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– EFT bases and rotations 
● anomalous couplings, mass and weak eigenstate bases with SU(2)xU(1)
● Motivation for HZγ/Hγγ couplings studyγ/Hγγ couplings studyHγγ couplings study

– EFT tools and comparisons
– Phenomenological study of anomalous Hγγ/Hγγ couplings studyΗZγ couplings  in multiple Zγ/Hγγ couplings studyγ couplings  in multiple 

production and decay modes
– Projections @3 ab-1 
– SM NLO EW effects 

arXiv:2109.13363 

Higgs couplings, EFT and virtual photons

Related talks: 

A. Gritsan @ LHC WG   

J. Davis @LHC EFT WG

J.Davis at  EPS-HEP2021
H.Roskes at LHC EFT WG
H.Roskes at Pheno 2020
M.Xiao at ICHEP 2020
U.Sarica at Higgs 2020
M.Schulze at LHC Higgs WG

Related JHUGen talks: 

S. Kyriacou @ HIGGS 2021

https://arxiv.org/abs/2109.13363
https://arxiv.org/abs/2109.13363
https://indico.cern.ch/event/930131/contributions/3909836/attachments/2065846/3468363/LHCHiggs_dedicated.pdf
https://indico.cern.ch/event/1076709/contributions/4596402/subcontributions/357246/attachments/2350554/4009165/EFTWG_Meeting.pdf
https://indico.desy.de/event/28202/contributions/106055/
https://indico.cern.ch/event/971724/#7-eft-in-jhugen
https://indico.cern.ch/event/858682/contributions/3837206/
file:///home/narx/Desktop/JHUpres/LHCWG/Pheno/M.Xiao%20at%20ICHEP%202020
https://indico.cern.ch/event/900384/contributions/4063561/
https://indico.cern.ch/event/400326/#2-higgs-off-shell-measurements
https://indico.cern.ch/event/1030068/contributions/4479686/
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1. Couplings 
(EFT) basis

2. Matrix 
elements

3. Monte Carlo 
simulation

4. Reweighting

5. Optimal 
Observables

7. Example 
analysis

Physics 
measurements

6. Statistical 
framework

Experiment

MELA

MELA

JHUGen
JHUGen
MCFM-JHUGenJHUGenLexicon

The JHUGen framework

Processes supported: 
Now supports tHW 

Framework allows:
– Detector level studies
– Optimal observables
– Robust 

simulation/Hγγ couplings studyreweighting 

Other EFT tools

Tool    
comparison

Analytical 
calculations

HAWK 

MADGRAPH
- HC
- BSMC
- SMEFTsim

EFT tools

https://spin.pha.jhu.edu/

https://arxiv.org/abs/2109.13363
https://spin.pha.jhu.edu/
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SMEFT operator bases 
Warsaw basis                                         
(B,W-   has SU(2)xU(1) built-in) 

– most convenient for theoretical 
computations

– Target basis for global fits 

Higgs basis                                     
(mass-eigenstate b.  + SU(2)xU(1))    

– most direct map to experimental 
observables ( single operator for Hγγ 
coupling in Higgs , linear comb of many in 
Warsaw)

–  CMS most recent:  DOI: 
10.1103/Hγγ couplings studyPhysRevD.104.052004

Results of measured couplings can 
be reported in both choices (@LO) 
– Compare results 
– Combine results (?) 

Perform translation of results from 
Higgs to Warsaw basis as proof of 
principle + test  tools 

SILH basis  
- Used in CMS: inspire:1774836

https://arxiv.org/abs/2109.13363
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A.C. in mass eigenstate basis
Most general HVV scat. amplitude parametrisation:  

SM – tree level
CP even
CP odd

● Consider SU(2)xU(1)* → enforces relations between couplings →Higgs basis   

4 + 4 independent HVV couplings  

We focus on  Hγγ/ΗZγγ couplings

https://arxiv.org/abs/2109.13363
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A.C. in weak + mass eigenstate basis

Decomposition of Warsaw coupl.  
in  terms of cross-section 
contribution from Higgs basis 
couplings in paper Tables I-VI and 
back up

+ full Higgs → Warsaw relations 
for all HVV couplings in backup

Focusing on  Hγγ/ΗZγγ couplings

c
HD 

=  -4c
T

c
H□  

=  c
H
 - c

T
  

c
BB

c
WW

c
WB

c
BB

c
WW

c
WB

8 independent 
Warsaw b. couplings

~

~

~

4 + 4 independent 
Higgs  b. couplings  

Allows for transparent basis 
rotation 

We use JHUGenLexicon to 
perform this translation

https://arxiv.org/abs/2109.13363
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Comparing EFT tools

