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Beyond the Standard Model 

  Standard Model (SM) of particle physics is a framework            good agreement with collider data  
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Open questions :  

Neutrino masses , Dark Matter , 

Baryon asymmetry of the Universe (BAU) , 

Electroweak Phase Transitions (EWPT)   

Search for BSM @ forefront of particle physics research

 SM might be a simplified version of a more complicated model  

Do the LHC data preclude the existence of additional 

multiplets in the scalar sector of the SM ?



Triplet Extended Higgs Sector 

 Both ATLAS and CMS suggest an enhanced rate of   and  relative to the SMWW ZZ
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The questions we ask is :  

If  and  rate enhanced 

How far beyond the SM must go to describe them?

WW ZZ

 Model with triplet extended Higgs sector can explain an enhanced rate of   and  WW ZZ

Can be probed in particle colliders and in cosmological observatories 

 It can also explain neutrino oscillation , EWBG , Dark-Matter puzzle

 It offers a much richer prospect for collider experiments

what is the model?



Higgs Triplet Models with Custodial Symmetry 

 Custodial Symmetry :  M2
W = M2

Z cos2 θW
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Rho-parameter,   ρ =
M2

W

M2
Z cos2 θW

  At tree-level,   ρ = 1

 Triplet extended Higgs sector with Custodial Symmetry :

 ⟨ϕ⟩ = vϕ , ⟨ξ⟩ = vξ , ⟨χ⟩ = vχ

SM doublet  + Real triplet  + Complex triplet ϕ (T = 1/2, Y = 1/2) ξ (T = 1, Y = 0) χ (T = 1, Y = 1)

  in tree-level if   ρ = 1 vχ = vξ

 Equality of triplet VEVs is preserved by the Higgs potential 

Georgi-Machacek (GM) model :

 Interactions among the Higgs fields maintained  symmetrySU(2)L × SU(2)R

extended Georgi-Machacek (eGM) model :
 Equality of triplet VEVs is obtained by tuning the potential parameters @ tree-level 

  Higgs interactions does not maintained  symmetrySU(2)L × SU(2)R
  …Similar interactions were considered in 2HDM with softly broken  symmetryZ2

[Georgi, Machacek ’85; Chanowitz, Golden ’85] 

[Kundu, Mondal, Pal ’21]



Extended Georgi-Machacek Model 
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 GM limit : 

… A minimal two-triplet scalar extension of the SM with  @ tree-levelρ = 1

 Mass degenerate ( ) m3

F0

F+
H+

H A0

F++h

 CP even   CP odd   Singly charged  Doubly charged  

h H F0A0 H+ F+ F++

 Mass degenerate ( ) m5

 Consequence of 

  

 symmetry
SU(2)L × SU(2)R

GM  eGM ⊂

m1

 GeV125

 1 constraints  2 constraints



Salient features 
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… slide taken from Poulami Mondal’s talk @ Higgs Hunting 2024



Theoretical Constraints 
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 Positivity of the  Higgs potential

 Yukawa and quartic couplings of the theory need to be in perturbative regime

Quartic couplings should satisfy the unitarity conditions @ one-loop

 NLO corrections to the LO amplitudes should be smaller in magnitude

V(4) = λϕ(ϕ†ϕ)2 + λξ(ξ†ξ)2 + λχ(χ†χ)2 + λ̃χ χ̃†χ
2

+ λϕξ(ϕ†ϕ)(ξ†ξ)
+λϕχ(ϕ†ϕ)(χ†χ) + λχξ(χ†χ)(ξ†ξ) + κ1 ξ†χ

2
+ κ2(ϕ†τaϕ)(χ†ta χ) + κ3[(ϕTϵτaϕ)(χ†taξ) + h.c.] > 0

yi < 4π λi < 4πand
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and �i (i = 0, .., 3) are given in Appendix B 2. Note that, the parameters ⇣i (i = 1, .., 4) are correlated. The correlation
curves in the ⇣i vs. ⇣j planes are given in Appendix C, and their allowed domains are displayed in Figure 9.

IV. UNITARITY CONSTRAINTS AT ONE-LOOP

A. Partial-wave analysis

In this work, our aim is to study the unitarity bounds on the quartic parameters of Eq. (1). Perturbative unitarity
constraints come from demanding the unitarity of the S-matrix, which reads as,
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Here, a
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’s are the eigenvalues of the S-matrix consisting of `-th partial-wave amplitudes of 2 ! k scattering.2 In

the limit, s � |�i|v
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contribution comes from 2 ! 4 scattering amplitudes, which scale as |a
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i
. In the SM, the 2 ! 4 amplitudes

are significantly smaller compared to the 2 ! 2 partial-wave amplitudes because of the smallness of the quartic
coupling [90]. Therefore, in our analysis, only the 2 ! 2 amplitudes will be taken into account. In the rest of the
paper, we remove the superscript 2 ! 2 from partial-wave amplitudes. Under this consideration, Eq. (17) gives an
upper limit on the eigenvalues of the S-matrix,
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At the tree-level, each of the eigenvalues, a` 2 R, which leads to a strong bound, |Re(a`)|  1/2. At one-loop and
beyond, a` /2 R, thus the above stated limit gets weaker when we calculate one-loop and higher order corrections to
the S-matrix. In the limit, s � |�i|v

