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Dark matter represents (perhaps) the strongest 
case for new physics beyond the Standard Model. 

Simplest thermal dark matter models ruled out.   
DM portals are not.
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What’s Dark Matter Portal?

“Mediator” particles help the dark matter get 
the right relic abundance yet avoid stringent

direct/indirect detection constraints.

DM Portal = DM + mediator particles

Mediator particles couple directly to dark matter  
but mix with SM particles.
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What’s Dark Matter Portal?

A Classification:

Higgs Portal

Gauge Portal

Charged/Colored 
Portal
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Today’s Talk

Focus on theory constraints  
on these models. Want  
the basic arguments.
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Today’s Talk

Focus on theory constraints  
on these models. Want  
the basic arguments.

Gauge Portal

Higgs Portal

Charged/Colored 
Portal

Discuss theory constraints  
only if time permits.
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Today’s Talk

• A Higgs Portal (in more detail)

• Why Perturbativity Matters

• Basic Higgs Portal Arguments

• Conclusions/Other Portals
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Basic Higgs Portal Arguments*

* Walker, 2013
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The Problem in Particle Physics

No large coefficients of dimension six operators to 
tell us when (and what) new physics will appear.
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So What Did Physicists Do 
Historically?

Dimension Six Operators + Perturbative Unitarity 
Constraints = 

 
Reasonable Expectation of the Scale of New Physics
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Examples from History

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.
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If Higgs portals exist (thermal dark matter), the  
SM Higgs does not fully cancel WW/WZ divergences.

Central Claim and Question
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Central Claim and Question

PHYSICAL REVIEW D VOLUME 16, NUMBER 5 1 SEPTEMBER 1977

Weak interactions at very high energies: The role of the Higgs-boson mass

Benjamin W. Lee,» C. Quigg, t and H. B. Thacker
Fermi National Accelerator Laboratory, ~ Batavia, Illinois 60510

(Received 20 April 1977)

We give an S-matrix-theoretic demonstration that if the Higgs-boson mass exceeds M, = (8m'/3GF)",
parital-wave unitarity is not respected by the tree diagrams for two-body scattering of gauge bosons, and the
weak interactions must become strong at high energies. We exhibit the relation of this bound to the
structure of the Higgs-Goldstone Lagrangian, and speculate on the consequences of strongly coupled Higgs-
Goldstone systems. Prospects for the observation of massive Higgs scalars are noted.

I. INTRODUCTION

Unified gauge theories of weak and electro-
magnetic interactions provide an attractive frame-
work for the interpretation of weak-interaction
phenomena. ' Such theories are universal in the
prediction that existing data explore only the low-
energy tail of a spectrum of yet-to-be-discovered
particles. The most familiar of the hypothetical
particles are the massive vector bosons W' and Z'
associated with the observed charged and neutral
weak currents. Somewhat more obscure are the
massive scalar Higgs bosons which are connected
with the spontaneous breakdown of gauge symmetry.
Although the Higgs bosons serve important tech-
nical functions in field-theoretic calculations, their
existence and proyerties are less clearly indicated
by low- energy phenomenology. Thus, for example,
the mass M„of the Higgs boson is the only para-
meter in the Weinberg-Salam model' that is en-
tirely unconstrained by present experimental evid-
ence.
Theoretical considerations' suggest that the

Higgs-boson mass must exceed about 4 GeV/c',
and we have recently derived a conditional upper
bound4

M„M=(8e'v 2/SG—~)' ~' = 1 TeV /c'
where G~ is the Fermi constant. The precise
meaning of the upper bound is that if MH exceeds
the critical value M„weak interactions will be-
come strong in the TeV energy regime in the sense
that perturbation theory will cease to be a faithful
representation of physics.
Because the Higgs self-interaction is proportional

to G~M„', it frequently has been remarked that a
large Higgs-boson mass implies a strong inter-
action among Higgs bosons. Weinberg' has cham-
pioned the view that G~ ' ' is a natural mass scale
of nature and that, in the event of strong Higgs
self-couplings, the effective ultraviolet cutoff
would be at this energy. More recently Veltman'
considered Higgs-boson contributions to certain

radiative corrections. He concluded that for Higgs-
boson masses exceeding approximately G„' ' the
perturbation expansion of weak interactions could
well break down. Our result (1.1) is in accord with
these expectations.
The condition (1.1) suggests that new phenomena

are to be found in the weak interactions in addition
to the charged and neutral intermediate vector
bosons. Either a light scalar boson (of mass well
below 1 TeV) will exist, or the weak interactions
above about 1 TeV will exhibit attributes of a
strongly coupled theory: resonances of inter-
mediate vector bosons, multiple production of in-
termediate vector bosons, etc.
If the Higgs boson is not very massive, say with

a mass between 4.5 GeV/c' (the Linde-, Weinberg
lower bound') and 2M~, we expect it to have the
properties outlined by Ellis, Gaillard, and
Nanopoulos. ' We shall explore in this paper the
possibility that the Higgs-boson mass lies above
the thresholds for decay into intermediate boson
pairs. In this regime the decays H-W W- and H
-Z'Z' are the dominant modes, with longitudinally
polarized intermediate bosons increasingly favored
as MH increases. As MH approaches the critical
rriass M„ the Higgs-boson width approaches its
mass, signaling a strongly coupled theory.
Because we wish to explore a regime in which

the weak interactions can become strong, it is nat-
ural to approach the problem from an S-matrix
point of view with a particular concern for unit-
arity. Our treatment provides a systematic in-
vestigation of the minimal Weinberg-Salam theory
from this point of view. In Sec. II we discuss and
calculate in tree approximation the Weinberg-
Salam model amplitudes for all two-body reactions
of gauge bosons with zero total electric charge in
the s channel. We display only those terms that
are potentially relevant to the question of unitarity,
omitting, for example, terms which are of or-
dinary electromagnetic strength at all energies.
Logarithmic violations of unitarity that occur at
exponentially high energies -M~e' will be of no
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If Higgs portals exist (thermal dark matter), the  
SM Higgs does not fully cancel WW/WZ divergences.
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Can perturbative unitarity give us a reasonable 
expectation of the new dark scale of physics?

Central Claim and Question

If Higgs portals exist (thermal dark matter), the  
SM Higgs does not fully cancel WW/WZ divergences.
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Basic Higgs Portal Unitarity 
Arguments

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
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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

Both Higgses needed to unitarize WW scattering because of the mixing.

Basic Higgs Portal Unitarity 
Arguments
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to facilitate dark matter annihilations. Given the
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matter, perhaps an important key for understanding
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possible in the near future. In collaboration [9], we
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Raise dark Higgs mass?             to satisfy unitarity.    

3

where the “. . .” account for the loop suppressed higher-
order terms. It is important that the one loop correc-
tions to these couplings are not large. We compute the
Coleman-Weinberg potential [20] in Section II.1.3.

II.1.2. Fermionic Couplings

The modified top Yukawa coupling is

Lt = �0qLh2

tR (10)

which is consistent with the Z
2

symmetry in equations (3)
and (7). It is clear from this equation, h

2

naively receives
a large one-loop correction to it’s mass from top quarks.
We assume �0 ⌧ 1 and is technically natural. Thus,
h
2

mass does not receive large corrections from the top
sector in the same way the SM Higgs does not receive
large corrections to it’s mass from the light SM quarks.
We later quantify this in Section ?? and show this re-
quirement for �0 does not prevent generating a large top
Yukawa coupling in this model.

Assuming m
2

is relatively large, the following is the
least suppressed e↵ective operator with h
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Eventually, � gets a vev, h�i = u. The e↵ective top quark
Yukawa coupling is
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where the SM top coupling is identified as
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II.1.3. One-Loop Coleman-Weinberg Potential

We are interested in the e↵ective potential above the
weak scale and � symmetry breaking scales but below
the heavy scalar mass, m

2

. The quadratically diverging
terms are
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II.2. Higgs Mass and Top Yukawa Coupling

Constraints

We want �0 to be small so that the top diagram in
Figure (1) is small. This is in analogy to the up- and
down- quark generated divergence for the SM Higgs mass.
To show this generates a large From equation (1), assume
the counter
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Let’s assume m2

2

is dominated by the ⇤2 term. Then
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(17)

Even if A ⇠ u ⇠ v and ⇤ = 10 TeV, then

�0 ⇠ 8⇡2

v2

⇤2

⇠ 0.05 (18)

which is technically natural and reasonable. It is clear
one can generate a large technically natural hierarchy
and still generate a large enough top Yukawa coupling.

II.3. Naturalness

✓ ! 0 (19)

See Figure (1). Equation 10..... generates a one loop
divergence.

