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/ 21VBS after the Higgs Discovery

•  Discovery of a light Higgs boson leaves still open questions: 

1.  Nature of Electroweak Symmetry Breaking

2.  Higgs boson potential,  all the way like the Standard Model!?

3.  Does “the Higgs” fulfill the US-fermion/Europe-boson rule?

4.  Is the 125 GeV state the only resonance in the system of EW vector bosons?

5.  How do EW vector bosons scatter?   (true heart of weak interactions)

6.  Is there something related to the Little Hierarchy problem (strong or weak)

7.  Look for deviations in intricate cancellations of VBS amplitudes
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/ 21Anatomy of Vector Boson Scattering (VBS)
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pp ! WWjj ! ``⌫⌫jj Backgrounds:

• tt ➝ WbWb   
• W + jets  
• single top, misreconstructed jet
• WWjj QCD production  
• ll + X + Emiss   (“prompt”)

• lljj  tag
• mjj > 500 GeV   (“jet recoil”)
• |Δyjj |  > 2.4      (“rapidity distance”)
• Cuts on  Ej  ,  pTj

• No mini jet vetoes

Fiducial phase space volume:
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shown by Kenneth Long,  Seoul, ICHEP 2018

Anatomy of Vector Boson Scattering (VBS)
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/ 21The Holy Grail of Vector Boson Scattering
 Discovery for W+W+jj  (electroweak production)       
          ATLAS PRL 113(2014)14, 141803 [1405.6241] & 1611.02428;  CMS PRL 114(2015), 051801 [1410.6315]

 First limits on New Physics in pure electroweak gauge/Goldstone sector
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/ 21 6More channels coming up … 

ATLAS-CONF-2018-033
M.-A. Pleier, Seoul, ICHEP 2018

pp → WZjj →lvlljj
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/ 21 6More channels coming up … 

ATLAS-CONF-2018-033
M.-A. Pleier, Seoul, ICHEP 2018

pp → WZjj →lvlljj

pp → ZZjj →lllljj

PLB 774(2017) 682

PRL 120, 081801(2018)

pp → W+W+jj →lvlvjj

pp → WZjj →lljj + X

CMS-SMP-18-001
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/ 21 7Deviations as EFT — Dim 8 Operators

Mixed operators

Transversal operators

 Longitudinal operators

Motivated by SMEFT:   L = LSM +
X
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Energy rise of operators lead to unitarity violation

Unitarity violation between operators in UV-complete Theory
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/ 21Unitarity in vector boson scattering

Lee/Quigg/Thacker, 1973

 8



        J.R.Reuter           New Physics in VBS @ LHC           Corfu Summer Institute 2018, Corfu, 7.9.18 

/ 21Procedures to treat unitarity violations
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/ 21Different unitarity projections
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S = 1+iK/2
1�iK/2 aK(s) = a(s)

1�ia(s)

Stereographic projection to Argand circle 
Formalism does a partial resummation of perturbative series  
need to construct (orig.) K-matrix as self-adjoint intermediate operator

Problems, if S-matrix non-diagonal, presence of non-perturbative contrib.
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/ 21 11Remark on alternative unitarizations
• Independent Amplitude Method (IAM) [Truong, 1988; Dobado/Herrero/Truong, 1990], Padé [Padé, 1890; 

                Basdevant/Lee, 1970], N/D method [Chew/Mandelstam, 1960]

• Focus on correct descriptions of certain explicit (known) resonance channels 
• Tied to chiral perturbation theory and QCD    ⇒     more model-dependence

•  Unitarization is not a tool to predict resonances 
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Unitarization of transverse operators
  Use spin-isospin eigenamplitudes exclusive in helicities:

  Can be obtained by using Wigner’s d-functions    [Wigner, 1931]
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   Extract all partial waves:

Aij(s;�)/(g
4s2) =

(c0FT0 + c1FT1 + c2FT2)
<latexit sha1_base64="dPB1DegmIomJcGVmkY5S6eONCSU="></latexit><latexit sha1_base64="dPB1DegmIomJcGVmkY5S6eONCSU="></latexit><latexit sha1_base64="dPB1DegmIomJcGVmkY5S6eONCSU="></latexit><latexit sha1_base64="dPB1DegmIomJcGVmkY5S6eONCSU="></latexit>

Braß/Fleper/Kilian/JRR/Sekulla, 
1807.02512

• Independent Amplitude Method (IAM) [Truong, 1988; Dobado/Herrero/Truong, 1990], Padé [Padé, 1890; 

                Basdevant/Lee, 1970], N/D method [Chew/Mandelstam, 1960]

• Focus on correct descriptions of certain explicit (known) resonance channels 
• Tied to chiral perturbation theory and QCD    ⇒     more model-dependence

•  Unitarization is not a tool to predict resonances 
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/ 21 12(In)Validity of (In)Effective Field Theories 

 Resonances in direct reach    (not clear: strongly interacting models [e.g.  𝜎 resonance]

 Estimate of operatDors coefficients                (difficult for strongly coupled models)  

 Partial wave unitarity:                  gives guidance on maximally possible event numbers

 Positivity constraints on operator coefficients

 Size of coefficients:   dichotomy between

        validity and detectability 

 EFT better/best[?] suited in intensity  

     frontier  [example: HEFT @ 𝓞(100 GeV)] 

