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Singlet Extended Standard Model

Add a scalar gauge singlet S to the Standard Model

Allow for all renormalizable terms with no additional symmetry

V (H, S) =− µ2H†H + λ(H†H)2

+
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Masses, vevs, and Mixing

vevs are given by minima of the potential

Expand H as H =

(
0

(h + v)/
√

2

)
with v being the vev of H

Expand S as S = s + x with x being the vev of S

Diagonalize quadratic terms in potential to get masses

Mass eigenstates h1 and h2 are related to gauge eigenstates h
and s: (

h1
h2

)
=

(
cos θ sin θ
− sin θ cos θ

)(
h
s

)
h1 has mass m1, h2 has mass m2



The Model’s Parameters

The eight original parameters can be written more usefully as
m1, m2, θ, v , x , and three remaining independent parameters

x , the vev of S is actually irrelevant

No new terms are introduced to the potential when S is shifted
What’s important is what the parameters are in terms of the
shifted s
We can fix a parameter such that S never gets a vev in the
first place without any physical consequences

So seven physical parameters can be m1, m2, θ, v , a2, b3, b4



Parameter Relationships

We want relationships between our seven physical parameters
and the terms in our potential

To reproduce (v , x) = (vEW , 0) minima:

µ2 = λv2EW

b1 = −v2EW
4

a1.

To reproduce the masses and mixing angle:

a1 =
m2

1 −m2
2

vEW
sin 2θ

b2 +
a2
2
v2EW = m2

1 sin2 θ + m2
2 cos2 θ

λ =
m2

1 cos2 θ + m2
2 sin2 θ

2v2EW
.



Important Feynman Rules
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Trilinear and quartic
couplings come from the
potential

Some trilinear couplings that
will be relevant are λ211 and
λ111:

V (h1, h2) ⊃ λ111
3!

h31+
λ211

2!
h2h

2
1

Abbreviating s = sin θ,
c = cos θ

λ111 = 2s3b3 +
3a1
2

sc2 + 3a2s
2cv + 6λc3v

λ211 = 2s2cb3 +
a1
2
c(c2 − 2s2) + (2c2 − s2)sva2 − 6λsc2v



Theoretical Constraints

Vacuum stability requires the potential to be bounded from
below

b4 > 0 is required
λ > 0 is required as well

Guaranteed as long as m2
2 > 0 and m2

1 > 0

−2
√
λb4 < a2 is also required

Electroweak minimum should be the global minimum of the
potential, not just an extremum

Need to check other extrema

Requiring perturbative unitarity for h2h2 → h2h2 at high
energy places an upper bound on b4 of roughly 4.2



Experimental Constraints

ATLAS Higgs signal strengths places a constraint of
cos2 θ ≥ 0.88 or sin2 θ ≤ 0.12

Each Standard Model coupling to the 125 GeV Higgs is
suppressed by cos θ

Constraints from direct searches for heavy resonance decays to
ZZ and W+W− also must be satisfied, but these are weaker
than the ATLAS bound



Resonant Double Higgs Production
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All three diagrams
contribute to double Higgs
production via gluon fusion

Choosing m1 = 125 GeV
and m2 > 2m1, the third
diagram leads to a resonant
contribution

With the narrow width
approximation, we maximize
the resonant production rate
for different values of m2

over the remaining
parameters



Maximization of Double Higgs Production

Approximate resonant double Higgs production cross section:

σ(pp → h2)BR(h2 → h1h1)

All h2 production cross sections and Standard Model-like
decay widths are suppressed by sin2 θ compared to a SM
Higgs of the same mass

Larger mixing angle increases production of h2 but also
increases width to SM particles

Increased production wins out, and the largest resonant
double higgs production occurs when sin2 θ = 0.12 at the
ATLAS limit

Problem reduces to maximizing the double Higgs branching
ratio at the largest mixing angle



The Important Trilinear Coupling

λ211 = 2s2cb3 +
a1
2
c(c2 − 2s2) + (2c2 − s2)sva2 − 6λsc2v

A larger magnitude of λ211 means a larger double Higgs
partial width

For fixed masses, vev, and mixing angle, the only free
parameters are a2, b3, and b4

Only mass and mixing angle affect SM-like decay widths

λ and a1 don’t depend on b4

The only free parameters that affect the trilinear coupling are
b3 and a2

Maximizing the partial width to double Higgs also maximized
the branching ratio to double Higgs



Dependence of BRmax(h2 → h1h1) on b4

Darker shading indicates higher branching ratio

Larger b4 increases the allowed parameter space of a2 and b3

Maximum branching ratio to double Higgs occurs at the
unitarity bound of b4 = 4.2



Maximum and Minimum Branching Ratios
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Maximum Branching Ratio for Different sin2 θ
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Maximum Branching Ratio for Different b4

400 600 800 1000
m

2
 (GeV)

0

0.2

0.4

0.6

0.8

1

B
R

(h
2
→

h
1
h

1
)

b
4
=4.2

b
4
=3.0

b
4
=1.8

b
4
=0.6

b
4
=0.2

Branching Ratio b
4
 Dependence, sin

2
θ=0.12



Maximum Width to Mass Ratio
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Resonant Double Higgs Production for Different sin2 θ
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Resonant Double Higgs Production for Different b4

400 600 800 1000
m

2
 (GeV)

0

10

20

30

σ
(p

p
→

h
2
)B

R
(h

2
→

h
1
h

1
) 

/ 
σ

S
M

(p
p

→
h

1
h

1
)

b
4
=4.2

b
4
=3.0

b
4
=1.8

b
4
=0.6

b
4
=0.2

Double Higgs Production b
4
 Dependence at 13 TeV, sin

2
θ=0.12



Summary

Standard Model double Higgs production is small, but
resonant double Higgs production is more viable for
observation at the LHC

Best case scenario, 13 TeV double Higgs production cross
section can be improved by around a factor of 30 over the
Standard Model

The parameter space of this model can be reasonably probed
at the LHC via resonant double Higgs production