2
� M

2

W
, s � |µi|v the most dominant contribution comes from the ` = 0

partial-wave at tree-level. Therefore, we will only consider ` = 0 in our analysis. To calculate the partial-wave
amplitude (a0) at one-loop level, we adapt the approach of Ref. [70]. For a given process i ! f , the corresponding
matrix element is

(a0)i,f (s) =
1

16⇡s

Z
0

�s

dtMi!f (s, t) ,

where Mi!f represents the sum of all possible scattering amplitudes with an initial state i and final state f . As
SU(2)L ⌦ U(1)Y symmetry is intact at high energies, the S-matrix can be sub-divided into smaller block diagonal
forms consisting of two-particle states with their respective total charge (Q) and hypercharge (Y ). Following this
prescription, the basis states are written in Table II. We have included 1/

p
2 symmetry factor in the identical initial or

final states. However, this block diagonal structure does not hold beyond the tree-level due to hypercharge interactions.
At one-loop level, in general, the o↵-block diagonal elements are non-zero due to the wavefunction renormalization
terms. For a given scattering process with total charge Q, if the tree-level blocks have unique eigenvalues, then
o↵-block diagonal elements do not contribute to the tree-level eigenvalues at one-loop, while the contributions can
appear at two-loop and beyond. As a first step towards computing unitarity at NLO, we have not considered external
wavefunction corrections to the unitarity bounds in the eGM model.3

2 Note that, for k > 2, the scattering matrix is diagonalized in the eigenbasis of the 2 ! 2 scattering matrix.
3 However, in the context of bounds on the quartic couplings from perturbative unitarity, these wavefunction corrections become less

significant in the SM [90] and Z2 symmetric 2HDM [70, 71].

|aNLO
ℓ | < |aLO

ℓ |



Positivity of the Higgs Potential 
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Ensure that boundedness of the potential 

in any directions of field space

Numerically, 3-field direction BFB conditions 

(neither necessary nor sufficient)


are approximately well with 

all 13-field direction BFB conditions

These 3-field direction BFB conditions 

 are faster numerically 

 

[Moultaka, Peyranère ’21] 
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NLO unitarity  
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Prior to the Higgs discovery :

No revised limit @2-loop
 

LO unitarity :         λ ≤
8π
3

NLO unitarity :       λ ≤ 2 − 2.5
Weakly interacting 

SM Higgs scenario

 

GM and eGM model :

NLO unitarity significantly 

refine the parameter space 

 

[Lee, Quigg, Thacker ‘77] 

eGM

eGM
GM

[Dawson, Eillenbrock ’89; Durand, Johnson, Lopez’92] 
[Durand, Maher, Riesselmann, 92] 

For a given  process, the unitarity bounds :     
 

2 → 2 |aℓ − i 1
2 | ≤ 1

2

LO unitarity :     ,  aLO
ℓ ∈ ℝ |Re(aLO

ℓ ) | ≤ 1
2

NLO unitarity :     ,  aNLO
ℓ ∉ ℝ |aNLO

ℓ − i 1
2 | ≤ 1

2

Weakly interacting theories : 


   @ 1-loop 
 

aLO
ℓ > aNLO

ℓ

These are used to 

put bound on the 

potential parameters

or exotic Higgs masses

in a weakly interacting 

theory



Higgs Signal Strengths  
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All signal strengths
μf

i =
σB (i → h → f )

σBSM (i → h → f )
i ∈ {ggF, bbh, VBF, Wh, Zh, tth, th}

f ∈ {ZZ, WW, γγ, Zγ, μμ, bb, ττ}

arXiv: 2206.09466

Latest Run 2 LHC data put a stringent 

bound on triplet VEV ,   GeVvχ < 32

VBF

ggH

κV < 0

Strongly disfavour    |κV | > 1.05 @ 95.4% CL



Status of GM Model (combined fit)  
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More restrictive parameter space from

 improved theoretical constraints  

Maximum mass splitting reduced  GeV from the literature∼ 100

Quartic  couplings  can’t  exceed    @ one-loop1.9

… while about    @ tree-level3.0
[arXiv: 1807.10660]



Status of eGM Model (combined fit) 
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Maximum mass splitting within custodial  multiplets 
                      GeV∼ 210
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@ 95.4% CL

@ 95.4% CL limit on mass differences and quartic couplings

Flavor or electroweak precision data could be used to constrain the model further.  (Work in progress …)



Summary  
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 Regions where  is disfavour by the latest LHC data|κV | > 1.05

