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Imp: All models - 2HDM, GM, Septet have ρ = 1 

INTRODUCTION AND MOTIVATION 3

Phenomenological Applications
for BSM modelsComparative Analysis Introduction and

Motivation
Summary and Future

plan for thesis
Theoretical and

Analytic Computations

Rho - Parameter

Hypercharge (Y )
& Isospin (I )

i

i

[5]

https://arxiv.org/abs/1106.0034v3


Eg.  W W                      W W+ - + -h /H /H0 0 ++

High Energy Vector
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Figure: Standard Model Feynman Diagrams
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Rho - Parameter
ρ parameter is an important experimental parameter which preserves
the custodial symmetry at tree level and for Standard Model ρ = 1.
We preserve this quantity in our models through Hypercharge and
Isospin combinations.

Sum Rules in BSM
To ensure no bad high energy behaviour exists in our tree level
vector boson calculations, we obtain sum rules for our BSM models.
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attain vevs as

neutral state decompsition 

SEPTET MODEL
1 Higgs Doublet (ɸ)

& 1 Septet (Χ) 
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GAUGE FIELDS: 

Using Rotation matrix, R, we
obtain physical Higgs fields

CP-odd states:

Intermediate
States

CP-even states:

Singly charged
States

PHYSICAL FIELDS: 
Higher

charged states

CP-even states:

CP-odd states:

Singly charged
states

Higher charged
states

1 2 (vector boson)
(fermion)

[7]

https://arxiv.org/pdf/1301.6455


SEPTET MODEL 8

Hyper Charges:
Y = 1/2, Φ 

Y = 2, Χ 

T (Isospin) = 33

Q = T  + Y3

CP-even CP-odd & Charged Singly charged 

Rotation Matrices, R [2]



u-channel

κ

κ

κ

Table:  Septet Model: Effective coupling

9SEPTET MODEL SEPTET CONTRIBUTIONS TO WW → WW :

Figure: Septet Model: Feynman Diagrams [2]



Theoretical
Check:

SUCCESS!! 1  Sum Rule:st

Matrix Element and 1  Sum Rule: st
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SEPTET MODEL

2  Sum Rule: W  Z       W  Znd ± ±

1.W W                       W W+ - + -

2.W  Z                        W  Z± ±

h /H /H0 0 ++

h /H /H0 0 +

High Energy Vector Boson Scattering

[2]



11SEPTET MODEL
Mass bound: 1  Sum Rulest

Mass bound: 2  Sum Rulend

SM: 
m  = 125 Gevh

Assuming

h        h0
SM

Decoupling limit

Alignment limit

Perturbative Unitarity: Mass bounds

[2]



12Figure: Septet: The relation sets a bound on s  that falls with increasing m  7 7

SEPTET MODEL Mass bound obtained using sum rule
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Charged
states:

CP-even
states:

CP-odd
states:

GAUGE FIELDS: 

Charged
states:

CP-even
states:

CP-odd
states:

PHYSICAL FIELDS: 

h0
H0

G0

A0

THE TWO HIGGS DOUBLET MODEL (THDM)
2HDM Coupling:

Table:  2HDM Model: Effective coupling

Two Complex SU(2)L Doublets : Φ  (i = 1,2)i

attain
vevs as

Two CP – Conserving Neutral minima 
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[5]

https://arxiv.org/abs/1106.0034v3


1.W W                    W W+ - + -h /H0 0

3. W  Z                         W  Z± ±
h /H /H0 0 +

2. Z Z                        Z Z h /H0 0

THE TWO HIGGS DOUBLET MODEL
Sum Rules in 2HDM Mass bounds from Perturbative unitarity
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Figure: 2HDM: The relation sets a bound on H  coupling that falls with increasing m   0
H0

[5]

https://arxiv.org/abs/1106.0034v3
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attain vevs as

GEORGIE MACHACEK (GM)
1 Higgs Doublet (ɸ), 1 Complex Triplet (Χ) & 1 Real Triplet (ξ)

bi-doublet and bi-triplet      under SU(2)  X SU(2)L R 
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Hyper Charges:
Y = 1Φ 

Y = 2 Χ 

Y = 0ξ 

Goldstone
Bosons

Custodial
Triplet

Custodial
Fiveplet

Custodial
Singlet 

Singly charged
states:

CP-even states:

CP-odd states:

Doubly charged
states:

PHYSICAL FIELDS: 

GAUGE FIELDS: 

neutral state
decompsition 

[4]

https://arxiv.org/abs/2312.13239


1.W W                       W W+ - + -

2.W  Z                        W  Z± ±

h /H /0 0

H /H0
5 5

++

h /H /H0 0 +
5

u- channel

GM Coupling:

18GEORGIE MACHACEK (GM)

Table:  GM Model: Effective coupling

High Energy Vector Boson Scattering

GM CONTRIBUTIONS:

Figure: GM Feynman Diagrams  

[1]



2. W Z                        W  Z± ±h /H /H /H0 0 0
5

+
5

1.W W                     W W+ - + -h /H /0 0

H /H0
5 5

++

Mass bound :

Mass bound :

Sum Rules in GM 

19GEORGIE MACHACEK (GM)

Figure: GM: mass bound sets upper bound on s  that falls with increasing m   H 5
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Table: Comparative analysis of 2HDM, GM and Septet Models 
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EXPERIMENTAL LIMITS ON BSM MODELS 23

Experimental limits: A portrait of the Higgs boson by the CMS experiment
ten years after the discovery (arxiv:2207.00043)

Figure: Coupling Modifier measurements   

[3]

https://arxiv.org/abs/2207.00043
https://arxiv.org/abs/2207.00043
https://www.nature.com/articles/s41586-022-04892-x.pdf
https://www.nature.com/articles/s41586-022-04892-x
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Analytical limits:

Table: Coupling and heavy Higgs mass estimates using experimental limits (‘0.00’ indicates unphysical values)  

Heavy Higgs
mass estimates



EXPERIMENTAL LIMITS ON BSM MODELS

25
SEPTET MODEL Figure: Heatmap for K  and K  with coupling strength limits h0

VV
H0

VV
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EXPERIMENTAL LIMITS ON BSM MODELS

SEPTET MODEL Figure: Heatmap for K   with coupling strength limits H++
VV



27SEPTET MODEL Figure: mass bound with mass estimates from K limit 

EXPERIMENTAL LIMITS ON BSM MODELS
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EXPERIMENTAL LIMITS ON BSM MODELS

2HDM Figure: Heatmap for K  and K  with coupling strength limits h0
VV

H0
VV
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EXPERIMENTAL LIMITS ON BSM MODELS

Figure: mass bound with mass estimates from K limit 2HDM
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GM MODEL Figure: Heatmap for K  and K  with coupling strength limits h0
VV

H0
VV

EXPERIMENTAL LIMITS ON BSM MODELS



31EXPERIMENTAL LIMITS ON BSM MODELS

GM MODEL
Figure: Heatmap for K   with coupling strength limits H++

VV
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Figure: mass bound with mass estimates from K limit 

EXPERIMENTAL LIMITS ON BSM MODELS

GM MODEL
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SUMMARY AND FUTURE PROSPECTS
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Summary: Comparative Analysis of 2HDM, GM, Septet Model



SUMMARY AND FUTURE PROSPECTS
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Deriving the Cross Section(σ ) using Higgs Tools from Κ experimental limitsBSM

Differentiating the different model parameters

Future Prospects:

Mixing angle and Mass estimates from K (Coupling Modifier) limits

[6]

Heavy
Higgs
masses

https://arxiv.org/pdf/2210.09332
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APPENDIX: SEPTET MODEL
The Electroweak Lagrangian for Septet : Covariant Derivative

Replacement Rules and physical fields
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Unitarity Conservation with Higgs

Perturbative
unitarity bounds

Mass Bound calculation:



APPENDIX: 2HDM (1)
Two Complex SU(2)L Doublets : Φ  (i = 1,2)i

parametrization

39

Replacement
Rules and

physical fields

CP-even mixing angle  

CP-odd & Charged
mixing angle

2HDM
Potential

The Electroweak Lagrangian for 2HDM :

Covariant Derivative



1.W W                       W W+ - + -

2.Z Z                            Z Z 
3.W  Z                        W  Z± ±

h /H0 0

h /H0 0

h /H /H0 0 +
5

Eg.  W W                       W W+ - + -
h /H0 0

APPENDIX: 2HDM (2)
High Energy Vector Boson Scattering

1  Sum Rule:st
Theoretical Check:

SUCCESS!! 
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SM: h  = 125 GevSM

Matrix Element and Sum Rule



APPENDIX: 2HDM
Mass Matrices from Potential

CP-even
mixing angle  

CP-odd &
Charged
mixing angle

41
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APPENDIX: GM(1)

CP - even
neutral states:

Doubly charged
states:

CP -odd
neutral states

Singly charged
states:

REPLACEMENT RULES:
The Electroweak Lagrangian for GM :



Eg.  W W                        W W+ - + -
h /H /H /H0 0 0

5 5
++

u- channel

1  Sum Rule:st
Matrix Element and Sum Rule: 

Theoretical Check: SUCCESS!! 

SM: h  = 125 GevSM

43APPENDIX: GM(2)
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