
Vector Boson Scattering at the LHC — 
Precision, Polarization & New Physics Searches

Jürgen R. Reuter 



                                                    J. R. Reuter,  DESY                                          Seminar, University of Warsaw, 7.2.2023

/  312The mystery of electroweak interactions

    Electroweak physics motivated the LHC 

   Tremendous successes: Higgs discoveries,  

    precision W / Z properties (mass, couplings) 

   Missing: microscopic origin of EWSB 

   Physics of longitudinal / Goldstone modes 

   Both: multi-bosons and polarization needed
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/  313From the past via present to the future
  1898:   Weak interactions known since 1898 (beta decay;  virtual W exchange

                   [used a new particle discovery,  the electron !]  )

 1934: Fermi Effective Field Theory (“FEFT”)
 charged current weak processes 
      (points to high scale v )
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Effective theory leads to invalidity / unitarity violation at higher energies

S-wave unitarity demands:
p
s . 500GeV

✦  Contains known degrees of freedom 
✦  Describes the measured interactions
✦  Includes a high new physics scale v
✦  Contains coefficients parameterizing (unknown) new interactions
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  1964-1967: Renormalizable spontaneously  
          broken “UV-complete” SU(2) 

   Discovery of W/Z at LHC
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/  314The rationale of Effective Field Theories

c(d)i

•  SM contains all dim 2- and dim 4-operators “relevant” for low-energy physics:
 (no fermions or QCD here)

•  Add all higher-dimensional operators consisting of SM fields/consistent with SM symmetries

•  v ≪ Λ :  new physics scale;         :  dimensionless Wilson coefficient       

•   All odd operators involve fermions,  all dim 5 and dim 7 violate B and/or L
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/  315EFT Operators in Multi-Boson Physics @ Dim-6
Dimension-6 operators for Multiboson physics (CP-conserving)
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Dimension-6 operators for Multiboson physics (CP-violating)
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OWWW X X X X X X
OW X X X X X X X X
OB X X X X
O�d X X
O�W X X X X
O�B X X X
OW̃WW X X X X X X
OW̃ X X X X X
OW̃W X X X X
OB̃B X X X

connected to Higgs physics

All operators can change 
differential rates & 

polarization fractions!

‣  “HISZ” basis:   no fermionic operators          Hagiwara/Ishihara/Szalapski/Zeppenfeld, 1993

‣  “GIMR” basis: first minimal complete basis    Grzadkowski/Iskrzyński/Misiak/Rosiek, 2010

‣  “SILH” basis:  complete basis      Giudice/Grojean/Pomarol/Ratazzi, 2007; Elias-Miró et al, 2013

‣  Dim. 8 operators:                      Eboli et al., 2006; Kilian/JRR/Ohl/Sekulla, 2014+2015; Hays/Martin/Sanz/Setford, 1808.00442, Li et al., 2005.00008

‣  “EChL” basis:                             Dobado/Espriu/Pich et al.;  Buchalla/Cata;   Kilian/JRR et al. 
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/  316EFT Operators in Multi-Boson Physics @ Dim-8
 Longitudinal operators
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WWWW WWZZ ZZZZ WWAZ WWAA ZZZA ZZAA ZAAA AAAA
OS,0/1 X X X

OM,0/1/6/7 X X X X X X X
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All operators can change 
differential rates & 

polarization fractions!
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/  317The importance of multi-bosons
    Di-(multi-) boson seem to have much less statistical  
     power than Drell-Yan  

    (Almost) fully inclusive cross sections:  

    This changes for looking at the high-energy region:

M. Mangano, MBI 22 Summary Talk
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   Di-(multi-) boson supersede DY:  s- vs. t-channel 

   Tri- [multi-] bosons usually higher BSM sensitivity 

   BSM sensitivity  vs.  total cross sections 

   HL/HE-LHC, MuC, ILC1000, CLIC:   tribosons optimal 

   Vector Boson Scattering (VBS):  pay the price for  
       double weak radiation twice, then universal behavior
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PRECISION in VBS
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/  319Vector boson scattering

P1

P2

x1P1

x2P2

D(x1, Q2)

D(x2, Q2)

QCD

QCD

QGC

Fiducial phase space volume:

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

• No / little central jet activity

Importance of VBS

  VBS gives access to pure EW sector 

  No dependence of fermion sector, flavor mixing etc. (almost) 

