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Vector boson pair production

• Basic process:  qbar q  VV 

• Order α2: large cross section

• Sensitive to triple gauge couplings

(TGC)

Vector boson scattering (VBS)

• Basic process:  VVVV 

• accompanied by 2 quark jets

= tagging jets

• Order α4: suppressed cross section

• Sensitive to quartic gauge couplings

(QGC)

Diboson processes at the LHC

Observe decay leptons of weak bosons (or hadronic V decay)
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Outline of talk:

Pair production in quark annihilation

QCD corrections

Observations at the LHC

Measurement of anomalous TGC (aTGC)

Effective Lagrangian for VBS

Unitarization for off-shell VVVV

LHC measurements

Conclusions
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Linear realization of EW symmetry breaking:

Three C,P even operators at dimension 6 level

with leads to

Relations spoiled at dimension 8 level and beyond

Connection to gauge invariant EFT parameterization
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QCD corrections: up to NNLO (Grazzini, Kallweit, Wiesemann 2017)

Excellent agreement of off-shell fiducial cross sections at NNLO
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QCD corrections: up to NNLO (Grazzini, Kallweit, Wiesemann 2017)

Excellent agreement of off-shell fiducial cross sections at NNLO with new data
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More information from distributions…..

pT of Z or accompanying jet in WZ events compared to NLO QCD prediction

High pT jet is at least as common as high pT Z (similar expectation for W pT)
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High pT bosons and jets at NLO (pT(Z) > 200 GeV sample)

Measure for pT balance of W,Z,jet
• large fraction of events with

Z recoil against jet, not W

• Sensitivity to aTGC only for low jet pT

• Dynamical jet veto improves sensitivity

to anomalous TGC

NLO WZj simulation: Campanario, Roth, DZ arXive:1410.4840
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Constraining aTGC with LHC data: WZ example

Anomalous couplings with negligible form factor effect (i.e. pure dimension 6 EFT)

lead to strong enhancement at high WZ mass

 Nonobservation provides stringent bounds on Wilson coefficients
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Limits on anomalous WWZ couplings

LHC EW WG: CMS wiki page
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Limits on anomalous WWγ couplings

LHC EW WG: CMS wiki page
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Anomalous couplings spoil subtle

cancellations between

contributing Feynman graphs

Would enhanced rate point to

larger WWZ coupling or smaller

Zff coupling (or vice versa)?

LEP precision data on Zff

couplings puts blame for

increased cross sections on 

aTGC for now…

Per Mil level measurements of

aTGC require simultaneous fits

for aTGC and Vff couplings

 Need multi-parameter fits of

diverse EFT coefficients and

multiple processes when probing

TeV region for EFT scale Λ

Need to measure interference

effects with SM amplitude

aTGC vs. anomalous Zff or Wff couplings

Reach of HL-LHC 

to aTGC with / 

without taking

into account

anomalous Vff

couplings
(Dawson et al., 

arXive:1902.04070)

W+W- production

only
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Vector boson scattering

• Basic process:  VVVV 

• accompanied by 2 quark jets

= tagging jets

• Order α4: suppressed cross section

• Sensitive to quartic gauge couplings

Characteristics (VBS cuts)

• Large rapidity separation of jets

• Large dijet invariant mass

• Decay leptons between tag jets

Need EFT with dimension 8 operators for

aQGC parameterization

Vector boson scattering (VBS)
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Building blocks: with
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Distinguish by dominant set of vector boson helicities

Longitudinal operators: derivatives of Higgs doublet field

Full set of dimension 8 operators (Eboli et al.)
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Field strength transverse polarizations

Transverse operators Mixed: transverse-longitudinal



Dieter Zeppenfeld20 Diboson physics



Dieter Zeppenfeld21 Diboson physics



Dieter Zeppenfeld22 Diboson physics

Example: VBF-ZZ (e+e-µ+µ-)

good agreement between both codes

for longitudinal ops. at LO

→ can now generate distributions

also at NLO via VBFNLO

Extension to mixed and transverse operators via 

numerical partial wave unitarization: work with 

Genessis Perez, Marco Sekulla (1807.02707) 

and Heiko Schäfer-Siebert
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Off-shell VBS amplitude

Assume new physics in VVVV only

SM part alone has vector boson

emission, triple gauge couplingsH etc. 

which interfere destructively

 SM piece is unitary and small

 unitarize BSM piece only

V-propagators decompose into

polarization sums

Defines
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K-matrix (also called T-matrix) procedure for on-shell hermitian T0

General virtualities T0 not normal for off-shell VVVV 

Must distinguish

Use

Alignment problems avoided by using largest eigenvalue of denominator

Unitarization of tree level amplitude: T0  Tu
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Definition of fiducial phase space region

Jets defined with anti-kT clustering and R=0.4

Example: same sign WW production in VBS
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Comparison to K-matrix

Excellent agree-

ment between

different unitari-

zation methods

coefficients

adjusted for

unitarized

models to

reproduce pure 

EFT cross

section

CMS limits on F

from ssWW

analysis
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Mixed and transverse operators

Unitarity bound depends on whether j=0,1, or 2 partial waves dominate

Larger deviations allowed for transverse than for longitudinal operators
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Incident W polarization: pT(j,max)

• Typical off-shell behavior

M ~ [s2 + (q1
2 + q2

2 – q3
2 – q4

2) s]/Λ4

• Unitarization suppresses

large incident virtualities

 pT(j,max) shapes

depend on polarization

only

• Enhancement at small

pT(j,max) is sign for

predominant longitudinal 

scattering
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Unitarization changes shapes of distributions