II.4. Phenomenology

III. OTHER MODELS OF INTEREST

�
3

⌘ Higgs mixing parameter (20)

IV. CONCLUSIONS
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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 =
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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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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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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I. INTRODUCTION

The discovery of the Higgs boson [24, 25] completes the experimentally successful

Standard Model (SM). The SM however cannot account for the observed dark matter

(DM) in the universe. Numerous astrophysical observations require DM to be elec-

trically neutral, colorless, non-relativistic at redshifts of z ⇠ 3000 and generate the

following relic abundance [26, 27],

⌦�h2 = 0.1199 ± 0.0027. (1)

DM that was once in thermal contact with the SM is very well motivated [26]. For

thermal DM, the observed relic abundance is correlated with the annihilation cross

section,

⌦�h2 ' 0.1 pb · c

h�vi h�vi ' g4

8⇡

1

m2
�

. (2)

Griest and Kamionkowski [30] applied unitarity arguments to the annihilation cross

section in order to place an upper bound of 120 TeV on the dark matter mass [28].

In this work, we show how perturbative unitarity arguments can be used to place

bounds, not only on the DM mass, but also on the new particles (“mediators”)

that are associated with the dark matter annihilation and often have SM quantum

numbers. Because of the strength of the thermal dark matter paradigm, we argue the

constraints on the mediators o↵er the strongest estimate now available for when new

physics that couples significantly to the SM will appear [10]. In addition, we want to

use our methodology to place stronger bounds on the dark matter mass. In this work,

we use the Next-to-Minimum Supersymmetric Standard Model (NMSSM) [19, 31] as

a template to implement our philosophy.

Throughout the development of the SM, perturbative unitarity arguments have

reliably answered the question of when is new physics going to appear. For example
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• Relic abundance constraints (WIMP dark matter) +  
 
dark sector and SM Unitarity constraints =  
 
Perturbative Unitarity bounds 
 

• Argument is roughly same for the other portals.

Basic Philosophy
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A Higgs Portal (in more detail)*

* Walker, 2013
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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 −
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)

mixing term

• Higgs sector:  

Generic for all Higgs portals so long as there is 
dark/SM Higgs mixing
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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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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

dark Higgs
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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

• Masses and mixings:  

• Mixing angle and dark Higgs mass have different 
parametric dependencies. 
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We show, in collaboration [1], that dark matter which was once in thermal equilibrium in the
early universe is forbidden from getting all of it’s mass from electroweak symmetry breaking. This
implies a new scale of physics as well as new mediator particles needed for dark matter annihilation.
Given this result, now we place partial wave unitary constraints on the mass of these mediators.
We show for higgs portal annihilation the heavy higgs mass must be mh0  X. The analogous
constraint on heavy photon is m�0 . Finally, we note if N = 1 symmetric models are models of
dark matter, sfermion mediated annihilation placed a bound on the SUSY mass scale as abc.

Remarkably, the early Large Hadron Collider (LHC)
runs have already discovered [2, 3] a 125 GeV higgs-
like particle. Should this particle be confirmed as the
Standard Model (SM) higgs, the final piece of this well-
measured model will be in place. Many inconsistencies
remain, however. The SM cannot account for the missing
mass in the universe needed to explain structure forma-
tion [] and galactic rotation curves []. Precision measure-
ments of the cosmic microwave background require a relic
abundance of [4]

h2 ⌦� = 0.1109± 0.0056. (1)

A compelling argument for why dark matter has this relic
abundance is to assume (at least a part of) it was once
in thermal contact with the baryon-photon plasma dur-
ing the early universe. We notate this as “thermal” dark
matter and note this assumption is also true of all other
known matter in the universe []. In [1], we show that dark
matter cannot get it’s mass solely from electroweak sym-
metry breaking. The key here is precision electroweak (as
well as a variety of other) measurements experimentally
rule out the simplest thermal dark matter models. This
result implies a new scale of physics as well as mediator
particles to facilitate dark matter annihilations. In this
letter, we take the next step. We adapt the partial wave
unitarity constraints [] used to identify the TeV scale and
apply them to dark matter annihilation processes. We
consider three general cases,

1. higgs portal mediated

2. heavy photon mediated

3. sfermion mediated

dark matter annihilation. The latter process is common
in supersymmetric (SUSY) scenarios and is simply a
mediator that is charged under SM symmetries. We
constrain the masses of each of the new mediator
particles as provide estimates of the scale of new physics.

⇤
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For the latter process, this scale places a constraint on
the SUSY mass scale if SUSY is a theory of thermal
dark matter. In the next section, we introduce two
simplistic models with which we set our bounds. The
models retain generality to most dark matter scenarios.
At the end, we briefly sketch potential LHC signatures
of these models.

A Proxy Model: To understand the unitary bounds
on the higgs and photon portals (as well as standardize
notation), we consider a simple model in which a dark
U(1) symmetry is spontaneously broken to

U(1)
dark

! Z
2

. (2)

Here the discrete symmetry stabilizes the dark matter
candidates. Importantly, this model allows specificity
without loss of generality. The dark matter (�) and dark
higgses (�) transform under the U(1)
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where m
1

is set to 125 GeV and v to 246 GeV. The
higgses mix with the matrix
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dark matter

• Two models:

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)

Pseudo-scalar coupling for Model 2*.
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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
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$

φ
φ
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The dark Higgs gives the dark matter candidates the
following mass

mχ =
&'

λ2
χV

+ λ2
χA

u
(

)
√
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)
√

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
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• Dark matter sector:  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• t-channel annihilation: 6

⟨σ|v|⟩ =
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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-
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
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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-

• s-channel annihilation:
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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-
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
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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: 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
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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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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
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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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where

c = 1 −
λ2

3 v2

8λ2
2 u2

s =
λ3 v

2λ2 u
(59a)

and

κ =
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(59b)
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(59d)

α = κ(s ↔ c) (59e)

β = ξ(s ↔ c) (59f)

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
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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],

∣

∣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

(

v2 h2 + v h
(

2 w+w− + h2 + z2
)

(49)

+
1

4
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4
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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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2
, m

2
ρ, m

2

h

When s ≫ u2, m2
ρ, m
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h, a constraint on the couplings

in the higgs potential can be imposed. The scattering
amplitudes of coupled seven channel system has the
form,
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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 ??.
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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-
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for all of our computations.
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theorem. The scalar potential (equation 11) before
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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
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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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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-
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Recall, to simply matters, we decouple the goldstone
boson eaten to make the dark photon massive. We
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the charge neutral scattering processes,
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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
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These eigenvalues can be found analytically.

VII.1.3. Scattering Matrix for u2
≫ s ≫ m2

ρ,m
2

h

In the limit of u2 ≫ s ≫ m2
ρ,m

2
h, the partial wave

amplitudes are sum of equation (61) plus additional
contributions that go as ϵ or ϵ log ϵ, where ϵ = m2/s
and m are the light masses, mρ, mh, mZ or mW . The
log ϵ factor originates from those terms with t- and/or
u-channel propagators after integrating over the scat-
tering angle in the center-of-mass fame. The ϵ log ϵ
and ϵ terms are well behaved and in the limit of ϵ→ 0.
This leads us back to equation (61) to apply unitarity
bounds.

VII.2. Dark Matter Scattering Diagrams

In the addition to the Higgs-Higgs, Goldstone-Higgs
and Goldstone-Goldstone scattering we also consider
dark matter scattering diagrams. The dark matter-
dark matter self-scattering amplitudes do not grow as
energy; however, they have do a prefactor of λ2χ which
can be constrained by equation (51). We place the

explicit scattering amplitudes in the Appendix. We
use the unitarity bounds derived in this section along
with the relic abundance to place constraints on this
Higgs portal parameter space when mρ > mh,mχ.

VII.2.1. Scattering Matrix for s ≫ m2
χ,m

2
ρ, m

2
h

In order to directly place constraints on the dark mat-
ter Yukawa coupling, λχ, we also consider the process

χ+ χ → χ+ χ. (65)

An analogous process was considered in [29, 30] to
place upper bounds on new fermion masses resulting
from electroweak symmetry breaking. Considering a
dark photon in theory that directly couples to the
dark matter generates a nontrivial scattering matrix
analogous to equation (61). We consider this in [16].

We list the self-scattering amplitudes in the Ap-
pendix. In the limit where s ≫ m2
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2
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2
h (and in

the order χ + χ → χ + χ), the amplitudes have the
form,
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These are equivalent to the amplitudes found in [30] in
the limit where λχA

→ 0. Only the following helicities
contribute to the j = 0 partial wave amplitude,

(+ + → + +),

(− − → − −),

(+ + ↔ − −).

