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Introductions

• Standard Model (SM) of particle physics is a framework

−→ good agreement with the collider data

Open questions : Neutrino masses , Dark Matter , Baryon

asymmetry of the Universe (BAU) , Electroweak Phase

Transitions (EWPT)

• 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 ?
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Prior to the Higgs Discovery

Standard Model

V (ϕ) = −µ′2|ϕ|2 + λ|ϕ|4

Higgs mass : mh =
√
2λ v

mh → free parameter

|ϕ|

V (ϕ)

v

µ′2 > 0, λ > 0

This is a potential at tree-level

Theoretical considerations were used to place bound on the

Higgs mass

... such as perturbative unitarity bounds
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Perturbative Unitarity

• Unitarity of the S-matrix, S†S = I ,∣∣∣a2→2
ℓ − 1

2
i
∣∣∣2 +∑

k>2

∣∣∣a2→k
ℓ

∣∣∣2 = 1
4
. (1)

→ aℓ’s are the ℓ-th partial-wave amplitudes

• For a given 2 → 2 process, the unitarity bounds :∣∣aℓ − 1
2
i
∣∣2 ≤ 1

4
(2)

• At tree-level, aℓ ∈ R, leads to a strong bound, |Re(aℓ)| ≤ 1
2 .

• Beyond tree-level, aℓ /∈ R, hence above bound gets weaker.
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Partial-Wave Amplitudes

• Let’s consider high energy limit to compute scattering

amplitudes

– SU(2)L ⊗ U(1)Y symmetry is intact at high energies,

leads to block diagonal form of scattering matrix.

– Most dominant contribution comes from ℓ = 0

partial-wave.

• For a given process, i → f ,

(a0)i ,f (s) =
1

16πs

∫ 0

−s

dtMi→f (s, t) , (3)

→ Mi→f represents the sum of scattering amplitudes.
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2 → 2 Scattering Amplitudes

• Let’s consider an extended Higgs sector with quartic

couplings λi (i = 1, .., j)

– In the limit, s ≫ |λi |v2 ≫ M2
W , only 1PI diagrams

survive at one-loop.

λ0
i = λi + δλi , δΛ =

1

16π2ϵ
βΛ (4)

– Scattering amplitudes at one-loop,

M2→2
1PI =

λiλj

16π2

1
ϵ
+ 2− ln

(
−p2 − i0+

µ2

) , (5)
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One-loop corrections to S-matrix

• For a given process, i → f , arXiv: 1512.04567, 1702.08511

(a0)i ,f (s) = − 1

16π
b0 +

1

256π3

(
bR1 + ibI1

)
, (6)

or,

256π3(aQ,Y
0 )NLO = −16π2b0 + (iπ − 1)b0 · b0 + 3βb0 .

– b0 is the tree-level S-matrix and βb0 represents the matrix

involving beta functions.

– For example, if b0 = aλi + bλj , then

βb0 = aβλi
+ bβλj

, ∀a, b ∈ R.
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Vaccum Stability

• Potential with bi-quadratic form,

V
(4)
2.0 = λχ|χ0|4 + λχξ|χ0|2(ξ0)2 + λξ(ξ

0)4 (7)

V
(4)
2.0 > 0 =⇒ λχ > 0 ∧ λξ > 0 ∧ λχξ + 2

√
λχλξ > 0

• Potential with non bi-quadratic form,

V
(4)
3.0 = λϕ|ϕ0|4+λξ(ξ

0)4+λχ|χ0|4+λϕξ|ϕ0|2(ξ0)2+λχξ|χ0|2(ξ0)2

+

(
λϕχ +

κ2

2

)
|ϕ0|2|χ0|2 + κ3√

2

[
(ϕ0)2ξ0χ0∗ + h.c.

]
(8)

→ Introduce a dimensionless gauge-invariant parameter,

ζ =
1

2

[
(ϕ0)2ξ0χ0∗ + h.c.

]
|ϕ0|2

√
|χ0|2(ξ0)2

, with ζ ∈ [−1, 1]

Positivity conditions will depend on the parameter ζ.
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Theoretical Bounds in Weakly Interacting Theories

• Standard Model : Prior to the Higgs discovery

Positivity conditions : λ > 0

• Two-Higgs Doublet Model : arXiv: 1512.04567, 1609.01290

In principle, unitarity can hold up to λ(s) ≈ 15

R1 =

∣∣aNLO0

∣∣∣∣aLO0 + aNLO0

∣∣ , R ′
1 =

∣∣aNLO0

∣∣∣∣aLO0 ∣∣ ,

R1 = 1, or R ′
1 = 1, perturbativity is violated when λ(s) ∼ 4.3

Positivity conditions : λ1 > 0, λ2 > 0, λ3 +
√

λ1λ2 > 0, ... 9



LHC era

ATLAS Collaboration, Nature 607 (2022) CMS Collaboration, Nature 607 (2022)

µf
i =

σi × B f

(σi × B f )SM
, κf =

ghff
gSM
hff

, κV =
ghVV
gSM
hVV

Any deviation from unity suggesting that the SM needs to be extended
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Models with Higgs Triplets

Search for BSM @ forefront of particle physics research
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Models with Higgs Triplets

12



Models with Higgs Triplets

GM and eGM models are classified based on their symmetry,

with identical field contents

13



Models with Higgs Triplets

In eGM model, both H+ and F+ couple to fermions

→ Much richer flavor physics phenomenology
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Theoretical Constraints
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Positivity Conditions

It is not possible to recast the necessary and sufficient positivity

conditions into a fully analytical, compact form
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Perturbative Unitarity

Two-particle basis states broken down by their total charge Q and total

hypercharge Y .

→ 16, 15, 11, 3, 1 unique tree-level eigenvalues for the blocks with

Q = 0, 1, 2, 3, 4, respectively. Out of these, total 19 eigenvalues are

appeared to be independent.
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Perturbative Unitarity

NLO unitarity :

256π3(aQ,Y
0 )NLO = −16π2b0 + (iπ − 1)b0 · b0 + 3βb0 .

NLO unitarity significantly refine the parameter space

arXiv: 2404.18996
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Higgs Signal strengths

arXiv: 2404.18996
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Combined global fits

arXiv: 2404.18996
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Combined global fits

arXiv: 2404.18996
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Thank You !
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Questions?
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Backup slides
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Higgs potential with triplets

SM Higgs doublet (ϕ, Y = 1/2) + real triplet (ξ, Y = 0) +

complex triplet (χ, Y = 1)

V = −m2
ϕ

(
ϕ†ϕ

)
−m2

ξ

(
ξ†ξ
)
−m2

χ

(
χ†χ

)
+ µ1

(
χ†taχ

)
ξa + µ2

(
ϕ†τaϕ

)
ξa

+ µ3

[(
ϕT ϵτaϕ

)
χ̃a + h.c.

]
+ 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†taχ

)
+ κ3

[(
ϕT ϵτaϕ

)(
χ†taξ

)
+ h.c.

]
A. Kundu, P. Mondal, P.B. Pal, PRD 105 (2022)

⟨ϕ⟩ = vϕ , ⟨ξ⟩ = vξ , ⟨χ⟩ = vχ

ρ =
v2
ϕ+4
(
v2
ξ+v2

χ

)
v2
ϕ+8v2

χ
⇒ ρ = 1 requires vχ = vξ
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