J. Davis @LHC EFT WG
See detailed talk by 

https://arxiv.org/abs/2109.13363
https://indico.cern.ch/event/1076709/contributions/4596402/subcontributions/357246/attachments/2350554/4009165/EFTWG_Meeting.pdf
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● Decompose SM + Warsaw a.c. 
production and decay 
processes to individual 
anomalous contributions 
(Zγ/Hγγ couplings studyZγ/Hγγ couplings study,WW,γγ,Ζγ,) 

● Comparison to SMEFTsim 
(agreement taking into account 
sign conventions)

● A.C. Ζγ/γγ couplings 
enhanced in low m2 for decay, 
low q2 in VBF  and low ml+l- in 
VH

 Anomalous γγ/Ζγ couplings 

VBF VH

H→ 4e/4μ

H→ 4e/4μ

https://arxiv.org/abs/2109.13363
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Γ
H
 modification from A.C.

Total cross-section for Higgs on-shell 
depended on Higgs total width

ΓH modified by anomalous couplings!! 

Study and parameterize the width 
modification from γγ/Hγγ couplings studyΖγ a.c.  + others

All the new Rf functions in paper

https://arxiv.org/abs/2109.13363
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Pheno study of Hγγ/ΗZγγ in H→ 4l  

How?  
 → virtual photons in production and decay

● Previous studies of sensitivity in H→4l[1]  and     
H→Zγ/Hγγ couplings studyγ/Hγγ couplings studyγγ[2] decay and experimental 
measurements exist

● Study production sensitivity 
● Investigate sensitivity in γΗZγ couplings  in multiple ,H→ 4l associated 

production
● Combine from onshell photon measurements 

[1] arXiv:1411.3441
[2] arXiv:1902.00134

References: 

https://arxiv.org/abs/2109.13363
https://arxiv.org/abs/1411.3441
https://arxiv.org/abs/1902.00134
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Setting constraints
Construct and calibrate dedicated  MELA discriminants: 

Use both decay or production  and decay+production information

Fix Zγ/Hγγ couplings studyZγ/Hγγ couplings study/Hγγ couplings studyWW/Hγγ couplings studyΛ1/Hγγ couplings studyΛ1Ζγ a.c. couplings, profile γγ/Hγγ couplings studyΖγ

Apply |mll|>12 GeV , ptlept > 5GeV 

Categorize events in 6  categories  x 3 decay channels (4e, 4μ, 2e2μ)

As in previous JHUGen pheno papers: 

We expect decay information to 
dominate sensitivity based on cross-
section ratios for γγ/Ζγ

https://arxiv.org/abs/2109.13363
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fai scans for Zγγ/γγ

> Decay dominates scans 

> No “prod valley” feature as in 
HZγZγ couplings 

> Asymmetries observed 
between neg. and pos. gi values.

> HZγγ not as tight as  Hγγ 

 

L = 3(0.3)ab-1 
L = 3(0.3)ab-1 

L = 3(0.3)ab-1 L = 3(0.3)ab-1 

https://arxiv.org/abs/2109.13363
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● Tighter constraints in decay

● Production constraints can be improved

– Consider combining all available 
decay channels 

● Tighter constraints for Hγγ than HΖγ 

Amplitude couplings scans : Prod vs Dec

Prod + Dec:

Prod only:

https://arxiv.org/abs/2109.13363
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γΗ production at the LHC
Associated γΗZγ couplings  in multiple ,(H→4l)  sensitive to Hγγ,HΖγ couplings. 
Background  greatly supressed by ΗZγ couplings  in multiple → 4l + photon req. 
SM ~0.1 events signal events  expected at 3ab-1

A.C. can enhance the yield well above the background and SM expectation 
No such measurement performed at the LHC up to now!

Perform simple counting experiment and constrain Hγγ/ΗZγ couplings Zγ couplings γ couplings 
> Apply simple photon pt cut 400GeV to suppress background 
> Constraints looser than H→4l 

https://arxiv.org/abs/2109.13363
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Constraints from onshell photons

● Parameterize Rγγ -  RZγ with a.c.γγ -  Rγγ -  RZγ with a.c.Zγ with a.c.γ with a.c.
● Construct 2D likelihood scans

● Tight constraints 
● Degenerate minima

Constrain values from arxiv:1902.00134

https://arxiv.org/abs/2109.13363
https://arxiv.org/abs/1902.00134
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Combination:
 γΗ/VBF/VH/H→4l +  H→γγ/Ζγ 

> 4l information resolves the degenerate minima in the ring for γγ

> 4l information change 1σ band thickness in the ring  

Inclusion of 4l :

https://arxiv.org/abs/2109.13363
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EW NLO Effects in H→ 2e2μ

● Effect present for events 
where leading Zγ/Hγγ couplings study is offshell

● Majority of the events 
unaffected 

● Quadratic A.C. terms 
enhanced at low q2

Use PROPHECY[1]   and 
HAWK[2]  to model                     
SM NLO EW  corrections 

