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A Brief History of New Physics
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• Historically perturbative unitarity arguments have 
reliably indicated when new, perturbative physics will 
appear:

Fermi theory:  Dimension six operators violate unitarity around 
350 GeV.  Rescued:  W boson at 80 GeV.

Light pion effective theory:  Pion scattering violates unitarity around 
1.2 GeV.  Rescued:  Axial and vector resonances at 800 MeV.

Electroweak theory:  WW scattering requires new physics around 
1.2 TeV.  Rescued:  SM Higgs boson at 125.5 GeV.  A primary motivation 
for 14 TeV LHC!



Whither Particle Physics?

H. Murayama, LP2013

!
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• Today:  Use perturbative unitarity constraints and the 
thermal dark matter hypothesis to place bounds 
on Higgs portal dark matter as well as the visible 
particles needed for annihilation.

(Aside:  Essentially, trying to replace naturalness 
arguments with more rigorous perturbative unitarity 
arguments to get a better understanding of when new 
physics will appear.)



Today’s Talk
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• Basic Philosophy

• A (Non-SUSY) Higgs portal

• Two models with fermionic dark matter

• Perturbative unitarity arguments/relic abundance 

• Bounds/Signatures

• NMSSM Higgs portal

• NMSSM review

• Perturbative unitarity arguments/relic abundance 

• Mass/bounds on SUSY Breaking scales

• Some Signatures

• Conclusions
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Basic Philosophy
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• For the basic philosophy, consider a generic Higgs 
portal:

1.  A dark Higgs that couples directly to dark matter.

2.  The dark and the SM Higgses mix to facilitate dark 
    matter annihilations.

Basic Philosophy
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• Now consider simple WW scattering amplitudes:

2

form

⟨σ|v|⟩ ∼
sin4 θ

m2
χ

or ⟨σ|v|⟩ ∼
sin2 θ cos2 θ

m2
χ

. (3)

The relation on the left is for dark matter annihila-
tion into SM higgses. The right is for annihilation into
SM fermions or weak gauge boson in the final state.
This brings us to our second important point: The
measured relic abundance in equation 1 requires sin θ
to be non-zero. Now consider, e.g., unitarity bounds
from high-energy WW scattering. The most impor-
tant contributions to the tree-level scattering ampli-
tudes are

Mgauge =
g2

4 m2
W

(s + t) (4)

MSM higgs = −
g2

4 m2
W

(s + t) cos2 θ (5)

Mdark higgs = −
g2

4 m2
W

(s + t) sin2 θ (6)

It is clear both the dark higgs and SM higgs exchange
diagrams are needed to unitarize WW scattering.
However, equation 6 assumes the dark higgs mass
is much smaller than

√
s. In practice, one can raise

the dark higgs mass to be larger than any other scale
of interest while keeping the mixing angle fixed and
non-zero. Thus, in this limit, the SM higgs amplitude
can only partially cancel out the gauge contribution
in equation 4. Consequently, partial wave unitarity
has the potential to place an upper bound on the
dark higgs mass. Now, for models where multiple
higgses mix (e.g. two higgs doublet models), one can
raise the analogy of the dark higgs mass so long as
the mixing angle is adjusted to ensure unitarity is
maintained. This bring us to our final important
point: In the limit of vanishingly small sin θ, the
SM higgs-like amplitude in equation 5 better cancels
the gauge contribution and therefore accommodates
a heavier dark higgs mass. However, because of the
relic abundance constraint, there is a lower bound
on the mixing angle and therefore an absolute upper
bound on the dark higgs mass1. In this letter, we
place unitarity as well as experimental constraints
to constrain the parameter space for a generic higgs
portal scenario. We not only bound the dark higgs
mass but also constrain the overall scale new physics

1 The caveat here is that the dark matter mass may be so large
that raising the dark higgs mass to be larger results in an
experimentally invalid relic abundance. We address this case
as well. Here we use SM higgs measurements to set an upper
bound on the dark higgs mass.

associated with the dark sector.

Before moving on, we note that unitarity
bounds [11, 12] were the essential argument for
why the SM higgs boson was expected to be dis-
covered at the LHC. Our desire is for these simple
arguments to motivate new physics searches at scales
which may be obtainable for present/near-term
experiments. For example, if the mixing between the
SM and dark higgses is large (e.g. sin θ ∼ 1/

√
2), the

unitary constraint from WW scattering alone gives

mdark higgs ! 1.4 TeV (7)

which may be in reach for the LHC14/VLHC at high
luminosity. This follows from equations 4, 5 and 48.
Using equation 2 and assuming the higgs sector is per-
turbative, the scale of new physics is of order,

u ≤ O(3 − 4 TeV). (8)

which may be possible with the next generation of
colliders.

Beyond unitarity bounds, direct detection of dark mat-
ter has become increasingly precise. The Xenon100 [8],
EDELWEISS and CDMSII [13] collaborations have
largely ruled out dark matter-nucleon scattering
events to around cross sections of 10−43-10−44 cm2.
Very roughly, these cross sections are roughly of order
(or smaller than) what one would expect with scatter-
ing with a Z boson. The next order of magnitudes in
cross section are expected with dark matter-nucleon
scattering via the higgs bosons which, considering [1],
probes the higgs portal.

In general, there are an infinite number of dark
matter models that are consistent with experiment;
however, there is a small number of neutral mediator
particles that can mix with SM particles in order
to facilitate dark matter annihilations. Given the
results of [1] and the assumption of thermal dark
matter, perhaps an important key for understanding
the nature of dark matter could be the discovery
of these mediator particles. Thus, one can map the
search for thermal dark matter to mediator particles
which, by definition, must couple non-trivially to the
SM. Already there are searches for mediators particles
such at heavy photons. This work adds a theoretical
upper limit on the parameter space of a generic higgs
portal and therefore provide focus on what may be
possible in the near future. In collaboration [9], we
focus on heavy photons with the same intent.

In the next section we introduce a model to place our
unitary bounds. The model is generic and adaptable

Basic Philosophy
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Both higgses needed to unitarize WW scattering because of the mixing.

2

form
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sin2 θ cos2 θ

m2
χ

. (3)

The relation on the left is for dark matter annihila-
tion into SM higgses. The right is for annihilation into
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from high-energy WW scattering. The most impor-
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It is clear both the dark higgs and SM higgs exchange
diagrams are needed to unitarize WW scattering.
However, equation 6 assumes the dark higgs mass
is much smaller than

√
s. In practice, one can raise

the dark higgs mass to be larger than any other scale
of interest while keeping the mixing angle fixed and
non-zero. Thus, in this limit, the SM higgs amplitude
can only partially cancel out the gauge contribution
in equation 4. Consequently, partial wave unitarity
has the potential to place an upper bound on the
dark higgs mass. Now, for models where multiple
higgses mix (e.g. two higgs doublet models), one can
raise the analogy of the dark higgs mass so long as
the mixing angle is adjusted to ensure unitarity is
maintained. This bring us to our final important
point: In the limit of vanishingly small sin θ, the
SM higgs-like amplitude in equation 5 better cancels
the gauge contribution and therefore accommodates
a heavier dark higgs mass. However, because of the
relic abundance constraint, there is a lower bound
on the mixing angle and therefore an absolute upper
bound on the dark higgs mass1. In this letter, we
place unitarity as well as experimental constraints
to constrain the parameter space for a generic higgs
portal scenario. We not only bound the dark higgs
mass but also constrain the overall scale new physics

1 The caveat here is that the dark matter mass may be so large
that raising the dark higgs mass to be larger results in an
experimentally invalid relic abundance. We address this case
as well. Here we use SM higgs measurements to set an upper
bound on the dark higgs mass.

associated with the dark sector.

Before moving on, we note that unitarity
bounds [11, 12] were the essential argument for
why the SM higgs boson was expected to be dis-
covered at the LHC. Our desire is for these simple
arguments to motivate new physics searches at scales
which may be obtainable for present/near-term
experiments. For example, if the mixing between the
SM and dark higgses is large (e.g. sin θ ∼ 1/

√
2), the

unitary constraint from WW scattering alone gives

mdark higgs ! 1.4 TeV (7)

which may be in reach for the LHC14/VLHC at high
luminosity. This follows from equations 4, 5 and 48.
Using equation 2 and assuming the higgs sector is per-
turbative, the scale of new physics is of order,

u ≤ O(3 − 4 TeV). (8)

which may be possible with the next generation of
colliders.

Beyond unitarity bounds, direct detection of dark mat-
ter has become increasingly precise. The Xenon100 [8],
EDELWEISS and CDMSII [13] collaborations have
largely ruled out dark matter-nucleon scattering
events to around cross sections of 10−43-10−44 cm2.
Very roughly, these cross sections are roughly of order
(or smaller than) what one would expect with scatter-
ing with a Z boson. The next order of magnitudes in
cross section are expected with dark matter-nucleon
scattering via the higgs bosons which, considering [1],
probes the higgs portal.

In general, there are an infinite number of dark
matter models that are consistent with experiment;
however, there is a small number of neutral mediator
particles that can mix with SM particles in order
to facilitate dark matter annihilations. Given the
results of [1] and the assumption of thermal dark
matter, perhaps an important key for understanding
the nature of dark matter could be the discovery
of these mediator particles. Thus, one can map the
search for thermal dark matter to mediator particles
which, by definition, must couple non-trivially to the
SM. Already there are searches for mediators particles
such at heavy photons. This work adds a theoretical
upper limit on the parameter space of a generic higgs
portal and therefore provide focus on what may be
possible in the near future. In collaboration [9], we
focus on heavy photons with the same intent.

In the next section we introduce a model to place our
unitary bounds. The model is generic and adaptable

• Now consider simple WW scattering amplitudes:

Basic Philosophy
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2

form

⟨σ|v|⟩ ∼
sin4 θ

m2
χ

or ⟨σ|v|⟩ ∼
sin2 θ cos2 θ

m2
χ

. (3)

The relation on the left is for dark matter annihila-
tion into SM higgses. The right is for annihilation into
SM fermions or weak gauge boson in the final state.
This brings us to our second important point: The
measured relic abundance in equation 1 requires sin θ
to be non-zero. Now consider, e.g., unitarity bounds
from high-energy WW scattering. The most impor-
tant contributions to the tree-level scattering ampli-
tudes are

Mgauge =
g2

4 m2
W

(s + t) (4)

MSM higgs = −
g2

4 m2
W

(s + t) cos2 θ (5)

Mdark higgs = −
g2

4 m2
W

(s + t) sin2 θ (6)

It is clear both the dark higgs and SM higgs exchange
diagrams are needed to unitarize WW scattering.
However, equation 6 assumes the dark higgs mass
is much smaller than

√
s. In practice, one can raise

the dark higgs mass to be larger than any other scale
of interest while keeping the mixing angle fixed and
non-zero. Thus, in this limit, the SM higgs amplitude
can only partially cancel out the gauge contribution
in equation 4. Consequently, partial wave unitarity
has the potential to place an upper bound on the
dark higgs mass. Now, for models where multiple
higgses mix (e.g. two higgs doublet models), one can
raise the analogy of the dark higgs mass so long as
the mixing angle is adjusted to ensure unitarity is
maintained. This bring us to our final important
point: In the limit of vanishingly small sin θ, the
SM higgs-like amplitude in equation 5 better cancels
the gauge contribution and therefore accommodates
a heavier dark higgs mass. However, because of the
relic abundance constraint, there is a lower bound
on the mixing angle and therefore an absolute upper
bound on the dark higgs mass1. In this letter, we
place unitarity as well as experimental constraints
to constrain the parameter space for a generic higgs
portal scenario. We not only bound the dark higgs
mass but also constrain the overall scale new physics

1 The caveat here is that the dark matter mass may be so large
that raising the dark higgs mass to be larger results in an
experimentally invalid relic abundance. We address this case
as well. Here we use SM higgs measurements to set an upper
bound on the dark higgs mass.

associated with the dark sector.

Before moving on, we note that unitarity
bounds [11, 12] were the essential argument for
why the SM higgs boson was expected to be dis-
covered at the LHC. Our desire is for these simple
arguments to motivate new physics searches at scales
which may be obtainable for present/near-term
experiments. For example, if the mixing between the
SM and dark higgses is large (e.g. sin θ ∼ 1/

√
2), the

unitary constraint from WW scattering alone gives

mdark higgs ! 1.4 TeV (7)

which may be in reach for the LHC14/VLHC at high
luminosity. This follows from equations 4, 5 and 48.
Using equation 2 and assuming the higgs sector is per-
turbative, the scale of new physics is of order,

u ≤ O(3 − 4 TeV). (8)

which may be possible with the next generation of
colliders.

Beyond unitarity bounds, direct detection of dark mat-
ter has become increasingly precise. The Xenon100 [8],
EDELWEISS and CDMSII [13] collaborations have
largely ruled out dark matter-nucleon scattering
events to around cross sections of 10−43-10−44 cm2.
Very roughly, these cross sections are roughly of order
(or smaller than) what one would expect with scatter-
ing with a Z boson. The next order of magnitudes in
cross section are expected with dark matter-nucleon
scattering via the higgs bosons which, considering [1],
probes the higgs portal.

In general, there are an infinite number of dark
matter models that are consistent with experiment;
however, there is a small number of neutral mediator
particles that can mix with SM particles in order
to facilitate dark matter annihilations. Given the
results of [1] and the assumption of thermal dark
matter, perhaps an important key for understanding
the nature of dark matter could be the discovery
of these mediator particles. Thus, one can map the
search for thermal dark matter to mediator particles
which, by definition, must couple non-trivially to the
SM. Already there are searches for mediators particles
such at heavy photons. This work adds a theoretical
upper limit on the parameter space of a generic higgs
portal and therefore provide focus on what may be
possible in the near future. In collaboration [9], we
focus on heavy photons with the same intent.

In the next section we introduce a model to place our
unitary bounds. The model is generic and adaptable

• As the dark Higgs mass is raised, one is forced to set           
the mixing angle to zero to satisfy unitarity.      

• Now consider simple WW scattering amplitudes:

Basic Philosophy

Both higgses needed to unitarize WW scattering because of the mixing.
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• However, (in the decoupled dark Higgs limit) the relic 
abundance prevents               .       

DM SM Higgs DM SM

2

form

⟨σ|v|⟩ ∼
sin4 θ

m2
χ

or ⟨σ|v|⟩ ∼
sin2 θ cos2 θ

m2
χ

. (3)

The relation on the left is for dark matter annihila-
tion into SM higgses. The right is for annihilation into
SM fermions or weak gauge boson in the final state.
This brings us to our second important point: The
measured relic abundance in equation 1 requires sin θ
to be non-zero. Now consider, e.g., unitarity bounds
from high-energy WW scattering. The most impor-
tant contributions to the tree-level scattering ampli-
tudes are

Mgauge =
g2

4 m2
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(s + t) (4)
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4 m2
W

(s + t) cos2 θ (5)
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It is clear both the dark higgs and SM higgs exchange
diagrams are needed to unitarize WW scattering.
However, equation 6 assumes the dark higgs mass
is much smaller than

√
s. In practice, one can raise

the dark higgs mass to be larger than any other scale
of interest while keeping the mixing angle fixed and
non-zero. Thus, in this limit, the SM higgs amplitude
can only partially cancel out the gauge contribution
in equation 4. Consequently, partial wave unitarity
has the potential to place an upper bound on the
dark higgs mass. Now, for models where multiple
higgses mix (e.g. two higgs doublet models), one can
raise the analogy of the dark higgs mass so long as
the mixing angle is adjusted to ensure unitarity is
maintained. This bring us to our final important
point: In the limit of vanishingly small sin θ, the
SM higgs-like amplitude in equation 5 better cancels
the gauge contribution and therefore accommodates
a heavier dark higgs mass. However, because of the
relic abundance constraint, there is a lower bound
on the mixing angle and therefore an absolute upper
bound on the dark higgs mass1. In this letter, we
place unitarity as well as experimental constraints
to constrain the parameter space for a generic higgs
portal scenario. We not only bound the dark higgs
mass but also constrain the overall scale new physics

1 The caveat here is that the dark matter mass may be so large
that raising the dark higgs mass to be larger results in an
experimentally invalid relic abundance. We address this case
as well. Here we use SM higgs measurements to set an upper
bound on the dark higgs mass.

associated with the dark sector.
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Using equation 2 and assuming the higgs sector is per-
turbative, the scale of new physics is of order,

u ≤ O(3 − 4 TeV). (8)

which may be possible with the next generation of
colliders.

Beyond unitarity bounds, direct detection of dark mat-
ter has become increasingly precise. The Xenon100 [8],
EDELWEISS and CDMSII [13] collaborations have
largely ruled out dark matter-nucleon scattering
events to around cross sections of 10−43-10−44 cm2.
Very roughly, these cross sections are roughly of order
(or smaller than) what one would expect with scatter-
ing with a Z boson. The next order of magnitudes in
cross section are expected with dark matter-nucleon
scattering via the higgs bosons which, considering [1],
probes the higgs portal.

In general, there are an infinite number of dark
matter models that are consistent with experiment;
however, there is a small number of neutral mediator
particles that can mix with SM particles in order
to facilitate dark matter annihilations. Given the
results of [1] and the assumption of thermal dark
matter, perhaps an important key for understanding
the nature of dark matter could be the discovery
of these mediator particles. Thus, one can map the
search for thermal dark matter to mediator particles
which, by definition, must couple non-trivially to the
SM. Already there are searches for mediators particles
such at heavy photons. This work adds a theoretical
upper limit on the parameter space of a generic higgs
portal and therefore provide focus on what may be
possible in the near future. In collaboration [9], we
focus on heavy photons with the same intent.

In the next section we introduce a model to place our
unitary bounds. The model is generic and adaptable
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√
s. In practice, one can raise

the dark higgs mass to be larger than any other scale
of interest while keeping the mixing angle fixed and
non-zero. Thus, in this limit, the SM higgs amplitude
can only partially cancel out the gauge contribution
in equation 4. Consequently, partial wave unitarity
has the potential to place an upper bound on the
dark higgs mass. Now, for models where multiple
higgses mix (e.g. two higgs doublet models), one can
raise the analogy of the dark higgs mass so long as
the mixing angle is adjusted to ensure unitarity is
maintained. This bring us to our final important
point: In the limit of vanishingly small sin θ, the
SM higgs-like amplitude in equation 5 better cancels
the gauge contribution and therefore accommodates
a heavier dark higgs mass. However, because of the
relic abundance constraint, there is a lower bound
on the mixing angle and therefore an absolute upper
bound on the dark higgs mass1. In this letter, we
place unitarity as well as experimental constraints
to constrain the parameter space for a generic higgs
portal scenario. We not only bound the dark higgs
mass but also constrain the overall scale new physics

1 The caveat here is that the dark matter mass may be so large
that raising the dark higgs mass to be larger results in an
experimentally invalid relic abundance. We address this case
as well. Here we use SM higgs measurements to set an upper
bound on the dark higgs mass.

associated with the dark sector.

Before moving on, we note that unitarity
bounds [11, 12] were the essential argument for
why the SM higgs boson was expected to be dis-
covered at the LHC. Our desire is for these simple
arguments to motivate new physics searches at scales
which may be obtainable for present/near-term
experiments. For example, if the mixing between the
SM and dark higgses is large (e.g. sin θ ∼ 1/

√
2), the

unitary constraint from WW scattering alone gives

mdark higgs ! 1.4 TeV (7)

which may be in reach for the LHC14/VLHC at high
luminosity. This follows from equations 4, 5 and 48.
Using equation 2 and assuming the higgs sector is per-
turbative, the scale of new physics is of order,

u ≤ O(3 − 4 TeV). (8)

which may be possible with the next generation of
colliders.

Beyond unitarity bounds, direct detection of dark mat-
ter has become increasingly precise. The Xenon100 [8],
EDELWEISS and CDMSII [13] collaborations have
largely ruled out dark matter-nucleon scattering
events to around cross sections of 10−43-10−44 cm2.
Very roughly, these cross sections are roughly of order
(or smaller than) what one would expect with scatter-
ing with a Z boson. The next order of magnitudes in
cross section are expected with dark matter-nucleon
scattering via the higgs bosons which, considering [1],
probes the higgs portal.

In general, there are an infinite number of dark
matter models that are consistent with experiment;
however, there is a small number of neutral mediator
particles that can mix with SM particles in order
to facilitate dark matter annihilations. Given the
results of [1] and the assumption of thermal dark
matter, perhaps an important key for understanding
the nature of dark matter could be the discovery
of these mediator particles. Thus, one can map the
search for thermal dark matter to mediator particles
which, by definition, must couple non-trivially to the
SM. Already there are searches for mediators particles
such at heavy photons. This work adds a theoretical
upper limit on the parameter space of a generic higgs
portal and therefore provide focus on what may be
possible in the near future. In collaboration [9], we
focus on heavy photons with the same intent.

In the next section we introduce a model to place our
unitary bounds. The model is generic and adaptable
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C. Scalar Dark Matter Considerations

Scalar dark matter has the form

L = λχ φ∗φχ∗ χ + λχh h†h χ∗ χ + λχ′ (χ∗χ)2, (130)

where χ is a real scalar. When we discuss scalar dark
matter we always make the assumption that λχh → 0.
Any unitary constraints on scalar dark matter must
constrains both λχ′ and λχ independently.

C.2. Bosonic Relic Abundance

We have the following s-channel processes contributing
to the relic abundance

χ + χ → q̄ + q χ + χ → W + W (131)

χ + χ → l̄ + l χ + χ → Z + Z. (132)

Here q = u, d, c, s, t, b and l = e, µ, τ . In addition we
have the s- and t-channel diagrams

χ + χ → h + h. (133)

The thermally averaged cross section (in the low ve-
locity limit) is

⟨σ|v|⟩b =
(λχ g u sin θ cos θ)2

4π m2
W

(

∑

f
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(

m2
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f
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(
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h

)2

+
3m4

W

2 m3
χ
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W
(
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h

)2 +
2
(
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W

)3/2

mχ
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h

)2
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(

4m4
χ + 3m4

Z − 4m2
χm2

Z

)

√

m2
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Z

2 m3
χ

(

4m2
χ − m2

h

)2

)

+
(λχu sin θ)2

√
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χ − m2

h

2 π m3
χ

(

9 λ2
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(

m2
h − 4m2

χ

)2

+
λ2

χu2 sin2 θ
(

m2
h − 2m2

χ

)2

)

+ . . . (134)

D.1. Effective Potential

In this section, we compute the quadratic and loga-
rithmic divergent pieces one-loop effective potential.
It is certainly true that additional symmetries in the
higgs sector can change the divergence structure of
the effective potential. The results in this section are
model dependent. We use the potential to constrain..

The unitarity bounds on the higgs portal con-
strain λ1−3. Inevitably, there will be points in
parameter space that pass the unitarity constraints
with relatively large values for λ2,3. For relatively
large values of λ2,3, it is important to be sure the
one-loop effective potential does not spoil electroweak
(or dark) symmetry breaking minimum in equation 11.

At one-loop, the tree-level effective potential for
the SM higgs gets quadratically and logarithmically
divergent corrections. The SM higgs potential..
Generically, modifications go as

δ Veff quadratic =
Λ2

16 π2
trM2(h) (135)

δ Veff logarithmic = tr M4(h) log
M2(h)

Λ2
(136)

where M2 Here Λ is the cutoff to the effective theory.
In addition to the tree level potential (at one loop),

we

sin θ → 0 (137)
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. (3)

The relation on the left is for dark matter annihila-
tion into SM higgses. The right is for annihilation into
SM fermions or weak gauge boson in the final state.
This brings us to our second important point: The
measured relic abundance in equation 1 requires sin θ
to be non-zero. Now consider, e.g., unitarity bounds
from high-energy WW scattering. The most impor-
tant contributions to the tree-level scattering ampli-
tudes are

Mgauge =
g2

4 m2
W

(s + t) (4)

MSM higgs = −
g2

4 m2
W

(s + t) cos2 θ (5)

Mdark higgs = −
g2

4 m2
W

(s + t) sin2 θ (6)

It is clear both the dark higgs and SM higgs exchange
diagrams are needed to unitarize WW scattering.
However, equation 6 assumes the dark higgs mass
is much smaller than

√
s. In practice, one can raise

the dark higgs mass to be larger than any other scale
of interest while keeping the mixing angle fixed and
non-zero. Thus, in this limit, the SM higgs amplitude
can only partially cancel out the gauge contribution
in equation 4. Consequently, partial wave unitarity
has the potential to place an upper bound on the
dark higgs mass. Now, for models where multiple
higgses mix (e.g. two higgs doublet models), one can
raise the analogy of the dark higgs mass so long as
the mixing angle is adjusted to ensure unitarity is
maintained. This bring us to our final important
point: In the limit of vanishingly small sin θ, the
SM higgs-like amplitude in equation 5 better cancels
the gauge contribution and therefore accommodates
a heavier dark higgs mass. However, because of the
relic abundance constraint, there is a lower bound
on the mixing angle and therefore an absolute upper
bound on the dark higgs mass1. In this letter, we
place unitarity as well as experimental constraints
to constrain the parameter space for a generic higgs
portal scenario. We not only bound the dark higgs
mass but also constrain the overall scale new physics

1 The caveat here is that the dark matter mass may be so large
that raising the dark higgs mass to be larger results in an
experimentally invalid relic abundance. We address this case
as well. Here we use SM higgs measurements to set an upper
bound on the dark higgs mass.

associated with the dark sector.

Before moving on, we note that unitarity
bounds [11, 12] were the essential argument for
why the SM higgs boson was expected to be dis-
covered at the LHC. Our desire is for these simple
arguments to motivate new physics searches at scales
which may be obtainable for present/near-term
experiments. For example, if the mixing between the
SM and dark higgses is large (e.g. sin θ ∼ 1/

√
2), the

unitary constraint from WW scattering alone gives

mdark higgs ! 1.4 TeV (7)

which may be in reach for the LHC14/VLHC at high
luminosity. This follows from equations 4, 5 and 48.
Using equation 2 and assuming the higgs sector is per-
turbative, the scale of new physics is of order,

u ≤ O(3 − 4 TeV). (8)

which may be possible with the next generation of
colliders.

Beyond unitarity bounds, direct detection of dark mat-
ter has become increasingly precise. The Xenon100 [8],
EDELWEISS and CDMSII [13] collaborations have
largely ruled out dark matter-nucleon scattering
events to around cross sections of 10−43-10−44 cm2.
Very roughly, these cross sections are roughly of order
(or smaller than) what one would expect with scatter-
ing with a Z boson. The next order of magnitudes in
cross section are expected with dark matter-nucleon
scattering via the higgs bosons which, considering [1],
probes the higgs portal.

In general, there are an infinite number of dark
matter models that are consistent with experiment;
however, there is a small number of neutral mediator
particles that can mix with SM particles in order
to facilitate dark matter annihilations. Given the
results of [1] and the assumption of thermal dark
matter, perhaps an important key for understanding
the nature of dark matter could be the discovery
of these mediator particles. Thus, one can map the
search for thermal dark matter to mediator particles
which, by definition, must couple non-trivially to the
SM. Already there are searches for mediators particles
such at heavy photons. This work adds a theoretical
upper limit on the parameter space of a generic higgs
portal and therefore provide focus on what may be
possible in the near future. In collaboration [9], we
focus on heavy photons with the same intent.

In the next section we introduce a model to place our
unitary bounds. The model is generic and adaptable
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largely ruled out dark matter-nucleon scattering
events to around cross sections of 10−43-10−44 cm2.
Very roughly, these cross sections are roughly of order
(or smaller than) what one would expect with scatter-
ing with a Z boson. The next order of magnitudes in
cross section are expected with dark matter-nucleon
scattering via the higgs bosons which, considering [1],
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In general, there are an infinite number of dark
matter models that are consistent with experiment;
however, there is a small number of neutral mediator
particles that can mix with SM particles in order
to facilitate dark matter annihilations. Given the
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matter, perhaps an important key for understanding
the nature of dark matter could be the discovery
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such at heavy photons. This work adds a theoretical
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portal and therefore provide focus on what may be
possible in the near future. In collaboration [9], we
focus on heavy photons with the same intent.

In the next section we introduce a model to place our
unitary bounds. The model is generic and adaptable

SM Higgs

Basic Philosophy

• However, (in the decoupled dark Higgs limit) the relic 
abundance prevents               .       

16

C. Scalar Dark Matter Considerations

Scalar dark matter has the form

L = λχ φ∗φχ∗ χ + λχh h†h χ∗ χ + λχ′ (χ∗χ)2, (130)

where χ is a real scalar. When we discuss scalar dark
matter we always make the assumption that λχh → 0.
Any unitary constraints on scalar dark matter must
constrains both λχ′ and λχ independently.