  Goal: proof relation between Goldstones (WL , ZL) and Higgs H 

  Problem:  longitudinal modes suppressed compared to transversal (~10%)
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  VBS gives access to pure EW sector 

  No dependence of fermion sector, flavor mixing etc. (almost) 

  Goal: proof relation between Goldstones (WL , ZL) and Higgs H 

  Problem:  longitudinal modes suppressed compared to transversal (~10%)

EW PDF / Splitting function picture

from:  
Alboteanu/Kilian/JRR, 
0806.4145
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/  3110VBS — Experimental results
Experimental results from and

pp ! jjW±W± ! jj`⌫`⌫
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•  Fiducial regions difficult to compare
•  Large differences in MC predictions 
•  Mostly very complicated DNNs very hard to unfold

PLB 809  (2020) 135710

PLB 809  (2020) 135710
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pp ! jjWV ! jj`⌫jj 4.4σ
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/  3111Precision in Vector Boson Scattering

  Search for New Physics in tails:  onset of resonances  

   NLO EW(+QCD) corrections important for those tails

adapted from M. Pellen, MBI 2022

VBS LO+NLO:   
Biedermann, Denner, Pellen, 
1708.00268 ; Denner, Dittmaier, 
Maierhöfer, Pellen, Schwan, 
1611.02951; Ballestrero et al., 
1803.07943; Denner, Franken, Pellen, 
Schmidt, 2107.10688; 
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/  3113Precision in Vector Boson Scattering
Ballestrero et al., 1803.07943pT,` > 20 GeV |y`| < 2.5 �R`` > 0.3

pT,miss > 40 GeV

Anti-kT jets with R = 0.4:

pT,j > 30 GeV |yj | < 4.5 �R`j > 0.3

mjj > 500 GeV |�yjj | > 2.5
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/  3113Precision in Vector Boson Scattering
Ballestrero et al., 1803.07943pT,` > 20 GeV |y`| < 2.5 �R`` > 0.3

pT,miss > 40 GeV

Anti-kT jets with R = 0.4:

pT,j > 30 GeV |yj | < 4.5 �R`j > 0.3

mjj > 500 GeV |�yjj | > 2.5
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/  3114

New Physics in VBS
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/  3115Signal models for VBS

Courtesy: Jorge de Blas

 Rise of amplitude:   is Taylor expansion below a resonance

 EFT framework EW-restored regime:    
   SU(2)L ⨉ SU(2)R ,  SU(2)L  ⨉ U(1)Y   gauged

 EFT is model-dependent:  truncation, size of coefficients etc..
      need to consider unitarity etc. constraints

 Simplified models:  Include EFT operators in addition (more 
          resonances,  continuum contribution)

 Simplified models: unitarity constraints (“UV-incomplete” model)

1.  “Parameterize deviations”: EFT description (HEFT, SMEFT)

2.  Resonances might be in direct reach of LHC: simplified models

3.  Specific physics models that predict diboson resonances

                (even still SUSY  🤣 )
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/  3116Unitarity in (VBS) Scattering Amplitudes
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/  3116Unitarity in (VBS) Scattering Amplitudes

Lee/Quigg/Thacker, 1973



                                                    J. R. Reuter,  DESY                                          Seminar, University of Warsaw, 7.2.2023

/  3117Scenarios 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
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4. Saturation of amplitude:  maximal amplitude, 
strongly interacting continuum,  K-/T-matrix 
unitarization

5. New resonance:  amplitude turns over
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/  3118New Physics Searches in VBS - Struggling EFT description

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

 Estimate of operator coefficients                (difficult for strongly coupled models)  

 Partial wave unitarity:                  gives guidance on maximally possible event numbers

 Positivity constraints on operator coefficients  (Analyticity: UV-complete or “swampland”)

 Size of coefficients:   dichotomy between validity and detectability  (cf. also next slide) 

 EFT better/best[?] suited in intensity frontier  [example: Higgs / W / Z decays @ 𝓞(100 GeV)]

ASM⇥Adim-6 & |Adim-6|2 ASM⇥Adim-8 & |Adim-8|2 ASM⇥Adim-6 & ASM⇥Adim-8
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/  3119Plethora of unitarization procedures
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Cut-off  (a.k.a.  “Event clipping”)                 ✓(⇤2
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Motivated from strong interactions
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Saturation of unitarity: maximal event 
count, works also for complex ampl., 

no additional parameters

Applicable for arbitrary operators,  tuning in 2 
parameters:  n damps unitarity violation,  ΛFF 
highest value to satisfy 0th partial wave

might influence BDT/DNN training

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

• Padé Method         [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 

Never clip data!!!
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/  3120Unitarization: technicalities in a Monte Carlo