Given that the vector

(

χ+χ+, χ−χ−
)

, (66)

the coupled channels of the zeroth partial wave ampli-
tudes are

M(0) = −
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⎠ . (67)
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and Goldstone-Goldstone scattering we also consider
dark matter scattering diagrams. The dark matter-
dark matter self-scattering amplitudes do not grow as
energy; however, they have do a prefactor of λ2χ which
can be constrained by equation (51). We place the

explicit scattering amplitudes in the Appendix. We
use the unitarity bounds derived in this section along
with the relic abundance to place constraints on this
Higgs portal parameter space when mρ > mh,mχ.

VII.2.1. Scattering Matrix for s ≫ m2
χ,m

2
ρ, m

2
h

In order to directly place constraints on the dark mat-
ter Yukawa coupling, λχ, we also consider the process

χ+ χ → χ+ χ. (65)

An analogous process was considered in [29, 30] to
place upper bounds on new fermion masses resulting
from electroweak symmetry breaking. Considering a
dark photon in theory that directly couples to the
dark matter generates a nontrivial scattering matrix
analogous to equation (61). We consider this in [16].

We list the self-scattering amplitudes in the Ap-
pendix. In the limit where s ≫ m2

χ,m
2
ρ,m

2
h (and in

the order χ + χ → χ + χ), the amplitudes have the
form,

M = −
1

2
(λ2χV

+ λ2χA
)

{

(+ + → + +)

(− − → − −)
s−channel

M =
1

2
(λχV

+ iλχA
)2

{

(+ + → − −) s−channel

M =
1

2
(λχV

− iλχA
)2

{

(− − → + +) s−channel

M = −
1

2
(λ2χV

+ λ2χA
)

{

(+ − → − +)

(− + → + −)
t−channel

M =
1

2
(λχV

+ iλχA
)2

{

(+ + → − −) t−channel

M =
1

2
(λχV

− iλχA
)2.

{

(− − → + +) t−channel

These are equivalent to the amplitudes found in [30] in
the limit where λχA

→ 0. Only the following helicities
contribute to the j = 0 partial wave amplitude,

(+ + → + +),

(− − → − −),

(+ + ↔ − −).

Given that the vector

(

χ+χ+, χ−χ−
)

, (66)

the coupled channels of the zeroth partial wave ampli-
tudes are

M(0) = −
1

32π

⎛

⎝

λ∗λ −2λ2

−2λ∗ 2 λ∗λ

⎞

⎠ . (67)
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Here λ = λχV
+ iλχA

. The unitarity constraint is,

λχ =
!

λ2χV
+ λ2χA

! 4, (68)

for the dark matter Yukawa coupling.

In addition to the j = 0 partial wave amplitudes for
dark matter scattering, we also considered processes
that contribute to the j = 1 amplitudes,

χ+ χ ↔ w+ + w− (69)

χ+ χ ↔ z + z (70)

χ+ χ ↔ H + z (71)

χ+ χ ↔ H +H. (72)

Here we defined V = w+, z and H = h, ρ. The am-
plitudes in equations (69)-(71) are s-channel. At large√
s, these diagrams vanish. The amplitude in equa-

tion (72) decouples. See [30] for an explanation of the
how similar diagrams decouple.

VIII. HIGGS PORTAL PARAMETER SCANS

In this section, we take the unitarity constraints from
Sections VI. as well as the dark matter and Higgs con-
straints from Section IV. and V. and perform a general
parameter scan over the Higgs portal parameter space.
As noted in Section III., each of these constraints has a
special role in directly restrict the strength of the dark
vev or the Higgs portal couplings. The combination
of all the constraints yield the bound on the different
particle masses.

VIII.1. Understanding the Parameter Scans

In addition to the constraints discussed in the previ-
ous sections, we also require the cold dark matter is
cold. This requires the dark matter freeze out temper-
ature, Tf , to satisfy Tf < mχ. Also, our initial scan
requires the Higgs portal parameter space to satisfy the
relic abundance constraint at ± 3σ level. We assumed
a perturbative expansion in equation (19). Thus, we
require

λ3 v

2λ2 u
< 1. (73)

The scan operates in the following fashion: We take
the couplings in equation (28) and vary them from 0 to
15. For λχ we vary both λχV

and λχA
independently.

The unitarity constraint from dark matter scattering
generates a bound on λχ. The dark symmetry vev, u,
initially varied from 250 GeV to 150 TeV. The upper

value was steadily reduced when it became clear
there were no points satisfying the all the constraints
above the given bound. Each plot starts with at
least 400 million points in the parameter space before
the various constraints are applied. As emphasized
throughout, the unitarity bounds are possible in the
limit where mρ " mχ. The 400 million points have
this limit already applied.

We organize the parameter scan plots in the fol-
lowing way: We first consider Model 1 and plot the
parameter space which satisfies the measured relic
abundance in equation (1). This parameter space is
plotted with and without the Xenon100 constraints.
We repeat this exercise for the parameter space that
satisfies only half the measured relic abundance. This
is to illustrate how the bounds change in the limit
where the Higgs portal dark matter is a fraction of the
overall measured relic abundance. We conclude this
section after generating the same plots for Model 2.
The Xenon100 constraints for Model 2 are sufficiently
weak that they do not visibly deform the parameter
space. In order not to repeat a plot that is visibly the
same, instead we describe in words where most of the
excluded parameter space points reside.

The plots in this section have the dark Higgs
mass versus the dark symmetry breaking vev. To
guide the eye, the plots have a dotted diagonal line
with a slope that is roughly 0.25. The parameter space
points near this dotted line are near the decoupling
limit, cos θ → 1. Thus for these points, equation (61)
becomes the SM Higgs scattering amplitude [20] along
with a decoupled dark Higgs. The largest eigenvalue
comes from the SM Higgs amplitude and therefore
generates the unitarity bound. This line reproduces
the result in [20] when u → 246 GeV. We also include
a solid, horizontal line in these plots which gives
the bound on the dark symmetry breaking vev for
each scenario. This bound (and the fraying of the
plot near the solid line) primarily comes from the
relic abundance constraint and the unitarity bound
generated from equation (64). Finally, the solid
vertical line is the bound on the dark Higgs mass.
It is the result of the confluence of all the unitarity
constraints listed in the previous section as well as
the relic abundance. From now on, we will often
refer to the upper bound on the dark Higgs mass as
the “unitarity” bound even though multiple unitarity
bounds and the relic abundance contributed to the
limit. This follows the tradition of calling bounds
on the SM Higgs mass the unitarity bound. In the
Appendix, we also plot the dark matter mass versus
the Higgs mass mixing angle, cos θ. In those plots,

Unitarity Considerations 
(Fermion-fermion Scattering Amplitude)
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cosines. For example,

Γµν(WWh) = i g mW cos θ gµν (18)

Γ(χ̄χh) = −i λχ sin θ/2 (19)

Additionally, through mixing all couplings in the higgs
potential are a function of both the dark and elec-
troweak vev times mixing sines and cosines. For ex-
ample, In Appendix B, we write out the couplings in
the higgs potential for reference. In the decoupling
limit, the SM higgs couplings reduce to the SM values.

I.4. Renormalization Group Equations

In Section VI, we refine the basic unitarity bounds
by requiring perturbativity (as well as an absence of
triviality) on the higgs sector up to 10 TeV. To imple-
ment this requirement we compute the renormalization
group equations at one-loop:

16π2 dλ1

dt
= 24λ2

1 − λ1(9g2 + 3g′2 − 12λ2
t ) (20)

+ 2λ2
3 +

3

8
g′ 4 +

3

4
g′ 2g 2 +

9

8
g4 − 6λ4

t + . . . ,

16π2 dλ2

dt
= 24λ2

2 + 2λ2
3 − 2λ4

χ + . . . , (21)

16π2 dλ3

dt
= 4λ2

3 + 12λ3(λ1 + λ2) + . . . , (22)

16π2 dλχ

dt
=

3

2
λ3

χ + . . . , (23)

where t = ln(Λ/mρ). The “. . .” includes higher order
and finite effects.

II. GENERIC HIGGS PORTAL

We are most familiar with unitarity constraints on the
electroweak sector. There the only unknown parame-
ter is the λSM in the SM higgs potential,

Velectroweak = λSM

!

h†h −
v2

2

"2

(24)

Thus, the standard elecroweak unitarity bounds con-
strain this one parameter to give a bound on the SM
higgs mass. For the higgs portal, there are five generic
parameters

{mh, mρ, mχ, sin θ, u}. (25)

Without loss of generality, we can trade these param-
eters for

{λ1, λ2, λχ, λ3, u}. (26)

Requiring mh = 125.5 GeV removes the higgs mass
as a free parameter and leaves four unknowns. Re-
quiring the right relic abundance in the next section
leaves three. In Section IV, we compute the unitarity
constraints using the goldstone boson equivalence the-
orem. Goldstone-goldstone, goldstone-higgs and higgs-
higgs scattering as well as dark matter scattering con-
strains the remaining parameters. After placing all of
the bounds, Section V has the results from the uni-
tarity constraints using the parameters in equation 25.
Additional constraints appear in the subsequent sec-
tions.