C.2. Bosonic Relic Abundance

We have the following s-channel processes contributing
to the relic abundance

χ + χ → q̄ + q χ + χ → W + W (131)

χ + χ → l̄ + l χ + χ → Z + Z. (132)

Here q = u, d, c, s, t, b and l = e, µ, τ . In addition we
have the s- and t-channel diagrams

χ + χ → h + h. (133)

The thermally averaged cross section (in the low ve-
locity limit) is
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D.1. Effective Potential

In this section, we compute the quadratic and loga-
rithmic divergent pieces one-loop effective potential.
It is certainly true that additional symmetries in the
higgs sector can change the divergence structure of
the effective potential. The results in this section are
model dependent. We use the potential to constrain..

The unitarity bounds on the higgs portal con-
strain λ1−3. Inevitably, there will be points in
parameter space that pass the unitarity constraints
with relatively large values for λ2,3. For relatively
large values of λ2,3, it is important to be sure the
one-loop effective potential does not spoil electroweak
(or dark) symmetry breaking minimum in equation 11.

At one-loop, the tree-level effective potential for
the SM higgs gets quadratically and logarithmically
divergent corrections. The SM higgs potential..
Generically, modifications go as

δ Veff quadratic =
Λ2

16 π2
trM2(h) (135)

δ Veff logarithmic = tr M4(h) log
M2(h)

Λ2
(136)

where M2 Here Λ is the cutoff to the effective theory.
In addition to the tree level potential (at one loop),

we

sin θ → 0 (137)
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The relation on the left is for dark matter annihila-
tion into SM higgses. The right is for annihilation into
SM fermions or weak gauge boson in the final state.
This brings us to our second important point: The
measured relic abundance in equation 1 requires sin θ
to be non-zero. Now consider, e.g., unitarity bounds
from high-energy WW scattering. The most impor-
tant contributions to the tree-level scattering ampli-
tudes are

Mgauge =
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W
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MSM higgs = −
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4 m2
W

(s + t) cos2 θ (5)

Mdark higgs = −
g2

4 m2
W
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It is clear both the dark higgs and SM higgs exchange
diagrams are needed to unitarize WW scattering.
However, equation 6 assumes the dark higgs mass
is much smaller than

√
s. In practice, one can raise

the dark higgs mass to be larger than any other scale
of interest while keeping the mixing angle fixed and
non-zero. Thus, in this limit, the SM higgs amplitude
can only partially cancel out the gauge contribution
in equation 4. Consequently, partial wave unitarity
has the potential to place an upper bound on the
dark higgs mass. Now, for models where multiple
higgses mix (e.g. two higgs doublet models), one can
raise the analogy of the dark higgs mass so long as
the mixing angle is adjusted to ensure unitarity is
maintained. This bring us to our final important
point: In the limit of vanishingly small sin θ, the
SM higgs-like amplitude in equation 5 better cancels
the gauge contribution and therefore accommodates
a heavier dark higgs mass. However, because of the
relic abundance constraint, there is a lower bound
on the mixing angle and therefore an absolute upper
bound on the dark higgs mass1. In this letter, we
place unitarity as well as experimental constraints
to constrain the parameter space for a generic higgs
portal scenario. We not only bound the dark higgs
mass but also constrain the overall scale new physics

1 The caveat here is that the dark matter mass may be so large
that raising the dark higgs mass to be larger results in an
experimentally invalid relic abundance. We address this case
as well. Here we use SM higgs measurements to set an upper
bound on the dark higgs mass.

associated with the dark sector.

Before moving on, we note that unitarity
bounds [11, 12] were the essential argument for
why the SM higgs boson was expected to be dis-
covered at the LHC. Our desire is for these simple
arguments to motivate new physics searches at scales
which may be obtainable for present/near-term
experiments. For example, if the mixing between the
SM and dark higgses is large (e.g. sin θ ∼ 1/

√
2), the

unitary constraint from WW scattering alone gives

mdark higgs ! 1.4 TeV (7)

which may be in reach for the LHC14/VLHC at high
luminosity. This follows from equations 4, 5 and 48.
Using equation 2 and assuming the higgs sector is per-
turbative, the scale of new physics is of order,

u ≤ O(3 − 4 TeV). (8)

which may be possible with the next generation of
colliders.

Beyond unitarity bounds, direct detection of dark mat-
ter has become increasingly precise. The Xenon100 [8],
EDELWEISS and CDMSII [13] collaborations have
largely ruled out dark matter-nucleon scattering
events to around cross sections of 10−43-10−44 cm2.
Very roughly, these cross sections are roughly of order
(or smaller than) what one would expect with scatter-
ing with a Z boson. The next order of magnitudes in
cross section are expected with dark matter-nucleon
scattering via the higgs bosons which, considering [1],
probes the higgs portal.

In general, there are an infinite number of dark
matter models that are consistent with experiment;
however, there is a small number of neutral mediator
particles that can mix with SM particles in order
to facilitate dark matter annihilations. Given the
results of [1] and the assumption of thermal dark
matter, perhaps an important key for understanding
the nature of dark matter could be the discovery
of these mediator particles. Thus, one can map the
search for thermal dark matter to mediator particles
which, by definition, must couple non-trivially to the
SM. Already there are searches for mediators particles
such at heavy photons. This work adds a theoretical
upper limit on the parameter space of a generic higgs
portal and therefore provide focus on what may be
possible in the near future. In collaboration [9], we
focus on heavy photons with the same intent.

In the next section we introduce a model to place our
unitary bounds. The model is generic and adaptable
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C. Scalar Dark Matter Considerations

Scalar dark matter has the form

L = λχ φ∗φχ∗ χ + λχh h†h χ∗ χ + λχ′ (χ∗χ)2, (130)

where χ is a real scalar. When we discuss scalar dark
matter we always make the assumption that λχh → 0.
Any unitary constraints on scalar dark matter must
constrains both λχ′ and λχ independently.

C.2. Bosonic Relic Abundance

We have the following s-channel processes contributing
to the relic abundance

χ + χ → q̄ + q χ + χ → W + W (131)

χ + χ → l̄ + l χ + χ → Z + Z. (132)

Here q = u, d, c, s, t, b and l = e, µ, τ . In addition we
have the s- and t-channel diagrams

χ + χ → h + h. (133)

The thermally averaged cross section (in the low ve-
locity limit) is
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D.1. Effective Potential

In this section, we compute the quadratic and loga-
rithmic divergent pieces one-loop effective potential.
It is certainly true that additional symmetries in the
higgs sector can change the divergence structure of
the effective potential. The results in this section are
model dependent. We use the potential to constrain..

The unitarity bounds on the higgs portal con-
strain λ1−3. Inevitably, there will be points in
parameter space that pass the unitarity constraints
with relatively large values for λ2,3. For relatively
large values of λ2,3, it is important to be sure the
one-loop effective potential does not spoil electroweak
(or dark) symmetry breaking minimum in equation 11.

At one-loop, the tree-level effective potential for
the SM higgs gets quadratically and logarithmically
divergent corrections. The SM higgs potential..
Generically, modifications go as

δ Veff quadratic =
Λ2

16 π2
trM2(h) (135)

δ Veff logarithmic = tr M4(h) log
M2(h)

Λ2
(136)

where M2 Here Λ is the cutoff to the effective theory.
In addition to the tree level potential (at one loop),

we

sin θ → 0 (137)
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• General Philosophy:  

Generate tension between unitarity and low-
energy observables (e.g. relic abundance) to 
produce upper bounds on new particles.

• Basic claim:  

Relic abundance constraints (WIMP dark matter) + 

SM Higgs mass constraints +

Unitarity constraints = New (tighter) Physics Bounds
 

Basic Philosophy
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• A Higgs portal: 

4

where the primes are the mass eigenstates. For brevity
going forward, we refer to both the mass eigenstates
without primes. In the limit of u ≫ v,

cos θ ∼ 1 −
λ2

3 v2

8λ2
2 u2

sin θ ∼
λ3 v

2λ2 u
. (19)

As expected, the decoupling limit requires λ3 → 0
and/or sending the dark vev, u, to infinity.

In the introduction, we asserted that the mass
of the dark Higgs could be raised while keeping the
mixing angle constant. We can now make this ex-
plicit. The dark Higgs mass and sin θ have a different
parametric dependence on λ2,

mρ ∼
√

2λ2 u sin θ ∼
λ3 v

2λ2 u
. (20)

Because of this dependence as u is increased to in-
finity, λ2 can be reduced to keep sin θ fixed. Before
moving on, we note the dark Higgs mass does not have
to be the result of spontaneously broken symmetry.
Although this is not exactly a Higgs portal, one can
simply mix a real, massive scalar with the SM Higgs
to generate a potential analogous to equation (13). We
comment on this case in the Appendix.

III.2. Dark Matter Sector

We focus on fermonic dark matter4. For simplicity,
we assume the dark Higgs is solely responsible for the
dark matter mass. The discrete symmetries in equa-
tions (10)-(12) forbid tree-level majorana mass terms
generated from the dark symmetry breaking. Having
majorana mass terms just introduces more parameters
to constrain. The dark matter sector now has the fol-
lowing Yukawa terms,

L = χ
(

λχV
+ iλχA

γ5

)

Φχ. (21)

We have included both with scalar and psuedo-scalar
couplings. In equation (21) we defined

χ =

(

ψ
ξ

)

Φ =

(

φ
φ

)

. (22)

The dark Higgs gives the dark matter candidates the
following mass

mχ =
(√

λ2
χV

+ λ2
χA

u
)

/
√

2 ≡ λχu
/
√

2. (23)

4 Scalar dark matter requires a mechanism to stabilize it’s mass
from large quantum corrections. We comment on potential
differences when one considers bosonic dark matter in the Ap-
pendix

We often use λχ to represent both the scalar and
psuedoscalar couplings. We are focusing on a model
where the dark matter obtains all of its mass from
a new dark symmetry breaking scale. The Higgs
portal is defined by this requirement [14]. However
in [12], we weaken this requirement and consider the
associated bounds.

It has been shown [21] that the scalar and psuedo-
scalar couplings in equation (21) are needed to
generate the most unconstrained Higgs portal sce-
nario. We therefore explore two scenarios,

Model 1: λχ A = 0,

Model 2: λχ A and λχ V are non-zero,

and provide unitarity bounds for each. As we
will see in Section V., the dark matter in Model 1
can only annihilate only through t-channel fermion
exchange. The dark matter in Model 2 can annihilate
through both s-channel and t-channel diagrams. This
difference forces the Higgs mixing angle, on average,
to be larger for Model 1 in comparison to Model 2 for
a given dark matter mass. This difference leads to
stronger bounds on Model 1.

III.3. Couplings

As in Section I, here we emphasize that the Higgs mix-
ing modifies the SM and dark Higgs couplings by sines
and cosines. For example,

Γµν(WWh) = i g mW cos θ gµν (24)

Γ(χ̄χh) = −i
(

λχV
+ iλχA

γ5

)

sin θ/
√

2 (25)

Additionally through mixing, all couplings in the Higgs
potential are a function of both the dark and elec-
troweak vev as well as sines and cosines in relatively
complex ways. The Appendix lists all the couplings in
the Higgs potential after mixing for reference. For the
above, it is clear in the decoupling limit that the SM
Higgs couples to the SM particles with SM values.

IV. GENERIC HIGGS PORTAL

We are most familiar with unitarity constraints in the
electroweak sector. There the only unknown parame-
ter is the quartic coupling, λSM, in the SM Higgs po-
tential,

Velectroweak = λSM

(

h†h −
v2

2

)2

(26)

3

Both the dark Higgs and SM Higgs exchange diagrams
are needed to unitarize WW scattering! Equation (6)
assumes the dark Higgs mass is much smaller than

√
s.

In practice, the dark Higgs mass can be raised to be
much larger than any other scale of interest while keep-
ing the mixing angle fixed and non-zero3. In this limit,
the SM Higgs amplitude can only partially cancel out
the gauge contribution in equation (4). Consequently,
partial wave unitarity has the potential to place an up-
per bound on the dark Higgs mass. This brings us to
our final point.

3. In the limit of small sin θ, the SM Higgs am-
plitude in equation (5) cancels most of the
gauge contribution and therefore accommodates
a heavier dark Higgs mass. However, because of
the relic abundance constraint, there is a lower
bound on the mixing angle and therefore an ab-
solute upper bound on how heavy the dark Higgs
mass can be.

Beyond the dark Higgs mass, we can also place a
bound on the dark symmetry breaking scale. If the
mixing between the SM and dark Higgses is large
(e.g., sin θ ∼ 1/

√
2), the unitary constraint from WW

scattering alone gives

mdark Higgs ! 1.4 TeV. (7)

This estimate follows from equations (4), (5) and (51).
The LHC14/VLHC at high luminosity likely will be
able probe these scales. Using equation (2) and as-
suming the couplings in the Higgs sector are O(1), the
scale of new physics is roughly,

u ≤ O(3 − 4 TeV). (8)

which may be possible to directly probe with the next
generation of colliders.

In the coming sections, we make these basic ar-
guments explicit and constrain the basic Higgs portal
parameters. Even though there is an interplay be-
tween constraints from unitarity and the dark matter
relic abundance, we refer to the derived bounds as
unitarity constraints. Before moving on, we note that
unitarity bounds [19, 20] were the essential argument
for why the SM Higgs boson was expected to be
discovered at the LHC. Our desire is for these simple
arguments to motivate new searches for physics at
scales which may be obtainable for present/near-term
experiments.

3 We demonstrate this explicitly in Section III.

III. A REPRESENTATIVE MODEL

Without loss of generality, we consider a model in
which a chiral Z2 is broken to the diagonal,

Z2 × Z2 → Z2. (9)

The resulting Z2 stabilizes the dark matter candidates.
The dark matter (ψ, ξ) and dark Higgs (φ) transform
under the chiral symmetry as,

φ → (−,−) φ (10)

ξ → (−, +) ξ, (11)

ψ → (+,−) ψ, (12)

where the entries in parenthesis notate if the particle
is even or odd under the first or second Z2. Without
loss of generality we focus on fermonic dark matter
and comment in the Appendix on any differences when
considering bosonic dark matter.

III.1. A Generic Higgs Sector

The SM Higgs (h) is neutral under the discrete chiral
symmetry. The Higgs potential is,

V = λ1

(

h†h −
v2

2

)2

+ λ2

(

φ2 −
u2

2

)2

(13)

+ λ3

(

h†h −
v2

2

)(

φ2 −
u2

2

)

,

where v and u are the electroweak and dark vevs, re-
spectively. We parametrize the Higgs and Goldstone
boson as

φ = (u + ρ)/
√

2 (14)

where ρ is the dark Higgs. It is clear the dark vev is
even under the diagonal Z2. The resulting mass matrix
is

M2 =

(

2λ1v2 λ3 u v
λ3 u v 2λ2 u2

)

. (15)

The Higgs masses are

m2
h = 2λ1v

2

(

1 −
λ2

3

4λ1λ2
+ . . .

)

(16)

m2
ρ = 2λ2 u2

(

1 +
λ2

3

4λ2
2

v2

u2
+ . . .

)

(17)

where mh is the SM Higgs mass and is fixed to 125.5
GeV. mρ is the dark Higgs mass. The Higgses mix in
the mass matrix,

(

h′

ρ′

)

=

(

cos θ − sin θ
sin θ cos θ

) (

h
ρ

)

, (18)

3

Both the dark Higgs and SM Higgs exchange diagrams
are needed to unitarize WW scattering! Equation (6)
assumes the dark Higgs mass is much smaller than

√
s.

In practice, the dark Higgs mass can be raised to be
much larger than any other scale of interest while keep-
ing the mixing angle fixed and non-zero3. In this limit,
the SM Higgs amplitude can only partially cancel out
the gauge contribution in equation (4). Consequently,
partial wave unitarity has the potential to place an up-
per bound on the dark Higgs mass. This brings us to
our final point.

3. In the limit of small sin θ, the SM Higgs am-
plitude in equation (5) cancels most of the
gauge contribution and therefore accommodates
a heavier dark Higgs mass. However, because of
the relic abundance constraint, there is a lower
bound on the mixing angle and therefore an ab-
solute upper bound on how heavy the dark Higgs
mass can be.

Beyond the dark Higgs mass, we can also place a
bound on the dark symmetry breaking scale. If the
mixing between the SM and dark Higgses is large
(e.g., sin θ ∼ 1/

√
2), the unitary constraint from WW

scattering alone gives

mdark Higgs ! 1.4 TeV. (7)

This estimate follows from equations (4), (5) and (51).
The LHC14/VLHC at high luminosity likely will be
able probe these scales. Using equation (2) and as-
suming the couplings in the Higgs sector are O(1), the
scale of new physics is roughly,

u ≤ O(3 − 4 TeV). (8)

which may be possible to directly probe with the next
generation of colliders.

In the coming sections, we make these basic ar-
guments explicit and constrain the basic Higgs portal
parameters. Even though there is an interplay be-
tween constraints from unitarity and the dark matter
relic abundance, we refer to the derived bounds as
unitarity constraints. Before moving on, we note that
unitarity bounds [19, 20] were the essential argument
for why the SM Higgs boson was expected to be
discovered at the LHC. Our desire is for these simple
arguments to motivate new searches for physics at
scales which may be obtainable for present/near-term
experiments.

3 We demonstrate this explicitly in Section III.

III. A REPRESENTATIVE MODEL

Without loss of generality, we consider a model in
which a chiral Z2 is broken to the diagonal,

Z2 × Z2 → Z2. (9)

The resulting Z2 stabilizes the dark matter candidates.
The dark matter (ψ, ξ) and dark Higgs (φ) transform
under the chiral symmetry as,

φ → (−,−) φ (10)

ξ → (−, +) ξ, (11)

ψ → (+,−) ψ, (12)

where the entries in parenthesis notate if the particle
is even or odd under the first or second Z2. Without
loss of generality we focus on fermonic dark matter
and comment in the Appendix on any differences when
considering bosonic dark matter.

III.1. A Generic Higgs Sector

The SM Higgs (h) is neutral under the discrete chiral
symmetry. The Higgs potential is,

V = λ1

(

h†h −
v2

2

)2

+ λ2

(

φ2 −
u2

2

)2

(13)

+ λ3

(

h†h −
v2

2

)(

φ2 −
u2

2

)

,

where v and u are the electroweak and dark vevs, re-
spectively. We parametrize the Higgs and Goldstone
boson as

φ = (u + ρ)/
√

2 (14)

where ρ is the dark Higgs. It is clear the dark vev is
even under the diagonal Z2. The resulting mass matrix
is

M2 =

(

2λ1v2 λ3 u v
λ3 u v 2λ2 u2

)

. (15)

The Higgs masses are

m2
h = 2λ1v

2

(

1 −
λ2

3

4λ1λ2
+ . . .

)

(16)

m2
ρ = 2λ2 u2

(

1 +
λ2

3

4λ2
2

v2

u2
+ . . .

)

(17)

where mh is the SM Higgs mass and is fixed to 125.5
GeV. mρ is the dark Higgs mass. The Higgses mix in
the mass matrix,

(

h′

ρ′

)

=

(

cos θ − sin θ
sin θ cos θ

) (

h
ρ

)

, (18)
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3

Both the dark Higgs and SM Higgs exchange diagrams
are needed to unitarize WW scattering! Equation (6)
assumes the dark Higgs mass is much smaller than

√
s.

In practice, the dark Higgs mass can be raised to be
much larger than any other scale of interest while keep-
ing the mixing angle fixed and non-zero3. In this limit,
the SM Higgs amplitude can only partially cancel out
the gauge contribution in equation (4). Consequently,
partial wave unitarity has the potential to place an up-
per bound on the dark Higgs mass. This brings us to
our final point.

3. In the limit of small sin θ, the SM Higgs am-
plitude in equation (5) cancels most of the
gauge contribution and therefore accommodates
a heavier dark Higgs mass. However, because of
the relic abundance constraint, there is a lower
bound on the mixing angle and therefore an ab-
solute upper bound on how heavy the dark Higgs
mass can be.

Beyond the dark Higgs mass, we can also place a
bound on the dark symmetry breaking scale. If the
mixing between the SM and dark Higgses is large
(e.g., sin θ ∼ 1/

√
2), the unitary constraint from WW

scattering alone gives

mdark Higgs ! 1.4 TeV. (7)

This estimate follows from equations (4), (5) and (51).
The LHC14/VLHC at high luminosity likely will be
able probe these scales. Using equation (2) and as-
suming the couplings in the Higgs sector are O(1), the
scale of new physics is roughly,

u ≤ O(3 − 4 TeV). (8)

which may be possible to directly probe with the next
generation of colliders.

In the coming sections, we make these basic ar-
guments explicit and constrain the basic Higgs portal
parameters. Even though there is an interplay be-
tween constraints from unitarity and the dark matter
relic abundance, we refer to the derived bounds as
unitarity constraints. Before moving on, we note that
unitarity bounds [19, 20] were the essential argument
for why the SM Higgs boson was expected to be
discovered at the LHC. Our desire is for these simple
arguments to motivate new searches for physics at
scales which may be obtainable for present/near-term
experiments.

3 We demonstrate this explicitly in Section III.

III. A REPRESENTATIVE MODEL

Without loss of generality, we consider a model in
which a chiral Z2 is broken to the diagonal,

Z2 × Z2 → Z2. (9)

The resulting Z2 stabilizes the dark matter candidates.
The dark matter (ψ, ξ) and dark Higgs (φ) transform
under the chiral symmetry as,

φ → (−,−) φ (10)

ξ → (−, +) ξ, (11)

ψ → (+,−) ψ, (12)

where the entries in parenthesis notate if the particle
is even or odd under the first or second Z2. Without
loss of generality we focus on fermonic dark matter
and comment in the Appendix on any differences when
considering bosonic dark matter.

III.1. A Generic Higgs Sector

The SM Higgs (h) is neutral under the discrete chiral
symmetry. The Higgs potential is,

V = λ1

(

h†h −
v2

2

)2

+ λ2

(

φ2 −
u2

2

)2

(13)

+ λ3

(

h†h −
v2

2

)(

φ2 −
u2

2

)

,

where v and u are the electroweak and dark vevs, re-
spectively. We parametrize the Higgs and Goldstone
boson as

φ = (u + ρ)/
√

2 (14)

where ρ is the dark Higgs. It is clear the dark vev is
even under the diagonal Z2. The resulting mass matrix
is

M2 =

(

2λ1v2 λ3 u v
λ3 u v 2λ2 u2

)

. (15)

The Higgs masses are

m2
h = 2λ1v

2

(

1 −
λ2

3

4λ1λ2
+ . . .

)

(16)

m2
ρ = 2λ2 u2

(

1 +
λ2

3

4λ2
2

v2

u2
+ . . .

)

(17)

where mh is the SM Higgs mass and is fixed to 125.5
GeV. mρ is the dark Higgs mass. The Higgses mix in
the mass matrix,

(

h′

ρ′

)

=

(

cos θ − sin θ
sin θ cos θ

) (

h
ρ

)

, (18)

3

Both the dark Higgs and SM Higgs exchange diagrams
are needed to unitarize WW scattering! Equation (6)
assumes the dark Higgs mass is much smaller than

√
s.

In practice, the dark Higgs mass can be raised to be
much larger than any other scale of interest while keep-
ing the mixing angle fixed and non-zero3. In this limit,
the SM Higgs amplitude can only partially cancel out
the gauge contribution in equation (4). Consequently,
partial wave unitarity has the potential to place an up-
per bound on the dark Higgs mass. This brings us to
our final point.

3. In the limit of small sin θ, the SM Higgs am-
plitude in equation (5) cancels most of the
gauge contribution and therefore accommodates
a heavier dark Higgs mass. However, because of
the relic abundance constraint, there is a lower
bound on the mixing angle and therefore an ab-
solute upper bound on how heavy the dark Higgs
mass can be.

Beyond the dark Higgs mass, we can also place a
bound on the dark symmetry breaking scale. If the
mixing between the SM and dark Higgses is large
(e.g., sin θ ∼ 1/

√
2), the unitary constraint from WW

scattering alone gives

mdark Higgs ! 1.4 TeV. (7)

This estimate follows from equations (4), (5) and (51).
The LHC14/VLHC at high luminosity likely will be
able probe these scales. Using equation (2) and as-
suming the couplings in the Higgs sector are O(1), the
scale of new physics is roughly,

u ≤ O(3 − 4 TeV). (8)

which may be possible to directly probe with the next
generation of colliders.

In the coming sections, we make these basic ar-
guments explicit and constrain the basic Higgs portal
parameters. Even though there is an interplay be-
tween constraints from unitarity and the dark matter
relic abundance, we refer to the derived bounds as
unitarity constraints. Before moving on, we note that
unitarity bounds [19, 20] were the essential argument
for why the SM Higgs boson was expected to be
discovered at the LHC. Our desire is for these simple
arguments to motivate new searches for physics at
scales which may be obtainable for present/near-term
experiments.

3 We demonstrate this explicitly in Section III.

III. A REPRESENTATIVE MODEL

Without loss of generality, we consider a model in
which a chiral Z2 is broken to the diagonal,

Z2 × Z2 → Z2. (9)

The resulting Z2 stabilizes the dark matter candidates.
The dark matter (ψ, ξ) and dark Higgs (φ) transform
under the chiral symmetry as,

φ → (−,−) φ (10)

ξ → (−, +) ξ, (11)

ψ → (+,−) ψ, (12)

where the entries in parenthesis notate if the particle
is even or odd under the first or second Z2. Without
loss of generality we focus on fermonic dark matter
and comment in the Appendix on any differences when
considering bosonic dark matter.

III.1. A Generic Higgs Sector

The SM Higgs (h) is neutral under the discrete chiral
symmetry. The Higgs potential is,

V = λ1

(

h†h −
v2

2

)2

+ λ2

(

φ2 −
u2

2

)2

(13)

+ λ3

(

h†h −
v2

2

)(

φ2 −
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2

)

,

where v and u are the electroweak and dark vevs, re-
spectively. We parametrize the Higgs and Goldstone
boson as

φ = (u + ρ)/
√

2 (14)

where ρ is the dark Higgs. It is clear the dark vev is
even under the diagonal Z2. The resulting mass matrix
is

M2 =

(

2λ1v2 λ3 u v
λ3 u v 2λ2 u2

)

. (15)

The Higgs masses are

m2
h = 2λ1v

2

(

1 −
λ2

3

4λ1λ2
+ . . .

)

(16)

m2
ρ = 2λ2 u2

(

1 +
λ2

3

4λ2
2
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)
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where mh is the SM Higgs mass and is fixed to 125.5
GeV. mρ is the dark Higgs mass. The Higgses mix in
the mass matrix,

(

h′

ρ′

)

=

(

cos θ − sin θ
sin θ cos θ

) (

h
ρ

)

, (18)

mixing term

dark matter

4

where the primes are the mass eigenstates. For brevity
going forward, we refer to both the mass eigenstates
without primes. In the limit of u ≫ v,

cos θ ∼ 1 −
λ2

3 v2

8λ2
2 u2

sin θ ∼
λ3 v

2λ2 u
. (19)

As expected, the decoupling limit requires λ3 → 0
and/or sending the dark vev, u, to infinity.

In the introduction, we asserted that the mass
of the dark Higgs could be raised while keeping the
mixing angle constant. We can now make this ex-
plicit. The dark Higgs mass and sin θ have a different
parametric dependence on λ2,

mρ ∼
√

2λ2 u sin θ ∼
λ3 v

2λ2 u
. (20)

Because of this dependence as u is increased to in-
finity, λ2 can be reduced to keep sin θ fixed. Before
moving on, we note the dark Higgs mass does not have
to be the result of spontaneously broken symmetry.
Although this is not exactly a Higgs portal, one can
simply mix a real, massive scalar with the SM Higgs
to generate a potential analogous to equation (13). We
comment on this case in the Appendix.