Evaluate modified Feynman rules off-shell 

Scale that is used for the diboson system in s-channel setups:   
p
ŝV V
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Clebsch-Gordan decomposition into spin–isospin eigenamplitudes 

Amplitudes should be modified only in s–channel configurations  
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/  3120Unitarization: technicalities in a Monte Carlo

Evaluate modified Feynman rules off-shell 

Scale that is used for the diboson system in s-channel setups:   
p
ŝV V
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Clebsch-Gordan decomposition into spin–isospin eigenamplitudes 

Amplitudes should be modified only in s–channel configurations  
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  Use spin-isospin eigenamplitudes exclusive in helicities:

  Can be obtained by using Wigner’s d-functions    [Wigner, 1931]

AIJ(s;�) =

Z 0

�s

dt

s
AI(s, t, u;�) · dJ�,�0
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 Corrections for off-shell vectors: important    [Perez/Sekulla/Zeppenfeld, 1807.02707]

  Implementation in  WHIZARD takes leading corrections into account 

   Extract all partial waves: Aij(s;�)/(g
4s2) =

(c0FT0 + c1FT1 + c2FT2)
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/  3121New Physics Searches in VBS
  EFT mostly model-independent     →  Truncation, power-counting introduces model-dependence  (cf. LHC EFT WG) 
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Much more leeway for new physics in 

transversal gauge bosons and di-Higgs ;

longitudinal bosons much closer to 

unitarity limit
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/  3122Simplified New Physics Models  for VBS
  Semi-model-independent:  simplified models  

  Consider all possible EW diboson resonances 

   Very few parameters:   

  Distinguish weakly/strongly-coupled models
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•  EFT fails at resonance

•  EFT describes rise of 
     resonance

•  Unitarization applied 

•  Tensor resonances better      
      visible than scalars
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/  3123Tensor Resonances (in VBS)
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?

Start with Fierz-Pauli Lagrangian for symmetric tensor
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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?

  Fierz-Pauli conditions not valid off-shell

  Fierz-Pauli propagator has 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

Start with Fierz-Pauli Lagrangian for symmetric tensor
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Gauge fixing: � = ��



                                                    J. R. Reuter,  DESY                                          Seminar, University of Warsaw, 7.2.2023

/  3123Tensor Resonances (in VBS)
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?

  Fierz-Pauli conditions not valid off-shell

  Fierz-Pauli propagator has 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

Start with Fierz-Pauli Lagrangian for symmetric tensor

LFP =
1

2
@↵fµ⌫@

↵fµ⌫ � 1

2
m2fµ⌫f

µ⌫ � 1

2
@↵f

µ
µ@

↵f⌫
⌫ +

1

2
m2fµ

µf
⌫
⌫

� @↵f↵µ@�f
�µ � f↵

↵@
µ@⌫fµ⌫ + fµ⌫J

µ⌫
f

400 600 800 1000 1200 1400 1600 1800 2000
M(W+W+)[GeV]