Compare to Ad. Hoc. ac 
couplings as used in 
somecases  to model NLO 
EW effects (SMEFTSim (SMHLOOP=1))

 

[1]Phys.Rev.D 74 (2006) 013004 [hep-ph/0604011]

[2]arXiv:1412.5390

References: 

https://arxiv.org/abs/2109.13363
https://arxiv.org/abs/hep-ph/0604011
https://arxiv.org/abs/1412.5390
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SM EW NLO Effects in Production
● Overall  negative effect in VBF 

production
● Corrections show pt/Hγγ couplings studyenergy 

dependence
● corrections Flat in terms of 

angular dependencies 

● Pseudo-EW corrections are 
minuscule 

● Similar effects in Zγ with a.c.H            
(see back-up)

Pseudo EW corrections fail to decribe correctly 
NLO effects both in production and decay

Incl. Cross-section NLO effects: 

https://arxiv.org/abs/2109.13363
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Summary
We study anomalous Hγγ and HZγ couplings γ couplings using the JHUGen framework

– JHUGenLexicon allows for rotations between basis as demonstrated (Higgs →Warsaw)
– Comparison of EFT simulation in JHUGen Framework  vs SMEFTsim, HAWK  + other tools – Agreement 

once all conventions and asumptions are taken into account. 
– Effects  in production and decay for a number of processes studied

An EFT analysis is setup with dedicated JHUGen MELA discriminants in H→4l 

Sensitivity studies with projections for L =3 ab-1

Decay only, Production only and Combined analyses
– Production information sensitivity first time checked
– Decay dominates scans vs Production
– Combination of multiple H decay channels can enhance sensitivity from production
– 4l measurements not as sensitive as in H→γγ ΗZγ couplings  in multiple → Ζγ

First sensitivity of  photon+H(H→4l) search is presented 

Comparing to STXS:

> gammaH production is not included 

> VBF/Hγγ couplings studyVH kinematic production information only, less sensitive to Hγγ/Hγγ couplings studyHZγ/Hγγ couplings studyγ couplings than H→ VV→ 4f

> lacking CP information in VBF/Hγγ couplings studyVH/Hγγ couplings studyH→ VV 

Study of SM NLO EW effects in decay and production

> may become important soon, approximate corrections do not work 

https://arxiv.org/abs/2109.13363


Savvas Kyriacou (JHU) 20

arXiv:2109.13363 

LHC Higgs WG Workshop 2021

End 

https://arxiv.org/abs/2109.13363
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● JHUGenerator
● JHUGen MELA
● JHUGen Lexicon

The JHUGen framework
https://spin.pha.jhu.edu/

See also talks by:
J.Davis at  EPS-HEP2021
H.Roskes at LHC EFT WG
H.Roskes at Pheno 2020
M.Xiao at ICHEP 2020
U.Sarica at Higgs 2020
A.Gritsan at LHC Higgs WG
M.Schulze at LHC Higgs WG

https://arxiv.org/abs/2109.13363
https://spin.pha.jhu.edu/
https://indico.desy.de/event/28202/contributions/106055/
https://indico.cern.ch/event/971724/#7-eft-in-jhugen
https://indico.cern.ch/event/858682/contributions/3837206/
file:///home/narx/Desktop/JHUpres/LHCWG/Pheno/M.Xiao%20at%20ICHEP%202020
https://indico.cern.ch/event/900384/contributions/4063561/
https://indico.cern.ch/event/966917/#1-eft-measurements-with-jhugen
https://indico.cern.ch/event/400326/#2-higgs-off-shell-measurements
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JHUGenerator
Processes supported: 

Framework allows:
– Detector level studies
– Optimal observables
– Robust simulation/Hγγ couplings studyreweighting 

NEW!!!  JHUGen now supports the tWH process   
(see back-up for full list of supported processes)

https://arxiv.org/abs/2109.13363
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● . 

Symmetries and more...

● One can consider Ζγ and γγ 
couplings well constrained 

● Custodial symmetry 

● Consider gWW = gZγZγ

5 independent HVV couplings  Or...