III.2. Dark Matter Sector

We focus on fermonic dark matter4. For simplicity,
we assume the dark Higgs is solely responsible for the
dark matter mass. The discrete symmetries in equa-
tions (10)-(12) forbid tree-level majorana mass terms
generated from the dark symmetry breaking. Having
majorana mass terms just introduces more parameters
to constrain. The dark matter sector now has the fol-
lowing Yukawa terms,

L = χ
(

λχV
+ iλχA

γ5

)

Φχ. (21)

We have included both with scalar and psuedo-scalar
couplings. In equation (21) we defined

χ =

(

ψ
ξ

)

Φ =

(

φ
φ

)

. (22)

The dark Higgs gives the dark matter candidates the
following mass

mχ =
(√

λ2
χV

+ λ2
χA

u
)

/
√

2 ≡ λχu
/
√

2. (23)

4 Scalar dark matter requires a mechanism to stabilize it’s mass
from large quantum corrections. We comment on potential
differences when one considers bosonic dark matter in the Ap-
pendix

We often use λχ to represent both the scalar and
psuedoscalar couplings. We are focusing on a model
where the dark matter obtains all of its mass from
a new dark symmetry breaking scale. The Higgs
portal is defined by this requirement [14]. However
in [12], we weaken this requirement and consider the
associated bounds.

It has been shown [21] that the scalar and psuedo-
scalar couplings in equation (21) are needed to
generate the most unconstrained Higgs portal sce-
nario. We therefore explore two scenarios,

Model 1: λχ A = 0,

Model 2: λχ A and λχ V are non-zero,

and provide unitarity bounds for each. As we
will see in Section V., the dark matter in Model 1
can only annihilate only through t-channel fermion
exchange. The dark matter in Model 2 can annihilate
through both s-channel and t-channel diagrams. This
difference forces the Higgs mixing angle, on average,
to be larger for Model 1 in comparison to Model 2 for
a given dark matter mass. This difference leads to
stronger bounds on Model 1.

III.3. Couplings

As in Section I, here we emphasize that the Higgs mix-
ing modifies the SM and dark Higgs couplings by sines
and cosines. For example,

Γµν(WWh) = i g mW cos θ gµν (24)

Γ(χ̄χh) = −i
(

λχV
+ iλχA

γ5

)

sin θ/
√

2 (25)

Additionally through mixing, all couplings in the Higgs
potential are a function of both the dark and elec-
troweak vev as well as sines and cosines in relatively
complex ways. The Appendix lists all the couplings in
the Higgs potential after mixing for reference. For the
above, it is clear in the decoupling limit that the SM
Higgs couples to the SM particles with SM values.

IV. GENERIC HIGGS PORTAL

We are most familiar with unitarity constraints in the
electroweak sector. There the only unknown parame-
ter is the quartic coupling, λSM, in the SM Higgs po-
tential,

Velectroweak = λSM

(

h†h −
v2

2

)2

(26)

• A Higgs portal: 
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3

Both the dark Higgs and SM Higgs exchange diagrams
are needed to unitarize WW scattering! Equation (6)
assumes the dark Higgs mass is much smaller than

√
s.

In practice, the dark Higgs mass can be raised to be
much larger than any other scale of interest while keep-
ing the mixing angle fixed and non-zero3. In this limit,
the SM Higgs amplitude can only partially cancel out
the gauge contribution in equation (4). Consequently,
partial wave unitarity has the potential to place an up-
per bound on the dark Higgs mass. This brings us to
our final point.

3. In the limit of small sin θ, the SM Higgs am-
plitude in equation (5) cancels most of the
gauge contribution and therefore accommodates
a heavier dark Higgs mass. However, because of
the relic abundance constraint, there is a lower
bound on the mixing angle and therefore an ab-
solute upper bound on how heavy the dark Higgs
mass can be.

Beyond the dark Higgs mass, we can also place a
bound on the dark symmetry breaking scale. If the
mixing between the SM and dark Higgses is large
(e.g., sin θ ∼ 1/

√
2), the unitary constraint from WW

scattering alone gives

mdark Higgs ! 1.4 TeV. (7)

This estimate follows from equations (4), (5) and (51).
The LHC14/VLHC at high luminosity likely will be
able probe these scales. Using equation (2) and as-
suming the couplings in the Higgs sector are O(1), the
scale of new physics is roughly,

u ≤ O(3 − 4 TeV). (8)

which may be possible to directly probe with the next
generation of colliders.

In the coming sections, we make these basic ar-
guments explicit and constrain the basic Higgs portal
parameters. Even though there is an interplay be-
tween constraints from unitarity and the dark matter
relic abundance, we refer to the derived bounds as
unitarity constraints. Before moving on, we note that
unitarity bounds [19, 20] were the essential argument
for why the SM Higgs boson was expected to be
discovered at the LHC. Our desire is for these simple
arguments to motivate new searches for physics at
scales which may be obtainable for present/near-term
experiments.

3 We demonstrate this explicitly in Section III.
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Without loss of generality, we consider a model in
which a chiral Z2 is broken to the diagonal,
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The resulting Z2 stabilizes the dark matter candidates.
The dark matter (ψ, ξ) and dark Higgs (φ) transform
under the chiral symmetry as,
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ξ → (−, +) ξ, (11)

ψ → (+,−) ψ, (12)

where the entries in parenthesis notate if the particle
is even or odd under the first or second Z2. Without
loss of generality we focus on fermonic dark matter
and comment in the Appendix on any differences when
considering bosonic dark matter.
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where v and u are the electroweak and dark vevs, re-
spectively. We parametrize the Higgs and Goldstone
boson as

φ = (u + ρ)/
√

2 (14)

where ρ is the dark Higgs. It is clear the dark vev is
even under the diagonal Z2. The resulting mass matrix
is

M2 =
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2λ1v2 λ3 u v
λ3 u v 2λ2 u2
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. (15)

The Higgs masses are
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+ . . .
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+ . . .

)
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where mh is the SM Higgs mass and is fixed to 125.5
GeV. mρ is the dark Higgs mass. The Higgses mix in
the mass matrix,

(

h′

ρ′
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=

(

cos θ − sin θ
sin θ cos θ

) (

h
ρ

)

, (18)

3

Both the dark Higgs and SM Higgs exchange diagrams
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√
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mixing term

dark matter

• Two models:
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where the primes are the mass eigenstates. For brevity
going forward, we refer to both the mass eigenstates
without primes. In the limit of u ≫ v,

cos θ ∼ 1 −
λ2

3 v2

8λ2
2 u2

sin θ ∼
λ3 v

2λ2 u
. (19)

As expected, the decoupling limit requires λ3 → 0
and/or sending the dark vev, u, to infinity.

In the introduction, we asserted that the mass
of the dark Higgs could be raised while keeping the
mixing angle constant. We can now make this ex-
plicit. The dark Higgs mass and sin θ have a different
parametric dependence on λ2,

mρ ∼
√

2λ2 u sin θ ∼
λ3 v

2λ2 u
. (20)

Because of this dependence as u is increased to in-
finity, λ2 can be reduced to keep sin θ fixed. Before
moving on, we note the dark Higgs mass does not have
to be the result of spontaneously broken symmetry.
Although this is not exactly a Higgs portal, one can
simply mix a real, massive scalar with the SM Higgs
to generate a potential analogous to equation (13). We
comment on this case in the Appendix.

III.2. Dark Matter Sector

We focus on fermonic dark matter4. For simplicity,
we assume the dark Higgs is solely responsible for the
dark matter mass. The discrete symmetries in equa-
tions (10)-(12) forbid tree-level majorana mass terms
generated from the dark symmetry breaking. Having
majorana mass terms just introduces more parameters
to constrain. The dark matter sector now has the fol-
lowing Yukawa terms,

L = χ
(

λχV
+ iλχA

γ5

)

Φχ. (21)

We have included both with scalar and psuedo-scalar
couplings. In equation (21) we defined

χ =

(

ψ
ξ

)

Φ =

(

φ
φ

)

. (22)

The dark Higgs gives the dark matter candidates the
following mass

mχ =
(√

λ2
χV

+ λ2
χA

u
)

/
√

2 ≡ λχu
/
√

2. (23)

4 Scalar dark matter requires a mechanism to stabilize it’s mass
from large quantum corrections. We comment on potential
differences when one considers bosonic dark matter in the Ap-
pendix

We often use λχ to represent both the scalar and
psuedoscalar couplings. We are focusing on a model
where the dark matter obtains all of its mass from
a new dark symmetry breaking scale. The Higgs
portal is defined by this requirement [14]. However
in [12], we weaken this requirement and consider the
associated bounds.

It has been shown [21] that the scalar and psuedo-
scalar couplings in equation (21) are needed to
generate the most unconstrained Higgs portal sce-
nario. We therefore explore two scenarios,

Model 1: λχ A = 0,

Model 2: λχ A and λχ V are non-zero,

and provide unitarity bounds for each. As we
will see in Section V., the dark matter in Model 1
can only annihilate only through t-channel fermion
exchange. The dark matter in Model 2 can annihilate
through both s-channel and t-channel diagrams. This
difference forces the Higgs mixing angle, on average,
to be larger for Model 1 in comparison to Model 2 for
a given dark matter mass. This difference leads to
stronger bounds on Model 1.

III.3. Couplings

As in Section I, here we emphasize that the Higgs mix-
ing modifies the SM and dark Higgs couplings by sines
and cosines. For example,

Γµν(WWh) = i g mW cos θ gµν (24)

Γ(χ̄χh) = −i
(

λχV
+ iλχA

γ5

)

sin θ/
√

2 (25)

Additionally through mixing, all couplings in the Higgs
potential are a function of both the dark and elec-
troweak vev as well as sines and cosines in relatively
complex ways. The Appendix lists all the couplings in
the Higgs potential after mixing for reference. For the
above, it is clear in the decoupling limit that the SM
Higgs couples to the SM particles with SM values.

IV. GENERIC HIGGS PORTAL

We are most familiar with unitarity constraints in the
electroweak sector. There the only unknown parame-
ter is the quartic coupling, λSM, in the SM Higgs po-
tential,

Velectroweak = λSM

(

h†h −
v2

2

)2

(26)

Pseudo-scalar coupling for Model 2.
Important for dark matter annihilation channels. 
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4 Scalar dark matter requires a mechanism to stabilize it’s mass
from large quantum corrections. We comment on potential
differences when one considers bosonic dark matter in the Ap-
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We often use λχ to represent both the scalar and
psuedoscalar couplings. We are focusing on a model
where the dark matter obtains all of its mass from
a new dark symmetry breaking scale. The Higgs
portal is defined by this requirement [14]. However
in [12], we weaken this requirement and consider the
associated bounds.

It has been shown [21] that the scalar and psuedo-
scalar couplings in equation (21) are needed to
generate the most unconstrained Higgs portal sce-
nario. We therefore explore two scenarios,

Model 1: λχ A = 0,

Model 2: λχ A and λχ V are non-zero,

and provide unitarity bounds for each. As we
will see in Section V., the dark matter in Model 1
can only annihilate only through t-channel fermion
exchange. The dark matter in Model 2 can annihilate
through both s-channel and t-channel diagrams. This
difference forces the Higgs mixing angle, on average,
to be larger for Model 1 in comparison to Model 2 for
a given dark matter mass. This difference leads to
stronger bounds on Model 1.

III.3. Couplings

As in Section I, here we emphasize that the Higgs mix-
ing modifies the SM and dark Higgs couplings by sines
and cosines. For example,

Γµν(WWh) = i g mW cos θ gµν (24)

Γ(χ̄χh) = −i
(

λχV
+ iλχA

γ5

)

sin θ/
√

2 (25)

Additionally through mixing, all couplings in the Higgs
potential are a function of both the dark and elec-
troweak vev as well as sines and cosines in relatively
complex ways. The Appendix lists all the couplings in
the Higgs potential after mixing for reference. For the
above, it is clear in the decoupling limit that the SM
Higgs couples to the SM particles with SM values.

IV. GENERIC HIGGS PORTAL

We are most familiar with unitarity constraints in the
electroweak sector. There the only unknown parame-
ter is the quartic coupling, λSM, in the SM Higgs po-
tential,

Velectroweak = λSM
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• Masses and mixings:

3

for any imaginable higgs portal scenario. We next
compute the relic abundance and outline the relevant
experimental constraints. Afterwards, we implement
our unitary bounds and show the available parameter
space for the higgs portal. Here we emphasize the
bounds on the dark higgs mass and the corresponding
symmetry breaking scale. Lastly, we sketch potential
LHC signatures and conclude.

I. A REPRESENTATIVE MODEL

Without loss of generality, we consider a model in
which a U(1) symmetry is spontaneously broken to

U(1)dark → Z2. (9)

This discrete symmetry stabilizes the dark matter can-
didates. The dark matter (χ) and dark higgs (φ) trans-
form under the U(1)dark as

[φ] = 2 [χ] = −1 [ξ] = 1 (10)

where χ and ξ have both left- and right-handed com-
ponents. This particle content is anomaly free. In this
work, we primarily focus on fermonic dark matter and
comment the results differ with bosonic dark matter.

I.1. A Generic Higgs Sector

The SM higgs (h) is neutral under this U(1) symmetry.
The higgs potential is,

V = λ1

(

h†h −
v2

2

)2

+ λ2

(

φ∗φ −
u2

2

)2

(11)

+ λ3

(

h†h −
v2

2

)(

φ∗φ −
u2

2

)

,

where v and u are the electroweak and dark vevs, re-
spectively. We parametrize φ = (ρ + u) eiθ/

√
2 where

⟨ρ⟩ = 0 and ρ is the dark higgs. Here θ is the eaten
goldstone boson needed to make the U(1)dark gauge
boson massive. Because we focus on higgs portal anni-
hilation, we do not further consider the massive dark
gauge boson in this work and postpone those details
for [9]. The higgs masses are

m2
h = 2 λ1v

2

(

1 −
λ2

3

4 λ1λ2
+ . . .

)

(12)

m2
ρ = 2 λ2 u2

(

1 +
λ2

3

4 λ2
2

v2

u2
+ . . .

)

(13)

where mh is the SM higgs mass and is fixed to 125.5
GeV. mρ is the dark higgs mass. The higgses mix in

the mass matrix
(

h′

ρ′

)

=

(

cos θ − sin θ
sin θ cos θ

) (

h
ρ

)

(14)

where the primes are the mass eigenstates. For simplic-
ity going forward, we refer to both the mass and charge
eigenstates without primes. In the limit of u ≫ v,

cos θ ∼ 1 −
λ2

3 v2

8λ2
2 u2

sin θ ∼
λ3 v

2λ2 u
. (15)

As expected, the decoupling limit requires λ3 → 0
and/or sending the dark vev, u, to infinity. In Ap-
pendix B, we expand the higgs potential to give
the higgs-higgs and higgs-goldstone and goldstone-
goldstone couplings after mixing. These couplings are
needed in Section IV. We note the higgs portal does
not to be the result of spontaneously broken symme-
try. One can simply mix a real, massive scalar with
the SM higgs to generate a potential similar to equa-
tion 11. We address this as well in Appendix B. Finally
before moving on, we emphasize because of the higgs
mixing that the couplings of the dark higgs with SM
matter and SM gauge bosons is proportional to cos θ.
The dark higgs and SM higgs couplings couplings are
more complicated. We list all of these couplings in
Appendix B.

I.2. Dark Matter Sector

Given the results of [1], for simplicity we assume the
dark higgs is solely responsible for the dark matter
mass. For simplicity we focus on fermonic dark matter
and comment on any differences when one considers
scalar dark matter in Appendix C. The dark matter
sector has the yukawa terms,

L = λχ χL χR φ + λξ ξL ξR φ∗. (16)

The dark higgs gives the dark matter candidates the
following masses,

mχ = λχ u mξ = λξ u (17)

We assume mξ will be of order or larger than any scale
of interest and integrated out. This leaves a single
dark matter candidate in the effective theory. Because
u ≫ v this assumption simply means λξ ∼ O(1).

1.3. Couplings

Here we emphasize (again) that the higgs mixing mod-
ifies the SM and dark higgs couplings by sines and
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As expected, the decoupling limit requires λ3 → 0
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pendix B, we expand the higgs potential to give
the higgs-higgs and higgs-goldstone and goldstone-
goldstone couplings after mixing. These couplings are
needed in Section IV. We note the higgs portal does
not to be the result of spontaneously broken symme-
try. One can simply mix a real, massive scalar with
the SM higgs to generate a potential similar to equa-
tion 11. We address this as well in Appendix B. Finally
before moving on, we emphasize because of the higgs
mixing that the couplings of the dark higgs with SM
matter and SM gauge bosons is proportional to cos θ.
The dark higgs and SM higgs couplings couplings are
more complicated. We list all of these couplings in
Appendix B.

I.2. Dark Matter Sector

Given the results of [1], for simplicity we assume the
dark higgs is solely responsible for the dark matter
mass. For simplicity we focus on fermonic dark matter
and comment on any differences when one considers
scalar dark matter in Appendix C. The dark matter
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of interest and integrated out. This leaves a single
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where the primes are the mass eigenstates. For brevity
going forward, we refer to both the mass eigenstates
without primes. In the limit of u ≫ v,
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8λ2
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λ3 v

2λ2 u
. (19)

As expected, the decoupling limit requires λ3 → 0
and/or sending the dark vev, u, to infinity.

In the introduction, we asserted that the mass
of the dark Higgs could be raised while keeping the
mixing angle constant. We can now make this ex-
plicit. The dark Higgs mass and sin θ have a different
parametric dependence on λ2,

mρ ∼
√

2λ2 u sin θ ∼
λ3 v

2λ2 u
. (20)

Because of this dependence as u is increased to in-
finity, λ2 can be reduced to keep sin θ fixed. Before
moving on, we note the dark Higgs mass does not have
to be the result of spontaneously broken symmetry.
Although this is not exactly a Higgs portal, one can
simply mix a real, massive scalar with the SM Higgs
to generate a potential analogous to equation (13). We
comment on this case in the Appendix.

III.2. Dark Matter Sector

We focus on fermonic dark matter4. For simplicity,
we assume the dark Higgs is solely responsible for the
dark matter mass. The discrete symmetries in equa-
tions (10)-(12) forbid tree-level majorana mass terms
generated from the dark symmetry breaking. Having
majorana mass terms just introduces more parameters
to constrain. The dark matter sector now has the fol-
lowing Yukawa terms,

L = χ
(

λχV
+ iλχA

γ5

)

Φχ. (21)

We have included both with scalar and psuedo-scalar
couplings. In equation (21) we defined

χ =

(

ψ
ξ

)

Φ =

(

φ
φ

)

. (22)

The dark Higgs gives the dark matter candidates the
following mass

mχ =
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λ2
χV

+ λ2
χA

u
)

/
√

2 ≡ λχu
/
√

2. (23)

4 Scalar dark matter requires a mechanism to stabilize it’s mass
from large quantum corrections. We comment on potential
differences when one considers bosonic dark matter in the Ap-
pendix

We often use λχ to represent both the scalar and
psuedoscalar couplings. We are focusing on a model
where the dark matter obtains all of its mass from
a new dark symmetry breaking scale. The Higgs
portal is defined by this requirement [14]. However
in [12], we weaken this requirement and consider the
associated bounds.

It has been shown [21] that the scalar and psuedo-
scalar couplings in equation (21) are needed to
generate the most unconstrained Higgs portal sce-
nario. We therefore explore two scenarios,

Model 1: λχ A = 0,

Model 2: λχ A and λχ V are non-zero,

and provide unitarity bounds for each. As we
will see in Section V., the dark matter in Model 1
can only annihilate only through t-channel fermion
exchange. The dark matter in Model 2 can annihilate
through both s-channel and t-channel diagrams. This
difference forces the Higgs mixing angle, on average,
to be larger for Model 1 in comparison to Model 2 for
a given dark matter mass. This difference leads to
stronger bounds on Model 1.

III.3. Couplings

As in Section I, here we emphasize that the Higgs mix-
ing modifies the SM and dark Higgs couplings by sines
and cosines. For example,

Γµν(WWh) = i g mW cos θ gµν (24)

Γ(χ̄χh) = −i
(

λχV
+ iλχA

γ5

)

sin θ/
√

2 (25)

Additionally through mixing, all couplings in the Higgs
potential are a function of both the dark and elec-
troweak vev as well as sines and cosines in relatively
complex ways. The Appendix lists all the couplings in
the Higgs potential after mixing for reference. For the
above, it is clear in the decoupling limit that the SM
Higgs couples to the SM particles with SM values.

IV. GENERIC HIGGS PORTAL

We are most familiar with unitarity constraints in the
electroweak sector. There the only unknown parame-
ter is the quartic coupling, λSM, in the SM Higgs po-
tential,

Velectroweak = λSM

(

h†h −
v2

2

)2

(26)

A (non-SUSY) Higgs Portal
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3

for any imaginable higgs portal scenario. We next
compute the relic abundance and outline the relevant
experimental constraints. Afterwards, we implement
our unitary bounds and show the available parameter
space for the higgs portal. Here we emphasize the
bounds on the dark higgs mass and the corresponding
symmetry breaking scale. Lastly, we sketch potential
LHC signatures and conclude.

I. A REPRESENTATIVE MODEL

Without loss of generality, we consider a model in
which a U(1) symmetry is spontaneously broken to

U(1)dark → Z2. (9)

This discrete symmetry stabilizes the dark matter can-
didates. The dark matter (χ) and dark higgs (φ) trans-
form under the U(1)dark as

[φ] = 2 [χ] = −1 [ξ] = 1 (10)

where χ and ξ have both left- and right-handed com-
ponents. This particle content is anomaly free. In this
work, we primarily focus on fermonic dark matter and
comment the results differ with bosonic dark matter.

I.1. A Generic Higgs Sector

The SM higgs (h) is neutral under this U(1) symmetry.
The higgs potential is,

V = λ1

(

h†h −
v2

2

)2

+ λ2

(

φ∗φ −
u2

2

)2

(11)

+ λ3

(

h†h −
v2

2

)(

φ∗φ −
u2

2

)

,

where v and u are the electroweak and dark vevs, re-
spectively. We parametrize φ = (ρ + u) eiθ/

√
2 where

⟨ρ⟩ = 0 and ρ is the dark higgs. Here θ is the eaten
goldstone boson needed to make the U(1)dark gauge
boson massive. Because we focus on higgs portal anni-
hilation, we do not further consider the massive dark
gauge boson in this work and postpone those details
for [9]. The higgs masses are

m2
h = 2 λ1v

2

(

1 −
λ2

3

4 λ1λ2
+ . . .

)

(12)

m2
ρ = 2 λ2 u2

(

1 +
λ2

3

4 λ2
2

v2

u2
+ . . .

)

(13)

where mh is the SM higgs mass and is fixed to 125.5
GeV. mρ is the dark higgs mass. The higgses mix in

the mass matrix
(

h′

ρ′

)

=

(

cos θ − sin θ
sin θ cos θ

) (

h
ρ

)

(14)

where the primes are the mass eigenstates. For simplic-
ity going forward, we refer to both the mass and charge
eigenstates without primes. In the limit of u ≫ v,

cos θ ∼ 1 −
λ2

3 v2

8λ2
2 u2

sin θ ∼
λ3 v

2λ2 u
. (15)

As expected, the decoupling limit requires λ3 → 0
and/or sending the dark vev, u, to infinity. In Ap-
pendix B, we expand the higgs potential to give
the higgs-higgs and higgs-goldstone and goldstone-
goldstone couplings after mixing. These couplings are
needed in Section IV. We note the higgs portal does
not to be the result of spontaneously broken symme-
try. One can simply mix a real, massive scalar with
the SM higgs to generate a potential similar to equa-
tion 11. We address this as well in Appendix B. Finally
before moving on, we emphasize because of the higgs
mixing that the couplings of the dark higgs with SM
matter and SM gauge bosons is proportional to cos θ.
The dark higgs and SM higgs couplings couplings are
more complicated. We list all of these couplings in
Appendix B.

I.2. Dark Matter Sector

Given the results of [1], for simplicity we assume the
dark higgs is solely responsible for the dark matter
mass. For simplicity we focus on fermonic dark matter
and comment on any differences when one considers
scalar dark matter in Appendix C. The dark matter
sector has the yukawa terms,

L = λχ χL χR φ + λξ ξL ξR φ∗. (16)

The dark higgs gives the dark matter candidates the
following masses,

mχ = λχ u mξ = λξ u (17)

We assume mξ will be of order or larger than any scale
of interest and integrated out. This leaves a single
dark matter candidate in the effective theory. Because
u ≫ v this assumption simply means λξ ∼ O(1).

1.3. Couplings

Here we emphasize (again) that the higgs mixing mod-
ifies the SM and dark higgs couplings by sines and
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mixing that the couplings of the dark higgs with SM
matter and SM gauge bosons is proportional to cos θ.
The dark higgs and SM higgs couplings couplings are
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Appendix B.

I.2. Dark Matter Sector

Given the results of [1], for simplicity we assume the
dark higgs is solely responsible for the dark matter
mass. For simplicity we focus on fermonic dark matter
and comment on any differences when one considers
scalar dark matter in Appendix C. The dark matter
sector has the yukawa terms,

L = λχ χL χR φ + λξ ξL ξR φ∗. (16)

The dark higgs gives the dark matter candidates the
following masses,

mχ = λχ u mξ = λξ u (17)

We assume mξ will be of order or larger than any scale
of interest and integrated out. This leaves a single
dark matter candidate in the effective theory. Because
u ≫ v this assumption simply means λξ ∼ O(1).

1.3. Couplings

Here we emphasize (again) that the higgs mixing mod-
ifies the SM and dark higgs couplings by sines and
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where the primes are the mass eigenstates. For brevity
going forward, we refer to both the mass eigenstates
without primes. In the limit of u ≫ v,

cos θ ∼ 1 −
λ2

3 v2

8λ2
2 u2

sin θ ∼
λ3 v

2λ2 u
. (19)

As expected, the decoupling limit requires λ3 → 0
and/or sending the dark vev, u, to infinity.

In the introduction, we asserted that the mass
of the dark Higgs could be raised while keeping the
mixing angle constant. We can now make this ex-
plicit. The dark Higgs mass and sin θ have a different
parametric dependence on λ2,

mρ ∼
√

2λ2 u sin θ ∼
λ3 v

2λ2 u
. (20)

Because of this dependence as u is increased to in-
finity, λ2 can be reduced to keep sin θ fixed. Before
moving on, we note the dark Higgs mass does not have
to be the result of spontaneously broken symmetry.
Although this is not exactly a Higgs portal, one can
simply mix a real, massive scalar with the SM Higgs
to generate a potential analogous to equation (13). We
comment on this case in the Appendix.

III.2. Dark Matter Sector

We focus on fermonic dark matter4. For simplicity,
we assume the dark Higgs is solely responsible for the
dark matter mass. The discrete symmetries in equa-
tions (10)-(12) forbid tree-level majorana mass terms
generated from the dark symmetry breaking. Having
majorana mass terms just introduces more parameters
to constrain. The dark matter sector now has the fol-
lowing Yukawa terms,

L = χ
(

λχV
+ iλχA

γ5

)

Φχ. (21)

We have included both with scalar and psuedo-scalar
couplings. In equation (21) we defined

χ =

(

ψ
ξ

)

Φ =

(

φ
φ

)

. (22)

The dark Higgs gives the dark matter candidates the
following mass

mχ =
(√

λ2
χV

+ λ2
χA

u
)

/
√

2 ≡ λχu
/
√

2. (23)

4 Scalar dark matter requires a mechanism to stabilize it’s mass
from large quantum corrections. We comment on potential
differences when one considers bosonic dark matter in the Ap-
pendix

We often use λχ to represent both the scalar and
psuedoscalar couplings. We are focusing on a model
where the dark matter obtains all of its mass from
a new dark symmetry breaking scale. The Higgs
portal is defined by this requirement [14]. However
in [12], we weaken this requirement and consider the
associated bounds.

It has been shown [21] that the scalar and psuedo-
scalar couplings in equation (21) are needed to
generate the most unconstrained Higgs portal sce-
nario. We therefore explore two scenarios,

Model 1: λχ A = 0,

Model 2: λχ A and λχ V are non-zero,

and provide unitarity bounds for each. As we
will see in Section V., the dark matter in Model 1
can only annihilate only through t-channel fermion
exchange. The dark matter in Model 2 can annihilate
through both s-channel and t-channel diagrams. This
difference forces the Higgs mixing angle, on average,
to be larger for Model 1 in comparison to Model 2 for
a given dark matter mass. This difference leads to
stronger bounds on Model 1.

III.3. Couplings

As in Section I, here we emphasize that the Higgs mix-
ing modifies the SM and dark Higgs couplings by sines
and cosines. For example,

Γµν(WWh) = i g mW cos θ gµν (24)

Γ(χ̄χh) = −i
(

λχV
+ iλχA

γ5

)

sin θ/
√

2 (25)

Additionally through mixing, all couplings in the Higgs
potential are a function of both the dark and elec-
troweak vev as well as sines and cosines in relatively
complex ways. The Appendix lists all the couplings in
the Higgs potential after mixing for reference. For the
above, it is clear in the decoupling limit that the SM
Higgs couples to the SM particles with SM values.

