with the SM NNLO prediction from MATRIX using three di�erent
PDF sets, NNDPF3.0nnlo, MMHT2014 and CT14 as well as with NLO predictions from S����� 2.2.2
in Figure 2. All results for W±Z , W+Z and W�Z final states are reported in Table 4. The NNLO SM
calculations reproduce the measured cross sections well. The production of W±Z in association with two
jets produced as a result of electroweak processes is not included in the NNLO SM prediction and amounts
to 1.2% of the measured cross section, as estimated using S����� 2.2.2.

The ratio of the W+Z to W�Z production cross sections is
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�fid.
W

+
Z!`0⌫``

�fid.
W

�
Z!`0⌫``

= 1.47 ± 0.05 (stat.) ± 0.02 (syst.).

Most of the systematic uncertainties, especially the luminosity uncertainty, almost cancel out in the ratio,
so that the measurement is dominated by the statistical uncertainty. The measured cross-section ratios, for
each channel and for their combination, are compared in Figure 3 with the SM prediction of 1.44+0.03

�0.06,
calculated with MATRIX [31] and the NNDPF3.0nnlo PDF set. The uncertainties correspond to PDF
uncertainties estimated at NLO with P�����+P����� using the CT10 eigenvectors and the envelope of
the di�erences between the CT10 and CT14, MMHT2014 and NNPDF 3.0nnlo PDF sets. The e�ects of
QCD scale uncertainties on the predicted cross-section ratio are negligible. The cross-section ratio is also
calculated with MATRIX using the MMHT2014 and CT14 PDF sets, yielding values of 1.42 and 1.44,
respectively, as shown in Figure 3.

theory
Z±Wσ / fid.

Z±Wσ
0.9 1 1.1 1.2 1.3

combined

µµµ

µµe

eeµ

eee
ATLAS

Data
MATRIX, NNPDF3.0
MATRIX, MMHT2014
MATRIX, CT14
Sherpa 2.2.2,
              NNPDF3.0

-1 = 13 TeV, 36.1 fbs

Z±W

 0.08±1.07 

 0.05±0.99 

 0.07±1.01 

 0.06±1.06 

 0.05±1.03 

Figure 2: Ratio of the measured W±Z integrated cross sections in the fiducial phase space to the NNLO SM prediction
from MATRIX in each of the four channels and for their combination. The inner and outer error bars on the data
points represent the statistical and total uncertainties, respectively. The NNLO SM prediction from MATRIX
using the NNPDF3.0nnlo PDF set is shown as the red line; the shaded violet band shows the e�ect of QCD scale
uncertainties on this prediction. The prediction from MATRIX using the MMHT2014 and CT14 PDF sets and the
NLO prediction from S����� 2.2.2 are also displayed as dashed-red, dotted-dashed-red and blue lines, respectively.

The combined fiducial cross section is extrapolated to the total phase space. The result is

�tot.
W

±
Z

= 51.0 ± 0.8 (stat.) ± 1.8 (exp. syst.) ± 0.9 (mod. syst.) ± 1.1 (lumi.) pb,

where the modelling uncertainty accounts for the uncertainties in the A
WZ

factor due to the choice of PDF
set, QCD scales and the parton shower model. The NNLO SM prediction calculated with MATRIX [30]
is 49.1+1.1

�1.0 (scale) pb, which is in good agreement with the present measurement. As the MATRIX
calculation does not include e�ects of QED final-state radiation, a correction factor of 0.99, as estimated
from P�����+P����� in the total phase space, is applied to it to obtain the above prediction.
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Current status in WZjj from ATLAS: Event Selection 

	
  
	
  
•  Exactly	
  3	
  leptons:	
  

–  |η|<2.5	
  
–  pTl,Z>15GeV	
  
–  |Mz-­‐Mz

PDG|<10	
  GeV	
  
–  mT

W>30	
  GeV	
  
•  At	
  least	
  2	
  jets:	
  

–  |η|<4.5	
  
–  opposite	
  hemispheres	
  
–  pTj>40GeV	
  
–  mjj>150	
  GeV	
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Figure 2: Post-fit distributions of (a) m
j j

in the Z Z-CR control region, (b) N
b�jets in the b-CR, (c) m

j j

in the
W Z j j�QCD control region and (d) the BDT score distribution in the signal region. Signal and backgrounds are
normalised to the expected number of events after the fit. The uncertainty band around the MC expectation includes
all systematic uncertainties as obtained from the fit.
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Figure 2: Post-fit distributions of (a) m
j j

in the Z Z-CR control region, (b) N
b�jets in the b-CR, (c) m

j j

in the
W Z j j�QCD control region and (d) the BDT score distribution in the signal region. Signal and backgrounds are
normalised to the expected number of events after the fit. The uncertainty band around the MC expectation includes
all systematic uncertainties as obtained from the fit.
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Figure 2: Post-fit distributions of (a) m
j j

in the Z Z-CR control region, (b) N
b�jets in the b-CR, (c) m

j j

in the
W Z j j�QCD control region and (d) the BDT score distribution in the signal region. Signal and backgrounds are
normalised to the expected number of events after the fit. The uncertainty band around the MC expectation includes
all systematic uncertainties as obtained from the fit.
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•  Selec&on	
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  3	
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Current status in WZjj: Background estimation and cross 
section measurement 

Irreducible	
  Background	
  
•  WZjj-­‐QCD,	
  ZZjj,	
  _V:	
  Use	
  MC	
  

simula&on	
  and	
  control	
  regions	
  to	
  
be_er	
  constrain	
  them	
  

–  QCD:	
  dominant	
  background	
  
–  ZZjj:	
  second	
  dominant	
  background	
  	
  

•  VVV,	
  tZj:	
  Use	
  MC	
  simula&on	
  to	
  
model	
  them	
  

	
  

10	
  

Reducible	
  Background	
  
•  Z+j,	
  Zγ,	
  _bar,	
  Wt,	
  WW	
  for	
  prompt	
  

and	
  fake	
  leptons	
  	
  
	
  

WZ-EW 24.9

WZjj-QCD 144

Misid. leptons 9.8

ZZjj-QCD 8.1

tZj 6.5

ttV 4.21

ZZjj-EW 1.8

VVV 0.59

•  The electroweak production of W±Z bosons in association with two jets is measured with 
observed significance of 5.3σ.  