III. DARK MATTER CONSTRAINTS

III.1. Dark Matter Relic Abundance

We compute the dark matter relic abundance to reduce
the unknowns in equation 26 to three. The SM higgs
mass constraint eliminated one unknown to give four
parameters from five. In order to generate unitarity
constraints on the dark higgs mass, we raise the dark
higgs mass so that

mρ ≫ mh, mχ. (27)

For completeness, in Section VIII we consider con-
straints on the dark higgs mass without this limit.

The dark matter relic abundance is defined as

Ωχ h2 =
1 × 109

Mpl

xF√
g∗

1

⟨σ|v|⟩
1

GeV
. (28)

where xF ≡ mχ/TF and TF is the freeze out temper-
ature. g∗ is calculable depending on the dark matter
mass. For simplicity, we do not consider dark matter
annihilation into slightly heavier states or annihilation
with a pole in the cross section. The central argu-
ments contained in this section remain unaltered in
these cases and in basic coannhilation scenarios.

III.1.1. t-channel annihilation

If the dark matter has a mass mχ ≫ mh, then t-
channel annihilation of fermonic dark matter into the
higgses,

χ + χ → h + h (29)

dominates. The thermally averaged cross section (in
the low velocity limit) is

⟨σ|v|⟩ =
λ4

χ sin4 θ

4 π

#

m2
χ − m2

h

$3/2

mχ

#

2 m2
χ − m2

h

$2 (30)

• Require:

�+ � ! B +mediator (1)

B +mediator ! �+ � (2)

� 
p
4⇡ (3)

|ReM(0)|  1

2

(4)

• Parameter scan over the variables.  
(Unitarity, relic abundance, Higgs mass are constraints.)

Equivalent to about a 40% NLO correction over LO
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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

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)
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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)

(Walker, 2013)

Results
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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

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)
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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)

(Walker, 2013)

Results
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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

Results

(Walker, 2013)

One ton experiments are sensitive to all 
of the points  
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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

ILC500/ILCTeV

Ωχh2 = 0.1199 ± 0.0081
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Results

• DM Bound up to 14 TeV.

• SM Higgs mixing measurements at colliders will not 
constrain significantly.
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Multi-Component DM Results

• Assume thermal DM is half of the relic abundance.

• Perturbative Higgs portal with thermal DM in multi-component  
DM universe is highly constrained.
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Why Perturbativity Matters
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Why Perturbativity Matters

 
 
 
Modifies Direct/Indirect Detection of Dark Matter 
 
Modifies LHC Production

• Impact on Dark Matter Phenomenology:  
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Why Perturbativity Matters

• Impact on Dark Matter Phenomenology:  

E.g., severe complications
for large MET searches
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• Impact on Dark Matter Phenomenology:  

E.g., severe complications
for large MET searches
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Why Perturbativity Matters

• Perturbative Unitarity gives first estimate for when bound state 
formation occurs*:

*Petraki and Von Harling, 2014 
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Why Perturbativity Matters

DM

DM

annihilation coupling  
is relatively large

• Perturbative Unitarity gives first estimate for when bound state 
formation occurs*:

*Petraki and Von Harling, 2014 
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Why Perturbativity Matters

DM

DM

annihilation coupling  
is relatively large

DM

DM

annihilation 
couplings 

annihilation 
coupling 

mediator

• Perturbative Unitarity gives first estimate for when bound state 
formation occurs*:

*Petraki and Von Harling, 2014 
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Why Perturbativity Matters

*See also Petraki, Postma and 
Wiechers, 2015.

DM

DM

+ . . . (1)

+ . . . (1)

+ . . . (1)
+ . . . (1)

DM

DMDM

DM

DM

DM

+ . . . (1)

• Perturbative Unitarity gives first estimate for when bound state 
formation occurs*:
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Why Perturbativity Matters

Two Dark Matter “Annihilation” Processes.   Must 
account for both when considering CDM properties.

DM

DM

+ . . . (1)

DM

*See Petraki’s talk;  Petraki and 
Von Harling, 2014 
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Conclusions/Other Portals



We presented work that used perturbative unitarity 
constraints on a simple Higgs portal model.   
 
The upper bounds may help to understand when new 
physics will appear.  
 
 
Bounds can be used to constrain thermal dark matter.  

Bounding thermal dark matter means one can 
systematically move forward to understand the nature 
of dark matter.
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A Colored/Charged Portal*

*Cahill-Rowley, El Hedri, Shepherd and Walker, 2015



• Place perturbative unitarity constraints on charged/
colored scalars*:  
 
 
 
 

3

We consider an e↵ective scenario in which the DM-sfermion-fermion coupling is the only non-gauge interac-
tion for the sfermion [41]. The sfermions will either be purely left-handed, f̃L, or right-handed states f̃R. Calling
the DM-sfermion-fermion coupling �i, and considering a single set of sfermion quantum numbers, the interaction
Lagrangian is

L = L
gauge

+ L
mediators

+ L� (3)

where

L
gauge

= �1

4
Gµ⌫ G

µ⌫ � 1

4
Fµ⌫ F

µ⌫ L� = i�̄@/� � m��̄� (4)

and the field strength tensors for the gluon and photon are Gµ⌫ and Fµ⌫ , respectively. Also, depending on the e↵ective
scenario the mediator lagrangian is

L
mediators

=
�

Df̃i
�⇤
Df̃i � Vi (5)

where i = L,R and the covariant derivative, D, depends on the quantum numbers of f̃L or f̃R. The potential is

Vi =
1

2
m2

˜fi
f̃⇤
i f̃i +

⇣

�i f̃
⇤ �̄Pi f + h.c.

⌘

(6)

We remain agnostic about the mechanism that generates the � mass and assume it can be integrated out. Because
we chose the Yukawa-type coupling between the dark matter, mediator and fermion to be non-zero, our analysis
is generic and the derived bounds subsequently weaker in comparison to [42] which considers only the QCD gauge
coupling between those particles. Once the quantum numbers of the sfermion are chosen, our scenario then has three
basic independent parameters,

n

�,m
˜fi,m�

o

. (7)

These parameters are constrained by direct detection experiments, collider searches (see the relevant direct detection
and collider citations in the Introduction) and unitarity constraints. Since we assume thermal dark matter and
require � to comprise some or all of the observed DM in the universe, our e↵ective models are also constrained by
the DM relic abundance.

We consider scenarios with mediators that are color singlets as well as color triplets. The mediators may also
be electroweak doublets as well. Although the perturbative unitarity bounds do not depend on the sfermion quantum
numbers, the e↵ects of these quantum numbers on the relic density can be reproduced through the following rescaling

�f̃⇤ �̄Pi f ! N1/4 � f̃⇤ �̄Pi f (8)

where the rescaling factor N depends on the representations of the groups f̃i is charged under. More details about how
to compute N are given in Sec. IV. Here N encodes the dimensions of the representations of the gauge group under
which the mediator and SM fermions are charged. As N is increased, in general larger dark matter and mediator
masses are possible because the dark matter annihilation is more e�cient. Thus, there are weaker constraints from
the relic abundance. As we show in Section IV, our basic bounds scale accordingly. We briefly describe each scenario
below.

A. Colored Flavor Triplet E↵ective Model

The colored mediators can have the quantum numbers

(3, 2)
1/6 (3̄, 1)�2/3 (3̄, 1)

1/3. (9)

We consider all three possible types of mediators separately and will call them q̃L, ũR and d̃R respectively. In order
to prevent flavor violation, we will consider the case in which these mediators are degenerate flavor triplets,

q̃L =

✓

ũL

d̃L

◆ ✓

c̃L
s̃L

◆ ✓

t̃L
b̃L

◆

ũR =

0

@

t̃R
c̃R
ũR

1

A d̃R =

0

@

b̃R
s̃R
d̃R

1

A . (10)

*See also DiFranzo, Nagao, Rajaraman, Tait, 2009
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• Dark Matter sector:  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where the “. . .” account for the loop suppressed higher-
order terms. It is important that the one loop correc-
tions to these couplings are not large. We compute the
Coleman-Weinberg potential [20] in Section II.1.3.