IV. GENERIC HIGGS PORTAL

We are most familiar with unitarity constraints in the
electroweak sector. There the only unknown parame-
ter is the quartic coupling, λSM, in the SM Higgs po-
tential,

Velectroweak = λSM

(

h†h −
v2

2

)2

(26)

mixing angle

A (non-SUSY) Higgs Portal

• Masses and mixings:

• Interested in the limit where the dark Higgs is heavy
but the mixing angle is non-trivial.
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• t-channel annihilation:
(heavy dark Higgs limit)

Relic Abundance

6

⟨σ|v|⟩ =
sin4 θ

4π
(

2 m2
χ − m2

h

)2

√

1 −
m2

h

m2
χ

(

m2
χ

(

λ4
χA

+ 6λ2
χA
λ2

χV
+ λ4

χV

)

− m2
h

(

λ2
χA

+ λ2
χV

)2
)

+ . . . (34)

Here sin θ is the mass mixing angle defined in equa-
tion (19). We wrote out this equation to reemphasize
a key point from Section II. The cross section is mul-
tiplied by sin4 θ which forces θ to remain nontrivial.
Moreover, sin θ must be relatively large to generate
enough dark matter annihilation. Because of the larger
values for sin4 θ, Model 1 has lower unitarity bounds
and is much more constrained.

V.1.2. s-channel annihilation

Depending on the dark matter mass, the annihilation
processes are,

χ+ χ→ q̄ + q χ+ χ→ W + W (35)

χ+ χ→ l̄ + l χ+ χ→ Z + Z, (36)

in addition to,

χ+ χ→ h + h, (37)

where q = u, d, c, s, t, b and l = e, µ, τ . thermally aver-
aged cross section is

⟨σ|v|⟩ = ⟨σ|v|⟩f̄ f + ⟨σ|v|⟩V V + ⟨σ|v|⟩hh

where

⟨σ|v|⟩f̄ f =
λ2

χA
sin2 θ cos2 θ

4π

∑

f=u,d,c,s,t,b,e,µ,τ

√

1 −
m2

f

m2
χ

(

g mf

mW

)2(
m2

χ − m2
f

(

4 m2
χ − m2

h

)2

)

+ . . . (38)

⟨σ|v|⟩V V =
λ2

χA
m2

W sin2 θ cos2 θ

8 π

∑

V =W,Z

√

1 −
m2

V

m2
χ

(

g2
V h

m4
V

(

4m2
χ − m2

h

)2

)(

3 m4
V − 4m2

V m2
χ + 4 m4

χ

)

+ . . . (39)

⟨σ|v|⟩hh =
λ2

h3 λ2
χA

sin2 θ

2 π

√

1 −
m2

h

m2
χ

9 u2

(

4 m2
χ − m2

h

)2 + . . . (40)

Here gWh = g and gZh = g (cos θW )−2. Again, we
have taken xF = mχ/TF and TF is the freeze-out
temperature. See equation (137) for the definition
of λh3 . For brevity, we did not list the velocity
suppressed terms. We did, however, include them
in our analysis. The pseudoscalar coupling, λχA

, is
responsible for these velocity unsuppressed s-channel
annihilation terms. This allows Model 2 (see Section
II.2) to have more annihilation channels than Model
1. Notice, the s-channel terms have a sin2 θ cos2 θ
prefactor which forces θ to be nontrivial and on
average smaller than the t-channel prefactor, sin4 θ.
The annihilation channels and the s-channel prefactor
leads to weaker bounds for Model 2.

The pseudoscalar coupling, λχA
, is basically re-

sponsible for the annihilation strength in these
channels. This allows Model 2 (see Section II.2 for
the definition) to have weaker unitarity bounds than
Model 1. Also, to emphasize a point made in Section
III, the above equations are multiplied by sin θ cos θ
which forces θ to be nonzero.

V.2. Direct Detection

XENON100 provides the strongest constraints on the
Higgs portal parameter space. In this section we com-

• s-channel annihilation:
(heavy dark Higgs limit)
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Here sin θ is the mass mixing angle defined in equa-
tion (19). We wrote out this equation to reemphasize
a key point from Section II. The cross section is mul-
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Here gWh = g and gZh = g (cos θW )−2. Again, we
have taken xF = mχ/TF and TF is the freeze-out
temperature. See equation (137) for the definition
of λh3 . For brevity, we did not list the velocity
suppressed terms. We did, however, include them
in our analysis. The pseudoscalar coupling, λχA

, is
responsible for these velocity unsuppressed s-channel
annihilation terms. This allows Model 2 (see Section
II.2) to have more annihilation channels than Model
1. Notice, the s-channel terms have a sin2 θ cos2 θ
prefactor which forces θ to be nontrivial and on
average smaller than the t-channel prefactor, sin4 θ.
The annihilation channels and the s-channel prefactor
leads to weaker bounds for Model 2.

The pseudoscalar coupling, λχA
, is basically re-

sponsible for the annihilation strength in these
channels. This allows Model 2 (see Section II.2 for
the definition) to have weaker unitarity bounds than
Model 1. Also, to emphasize a point made in Section
III, the above equations are multiplied by sin θ cos θ
which forces θ to be nonzero.

V.2. Direct Detection

XENON100 provides the strongest constraints on the
Higgs portal parameter space. In this section we com-
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• t-channel annihilation:
(heavy dark Higgs limit)
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Here sin θ is the mass mixing angle defined in equa-
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Here gWh = g and gZh = g (cos θW )−2. Again, we
have taken xF = mχ/TF and TF is the freeze-out
temperature. See equation (137) for the definition
of λh3 . For brevity, we did not list the velocity
suppressed terms. We did, however, include them
in our analysis. The pseudoscalar coupling, λχA

, is
responsible for these velocity unsuppressed s-channel
annihilation terms. This allows Model 2 (see Section
II.2) to have more annihilation channels than Model
1. Notice, the s-channel terms have a sin2 θ cos2 θ
prefactor which forces θ to be nontrivial and on
average smaller than the t-channel prefactor, sin4 θ.
The annihilation channels and the s-channel prefactor
leads to weaker bounds for Model 2.

The pseudoscalar coupling, λχA
, is basically re-

sponsible for the annihilation strength in these
channels. This allows Model 2 (see Section II.2 for
the definition) to have weaker unitarity bounds than
Model 1. Also, to emphasize a point made in Section
III, the above equations are multiplied by sin θ cos θ
which forces θ to be nonzero.

V.2. Direct Detection

XENON100 provides the strongest constraints on the
Higgs portal parameter space. In this section we com-

*Lopez-Honorez, Schwetz and Zupan,
Phys. Lett. B 716, 179

Proportional to 
pseudo-scalar

coupling
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• Dark matter/dark matter scattering:
(Similar to unitarity bounds* on heavy 4th generation fermions)

Unitarity Considerations

DM DM

DM
DMDark Higgs

Dark Higgs

* Furman, Hinchliffe and Chanowitz, 
  Nuclear Physics B153, 402; Physics Letters B78, 285
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η = 2 δ (59g)

In the decoupling limit, this matrix reduces to the four-
channel higgs system discussed in plus a disassociated
dark higgs. The decoupled SM higgs matrix is equal
to the matrix in [12]; because the unitarity arguments
in [12] essentially place bounds on one parameter, λSM

(equation 24), the SM higgs matrix can be analyti-
cally diagonalized. The eigenvalues full matrix above
has three unknown parameters and is most efficiently
solved numerically. For example, if λ1 = λ2 = λ3 = 1
and u = 1 TeV, then the absolute values of the eigen-
values are e1 = 1.89247, e2 = 1.02262, e3 = 0.648219,
e4 = 0.500029, e5 = 0.489262, e6 = 0.250014 and
e7 = 0.0411365. These first four eigenvalues violate
the unitarity condition in equation 48 thereby inval-
idating this parameter point. In Figure 1 from this
unitarity constraint alone we plot the .....
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FIG. 1: Plot (a)

are the light masses in this limit: mρ, mh, mZ or mW .
log ϵ factor originates from those terms with t- and/or
u-channel propagators. Integrating over the scattering
angle in the center-of-mass fame generates “Coulomb
singularities” in the limit where ϵ → 0 [27]. However,
ϵ log ϵ and ϵ terms are well behaved and in the limit

7

where the U parameter is roughly zero; the “. . .” rep-
resent additional finite and higher-order corrections.
The lowest order corrections by the dark higgs is from
two insertions of the h h ρ vertex given in equation ??.

IV. UNITARITY CONSTRAINTS

There are five unknown parameters (equation 26)
that are constrained to three by the measured SM
higgs mass and the requirement that the higgs por-
tal dark matter annihilation generates the relic abun-
dance in equation 1. Here we derive unitarity con-
straints from dark matter-dark matter scattering as
well as goldstone-higgs, higgs-higgs and goldstone-
goldsone scattering. Please note: Throughout we use
the restrictive partial wave unitary constraint [25, 26],

∣

∣ReM(j)
∣

∣ ≤
1

2
, (48)

for all of our computations.

To generate the unitarity constraints on the higgs
sector, we employ the goldstone boson equivalence
theorem. The scalar potential (equation 11) before
the goldstone bosons are eaten is

V = λ1
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v2 h2 + v h
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Recall, to simply matters, we decouple the goldstone
boson eaten to make the dark photon massive. We
consider this case in separate work [9]. We focus on
the charge neutral scattering processes,

V + V ∗ → V ∗ + V (50)

V + V ∗ ↔ H + H (51)

V + V ∗ ↔ H + z (52)

H + H → H + H (53)

H + H ↔ H + z (54)

H + z → H + z (55)

using the goldstone boson equivalence theorem. Here
V = w+, z and H = h, ρ where the above processes ac-
count for all possible scattering combinations. In this

section we generate unitary constraints on these pro-
cesses by essentially generalizing the analysis in [12].
In order to directly place constraints on the dark mat-
ter yukawa coupling, λχ, we also consider the process

χ + χ → χ + χ (56)

An analogous process was considered in [22, 23] to
place upper bounds on new fermion masses resulting
from electroweak symmetry breaking4. Finally, since it
is relatively easy, we compare our bounds on the dark
matter mass to updated constraints from Griest and
Kamiokowski [24].

IV.1. Goldstone-Higgs Boson Scattering Diagrams

In the Appendix A.1-A.3, we list the amplitudes for
higgs-higgs, goldstone boson boson-higgs and gold-
stone boson-goldstone boson scattering. We consider
partial-wave unitarity constraints on a seven channel
system (equations 50-55) consisting of the vector,
(

W+
L W−

L ,
ZLZL√

2
,

hh√
2
,

ρρ√
2
, hρ, hZL, ρZL

)

, (57)

which describes initial and final states for different in-
teractions.
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resent additional finite and higher-order corrections.
The lowest order corrections by the dark higgs is from
two insertions of the h h ρ vertex given in equation ??.
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boson eaten to make the dark photon massive. We
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the charge neutral scattering processes,
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V + V ∗ ↔ H + z (52)
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H + z → H + z (55)

using the goldstone boson equivalence theorem. Here
V = w+, z and H = h, ρ where the above processes ac-
count for all possible scattering combinations. In this

section we generate unitary constraints on these pro-
cesses by essentially generalizing the analysis in [12].
In order to directly place constraints on the dark mat-
ter yukawa coupling, λχ, we also consider the process

χ + χ → χ + χ (56)

An analogous process was considered in [22, 23] to
place upper bounds on new fermion masses resulting
from electroweak symmetry breaking4. Finally, since it
is relatively easy, we compare our bounds on the dark
matter mass to updated constraints from Griest and
Kamiokowski [24].

IV.1. Goldstone-Higgs Boson Scattering Diagrams

In the Appendix A.1-A.3, we list the amplitudes for
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Recall, to simply matters, we decouple the goldstone
boson eaten to make the dark photon massive. We
consider this case in separate work [9]. We focus on
the charge neutral scattering processes,
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V = w+, z and H = h, ρ where the above processes ac-
count for all possible scattering combinations. In this
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cesses by essentially generalizing the analysis in [12].
In order to directly place constraints on the dark mat-
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An analogous process was considered in [22, 23] to
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is relatively easy, we compare our bounds on the dark
matter mass to updated constraints from Griest and
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channel higgs system discussed in plus a disassociated
dark higgs. The decoupled SM higgs matrix is equal
to the matrix in [12]; because the unitarity arguments
in [12] essentially place bounds on one parameter, λSM

(equation 24), the SM higgs matrix can be analyti-
cally diagonalized. The eigenvalues full matrix above
has three unknown parameters and is most efficiently
solved numerically. For example, if λ1 = λ2 = λ3 = 1
and u = 1 TeV, then the absolute values of the eigen-
values are e1 = 1.89247, e2 = 1.02262, e3 = 0.648219,
e4 = 0.500029, e5 = 0.489262, e6 = 0.250014 and
e7 = 0.0411365. These first four eigenvalues violate
the unitarity condition in equation 48 thereby inval-
idating this parameter point. In Figure 1 from this
unitarity constraint alone we plot the .....
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are the light masses in this limit: mρ, mh, mZ or mW .
log ϵ factor originates from those terms with t- and/or
u-channel propagators. Integrating over the scattering
angle in the center-of-mass fame generates “Coulomb
singularities” in the limit where ϵ → 0 [27]. However,
ϵ log ϵ and ϵ terms are well behaved and in the limit
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the restrictive partial wave unitary constraint [25, 26],
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for all of our computations.

To generate the unitarity constraints on the higgs
sector, we employ the goldstone boson equivalence
theorem. The scalar potential (equation 11) before
the goldstone bosons are eaten is
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(
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)
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Recall, to simply matters, we decouple the goldstone
boson eaten to make the dark photon massive. We
consider this case in separate work [9]. We focus on
the charge neutral scattering processes,

V + V ∗ → V ∗ + V (50)

V + V ∗ ↔ H + H (51)

V + V ∗ ↔ H + z (52)

H + H → H + H (53)

H + H ↔ H + z (54)

H + z → H + z (55)

using the goldstone boson equivalence theorem. Here
V = w+, z and H = h, ρ where the above processes ac-
count for all possible scattering combinations. In this

section we generate unitary constraints on these pro-
cesses by essentially generalizing the analysis in [12].
In order to directly place constraints on the dark mat-
ter yukawa coupling, λχ, we also consider the process

χ + χ → χ + χ (56)

An analogous process was considered in [22, 23] to
place upper bounds on new fermion masses resulting
from electroweak symmetry breaking4. Finally, since it
is relatively easy, we compare our bounds on the dark
matter mass to updated constraints from Griest and
Kamiokowski [24].

IV.1. Goldstone-Higgs Boson Scattering Diagrams

In the Appendix A.1-A.3, we list the amplitudes for
higgs-higgs, goldstone boson boson-higgs and gold-
stone boson-goldstone boson scattering. We consider
partial-wave unitarity constraints on a seven channel
system (equations 50-55) consisting of the vector,
(

W+
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L ,
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2
,
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,

ρρ√
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, hρ, hZL, ρZL
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, (57)

which describes initial and final states for different in-
teractions.
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where the U parameter is roughly zero; the “. . .” rep-
resent additional finite and higher-order corrections.
The lowest order corrections by the dark higgs is from
two insertions of the h h ρ vertex given in equation ??.

IV. UNITARITY CONSTRAINTS

There are five unknown parameters (equation 26)
that are constrained to three by the measured SM
higgs mass and the requirement that the higgs por-
tal dark matter annihilation generates the relic abun-
dance in equation 1. Here we derive unitarity con-
straints from dark matter-dark matter scattering as
well as goldstone-higgs, higgs-higgs and goldstone-
goldsone scattering. Please note: Throughout we use
the restrictive partial wave unitary constraint [25, 26],
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for all of our computations.

To generate the unitarity constraints on the higgs
sector, we employ the goldstone boson equivalence
theorem. The scalar potential (equation 11) before
the goldstone bosons are eaten is

V = λ1

(

v2 h2 + v h
(
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)

(49)

+
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)

Recall, to simply matters, we decouple the goldstone
boson eaten to make the dark photon massive. We
consider this case in separate work [9]. We focus on
the charge neutral scattering processes,

V + V ∗ → V ∗ + V (50)

V + V ∗ ↔ H + H (51)

V + V ∗ ↔ H + z (52)

H + H → H + H (53)

H + H ↔ H + z (54)

H + z → H + z (55)

using the goldstone boson equivalence theorem. Here
V = w+, z and H = h, ρ where the above processes ac-
count for all possible scattering combinations. In this

section we generate unitary constraints on these pro-
cesses by essentially generalizing the analysis in [12].
In order to directly place constraints on the dark mat-
ter yukawa coupling, λχ, we also consider the process

χ + χ → χ + χ (56)

An analogous process was considered in [22, 23] to
place upper bounds on new fermion masses resulting
from electroweak symmetry breaking4. Finally, since it
is relatively easy, we compare our bounds on the dark
matter mass to updated constraints from Griest and
Kamiokowski [24].

IV.1. Goldstone-Higgs Boson Scattering Diagrams

In the Appendix A.1-A.3, we list the amplitudes for
higgs-higgs, goldstone boson boson-higgs and gold-
stone boson-goldstone boson scattering. We consider
partial-wave unitarity constraints on a seven channel
system (equations 50-55) consisting of the vector,
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W+
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which describes initial and final states for different in-
teractions.
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where the U parameter is roughly zero; the “. . .” rep-
resent additional finite and higher-order corrections.
The lowest order corrections by the dark higgs is from
two insertions of the h h ρ vertex given in equation ??.

IV. UNITARITY CONSTRAINTS

There are five unknown parameters (equation 26)
that are constrained to three by the measured SM
higgs mass and the requirement that the higgs por-
tal dark matter annihilation generates the relic abun-
dance in equation 1. Here we derive unitarity con-
straints from dark matter-dark matter scattering as
well as goldstone-higgs, higgs-higgs and goldstone-
goldsone scattering. Please note: Throughout we use
the restrictive partial wave unitary constraint [25, 26],
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∣
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, (48)

for all of our computations.

To generate the unitarity constraints on the higgs
sector, we employ the goldstone boson equivalence
theorem. The scalar potential (equation 11) before
the goldstone bosons are eaten is

V = λ1

(

v2 h2 + v h
(

2 w+w− + h2 + z2
)

(49)

+
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2
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(
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)

+
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4
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(
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)

)

Recall, to simply matters, we decouple the goldstone
boson eaten to make the dark photon massive. We
consider this case in separate work [9]. We focus on
the charge neutral scattering processes,

V + V ∗ → V ∗ + V (50)

V + V ∗ ↔ H + H (51)

V + V ∗ ↔ H + z (52)

H + H → H + H (53)

H + H ↔ H + z (54)

H + z → H + z (55)

using the goldstone boson equivalence theorem. Here
V = w+, z and H = h, ρ where the above processes ac-
count for all possible scattering combinations. In this

section we generate unitary constraints on these pro-
cesses by essentially generalizing the analysis in [12].
In order to directly place constraints on the dark mat-
ter yukawa coupling, λχ, we also consider the process

χ + χ → χ + χ (56)

An analogous process was considered in [22, 23] to
place upper bounds on new fermion masses resulting
from electroweak symmetry breaking4. Finally, since it
is relatively easy, we compare our bounds on the dark
matter mass to updated constraints from Griest and
Kamiokowski [24].

IV.1. Goldstone-Higgs Boson Scattering Diagrams

In the Appendix A.1-A.3, we list the amplitudes for
higgs-higgs, goldstone boson boson-higgs and gold-
stone boson-goldstone boson scattering. We consider
partial-wave unitarity constraints on a seven channel
system (equations 50-55) consisting of the vector,
(

W+
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L ,
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2
,
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2
,
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2
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)

, (57)

which describes initial and final states for different in-
teractions.
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Perturbative Corrections

• Tree-level unitarity constraints are not enough to 
get an accurate scale of new physics.*

*See Aydemir,  Anber and Donoghue, 
  arXiv:1203.5153, for a similar conclusion 
  using chiral perturbation theory.

• In addition require the next order correction not to 
generate a 30% correction larger than the tree-level
correction**.  (no Landau poles)

**See Barbieri, Hall and Rychkov, 
   arXiv:0603188.

• More (fuller explanation) on this in the next 
section.
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FIG. 5: Perturbativity constraints applied to Figure (3). Plot (a) satisfies the measured relic abundance while (b) satisfies
Ωχh2 < 0.05995. Again, the bounds on the various masses improve dramatically. For comparison, we have kept the red
dotted line which indicates the traditional unitarity bound in equation (61). The slope is consistent with the bound in [20].
The other lines are adjusted in comparison to the unitarity bounds given in Figure (3).

matter has anything to do with the Higgs portal and
the dark Higgs is the largest scale in the effective the-
ory, then a discovery will be made within the next
decade. As we discuss in the next section, accelerators
are needed to search for the dark Higgs and identify
the Higgs portal mechanism. After finding the dark
Higgs’ with direct detection, the arguments in the pre-
vious sections and Section XI. can be recycled to give

definitive predictions on the mass and coupling of the
dark Higgs.

X.2. Accelerator Signatures

As noted in Section V.2., previous accelerator searches
(LEP, Tevatron and the LHC) did not discover any
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FIG. 4: Perturbativity constraints applied to Figures (1b) and (2b). Figure(4a) has the parameter space which satisfies the
measured relic abundance. Figure (4b) has the parameter space which satisfies Ωχh2 < 0.05995. The bounds on the various
masses improve dramatically. For comparison, we have kept the red dotted line which indicates the traditional unitarity
bound in equation (61). The slope is consistent with the bound in [20]. The other lines are adjusted in comparison to the
unitarity bounds given by Figures (1) and (2). The sparse points in Figure (4b) are due to the points in parameter space
where dark matter mass is tuned so the low-velocity cross section features a small denominator. The small denominators
allow for the couplings and mixing angles to also be relatively small and therefore pass the perturbativity constraints.

X.1. Direct Detection Signatures

As discussed in Section V.2, direct detection experi-
ments can also constrain the Higgs mass mixing angle.
The proposed Xenon1T experiment proposes to mea-
sure the spin-independent dark matter-nucleon cross

section to about 10−47 cm2. This is an improvement of
two orders of magnitude over Xenon100. We re-plotted
previous Figures to determine the reach of Xenon1T.
Only Model 2 without the perturbativity constraints
has a parameter space that escapes Xenon1T. See Fig-
ure 6. This raises the distinct possibility that if dark

(Walker, arXiv:1310.1083)

A (non-SUSY) Higgs Portal

http://arxiv.org/abs/1310.1083
http://arxiv.org/abs/1310.1083


28

19

FIG. 5: Perturbativity constraints applied to Figure (3). Plot (a) satisfies the measured relic abundance while (b) satisfies
Ωχh2 < 0.05995. Again, the bounds on the various masses improve dramatically. For comparison, we have kept the red
dotted line which indicates the traditional unitarity bound in equation (61). The slope is consistent with the bound in [20].
The other lines are adjusted in comparison to the unitarity bounds given in Figure (3).
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measured relic abundance. Figure (4b) has the parameter space which satisfies Ωχh2 < 0.05995. The bounds on the various
masses improve dramatically. For comparison, we have kept the red dotted line which indicates the traditional unitarity
bound in equation (61). The slope is consistent with the bound in [20]. The other lines are adjusted in comparison to the
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X.1. Direct Detection Signatures

As discussed in Section V.2, direct detection experi-
ments can also constrain the Higgs mass mixing angle.
The proposed Xenon1T experiment proposes to mea-
sure the spin-independent dark matter-nucleon cross

section to about 10−47 cm2. This is an improvement of
two orders of magnitude over Xenon100. We re-plotted
previous Figures to determine the reach of Xenon1T.
Only Model 2 without the perturbativity constraints
has a parameter space that escapes Xenon1T. See Fig-
ure 6. This raises the distinct possibility that if dark

(Walker, arXiv:1310.1083)

• Points which satisfy (or give smaller) relic abundance.

A (non-SUSY) Higgs Portal

http://arxiv.org/abs/1310.1083
http://arxiv.org/abs/1310.1083
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FIG. 5: Perturbativity constraints applied to Figure (3). Plot (a) satisfies the measured relic abundance while (b) satisfies
Ωχh2 < 0.05995. Again, the bounds on the various masses improve dramatically. For comparison, we have kept the red
dotted line which indicates the traditional unitarity bound in equation (61). The slope is consistent with the bound in [20].
The other lines are adjusted in comparison to the unitarity bounds given in Figure (3).
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measured relic abundance. Figure (4b) has the parameter space which satisfies Ωχh2 < 0.05995. The bounds on the various
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bound in equation (61). The slope is consistent with the bound in [20]. The other lines are adjusted in comparison to the
unitarity bounds given by Figures (1) and (2). The sparse points in Figure (4b) are due to the points in parameter space
where dark matter mass is tuned so the low-velocity cross section features a small denominator. The small denominators
allow for the couplings and mixing angles to also be relatively small and therefore pass the perturbativity constraints.

X.1. Direct Detection Signatures

As discussed in Section V.2, direct detection experi-
ments can also constrain the Higgs mass mixing angle.
The proposed Xenon1T experiment proposes to mea-
sure the spin-independent dark matter-nucleon cross

section to about 10−47 cm2. This is an improvement of
two orders of magnitude over Xenon100. We re-plotted
previous Figures to determine the reach of Xenon1T.
Only Model 2 without the perturbativity constraints
has a parameter space that escapes Xenon1T. See Fig-
ure 6. This raises the distinct possibility that if dark

(Walker, arXiv:1310.1083)

• 1T direct detection searches are sensitive to all of the 
above points.

A (non-SUSY) Higgs Portal

http://arxiv.org/abs/1310.1083
http://arxiv.org/abs/1310.1083


30

(Walker, arXiv:1310.1083)

• Points which satisfy (or give smaller) half of measured 
relic abundance.

A (non-SUSY) Higgs Portal

19

FIG. 5: Perturbativity constraints applied to Figure (3). Plot (a) satisfies the measured relic abundance while (b) satisfies
Ωχh2 < 0.05995. Again, the bounds on the various masses improve dramatically. For comparison, we have kept the red
dotted line which indicates the traditional unitarity bound in equation (61). The slope is consistent with the bound in [20].
The other lines are adjusted in comparison to the unitarity bounds given in Figure (3).

matter has anything to do with the Higgs portal and
the dark Higgs is the largest scale in the effective the-
ory, then a discovery will be made within the next
decade. As we discuss in the next section, accelerators
are needed to search for the dark Higgs and identify
the Higgs portal mechanism. After finding the dark
Higgs’ with direct detection, the arguments in the pre-
vious sections and Section XI. can be recycled to give

definitive predictions on the mass and coupling of the
dark Higgs.

X.2. Accelerator Signatures

As noted in Section V.2., previous accelerator searches
(LEP, Tevatron and the LHC) did not discover any

http://arxiv.org/abs/1310.1083
http://arxiv.org/abs/1310.1083
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(Walker, arXiv:1310.1083)

• Precisely measuring deviation from the SM Higgs 
decays to WW and ZZ can severely constrain the 
parameter space. 

Philosophy from (non-SUSY) 
Higgs Portals

32

FIG. 11: Perturbativity constraints applied to Figure (8a). The dark matter mass bound (vertical line) is significantly
lower than the bound in Figure (8a). The available parameter space was decimated when the perturbativity constraints
were applied to Figure (8b).
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Here the U parameter is set to zero; and, cos2 θW is
the cosine of the Weinberg angle. We checked that
Higgs portal parameter space survives this test.

We performed a parameter scan over this Higgs
portal parameter space. To do so, we took the SM
central value [11],

S
∣

∣

U=0
= 0.05 ± 0.09 T

∣

∣

U=0
= 0.08 ± 0.07, (187)

and added the logarithmically enhanced pieces shown
above. We kept all points that satisfied the 95%
c.l. constraint ellipse which were none. This constraint
is model dependent. New physics can push the Higgs
portal parameter space out of the ellipse.

E. Current Higgs Mixing Constraints

To leading order [40, 41], the Higgs signal cross section
can be expressed as

nsignal =

(

∑

i

µi σi SM × Ai × ϵi

)

(188)

× µf Bf SM × L.