 

10 Conclusion

An observation of electroweak production of a diboson W±Z system in association with two jets and
measurements of its production cross-section in

p
s = 13 TeV pp collisions at the LHC are presented. The

data were collected with the ATLAS detector and correspond to an integrated luminosity of 36.1 fb�1.
The measurements use leptonic decays of the gauge bosons into electrons or muons and are performed
in a fiducial phase space approximating the detector acceptance that increases the sensitivity to W±Z j j
electroweak production modes.

The electroweak production of W±Z bosons in association with two jets is measured with observed and
expected significances of 5.3 and 3.2 standard deviations, respectively. The measured fiducial cross-
section for electroweak production including interference e�ects is

�
WZj j�EW = 0.57 +0.14

�0.13 (stat.) +0.05
�0.04 (exp. syst.) +0.05

�0.04 (mod. syst.) +0.01
�0.01 (lumi.) fb.

It is found to be larger than the LO SM prediction of 0.32 ± 0.03 fb as calculated with the S�����
MC event generator that includes neither interference e�ects, estimated at LO to be 10%, nor NLO
electroweak corrections. Di�erential cross-sections of W±Z j j production, including both the strong
and electroweak processes, are also measured in the same fiducial phase space as a function of several
kinematic observables.
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SMEFT 

•  The model: SMEFT 
•  The most general set of dimension-6 operators respecting the SM 

symmetries has 81 operators 
•  Can be reduced to 59 using the equivalence theorem 
•  These 59 operators, have 76 free parameters, if we consider only one 

generation of fermions. If we consider three independent generations, the 
number grows up to 2499 free parameters.  

•  The minimal basis of gauge-invariant non-redundant operators is called the 
“Warsaw Basis” arXiv: 1008.4884  

•  There are also other possible parameterizations: SILH, HISZ  
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Dim-6 operators 

•  Dim-6 operators 
in Warsaw basis 
excluding the 4-
fermion ones 

•  Operators 
contributing 
across various 
channels 

•  Eventually 
aiming for a 
global fit across 
channels 
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Dim-6 Operators 

•  Dim-6 operators in 
Warsaw basis, 
excluding four 
fermion 

•  Operators 
contributing across 
physics channels, 
this is a simplified 
picture 

•  Aim for a global fit 
across different 
channels  

4/19/19" 12"

X3 ϕ6 and ϕ4D2 ψ2ϕ3

QG fABCGAν
µ GBρ

ν GCµ
ρ Qϕ (ϕ†ϕ)3 Qeϕ (ϕ†ϕ)(l̄perϕ)

QG̃ fABCG̃Aν
µ GBρ

ν GCµ
ρ Qϕ! (ϕ†ϕ)!(ϕ†ϕ) Quϕ (ϕ†ϕ)(q̄purϕ̃)

QW εIJKW Iν
µ W Jρ

ν WKµ
ρ QϕD

(
ϕ†Dµϕ

)⋆ (
ϕ†Dµϕ

)
Qdϕ (ϕ†ϕ)(q̄pdrϕ)

QW̃ εIJKW̃ Iν
µ W Jρ

ν WKµ
ρ

X2ϕ2 ψ2Xϕ ψ2ϕ2D

QϕG ϕ†ϕGA
µνG

Aµν QeW (l̄pσµνer)τ IϕW I
µν Q(1)

ϕl (ϕ†i
↔

Dµ ϕ)(l̄pγµlr)

QϕG̃ ϕ†ϕ G̃A
µνG

Aµν QeB (l̄pσµνer)ϕBµν Q(3)
ϕl (ϕ†i

↔

D I
µ ϕ)(l̄pτ

Iγµlr)

QϕW ϕ†ϕW I
µνW

Iµν QuG (q̄pσµνTAur)ϕ̃GA
µν Qϕe (ϕ†i

↔

Dµ ϕ)(ēpγµer)

Q
ϕW̃

ϕ†ϕ W̃ I
µνW

Iµν QuW (q̄pσµνur)τ I ϕ̃W I
µν Q(1)

ϕq (ϕ†i
↔

Dµ ϕ)(q̄pγµqr)

QϕB ϕ†ϕBµνBµν QuB (q̄pσµνur)ϕ̃Bµν Q(3)
ϕq (ϕ†i

↔

D I
µ ϕ)(q̄pτ

Iγµqr)

QϕB̃ ϕ†ϕ B̃µνBµν QdG (q̄pσµνTAdr)ϕGA
µν Qϕu (ϕ†i

↔

Dµ ϕ)(ūpγµur)

QϕWB ϕ†τ IϕW I
µνB

µν QdW (q̄pσµνdr)τ IϕW I
µν Qϕd (ϕ†i

↔

Dµ ϕ)(d̄pγµdr)

QϕW̃B ϕ†τ Iϕ W̃ I
µνB

µν QdB (q̄pσµνdr)ϕBµν Qϕud i(ϕ̃†Dµϕ)(ūpγµdr)

Table 2: Dimension-six operators other than the four-fermion ones.

3 The complete set of dimension-five and -six operators

This Section is devoted to presenting our final results (derived in Secs. 5, 6 and 7) for the basis

of independent operators Q(5)
n and Q(6)

n . Their independence means that no linear combination
of them and their Hermitian conjugates is EOM-vanishing up to total derivatives.

Imposing the SM gauge symmetry constraints on Q(5)
n leaves out just a single operator [20],

up to Hermitian conjugation and flavour assignments. It reads

Qνν = εjkεmnϕ
jϕm(lkp)

TClnr ≡ (ϕ̃†lp)
TC(ϕ̃†lr), (3.1)

where C is the charge conjugation matrix.2 Qνν violates the lepton number L. After the
electroweak symmetry breaking, it generates neutrino masses and mixings. Neither L(4)

SM nor
the dimension-six terms can do the job. Thus, consistency of the SM (as defined by Eq. (1.1)
and Tab. 1) with observations crucially depends on this dimension-five term.