10°2

10°1

100

101

@
æ

@
M

£
fb

10
0G

eV

§

pp ! W+W+jj

FS,0 = 19.2 TeV°4FS,1 = -134.1 TeV°4

FX = 38.6 TeV°1

SM
limit of A22

MX = 1800GeV
�X = 720GeV

L =
1

2
ffµ⌫

�
�@2 �m2

f

�
fµ⌫
f +

1

2
fµ
f µ

✓
�1

2

�
�@2 �m2

f

�◆
f⌫
f ⌫

+
1

2
Afµ

�
@2 +m2

f

�
Aµ

f +
1

2
�f

�
�@2 �m2

f

�
�f

+

✓
fµ⌫ � 1p

6
�fgµ⌫

◆
Jµ⌫
f

�
 

1p
2mf

(Afµ@⌫ +Af⌫@µ)�
p
2p

3m2
f

�f@µ@⌫

!
Jµ⌫
f

• fµ⌫ : on-shell fµ⌫

• �: @µ@⌫fµ⌫

• Aµ: @⌫fµ⌫

• �: fµ
µ

Gauge fixing: � = ��



                                                    J. R. Reuter,  DESY                                          Seminar, University of Warsaw, 7.2.2023

/  3124Differential Spectra in VBS

0.5 1.0 1.5 2.0 2.5 3.0
¢¡eµ

0

50

100

150

200

250

300

350

N

bare

unit

SM

500 1000 1500 2000P
l=e,µ |pT(l)|

100

101

102

103

104

N

bare

unit

SM

pp ! e+µ+⌫e⌫µjj
p
s = 14TeV L = 1ab�1

FS,1 = 480 TeV�4

Kilian/Ohl/JRR/Sekulla, 1408.6207

distribution maximally possible in any QFT



                                                    J. R. Reuter,  DESY                                          Seminar, University of Warsaw, 7.2.2023

/  3124Differential Spectra in VBS

0.5 1.0 1.5 2.0 2.5 3.0
¢¡eµ

0

50

100

150

200

250

300

350

N

bare

unit

SM

500 1000 1500 2000P
l=e,µ |pT(l)|

100

101

102

103

104

N

bare

unit

SM

pp ! e+µ+⌫e⌫µjj
p
s = 14TeV L = 1ab�1

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

FS,1 = 480 TeV�4

Kilian/Ohl/JRR/Sekulla, 1408.6207

distribution maximally possible in any QFT



                                                    J. R. Reuter,  DESY                                          Seminar, University of Warsaw, 7.2.2023

/  3124Differential Spectra in VBS

0.5 1.0 1.5 2.0 2.5 3.0
¢¡eµ

0

50

100

150

200

250

300

350

N

bare

unit

SM

500 1000 1500 2000P
l=e,µ |pT(l)|

100

101

102

103

104

N

bare

unit

SM

pp ! e+µ+⌫e⌫µjj
p
s = 14TeV L = 1ab�1

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

FS,1 = 480 TeV�4

Kilian/Ohl/JRR/Sekulla, 1408.6207

distribution maximally possible in any QFT

0 500 1000 1500 2000

M (e+, e°, µ+, µ°) [GeV]

0

50

100

150

200

250

N

pp ! e+e°µ+µ°jj at 3 ab°1

Ff = 17.4 TeV°1

SM

Mf = 1.0TeV



                                                    J. R. Reuter,  DESY                                          Seminar, University of Warsaw, 7.2.2023

/  3125Dedicated New Physics Models in VBS
   New physics models:   “fermiophobic” resonances, visible in multi-bosons, but not in Drell-Yan 

   Prime examples:   2HDM, Inert Doublet Model, Georgi-Machacek, Heavy Vector Triplet (HVT), MSSM-decoupl. limit, 
           Little Higgs models, some Composite Higgs models, Higgs portals, Gegenbauer models, etc.     

   Important: dedicated comparison of UV-(quasi-)complete model with EFT descriptions  

   Example: HVT    Bruggisser/Geoffrey/Kilian/Krämer/Luchmann/Plehn/Summ, 2108.01094; Summ, 2103.02487



                                                    J. R. Reuter,  DESY                                          Seminar, University of Warsaw, 7.2.2023

/  3125Dedicated New Physics Models in VBS
   New physics models:   “fermiophobic” resonances, visible in multi-bosons, but not in Drell-Yan 

   Prime examples:   2HDM, Inert Doublet Model, Georgi-Machacek, Heavy Vector Triplet (HVT), MSSM-decoupl. limit, 
           Little Higgs models, some Composite Higgs models, Higgs portals, Gegenbauer models, etc.     

   Important: dedicated comparison of UV-(quasi-)complete model with EFT descriptions  

   Example: HVT    Bruggisser/Geoffrey/Kilian/Krämer/Luchmann/Plehn/Summ, 2108.01094; Summ, 2103.02487

  5 UV parameters, 1 matching scale Q   

  1-loop matching to 17 dim-6 operators:  

  Heavy resonance-SMEFT searches poorly constrain such a model  

   Large uncertainties from variations of the matching  scale:
nuisance parameter / theory uncertainty
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   New physics models:   “fermiophobic” resonances, visible in multi-bosons, but not in Drell-Yan 

   Prime examples:   2HDM, Inert Doublet Model, Georgi-Machacek, Heavy Vector Triplet (HVT), MSSM-decoupl. limit, 
           Little Higgs models, some Composite Higgs models, Higgs portals, Gegenbauer models, etc.     