II.1.2. Fermionic Couplings

The modified top Yukawa coupling is

Lt = λ′qLh2 tR (10)

which is consistent with the Z2 symmetry in equations (3)
and (7). It is clear from this equation, h2 naively receives
a large one-loop correction to it’s mass from top quarks.
We assume λ′ ≪ 1 and is technically natural. Thus,
h2 mass does not receive large corrections from the top
sector in the same way the SM Higgs does not receive
large corrections to it’s mass from the light SM quarks.
We later quantify this in Section ?? and show this re-
quirement for λ′ does not prevent generating a large top
Yukawa coupling in this model.
Assuming m2 is relatively large, the following is the

least suppressed effective operator with h2 integrated out,

L′
t =

λ′A

2m2
2

qL tR φh1 (11)

Eventually, φ gets a vev, ⟨φ⟩ = u. The effective top quark
Yukawa coupling is

L′
t =

λ′Au

2m2
2

qL tR h1 +
λ′A

2m2
2

qL tR h1 φ0 (12)

where the SM top coupling is identified as

λt =
λ′Au

2m2
2

. (13)

II.1.3. One-Loop Coleman-Weinberg Potential

We are interested in the effective potential above the
weak scale and φ symmetry breaking scales but below
the heavy scalar mass, m2. The quadratically diverging
terms are

Uquadratic =
Λ2

32 π2
M †

sMs

=
Λ2

32 π2

!

12λ1 + λ6 +
2A2

m2

"

h†
1h1 (14)

+
Λ2

32 π2

!

λ6 +
λ4

2
+

2A2

m2

"

φ2

where Λ is cutoff by the mass m2. There are no one-
loop corrections generated from the top sector. The log
divergent terms are

Ulog =
1

64 π2

#

M †
s Ms

$2
log

!

M †
sMs

Λ2

"

(15)

=
II.2. Higgs Mass and Top Yukawa Coupling

Constraints

We want λ′ to be small so that the top diagram in
Figure (1) is small. This is in analogy to the up- and
down- quark generated divergence for the SM Higgs mass.
To show this generates a large From equation (1), assume
the counter

m2
2 ∼ m2

0h2
+

λ′ 2

16π2
Λ2 (16)

Let’s assume m2
2 is dominated by the Λ2 term. Then

1 ∼
λ′Au

2m2
2

(17)

Even if A ∼ u ∼ v and Λ = 10 TeV, then

λ′ ∼ 8π2 v2

Λ2
∼ 0.05 (18)

which is technically natural and reasonable. It is clear
one can generate a large technically natural hierarchy
and still generate a large enough top Yukawa coupling.

II.3. Naturalness

See Figure (1). Equation 10..... generates a one loop
divergence.

II.4. Phenomenology

f̃ ≡ t̃R

III. OTHER MODELS OF INTEREST

IV. CONCLUSIONS
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We remain agnostic about the mechanism that generates the � mass and assume it can be integrated out. Because
we chose the Yukawa-type coupling between the dark matter, mediator and fermion to be non-zero, our analysis
is generic and the derived bounds subsequently weaker in comparison to [42] which considers only the QCD gauge
coupling between those particles. Once the quantum numbers of the sfermion are chosen, our scenario then has three
basic independent parameters,
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These parameters are constrained by direct detection experiments, collider searches (see the relevant direct detection
and collider citations in the Introduction) and unitarity constraints. Since we assume thermal dark matter and
require � to comprise some or all of the observed DM in the universe, our e↵ective models are also constrained by
the DM relic abundance.

We consider scenarios with mediators that are color singlets as well as color triplets. The mediators may also
be electroweak doublets as well. Although the perturbative unitarity bounds do not depend on the sfermion quantum
numbers, the e↵ects of these quantum numbers on the relic density can be reproduced through the following rescaling

�f̃⇤ �̄Pi f ! N1/4 � f̃⇤ �̄Pi f (8)

where the rescaling factor N depends on the representations of the groups f̃i is charged under. More details about how
to compute N are given in Sec. IV. Here N encodes the dimensions of the representations of the gauge group under
which the mediator and SM fermions are charged. As N is increased, in general larger dark matter and mediator
masses are possible because the dark matter annihilation is more e�cient. Thus, there are weaker constraints from
the relic abundance. As we show in Section IV, our basic bounds scale accordingly. We briefly describe each scenario
below.

A. Colored Flavor Triplet E↵ective Model

The colored mediators can have the quantum numbers

(3, 2)
1/6 (3̄, 1)�2/3 (3̄, 1)

1/3. (9)
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• Dark Matter sector:  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We consider an e↵ective scenario in which the DM-sfermion-fermion coupling is the only non-gauge interac-
tion for the sfermion [41]. The sfermions will either be purely left-handed, f̃L, or right-handed states f̃R. Calling
the DM-sfermion-fermion coupling �i, and considering a single set of sfermion quantum numbers, the interaction
Lagrangian is

L = L
gauge

+ L
mediators

+ L� (3)

where

L
gauge

= �1

4
Gµ⌫ G

µ⌫ � 1

4
Fµ⌫ F

µ⌫ L� = i�̄@/� � m��̄� (4)

and the field strength tensors for the gluon and photon are Gµ⌫ and Fµ⌫ , respectively. Also, depending on the e↵ective
scenario the mediator lagrangian is
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We remain agnostic about the mechanism that generates the � mass and assume it can be integrated out. Because
we chose the Yukawa-type coupling between the dark matter, mediator and fermion to be non-zero, our analysis
is generic and the derived bounds subsequently weaker in comparison to [42] which considers only the QCD gauge
coupling between those particles. Once the quantum numbers of the sfermion are chosen, our scenario then has three
basic independent parameters,
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These parameters are constrained by direct detection experiments, collider searches (see the relevant direct detection
and collider citations in the Introduction) and unitarity constraints. Since we assume thermal dark matter and
require � to comprise some or all of the observed DM in the universe, our e↵ective models are also constrained by
the DM relic abundance.

We consider scenarios with mediators that are color singlets as well as color triplets. The mediators may also
be electroweak doublets as well. Although the perturbative unitarity bounds do not depend on the sfermion quantum
numbers, the e↵ects of these quantum numbers on the relic density can be reproduced through the following rescaling

�f̃⇤ �̄Pi f ! N1/4 � f̃⇤ �̄Pi f (8)

where the rescaling factor N depends on the representations of the groups f̃i is charged under. More details about how
to compute N are given in Sec. IV. Here N encodes the dimensions of the representations of the gauge group under
which the mediator and SM fermions are charged. As N is increased, in general larger dark matter and mediator
masses are possible because the dark matter annihilation is more e�cient. Thus, there are weaker constraints from
the relic abundance. As we show in Section IV, our basic bounds scale accordingly. We briefly describe each scenario
below.

A. Colored Flavor Triplet E↵ective Model

The colored mediators can have the quantum numbers

(3, 2)
1/6 (3̄, 1)�2/3 (3̄, 1)
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We consider all three possible types of mediators separately and will call them q̃L, ũR and d̃R respectively. In order
to prevent flavor violation, we will consider the case in which these mediators are degenerate flavor triplets,
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ũR =

0

@

t̃R
c̃R
ũR
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We consider an e↵ective scenario in which the DM-sfermion-fermion coupling is the only non-gauge interac-
tion for the sfermion [41]. The sfermions will either be purely left-handed, f̃L, or right-handed states f̃R. Calling
the DM-sfermion-fermion coupling �i, and considering a single set of sfermion quantum numbers, the interaction
Lagrangian is

L = L
gauge
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+ L� (3)

where
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and the field strength tensors for the gluon and photon are Gµ⌫ and Fµ⌫ , respectively. Also, depending on the e↵ective
scenario the mediator lagrangian is
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We remain agnostic about the mechanism that generates the � mass and assume it can be integrated out. Because
we chose the Yukawa-type coupling between the dark matter, mediator and fermion to be non-zero, our analysis
is generic and the derived bounds subsequently weaker in comparison to [42] which considers only the QCD gauge
coupling between those particles. Once the quantum numbers of the sfermion are chosen, our scenario then has three
basic independent parameters,
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These parameters are constrained by direct detection experiments, collider searches (see the relevant direct detection
and collider citations in the Introduction) and unitarity constraints. Since we assume thermal dark matter and
require � to comprise some or all of the observed DM in the universe, our e↵ective models are also constrained by
the DM relic abundance.

