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Outline

• Perturbative Unitarity at Next-to-Leading Order

• Vaccum Stability

• Models with Higgs Triplets

• Constraints on the Parameter Space
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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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Does WW scattering make sense?

• Without a Higgs boson

W−

W+ W+

W−

M ∼ −g2
W

E2

4m2
W

• With a Higgs boson

s = (p1 + p2)
2

W−

W+ W+

W−
p1

hp2

M ∼ g2
hWW

(
E2

4m4
W

− m2
h

2m4
W

)
for

√
s ≫ mh,mW

ghWW = gWmW
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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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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

)
, (3)

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.

Does it hold beyond next-to-leading order?
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Theoretical Bounds in Weakly Interacting Theories

• Standard Model (SM) : Prior to the Higgs discovery

• Two-Higgs Doublet Model : SM with additional Higgs doublet
arXiv: 1512.04567, 1609.01290

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

R1 =

∣∣aNLO0

∣∣∣∣aLO0 + aNLO0

∣∣ , R ′
1 =

∣∣aNLO0

∣∣∣∣aLO0 ∣∣ ,

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

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

GM and eGM models are classified based on their symmetry,

with identical field contents
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Perturbative Unitarity at One-Loop (NLO)

NLO unitarity significantly refine the parameter space

arXiv: 1512.04567, 1609.01290, 2404.18996 10



Extended GM model
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Positivity Conditions

• Ensure that boundedness of the potential in any

directions of field space
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• These 3-field direction BFB conditions are faster

numerically Chowdhury, Mondal, SS ’24 (arXiv: 2404.18996)
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GM model: combined global fits
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Results from fit to Higgs signal strength data
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Take away message

• Improved theoretical constraints (NLO unitarity with

positivity) significantly refine the parameter space of the

BSM models.

• Extending the SM with Higgs triplets provides an

enhanced tree-level rate for h → WW or ZZ compared to

the SM.

• Triplet VEVs gets more and more constrained from the

LHC data.

• Regions where |κV | > 1.05 are disfavoured by the latest

LHC data.

κV =
gGM
hVV

gSM
hVV
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Thank You !
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Questions?
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