Triplet VEV gets more and more constraints from the LHC data

Minimal triplet scalar extension of SM with custodial symmetry at tree-level gives 
extended Georgi-Machacek (eGM) model

Improved theoretical constraints (NLO unitarity with positivity) significantly refine 
the parameter space of the GM and eGM models

Mass splittings within custodial multiplets introduce new decay modes in eGM model



Thank You



Backup slides



Collider  Phenomenology

or (eGM)

type-I

Yukawa sector :

Only the doublet couples to fermions

triplet  VEV  ( )  : vχ

   tan β

v2
ϕ + 8v2

χ = v2

vχ

   tan β =
vϕ

2 2vχ

and

……Similar  phenomenology  as in  type-I  2HDM

Additional  features :

The addition of a singly  charged  scalar   coupled to fermions, 
along with the presence of a doubly charged scalar,  
makes these models highly interesting for collider studies.

(F+)



Higgs Signal Strengths :  HEPfit  Implementation

http://hepfit.roma1.infn.it

arXiv: 1910.14012

μ f
i =

σB (i → H → f )
σBSM (i → H → f )

i ∈ {ggF, bbh, VBF, Wh, Zh, tth, th}

f ∈ {ZZ, WW, γγ, Zγ, μμ, bb, ττ}

arXiv: 2206.09466

•  Make all possible observables   for different production and decay modes


•  Fit to the ALTAS and CMS data on (correlated) observables  for a BSM model


•  Present the results on the (new) observables from the combined fit

μ f
i

μ f
i
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B. h signal strengths

For a given process of producing SM-like Higgs h with an initial state i and decay to final state f , the signal strength
for the production (µi) and for the decay (µf ) are given by,

µi =
�i

(�i)SM

, and µf =
B(h ! f)

BSM(h ! f)
,

where �i’s are the production cross sections for i 2 {ggF, bbh, VBF, Wh, Zh, tth, th}, and B(h ! f)’s are the decay
branching fractions for f 2 {ZZ, WW, ��, Z�, µµ, bb, ⌧⌧}. Signal strength for the combined process with production
channel (i) and the decay mode (f) of h can be defined as,

µ
f

i
⌘ µi · µf = ri ·

rfP
f 0 rf 0 · BSM(h ! f 0)

,

where ri and rf are the ratios of the �i’s and the total decay width �f ’s with respect to their corresponding SM
values. Therefore, the signal strength for a particular decay mode implicitly depends on all the other h-decay modes.

Signal Value Correlation matrix L Source

strength [fb�1]

µ
��

ggh,bbh 1.07 ± 0.11

[11]
µ

��

VBF 1.04 ± 0.32

µ
��

Vh 1.34 ± 0.34 137

µ
��

tth,th 1.35 ± 0.31

µ
ZZ

ggh,bbh,tth,th 0.95 ± 0.13 1 �0.11
[10]

µ
ZZ

VBF,Vh 0.82 ± 0.34 �0.11 1 137

µ
WW

ggh 0.92 ± 0.11 1 �0.13 0 0

[16]
µ

WW

VBF 0.71 ± 0.26 �0.13 1 0 0

µ
WW

Zh 2.0 ± 0.7 0 0 1 0

µ
WW

Wh 2.2 ± 0.6 0 0 0 1

138

µ
⌧⌧

incl. 0.93 ± 0.12

[15]
µ

⌧⌧

ggh 0.97 ± 0.19

µ
⌧⌧

qqh 0.68 ± 0.23

µ
⌧⌧

Vh 1.80 ± 0.44

138

µ
bb

qqh 1.59 ± 0.60 1 �0.75
[19]

µ
bb

ggh �2.7 ± 3.89 �0.75 1 90.8

µ
µµ

ggh,tth 0.66 ± 0.67 1 �0.24
[8]

µ
µµ

VBF,Vh 1.85 ± 0.86 �0.24 1
137

µ
Z�

pp 2.4 ± 0.9 138 [14]

TABLE VI. Latest Run 2 data on h signal strengths measured by CMS at
p

s = 13 TeV. Correlations below 0.1 are treated to
be zero. The colors in the first column represents the corresponding decay channels in Figure 5.

In the -framework [3], the modifiers for SM h coupling to vector bosons and fermions at tree-level in both the GM
and eGM models are given by,10

V = c↵c� �

r
8

3
s↵s� , and f =

c↵

c�

, (24)

At leading order (LO), the h decays into �� and Z� channels are mediated via exotic charged Higgs bosons
(F++

, F
+
, H

+) at one-loop. Due to the non-degenerate masses in the CS multiplets in eGM model, both singly-

10 Note that, the definitions of s� and c� are opposite to that given in Ref. [21] because our definition of tan � is inversely related to their
definition.

http://hepfit.roma1.infn.it


ATLAS  Run 2 CMS  Run 2

Higgs Signal Strengths :  LHC  data


