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What we know about the Higgs from measurements
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What we don’t know from measurements...

σgg→H0H0 ∝
∫
dt̂
∣∣C∆F∆ + C�F�

∣∣2
Confidence interval of 95% CL:

−11.8 < λ3 < 18.8

Room for new physics
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Possible early universe phase transitions

First Order

T≫ Tc T = Tc

(vc , uc )(0, uo)

T ≈ 0

ϕh

V(ϕh ,T)

Smooth Crossover

T≫ Tc T > 0 T ≈ 0

ϕh

V(ϕh ,T)

Supports electroweak baryogenesis
sets the energy scale to levels we can measure
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Higgs+Singlet Potential
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At finite T, the one-loop thermal potential leading terms in the high temperature
expansion

V T 6=0
1−loop =

(
1

2
chφ

2
h +

1

2
csφ

2
s + m3φs

)
T 2,

where3

ch = 1
48 (9g2 + 3g ′2 + 2(y2

t + 12λh + 2λhs))

cs = 1
12 (4λhs + 3λs),

m3 = 1
3ahs .

V = Vo + V T 6=0
1−loop

3arXiv:1107.5441v1
Anthony Hooper (anthony.hooper@huskers.unl.edu) FOEPT in the SM with a Singlet Extension 4 / 16



Reparametrizing
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Minimum Equations:
dVo

dφh

∣∣∣∣φh→v
φs→u

= 0
dVo

dφs

∣∣∣∣φh→v
φs→u

= 0

In the basis (φh, φs), the mass squared matrix is

M2 =


d2Vo

dφ2
h

∣∣∣φh→v
φs→u

d2Vo
dφhdφs

∣∣∣φh→v
φs→u

d2Vo
dφhdφs

∣∣∣φh→v
φs→u

d2Vo
dφ2

s

∣∣∣φh→v
φs→u

 =

(
2v2λh 2ahsv + 2vvsλhs

2vvsλhs µ2
s + v2λhs + 3v2

s λs

)

Diag
[
M2

]
=

(
m2

h 0
0 m2

s

)
, where mh is the Higgs mass and ms is the singlet mass

Similarity invariance of the trace: tr
(
M2

)
= tr

(
Diag
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])
Determinant properties of rotational matrices: det
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= det

(
Diag

[
M2

])
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Reparametrizing

Solve for µ2
h, µ2

s , ahs , and as in terms of λh, λhs , λs , ms , vs , mh, v ;
yields two sets of solutions:

µ2
h = −v2λh ±

vs
v

∆ + v2
s λhs

µ2
s = m2

h + m2
s − 2v2λh − v2λhs − 3v2

s λs

ahs = ∓ 1

2v
∆− vsλhs

ts = −vs(m2
h + m2

s − 2v2λh − v2λhs − 2v2
s λs)± v∆

2

where ∆ =
√

(m2
h − 2v2λh)(2v2λh −m2

s )

Ranges of the new parameters

Stability conditions : λhλs ∈ [0,
√

4π], λhs ∈ [−
√
λhλs ,

√
4π]

singletmass : ms . 6TeV

singlet vev : vs scales asms
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Higgs Trilinear Coupling

Gauge to mass eigenstate basis: (φh, φs)→ (h1, h2)

φh = h1 cos θ − h2 sin θ + v

φs = h1 sin θ + h2 cos θ + vs

where θ is the mixing angle and is found from M2 with tan 2θ = m12+m21
m11−m22

Higgs Trilinear Coupling: Let h1 < h2, then λ3 = d3Vo(h1,h2)
dh3

1
∧ λSM3 = 3λhv

2

mh

=⇒ κ =
2v2λh
m2

h

cos3 θ

(
1 +

λhsvs + ahs
λhv

tan θ +
λhs
λh

tan2 θ +
λsvs
λhv

tan3 θ

)
= cos3 θ

(
1 +

2v2

m2
h

(
λhs +

vs
v
λs tan θ

)
tan2 θ

)
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Conditions Imposed at Critical Temperature

degenerate requirement:

V (0, uo ,Tc) = V (vc , uc ,Tc)

minimization requirement:

φh = 0 :
dV (0, uo ,Tc)

dφs
= 0

φh = vc :
dV (vc , uc ,Tc)

dφh
= 0

dV (vc , uc ,Tc)

dφs
= 0

and d2V
dφ2

h
> 0 at critical points
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Equations to Solve

degenerate requirement:

0 = (uo − uc)
(
4m3T

2
c + 4ts

)
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2
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)
+ (u4
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2
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)
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Monte-Carlo Scan Code Structure

•Generates N lists of random free
parameters:

{
{mφ, λh, λhs , λs , vs}, . . .

}
•Higg’s coupling strength requires mixing
angle to satisfy4

sin2 θ < 0.12
•Require resonance DiHiggs production to
be within experimental constraints.
•Range for free parameters

ms ∈ [0.25, 6] TeV, vs ∈ [−15, 15] TeV

λh, λs ∈
[
0,
√

4π
]
, λhs ∈

[
−
√
λhλs ,

√
4π
]

•Takes generated parameters, imposes
constraints, solves four equations
simultaneously.
•Checks if 0 < vc < v .
•Checks if solutions are global minimums
at V (v , vs , 0), V (0, uo ,Tc), and
V (vc , uc ,Tc).
•Checks if phase transition is strong by
requiring5

vc
Tc
> 1.3

4arXiv:1509.00672
5arXiv:1711.11541
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Calculating Nucleation Temperature

FindBounce - a Mathematica package to calculate the bounce. (Assuming thin wall bubbles)6

Γ ' Ae−B(1 +O(}))

where B is the ”bounce”.

If the barrier is low enough, then thermal fluctuations can drive tunneling to occur
during the nucleation of bubbles at the PT.

6arXiv:2002.00881
7arXiv:1809.06923
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Results: Mixing Angle

sin2 θ =
2v2λh −m2

h

m2
s −m2

h

2v2λh = m2
s sin2 θ + m2

h cos2 θ
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Results: Differences in Singlet’s vevs

m2
s =

v4
c λh

2δ2
+

(
2 (3ε − δ) uo +

(
3ε2 −

1

2
δ

2
))

λs + 2v2
λh + v2

λhs − m2
h

where δ = uc − uo and ε = vs − uo .
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Results: Higgs’ Trilinear Coupling

κ = cos3
θ
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Conclusions

σgg→H0H0 ∝
∫
dt̂
∣∣C∆F∆ + C�F�

∣∣2
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Thank you!
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