We consider scenarios with mediators that are color singlets as well as color triplets. The mediators may also
be electroweak doublets as well. Although the perturbative unitarity bounds do not depend on the sfermion quantum
numbers, the e↵ects of these quantum numbers on the relic density can be reproduced through the following rescaling

�f̃⇤ �̄Pi f ! N1/4 � f̃⇤ �̄Pi f (8)

where the rescaling factor N depends on the representations of the groups f̃i is charged under. More details about how
to compute N are given in Sec. IV. Here N encodes the dimensions of the representations of the gauge group under
which the mediator and SM fermions are charged. As N is increased, in general larger dark matter and mediator
masses are possible because the dark matter annihilation is more e�cient. Thus, there are weaker constraints from
the relic abundance. As we show in Section IV, our basic bounds scale accordingly. We briefly describe each scenario
below.
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1/6 (3̄, 1)�2/3 (3̄, 1)
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We consider all three possible types of mediators separately and will call them q̃L, ũR and d̃R respectively. In order
to prevent flavor violation, we will consider the case in which these mediators are degenerate flavor triplets,
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We consider an e↵ective scenario in which the DM-sfermion-fermion coupling is the only non-gauge interac-
tion for the sfermion [41]. The sfermions will either be purely left-handed, f̃L, or right-handed states f̃R. Calling
the DM-sfermion-fermion coupling �i, and considering a single set of sfermion quantum numbers, the interaction
Lagrangian is
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where
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and the field strength tensors for the gluon and photon are Gµ⌫ and Fµ⌫ , respectively. Also, depending on the e↵ective
scenario the mediator lagrangian is
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We remain agnostic about the mechanism that generates the � mass and assume it can be integrated out. Because
we chose the Yukawa-type coupling between the dark matter, mediator and fermion to be non-zero, our analysis
is generic and the derived bounds subsequently weaker in comparison to [42] which considers only the QCD gauge
coupling between those particles. Once the quantum numbers of the sfermion are chosen, our scenario then has three
basic independent parameters,
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These parameters are constrained by direct detection experiments, collider searches (see the relevant direct detection
and collider citations in the Introduction) and unitarity constraints. Since we assume thermal dark matter and
require � to comprise some or all of the observed DM in the universe, our e↵ective models are also constrained by
the DM relic abundance.

We consider scenarios with mediators that are color singlets as well as color triplets. The mediators may also
be electroweak doublets as well. Although the perturbative unitarity bounds do not depend on the sfermion quantum
numbers, the e↵ects of these quantum numbers on the relic density can be reproduced through the following rescaling

�f̃⇤ �̄Pi f ! N1/4 � f̃⇤ �̄Pi f (8)

where the rescaling factor N depends on the representations of the groups f̃i is charged under. More details about how
to compute N are given in Sec. IV. Here N encodes the dimensions of the representations of the gauge group under
which the mediator and SM fermions are charged. As N is increased, in general larger dark matter and mediator
masses are possible because the dark matter annihilation is more e�cient. Thus, there are weaker constraints from
the relic abundance. As we show in Section IV, our basic bounds scale accordingly. We briefly describe each scenario
below.

A. Colored Flavor Triplet E↵ective Model

The colored mediators can have the quantum numbers
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1/6 (3̄, 1)�2/3 (3̄, 1)

1/3. (9)

We consider all three possible types of mediators separately and will call them q̃L, ũR and d̃R respectively. In order
to prevent flavor violation, we will consider the case in which these mediators are degenerate flavor triplets,
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We consider an e↵ective scenario in which the DM-sfermion-fermion coupling is the only non-gauge interac-
tion for the sfermion [41]. The sfermions will either be purely left-handed, f̃L, or right-handed states f̃R. Calling
the DM-sfermion-fermion coupling �i, and considering a single set of sfermion quantum numbers, the interaction
Lagrangian is

L = L
gauge

+ L
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+ L� (3)

where
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and the field strength tensors for the gluon and photon are Gµ⌫ and Fµ⌫ , respectively. Also, depending on the e↵ective
scenario the mediator lagrangian is

L
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=
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where i = L,R and the covariant derivative, D, depends on the quantum numbers of f̃L or f̃R. The potential is
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We remain agnostic about the mechanism that generates the � mass and assume it can be integrated out. Because
we chose the Yukawa-type coupling between the dark matter, mediator and fermion to be non-zero, our analysis
is generic and the derived bounds subsequently weaker in comparison to [42] which considers only the QCD gauge
coupling between those particles. Once the quantum numbers of the sfermion are chosen, our scenario then has three
basic independent parameters,

n

�,m
˜fi,m�

o

. (7)

These parameters are constrained by direct detection experiments, collider searches (see the relevant direct detection
and collider citations in the Introduction) and unitarity constraints. Since we assume thermal dark matter and
require � to comprise some or all of the observed DM in the universe, our e↵ective models are also constrained by
the DM relic abundance.

We consider scenarios with mediators that are color singlets as well as color triplets. The mediators may also
be electroweak doublets as well. Although the perturbative unitarity bounds do not depend on the sfermion quantum
numbers, the e↵ects of these quantum numbers on the relic density can be reproduced through the following rescaling

�f̃⇤ �̄Pi f ! N1/4 � f̃⇤ �̄Pi f (8)

where the rescaling factor N depends on the representations of the groups f̃i is charged under. More details about how
to compute N are given in Sec. IV. Here N encodes the dimensions of the representations of the gauge group under
which the mediator and SM fermions are charged. As N is increased, in general larger dark matter and mediator
masses are possible because the dark matter annihilation is more e�cient. Thus, there are weaker constraints from
the relic abundance. As we show in Section IV, our basic bounds scale accordingly. We briefly describe each scenario
below.

A. Colored Flavor Triplet E↵ective Model

The colored mediators can have the quantum numbers

(3, 2)
1/6 (3̄, 1)�2/3 (3̄, 1)

1/3. (9)

We consider all three possible types of mediators separately and will call them q̃L, ũR and d̃R respectively. In order
to prevent flavor violation, we will consider the case in which these mediators are degenerate flavor triplets,
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(Agnostic on the dark matter mass generation mechanism)

(Yukawa-type coupling:  Weaker constraints than  
Simone, Giudice, Strumia, 2014.)
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Stop Effective Model

• Only the RH stop lighter than other squark 
flavors
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with the DM-sfermion-fermion coupling matrix � proportional to the identity matrix. The collider, relic and direct
detection constraints (but not the perturbative unitarity constraints) have been previously studied in [41].

To make our work more comprehensive, in the Appendix we modify the above scenario to allow for non-
trivial couplings between the squark mediators and the SM Higgs. These couplings are analogous to the A-terms in
SUSY models. Thus after electroweak symmetry breaking (EWSB), left-right squark mixing is generated. We focus
on a model with one left-handed squark doublet q̃L and one right-handed up-type squark ũR, with the right-handed
down-type squark d̃R decoupled. Of note, this scenario has also been studied in the context of SUSY for the
squark-mediated annihilation of bino-like dark matter [43].

B. Color Singlet Flavor Triplets E↵ective Model

In this e↵ective scenario, the color singlet mediators must have the quantum numbers

(1, 2)�1/2 (1, 1)
1

. (11)

We denote these mediators as l̃L and ẽR and call them sleptons. Once again, we consider them in degenerate flavor
triplets,
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ẽµ
⌫̃µ

◆ ✓

⌧̃
⌫̃⌧

◆
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with � again proportional to the identity. The annihilation cross-section for color singlet mediators is decreased
with respect to the colored mediator cross section. Thus, the relic density will play a larger role in constraining this
scenario. Direct detection experiments will not be able to constrain this scenario at tree-level.

C. Stop E↵ective Model

Natural SUSY requires, at minimum, a light stop to cancel the SM Higgs mass quadratic divergences generated by
SM top loops [38]. Thus far, the LHC has not discovered the stop, and is setting increasingly stringent constraints
on the stop mass [11, 17]. Thus, because of its significance to natural theories of new physics, we also consider the
case where the right-handed (RH) stop, t̃R, is much lighter than the other squark flavors. Although we only focus
on light RH stop, models where only the left-handed (LH) stops is light should be constrained in a similar way. The
LHC and, if necessary, a future hadronic collider is essential to discover/constrain this scenario.

III. UNITARITY CONSTRAINTS

We consider an e↵ective theory where a charged/colored scalar (sfermion) mediates dark matter annihilation. The
only couplings allowed to vary freely are the DM-fermion-sfermion Yukawa couplings, �i where i = L,R from
equation (6). These couplings drive all the DM scattering and annihilation processes and are directly constrained by
perturbative unitarity. As discussed in the Introduction, there has been a long understood conceptual dependence of
the WIMP dark matter paradigm on perturbativity.

It is well known [47–49] that any theory known to all orders in perturbation theory gives amplitudes which
lie on the Argand circle. However most perturbative unitarity computations are done at tree-level and the loop
corrections push the value of the scattering amplitudes toward the Argand circle. If the scattering amplitudes of
some processes in the theory are too large at tree-level, unitarity cannot be restored without violating perturbativity.
[35, 48, 49] have derived a simple geometric argument that allows the translation of a perturbativity bound into an
upper bound on the tree-level scattering amplitudes in any theory. This upper bound applies to the eigenvalues of
the partial wave components of the transition operator T . This operator is defined such that

S = 1 + i T (13)
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with � again proportional to the identity. The annihilation cross-section for color singlet mediators is decreased
with respect to the colored mediator cross section. Thus, the relic density will play a larger role in constraining this
scenario. Direct detection experiments will not be able to constrain this scenario at tree-level.