   Important: dedicated comparison of UV-(quasi-)complete model with EFT descriptions  

   Example: HVT    Bruggisser/Geoffrey/Kilian/Krämer/Luchmann/Plehn/Summ, 2108.01094; Summ, 2103.02487

  5 UV parameters, 1 matching scale Q   

  1-loop matching to 17 dim-6 operators:  

  Heavy resonance-SMEFT searches poorly constrain such a model  

   Large uncertainties from variations of the matching  scale:
nuisance parameter / theory uncertainty

cf. also Dawson, Giardino,  
Homiller,  2102.02823
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/  3126

POLARIZATION in VBS
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/  3127Polarization in VBS
Polarized bosons discriminate between “gauge” and “Goldstone” modes:    “Yang-Mills vs. EWSB”

Courtesy to René Poncelet for many polarization figures/plots
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/  3127Polarization in VBS
Polarized bosons discriminate between “gauge” and “Goldstone” modes:    “Yang-Mills vs. EWSB”

Courtesy to René Poncelet for many polarization figures/plots

Polarization only accessible via decay products;  definition of polarizations “as on-shell as possible”

<latexit sha1_base64="3S8oweC+iwkOnyd3mxYbhd3ePqU="></latexit>
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/  3127Polarization in VBS
Polarized bosons discriminate between “gauge” and “Goldstone” modes:    “Yang-Mills vs. EWSB”

Courtesy to René Poncelet for many polarization figures/plots

Extract polarization fractions via projections and/or fits

Decay angle in vector boson rest frame    
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Polarization only accessible via decay products;  definition of polarizations “as on-shell as possible”
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cos ✓⇤

Problems

  Fiducial cuts on leptons:  disturb relations between  
     angular correlations and polarization fractions 

  Decay: Higher order corrections affect ang. decomposition 

  Vector boson rest frame ok for Z, difficult for W

Polarization only accessible via decay products;  definition of polarizations “as on-shell as possible”
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cos ✓⇤

Problems

  Fiducial cuts on leptons:  disturb relations between  
     angular correlations and polarization fractions 

  Decay: Higher order corrections affect ang. decomposition 

  Vector boson rest frame ok for Z, difficult for W
Better: use signal model with polarized events

Polarization only accessible via decay products;  definition of polarizations “as on-shell as possible”
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/  3128Definition of polarized vector bosons

Polarized cross section/ 
squared matrix element

Spin correlations/ 
interferences

<latexit sha1_base64="2pkcnb52Z/uVE5iuQA8uP/8fHW0="></latexit>
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Again:  fit to the measurement the fractions
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fL , fR , f0

  Spin correlations can be included 

  Any observable 𝒪 can be used (lab frame!) 

  d𝜎 / d𝒪 can be systematically improved (N[N]LO etc.)

Impact of higher order/spin correlations ?

select regions with small/tiny interferences
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pp ! ZZ ! ````+X polarized; NLO QCD / EW
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pp ! W+W� ! e�⌫eµ+⌫µ +X polarized; NNLO QCD
<latexit sha1_base64="L7zF6ui819ABM9UY1ePEjAtyX44=">AAACFHicbZDLSgMxFIYzXut4q7p0E2wFoVhmiqjLohuXFewFO9OSSU/b0ExmSDJCKX0IN76KGxeKuHXhzrcxnXahrQcSPv5zDsn/BzFnSjvOt7W0vLK6tp7ZsDe3tnd2s3v7NRUlkkKVRjySjYAo4ExAVTPNoRFLIGHAoR4Mrif9+gNIxSJxp4cx+CHpCdZllGgjtbOFvB3H2NMRrrcK9ylAq+CJpA3YCxOD5jrFBdyw8+1szik6aeFFcGeQQ7OqtLNfXieiSQhCU06UarpOrP0RkZpRDmPbSxTEhA5ID5oGBQlB+aPU1BgfG6WDu5E0R2icqr83RiRUahgGZjIkuq/mexPxv14z0d1Lf8REnGgQdPpQN+HYWJ8khDtMAtV8aIBQycxfMe0TSag2OdomBHfe8iLUSkX3vHh2W8qVr2ZxZNAhOkInyEUXqIxuUAVVEUWP6Bm9ojfryXqx3q2P6eiSNds5QH/K+vwBUDWbOA==</latexit>