Here A is the detector acceptance, ϵ the reconstruc-
tion efficiency and L the integrated luminosity. B de-
notes the branching fraction The signal strength fac-
tor is defined by µi = σi/σi,SM. Similarly, the decay
strength factor is defined by µf = Bf/Bf,SM. The
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FIG. 12: Perturbativity constraints applied to Figure (10). Figure (12a) shows the available parameter space for the
measured relic abundance. Figure (12b) shows the available parameter space for half the measured relic abundance. The
dark matter bounds (vertical lines) are much stronger than the bounds in Figure (10).

dominant way5 the Higgs portal modifies this signal
strength is through the SM Higgs couplings which are
reduced by the mixing parameter, cos θ. (See Section

5 In some models, corrections by new fermions may enhance the
signal strength. The dark matter, by definition, does not cou-
ple at tree-level to the SM fermions or gauge bosons; therefore
any correction involving these particles is at best two-loops.
Corrections involving the dark Higgs is one additional loop
suppressed in comparison the SM leading order contribution.
We therefore do not consider these suppressed contributions
from beyond the SM physics.

II.3 for example couplings.) Thus, we make the simple
assumption that only SM particles contribute to the
cross section. This implies

µi → cos4 θ µf → 1. (189)

The ATLAS fit to the global signal strength (for all
Higgs decay channels) is [40] is

√
µ = 1.19 ± 0.11 (stat) ± 0.03 (sys). (190)

The number of events exceeds what one expects with
the SM. cos θ cannot be greater than one. However,
the statistics are small; and the high value for this
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• Focus on the NMSSM Higgs sector   
      (only higgsino/singlino dark matter)  

NMSSM Higgs Sector

• Superpotential/soft-breaking terms: 

In addition to the Higgs scalar fields, there are other scalar fields, which are superpartners
of quarks and leptons, i.e. the so-called squarks and sleptons. They might develop vevs and
lead to unrealistic vacua. On such vacua the colour and/or charge breaking (CCB) may
occur if squarks and sleptons develop vevs [7, 8, 37–43]. Moreover, the potential may include
directions unbounded from below (UFB). Systematic studies on such unrealistic vacua and
UFB directions have been carried out in the MSSM [44]. Recently, such analyses were also
extended including terms generating non-vanishing neutrino masses and the corresponding
soft SUSY breaking terms [45, 46], and flavour physics, e.g. [47–49]. These analyses show
that one has theoretical constraints among couplings and soft SUSY breaking terms in order
to avoid unrealistic vacua and realize the successful EWSB. Those constraints are useful to
eliminate parameter space of the models, and hence are important. Our purpose of this
paper is to extend such systematic analyses on unrealistic vacua to the NMSSM.

In this paper, we analyze the vacuum structure of the Higgs scalar potential in the
NMSSM. We study unrealistic vacua and derive conditions to avoid them. We investigate
implications of those constraints by using examples of numerical analyses and simplifying the
constraints in a certain limit. We also study unrealistic vacua of scalar potential including
squarks and sleptons.

This paper is organized as follows. In section II, we review the Higgs potential, the EWSB
vacuum and Higgs masses of the NMSSM. In section III, we study unrealistic minima and
show the conditions to avoid them. In section IV, we study our constraints numerically for
several examples. Section V is devoted to conclusion and discussion. We give our notations
and the scalar potential of the NMSSM in Appendix A. In Appendix B, we give detailed
studies on the unrealistic minima, where squarks and sleptons as well as the singlet S develop
their vevs in the NMSSM.

II. REALISTIC VACUUM OF THE NMSSM

The NMSSM is an extension of the MSSM by adding an extra gauge singlet scalar, S,
and its fermionic partner, S̃. This new scalar participates in the EWSB together with two
doublet Higgs scalars by developing their vevs. In this section, we briefly review a realistic
vacuum of the NMSSM on which the EWSB successfully occurs. Notations of particles are
summarized in Appendix A.

The superpotential of the NMSSM is given by

WNMSSM = YdĤ1 · Q̂D̂c
R + YuĤ2 · Q̂Û c

R + YeĤ1 · L̂Êc
R − λŜĤ1 · Ĥ2 +

1

3
κŜ3, (1)

where Yu, Yd and Ye are the Yukawa couplings of up quarks, down quarks and charged
leptons, respectively, and λ and κ are Yukawa coupling constants of the Higgs scalars. Here,
we impose a global Z3 symmetry to forbid tadpole and quadratic terms. The soft SUSY
breaking terms are given by

Vsoft = m2
H1
H†

1H1 +m2
H2
H†

2H2 +m2
SS

†S −
(

λAλSH1 ·H2 −
1

3
κAκS

3 + h.c.

)
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(scale invariant NMSSM)
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• Focus on the NMSSM Higgs sector   
      (only higgsino/singlino dark matter)  

NMSSM Higgs Sector

• Six free parameters: 
(after requiring the correct electroweak vacuum)
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NMSSM Higgs Sector
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NMSSM Higgs Sector

Want to generate tension by decoupling the 
NMSSM SUSY breaking scales.

(analogous to decoupling the dark Higgs in the non-SUSY Higgs portal)
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NMSSM Higgs Sector

• SM Higgs mass constrains    modulo     :
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*See, e.g., Kanehata, Kobayaski, Konishi, Seto 
and Shimomura, arXiv:1103.5109

NMSSM Higgs Sector

1.  Forbid D-flat directions in the MSSM potential.

2.  Forbid directions where only one MSSM Higgs
    or singlet gets a vev.
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http://arxiv.org/abs/1310.1083
http://arxiv.org/abs/1310.1083
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NMSSM Higgs Sector

• Mass spectrum (in the decoupling limit):
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NMSSM Higgs Sector

• Mass spectrum (in the decoupling limit):
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All non-SM masses increase 
with decoupling.
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Perturbative Unitarity Arguments

• Use perturbative unitarity on both the dimensionless 
and dimension-full parameters to estimate when 
perturbativity will break down.
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• SUSY is a perturbative theory.  Trilinear and 
dimensionless couplings cannot be too large. 

• Performed the standard analysis to bound the 
scalar quartic couplings when            .          
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• Claim:  Perturbative unitarity also has sensitivity to 
ratios of the dimension-full parameters.  

• SUSY is a perturbative theory.  Trilinear and 
dimensionless couplings cannot be too large. 

• Performed the standard analysis to bound the 
scalar quartic couplings when            .          
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• Sensitivity to ratios: 

Perturbative Unitarity Arguments

S S
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Abstract. For MSSM phenomenology, soft SUSY breaking dimension-three operators are impor-
tant, in particular the couplings between Higgs bosons and squarks. In scattering processes, per-
turbative unitarity is violated at modest center-of-mass energy if these couplings are much larger
than the masses of the scalar particles involved. Assuming perturbative unitarity, constraints on
the trilinear couplings can be determined using a computer program that we have developed.
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1 Introduction

For phenomenology in the Minimal Supersymmetric
Standard Model (MSSM), the soft supersymmetry
(SUSY) breaking dimension-three trilinear couplings
between Higgs bosons and squarks play an important
role. They determine the mass splitting in the stop
and sbottom sector and can have a profound influence
on Higgs physics. Unfortunately, these SUSY breaking
couplings are essentially free parameters. Thus, any
constraints that can be placed by theoretical consider-
ations are useful. Such constraints can be obtained, for
example, by considering the symmetry breaking of the
scalar sector and requiring that there are no color or
charge breaking minima [1]. Requiring that the MSSM
allows for a perturbation theory treatment, we here
consider a different approach: perturbative unitarity
in 2 → 2 scattering of scalar particles limits the size of
the trilinear couplings.

The approach is similar to the consideration of lon-
gitudinal weak boson scattering in the Standard Model
(SM), where the absence of perturbative unitarity vi-
olation at high energies provides an upper bound on
the Higgs quartic coupling and thus on the Higgs boson
mass [2,3]. For trilinear couplings in the MSSM scalar
sector, these unitarity violations arise at intermediate
energies, somewhat above pair production thresholds,
if trilinear couplings are chosen much larger than the
masses of the scalar particles in the scattering process.
The approach is applied to the trilinear couplings be-
tween Higgs bosons and 3rd generation squarks, given
by

Ltri = −λbAbHdQ̃Lb̃†R− λtAtHuQ̃Lt̃†R+ h.c.

which is part of the MSSM soft SUSY breaking poten-
tial. Here Q̃L is the SU(2)L-doublet of 3rd generation

a
Email: alesch@tkm.uni-karlsruhe.de

squarks, b̃†R and t̃†R denote the right-handed sbottom
and stop singlet fields, and Hd and Hu are the Higgs
boson doublet fields. We want to limit the dimension-
ful parameters which multiply the Yukawa couplings
λb =mb/v cosβ and λt =mt/v sin β, and µ, the Higgs
mixing parameter.

2 Perturbative unitarity for scalars

The starting point is the unitarity of the S matrix,

S†S = 1 , or equivalently − i
(

T − T †
)

= T †T ,

for the transition operator T with S =1+i T. To eval-
uate this equation one usually restricts to 2→ 2 scat-
tering (which is a good approximation in perturbation
theory) and then uses angular-momentum conserva-
tion and symmetries of the model to partially diago-
nalize T . In our analysis we additionally restrict our-
selves to scalar fields. Let ⟨f |T |i⟩ denote the transition
matrix elements with initial state |i⟩ and final state
|f⟩, and let T̂fi be the matrix element obtained from
Feynman diagrams in momentum representation,

(2π)4 δ(4)(Pi − Pf ) T̂fi(
√

s, cos θ) = ⟨f |T |i⟩ ,

evaluated in the center-of-mass system, where
√

s is
the total energy and θ is the scattering angle. This
transition is defined by the (ordered) particle content
of the two states, as well as

√
s and θ, and depends

on the masses mlk of the particles in state l = i, f via
the functions λl = λ(s, m2

l1, m
2
l2), λ(x, y, z) = x2+y2+

z2−2xy−2yz−2zx. The dependence on the scattering
angle θ is eliminated by projection onto partial waves
of total angular momentum J =0, 1, 2, . . .

T J
fi =

1

2

λ1/4
f λ1/4

i

16π s

∫ 1

−1
dcos θ T̂fi(

√
s, cos θ)PJ (cos θ) .
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Fig. 1. Scalar 2→2 tree level scattering diagrams.

The PJ are the Legendre polynomials. The factor 1/2
is a standard convention and leads to the factor 1/2 in
Eq. (1). In this normalization, extra factors of 1/

√
2

have to be included for each state with two identi-
cal particles. Higher partial waves usually give smaller
amplitudes, so only J =0, 1 amplitudes have to be con-
sidered in practice. The unitarity condition now reads

1

2i

(

T J
fi − T J∗

if

) ∼=
∑

h

T J∗
hf T J

hi . (1)

The sum is taken over intermediate states. Restriction
to only relevant and two-particle scalar states in the
sum slightly underestimates the right-hand side and
leads to conservative bounds.

The ’true’, physical matrix T J
fi is normal and can

therefore be diagonalized. The same holds for the Born
amplitude, which we use instead. The diagonalized ma-
trix T̃ J

fi and thus the eigenvalues satisfy

Im T̃ J
ii

∼= |T̃ J
ii |2 . (2)

The ’true’ eigenvalues (for any given energy
√

s) must
lie on the circle (called Argand diagram) given by (2):
y=x2+ y2 for x =Re T̃ J

ii and y =Im T̃ J
ii which implies

|x|≤ 1/2. For the Born approximation, the phases of
the fields can be chosen such that all 2→2 amplitudes
are (nearly) real, if CP (nearly) holds. Approximat-
ing x by the corresponding Born amplitude yields the
desired unitarity bound. The circle restricts |x|≤1/2,
which is the unitarity bound generally used in the lit-
erature. A Born value of x= 1/2, y=0 needs at least1

a correction of
√

2−1≈ 41% to become unitary. Such
large corrections indicate a breakdown of perturbation
theory. In addition to the perturbative unitarity bound
of |x| ≤ 1/2 we therefore also consider |x| ≤ 1/6 as a
condition for which the Born amplitude remains suffi-
ciently small to trust perturbation theory.

2.1 A toy model

Figure 1 shows generic tree level Feynman graphs for
ϕ1ϕ2 → ϕ3ϕ4 scattering with trilinear couplings of
(possibly different) scalar fields ϕl (l=1,.., 5). The cor-
responding amplitudes are A2/(q2− m2

5), where q2 =
s, t, u is one of the Mandelstam variables, and A stands
for the trilinear couplings. t and u depend on

√
s, cos θ,

and the masses ml of the exterior particles. Project-
ing onto partial waves, the amplitude for J = 0 has a
structure roughly like:

T J=0
fi ∼

1

16π

λ1/4
f λ1/4

i

s

A2

max{s, m2
5}

, (3)

1 ’At least’ means that this would be the minimal case
where the correction directly hits the nearest circle point.

where a factor of 2 has been assumed to account for the
partial wave projection. The second factor is smaller
than 1 and the third factor becomes large if both the
scattering energy

√
s and the mass of the internal par-

ticle are small compared to the couplings A. Highest
values are usually found for energies near the kine-
matic threshold, i.e. at energies where the model should
work properly, in contrast to weak boson scattering in
the SM [2,3].

2.2 Handling poles

Clearly the Born amplitudes are not sufficient to de-
scribe scattering processes where intermediate parti-
cles become on-shell. In the s channel in Figure 1 this
happens when

√
s=m5. Born amplitudes only will be

used for unitarity considerations and s-channel poles
are cut out by the condition

|
√

s − m|2 > a m Γ (Q=b m) . (4)

Here a, b ! 1 are (suitably chosen) constants and the
’running width’ Γ (Q) of the internal particle ϕ at en-
ergy Q is approximated by the decay width via replac-
ing its mass m with the energy Q in the phase space
factor. This condition (4) has to be fulfilled for all in-
ternal particles appearing in the s channel. If this is
not the case, the amplitude is set to zero, as well as
the irreducible part of T J=0

fi this process is in, because
of possible destructive interference of matrix elements.

A width cannot be included in the Born propagator
for two reasons: First, Tfi is no longer diagonalizable
(at this level of approximation). Second, our Γ (

√
s)

grows (linearly for large
√

s) with
√

s, which is not a
good approximation to the propagator as

√
s≫m.

The internal particle in the u channel of Figure
1 can also become on-shell for certain combinations
of masses. This occurs e.g. if ϕ1 can decay into ϕ4, ϕ5

and ϕ2, ϕ5 can fuse to ϕ3 (MSSM example: t̃2t̃1 → t̃2t̃1
with u channel h0 exchange when mt̃2 >mt̃1+mh). One
obtains another possibility by switching labels 1 ↔ 2
and 3↔ 4 or two similar conditions for the t channel
by exchange of 3↔4. The first case has the condition:

c m1 ≥ m4 + m5 ∧ m2 + m5 ≤ c m3 . (5)

with some suitably chosen constant c ! 1. Amplitudes
where a condition like in (5) is fulfilled cannot be com-
puted because the internal particle becomes on-shell
for some value of the scattering angle. The constants
a, b, c are chosen larger than one because in proximity
of a pole one encounters unphysical enhancements of
the amplitude in the pure Born approximation. Still,
some enhancement can appear in special cases.

If some Born matrix elements cannot be calculated
because of a t or u channel pole, the tree level matrix
T J

fi cannot be diagonalized. The solution is a partial
diagonalization. Assuming time reflection invariance,
we write the left-hand side of (1) as ImT J

fi. Define the
set B of all kinematically accessible states at given

√
s

from an irreducible part of T J
fi and the set C⊂B such

Unitarity of the S-matrix requires

where

• Review: 
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tant, in particular the couplings between Higgs bosons and squarks. In scattering processes, per-
turbative unitarity is violated at modest center-of-mass energy if these couplings are much larger
than the masses of the scalar particles involved. Assuming perturbative unitarity, constraints on
the trilinear couplings can be determined using a computer program that we have developed.
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1 Introduction

For phenomenology in the Minimal Supersymmetric
Standard Model (MSSM), the soft supersymmetry
(SUSY) breaking dimension-three trilinear couplings
between Higgs bosons and squarks play an important
role. They determine the mass splitting in the stop
and sbottom sector and can have a profound influence
on Higgs physics. Unfortunately, these SUSY breaking
couplings are essentially free parameters. Thus, any
constraints that can be placed by theoretical consider-
ations are useful. Such constraints can be obtained, for
example, by considering the symmetry breaking of the
scalar sector and requiring that there are no color or
charge breaking minima [1]. Requiring that the MSSM
allows for a perturbation theory treatment, we here
consider a different approach: perturbative unitarity
in 2 → 2 scattering of scalar particles limits the size of
the trilinear couplings.

The approach is similar to the consideration of lon-
gitudinal weak boson scattering in the Standard Model
(SM), where the absence of perturbative unitarity vi-
olation at high energies provides an upper bound on
the Higgs quartic coupling and thus on the Higgs boson
mass [2,3]. For trilinear couplings in the MSSM scalar
sector, these unitarity violations arise at intermediate
energies, somewhat above pair production thresholds,
if trilinear couplings are chosen much larger than the
masses of the scalar particles in the scattering process.
The approach is applied to the trilinear couplings be-
tween Higgs bosons and 3rd generation squarks, given
by

Ltri = −λbAbHdQ̃Lb̃†R− λtAtHuQ̃Lt̃†R+ h.c.

which is part of the MSSM soft SUSY breaking poten-
tial. Here Q̃L is the SU(2)L-doublet of 3rd generation
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squarks, b̃†R and t̃†R denote the right-handed sbottom
and stop singlet fields, and Hd and Hu are the Higgs
boson doublet fields. We want to limit the dimension-
ful parameters which multiply the Yukawa couplings
λb =mb/v cosβ and λt =mt/v sin β, and µ, the Higgs
mixing parameter.

2 Perturbative unitarity for scalars

The starting point is the unitarity of the S matrix,

S†S = 1 , or equivalently − i
(

T − T †
)

= T †T ,

for the transition operator T with S =1+i T. To eval-
uate this equation one usually restricts to 2→ 2 scat-
tering (which is a good approximation in perturbation
theory) and then uses angular-momentum conserva-
tion and symmetries of the model to partially diago-
nalize T . In our analysis we additionally restrict our-
selves to scalar fields. Let ⟨f |T |i⟩ denote the transition
matrix elements with initial state |i⟩ and final state
|f⟩, and let T̂fi be the matrix element obtained from
Feynman diagrams in momentum representation,

(2π)4 δ(4)(Pi − Pf ) T̂fi(
√

s, cos θ) = ⟨f |T |i⟩ ,

evaluated in the center-of-mass system, where
√

s is
the total energy and θ is the scattering angle. This
transition is defined by the (ordered) particle content
of the two states, as well as

√
s and θ, and depends

on the masses mlk of the particles in state l = i, f via
the functions λl = λ(s, m2

l1, m
2
l2), λ(x, y, z) = x2+y2+

z2−2xy−2yz−2zx. The dependence on the scattering
angle θ is eliminated by projection onto partial waves
of total angular momentum J =0, 1, 2, . . .

T J
fi =

1

2

λ1/4
f λ1/4

i

16π s

∫ 1

−1
dcos θ T̂fi(

√
s, cos θ)PJ (cos θ) .
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Fig. 1. Scalar 2→2 tree level scattering diagrams.

The PJ are the Legendre polynomials. The factor 1/2
is a standard convention and leads to the factor 1/2 in
Eq. (1). In this normalization, extra factors of 1/

√
2

have to be included for each state with two identi-
cal particles. Higher partial waves usually give smaller
amplitudes, so only J =0, 1 amplitudes have to be con-
sidered in practice. The unitarity condition now reads

1

2i

(

T J
fi − T J∗

if

) ∼=
∑

h

T J∗
hf T J

hi . (1)

The sum is taken over intermediate states. Restriction
to only relevant and two-particle scalar states in the
sum slightly underestimates the right-hand side and
leads to conservative bounds.

The ’true’, physical matrix T J
fi is normal and can

therefore be diagonalized. The same holds for the Born
amplitude, which we use instead. The diagonalized ma-
trix T̃ J

fi and thus the eigenvalues satisfy

Im T̃ J
ii

∼= |T̃ J
ii |2 . (2)

The ’true’ eigenvalues (for any given energy
√

s) must
lie on the circle (called Argand diagram) given by (2):
y=x2+ y2 for x =Re T̃ J

ii and y =Im T̃ J
ii which implies

|x|≤ 1/2. For the Born approximation, the phases of
the fields can be chosen such that all 2→2 amplitudes
are (nearly) real, if CP (nearly) holds. Approximat-
ing x by the corresponding Born amplitude yields the
desired unitarity bound. The circle restricts |x|≤1/2,
which is the unitarity bound generally used in the lit-
erature. A Born value of x= 1/2, y=0 needs at least1

a correction of
√

2−1≈ 41% to become unitary. Such
large corrections indicate a breakdown of perturbation
theory. In addition to the perturbative unitarity bound
of |x| ≤ 1/2 we therefore also consider |x| ≤ 1/6 as a
condition for which the Born amplitude remains suffi-
ciently small to trust perturbation theory.

2.1 A toy model

Figure 1 shows generic tree level Feynman graphs for
ϕ1ϕ2 → ϕ3ϕ4 scattering with trilinear couplings of
(possibly different) scalar fields ϕl (l=1,.., 5). The cor-
responding amplitudes are A2/(q2− m2

5), where q2 =
s, t, u is one of the Mandelstam variables, and A stands
for the trilinear couplings. t and u depend on

√
s, cos θ,

and the masses ml of the exterior particles. Project-
ing onto partial waves, the amplitude for J = 0 has a
structure roughly like:

T J=0
fi ∼

1

16π

λ1/4
f λ1/4

i

s

A2

max{s, m2
5}

, (3)

1 ’At least’ means that this would be the minimal case
where the correction directly hits the nearest circle point.

where a factor of 2 has been assumed to account for the
partial wave projection. The second factor is smaller
than 1 and the third factor becomes large if both the
scattering energy

√
s and the mass of the internal par-

ticle are small compared to the couplings A. Highest
values are usually found for energies near the kine-
matic threshold, i.e. at energies where the model should
work properly, in contrast to weak boson scattering in
the SM [2,3].

2.2 Handling poles

Clearly the Born amplitudes are not sufficient to de-
scribe scattering processes where intermediate parti-
cles become on-shell. In the s channel in Figure 1 this
happens when

√
s=m5. Born amplitudes only will be

used for unitarity considerations and s-channel poles
are cut out by the condition

|
√

s − m|2 > a m Γ (Q=b m) . (4)

Here a, b ! 1 are (suitably chosen) constants and the
’running width’ Γ (Q) of the internal particle ϕ at en-
ergy Q is approximated by the decay width via replac-
ing its mass m with the energy Q in the phase space
factor. This condition (4) has to be fulfilled for all in-
ternal particles appearing in the s channel. If this is
not the case, the amplitude is set to zero, as well as
the irreducible part of T J=0

fi this process is in, because
of possible destructive interference of matrix elements.

A width cannot be included in the Born propagator
for two reasons: First, Tfi is no longer diagonalizable
(at this level of approximation). Second, our Γ (

√
s)

grows (linearly for large
√

s) with
√

s, which is not a
good approximation to the propagator as

√
s≫m.

The internal particle in the u channel of Figure
1 can also become on-shell for certain combinations
of masses. This occurs e.g. if ϕ1 can decay into ϕ4, ϕ5

and ϕ2, ϕ5 can fuse to ϕ3 (MSSM example: t̃2t̃1 → t̃2t̃1
with u channel h0 exchange when mt̃2 >mt̃1+mh). One
obtains another possibility by switching labels 1 ↔ 2
and 3↔ 4 or two similar conditions for the t channel
by exchange of 3↔4. The first case has the condition:

c m1 ≥ m4 + m5 ∧ m2 + m5 ≤ c m3 . (5)

with some suitably chosen constant c ! 1. Amplitudes
where a condition like in (5) is fulfilled cannot be com-
puted because the internal particle becomes on-shell
for some value of the scattering angle. The constants
a, b, c are chosen larger than one because in proximity
of a pole one encounters unphysical enhancements of
the amplitude in the pure Born approximation. Still,
some enhancement can appear in special cases.

If some Born matrix elements cannot be calculated
because of a t or u channel pole, the tree level matrix
T J

fi cannot be diagonalized. The solution is a partial
diagonalization. Assuming time reflection invariance,
we write the left-hand side of (1) as ImT J

fi. Define the
set B of all kinematically accessible states at given

√
s

from an irreducible part of T J
fi and the set C⊂B such
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fi and thus the eigenvalues satisfy
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a correction of
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matic threshold, i.e. at energies where the model should
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√
s=m5. Born amplitudes only will be

used for unitarity considerations and s-channel poles
are cut out by the condition
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ergy Q is approximated by the decay width via replac-
ing its mass m with the energy Q in the phase space
factor. This condition (4) has to be fulfilled for all in-
ternal particles appearing in the s channel. If this is
not the case, the amplitude is set to zero, as well as
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fi this process is in, because
of possible destructive interference of matrix elements.

A width cannot be included in the Born propagator
for two reasons: First, Tfi is no longer diagonalizable
(at this level of approximation). Second, our Γ (

√
s)

grows (linearly for large
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s) with
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s, which is not a
good approximation to the propagator as
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s≫m.

The internal particle in the u channel of Figure
1 can also become on-shell for certain combinations
of masses. This occurs e.g. if ϕ1 can decay into ϕ4, ϕ5

and ϕ2, ϕ5 can fuse to ϕ3 (MSSM example: t̃2t̃1 → t̃2t̃1
with u channel h0 exchange when mt̃2 >mt̃1+mh). One
obtains another possibility by switching labels 1 ↔ 2
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by exchange of 3↔4. The first case has the condition:

c m1 ≥ m4 + m5 ∧ m2 + m5 ≤ c m3 . (5)

with some suitably chosen constant c ! 1. Amplitudes
where a condition like in (5) is fulfilled cannot be com-
puted because the internal particle becomes on-shell
for some value of the scattering angle. The constants
a, b, c are chosen larger than one because in proximity
of a pole one encounters unphysical enhancements of
the amplitude in the pure Born approximation. Still,
some enhancement can appear in special cases.

If some Born matrix elements cannot be calculated
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fi cannot be diagonalized. The solution is a partial
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we write the left-hand side of (1) as Im T J

fi. Define the
set B of all kinematically accessible states at given

√
s

from an irreducible part of T J
fi and the set C⊂B such

mA1 = h(, �, sin 2�, µ, A�) (38)

mA2 = h0
(, �, µ, A) (39)

mH+/� = h(, �, sin 2�, µ, A�) (40)

s!1 (41)

⇠ A2

/µ
2

(42)

⇠ A2

�/µ
2

(43)

V ⇠ A2

�

µ2

e�mhr

r
(44)

M ⇠ A2

�

s�m2

h

! A2

�

4 µ2

(45)

1/2 (46)
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f λ1/4

i

s

A2
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where the correction directly hits the nearest circle point.

where a factor of 2 has been assumed to account for the
partial wave projection. The second factor is smaller
than 1 and the third factor becomes large if both the
scattering energy

√
s and the mass of the internal par-

ticle are small compared to the couplings A. Highest
values are usually found for energies near the kine-
matic threshold, i.e. at energies where the model should
work properly, in contrast to weak boson scattering in
the SM [2,3].

2.2 Handling poles

Clearly the Born amplitudes are not sufficient to de-
scribe scattering processes where intermediate parti-
cles become on-shell. In the s channel in Figure 1 this
happens when

√
s=m5. Born amplitudes only will be

used for unitarity considerations and s-channel poles
are cut out by the condition

|
√

s − m|2 > a m Γ (Q=b m) . (4)

Here a, b ! 1 are (suitably chosen) constants and the
’running width’ Γ (Q) of the internal particle ϕ at en-
ergy Q is approximated by the decay width via replac-
ing its mass m with the energy Q in the phase space
factor. This condition (4) has to be fulfilled for all in-
ternal particles appearing in the s channel. If this is
not the case, the amplitude is set to zero, as well as
the irreducible part of T J=0

fi this process is in, because
of possible destructive interference of matrix elements.

A width cannot be included in the Born propagator
for two reasons: First, Tfi is no longer diagonalizable
(at this level of approximation). Second, our Γ (

√
s)

grows (linearly for large
√

s) with
√

s, which is not a
good approximation to the propagator as

√
s≫m.

The internal particle in the u channel of Figure
1 can also become on-shell for certain combinations
of masses. This occurs e.g. if ϕ1 can decay into ϕ4, ϕ5

and ϕ2, ϕ5 can fuse to ϕ3 (MSSM example: t̃2t̃1 → t̃2t̃1
with u channel h0 exchange when mt̃2 >mt̃1+mh). One
obtains another possibility by switching labels 1 ↔ 2
and 3↔ 4 or two similar conditions for the t channel
by exchange of 3↔4. The first case has the condition:

c m1 ≥ m4 + m5 ∧ m2 + m5 ≤ c m3 . (5)

with some suitably chosen constant c ! 1. Amplitudes
where a condition like in (5) is fulfilled cannot be com-
puted because the internal particle becomes on-shell
for some value of the scattering angle. The constants
a, b, c are chosen larger than one because in proximity
of a pole one encounters unphysical enhancements of
the amplitude in the pure Born approximation. Still,
some enhancement can appear in special cases.