All the independent dimension-six operators that are allowed by the SM gauge symmetries
are listed in Tabs. 2 and 3. Their names in the left column of each block should be supplemented
with generation indices of the fermion fields whenever necessary, e.g., Q(1)

lq → Q(1)prst
lq . Dirac

indices are always contracted within the brackets, and not displayed. The same is true for the

2 In the Dirac representation C = iγ2γ0, with Bjorken and Drell [21] phase conventions.

3
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Current Picture in ATLAS in WZ  

•  Latest results for WZ Inclusive in 
aTGCs in ATLAS 

•  Results for both parametrizations: 
a.  anomalous couplings aproach 
b.  EFT approach 

•  So far the results are in HISZ basis  
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Dataset Coupling Expected Observed

13 TeV
�gZ

1 [-0.017; 0.032] [-0.016; 0.036]
�Z1 [-0.18; 0.24] [-0.15; 0.26]
�Z [-0.015; 0.014] [-0.016; 0.015]

8 and 13 TeV
�gZ

1 [-0.014; 0.029] [-0.015; 0.030]
�Z1 [-0.15; 0.21] [-0.13; 0.24]
�Z [-0.013; 0.012] [-0.014; 0.013]

Table 3: Expected and observed one-dimensional 95% CL intervals for the anomalous coupling parameters using
⇤co = 1.

aTGC Intervals at 95% C.L.
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Zg∆
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  ∞ = coΛ

Z±W → ℓ′νℓℓ

Figure 5: Comparison of one-dimensional intervals at 95% CL for the anomalous coupling parameters using a cuto↵
scale of ⇤co = 1 and obtained from the analysis of W±Z events at di↵erent centre-of-mass energies by the ATLAS
experiment [3, 4]. The confidence intervals for �Z parameter are scaled down by factor of 10.
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terms of the EFT coe�cients cWWW/⇤2
NP, cB/⇤2

NP, and cW/⇤2
NP.

Dataset Coupling Expected [TeV�2] Observed [TeV�2]

13 TeV
cW/⇤2

NP [-4.1; 7.6] [-3.8; 8.6]
cB/⇤2

NP [-261; 193] [-280; 163]
cWWW/⇤2

NP [-3.6; 3.4] [-3.9; 3.7]

8 and 13 TeV
cW/⇤2

NP [-3.4; 6.9] [-3.6; 7.3]
cB/⇤2

NP [-221; 166] [-253; 136]
cWWW/⇤2

NP [-3.2; 3.0] [-3.3; 3.2]

Table 4: Expected and observed one-dimensional intervals at 95% CL for the EFT parameters extracted from 13
TeV W±Z measurement standalone and from combined 8 and 13 TeV datasets.

10 Conclusion

Measurements of W±Z production in
p

s = 13 TeV pp collisions at the LHC are presented. The data
analysed were collected with the ATLAS detector in 2015 and 2016 and correspond to an integrated
luminosity of 13.3 fb�1. The measurements use leptonic decay modes of the gauge bosons to electrons or
muons and are performed in a fiducial phase space closely matching the event selection.

The cross section is measured di↵erentially as a function of the transverse momentum of the Z boson and
the transverse mass of the W±Z system. The measured cross section is found to be well described by the
SM predictions of Powheg+Pythia and Sherpa.

The reconstructed distribution of the transverse mass of the W±Z system is used to search for anomalous
triple gauge couplings and to derive confidence intervals for �Z , �gZ

1 and �Z couplings. In combination
with the distribution measured by the ATLAS experiment at

p
s = 8 TeV these are the most stringent

model-independent confidence intervals for WWZ anomalous couplings to date. The results are also
interpreted as confidence intervals for the cW/⇤2

NP, cB/⇤2
NP and cWWW/⇤2

NP coe�cients of the EFT para-
metrisation.
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Dim-6 operators in WZ Inclusive  

•  HISZ Vs. Warsaw basisè Different operators and different associated 
vertices 

 
•  Since moving to Warsaw basis, need to test sensitivities of the operators 
•  Already there are constraints from electroweak precision data 
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DRAFT

2 Introduction166

This note presents the measurement of the W±Z (WZ) production cross-section in proton-proton (pp)167

collisions at a center-of-mass energy of
p

s = 13 TeV, with the ATLAS experiment at the Large Hadron168

Collider (LHC). The analyzed dataset was collected during 2015 and 2016 and corresponds to an integ-169

rated luminosity of 36.1 fb�1. The WZ candidates are reconstructed using leptonic decays of the gauge170

bosons into electrons or muons. This measurement represents an important test of the predictions of the171

electroweak sector of the Standard Model. Furthermore, W±Z production is an important background172

process in many searches for new physics at the LHC. Measurements of W±Z production at
p

s = 13 TeV173

based on dataset collected in 2015 were reported by the ATLAS [1] and CMS [2] collaborations. Other174

measurements in pp collisions, at center-of-mass energies of 7 TeV and 8 TeV, have been reported by175

both ATLAS [3, 4] and CMS experiments [5].176

At the LHC, the dominant W±Z production mechanism is from quark-antiquark and quark-gluon inter-177

actions at leading order (LO) and at next-to-leading order (NLO), respectively. The diagrams for W±Z178

production at LO are shown in Figure 1. The s-channel diagram has a triple electroweak gauge boson179

interaction vertex. This vertex is a feature of the non-abelian structure of the symmetry group describing180

EWK interactions and is particularly sensitive to new physics e↵ects.
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Figure 1: SM tree-level Feynman diagrams for W±Z production through quark-antiquark interaction.
181

Candidate events are reconstructed in the WZ ! `⌫`` decay channel, where ` can be an electron (e) or a182

muon (µ), which provides a clean experimental signature. Events with exactly three leptons are selected183

and split into four flavor channels: e±e+e�, µ±e+e�, e±µ+µ� and µ±µ+µ�. The W±Z production cross184

section is measured di↵erentially as a function of pZ
T, pW

T , mWZ
T , |yZ � y`,W |, Njets, m j j in a fiducial phase-185

space that closely matches the experimental acceptance, and includes the branching ratios of the gauge186

bosons to electrons/muons.187

At the LHC W and Z bosons are produced in a mixture of three polarisation states: longitudinal, left-188

handed and right-handed with relative fractions f0, fL, fR, respectively. Measurement of polarisation189

fractions provides a stringent test of the SM, as in presence of new phenomena the polarisation fractions190

measured would be altered due to interference e↵ects between additional diagrams. The longitudinal po-191

larisation state is particularly interesting as it is directly connected to the massive character of the gauge192

bosons. Polarisation of W and Z boson was previously measured in the single-boson and tt̄ processes,193

however this has never been done in diboson processes. The interest in W±Z polarisation state measure-194

ments for searches of new physics e↵ects has been expressed in the recent publications [6, 7]. This note195

presents a measurement of polarisation fractions of W and Z bosons in WZ events through the study of196
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Electroweak production of gauge boson pairs:

Rare processes predicted by the SM

Currently only WWjj-EW production is
observed

Main showstoppers:
- very small production cross section
- large contamination by VVjj-QCD events.

VBS processes allow for searches of anomalous
quartic quage couplings.