pp ! W+Z ! e+⌫eµ+µ� +X polarized; NLO QCD / EW
<latexit sha1_base64="NeL2w/WNbt+8HTtZaFm5HFBSxb0=">AAACDXicbVDLSsNAFJ3UV42vqEs3g60gCCUpoi6LblxWsA9oQphMJ+20k0mYmQil9Afc+CtuXCji1r07/8ZJmoW2Hhju4Zx7uXNPkDAqlW1/G6WV1bX1jfKmubW9s7tn7R+0ZZwKTFo4ZrHoBkgSRjlpKaoY6SaCoChgpBOMbzK/80CEpDG/V5OEeBEacBpSjJSWfKtaNZMEuiqGnVFeXMKYy1M/q3AEz2DXrPpWxa7ZOeAycQpSAQWavvXl9mOcRoQrzJCUPcdOlDdFQlHMyMx0U0kShMdoQHqachQR6U3za2bwRCt9GMZCP65grv6emKJIykkU6M4IqaFc9DLxP6+XqvDKm1KepIpwPF8Upgzqq7NoYJ8KghWbaIKwoPqvEA+RQFjpAE0dgrN48jJp12vORe38rl5pXBdxlMEROAanwAGXoAFuQRO0AAaP4Bm8gjfjyXgx3o2PeWvJKGYOwR8Ynz9W9Jky</latexit>

pp ! Wj ! `⌫`j +X polarized; NNLO QCD
<latexit sha1_base64="qlTXfU/ommLZXqci72d3aRkn6Z8=">AAACGnicbVDLSgMxFM34rONr1KWbYCsIxTJTRF0W3bisYB/QaYdMequxmcyQZIQy9Dvc+CtuXCjiTtz4N6aPhbYeCBzOuSfJPWHCmdKu+20tLC4tr6zm1uz1jc2tbWdnt67iVFKo0ZjHshkSBZwJqGmmOTQTCSQKOTTC/uXIbzyAVCwWN3qQQDsit4L1GCXaSIHjFewkwb6OMXSKvkgD8KO0c+zHJjS6MzPaMDAavr/HRdy0C4GTd0vuGHieeFOSR1NUA+fT78Y0jUBoyolSLc9NdDsjUjPKYWj7qYKE0D65hZahgkSg2tl4tSE+NEoX92JpjtB4rP5OZCRSahCFZjIi+k7NeiPxP6+V6t55O2MiSTUIOnmol3Jsmhj1hLtMAtV8YAihkpm/YnpHJKHatGmbErzZledJvVzyTksn1+V85WJaRw7towN0hDx0hiroClVRDVH0iJ7RK3qznqwX6936mIwuWNPMHvoD6+sHn3GfXA==</latexit>

pp ! e+⌫eµ�⌫µjj +X polarized; LO

Pellen, Poncelet, Popescu,  2109.14336

Ballestrero, Maina, Pelliccioli,  2007.07133

Duc, Baglio,  2203.01470

Poncelet, Popescu,  2102.13583

Denner, Pelliccioli, 2107.06579
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/  3129Polarized Vector boson scattering
  Many LO tools available:  MG5_aMC@NLO, PHANTOM, WHIZARD 

  Singly-/doubly-polarized VBS studied at LO 

  Frame of polarization definition 

  Impact of fiducial selection criteria 

  Study of off-shell effects / spin correlations (“interferences”)

Ballestrero, Maina, Pelliccioli, 2007.07133

  Small total double-longitudinal (LL) contribution (~10%)   

   Drastically different angular correlations (𝜟𝜙eμ) for LL   
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/  3130Conclusions & Outlook
   Multi-boson + Higgs final states:  multi-messenger detectors for electroweak sector  will shine in Run 3 

   Vector Boson Scattering: rare processes, potential to direct access to EWSB  

   EFT interpretation difficult; model-dependence through truncation and assumptions  

   Comparison with explicit models not very promising for EFT interpretation 

   Alternative: simplified models with specific resonances 

   Access to fully-hadronic channels (?) 

    For theory interpretation:  provide as much unfolded distributions as possible        Never clip data!!! 

   Look at (almost-)optimal observables:  cross section ratios,  ratios of angular correlations  

   Combination of V, VH, VV, VVV, VVjj processes:   lots of correlations, lots of power !! 