 EFT borderline in energy frontier physics  

M. Szłeper Operator coefficient

C
ut

of
f s

ca
le

ASM⇥Adim-6 & |Adim-6|2 ASM⇥Adim-8 & |Adim-8|2 ASM⇥Adim-6 & ASM⇥Adim-8
<latexit sha1_base64="E/w7tFHdPngAgCyFMjDQmu9Ogtc="></latexit><latexit sha1_base64="E/w7tFHdPngAgCyFMjDQmu9Ogtc="></latexit><latexit sha1_base64="E/w7tFHdPngAgCyFMjDQmu9Ogtc="></latexit><latexit sha1_base64="E/w7tFHdPngAgCyFMjDQmu9Ogtc="></latexit>
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/ 21VBS diboson spectra
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Much more leeway for new physics in 

transversal gauge bosons and di-Higgs
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/ 21Differential spectra in VBS
pp ! e+µ+⌫e⌫µjj

p
s = 14TeV L = 1ab�1

K-matrix unitarization in WHIZARD      [http://whizard.hepforge.org, Kilian/Ohl/JRR]

 14

http://whizard.hepforge.org
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Mjj > 500GeV; �⌘jj > 2.4; pjT > 20GeV; |�⌘j | < 4.5; p`T > 20GeV

(now) exaggerated Wilson coefficients

http://whizard.hepforge.org
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/ 21 Beyond the EFT:  Simplified models
Rise of amplitude:   is Taylor expansion below a resonance
Resonances might be in direct reach of LHC 
EFT framework EW-restored regime:    SU(2)L ⨉ SU(2)R ,  SU(2)L  ⨉ U(1)Y   gauged

Include EFT operators in addition (more resonances,  continuum contribution)
Apply T-matrix unitarization beyond resonance  (“UV-incomplete” model)

Spins 0, 2 considered              Spin 1 different physics (mixing w. W/Z)
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 15

Translation into Wilson coefficients 
below resonance

 [Delgado et al, 2018]

Kilian/Ohl/JRR/Sekulla, 1511.00022
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Translation into Wilson coefficients 
below resonance

Tensor resonances 

• Symmetric tensor 

• On-shell conditions: 10 ➝ 5 
components

• Tracelessness: 

•  Transversality:

fµ⌫

fµµ = 0

@µfµ⌫ = 0

How to deal with off-shell tensor in 
realistic processes?

 [Delgado et al, 2018]

Kilian/Ohl/JRR/Sekulla, 1511.00022
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/ 21Tensor resonances: Fierz-Pauli vs. Stückelberg
Start with Fierz-Pauli Lagrangian for symmetric tensor

LFP =
1

2
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f

 16

Kilian/Ohl/JRR/Sekulla, 1511.00022
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LFP =
1

2
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  Fierz-Pauli conditions not valid off-shell
  Fierz-Pauli propagator: bad high-energy behavior
  Use Stückelberg formalism to make off-shell high-energy behavior explicit
  Introduce compensator fields  ⇒  no propagators with momentum factors

  Crucial for MCs
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Gauge fixing: � = ��
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/ 21Comparison: Simplified Models & EFT

Mjj > 500GeV; �⌘jj > 2.4; pjT > 20GeV; |�⌘j | < 4.5

Black dashed line:  
   saturation of A22(W+W+)/A00(ZZ)
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•  EFT fails at resonance

•  aQGC describe rise of 
     resonance

•  Unitarization applied 

•  Tensor resonances better
     visible than scalars

Kilian/Ohl/JRR/Sekulla: PRD93(16),3. 036004 [1511.00022]
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/ 21Complete LHC process at 14 TeV
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/ 21Triple [multiple] Vector Boson Production ?

Relate                                          to                                            ?

Yes, same Feynman rule as in VBS, but … 

 one external  W/Z/γ  always far off-shell

Unitarization: work in progress (needs  2 ➝ 3  unitarizations, inelastic 

     channels)         [Kilian/Kreher/JRR, w.i.p.]

Different Wilson coefficients dominate  (particularly for resonances)

 Important physics (partially) independent from VBS (“different fiducial vol.”)
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/ 21Conclusions / Summary
✦  Vector boson scattering one of the flagship measurements of Runs II/III

✦  EFT provides well-defined (and very limited) framework for SM deviations 

✦  Generation of (subsets of) complete dim-8 operator basis possible

✦  There is not really a true model-independent parameterization! 
✦  Unitarization for theoretically sane description
✦  T-matrix unitarization:  no new parameters, yields maximal (bin-wise) event counts
✦  Simplified models:  generic electroweak resonances    
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/ 21

BACKUP SLIDES
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/ 21How to get EFTs from New Physics
✦  Consider effects from heavy states by using (known) low-energy d.o.f.s 

H. Georgi, 1993
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/ 21How to get EFTs from New Physics
✦  Consider effects from heavy states by using (known) low-energy d.o.f.s 

H. Georgi, 1993

✦   Integrating out heavy d.o.f.s marginalizes over details of short-distance interactions
✦   Toy Example:  two interacting scalar fields  ',�

Path integral
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/ 21Scenarios for New Physics in VBS 

1.  SM or weakly coupled physics (e.g. 2HDM):   
             amplitude remains close to origin

2.  Rising amplitude (at least one dim-8 operator):  rise 
beyond unitarity circle [unphys.], strongly interacting 
regime

3. Inelastic channel opens (form-factor description): new 
channels open out, multi-boson final states

4. Saturation of amplitude:  maximal amplitude, strongly 
interacting continuum,  K-/T-matrix unitarization

5. New resonance:  amplitude turns over
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