Topology of WZjj-EW events:

First WZ VBS study was made by ATLAS at 8TeV.
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Dim-6 Operators in WZ 

•  First task: Check which operators are sensitive for each channel 
•  Here, focus on WZ fully leptonic 
•  So far, TGC limits in HISZ basis, different operators and different vertices 

•  Constraints from Electroweak precision data 
•  Dim-6 operators in WZ inclusive 
•  Dim-6 operators in WZ VBS 

–  Although WZ VBS is the best channel  for discovering quartic couplings (D8 operators) , 
before estimating the D8 effect ( See E. Kasimi’s talk), we want to establish the effect of 
Dim-6 operators in VBS 
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WZ Inclusive:Setup  

•  	
  Madgraph	
  2.6.5	
  Generator:	
  
• SMEFTSim	
  Model:	
  

Process:	
  
• 5k	
  Number	
  of	
  events	
  
• generator	
  level	
  only	
  	
  Level:	
  
•  	
  “Decomposi&on”	
  of	
  the	
  total	
  sample	
  	
  Method:	
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pp → e+ e− µ− ν̄µ



Decomposition method 

•  Need to produce big number of samples on various values of EFT 
parameters 

•  So far, reweighting was used 
•  Now, Madgraph gives the opportunity to decompose the samples production 

to terms:  
–  SM term 
–  SM-EFT interference terms 
–  pure EFT terms 
–  cross EFT terms 

11/27/19	
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SMEFT Operators in WZ Inclusive 

•  Comparative study of the effect of 
Dim-6 operators (SMEFT model) 
on inclusive cross section for ci=3, 
Λ=1ΤeV 
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SMEFT Operators in WZ inclusive 
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•  Effect of SMEFT operators 
on WZ Inclusive cross 
section for ci=3, Λ=1TeV 
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•  Effect of SMEFT operators 
on WZ Inclusive cross 
section for ci=3, Λ=1TeV 

8/26/19" 37"

10% 



Cw: Distributions 
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•  Effect on SM cross section 
for cW=3: 115.1% 

•  Here, cW=1, -1 
•  5k Events 
•  pT of the di-electron system 

and the W-muon 
•  Interference affects low pt 

bins 
•  Increase in the cross 

section comes from the 
quadratic term 
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SMEFT operators in WZ VBS 

•  Dim-6 
operators 
(SMEFT) 
operators 
expected to 
contribute in 
VBS 
processes 
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Operators relevant for VBS - minimal set

imposing CP + Up3q5 flavor symmetry, neglecting contributions 9 yf , f ‰ b, t
and assuming non-standard diagrams give negligible impact

Corrections to SM couplings/propagators

QHD = pH:DµHq˚pH:DµHq Q
p1q
Hl = pH:i

Ø

Dµ Hqpl̄γµlq

QH˝ = pH:HqpH:
˝ Hq Q

p3q
Hl = pH:i

Ø
D

i

µ Hqpl̄σiγµlq

QW = εijkW
i
µνW

jνρW kµ
ρ Q

p1q
Hq = pH:i

Ø

Dµ Hqpq̄γµqq

QHB = pH:HqBµνB
µν Q

p3q
Hq = pH:i

Ø
D

i

µ Hqpq̄σiγµqq

QHW = pH:HqW i
µνW

iµν QHe = pH:i
Ø
Dµ Hqpēγµeq

QHWB = pH:σiHqW i
µνB

µν QHu = pH:i
Ø

Dµ Hqpūγµuq

Qll = pl̄γµlqpl̄γµlq QHd = pH:i
Ø

Dµ Hqpd̄γµdq

= Vff (ΓW ,Z ) = TGC/QGC = hVV (Γh) = mW

14 operators and 14 parameters

Ilaria Brivio (NBI) EFT for VBS 9/12



WZ VBS: Setup  

•  	
  Madgraph	
  2.6.5	
  Generator:	
  
• SMEFTSim	
  Model:	
  

Process:	
  
• 5k	
  Number	
  of	
  events	
  
• generator	
  level	
  only	
  	
  Level:	
  
•  	
  “Decomposi&on”	
  of	
  the	
  total	
  sample	
  	
  Method:	
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pp → W−Zjj



SMEFT operators in WZ VBS 

•  Cross section results for SM+ 1 non-zero EFT operator 
•  Increase and decrease to cross section 
•  Decrease due to interference 
•  SM cross section: 0.22 fb 
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Dim-6 operators in WZ VBS 
•  Cross section results with SM+ 1 non zero EFT 

parameter  
•  Increase and decrease in cross section 
•  Decrease due to interference 
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SMEFT operators in WZ VBS 

•  The effect on the cross section can be positive or negative 
•  Negative due to interference 
•  Constraints from EWPD not taken into account here 
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Dim-6 operators in WZ VBS 
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•  Some of these operators are already excluded with existing experimental 
data 

•  In consultation with theorists 
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Dim-8 Operators Theory Framework 

•  aQGCs can be parametrized in terms of Dimension-8 operators by the 
assumption that the Dimension-6 can already by constrained elsewhere 

•  Use EFT parametrization from Eboli, Gonzales-Garcia model 
•  Measurements of aQGC à constrain the following operators 

–  Effort to combine limits from ATLAS and CMS within the VBSCan network 
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Theory Framework 

•  aQGCs can be parametrized in terms of Dim-8 operators, by the 
assumption that the dim-6 can already be constrained elsewhere 

•  Use EFT parameterization from Eboli, Gonzales-Garcia model 
•  Measurements of aQGC  ! constrain the following operators 

 

7/4/19" 18"

12 Dim-8 operators 
⬩  Dim-8 operators modify the neutral aTGCs and the aQGCs 
⬩  Measurements of aQGC and neutral aTGC limits! constrain the 

following operators 

 
⬩  aQGCs: Measured in Vector Boson Scattering Processes 
⬩  Neutral aTGCs: ZZ, Zγ 
⬩  Summary of related analyses follows 

aQGC and dim-8 operators

I aQGC parametrized in terms of dim-8 operators – assumption: dim-6 can
already be tightly constrained elsewhere

I Large number of relevant dim-8 Operators, each affecting multiple aQGCs

I Different implementations in use: VBFNLO, MadGraph (different
parameters), WHIZARD (different operators)

I Unitarization important for aTGC, different schemes exist: Form factor,
K-Matrix, clipping

I In Run 1 aQGCs measured in
I Exclusive production: ��! WW
I Triboson: WWW,WV�, W��,Z��
I Vector boson scattering (VBS):
Z�, WW,WZ, WV

15 / 20
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Figure 5: The observed 2D confidence region (solid black contour) for ↵4 and ↵5, at 95% CL. The expected 2D
confidence region (dotted black contour) is also shown, computed using the Asimov dataset [73]. Results from this
analysis (in black) are compared to observed and expected confidence regions from previous ATLAS analyses of
W±W± [17] (in red) and WZ [6] (in cyan) VBS production.