   Polarization only defined on-shell:  NLO QCD correction lead to huge corrections  

   Great care is needed in interpreting polarization observables (at NLO / NNLO) 

   Run 3 might have enough power to push EW processes into the Sudakov (precision) regime 
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One Ring, 3 Runs
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One Ring, 3 Runs

  One Ring To Find Them,                    
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One Ring, 3 Runs

One Ring To Rule Them Out 
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One Ring To Rule Them Out 
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B A C K U P 
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/  3133Quick excursion to Higgsstrahlung
Higgsstrahlung  (a.k.a. Higgs associated production) is also “dibosons” 

Bernhard Mistlberger, MBI 2022

Subset of a wider scope of “standard search processes”:
<latexit sha1_base64="xkeG6ljNG8rmSvF8TRcxf2E02TU=">AAACInicbZDLSgMxFIYz9VbHW9Wlm2AruBjKTBEvu6KbLivYC/RGJpNpQ5PMmGSEUvosbnwVNy4UdSX4MKbtLLT1QMjP959Dcn4/ZlRp1/2yMiura+sb2U17a3tndy+3f1BXUSIxqeGIRbLpI0UYFaSmqWakGUuCuM9Iwx/eTP3GA5GKRuJOj2LS4agvaEgx0gb1clcFO4YxbOsI1rscVroCtu8TFEAnvbljCBXQdaDnwJLBLIi0sgu9XN4turOCy8JLRR6kVe3lPtpBhBNOhMYMKdXy3Fh3xkhqihmZ2O1EkRjhIeqTlpECcaI649mKE3hiSADDSJojNJzR3xNjxJUacd90cqQHatGbwv+8VqLDy86YijjRROD5Q2HCoAlkmhcMqCRYs5ERCEtq/grxAEmEtUnVNiF4iysvi3qp6J0Xz25L+fJ1GkcWHIFjcAo8cAHKoAKqoAYweATP4BW8WU/Wi/Vufc5bM1Y6cwj+lPX9A2/hn0k=</latexit>

pp ! V
m
H

n
, m, n 2 0, 1, 2, . . . e.g.  2205.15959
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Higgsstrahlung  (a.k.a. Higgs associated production) is also “dibosons” 

Bernhard Mistlberger, MBI 2022

Subset of a wider scope of “standard search processes”:
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pp ! V
m
H

n
, m, n 2 0, 1, 2, . . . e.g.  2205.15959

•   NNNLO soon available  

•   Behaves very similar to charged-current Drell-Yan 

•   Lowest bin has no overlap of scale variations
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pp ! V
m
H

n
, m, n 2 0, 1, 2, . . . e.g.  2205.15959

•   NNNLO soon available  

•   Behaves very similar to charged-current Drell-Yan 

•   Lowest bin has no overlap of scale variations

Bishara, P. Englert, Grojean,  
Panico, Rossia,  2208.11134
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/  3134pp → WW → lvlv + X   NNLO QCD
Poncelet, Popescu, 2102.13583
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/  3134pp → WW → lvlv + X   NNLO QCD
Poncelet, Popescu, 2102.13583

  LL pol. gets largest NNLO QCD correction 

  Loop-induced contribution (LI):   

      large corrections, enhanced scale dep.
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/  3135pp → ZZ → 4l + X   NLO QCD + EW
Denner, Pelliccioli, 2107.06579

    Small LL contribution, TT dominates 

   Quite sizable NLO and EW corrections  

   Large gg-loop induced (LI) contribution 

   Pol. fractions preserved from LO to NLO 

   Similar for NLO QCD/EW for WZ , WW

Total cross sections
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/  3135pp → ZZ → 4l + X   NLO QCD + EW
Denner, Pelliccioli, 2107.06579

Differential distributions

  Low region: off-shell effects and spin correlations   

  Very large NLO QCD corrections 

  New polarization from e.g. gq →ZZq 

   Great care with such observables, e.g. in fits 

   Never use without prescription from local theorist! 
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/  3136pp → WZ → lllv + X   @ ATLAS
ATLAS-CONF-2022-053 ;  
L. Selem, Talk MBI 2022
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/  3136pp → WZ → lllv + X   @ ATLAS
ATLAS-CONF-2022-053 ;  
L. Selem, Talk MBI 2022

  DNN reweighted NLO joint-polarization template fit 

  Independent fit of fTT , f0T , f00 , Ntot     

   Decouple polarization fraction shapes from overall normalization  

  Iterative Bayesian unfolding of polarization-sensitive variables:
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