Consider SU(2)xU(1) → enforces relations between couplings: 

4 independent HVV couplings  

https://arxiv.org/abs/2109.13363
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Warsaw ↔ Higgs basis relations

CP even  (VV ,gg couplings)

Rosetta 
arXiv:1508.05895

: Independent Zγ with a.c.Zγ with a.c. coupling

: Dependent coupling 

: independent γγ/Ζγ couplings

Custodial symmetry fixes δcz and δcw:cz and δcz and δcw:cw:

SU(2)xU(1) enforces relations 
between AC ww to AC zz 

(free parameter in present VV scans)

> 

 
see presentation by Jeff : 
https://indico.cern.ch/event/922767/co
ntributions/3955274/attachments/2077
970/3494832/Relating_and_validating
_EFT_bases_and_symmetries_in_Hig
gs_studies.pdf

(Important choice that affects the rotation relations)

https://arxiv.org/abs/2109.13363
https://arxiv.org/pdf/1508.05895.pdf
https://indico.cern.ch/event/922767/contributions/3955274/attachments/2077970/3494832/Relating_and_validating_EFT_bases_and_symmetries_in_Higgs_studies.pdf
https://indico.cern.ch/event/922767/contributions/3955274/attachments/2077970/3494832/Relating_and_validating_EFT_bases_and_symmetries_in_Higgs_studies.pdf
https://indico.cern.ch/event/922767/contributions/3955274/attachments/2077970/3494832/Relating_and_validating_EFT_bases_and_symmetries_in_Higgs_studies.pdf
https://indico.cern.ch/event/922767/contributions/3955274/attachments/2077970/3494832/Relating_and_validating_EFT_bases_and_symmetries_in_Higgs_studies.pdf
https://indico.cern.ch/event/922767/contributions/3955274/attachments/2077970/3494832/Relating_and_validating_EFT_bases_and_symmetries_in_Higgs_studies.pdf
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Mass eigenstate basis to Warsaw
● SU(2)xU(1) + ΔmmW = 0 

https://arxiv.org/abs/2109.13363
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Warsaw couplings decomposition

● H→4l 

For production modes see paper

https://arxiv.org/abs/2109.13363
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NLO EW effects
Quantify effect of NLO EW corrections: 

 - cross-section
 - kinematic distributions 

Test if effects can be modeled with anomalous couplings

JHUGen LO a.c.  to model “pseudo-EW” corrections – 2 approaches taken,  
excluding and including  the quadratic ac terms (linear / inclusive)

[1] A.Bredenstein, A.Denner, S.Dittmaier and M.M.Weber,Precise predictions for the Higgs-boson decay H  WW/ZZ  4 leptons, → WW/ZZ → 4 leptons, → WW/ZZ → 4 leptons, 
Phys.Rev.D 74 (2006) 013004 [hep-ph/0604011]

[2] A.Denner, S.Dittmaier, S.Kallweit and A.M ck,HAWK 2.0: A Monte Carlo program for Higgs production in vector-boson fusion and Higgs ück,HAWK 2.0: A Monte Carlo program for Higgs production in vector-boson fusion and Higgs 
strahlung at hadron colliders,Comput.Phys.Commun. 195 (2015) 161-171 [arXiv:1412.5390]

References: 

 -Unified lhe processing framework used for all generators. 
  -Developed lhe writer subroutines for HAWK (that does not output lhe format)
  -Implemented recombination of FSR photons to the leptons

https://arxiv.org/abs/2109.13363
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How to measure anomalous HVV/Hff 
couplings: the H→ 4l channel

 

/f

/f

single vertex

4-momenta of final states particles 
affected by H quantum numbers
and couplings

H→ γγ           :  can not measure CP + large background 
H→ WW       :  Not fully reconstructed final state
H→ Zγ couplings Zγ couplings → 4l  :  Sensitive Angular information  + low background

SM 0h+ 0- 
 

https://arxiv.org/abs/2109.13363
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EW NLO corrections 
Basic kinematic cuts on leptons and jets applied: 

ZHl+l-  :

min lept pt >5GeV 
min ml+l-  > 0.1 GeV 
VBF    : 
mJJ > 300 GeV

https://arxiv.org/abs/2109.13363
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H→ 2e2μ corrections

> Pseudo-EW modeling in ballpark of EW NLO effect but not sufficient to properly 
describe the effect

https://arxiv.org/abs/2109.13363
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Effects on (Z→l+l-)H kinematics

> SM EW NLO effect has a negative effect in VH production

> Pt dependence observed

> Pseudo-EW corrections tiny in production

> No strong angular dependencies

https://arxiv.org/abs/2109.13363
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Effects on (Z→l+l-)H kinematics

> No strong angular dependencies

https://arxiv.org/abs/2109.13363
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SM NLO effects

● EW NLO effect affect decay and production 
differently with production being more sensitive

● Corrections indicate some pt,q2 dependence
● A pseudo-EW modeling of the effect, with 

anomalous couplings is not sufficient

Inclusive corrections:

https://arxiv.org/abs/2109.13363
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Amplitude couplings scans : Production

https://arxiv.org/abs/2109.13363
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D-iscriminants and templates

● Construct discriminants using MELA 
probabilities

● Input to probabilities both decay and 
production kinematics

HVV VBF2-jet category discriminants:

https://arxiv.org/abs/2109.13363
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