9 Conclusions

A search is performed for anomalous quartic gauge couplings in WW and WZ production via vector-boson
scattering. The analysis is performed with 20.2 fb�1 of ATLAS data from

p
s = 8 TeV pp collisions at

the LHC.

The search is based on a signature of W(`⌫)V(qq0) plus two jets with a high dijet invariant mass. The
V(qq0) system is reconstructed either as two separate jets or as a single, large-radius jet, making use of
jet substructure techniques. A search phase space is used that is designed to be particularly sensitive to
aQGCs, and is based on event topology, the V decay angle, and high transverse momentum.

No excess is seen in the data, and so limits are placed on aQGC parameters by fitting the diboson
transverse-mass distribution. At 95% CL, the observed limits are �0.024 < ↵4 < 0.030 and �0.028 <
↵5 < 0.033. These limits are more stringent than the previous constraints on these parameters, obtained in
searches for vector-boson scattering in the W±W± ! `⌫`⌫ and WZ ! `⌫`` channels. This result demon-
strates that a semileptonic channel can have strong experimental sensitivity to new physics contributions
to vector-boson scattering.
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•  WZ and ssWW are 
sensitive to the same 
parameters but 
probing different 
regions of the 
parameter space 

•  Best limit by 
semileptonic 



Current results 
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]-4aQGC Limits @95% C.L. [TeV

20− 0 20 40

July 2019

aC summary plots at: http://cern.ch/go/8ghC
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γZ [-7.4e-01, 6.9e-01] -135.9 fb 13 TeV
γZ [-3.4e+00, 2.9e+00] -129.2 fb 8 TeV
γW [-5.4e+00, 5.6e+00] -119.7 fb 8 TeV

ss WW [-4.2e+00, 4.6e+00] -119.4 fb 8 TeV
ss WW [-6.2e-01, 6.5e-01] -135.9 fb 13 TeV
WZ [-7.5e-01, 8.1e-01] -135.9 fb 13 TeV
ZZ [-4.6e-01, 4.4e-01] -135.9 fb 13 TeV
WV ZV [-1.2e-01, 1.1e-01] -135.9 fb 13 TeV

4Λ /T,1f WWW [-3.3e+00, 3.3e+00] -135.9 fb 13 TeV
γZ [-4.4e+00, 4.4e+00] -119.7 fb 8 TeV
γZ [-1.2e+00, 1.1e+00] -135.9 fb 13 TeV
γW [-3.7e+00, 4.0e+00] -119.7 fb 8 TeV

ss WW [-2.1e+00, 2.4e+00] -119.4 fb 8 TeV
ss WW [-2.8e-01, 3.1e-01] -135.9 fb 13 TeV
WZ [-4.9e-01, 5.5e-01] -135.9 fb 13 TeV
ZZ [-6.1e-01, 6.1e-01] -135.9 fb 13 TeV
WV ZV [-1.2e-01, 1.3e-01] -135.9 fb 13 TeV

4Λ /T,2f WWW [-2.7e+00, 2.6e+00] -135.9 fb 13 TeV
γZ [-9.9e+00, 9.0e+00] -119.7 fb 8 TeV
γZ [-2.0e+00, 1.9e+00] -135.9 fb 13 TeV
γW [-1.1e+01, 1.2e+01] -119.7 fb 8 TeV

ss WW [-5.9e+00, 7.1e+00] -119.4 fb 8 TeV
ss WW [-8.9e-01, 1.0e+00] -135.9 fb 13 TeV
WZ [-1.5e+00, 1.9e+00] -135.9 fb 13 TeV
ZZ [-1.2e+00, 1.2e+00] -135.9 fb 13 TeV
WV ZV [-2.8e-01, 2.8e-01] -135.9 fb 13 TeV

4Λ /T,5f γγZ [-9.3e+00, 9.1e+00] -120.3 fb 8 TeV
γZ [-7.0e-01, 7.4e-01] -135.9 fb 13 TeV
γW [-3.8e+00, 3.8e+00] -119.7 fb 8 TeV

4Λ /T,6f γZ [-1.6e+00, 1.7e+00] -135.9 fb 13 TeV
γW [-2.8e+00, 3.0e+00] -119.7 fb 8 TeV

4Λ /T,7f γZ [-2.6e+00, 2.8e+00] -135.9 fb 13 TeV
γW [-7.3e+00, 7.7e+00] -119.7 fb 8 TeV

4Λ /T,8f γZ [-1.8e+00, 1.8e+00] -119.7 fb 8 TeV
γZ [-4.7e-01, 4.7e-01] -135.9 fb 13 TeV
γZ [-1.8e+00, 1.8e+00] -120.2 fb 8 TeV

ZZ [-8.4e-01, 8.4e-01] -135.9 fb 13 TeV
4Λ /T,9f γγZ [-7.4e+00, 7.4e+00] -120.3 fb 8 TeV

γZ [-4.0e+00, 4.0e+00] -119.7 fb 8 TeV
γZ [-1.3e+00, 1.3e+00] -135.9 fb 13 TeV
γZ [-3.9e+00, 3.9e+00] -120.2 fb 8 TeV

ZZ [-1.8e+00, 1.8e+00] -135.9 fb 13 TeV
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4Λ /M,0f γWV [-7.7e+01, 8.1e+01] -119.3 fb 8 TeV
γZ [-7.1e+01, 7.5e+01] -119.7 fb 8 TeV
γZ [-1.9e+01, 2.0e+01] -135.9 fb 13 TeV
γZ [-7.6e+01, 6.9e+01] -120.2 fb 8 TeV
γW [-7.7e+01, 7.4e+01] -119.7 fb 8 TeV

ss WW [-6.0e+00, 5.9e+00] -135.9 fb 13 TeV
WZ [-9.1e+00, 9.1e+00] -135.9 fb 13 TeV

WW→γγ [-2.8e+01, 2.8e+01] -120.2 fb 8 TeV
WW→γγ [-4.2e+00, 4.2e+00] -124.7 fb 7,8 TeV

WV ZV [-6.9e-01, 7.0e-01] -135.9 fb 13 TeV
4Λ /M,1f γWV [-1.3e+02, 1.2e+02] -119.3 fb 8 TeV