C. Stop E↵ective Model

Natural SUSY requires, at minimum, a light stop to cancel the SM Higgs mass quadratic divergences generated by
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corrections push the value of the scattering amplitudes toward the Argand circle. If the scattering amplitudes of
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(Keep flavor triplets to avoid flavor violation)



• Basic Annihilation Diagrams
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ū

u

FIG. 1: Diagrams contributing to the �̄� ! f̄f amplitude for Dirac and Majorana DM. For Dirac DM, only the t-channel
(top) diagram contributes to the scattering amplitude.

A. Dark Matter Relic Abundance

Dark Matter can annihilate to fermions via the diagrams shown in Figure 1 for Dirac and Majorana DM. For Dirac
DM, annihilation occurs dominantly in the s-wave, with the s-wave term a being

a / NCNflavors

�4

8⇡

m2

�

(m2

� � m2

˜f
)2

(22)

where NC is the color factor. When the DM and sfermion masses increase, the coupling � also needs to increase to
ensure e�cient DM annihilation, unless the DM and sfermion masses are nearly degenerate. The coannihilation region,
where the DM and mediator masses are within a few percent of each other, is however extremely narrow and can only
be obtained at the price of a significant fine-tuning. Throughout this paper, we will define this coannihilation region
as the region where the DM and sfermion masses are within at most 5% of each other. Outside the coannihilation
region, the s-wave component of the DM annihilation cross section is bounded by

a
max

' 100NC N
flavors

�4

m2

�

. (23)

In a perturbative theory, unitarity sets an upper bound on �, as studied in Section III. When � reaches its maximum
value, a

max

will decrease as the Dark Matter mass increases. The unitarity constraints on � therefore translate into
an upper bound on m�. This upper bound scales as

p
NCNflavors

, independently on the other properties of the
mediators involved. A similar reasoning leads to a neighboring upper bound on the mediator masses.

A similar mechanism is at play for Majorana DM. In this case, however, DM annihilates through both the t
and the u-channels, as shown in Figure 1. The two corresponding diagrams interfere destructively. The s-wave
component of the DM annihilation cross section to two fermions f is therefore suppressed by a factor of m2

f . Heavy
DM annihilation then occurs mostly in the p-wave [52]. As computed in [53], the annihilation cross section for
Majorana DM goes as

�
ann

⇠
X

i

�4

 

m2

f

m4

˜fi

+ v2
m2

�

m4

˜fi

!

. (24)

In the early universe, the velocity suppressed p-wave term dominates and, for degenerate sfermion masses, all the DM
annihilation channels contribute equally to the relic density. This cross section is in general much smaller than the
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ū

u

FIG. 1: Diagrams contributing to the �̄� ! f̄f amplitude for Dirac and Majorana DM. For Dirac DM, only the t-channel
(top) diagram contributes to the scattering amplitude.

A. Dark Matter Relic Abundance

Dark Matter can annihilate to fermions via the diagrams shown in Figure 1 for Dirac and Majorana DM. For Dirac
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where NC is the color factor. When the DM and sfermion masses increase, the coupling � also needs to increase to
ensure e�cient DM annihilation, unless the DM and sfermion masses are nearly degenerate. The coannihilation region,
where the DM and mediator masses are within a few percent of each other, is however extremely narrow and can only
be obtained at the price of a significant fine-tuning. Throughout this paper, we will define this coannihilation region
as the region where the DM and sfermion masses are within at most 5% of each other. Outside the coannihilation
region, the s-wave component of the DM annihilation cross section is bounded by

a
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' 100NC N
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�
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In a perturbative theory, unitarity sets an upper bound on �, as studied in Section III. When � reaches its maximum
value, a

max

will decrease as the Dark Matter mass increases. The unitarity constraints on � therefore translate into
an upper bound on m�. This upper bound scales as

p
NCNflavors

, independently on the other properties of the
mediators involved. A similar reasoning leads to a neighboring upper bound on the mediator masses.

A similar mechanism is at play for Majorana DM. In this case, however, DM annihilates through both the t
and the u-channels, as shown in Figure 1. The two corresponding diagrams interfere destructively. The s-wave
component of the DM annihilation cross section to two fermions f is therefore suppressed by a factor of m2

f . Heavy
DM annihilation then occurs mostly in the p-wave [52]. As computed in [53], the annihilation cross section for
Majorana DM goes as
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In the early universe, the velocity suppressed p-wave term dominates and, for degenerate sfermion masses, all the DM
annihilation channels contribute equally to the relic density. This cross section is in general much smaller than the
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• Free parameters to constrain:
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We consider an e↵ective scenario in which the DM-sfermion-fermion coupling is the only non-gauge interac-
tion for the sfermion [41]. The sfermions will either be purely left-handed, f̃L, or right-handed states f̃R. Calling
the DM-sfermion-fermion coupling �i, and considering a single set of sfermion quantum numbers, the interaction
Lagrangian is

L = L
gauge

+ L
mediators

+ L� (3)

where

L
gauge

= �1

4
Gµ⌫ G

µ⌫ � 1

4
Fµ⌫ F

µ⌫ L� = i�̄@/� � m��̄� (4)

and the field strength tensors for the gluon and photon are Gµ⌫ and Fµ⌫ , respectively. Also, depending on the e↵ective
scenario the mediator lagrangian is

L
mediators

=
�

Df̃i
�⇤
Df̃i � Vi (5)

where i = L,R and the covariant derivative, D, depends on the quantum numbers of f̃L or f̃R. The potential is

Vi =
1

2
m2

˜fi
f̃⇤
i f̃i +

⇣

�i f̃
⇤ �̄Pi f + h.c.

⌘

(6)

We remain agnostic about the mechanism that generates the � mass and assume it can be integrated out. Because
we chose the Yukawa-type coupling between the dark matter, mediator and fermion to be non-zero, our analysis
is generic and the derived bounds subsequently weaker in comparison to [42] which considers only the QCD gauge
coupling between those particles. Once the quantum numbers of the sfermion are chosen, our scenario then has three
basic independent parameters,

n

�,m
˜fi,m�

o

. (7)

These parameters are constrained by direct detection experiments, collider searches (see the relevant direct detection
and collider citations in the Introduction) and unitarity constraints. Since we assume thermal dark matter and
require � to comprise some or all of the observed DM in the universe, our e↵ective models are also constrained by
the DM relic abundance.

We consider scenarios with mediators that are color singlets as well as color triplets. The mediators may also
be electroweak doublets as well. Although the perturbative unitarity bounds do not depend on the sfermion quantum
numbers, the e↵ects of these quantum numbers on the relic density can be reproduced through the following rescaling

�f̃⇤ �̄Pi f ! N1/4 � f̃⇤ �̄Pi f (8)

where the rescaling factor N depends on the representations of the groups f̃i is charged under. More details about how
to compute N are given in Sec. IV. Here N encodes the dimensions of the representations of the gauge group under
which the mediator and SM fermions are charged. As N is increased, in general larger dark matter and mediator
masses are possible because the dark matter annihilation is more e�cient. Thus, there are weaker constraints from
the relic abundance. As we show in Section IV, our basic bounds scale accordingly. We briefly describe each scenario
below.

A. Colored Flavor Triplet E↵ective Model

The colored mediators can have the quantum numbers

(3, 2)
1/6 (3̄, 1)�2/3 (3̄, 1)

1/3. (9)

We consider all three possible types of mediators separately and will call them q̃L, ũR and d̃R respectively. In order
to prevent flavor violation, we will consider the case in which these mediators are degenerate flavor triplets,

q̃L =

✓

ũL

d̃L

◆ ✓

c̃L
s̃L

◆ ✓

t̃L
b̃L

◆

ũR =

0

@

t̃R
c̃R
ũR

1

A d̃R =

0

@

b̃R
s̃R
d̃R

1

A . (10)
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FIG. 2: Example of coannihilation diagrams for the dark matter � and the sfermions f̃ . Here, the wavy lines represent any
gauge boson, including the gluon.

annihilation cross section for Dirac DM. Outside the coannihilation region, the relic density constraints on Majorana
DM are then expected to be significantly tighter than the constraints on Dirac DM.

Inside the coannihilation region, Dark Matter can coannihilate with the sfermions through the diagrams shown in
Figure 2 [54–57]. This process can significantly decrease the DM relic density and will considerably loosen the bounds
obtained through the method described above. Note that the Griest and Kamionkowski bound [1] does not take
coannihilation into account so, in this region, DM can be much heavier than 120 TeV without overclosing.