If some Born matrix elements cannot be calculated
because of a t or u channel pole, the tree level matrix
T J

fi cannot be diagonalized. The solution is a partial
diagonalization. Assuming time reflection invariance,
we write the left-hand side of (1) as ImT J

fi. Define the
set B of all kinematically accessible states at given

√
s

from an irreducible part of T J
fi and the set C⊂B such
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for some value of the scattering angle. The constants
a, b, c are chosen larger than one because in proximity
of a pole one encounters unphysical enhancements of
the amplitude in the pure Born approximation. Still,
some enhancement can appear in special cases.

If some Born matrix elements cannot be calculated
because of a t or u channel pole, the tree level matrix
T J

fi cannot be diagonalized. The solution is a partial
diagonalization. Assuming time reflection invariance,
we write the left-hand side of (1) as Im T J

fi. Define the
set B of all kinematically accessible states at given

√
s

from an irreducible part of T J
fi and the set C⊂B such

mA1 = h(, �, sin 2�, µ, A�) (38)

mA2 = h0
(, �, µ, A) (39)

mH+/� = h(, �, sin 2�, µ, A�) (40)
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4

Exact computation of a 
scattering process to all orders 
of perturbation theory lie on 

the Argand circle

• Our approach: 

However, we almost always 
compute in perturbation theory 

to the lowest order possible
(off the circle).
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The PJ are the Legendre polynomials. The factor 1/2
is a standard convention and leads to the factor 1/2 in
Eq. (1). In this normalization, extra factors of 1/

√
2

have to be included for each state with two identi-
cal particles. Higher partial waves usually give smaller
amplitudes, so only J =0, 1 amplitudes have to be con-
sidered in practice. The unitarity condition now reads

1

2i

(

T J
fi − T J∗

if

) ∼=
∑

h

T J∗
hf T J

hi . (1)

The sum is taken over intermediate states. Restriction
to only relevant and two-particle scalar states in the
sum slightly underestimates the right-hand side and
leads to conservative bounds.

The ’true’, physical matrix T J
fi is normal and can

therefore be diagonalized. The same holds for the Born
amplitude, which we use instead. The diagonalized ma-
trix T̃ J

fi and thus the eigenvalues satisfy

Im T̃ J
ii

∼= |T̃ J
ii |2 . (2)

The ’true’ eigenvalues (for any given energy
√

s) must
lie on the circle (called Argand diagram) given by (2):
y=x2+ y2 for x =Re T̃ J

ii and y =Im T̃ J
ii which implies

|x|≤ 1/2. For the Born approximation, the phases of
the fields can be chosen such that all 2→2 amplitudes
are (nearly) real, if CP (nearly) holds. Approximat-
ing x by the corresponding Born amplitude yields the
desired unitarity bound. The circle restricts |x|≤1/2,
which is the unitarity bound generally used in the lit-
erature. A Born value of x= 1/2, y=0 needs at least1

a correction of
√

2−1≈ 41% to become unitary. Such
large corrections indicate a breakdown of perturbation
theory. In addition to the perturbative unitarity bound
of |x| ≤ 1/2 we therefore also consider |x| ≤ 1/6 as a
condition for which the Born amplitude remains suffi-
ciently small to trust perturbation theory.

2.1 A toy model

Figure 1 shows generic tree level Feynman graphs for
ϕ1ϕ2 → ϕ3ϕ4 scattering with trilinear couplings of
(possibly different) scalar fields ϕl (l=1,.., 5). The cor-
responding amplitudes are A2/(q2− m2

5), where q2 =
s, t, u is one of the Mandelstam variables, and A stands
for the trilinear couplings. t and u depend on

√
s, cos θ,

and the masses ml of the exterior particles. Project-
ing onto partial waves, the amplitude for J = 0 has a
structure roughly like:

T J=0
fi ∼

1

16π

λ1/4
f λ1/4

i

s

A2

max{s, m2
5}

, (3)

1 ’At least’ means that this would be the minimal case
where the correction directly hits the nearest circle point.

where a factor of 2 has been assumed to account for the
partial wave projection. The second factor is smaller
than 1 and the third factor becomes large if both the
scattering energy

√
s and the mass of the internal par-

ticle are small compared to the couplings A. Highest
values are usually found for energies near the kine-
matic threshold, i.e. at energies where the model should
work properly, in contrast to weak boson scattering in
the SM [2,3].

2.2 Handling poles

Clearly the Born amplitudes are not sufficient to de-
scribe scattering processes where intermediate parti-
cles become on-shell. In the s channel in Figure 1 this
happens when

√
s=m5. Born amplitudes only will be

used for unitarity considerations and s-channel poles
are cut out by the condition

|
√

s − m|2 > a m Γ (Q=b m) . (4)

Here a, b ! 1 are (suitably chosen) constants and the
’running width’ Γ (Q) of the internal particle ϕ at en-
ergy Q is approximated by the decay width via replac-
ing its mass m with the energy Q in the phase space
factor. This condition (4) has to be fulfilled for all in-
ternal particles appearing in the s channel. If this is
not the case, the amplitude is set to zero, as well as
the irreducible part of T J=0

fi this process is in, because
of possible destructive interference of matrix elements.

A width cannot be included in the Born propagator
for two reasons: First, Tfi is no longer diagonalizable
(at this level of approximation). Second, our Γ (

√
s)

grows (linearly for large
√

s) with
√

s, which is not a
good approximation to the propagator as

√
s≫m.

The internal particle in the u channel of Figure
1 can also become on-shell for certain combinations
of masses. This occurs e.g. if ϕ1 can decay into ϕ4, ϕ5

and ϕ2, ϕ5 can fuse to ϕ3 (MSSM example: t̃2t̃1 → t̃2t̃1
with u channel h0 exchange when mt̃2 >mt̃1+mh). One
obtains another possibility by switching labels 1 ↔ 2
and 3↔ 4 or two similar conditions for the t channel
by exchange of 3↔4. The first case has the condition:

c m1 ≥ m4 + m5 ∧ m2 + m5 ≤ c m3 . (5)

with some suitably chosen constant c ! 1. Amplitudes
where a condition like in (5) is fulfilled cannot be com-
puted because the internal particle becomes on-shell
for some value of the scattering angle. The constants
a, b, c are chosen larger than one because in proximity
of a pole one encounters unphysical enhancements of
the amplitude in the pure Born approximation. Still,
some enhancement can appear in special cases.

If some Born matrix elements cannot be calculated
because of a t or u channel pole, the tree level matrix
T J

fi cannot be diagonalized. The solution is a partial
diagonalization. Assuming time reflection invariance,
we write the left-hand side of (1) as ImT J

fi. Define the
set B of all kinematically accessible states at given

√
s

from an irreducible part of T J
fi and the set C⊂B such
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The PJ are the Legendre polynomials. The factor 1/2
is a standard convention and leads to the factor 1/2 in
Eq. (1). In this normalization, extra factors of 1/

√
2

have to be included for each state with two identi-
cal particles. Higher partial waves usually give smaller
amplitudes, so only J =0, 1 amplitudes have to be con-
sidered in practice. The unitarity condition now reads

1

2i

(

T J
fi − T J∗

if

) ∼=
∑

h

T J∗
hf T J

hi . (1)

The sum is taken over intermediate states. Restriction
to only relevant and two-particle scalar states in the
sum slightly underestimates the right-hand side and
leads to conservative bounds.

The ’true’, physical matrix T J
fi is normal and can

therefore be diagonalized. The same holds for the Born
amplitude, which we use instead. The diagonalized ma-
trix T̃ J

fi and thus the eigenvalues satisfy

Im T̃ J
ii

∼= |T̃ J
ii |2 . (2)

The ’true’ eigenvalues (for any given energy
√

s) must
lie on the circle (called Argand diagram) given by (2):
y=x2+ y2 for x =Re T̃ J

ii and y =Im T̃ J
ii which implies

|x|≤ 1/2. For the Born approximation, the phases of
the fields can be chosen such that all 2→2 amplitudes
are (nearly) real, if CP (nearly) holds. Approximat-
ing x by the corresponding Born amplitude yields the
desired unitarity bound. The circle restricts |x|≤1/2,
which is the unitarity bound generally used in the lit-
erature. A Born value of x= 1/2, y=0 needs at least1

a correction of
√

2−1≈ 41% to become unitary. Such
large corrections indicate a breakdown of perturbation
theory. In addition to the perturbative unitarity bound
of |x| ≤ 1/2 we therefore also consider |x| ≤ 1/6 as a
condition for which the Born amplitude remains suffi-
ciently small to trust perturbation theory.

2.1 A toy model

Figure 1 shows generic tree level Feynman graphs for
ϕ1ϕ2 → ϕ3ϕ4 scattering with trilinear couplings of
(possibly different) scalar fields ϕl (l=1,.., 5). The cor-
responding amplitudes are A2/(q2− m2

5), where q2 =
s, t, u is one of the Mandelstam variables, and A stands
for the trilinear couplings. t and u depend on

√
s, cos θ,

and the masses ml of the exterior particles. Project-
ing onto partial waves, the amplitude for J = 0 has a
structure roughly like:

T J=0
fi ∼

1

16π

λ1/4
f λ1/4

i

s

A2

max{s, m2
5}

, (3)

1 ’At least’ means that this would be the minimal case
where the correction directly hits the nearest circle point.

where a factor of 2 has been assumed to account for the
partial wave projection. The second factor is smaller
than 1 and the third factor becomes large if both the
scattering energy

√
s and the mass of the internal par-

ticle are small compared to the couplings A. Highest
values are usually found for energies near the kine-
matic threshold, i.e. at energies where the model should
work properly, in contrast to weak boson scattering in
the SM [2,3].

2.2 Handling poles

Clearly the Born amplitudes are not sufficient to de-
scribe scattering processes where intermediate parti-
cles become on-shell. In the s channel in Figure 1 this
happens when

√
s=m5. Born amplitudes only will be

used for unitarity considerations and s-channel poles
are cut out by the condition

|
√

s − m|2 > a m Γ (Q=b m) . (4)

Here a, b ! 1 are (suitably chosen) constants and the
’running width’ Γ (Q) of the internal particle ϕ at en-
ergy Q is approximated by the decay width via replac-
ing its mass m with the energy Q in the phase space
factor. This condition (4) has to be fulfilled for all in-
ternal particles appearing in the s channel. If this is
not the case, the amplitude is set to zero, as well as
the irreducible part of T J=0

fi this process is in, because
of possible destructive interference of matrix elements.

A width cannot be included in the Born propagator
for two reasons: First, Tfi is no longer diagonalizable
(at this level of approximation). Second, our Γ (

√
s)

grows (linearly for large
√

s) with
√

s, which is not a
good approximation to the propagator as

√
s≫m.

The internal particle in the u channel of Figure
1 can also become on-shell for certain combinations
of masses. This occurs e.g. if ϕ1 can decay into ϕ4, ϕ5

and ϕ2, ϕ5 can fuse to ϕ3 (MSSM example: t̃2t̃1 → t̃2t̃1
with u channel h0 exchange when mt̃2 >mt̃1+mh). One
obtains another possibility by switching labels 1 ↔ 2
and 3↔ 4 or two similar conditions for the t channel
by exchange of 3↔4. The first case has the condition:

c m1 ≥ m4 + m5 ∧ m2 + m5 ≤ c m3 . (5)

with some suitably chosen constant c ! 1. Amplitudes
where a condition like in (5) is fulfilled cannot be com-
puted because the internal particle becomes on-shell
for some value of the scattering angle. The constants
a, b, c are chosen larger than one because in proximity
of a pole one encounters unphysical enhancements of
the amplitude in the pure Born approximation. Still,
some enhancement can appear in special cases.

If some Born matrix elements cannot be calculated
because of a t or u channel pole, the tree level matrix
T J

fi cannot be diagonalized. The solution is a partial
diagonalization. Assuming time reflection invariance,
we write the left-hand side of (1) as Im T J

fi. Define the
set B of all kinematically accessible states at given

√
s

from an irreducible part of T J
fi and the set C⊂B such

mA1 = h(, �, sin 2�, µ, A�) (38)

mA2 = h0
(, �, µ, A) (39)

mH+/� = h(, �, sin 2�, µ, A�) (40)

s!1 (41)

⇠ A2
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2

(42)
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2
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4

Unitarity computations in the tree-level, Born 
approximation appear on the x-axis.

• Our approach: 
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The PJ are the Legendre polynomials. The factor 1/2
is a standard convention and leads to the factor 1/2 in
Eq. (1). In this normalization, extra factors of 1/

√
2

have to be included for each state with two identi-
cal particles. Higher partial waves usually give smaller
amplitudes, so only J =0, 1 amplitudes have to be con-
sidered in practice. The unitarity condition now reads

1

2i

(

T J
fi − T J∗

if

) ∼=
∑

h

T J∗
hf T J

hi . (1)

The sum is taken over intermediate states. Restriction
to only relevant and two-particle scalar states in the
sum slightly underestimates the right-hand side and
leads to conservative bounds.

The ’true’, physical matrix T J
fi is normal and can

therefore be diagonalized. The same holds for the Born
amplitude, which we use instead. The diagonalized ma-
trix T̃ J

fi and thus the eigenvalues satisfy

Im T̃ J
ii

∼= |T̃ J
ii |2 . (2)

The ’true’ eigenvalues (for any given energy
√

s) must
lie on the circle (called Argand diagram) given by (2):
y=x2+ y2 for x =Re T̃ J

ii and y =Im T̃ J
ii which implies

|x|≤ 1/2. For the Born approximation, the phases of
the fields can be chosen such that all 2→2 amplitudes
are (nearly) real, if CP (nearly) holds. Approximat-
ing x by the corresponding Born amplitude yields the
desired unitarity bound. The circle restricts |x|≤1/2,
which is the unitarity bound generally used in the lit-
erature. A Born value of x= 1/2, y=0 needs at least1

a correction of
√

2−1≈ 41% to become unitary. Such
large corrections indicate a breakdown of perturbation
theory. In addition to the perturbative unitarity bound
of |x| ≤ 1/2 we therefore also consider |x| ≤ 1/6 as a
condition for which the Born amplitude remains suffi-
ciently small to trust perturbation theory.

2.1 A toy model

Figure 1 shows generic tree level Feynman graphs for
ϕ1ϕ2 → ϕ3ϕ4 scattering with trilinear couplings of
(possibly different) scalar fields ϕl (l=1,.., 5). The cor-
responding amplitudes are A2/(q2− m2

5), where q2 =
s, t, u is one of the Mandelstam variables, and A stands
for the trilinear couplings. t and u depend on

√
s, cos θ,

and the masses ml of the exterior particles. Project-
ing onto partial waves, the amplitude for J = 0 has a
structure roughly like:

T J=0
fi ∼

1

16π

λ1/4
f λ1/4

i

s

A2

max{s, m2
5}

, (3)

1 ’At least’ means that this would be the minimal case
where the correction directly hits the nearest circle point.

where a factor of 2 has been assumed to account for the
partial wave projection. The second factor is smaller
than 1 and the third factor becomes large if both the
scattering energy

√
s and the mass of the internal par-

ticle are small compared to the couplings A. Highest
values are usually found for energies near the kine-
matic threshold, i.e. at energies where the model should
work properly, in contrast to weak boson scattering in
the SM [2,3].

2.2 Handling poles

Clearly the Born amplitudes are not sufficient to de-
scribe scattering processes where intermediate parti-
cles become on-shell. In the s channel in Figure 1 this
happens when

√
s=m5. Born amplitudes only will be

used for unitarity considerations and s-channel poles
are cut out by the condition

|
√

s − m|2 > a m Γ (Q=b m) . (4)

Here a, b ! 1 are (suitably chosen) constants and the
’running width’ Γ (Q) of the internal particle ϕ at en-
ergy Q is approximated by the decay width via replac-
ing its mass m with the energy Q in the phase space
factor. This condition (4) has to be fulfilled for all in-
ternal particles appearing in the s channel. If this is
not the case, the amplitude is set to zero, as well as
the irreducible part of T J=0

fi this process is in, because
of possible destructive interference of matrix elements.

A width cannot be included in the Born propagator
for two reasons: First, Tfi is no longer diagonalizable
(at this level of approximation). Second, our Γ (

√
s)

grows (linearly for large
√

s) with
√

s, which is not a
good approximation to the propagator as

√
s≫m.

The internal particle in the u channel of Figure
1 can also become on-shell for certain combinations
of masses. This occurs e.g. if ϕ1 can decay into ϕ4, ϕ5

and ϕ2, ϕ5 can fuse to ϕ3 (MSSM example: t̃2t̃1 → t̃2t̃1
with u channel h0 exchange when mt̃2 >mt̃1+mh). One
obtains another possibility by switching labels 1 ↔ 2
and 3↔ 4 or two similar conditions for the t channel
by exchange of 3↔4. The first case has the condition:

c m1 ≥ m4 + m5 ∧ m2 + m5 ≤ c m3 . (5)

with some suitably chosen constant c ! 1. Amplitudes
where a condition like in (5) is fulfilled cannot be com-
puted because the internal particle becomes on-shell
for some value of the scattering angle. The constants
a, b, c are chosen larger than one because in proximity
of a pole one encounters unphysical enhancements of
the amplitude in the pure Born approximation. Still,
some enhancement can appear in special cases.

If some Born matrix elements cannot be calculated
because of a t or u channel pole, the tree level matrix
T J

fi cannot be diagonalized. The solution is a partial
diagonalization. Assuming time reflection invariance,
we write the left-hand side of (1) as ImT J

fi. Define the
set B of all kinematically accessible states at given

√
s

from an irreducible part of T J
fi and the set C⊂B such
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The PJ are the Legendre polynomials. The factor 1/2
is a standard convention and leads to the factor 1/2 in
Eq. (1). In this normalization, extra factors of 1/

√
2

have to be included for each state with two identi-
cal particles. Higher partial waves usually give smaller
amplitudes, so only J =0, 1 amplitudes have to be con-
sidered in practice. The unitarity condition now reads

1

2i

(

T J
fi − T J∗

if

) ∼=
∑

h

T J∗
hf T J

hi . (1)

The sum is taken over intermediate states. Restriction
to only relevant and two-particle scalar states in the
sum slightly underestimates the right-hand side and
leads to conservative bounds.

The ’true’, physical matrix T J
fi is normal and can

therefore be diagonalized. The same holds for the Born
amplitude, which we use instead. The diagonalized ma-
trix T̃ J

fi and thus the eigenvalues satisfy

Im T̃ J
ii

∼= |T̃ J
ii |2 . (2)

The ’true’ eigenvalues (for any given energy
√

s) must
lie on the circle (called Argand diagram) given by (2):
y=x2+ y2 for x =Re T̃ J

ii and y =Im T̃ J
ii which implies

|x|≤ 1/2. For the Born approximation, the phases of
the fields can be chosen such that all 2→2 amplitudes
are (nearly) real, if CP (nearly) holds. Approximat-
ing x by the corresponding Born amplitude yields the
desired unitarity bound. The circle restricts |x|≤1/2,
which is the unitarity bound generally used in the lit-
erature. A Born value of x= 1/2, y=0 needs at least1

a correction of
√

2−1≈ 41% to become unitary. Such
large corrections indicate a breakdown of perturbation
theory. In addition to the perturbative unitarity bound
of |x| ≤ 1/2 we therefore also consider |x| ≤ 1/6 as a
condition for which the Born amplitude remains suffi-
ciently small to trust perturbation theory.

2.1 A toy model

Figure 1 shows generic tree level Feynman graphs for
ϕ1ϕ2 → ϕ3ϕ4 scattering with trilinear couplings of
(possibly different) scalar fields ϕl (l=1,.., 5). The cor-
responding amplitudes are A2/(q2− m2

5), where q2 =
s, t, u is one of the Mandelstam variables, and A stands
for the trilinear couplings. t and u depend on

√
s, cos θ,

and the masses ml of the exterior particles. Project-
ing onto partial waves, the amplitude for J = 0 has a
structure roughly like:

T J=0
fi ∼

1

16π

λ1/4
f λ1/4

i

s

A2

max{s, m2
5}

, (3)

1 ’At least’ means that this would be the minimal case
where the correction directly hits the nearest circle point.

where a factor of 2 has been assumed to account for the
partial wave projection. The second factor is smaller
than 1 and the third factor becomes large if both the
scattering energy

√
s and the mass of the internal par-

ticle are small compared to the couplings A. Highest
values are usually found for energies near the kine-
matic threshold, i.e. at energies where the model should
work properly, in contrast to weak boson scattering in
the SM [2,3].

2.2 Handling poles

Clearly the Born amplitudes are not sufficient to de-
scribe scattering processes where intermediate parti-
cles become on-shell. In the s channel in Figure 1 this
happens when

√
s=m5. Born amplitudes only will be

used for unitarity considerations and s-channel poles
are cut out by the condition

|
√

s − m|2 > a m Γ (Q=b m) . (4)

Here a, b ! 1 are (suitably chosen) constants and the
’running width’ Γ (Q) of the internal particle ϕ at en-
ergy Q is approximated by the decay width via replac-
ing its mass m with the energy Q in the phase space
factor. This condition (4) has to be fulfilled for all in-
ternal particles appearing in the s channel. If this is
not the case, the amplitude is set to zero, as well as
the irreducible part of T J=0

fi this process is in, because
of possible destructive interference of matrix elements.

A width cannot be included in the Born propagator
for two reasons: First, Tfi is no longer diagonalizable
(at this level of approximation). Second, our Γ (

√
s)

grows (linearly for large
√

s) with
√

s, which is not a
good approximation to the propagator as

√
s≫m.

The internal particle in the u channel of Figure
1 can also become on-shell for certain combinations
of masses. This occurs e.g. if ϕ1 can decay into ϕ4, ϕ5

and ϕ2, ϕ5 can fuse to ϕ3 (MSSM example: t̃2t̃1 → t̃2t̃1
with u channel h0 exchange when mt̃2 >mt̃1+mh). One
obtains another possibility by switching labels 1 ↔ 2
and 3↔ 4 or two similar conditions for the t channel
by exchange of 3↔4. The first case has the condition:

c m1 ≥ m4 + m5 ∧ m2 + m5 ≤ c m3 . (5)

with some suitably chosen constant c ! 1. Amplitudes
where a condition like in (5) is fulfilled cannot be com-
puted because the internal particle becomes on-shell
for some value of the scattering angle. The constants
a, b, c are chosen larger than one because in proximity
of a pole one encounters unphysical enhancements of
the amplitude in the pure Born approximation. Still,
some enhancement can appear in special cases.

If some Born matrix elements cannot be calculated
because of a t or u channel pole, the tree level matrix
T J

fi cannot be diagonalized. The solution is a partial
diagonalization. Assuming time reflection invariance,
we write the left-hand side of (1) as Im T J

fi. Define the
set B of all kinematically accessible states at given

√
s

from an irreducible part of T J
fi and the set C⊂B such
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4

Higher-order corrections move  “toward” to the 
Argand circle.  However, a circuitous route is 

possible* depending on the size of the correction.

• Our approach: 

*See Aydemir,  Anber and Donoghue, 
  arXiv:1203.5153, for a similar analysis 
  of chiral perturbation theory.
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The PJ are the Legendre polynomials. The factor 1/2
is a standard convention and leads to the factor 1/2 in
Eq. (1). In this normalization, extra factors of 1/

√
2

have to be included for each state with two identi-
cal particles. Higher partial waves usually give smaller
amplitudes, so only J =0, 1 amplitudes have to be con-
sidered in practice. The unitarity condition now reads

1

2i

(

T J
fi − T J∗

if

) ∼=
∑

h

T J∗
hf T J

hi . (1)

The sum is taken over intermediate states. Restriction
to only relevant and two-particle scalar states in the
sum slightly underestimates the right-hand side and
leads to conservative bounds.

The ’true’, physical matrix T J
fi is normal and can

therefore be diagonalized. The same holds for the Born
amplitude, which we use instead. The diagonalized ma-
trix T̃ J

fi and thus the eigenvalues satisfy

Im T̃ J
ii

∼= |T̃ J
ii |2 . (2)

The ’true’ eigenvalues (for any given energy
√

s) must
lie on the circle (called Argand diagram) given by (2):
y=x2+ y2 for x =Re T̃ J

ii and y =Im T̃ J
ii which implies

|x|≤ 1/2. For the Born approximation, the phases of
the fields can be chosen such that all 2→2 amplitudes
are (nearly) real, if CP (nearly) holds. Approximat-
ing x by the corresponding Born amplitude yields the
desired unitarity bound. The circle restricts |x|≤1/2,
which is the unitarity bound generally used in the lit-
erature. A Born value of x= 1/2, y=0 needs at least1

a correction of
√

2−1≈ 41% to become unitary. Such
large corrections indicate a breakdown of perturbation
theory. In addition to the perturbative unitarity bound
of |x| ≤ 1/2 we therefore also consider |x| ≤ 1/6 as a
condition for which the Born amplitude remains suffi-
ciently small to trust perturbation theory.

2.1 A toy model

Figure 1 shows generic tree level Feynman graphs for
ϕ1ϕ2 → ϕ3ϕ4 scattering with trilinear couplings of
(possibly different) scalar fields ϕl (l=1,.., 5). The cor-
responding amplitudes are A2/(q2− m2

5), where q2 =
s, t, u is one of the Mandelstam variables, and A stands
for the trilinear couplings. t and u depend on

√
s, cos θ,

and the masses ml of the exterior particles. Project-
ing onto partial waves, the amplitude for J = 0 has a
structure roughly like:

T J=0
fi ∼

1

16π

λ1/4
f λ1/4

i

s

A2

max{s, m2
5}

, (3)

1 ’At least’ means that this would be the minimal case
where the correction directly hits the nearest circle point.

where a factor of 2 has been assumed to account for the
partial wave projection. The second factor is smaller
than 1 and the third factor becomes large if both the
scattering energy

√
s and the mass of the internal par-

ticle are small compared to the couplings A. Highest
values are usually found for energies near the kine-
matic threshold, i.e. at energies where the model should
work properly, in contrast to weak boson scattering in
the SM [2,3].

2.2 Handling poles

Clearly the Born amplitudes are not sufficient to de-
scribe scattering processes where intermediate parti-
cles become on-shell. In the s channel in Figure 1 this
happens when

√
s=m5. Born amplitudes only will be

used for unitarity considerations and s-channel poles
are cut out by the condition

|
√

s − m|2 > a m Γ (Q=b m) . (4)

Here a, b ! 1 are (suitably chosen) constants and the
’running width’ Γ (Q) of the internal particle ϕ at en-
ergy Q is approximated by the decay width via replac-
ing its mass m with the energy Q in the phase space
factor. This condition (4) has to be fulfilled for all in-
ternal particles appearing in the s channel. If this is
not the case, the amplitude is set to zero, as well as
the irreducible part of T J=0

fi this process is in, because
of possible destructive interference of matrix elements.

A width cannot be included in the Born propagator
for two reasons: First, Tfi is no longer diagonalizable
(at this level of approximation). Second, our Γ (

√
s)

grows (linearly for large
√

s) with
√

s, which is not a
good approximation to the propagator as

√
s≫m.

The internal particle in the u channel of Figure
1 can also become on-shell for certain combinations
of masses. This occurs e.g. if ϕ1 can decay into ϕ4, ϕ5

and ϕ2, ϕ5 can fuse to ϕ3 (MSSM example: t̃2t̃1 → t̃2t̃1
with u channel h0 exchange when mt̃2 >mt̃1+mh). One
obtains another possibility by switching labels 1 ↔ 2
and 3↔ 4 or two similar conditions for the t channel
by exchange of 3↔4. The first case has the condition:

c m1 ≥ m4 + m5 ∧ m2 + m5 ≤ c m3 . (5)

with some suitably chosen constant c ! 1. Amplitudes
where a condition like in (5) is fulfilled cannot be com-
puted because the internal particle becomes on-shell
for some value of the scattering angle. The constants
a, b, c are chosen larger than one because in proximity
of a pole one encounters unphysical enhancements of
the amplitude in the pure Born approximation. Still,
some enhancement can appear in special cases.