Our Tu model supresses high VV invariant mass and large 

incident virtualities: similar to what one expects from loop

functions

Unitarization is not unique additional model dependence

Some form of unitarization (or form factors which avoid tree

level unitarity violation) should be included in experimental 

anlysis of EFT coefficients

Comments
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Observed (with modest background) by ATLAS and CMS

Useful bounds on Wilson coefficients of dim-8 operators

LHC data on same sign W scattering
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WZ scattering: 3 lepton + pTmiss + 2jet signal
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ZZjj production in VBS: 4-lepton signal
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Limits on aQGC from LHC data up to 13 TeV: 

fS – affecting purely longitudinal scattering

LHC EW WG: CMS wiki page
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Limits on aQGC from LHC data up to 13 TeV: 

fM – mixed longitudinal/transverse scattering

LHC EW WG: CMS wiki page
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Limits on aQGC from LHC data up to 13 TeV: 

fT – affecting purely transverse scattering

LHC EW WG: CMS wiki page
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WV/ZV signatures: W/Z-leptons, V  hadrons (fat jet)
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Limits from CMS WV/ZV VBS search at 13 TeV

Caveats:

• CMS analysis does not take into account form-factors/unitarization
𝑓

Λ4
bounds expected to weaken by factor 2 to 3 (from ssWW experience)

• Normalization of T operators does not include expected loop suppression

factor
𝑔4

16𝜋2
=

𝛼2

sin4 𝜃𝑊
≈ 10−3

• Only large enhancements at high WV/ZV invariant mass is probed

Still: Impressive progress on aQGC measurements
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Diboson pair production at LHC provides powerful tests of electroweak

symmetry breaking

Large cross sections for qbar qVV, NNLO QCD corrections known, 

precise measurements from ATLAS/CMS precise aTGC measurements

Even stronger gauge theory cancellations for VBS

Pure EFT approach to parameterization of BSM effects is insufficient due 

to large energy reach of LHC and breakdown of unitarity at tree level. 

Effect most pronounced for VBS and dimension 8 operators

Unitarization models provide improved tools for describing BSM VV 

scattering

Impressive measurements of VBS processes already, from ATLAS and

CMS. More to come from 2017 and 2018 data!

Conclusions
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Diboson pair production at LHC provides powerful tests of electroweak

symmetry breaking

Large cross sections for qbar qVV, NNLO QCD corrections known, 

precise measurements from ATLAS/CMS precise aTGC measurements

Even stronger gauge theory cancellations for VBS

Pure EFT approach to parameterization of BSM effects is insufficient due 

to large energy reach of LHC and breakdown of unitarity at tree level. 

Effect most pronounced for VBS and dimension 8 operators

Unitarization models provide improved tools for describing BSM VV 

scattering

Impressive measurements of VBS processes already, from ATLAS and

CMS. More to come from 2017 and 2018 data!

Thanks for listening!

Conclusions
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Backup
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Integrated cross sections for MATRIX VV production processes (from Grazzini, Kallweit, Wiesemann, EPJC)
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Limiting M(WZ) range for bounding aTGC: CMS measurement

Also interesting: M(WZ) cutoff below 1 TeV would exhibit sensitivity to „small“ 

deviations e.g. from BSM loop effects and interference with SM contributions

Form factor dependence for aTGC measurement?
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Off-shell VBS amplitude

Assume new physics in VVVV only

SM part alone has vector boson

emission, triple gauge couplingsH etc. 

which interfere destructively

 SM piece is unitary and small

 unitarize BSM piece only

V-propagators decompose into

polarization sums

Defines
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S-matrix unitarity

Implication for

helicity amplitudes

Projection onto j<=2 partial waves

Partial wave unitarity relation

Partial wave decomposition and unitarity relation
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S-matrix unitarity

Implication for

helicity amplitudes

Projection onto j<=2 partial waves

Partial wave unitarity relation

Partial wave decomposition and unitarity relation
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K-matrix (also called T-matrix) procedure for on-shell hermitian T0

General virtualities T0 not normal for off-shell VVVV 

Must distinguish

Use

Alignment problems avoided by using largest eigenvalue of denominator

Unitarization of tree level amplitude: T0  Tu
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Projection on V helicities

Decompose all final V-propagators and

initial V propagators for VBS graphs into

polarization sums

For helicity projection, delete all unwanted

terms in helicity sum

For final V, projection is possible for

most graphs

Problem for initial V: not defined for V 

emission off quark lines

Consider helicity projections in VV c.m. frame for SM case in the following

Work by Heiko Schäfer-Siebert
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Helicity projection of final bosons

Caution at 

high WZ 

invariant 

mass
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Distributions suffer from helicity projection
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Huge interference effects for initial boson helicities

Interference with

non-VBS graphs is

huge! Projection on 

initial helicities

spoils cancellations

Precludes

definition of

polarized cross

sections for

incoming space-

like VV in full

qqqqVV process
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Projection of final V in ALL graphs is crucial
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Huge gauge theory cancellations between VBS graphs and V-emission off 

quark lines appears to preclude definition of polarized cross sections for inital V 

in VBS for the SM contribution

Projection onto specific helicities of final state VV is viable, at least for modest

VV invariant masses

Above m(WZ)=600 GeV interference of graphs without Z-propagator becomes

problematic for definition of WLZL production

Results not trustworthy above m(WZ)= 1.2 TeV

SM result is smaller than sum of „polarized cross sections“ in important regions

of phase space, presumably due to excess events above 1.2 TeV

Define polarized cross sections by appropriate projection

of angular distributions of decay products?

Some conclusions on polarization
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Much more data still to be analyzed…

Results shown were based on data taken up to 2016