γZ [-1.9e+02, 1.8e+02] -119.7 fb 8 TeV
γZ [-4.8e+01, 4.7e+01] -135.9 fb 13 TeV
γZ [-1.5e+02, 1.5e+02] -120.2 fb 8 TeV
γW [-1.2e+02, 1.3e+02] -119.7 fb 8 TeV

ss WW [-8.7e+00, 9.1e+00] -135.9 fb 13 TeV
WZ [-9.1e+00, 9.4e+00] -135.9 fb 13 TeV

WW→γγ [-1.1e+02, 1.0e+02] -120.2 fb 8 TeV
WW→γγ [-1.6e+01, 1.6e+01] -124.7 fb 7,8 TeV

WV ZV [-2.0e+00, 2.1e+00] -135.9 fb 13 TeV
4Λ /M,2f γWV [-5.7e+01, 5.7e+01] -120.2 fb 8 TeV

γZ [-3.2e+01, 3.1e+01] -119.7 fb 8 TeV
γZ [-8.2e+00, 8.0e+00] -135.9 fb 13 TeV
γZ [-2.7e+01, 2.7e+01] -120.2 fb 8 TeV
γW [-2.6e+01, 2.6e+01] -119.7 fb 8 TeV

4Λ /M,3f γWV [-9.5e+01, 9.8e+01] -120.2 fb 8 TeV
γZ [-5.8e+01, 5.9e+01] -119.7 fb 8 TeV
γZ [-2.1e+01, 2.1e+01] -135.9 fb 13 TeV
γZ [-5.2e+01, 5.2e+01] -120.2 fb 8 TeV
γW [-4.3e+01, 4.4e+01] -119.7 fb 8 TeV

4Λ /M,4f γWV [-1.3e+02, 1.3e+02] -120.2 fb 8 TeV
γZ [-1.5e+01, 1.6e+01] -135.9 fb 13 TeV
γW [-4.0e+01, 4.0e+01] -119.7 fb 8 TeV

4Λ /M,5f γWV [-2.0e+02, 2.0e+02] -120.2 fb 8 TeV
γZ [-2.5e+01, 2.4e+01] -135.9 fb 13 TeV
γW [-6.5e+01, 6.5e+01] -119.7 fb 8 TeV

4Λ /M,6f γZ [-3.9e+01, 4.0e+01] -135.9 fb 13 TeV
γW [-1.3e+02, 1.3e+02] -119.7 fb 8 TeV

ss WW [-1.2e+01, 1.2e+01] -135.9 fb 13 TeV
WV ZV [-1.3e+00, 1.3e+00] -135.9 fb 13 TeV

4Λ /M,7f γZ [-6.1e+01, 6.3e+01] -135.9 fb 13 TeV
γW [-1.6e+02, 1.6e+02] -119.7 fb 8 TeV

ss WW [-1.3e+01, 1.3e+01] -135.9 fb 13 TeV
WV ZV [-3.4e+00, 3.4e+00] -135.9 fb 13 TeV
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Process:	
  

• 200k	
  Number	
  of	
  events	
  

• 	
  generator	
  level	
  only	
  	
  Level:	
  

• 	
  “Decomposi&on”	
  of	
  the	
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EFT Parameter: fS1 
•  fs1=42 TeV-4  
•  Decomposition Validation in the total phase space (Loose PS on WZjj final state) 

•  Fiducial Phase space: (truth selection for WZ VBS final state) 
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EFT Parameter: fT0 
•  fT0=0.8 TeV-4 
•  Decomposition Validation in the total phase space (Loose PS on WZjj final state) 
 
•  Fiducial Phase space: (truth selection for WZ VBS final state) 
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EFT Parameter: fT1 
•  fT1=0.55 TeV-4 
•  Decomposition Validation in the total phase space (Loose PS on WZjj final state) 

•  Fiducial Phase space: (truth selection for WZ VBS final state) 
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Unitarization Method: Clipping 

•  The cross section “explodes” for high sqrt(s-hat), 
violating unitarity 

•  Clipping: Step function form factor 
–  The anomalous signal contribution is set to 0 for  
 

•  Data and background remains unchanged 
•  Can be applied “by hand” to the BSM parts of the 

Monte Carlo samples. By using Decomposition 
method, we apply the cut to interference and 
quadratic terms 
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Unitarization Method 

•  The cross section “explodes” for high sqrt(s-
hat), violating unitarity 

•  Clipping: Step function form factor 
–  The anomalous signal contribution is set to 0 for 

sqrt(s-hat)> Ec 

•  Data and background remains unchanged 
•  Can be applied “by-hand” to any MC sample 
•  But introduces a free parameter Ec 

•  Thus limits are extracted for various Ec 

7/4/19" 21"

Signal	samples

10

SM
aC-SM

“√s”

M	cutoff

Anomalous	coupling	
measurement	with	M	cutoff

• Clipping
• we	will	use	M(VV)	for	leptons	from	hard	process	and	dressed	leptons	(MG+pythia8)	from	

hard	process:
• code	from	Stephen	Mrenna for	HepMC hard	process	particles
• Need	code	for	dressed	leptons	(checked	with	Steven	Mrena and	Simone	Aleoli ?)

• we	should	make	a	single	code	that	does	both	and	run	on	our	sample.	The	output	will	be	
the	sample	with	added	info	of	MVV	and	relevant	lepton	info	if	any
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Q3:	How	to	provide	more	useful	information	for	TH	
community:	unitarity/clipping/interference	term…?

• deriving	limits	with	extra	cut	on	“√s”	<	Mcutoff for	several	different
Mcutoff values
à limits	in	the	(c,M)	plane

• IDEALLY:	cut	on	MVV on	signal	MC	and	on	data
• Can	experimentally	only	be	done	for	ZZ->4l	process
• Can	not	experimentally	be	done	in	general	because	

we	do	not	know	the	√s	of	the	data
• What	is	the	best	approach	that	can	be	done	

experimentally? m
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• Sensitivity	to	anomalous	couplings	mainly	comes	from	
the	overflow	bin
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ŝ > Ec



Example of clipping in mT
WZ 

•  Comparison of the distributions of the total generated sample and the 
clipped distributions 

–  Clipping the interference and the quadratic term only at various values of the 
truth mWZ 
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Positivity Constraints 

•  Publication by 
C.Zhang 

•  Certain areas of the 
EFT parameter space 
are forbidden due to 
UV completion 

•  New set of theoretical 
constraints on the 
Dim-8 operators 
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Positivity Constraints 