If some Born matrix elements cannot be calculated
because of a t or u channel pole, the tree level matrix
T J

fi cannot be diagonalized. The solution is a partial
diagonalization. Assuming time reflection invariance,
we write the left-hand side of (1) as ImT J

fi. Define the
set B of all kinematically accessible states at given

√
s

from an irreducible part of T J
fi and the set C⊂B such
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The PJ are the Legendre polynomials. The factor 1/2
is a standard convention and leads to the factor 1/2 in
Eq. (1). In this normalization, extra factors of 1/

√
2

have to be included for each state with two identi-
cal particles. Higher partial waves usually give smaller
amplitudes, so only J =0, 1 amplitudes have to be con-
sidered in practice. The unitarity condition now reads
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The sum is taken over intermediate states. Restriction
to only relevant and two-particle scalar states in the
sum slightly underestimates the right-hand side and
leads to conservative bounds.
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fi is normal and can

therefore be diagonalized. The same holds for the Born
amplitude, which we use instead. The diagonalized ma-
trix T̃ J

fi and thus the eigenvalues satisfy
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The ’true’ eigenvalues (for any given energy
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s) must
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ii which implies

|x|≤ 1/2. For the Born approximation, the phases of
the fields can be chosen such that all 2→2 amplitudes
are (nearly) real, if CP (nearly) holds. Approximat-
ing x by the corresponding Born amplitude yields the
desired unitarity bound. The circle restricts |x|≤1/2,
which is the unitarity bound generally used in the lit-
erature. A Born value of x= 1/2, y=0 needs at least1

a correction of
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2−1≈ 41% to become unitary. Such
large corrections indicate a breakdown of perturbation
theory. In addition to the perturbative unitarity bound
of |x| ≤ 1/2 we therefore also consider |x| ≤ 1/6 as a
condition for which the Born amplitude remains suffi-
ciently small to trust perturbation theory.

2.1 A toy model

Figure 1 shows generic tree level Feynman graphs for
ϕ1ϕ2 → ϕ3ϕ4 scattering with trilinear couplings of
(possibly different) scalar fields ϕl (l=1,.., 5). The cor-
responding amplitudes are A2/(q2− m2

5), where q2 =
s, t, u is one of the Mandelstam variables, and A stands
for the trilinear couplings. t and u depend on
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where a factor of 2 has been assumed to account for the
partial wave projection. The second factor is smaller
than 1 and the third factor becomes large if both the
scattering energy
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s and the mass of the internal par-

ticle are small compared to the couplings A. Highest
values are usually found for energies near the kine-
matic threshold, i.e. at energies where the model should
work properly, in contrast to weak boson scattering in
the SM [2,3].

2.2 Handling poles

Clearly the Born amplitudes are not sufficient to de-
scribe scattering processes where intermediate parti-
cles become on-shell. In the s channel in Figure 1 this
happens when

√
s=m5. Born amplitudes only will be

used for unitarity considerations and s-channel poles
are cut out by the condition

|
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s − m|2 > a m Γ (Q=b m) . (4)

Here a, b ! 1 are (suitably chosen) constants and the
’running width’ Γ (Q) of the internal particle ϕ at en-
ergy Q is approximated by the decay width via replac-
ing its mass m with the energy Q in the phase space
factor. This condition (4) has to be fulfilled for all in-
ternal particles appearing in the s channel. If this is
not the case, the amplitude is set to zero, as well as
the irreducible part of T J=0

fi this process is in, because
of possible destructive interference of matrix elements.

A width cannot be included in the Born propagator
for two reasons: First, Tfi is no longer diagonalizable
(at this level of approximation). Second, our Γ (
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grows (linearly for large
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s) with
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s, which is not a
good approximation to the propagator as
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The internal particle in the u channel of Figure
1 can also become on-shell for certain combinations
of masses. This occurs e.g. if ϕ1 can decay into ϕ4, ϕ5

and ϕ2, ϕ5 can fuse to ϕ3 (MSSM example: t̃2t̃1 → t̃2t̃1
with u channel h0 exchange when mt̃2 >mt̃1+mh). One
obtains another possibility by switching labels 1 ↔ 2
and 3↔ 4 or two similar conditions for the t channel
by exchange of 3↔4. The first case has the condition:

c m1 ≥ m4 + m5 ∧ m2 + m5 ≤ c m3 . (5)

with some suitably chosen constant c ! 1. Amplitudes
where a condition like in (5) is fulfilled cannot be com-
puted because the internal particle becomes on-shell
for some value of the scattering angle. The constants
a, b, c are chosen larger than one because in proximity
of a pole one encounters unphysical enhancements of
the amplitude in the pure Born approximation. Still,
some enhancement can appear in special cases.

If some Born matrix elements cannot be calculated
because of a t or u channel pole, the tree level matrix
T J

fi cannot be diagonalized. The solution is a partial
diagonalization. Assuming time reflection invariance,
we write the left-hand side of (1) as Im T J

fi. Define the
set B of all kinematically accessible states at given
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from an irreducible part of T J
fi and the set C⊂B such

mA1 = h(, �, sin 2�, µ, A�) (38)

mA2 = h0
(, �, µ, A) (39)

mH+/� = h(, �, sin 2�, µ, A�) (40)

s!1 (41)

⇠ A2

/µ
2

(42)

⇠ A2

�/µ
2

(43)

V ⇠ A2

�

µ2

e�mhr

r
(44)

M ⇠ A2

�

s�m2

h

! A2

�

4 µ2

(45)

1/2 (46)

4

To conservatively estimate the perturbative 
corrections, take the tree-level computation and draw a

straight line to the nearest point* on the circle.

• Our approach: 

*Methodology from Schuessler and 
  Zeppenfeld, arXiv:0710.5175. 
  Schuessler thesis (2005, in German).
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The PJ are the Legendre polynomials. The factor 1/2
is a standard convention and leads to the factor 1/2 in
Eq. (1). In this normalization, extra factors of 1/

√
2

have to be included for each state with two identi-
cal particles. Higher partial waves usually give smaller
amplitudes, so only J =0, 1 amplitudes have to be con-
sidered in practice. The unitarity condition now reads

1

2i

(

T J
fi − T J∗

if

) ∼=
∑

h

T J∗
hf T J

hi . (1)

The sum is taken over intermediate states. Restriction
to only relevant and two-particle scalar states in the
sum slightly underestimates the right-hand side and
leads to conservative bounds.

The ’true’, physical matrix T J
fi is normal and can

therefore be diagonalized. The same holds for the Born
amplitude, which we use instead. The diagonalized ma-
trix T̃ J

fi and thus the eigenvalues satisfy

Im T̃ J
ii

∼= |T̃ J
ii |2 . (2)

The ’true’ eigenvalues (for any given energy
√

s) must
lie on the circle (called Argand diagram) given by (2):
y=x2+ y2 for x =Re T̃ J

ii and y =Im T̃ J
ii which implies

|x|≤ 1/2. For the Born approximation, the phases of
the fields can be chosen such that all 2→2 amplitudes
are (nearly) real, if CP (nearly) holds. Approximat-
ing x by the corresponding Born amplitude yields the
desired unitarity bound. The circle restricts |x|≤1/2,
which is the unitarity bound generally used in the lit-
erature. A Born value of x= 1/2, y=0 needs at least1

a correction of
√

2−1≈ 41% to become unitary. Such
large corrections indicate a breakdown of perturbation
theory. In addition to the perturbative unitarity bound
of |x| ≤ 1/2 we therefore also consider |x| ≤ 1/6 as a
condition for which the Born amplitude remains suffi-
ciently small to trust perturbation theory.

2.1 A toy model

Figure 1 shows generic tree level Feynman graphs for
ϕ1ϕ2 → ϕ3ϕ4 scattering with trilinear couplings of
(possibly different) scalar fields ϕl (l=1,.., 5). The cor-
responding amplitudes are A2/(q2− m2

5), where q2 =
s, t, u is one of the Mandelstam variables, and A stands
for the trilinear couplings. t and u depend on

√
s, cos θ,

and the masses ml of the exterior particles. Project-
ing onto partial waves, the amplitude for J = 0 has a
structure roughly like:

T J=0
fi ∼

1

16π

λ1/4
f λ1/4
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s

A2

max{s, m2
5}

, (3)

1 ’At least’ means that this would be the minimal case
where the correction directly hits the nearest circle point.

where a factor of 2 has been assumed to account for the
partial wave projection. The second factor is smaller
than 1 and the third factor becomes large if both the
scattering energy

√
s and the mass of the internal par-

ticle are small compared to the couplings A. Highest
values are usually found for energies near the kine-
matic threshold, i.e. at energies where the model should
work properly, in contrast to weak boson scattering in
the SM [2,3].

2.2 Handling poles

Clearly the Born amplitudes are not sufficient to de-
scribe scattering processes where intermediate parti-
cles become on-shell. In the s channel in Figure 1 this
happens when

√
s=m5. Born amplitudes only will be

used for unitarity considerations and s-channel poles
are cut out by the condition

|
√

s − m|2 > a m Γ (Q=b m) . (4)

Here a, b ! 1 are (suitably chosen) constants and the
’running width’ Γ (Q) of the internal particle ϕ at en-
ergy Q is approximated by the decay width via replac-
ing its mass m with the energy Q in the phase space
factor. This condition (4) has to be fulfilled for all in-
ternal particles appearing in the s channel. If this is
not the case, the amplitude is set to zero, as well as
the irreducible part of T J=0

fi this process is in, because
of possible destructive interference of matrix elements.

A width cannot be included in the Born propagator
for two reasons: First, Tfi is no longer diagonalizable
(at this level of approximation). Second, our Γ (

√
s)

grows (linearly for large
√

s) with
√

s, which is not a
good approximation to the propagator as

√
s≫m.

The internal particle in the u channel of Figure
1 can also become on-shell for certain combinations
of masses. This occurs e.g. if ϕ1 can decay into ϕ4, ϕ5

and ϕ2, ϕ5 can fuse to ϕ3 (MSSM example: t̃2t̃1 → t̃2t̃1
with u channel h0 exchange when mt̃2 >mt̃1+mh). One
obtains another possibility by switching labels 1 ↔ 2
and 3↔ 4 or two similar conditions for the t channel
by exchange of 3↔4. The first case has the condition:

c m1 ≥ m4 + m5 ∧ m2 + m5 ≤ c m3 . (5)

with some suitably chosen constant c ! 1. Amplitudes
where a condition like in (5) is fulfilled cannot be com-
puted because the internal particle becomes on-shell
for some value of the scattering angle. The constants
a, b, c are chosen larger than one because in proximity
of a pole one encounters unphysical enhancements of
the amplitude in the pure Born approximation. Still,
some enhancement can appear in special cases.

If some Born matrix elements cannot be calculated
because of a t or u channel pole, the tree level matrix
T J

fi cannot be diagonalized. The solution is a partial
diagonalization. Assuming time reflection invariance,
we write the left-hand side of (1) as ImT J

fi. Define the
set B of all kinematically accessible states at given

√
s

from an irreducible part of T J
fi and the set C⊂B such
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The PJ are the Legendre polynomials. The factor 1/2
is a standard convention and leads to the factor 1/2 in
Eq. (1). In this normalization, extra factors of 1/
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have to be included for each state with two identi-
cal particles. Higher partial waves usually give smaller
amplitudes, so only J =0, 1 amplitudes have to be con-
sidered in practice. The unitarity condition now reads
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The sum is taken over intermediate states. Restriction
to only relevant and two-particle scalar states in the
sum slightly underestimates the right-hand side and
leads to conservative bounds.

The ’true’, physical matrix T J
fi is normal and can

therefore be diagonalized. The same holds for the Born
amplitude, which we use instead. The diagonalized ma-
trix T̃ J

fi and thus the eigenvalues satisfy
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The ’true’ eigenvalues (for any given energy
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s) must
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|x|≤ 1/2. For the Born approximation, the phases of
the fields can be chosen such that all 2→2 amplitudes
are (nearly) real, if CP (nearly) holds. Approximat-
ing x by the corresponding Born amplitude yields the
desired unitarity bound. The circle restricts |x|≤1/2,
which is the unitarity bound generally used in the lit-
erature. A Born value of x= 1/2, y=0 needs at least1

a correction of
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2−1≈ 41% to become unitary. Such
large corrections indicate a breakdown of perturbation
theory. In addition to the perturbative unitarity bound
of |x| ≤ 1/2 we therefore also consider |x| ≤ 1/6 as a
condition for which the Born amplitude remains suffi-
ciently small to trust perturbation theory.
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Figure 1 shows generic tree level Feynman graphs for
ϕ1ϕ2 → ϕ3ϕ4 scattering with trilinear couplings of
(possibly different) scalar fields ϕl (l=1,.., 5). The cor-
responding amplitudes are A2/(q2− m2

5), where q2 =
s, t, u is one of the Mandelstam variables, and A stands
for the trilinear couplings. t and u depend on
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where a factor of 2 has been assumed to account for the
partial wave projection. The second factor is smaller
than 1 and the third factor becomes large if both the
scattering energy

√
s and the mass of the internal par-

ticle are small compared to the couplings A. Highest
values are usually found for energies near the kine-
matic threshold, i.e. at energies where the model should
work properly, in contrast to weak boson scattering in
the SM [2,3].

2.2 Handling poles

Clearly the Born amplitudes are not sufficient to de-
scribe scattering processes where intermediate parti-
cles become on-shell. In the s channel in Figure 1 this
happens when

√
s=m5. Born amplitudes only will be

used for unitarity considerations and s-channel poles
are cut out by the condition
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Here a, b ! 1 are (suitably chosen) constants and the
’running width’ Γ (Q) of the internal particle ϕ at en-
ergy Q is approximated by the decay width via replac-
ing its mass m with the energy Q in the phase space
factor. This condition (4) has to be fulfilled for all in-
ternal particles appearing in the s channel. If this is
not the case, the amplitude is set to zero, as well as
the irreducible part of T J=0

fi this process is in, because
of possible destructive interference of matrix elements.

A width cannot be included in the Born propagator
for two reasons: First, Tfi is no longer diagonalizable
(at this level of approximation). Second, our Γ (
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s) with
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s, which is not a
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1 can also become on-shell for certain combinations
of masses. This occurs e.g. if ϕ1 can decay into ϕ4, ϕ5

and ϕ2, ϕ5 can fuse to ϕ3 (MSSM example: t̃2t̃1 → t̃2t̃1
with u channel h0 exchange when mt̃2 >mt̃1+mh). One
obtains another possibility by switching labels 1 ↔ 2
and 3↔ 4 or two similar conditions for the t channel
by exchange of 3↔4. The first case has the condition:
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with some suitably chosen constant c ! 1. Amplitudes
where a condition like in (5) is fulfilled cannot be com-
puted because the internal particle becomes on-shell
for some value of the scattering angle. The constants
a, b, c are chosen larger than one because in proximity
of a pole one encounters unphysical enhancements of
the amplitude in the pure Born approximation. Still,
some enhancement can appear in special cases.

If some Born matrix elements cannot be calculated
because of a t or u channel pole, the tree level matrix
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fi cannot be diagonalized. The solution is a partial
diagonalization. Assuming time reflection invariance,
we write the left-hand side of (1) as Im T J
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set B of all kinematically accessible states at given

√
s
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This distance corresponds to the minimum
perturbative correction needed to correct 

the tree-level amplitude*.

• Our approach: 
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The PJ are the Legendre polynomials. The factor 1/2
is a standard convention and leads to the factor 1/2 in
Eq. (1). In this normalization, extra factors of 1/

√
2

have to be included for each state with two identi-
cal particles. Higher partial waves usually give smaller
amplitudes, so only J =0, 1 amplitudes have to be con-
sidered in practice. The unitarity condition now reads

1
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T J
fi − T J∗

if

) ∼=
∑
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hf T J

hi . (1)

The sum is taken over intermediate states. Restriction
to only relevant and two-particle scalar states in the
sum slightly underestimates the right-hand side and
leads to conservative bounds.

The ’true’, physical matrix T J
fi is normal and can

therefore be diagonalized. The same holds for the Born
amplitude, which we use instead. The diagonalized ma-
trix T̃ J

fi and thus the eigenvalues satisfy

Im T̃ J
ii

∼= |T̃ J
ii |2 . (2)

The ’true’ eigenvalues (for any given energy
√

s) must
lie on the circle (called Argand diagram) given by (2):
y=x2+ y2 for x =Re T̃ J

ii and y =Im T̃ J
ii which implies

|x|≤ 1/2. For the Born approximation, the phases of
the fields can be chosen such that all 2→2 amplitudes
are (nearly) real, if CP (nearly) holds. Approximat-
ing x by the corresponding Born amplitude yields the
desired unitarity bound. The circle restricts |x|≤1/2,
which is the unitarity bound generally used in the lit-
erature. A Born value of x= 1/2, y=0 needs at least1

a correction of
√

2−1≈ 41% to become unitary. Such
large corrections indicate a breakdown of perturbation
theory. In addition to the perturbative unitarity bound
of |x| ≤ 1/2 we therefore also consider |x| ≤ 1/6 as a
condition for which the Born amplitude remains suffi-
ciently small to trust perturbation theory.

2.1 A toy model

Figure 1 shows generic tree level Feynman graphs for
ϕ1ϕ2 → ϕ3ϕ4 scattering with trilinear couplings of
(possibly different) scalar fields ϕl (l=1,.., 5). The cor-
responding amplitudes are A2/(q2− m2

5), where q2 =
s, t, u is one of the Mandelstam variables, and A stands
for the trilinear couplings. t and u depend on

√
s, cos θ,

and the masses ml of the exterior particles. Project-
ing onto partial waves, the amplitude for J = 0 has a
structure roughly like:

T J=0
fi ∼

1

16π

λ1/4
f λ1/4
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s

A2

max{s, m2
5}

, (3)

1 ’At least’ means that this would be the minimal case
where the correction directly hits the nearest circle point.

where a factor of 2 has been assumed to account for the
partial wave projection. The second factor is smaller
than 1 and the third factor becomes large if both the
scattering energy

√
s and the mass of the internal par-

ticle are small compared to the couplings A. Highest
values are usually found for energies near the kine-
matic threshold, i.e. at energies where the model should
work properly, in contrast to weak boson scattering in
the SM [2,3].

2.2 Handling poles

Clearly the Born amplitudes are not sufficient to de-
scribe scattering processes where intermediate parti-
cles become on-shell. In the s channel in Figure 1 this
happens when

√
s=m5. Born amplitudes only will be

used for unitarity considerations and s-channel poles
are cut out by the condition

|
√

s − m|2 > a m Γ (Q=b m) . (4)

Here a, b ! 1 are (suitably chosen) constants and the
’running width’ Γ (Q) of the internal particle ϕ at en-
ergy Q is approximated by the decay width via replac-
ing its mass m with the energy Q in the phase space
factor. This condition (4) has to be fulfilled for all in-
ternal particles appearing in the s channel. If this is
not the case, the amplitude is set to zero, as well as
the irreducible part of T J=0

fi this process is in, because
of possible destructive interference of matrix elements.

A width cannot be included in the Born propagator
for two reasons: First, Tfi is no longer diagonalizable
(at this level of approximation). Second, our Γ (

√
s)

grows (linearly for large
√

s) with
√

s, which is not a
good approximation to the propagator as

√
s≫m.

The internal particle in the u channel of Figure
1 can also become on-shell for certain combinations
of masses. This occurs e.g. if ϕ1 can decay into ϕ4, ϕ5

and ϕ2, ϕ5 can fuse to ϕ3 (MSSM example: t̃2t̃1 → t̃2t̃1
with u channel h0 exchange when mt̃2 >mt̃1+mh). One
obtains another possibility by switching labels 1 ↔ 2
and 3↔ 4 or two similar conditions for the t channel
by exchange of 3↔4. The first case has the condition:

c m1 ≥ m4 + m5 ∧ m2 + m5 ≤ c m3 . (5)

with some suitably chosen constant c ! 1. Amplitudes
where a condition like in (5) is fulfilled cannot be com-
puted because the internal particle becomes on-shell
for some value of the scattering angle. The constants
a, b, c are chosen larger than one because in proximity
of a pole one encounters unphysical enhancements of
the amplitude in the pure Born approximation. Still,
some enhancement can appear in special cases.

If some Born matrix elements cannot be calculated
because of a t or u channel pole, the tree level matrix
T J

fi cannot be diagonalized. The solution is a partial
diagonalization. Assuming time reflection invariance,
we write the left-hand side of (1) as ImT J

fi. Define the
set B of all kinematically accessible states at given

√
s

from an irreducible part of T J
fi and the set C⊂B such
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(at this level of approximation). Second, our Γ (

√
s)

grows (linearly for large
√

s) with
√

s, which is not a
good approximation to the propagator as

√
s≫m.

The internal particle in the u channel of Figure
1 can also become on-shell for certain combinations
of masses. This occurs e.g. if ϕ1 can decay into ϕ4, ϕ5

and ϕ2, ϕ5 can fuse to ϕ3 (MSSM example: t̃2t̃1 → t̃2t̃1
with u channel h0 exchange when mt̃2 >mt̃1+mh). One
obtains another possibility by switching labels 1 ↔ 2
and 3↔ 4 or two similar conditions for the t channel
by exchange of 3↔4. The first case has the condition:

c m1 ≥ m4 + m5 ∧ m2 + m5 ≤ c m3 . (5)

with some suitably chosen constant c ! 1. Amplitudes
where a condition like in (5) is fulfilled cannot be com-
puted because the internal particle becomes on-shell
for some value of the scattering angle. The constants
a, b, c are chosen larger than one because in proximity
of a pole one encounters unphysical enhancements of
the amplitude in the pure Born approximation. Still,
some enhancement can appear in special cases.

If some Born matrix elements cannot be calculated
because of a t or u channel pole, the tree level matrix
T J

fi cannot be diagonalized. The solution is a partial
diagonalization. Assuming time reflection invariance,
we write the left-hand side of (1) as Im T J

fi. Define the
set B of all kinematically accessible states at given

√
s

from an irreducible part of T J
fi and the set C⊂B such

mA1 = h(, �, sin 2�, µ, A�) (38)

mA2 = h0
(, �, µ, A) (39)

mH+/� = h(, �, sin 2�, µ, A�) (40)

s!1 (41)

⇠ A2

/µ
2

(42)

⇠ A2

�/µ
2

(43)

V ⇠ A2

�

µ2

e�mhr

r
(44)

M ⇠ A2

�

s�m2

h

! A2

�

4 µ2

(45)

1/2 (46)

4

We scan over       to give the maximum 
value of tree-level amplitude.  We only allow

points in the parameter space that correspond
to less than a 20% correction* to the amplitude.
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*Methodology from Schuessler and 
  Zeppenfeld, arXiv:0710.5175. 
  Schuessler thesis (2005, in German).
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Relic Abundance



56

NMSSM Relic Abundance

• Relic abundance “anchors” the NMSSM spectrum.  
Same for the non-SUSY Higgs portal. 

• Roughly, raising the dark matter mass means larger 
couplings to get the right relic abundance*.  

*A moral of Griest and Kamionkowski, Phys. Rev. Lett. 64, 615.
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NMSSM Relic Abundance
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4

• Require relic abundance to be less than or equal
to the Planck central value.

• Used MicrOmegas and NMSSMTools*.

*MicroOmegas authors:  Bélanger, Boudjema, Pukhov and Semenov
  NMSSM Tools authors:  Das, Ellwanger, Gunion, Hugonie, Jean-Louis and Teixeria
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NMSSM SUSY Mass Spectrum
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NMSSM SUSY Mass Spectrum
  

• Analysis:  Scan over the NMSSM parameters:

1.  SUSY mass parameters:

2.  Dimensionless parameters: 

• Apply constraints:  

a) Perturbative unitarity constraints
b) Relic abundance 
c)  Vacuum and other NMSSM consistency
     constraints.

• Result is a bounded NMSSM spectra
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NMSSM SUSY Mass Spectrum

Resonant annihilation 
fine-tuning parameter:  

Red - Xenon 1T projected exclusion 
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• Dark matter and Heaviest CP Even, Neutral Higgs Mass vs. 
Resonant Fine-Tuning Parameter:

Dark Matter Mass Chargino Mass
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NMSSM SUSY Mass Spectrum

Resonant annihilation 
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• Dark matter and Heaviest CP Even, Neutral Higgs Mass vs. 
Resonant Fine-Tuning Parameter:

Dark Matter Mass Chargino Mass
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NMSSM SUSY Mass Spectrum

Resonant annihilation 
fine-tuning parameter:  

Heaviest CP Even, Neutral Higgs Mass

Red - Xenon 1T projected exclusion 
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• Heaviest CP Even, Neutral and Charged Higgs Mass vs. 
Resonant Fine-Tuning Parameter:

Charged Higgs Mass
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NMSSM SUSY Mass Spectrum

Resonant annihilation 
fine-tuning parameter:  

Heaviest CP Even, Neutral Higgs Mass

Red - Xenon 1T projected exclusion 
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• Heaviest CP Even, Neutral and Charged Higgs Mass vs. 
Resonant Fine-Tuning Parameter:

Charged Higgs Mass
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NMSSM SUSY Mass Spectrum
• Heaviest CP Even, Neutral Higgs Mass vs. 

Relic Abundance:

Heaviest CP Even, Neutral Higgs Mass

Red - Xenon 1T projected exclusion 

Fine-tuning cutoff resonant annihilation 
fine-tuning parameter at 10%:  
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NMSSM SUSY Mass Spectrum

• μ parameter vs.  Aλ 

μ parameter

Red - Xenon 1T projected exclusion 

Fine-tuning cutoff resonant annihilation 
fine-tuning parameter at 10%:  

mA1 ⇠ h(µ, A�) (38)

mA2 ⇠ h0
(µ, A) (39)

mH+/� ⇠ h(µ, A�) (40)

s!1 (41)

⇠ A2

/µ
2

(42)

⇠ A2

�/µ
2

(43)

V ⇠ A2

�

µ2

e�mhr

r
(44)

M ⇠ A2

�

s�m2

H

! A2

�

4 µ2

(45)

1/2 (46)

free parameters: �, , µ, A�, A (47)

g2

i ⌧ 1 (48)

⌘ |t
tree�level

� t
exact

|2
|t

tree�level

|2 (49)

x2

tree�level

= 0.0553 (50)

p
s (51)

h2

⌦c  0.1199 (52)

R = min

i

��
2 m

DM

�mHi

��/mHi (53)

4



66

Some Signatures

• Phenomenology is just starting:  

Much that needs to be done to be sensitive to 
the full range of parameter space.  
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Some Signatures

• That said... 

• Proposed indirect search experiments like
CTA (Cherenkov Telescope Array) uses 
very high energy gamma-rays to search for 
heavy LSPs.
The Cherenkov Telescope Array (CTA)

• Like the LHC, production of heavy colored 
particles that decay to the Higgses/dark matter 
is compelling.

https://www.cta-observatory.org/?q=node/3
https://www.cta-observatory.org/?q=node/3
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Some Signatures

*Low and Wang, arXiv: 1404.0682 
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Figure 5: Chargino track distributions for the pure higgsino scenario showing the number
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half the standard value, and the dashed-dotted lines show the same plots with a neutralino-
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App. A and containing at least one chargino track with pT > 500 GeV are considered.

as well as for scenarios with twice the splitting and one half of the splitting. Fig. 5 (right)

shows the corresponding plot for the number of tracks.

Results are shown in Table 2. We find the monojet channel to reach m�̃ ⇠ 870 GeV. The

disappearing track search is potentially a promising channel too, but depends sensitively on

the chargino-neutralino mass splitting. The disappearing track with the canonical splitting

– 10 –

so-called disappearing tracks, in which a chargino decays in the inner detector, resulting in a

track that disappears where the chargino decays into a neutralino and a soft pion2.

We derive our projections from a recent ATLAS search that reported a 95% exclusion

limit close to 250 GeV, using 20.3 fb�1 of 8 TeV data [61]. Similar to the monojet analysis,

this search triggers on a hard jet and large /

ET , additionally requiring a disappearing track.

While the monojet analysis has not yet reached the sensitivity necessary to probe the pure

wino or pure higgsino scenarios, the disappearing track search is already starting to exclude

regions of the pure wino parameter space. Therefore it is reasonable to expect that this

channel will be much stronger both in the 14 TeV LHC run and at a 100 TeV proton-proton

collider.

The significance of a given search is calculated as
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S
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=
Sp

B + �

2
B

2 + �

2
S

2
, (2.1)

where � and � parameterize the systematic uncertainty on the background and on the signal,

respectively. While we assume the systematics are the same across background channels,

considering di↵erent systematics for each background would not noticeably change the results,

as each search is dominated by one or two backgrounds.

