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Motivation

• Baryogenesis within the Standard Model requires the
electroweak symmetry breaking to be a first-order
cosmological phase transition.

• Any violation of baryon number may get washed out if
sphaleron processes are weak unless the temperature is low
enough during the phase transition

• A strong first-order phase transition (i.e. vc/Tc > 1)
effectively freezes out these sphaleron processes.

• The Standard Model (SM) predicts only a crossover
electroweak phase transition (EWPT) for the observed
Higgs mass
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• A minimal way to achieve SFOPT without introducing
new particles is to extend the SM Higgs potential by a
dim-6 term (H†H)3

• Constraints from EWPO on such dim-6 term are relatively
less

• This Operator also affects Multi-Higgs production at
various colliders

Saurabh Niyogi



Saurabh
Niyogi

Introduction

Effective
Potential

Di-Higgs
Production

Tri-Higgs
Production

Gravitational
Waves

Conclusion

Introduction Effective Potential Di-Higgs Production Tri-Higgs Production Gravitational Waves Conclusion

One-Loop Effective Potential

• Tree Level Scalar potential:

V0(H) = −µ2(H†H) + λ(H†H)2 +
cH
Λ2

(H†H)3

• Minimization fixes µ and λ in terms of mh, v , Λ:

µ2 =
m2

h

2
− 3v4

4Λ2
, λ =

m2
h

2v2
− 3v2

2Λ2

• Finite Temperature effective potential:

V (T ) = V0(H) + V T=0
CW + V T ̸=0

1
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Complete temperature-dependent renormalized effective
potential at one-loop is given by:

Veff = − µ2

2
h2 +

λ

4
h4 +

cH
8Λ2

h6

± 1

64π2

∑
i=h,χ,W ,Z ,t

nim
4
i

(
ln

m2
i (h)

M2
0

− ci

)

+
∑

i=bosons/fermions

niT
4

2π2

[
Jb

(
m2

i (h)

T 2

)
+ Jf

(
m2

i (h)

T 2

)]

+
∑

i=h,χ,W ,Z ,γ

niT

12π

[
m3

i (h)−
(
m2

i (h) + Πi (T )
)3/2]

where, nh,W ,Z ,t = 1, 6, 3, 12, and ci =
5
6 or, 3

2 for bosons or
fermions.
Key tool: CosmoTransitions for phase transition analysis.
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Constraints from Di-Higgs Searches

• (H†H)3 term shifts trilinear Higgs self-coupling:

λhhh =
m2

h

2v2
− 3cHv

2

2Λ2

• LHC di-Higgs searches can directly put constrain on Λ
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Figure: Derived bound: Λ ≳ 461 GeV for O(1) cH (2408.13326)
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Tri-Higgs Production

• Altered self-coupling also affects rare gg → hhh processes.
• Example: For Λ = 500 GeV, σhhh > 1 fb at the proposed
FCC-hh with

√
s = 27 TeV.

• This search also provides a complementary collider probe.
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Figure: Triple Higgs Production cross section at
√
s = 27 TeV for

Dim-6 operator
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Gravitational Waves from EWPT

• Strongly supercooled EWPT will result in bubble collision
at relativistic speed. Collisions of bubbles will generate GW

• Propagation of sound wave through relativistic plasma also
contribute to the GW

• Such red-shifted stochastic gravitational waves can be
detected at LISA, BBO, DECIGO

• GW peak frequency and amplitude depend on Λ.
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Figure: GW parameters α and β
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Gravitational Waves from EWPT

• Contributions of various components in GW power
spectrum: collision term peaks at low frequency, sound
wave gives the most significant contribution

• With increasing Λ the signal strength goes out of the
sensitivity reach of the detectors
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Gravitational Waves from EWPT

• However, Ellis et. al suggested for a long-lasting
supercooled transition there is possibility for generating
cosmological constant like term supplied by the fields still
trapped in the false vacuum

• This eventually dominates over the red-shifting radiation
background, and the horizons still occupied by undecayed
false vacuum begin to inflate. In this case, it may not be
possible for the transition to complete successfully

• From the lowest possible percolation temperature they put
a lower limit on Λ ∼ 545 GeV (assuming O(1) coupling)

– JCAP04(2019)003
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Gravitational Waves from EWPT

• However, studies have shown that the entire range of WC
determined by global fits is not conducive to a first order
EWPT. For CH > −2.53× 10−6 GeV−2 (at the
electroweak scale), a potential barrier never forms, there
are no degenerate minima and the phase transition
becomes a smooth crossover. On the other hand, for
CH < −3.39× 10−6 GeV−2, the height of the barrier
remains significantly large. These correspond to a bound
on the EFT scale which is 565− 630 GeV

• An RG improved analysis with dim-8 term ((H†H)4) term
will push the lower limit up to ∼ 720 GeV.

– Phys. Rev. D 110, 055002
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Summary

• The dimension-6 operator (H†H)3 can:
• Trigger SFOPT.
• Produce observable GWs.
• Modify Higgs self-couplings which is measurable at

colliders.

Complementary searches between LHC/HL-LHC and GW
interferometry experiments can give hints of such a minimal
extension to the SM Higgs sector
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Thank you!
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