•  Paper by  C.Zhang: https://arxiv.org/
pdf/1808.00010.pdf 

•  Certain areas of the EFT parameter space 
are forbidden due to UV completion 

•  New set of theoretical constraints on 
dimension-8 operators 

•  1op limits case  
•  2op limits 
•  3op limits 
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3

with M± < ✏⇤ < ⇤, M± ⌘ m1 ± m2. This subtracted
amplitude has the same discontinuity as A(s) above (✏⇤)2

and also satisfies the Froissart bound. It is free of branch
cuts for |s| < (✏⇤)2, and thus one can analogously obtain
a dispersion relation:

f✏⇤(sp) ⌘ d2B✏⇤(sp)

2 ds2
=

"Z �(✏⇤)2

�1
+

Z 1

(✏⇤)2

#
ds

2⇡i

DiscA(s)

(s� sp)3

=

Z 1

(✏⇤)2+M2

ds

⇡

ImA(s)

(s+ sp�M2)3
+

Z 1

(✏⇤)2

ds

⇡

ImA(s)

(s� sp)3
. (5)

Making use of the optical theorem, ImA(s) = [(s �
M2

�)(s � M2
+)]

1/2�t > 0 for s > M2
+, where �t is

the total cross section. So we have f✏⇤(sp) > 0 for
�(✏⇤)2 < sp < (✏⇤)2. Again, by contour deformation,
f✏⇤(sp) can be evaluated within the EFT with the sub-
traction term in Eq. (4) taken into account. This term
does not contain any tree level contribution from the
higher dimensional operators, but it removes the dom-
inant impact from the SM loop contribution. The re-
maining contribution from the SM is then suppressed by
(✏⇤)�2, and can be computed explicitly. The reason be-
hind is that the SM contribution mostly comes from the
discontinuity below ✏⇤, while the BSM contribution is
from above this scale, so one can choose a ✏⇤ to subtract
the dominant SM contribution without losing positivity.
In the Supplementary Material we compute the remain-
ing SM contribution in the �� channel and show that it
is negligible even comparing with the best experimental
sensitivity currently available.
Applications.— Let us first focus on dimension-8 op-

erators. Applying this approach to the scattering ampli-
tudes of VBS in the forward limit yields a set of positiv-
ity constraints on QGC coe�cients. As an example, we
present here the constraint from ZZ ! ZZ scattering:

8a23b
2
3t

4
W (FS,0 + FS,1 + FS,2) +

⇥
a23

�
b21 + b22

�

+
�
a21 + a22

�
b23
⇤
t2W

��t4WFM,3 + t2WFM,5 � 2FM,1 + FM,7

�

+
⇥
(a1b1 + a2b2)

2 +
�
a21 + a22

� �
b21 + b22

�⇤ �
2t8WFT,9

+4t4WFT,7 + 8FT,2

�
+ 8 (a1b1 + a2b2)

2
⇥
t4W

�
t4WFT,8

+2FT,5 + 2FT,6) + 4FT,0 + 4FT,1] � 0, (6)

where tW ⌘ tan ✓W is the tangent of the weak angle.
We have rewritten the coe�cients as FS,i ⌘ fS,i, FM,i ⌘
e2fM,i, and FT,i ⌘ e4fT,i. ai and bi parametrize the
polarization vectors of the two Z bosons respectively:

✏µ1 = (a3p1/mZ , a1, a2, a3E1/mZ) (7)

✏µ2 = (b3p2/mZ , b1, b2, b3E2/mZ) , (8)

where real polarizations are used for simplicity. Eq. (6)
must hold for all real values of ai and bi. Other VBS
processes yield similar but independent constraints. The
full set of results are given in the Appendix.
Interestingly, including dimension-6 operators does not

change our conclusion. If one follows the same approach

fS,0 fS,1 fS,2 fM,0 fM,1 fM,2 fM,3 fM,4 fM,5

+ + + X � O � O X

fM,7 fT,0 fT,1 fT,2 fT,5 fT,6 fT,7 fT,8 fT,9

+ + + + X + X + +

TABLE I: Positivity constraints on individual VBS operator
coe�cients. +/� means the coe�cient must be non-negative
or non-positive. X means only f = 0 is allowed, and O means
no constraints.

and considers dimension-6 contributions, it turns out
that nontrivial constraints on them can be obtained only
at the (f (6)/⇤2)2 level, i.e. from diagrams involving two
insertions of operators. They always take the following
form:

X

i

(�xi)

0

@
X

j

yjf
(6)
j

1

A
2

� 0, xi > 0, (9)

i.e. the sum of a set of complete square terms need to be
negative. We have checked this for all relevant dimension-
6 operators in the Warsaw basis [36]. Explicit results
are given in the Appendix. Of course, these conditions
cannot be satisfied with dimension-6 operators alone. In-
stead, it tells us that at O(⇤�4) the dimension-8 contri-
bution has to come in, with a positive value large enough
to flip the sign of the dimension-6 contribution. There-
fore, the presence of dimension-6 contributions will only
make the dimension-8 positivity constraints stronger.
It is worth mentioning that these constraints are dif-

ferent from bounds derived from partial-wave unitarity
[37, 38], in that they require unitarity of the UV the-
ory, not the low energy e↵ective theory, and additionally
require other fundamental principles such as analyticity
of the amplitude. In VBS, partial-wave unitarity leads
to bounds on the sizes of f (6)/⇤2 or f (8)/⇤4, while the
positivity bounds are on the dimensionless coe�cients,
and lead to constraints on possible directions of SM de-
viations. These constraints are always complementary to
the unitarity bounds and experimental limits.
Physics implication .— We now describe the physics

implications of our positivity constraints on VBS pro-
cesses.
First, let us turn on one operator at a time. Most

experimental results are presented as limits on individ-
ual operators, assuming all others vanish. As shown in
[32], these limits are symmetric or nearly symmetric. In
Table I we list our positivity constraints on individual
operators. We can see that, while fM,2 and fM,4 are free
of such constraints, all other coe�cients are bounded at
least from one side. This implies that half of the experi-
mentally allowed regions do not lead to a UV completion.
In addition, fM,0, fM,5, fT,5 and fT,7 cannot individually
take any nonzero values. fM,0 is forbidden because the
same-sign and opposite-sign WW scattering amplitudes
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Positivity Constraints 