Our analyses have not included e↵ects from pileup. As a future high energy proton-

proton collider will likely operate with high instantaneous luminosity, events will contain a

high level of hadronic contamination from pileup. In a fully realistic projection it is important

to consider the e↵ects of pileup and the e↵ects of applying the appropriate pileup removal

techniques [62–64]. For the analyses presented in this paper, however, events are selected

with a very hard cut on the leading jet and missing energy so we expect such additional

considerations will not significantly alter the results.

3 Pure Wino

The first set of SUSY spectra we consider are those with a pure wino LSP. This scenario can

be realized if anomaly mediation the main mechanism through which the gaugino soft masses

are generated [65, 66]. Models which implement this, along with the feature that the scalar

are heavy (compared to the gravitino mass) include split SUSY [6–8], mini-split susy [67],

and spread susy [68, 69].

For a wino LSP to thermally saturate the relic density, it must have a mass of m�̃ ⇠
3.1 TeV (including the Sommerfeld e↵ect) [70, 71]. Assuming an NFW halo profile, current

indirect detection experiments like Fermi [72] and HESS [73] constrain thermally produced

2The signature has also been called kinked tracks or track stubs. It is worth noting that this signal is

part of a larger class of signatures of particles that traverse macroscopic distances before decaying. While

it is detector-dependent, roughly speaking charged particles with a lifetime c⌧ = O(mm) result in displaced

vertices, charged particles with a lifetime c⌧ = O(cm) result in disappearing tracks, and charged particles with

a lifetime c⌧ = O(m) result in stable charged massive particles.

– 5 –

λ and γ parameterize the systematic 
uncertainty on the background and 

signal, respectively  

Our work:  NMSSM couplings likely 
will be stronger at larger scales.   

• Work on searching for pure Higgsinos with mono-
jet searches in the MSSM* @ 100 TeV:
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Conclusions

We used a combination of perturbative unitarity 
constraints and the relic abundance to generate upper 
bounds on two different Higgs portals.  
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Thank you ACFI!
19

FIG. 5: Perturbativity constraints applied to Figure (3). Plot (a) satisfies the measured relic abundance while (b) satisfies
Ωχh2 < 0.05995. Again, the bounds on the various masses improve dramatically. For comparison, we have kept the red
dotted line which indicates the traditional unitarity bound in equation (61). The slope is consistent with the bound in [20].
The other lines are adjusted in comparison to the unitarity bounds given in Figure (3).

matter has anything to do with the Higgs portal and
the dark Higgs is the largest scale in the effective the-
ory, then a discovery will be made within the next
decade. As we discuss in the next section, accelerators
are needed to search for the dark Higgs and identify
the Higgs portal mechanism. After finding the dark
Higgs’ with direct detection, the arguments in the pre-
vious sections and Section XI. can be recycled to give

definitive predictions on the mass and coupling of the
dark Higgs.

X.2. Accelerator Signatures

As noted in Section V.2., previous accelerator searches
(LEP, Tevatron and the LHC) did not discover any

18

FIG. 4: Perturbativity constraints applied to Figures (1b) and (2b). Figure(4a) has the parameter space which satisfies the
measured relic abundance. Figure (4b) has the parameter space which satisfies Ωχh2 < 0.05995. The bounds on the various
masses improve dramatically. For comparison, we have kept the red dotted line which indicates the traditional unitarity
bound in equation (61). The slope is consistent with the bound in [20]. The other lines are adjusted in comparison to the
unitarity bounds given by Figures (1) and (2). The sparse points in Figure (4b) are due to the points in parameter space
where dark matter mass is tuned so the low-velocity cross section features a small denominator. The small denominators
allow for the couplings and mixing angles to also be relatively small and therefore pass the perturbativity constraints.

X.1. Direct Detection Signatures

As discussed in Section V.2, direct detection experi-
ments can also constrain the Higgs mass mixing angle.
The proposed Xenon1T experiment proposes to mea-
sure the spin-independent dark matter-nucleon cross

section to about 10−47 cm2. This is an improvement of
two orders of magnitude over Xenon100. We re-plotted
previous Figures to determine the reach of Xenon1T.
Only Model 2 without the perturbativity constraints
has a parameter space that escapes Xenon1T. See Fig-
ure 6. This raises the distinct possibility that if dark
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NMSSM Bounds
• How do dimensional unitarity constraints compare

to vacuum constraints?
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FIG. 7: Evolution of the dimensionless NMSSM parameters � and  supposed to be real [56]. The Yukawa coupling ht is set to
0.8 at the grand unification scale, Q

GUT

= 3 · 1016 GeV. For the evolution of � we start with �(Q
GUT

) = 3 and (Q
GUT

) = 1.
The evolution of  is given for vice versa values, that is (Q

GUT

) = 3 and �(Q
GUT

) = 1. See [56] for more details.

employed in some studies on the Higgs-boson spectrum in the NMSSM; see Sect. 5.4.

A further restriction for the parameters in the potential comes from the requirement of a color and electric charge-
invariant vacuum [33, 103]. This is evident if we consider for instance the scalar part of the slepton–slepton–Higgs
superpotential term �ẽ⇤Rye(L̃

T✏Hd); see (2.5). With view on Tab. I we see that the supermultiplets have hypercharges
Y (ẽR) = 1, Y (L̃) = �1/2 and Y (Hd) = �1/2 and thus, the superpotential term is invariant under UY (1) transforma-
tions. However a non-zero vacuum-expectation-value of the scalar field ẽR corresponds to a electric charge breaking
minimum. In a analogous way also color breaking minima may arise from the potential. The undesired global minima
of the scalar fields can be translated into charge- and color-breaking bounds (CCB). Let us sketch the bounds found on
the A-parameter, where we follow closely [103]. We start with a generic trilinear superpotential term W� = ��̂1�̂2�̂3

with a corresponding scalar part W� = ��1�2�3. As shown in App. C we get from this superpotential term a physical
potential by collecting the F-terms, D-terms as well as the corresponding soft supersymmetry breaking terms, yielding
mass terms and trilinear A-parameter terms. The physical potential thus reads

V�(�1,�2,�3) =|�|2 �|�1|2|�2|2 + |�2|2|�3|2 + |�1|2|�3|2
�

+ g2a
�
Y a
�1

|�1|2 + Y a
�2

|�2|2 + Y a
�3

|�3|2
�2

+m2
�1

|�1|2 +m2
�2

|�2|2 +m2
�3

|�3|2
+ (A��1�2�3 + c.c.) .

(5.3)

Here we denote by Y a
�i
, i = 1, 2, 3 the eigenvalues of the gauge group generators with adjoint index a and corresponding

couplings ga, originating from the D-terms. Since the initial superpotential term (along with its derived Lagrangian
terms) is supposed to be gauge invariant we have to have Y a

�3
= �(Y a

�1
+ Y a

�2
). Now we are looking for the global

minimum of the potential V�. To this end we examine the directions in field space with � ⌘ �1 = �2 = �3. In
this direction in field space, the so-called D-flat direction, the quartic D-terms of the potential vanish, and do not
protect the potential from a stationary solution for non-vanishing fields. Moreover, in the D-flat direction the potential
becomes very simple, that is

V�(�) = 3|�|2|�|4 + �
m2

�1
+m2

�2
+m2

�3

� |�|2 � 2A��3 . (5.4)

Of course we have the desired stationary solution for � = 0 with V�(0) = 0. In order to avoid a vacuum for non-
vanishing fields and thus to avoid a charge breaking minimum, there has not to be a stationary solution with a negative
potential value. This eventually restricts the A-parameter not to be too large, that is we find the constraint

A2 < 3
�
m2

�1
+m2

�2
+m2

�3

�
. (5.5)

A further approximative constraint arises from the Higgs potential with respect to the Higgs singlet [33, 100, 103].
The dominant singlet-dependent part of the Higgs potential (3.8) reads

VS(S) = 2S4 +
2

3
AS

3 +m2
SS

2 + ... , (5.6)

Generic Constraint from
Superpotential with three superfields

26

where the ellipsis denote terms which have a lower dependence on S. Generally, we want to have a non-vanishing
µ-term, with µ = �vs, requiring a non-vanishing vacuum-expectation-value vs. That is, in this case we have to have
a minimum with a lower potential value compared to the symmetric minimum at VS(0) ⇡ 0. This immediately
translates into the approximate parameter condition

m2
S . 1

9
A2

 . (5.7)

Note, that this relation is only approximatively valid, since terms in the potential (5.6) are neglected.

In [56] the impact of the vacuum stability constraints as well as the experimental constraints on the Higgs-boson
sector parameter space is studied. Simple analytic expressions for the physical Higgs masses in the CP-conserving
case are derived, taking the one-loop contributions to the Higgs-boson masses from top and stop loops into account.
Using a power expansion in both 1/ tan(�) and 1/MA, where MA is the upper left entry in the pseudoscalar mass
squared matrix (3.27), analytic expressions are found, approximative valid for moderate or large values of tan(�) and
a larger scale MA. Three distinct regions are considered with respect to the PQ-symmetry breaking parameter .
The region with vanishing  corresponds to the PQ-symmetric NMSSM, the region with large values of , denoted
as the NMSSM with strongly broken PQ-symmetry and the region with small values of , that is,  ⌧ 1, denoted as
slightly broken PQ-symmetry. Of course, the negative searches for a light axion on the one hand and the requirement
of absence of a Landau-pole through renormalization group equations for  up to the GUT scale favor the slightly
broken PQ-symmetry scenario (see Sect. 5.1). As an example, the Higgs-boson masses are plotted in a slightly broken
PQ-symmetry scenario, namely with  = 0.1 in Fig. 8. The other parameters choices are given in the figure caption.
Also the strong experimental constraint on the mA parameter is indicated in this figure. Note, that mA in general
is not a CP-odd Higgs boson mass in the NMSSM, but the upper left entry in pseudoscalar mixing matrix squared;
see (3.28). The authors point out, that the spectrum, based on their assumptions, in the NMSSM is quite di↵erent
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FIG. 8: The one-loop Higgs-boson mass spectrum as a function of MA, the upper left entry in the CP-odd mixing matrix. The
remaining parameters are fixed to  = 0.1, depicted as slightly broken PQ-symmetry, vs = 3v, tan(�) = 3 and A = �100 GeV.
The arrows denote the region allowed by LEP searches with 95% confidence. Figure taken from [56].

from what is to expect from the MSSM. So, even if some of the Higgs bosons are too heavy to be detected, the
discovery of the lighter Higgs-bosons may allow to distinguish the NMSSM from the MSSM.

5.2. Experimental constraints

1. Collider constraints

The collider constraints give very clear bounds originating from very di↵erent observations like the Z-boson width as
well as the direct searches of supersymmetric partner particles in e+e� collisions at LEP. Here we discuss the bounds
which are applied in the NMHDECAY program [104, 105]; see App. B for an overview of some currently available
program tools with respect to the NMSSM.

From limit where:
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GUT

) = 3 and (Q
GUT

) = 1.
The evolution of  is given for vice versa values, that is (Q

GUT

) = 3 and �(Q
GUT

) = 1. See [56] for more details.

employed in some studies on the Higgs-boson spectrum in the NMSSM; see Sect. 5.4.

A further restriction for the parameters in the potential comes from the requirement of a color and electric charge-
invariant vacuum [33, 103]. This is evident if we consider for instance the scalar part of the slepton–slepton–Higgs
superpotential term �ẽ⇤Rye(L̃

T✏Hd); see (2.5). With view on Tab. I we see that the supermultiplets have hypercharges
Y (ẽR) = 1, Y (L̃) = �1/2 and Y (Hd) = �1/2 and thus, the superpotential term is invariant under UY (1) transforma-
tions. However a non-zero vacuum-expectation-value of the scalar field ẽR corresponds to a electric charge breaking
minimum. In a analogous way also color breaking minima may arise from the potential. The undesired global minima
of the scalar fields can be translated into charge- and color-breaking bounds (CCB). Let us sketch the bounds found on
the A-parameter, where we follow closely [103]. We start with a generic trilinear superpotential term W� = ��̂1�̂2�̂3

with a corresponding scalar part W� = ��1�2�3. As shown in App. C we get from this superpotential term a physical
potential by collecting the F-terms, D-terms as well as the corresponding soft supersymmetry breaking terms, yielding
mass terms and trilinear A-parameter terms. The physical potential thus reads

V�(�1,�2,�3) =|�|2 �|�1|2|�2|2 + |�2|2|�3|2 + |�1|2|�3|2
�

+ g2a
�
Y a
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(5.3)

Here we denote by Y a
�i
, i = 1, 2, 3 the eigenvalues of the gauge group generators with adjoint index a and corresponding

couplings ga, originating from the D-terms. Since the initial superpotential term (along with its derived Lagrangian
terms) is supposed to be gauge invariant we have to have Y a

�3
= �(Y a

�1
+ Y a

�2
). Now we are looking for the global

minimum of the potential V�. To this end we examine the directions in field space with � ⌘ �1 = �2 = �3. In
this direction in field space, the so-called D-flat direction, the quartic D-terms of the potential vanish, and do not
protect the potential from a stationary solution for non-vanishing fields. Moreover, in the D-flat direction the potential
becomes very simple, that is

V�(�) = 3|�|2|�|4 + �
m2

�1
+m2

�2
+m2

�3

� |�|2 � 2A��3 . (5.4)

Of course we have the desired stationary solution for � = 0 with V�(0) = 0. In order to avoid a vacuum for non-
vanishing fields and thus to avoid a charge breaking minimum, there has not to be a stationary solution with a negative
potential value. This eventually restricts the A-parameter not to be too large, that is we find the constraint

A2 < 3
�
m2

�1
+m2

�2
+m2

�3

�
. (5.5)

A further approximative constraint arises from the Higgs potential with respect to the Higgs singlet [33, 100, 103].
The dominant singlet-dependent part of the Higgs potential (3.8) reads

VS(S) = 2S4 +
2

3
AS

3 +m2
SS

2 + ... , (5.6)

• The ratios are better at constraining the SUSY
breaking masses.
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We get, using (D20)

LYukawa,HH̃ = �g2
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(D24)

Now, since we have collected all necessary Lagrangian terms we can easily give the neutralino mass matrix, as
presented already in (4.1). We choose the basis  0 = (B̃0, W̃ 3, H̃0

d , H̃
0
u, S̃). In this basis the neutralino mass part of

the Lagrangian reads

L�̃0 = �1

2
 0TM�̃0 0 + c.c. (D25)

with
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The upper left 2 ⇥ 2 block arises from the soft breaking mass parameters of the bino B̃0 respectively wino W̃ (D19).
The lower right 3⇥ 3 block, mixing the Higgsinos among themselves, comes from (D22) and the remaining part from
the Yukawa terms (D24), where we get bilinear terms at the vacuum of the Higgs bosons; (3.10). The mass eigenstates
follow from an unitary rotation, that is

�0
i = Uji 

0
j with diag(m2

�0
1
,m2
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2
,m2
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3
,m2
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4
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5
) = U⇤M�0U†, (D27)

with i, j = 1, ..., 5. Conventionally the neutralino masses are defined to be in ascending order, that is, �0
1 is the lightest

neutralino. The result of this diagonalization is rather involved and in practice performed numerically, whereas analytic
approximations can be found in [92, 222, 223].

From the chiral interactions (D22) and the Yukawa interactions (D24) we get the neutral Higgs boson neutralino
interaction
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(D28)

Using the Higgs boson parameterization (3.9), employing the Higgs-boson mixing (3.18), (3.22), and the neutralino
mixing (D27) we get
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0
j�

0
k + c.c. (D29)

with

Aijk =
1
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� p
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⇤
.

(D30)

Now we write the products of Weyl-fermions in terms of Dirac four component spinors

�̃0
i :=

✓
�0
i

�̄0
i

◆
, with i = 1, ..., 5 . (D31)

Relatively small.  
Effectively no neutralino mixing

Decoupled
• Neutralino mass spectrum (in the decoupling limit):
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NMSSM Higgs Sector

in most phenomenological studies; nevertheless it should be recognized as an assumption, to be tested
someday by experiment.

There is a not-unlikely limit in which electroweak symmetry breaking effects can be viewed as a
small perturbation on the neutralino mass matrix. If

mZ ≪ |µ ± M1|, |µ ± M2|, (7.35)

then the neutralino mass eigenstates are very nearly a “bino-like” Ñ1 ≈ B̃; a “wino-like” Ñ2 ≈ W̃ 0;
and “higgsino-like” Ñ3, Ñ4 ≈ (H̃0

u ± H̃0
d)/

√
2, with mass eigenvalues:

m
Ñ1

= M1 −
m2

Zs2
W (M1 + µ sin 2β)

µ2 − M2
1

+ . . . (7.36)

m
Ñ2

= M2 −
m2

W (M2 + µ sin 2β)

µ2 − M2
2

+ . . . (7.37)

m
Ñ3

,m
Ñ4

= |µ| + m2
Z(I − sin 2β)(µ + M1c2

W + M2s2
W )

2(µ + M1)(µ + M2)
+ . . . , (7.38)

|µ| + m2
Z(I + sin 2β)(µ − M1c2

W − M2s2
W )

2(µ − M1)(µ − M2)
+ . . . (7.39)

where we have taken M1 and M2 real and positive by convention, and assumed µ is real with sign
I = ±1. The subscript labels of the mass eigenstates may need to be rearranged depending on the
numerical values of the parameters; in particular the above labeling of Ñ1 and Ñ2 assumes M1 <
M2 ≪ |µ|. This limit, leading to a bino-like neutralino LSP, often emerges from minimal supergravity
boundary conditions on the soft parameters, which tend to require it in order to get correct electroweak
symmetry breaking.

The chargino spectrum can be analyzed in a similar way. In the gauge-eigenstate basis ψ± =
(W̃+, H̃+

u , W̃−, H̃−
d ), the chargino mass terms in the Lagrangian are

Lchargino mass = −1

2
(ψ±)TM

C̃
ψ± + c.c. (7.40)

where, in 2 × 2 block form,

M
C̃

=
(

0 XT

X 0

)
, (7.41)

with

X =
(

M2 gvu

gvd µ

)
=
(

M2

√
2sβ mW√

2cβ mW µ

)
. (7.42)

The mass eigenstates are related to the gauge eigenstates by two unitary 2×2 matrices U and V

according to

(
C̃+

1

C̃+
2

)
= V

(
W̃+

H̃+
u

)
,

(
C̃−

1

C̃−
2

)
= U

(
W̃−

H̃−
d

)
. (7.43)

Note that the mixing matrix for the positively charged left-handed fermions is different from that for
the negatively charged left-handed fermions. They are chosen so that

U∗XV−1 =
(

m
C̃1

0
0 m

C̃2

)
, (7.44)

72

in most phenomenological studies; nevertheless it should be recognized as an assumption, to be tested
someday by experiment.

There is a not-unlikely limit in which electroweak symmetry breaking effects can be viewed as a
small perturbation on the neutralino mass matrix. If

mZ ≪ |µ ± M1|, |µ ± M2|, (7.35)

then the neutralino mass eigenstates are very nearly a “bino-like” Ñ1 ≈ B̃; a “wino-like” Ñ2 ≈ W̃ 0;
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• Chargino mass spectrum (in the decoupling limit):
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in most phenomenological studies; nevertheless it should be recognized as an assumption, to be tested
someday by experiment.

There is a not-unlikely limit in which electroweak symmetry breaking effects can be viewed as a
small perturbation on the neutralino mass matrix. If

mZ ≪ |µ ± M1|, |µ ± M2|, (7.35)

then the neutralino mass eigenstates are very nearly a “bino-like” Ñ1 ≈ B̃; a “wino-like” Ñ2 ≈ W̃ 0;
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where we have taken M1 and M2 real and positive by convention, and assumed µ is real with sign
I = ±1. The subscript labels of the mass eigenstates may need to be rearranged depending on the
numerical values of the parameters; in particular the above labeling of Ñ1 and Ñ2 assumes M1 <
M2 ≪ |µ|. This limit, leading to a bino-like neutralino LSP, often emerges from minimal supergravity
boundary conditions on the soft parameters, which tend to require it in order to get correct electroweak
symmetry breaking.
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in most phenomenological studies; nevertheless it should be recognized as an assumption, to be tested
someday by experiment.

There is a not-unlikely limit in which electroweak symmetry breaking effects can be viewed as a
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Decoupled

Scales with SUSY breaking scales. 

• Chargino mass spectrum (in the decoupling limit):
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FIG. 5: Perturbativity constraints applied to Figure (3). Plot (a) satisfies the measured relic abundance while (b) satisfies
Ωχh2 < 0.05995. Again, the bounds on the various masses improve dramatically. For comparison, we have kept the red
dotted line which indicates the traditional unitarity bound in equation (61). The slope is consistent with the bound in [20].
The other lines are adjusted in comparison to the unitarity bounds given in Figure (3).

matter has anything to do with the Higgs portal and
the dark Higgs is the largest scale in the effective the-
ory, then a discovery will be made within the next
decade. As we discuss in the next section, accelerators
are needed to search for the dark Higgs and identify
the Higgs portal mechanism. After finding the dark
Higgs’ with direct detection, the arguments in the pre-
vious sections and Section XI. can be recycled to give

definitive predictions on the mass and coupling of the
dark Higgs.

X.2. Accelerator Signatures

As noted in Section V.2., previous accelerator searches
(LEP, Tevatron and the LHC) did not discover any

18

FIG. 4: Perturbativity constraints applied to Figures (1b) and (2b). Figure(4a) has the parameter space which satisfies the
measured relic abundance. Figure (4b) has the parameter space which satisfies Ωχh2 < 0.05995. The bounds on the various
masses improve dramatically. For comparison, we have kept the red dotted line which indicates the traditional unitarity
bound in equation (61). The slope is consistent with the bound in [20]. The other lines are adjusted in comparison to the
unitarity bounds given by Figures (1) and (2). The sparse points in Figure (4b) are due to the points in parameter space
where dark matter mass is tuned so the low-velocity cross section features a small denominator. The small denominators
allow for the couplings and mixing angles to also be relatively small and therefore pass the perturbativity constraints.

X.1. Direct Detection Signatures

As discussed in Section V.2, direct detection experi-
ments can also constrain the Higgs mass mixing angle.
The proposed Xenon1T experiment proposes to mea-
sure the spin-independent dark matter-nucleon cross

section to about 10−47 cm2. This is an improvement of
two orders of magnitude over Xenon100. We re-plotted
previous Figures to determine the reach of Xenon1T.
Only Model 2 without the perturbativity constraints
has a parameter space that escapes Xenon1T. See Fig-
ure 6. This raises the distinct possibility that if dark

(Walker, arXiv:1310.1083)

Philosophy from (non-SUSY) 
Higgs Portals

Generalized Lee, Quigg, Thacker 
unitarity bound for dark Higgses.
(For v ~ 246,                            )
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Perturbative Unitarity Arguments

Argand diagram

Colliders - SUSY Phenomenology Unitarity constraints on trilinear couplings in the MSSM

ϕ1ϕ1 ϕ1

ϕ2ϕ2 ϕ2

ϕ3ϕ3 ϕ3

ϕ4ϕ4 ϕ4

ϕ5ϕ5

ϕ5

(s) (t) (u)

Fig. 1. Scalar 2→2 tree level scattering diagrams.

The PJ are the Legendre polynomials. The factor 1/2
is a standard convention and leads to the factor 1/2 in
Eq. (1). In this normalization, extra factors of 1/

√
2

have to be included for each state with two identi-
cal particles. Higher partial waves usually give smaller
amplitudes, so only J =0, 1 amplitudes have to be con-
sidered in practice. The unitarity condition now reads

1

2i

(

T J
fi − T J∗

if

) ∼=
∑

h

T J∗
hf T J

hi . (1)

The sum is taken over intermediate states. Restriction
to only relevant and two-particle scalar states in the
sum slightly underestimates the right-hand side and
leads to conservative bounds.

The ’true’, physical matrix T J
fi is normal and can

therefore be diagonalized. The same holds for the Born
amplitude, which we use instead. The diagonalized ma-
trix T̃ J

fi and thus the eigenvalues satisfy

Im T̃ J
ii

∼= |T̃ J
ii |2 . (2)

The ’true’ eigenvalues (for any given energy
√

s) must
lie on the circle (called Argand diagram) given by (2):
y=x2+ y2 for x =Re T̃ J

ii and y =Im T̃ J
ii which implies

|x|≤ 1/2. For the Born approximation, the phases of
the fields can be chosen such that all 2→2 amplitudes
are (nearly) real, if CP (nearly) holds. Approximat-
ing x by the corresponding Born amplitude yields the
desired unitarity bound. The circle restricts |x|≤1/2,
which is the unitarity bound generally used in the lit-
erature. A Born value of x= 1/2, y=0 needs at least1

a correction of
√

2−1≈ 41% to become unitary. Such
large corrections indicate a breakdown of perturbation
theory. In addition to the perturbative unitarity bound
of |x| ≤ 1/2 we therefore also consider |x| ≤ 1/6 as a
condition for which the Born amplitude remains suffi-
ciently small to trust perturbation theory.

2.1 A toy model

Figure 1 shows generic tree level Feynman graphs for
ϕ1ϕ2 → ϕ3ϕ4 scattering with trilinear couplings of
(possibly different) scalar fields ϕl (l=1,.., 5). The cor-
responding amplitudes are A2/(q2− m2

5), where q2 =
s, t, u is one of the Mandelstam variables, and A stands
for the trilinear couplings. t and u depend on

√
s, cos θ,

and the masses ml of the exterior particles. Project-
ing onto partial waves, the amplitude for J = 0 has a
structure roughly like:

T J=0
fi ∼

1

16π

λ1/4
f λ1/4

i

s

A2

max{s, m2
5}

, (3)

1 ’At least’ means that this would be the minimal case
where the correction directly hits the nearest circle point.

where a factor of 2 has been assumed to account for the
partial wave projection. The second factor is smaller
than 1 and the third factor becomes large if both the
scattering energy

√
s and the mass of the internal par-

ticle are small compared to the couplings A. Highest
values are usually found for energies near the kine-
matic threshold, i.e. at energies where the model should
work properly, in contrast to weak boson scattering in
the SM [2,3].

2.2 Handling poles

Clearly the Born amplitudes are not sufficient to de-
scribe scattering processes where intermediate parti-
cles become on-shell. In the s channel in Figure 1 this
happens when

√
s=m5. Born amplitudes only will be

used for unitarity considerations and s-channel poles
are cut out by the condition

|
√

s − m|2 > a m Γ (Q=b m) . (4)

Here a, b ! 1 are (suitably chosen) constants and the
’running width’ Γ (Q) of the internal particle ϕ at en-
ergy Q is approximated by the decay width via replac-
ing its mass m with the energy Q in the phase space
factor. This condition (4) has to be fulfilled for all in-
ternal particles appearing in the s channel. If this is
not the case, the amplitude is set to zero, as well as
the irreducible part of T J=0

fi this process is in, because
of possible destructive interference of matrix elements.

A width cannot be included in the Born propagator
for two reasons: First, Tfi is no longer diagonalizable
(at this level of approximation). Second, our Γ (

√
s)

grows (linearly for large
√

s) with
√

s, which is not a
good approximation to the propagator as

√
s≫m.

The internal particle in the u channel of Figure
1 can also become on-shell for certain combinations
of masses. This occurs e.g. if ϕ1 can decay into ϕ4, ϕ5

and ϕ2, ϕ5 can fuse to ϕ3 (MSSM example: t̃2t̃1 → t̃2t̃1
with u channel h0 exchange when mt̃2 >mt̃1+mh). One
obtains another possibility by switching labels 1 ↔ 2
and 3↔ 4 or two similar conditions for the t channel
by exchange of 3↔4. The first case has the condition:

c m1 ≥ m4 + m5 ∧ m2 + m5 ≤ c m3 . (5)

with some suitably chosen constant c ! 1. Amplitudes
where a condition like in (5) is fulfilled cannot be com-
puted because the internal particle becomes on-shell
for some value of the scattering angle. The constants
a, b, c are chosen larger than one because in proximity
of a pole one encounters unphysical enhancements of
the amplitude in the pure Born approximation. Still,
some enhancement can appear in special cases.

If some Born matrix elements cannot be calculated
because of a t or u channel pole, the tree level matrix
T J

fi cannot be diagonalized. The solution is a partial
diagonalization. Assuming time reflection invariance,
we write the left-hand side of (1) as ImT J

fi. Define the
set B of all kinematically accessible states at given

√
s

from an irreducible part of T J
fi and the set C⊂B such
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Note:  Lee, Quigg and Thacker works because            .
This x is close to the Argand circle.
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