•  Paper by  C.Zhang: https://arxiv.org/
pdf/1808.00010.pdf 

•  Certain areas of the EFT parameter space 
are forbidden due to UV completion 

•  New set of theoretical constraints on 
dimension-8 operators 

•  1op limits case  
•  2op limits 
•  3op limits 
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with M± < ✏⇤ < ⇤, M± ⌘ m1 ± m2. This subtracted
amplitude has the same discontinuity as A(s) above (✏⇤)2

and also satisfies the Froissart bound. It is free of branch
cuts for |s| < (✏⇤)2, and thus one can analogously obtain
a dispersion relation:

f✏⇤(sp) ⌘ d2B✏⇤(sp)

2 ds2
=

"Z �(✏⇤)2

�1
+

Z 1

(✏⇤)2

#
ds

2⇡i

DiscA(s)

(s� sp)3

=

Z 1

(✏⇤)2+M2

ds

⇡

ImA(s)

(s+ sp�M2)3
+

Z 1

(✏⇤)2

ds

⇡

ImA(s)

(s� sp)3
. (5)

Making use of the optical theorem, ImA(s) = [(s �
M2

�)(s � M2
+)]

1/2�t > 0 for s > M2
+, where �t is

the total cross section. So we have f✏⇤(sp) > 0 for
�(✏⇤)2 < sp < (✏⇤)2. Again, by contour deformation,
f✏⇤(sp) can be evaluated within the EFT with the sub-
traction term in Eq. (4) taken into account. This term
does not contain any tree level contribution from the
higher dimensional operators, but it removes the dom-
inant impact from the SM loop contribution. The re-
maining contribution from the SM is then suppressed by
(✏⇤)�2, and can be computed explicitly. The reason be-
hind is that the SM contribution mostly comes from the
discontinuity below ✏⇤, while the BSM contribution is
from above this scale, so one can choose a ✏⇤ to subtract
the dominant SM contribution without losing positivity.
In the Supplementary Material we compute the remain-
ing SM contribution in the �� channel and show that it
is negligible even comparing with the best experimental
sensitivity currently available.

Applications.— Let us first focus on dimension-8 op-
erators. Applying this approach to the scattering ampli-
tudes of VBS in the forward limit yields a set of positiv-
ity constraints on QGC coe�cients. As an example, we
present here the constraint from ZZ ! ZZ scattering:

8a23b
2
3t

4
W (FS,0 + FS,1 + FS,2) +

⇥
a23

�
b21 + b22

�

+
�
a21 + a22

�
b23
⇤
t2W

��t4WFM,3 + t2WFM,5 � 2FM,1 + FM,7

�

+
⇥
(a1b1 + a2b2)

2 +
�
a21 + a22

� �
b21 + b22

�⇤ �
2t8WFT,9

+4t4WFT,7 + 8FT,2

�
+ 8 (a1b1 + a2b2)

2
⇥
t4W

�
t4WFT,8

+2FT,5 + 2FT,6) + 4FT,0 + 4FT,1] � 0, (6)

where tW ⌘ tan ✓W is the tangent of the weak angle.
We have rewritten the coe�cients as FS,i ⌘ fS,i, FM,i ⌘
e2fM,i, and FT,i ⌘ e4fT,i. ai and bi parametrize the
polarization vectors of the two Z bosons respectively:

✏µ1 = (a3p1/mZ , a1, a2, a3E1/mZ) (7)

✏µ2 = (b3p2/mZ , b1, b2, b3E2/mZ) , (8)

where real polarizations are used for simplicity. Eq. (6)
must hold for all real values of ai and bi. Other VBS
processes yield similar but independent constraints. The
full set of results are given in the Appendix.

Interestingly, including dimension-6 operators does not
change our conclusion. If one follows the same approach

fS,0 fS,1 fS,2 fM,0 fM,1 fM,2 fM,3 fM,4 fM,5

+ + + X � O � O X

fM,7 fT,0 fT,1 fT,2 fT,5 fT,6 fT,7 fT,8 fT,9

+ + + + X + X + +

TABLE I: Positivity constraints on individual VBS operator
coe�cients. +/� means the coe�cient must be non-negative
or non-positive. X means only f = 0 is allowed, and O means
no constraints.

and considers dimension-6 contributions, it turns out
that nontrivial constraints on them can be obtained only
at the (f (6)/⇤2)2 level, i.e. from diagrams involving two
insertions of operators. They always take the following
form:

X

i

(�xi)

0

@
X

j

yjf
(6)
j

1

A
2

� 0, xi > 0, (9)

i.e. the sum of a set of complete square terms need to be
negative. We have checked this for all relevant dimension-
6 operators in the Warsaw basis [36]. Explicit results
are given in the Appendix. Of course, these conditions
cannot be satisfied with dimension-6 operators alone. In-
stead, it tells us that at O(⇤�4) the dimension-8 contri-
bution has to come in, with a positive value large enough
to flip the sign of the dimension-6 contribution. There-
fore, the presence of dimension-6 contributions will only
make the dimension-8 positivity constraints stronger.
It is worth mentioning that these constraints are dif-

ferent from bounds derived from partial-wave unitarity
[37, 38], in that they require unitarity of the UV the-
ory, not the low energy e↵ective theory, and additionally
require other fundamental principles such as analyticity
of the amplitude. In VBS, partial-wave unitarity leads
to bounds on the sizes of f (6)/⇤2 or f (8)/⇤4, while the
positivity bounds are on the dimensionless coe�cients,
and lead to constraints on possible directions of SM de-
viations. These constraints are always complementary to
the unitarity bounds and experimental limits.
Physics implication .— We now describe the physics

implications of our positivity constraints on VBS pro-
cesses.
First, let us turn on one operator at a time. Most

experimental results are presented as limits on individ-
ual operators, assuming all others vanish. As shown in
[32], these limits are symmetric or nearly symmetric. In
Table I we list our positivity constraints on individual
operators. We can see that, while fM,2 and fM,4 are free
of such constraints, all other coe�cients are bounded at
least from one side. This implies that half of the experi-
mentally allowed regions do not lead to a UV completion.
In addition, fM,0, fM,5, fT,5 and fT,7 cannot individually
take any nonzero values. fM,0 is forbidden because the
same-sign and opposite-sign WW scattering amplitudes
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Conclusions 

•  EFTs is the tool to look for BSM effects  
•  WZ in the inclusive and the VBS phase space serves as a good candidate 

for the search 
•  Dimension-6 operators are investigated using the SMEFTSim model 
•  Dimension-8 operators are investigated using the Eboli,Gonzales-Garcia 

model 
•  With the full Run II data, better limits in Effective Field theory operators are 

expected with higher statistics and after combining the results with other 
final states 
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Thank you! 
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