B. Direct Detection

DM-nucleus scattering occurs in the s and t (and u for Majorana DM) channels through intermediate squarks. In this
work, we consider only tree-level DM-nucleus scattering and therefore focus on the light flavor squark components of
ũR d̃R and q̃L. The spin-independent (SI) direct detection (DD) cross sections for Dirac DM for ũR d̃R and q̃L have
been computed in [41] and are approximately

�ũR
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1 +
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2
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Constraints from DD are in tension with relic density constraints since they prevent � from being too large.

For Majorana DM, the operator responsible for spin-independent DM-nucleon scattering is generated at higher order
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with the DM-sfermion-fermion coupling matrix � proportional to the identity matrix. The collider, relic and direct
detection constraints (but not the perturbative unitarity constraints) have been previously studied in [41].

To make our work more comprehensive, in the Appendix we modify the above scenario to allow for non-
trivial couplings between the squark mediators and the SM Higgs. These couplings are analogous to the A-terms in
SUSY models. Thus after electroweak symmetry breaking (EWSB), left-right squark mixing is generated. We focus
on a model with one left-handed squark doublet q̃L and one right-handed up-type squark ũR, with the right-handed
down-type squark d̃R decoupled. Of note, this scenario has also been studied in the context of SUSY for the
squark-mediated annihilation of bino-like dark matter [43].

B. Color Singlet Flavor Triplets E↵ective Model

In this e↵ective scenario, the color singlet mediators must have the quantum numbers

(1, 2)�1/2 (1, 1)
1

. (11)

We denote these mediators as l̃L and ẽR and call them sleptons. Once again, we consider them in degenerate flavor
triplets,

l̃ =

✓

ẽ
⌫̃e

◆ ✓

ẽµ
⌫̃µ

◆ ✓

⌧̃
⌫̃⌧

◆

ẽR =

0

@

⌧̃
µ̃
ẽ

1

A . (12)

with � again proportional to the identity. The annihilation cross-section for color singlet mediators is decreased
with respect to the colored mediator cross section. Thus, the relic density will play a larger role in constraining this
scenario. Direct detection experiments will not be able to constrain this scenario at tree-level.

C. Stop E↵ective Model

Natural SUSY requires, at minimum, a light stop to cancel the SM Higgs mass quadratic divergences generated by
SM top loops [38]. Thus far, the LHC has not discovered the stop, and is setting increasingly stringent constraints
on the stop mass [11, 17]. Thus, because of its significance to natural theories of new physics, we also consider the
case where the right-handed (RH) stop, t̃R, is much lighter than the other squark flavors. Although we only focus
on light RH stop, models where only the left-handed (LH) stops is light should be constrained in a similar way. The
LHC and, if necessary, a future hadronic collider is essential to discover/constrain this scenario.

III. UNITARITY CONSTRAINTS

We consider an e↵ective theory where a charged/colored scalar (sfermion) mediates dark matter annihilation. The
only couplings allowed to vary freely are the DM-fermion-sfermion Yukawa couplings, �i where i = L,R from
equation (6). These couplings drive all the DM scattering and annihilation processes and are directly constrained by
perturbative unitarity. As discussed in the Introduction, there has been a long understood conceptual dependence of
the WIMP dark matter paradigm on perturbativity.

It is well known [47–49] that any theory known to all orders in perturbation theory gives amplitudes which
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FIG. 3: Points that pass the unitarity, relic density and direct detection constraints in the (m�,mf̃ ) space for ũR (top plot),

d̃R (middle plot) and q̃L (bottom plot) with Dirac DM. The narrow region along the diagonal is the coannihilation region. The
colors denote the magnitude of the coupling of �i. See equations (6) and (29). (Color online.)
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FIG. 5: Spin-independent direct detection cross section vs m� for the points that pass the unitarity, relic density and direct
detection constraints for ũR, d̃R (top left and right) and q̃L (bottom) with Dirac DM. For each parameter point, we rescale
the direct detection cross section by the ratio of the relic density of � over the total DM relic density shown in equation (30).
The yellow points are the points in the coannihilation region while the red point are the points that are outside the reach of
XENON1T. See equation (31). The black dashed line represents the projected XENON1T bound extrapolated for large DM
masses.
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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
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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.

"

3

(scale invariant NMSSM)

• Only basic details and results.
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NMSSM Higgs Sector

• Six free parameters:  
(after requiring the correct electroweak vacuum)
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• Generate tension by decoupling NMSSM Higgs 
sector SUSY breaking scales
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NMSSM Higgs Sector

• Perturbative unitarity on dimensionless couplings  
and ratio of scales.

S S

h

Select a conservative value of s, where 
the amplitude can be relatively large 

but far away from resonances.
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Here, we use the following 15 CP-even pairs of scalar mass eigenstates

�

�CP+i = {h1h1, h1h2, h2h2, h1h3, h2h3, h3h3, zz, za1, za2, a1a1, a1a2, a2a2 (52)

, w+w�, H+H�, 1/
p

2
�

H+w� + H�w+
�

o

(53)

Here, the w± and z particles are the Goldstone bosons associated to the longitudinal

components of the W± and Z bosons.

Fig. 5 shows the evolution of the largest eigenvalue of T 0 at tree-level in function of
p

s. Due to the large number of scalars in our model, the amplitudes have numerous

s-channel poles. To avoid running into s, t and u-channel singularities of the tree-level

amplitudes, we follow the procedures outlined in Sec. IVC.

The value of
p

s that maximizes the T 0 eigenvalues is in the result of a compro-

mise between including more entries in the scattering matrix —being above all the

thresholds— and having large s, t and u-channel contributions. The resulting optimal

value generally lies right behind the threshold corresponding to the heaviest scalar

pair of the model

p
sthreshold = 2mheaviest. (54)

We found that computing unitarity constraints at

p
smax =

p
5mheavy (55)

constrains the parameter space as well as actually maximizing T 0
ii over s. The optimal

p
s is them of the same order as the heaviest scalar mass of the model. In Sec. II, we

showed that, in the heavy limit, the NMSSM scalar Higgs masses are combinations of

the scales µ,
p

A�µ and
p

Aµ. By constraining the ratios A2
�/s and A2

/s, unitarity

bounds at s = smax then e↵ectively constrain the ratios A�/µ and A/µ.
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Gold - Xenon 1T projected exclusion 

Dark Matter Mass constraints for 41% correction 
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FIG. 10: R fine-tuning factor versus the DM mass for the points passing the unitarity and
relic density constraints for amax = 41%. The yellow points represents points that are

within the reach of XENON1T while the blue points are expected not to be seen by the
next generation of DM direct detection experiments.

FIG. 11: R fine-tuning factor versus the mass of the charged Higgs for the points passing
the unitarity and relic density constraints for amax = 41%. The yellow points represents
points that are within the reach of XENON1T while the blue points are expected not to

be seen by the next generation of DM direct detection experiments.
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FIG. 15: R fine-tuning factor versus the DM mass for the points passing the unitarity and
relic density constraints for amax = 20%. The yellow points represents points that are

within the reach of XENON1T while the blue points are expected not to be seen by the
next generation of DM direct detection experiments.

FIG. 16: R fine-tuning factor versus the charged Higgs mass for the points passing the
unitarity and relic density constraints for amax = 20%. The yellow points represents points
that are within the reach of XENON1T while the blue points are expected not to be seen

by the next generation of DM direct detection experiments.

Dark Matter Mass constraints for 20% correction 

* *
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Charged Higgs Mass constraints for 41% correction Charged Higgs Mass constraints for 20% correction 
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FIG. 10: R fine-tuning factor versus the DM mass for the points passing the unitarity and
relic density constraints for amax = 41%. The yellow points represents points that are

within the reach of XENON1T while the blue points are expected not to be seen by the
next generation of DM direct detection experiments.

FIG. 11: R fine-tuning factor versus the mass of the charged Higgs for the points passing
the unitarity and relic density constraints for amax = 41%. The yellow points represents
points that are within the reach of XENON1T while the blue points are expected not to

be seen by the next generation of DM direct detection experiments.
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FIG. 15: R fine-tuning factor versus the DM mass for the points passing the unitarity and
relic density constraints for amax = 20%. The yellow points represents points that are

within the reach of XENON1T while the blue points are expected not to be seen by the
next generation of DM direct detection experiments.

FIG. 16: R fine-tuning factor versus the charged Higgs mass for the points passing the
unitarity and relic density constraints for amax = 20%. The yellow points represents points
that are within the reach of XENON1T while the blue points are expected not to be seen

by the next generation of DM direct detection experiments.

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)

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)

4

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)

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)

4

* *

funnel regime* 



69

Resonant annihilation 
fine-tuning parameter:  
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Heaviest CP Even Higgs Mass constraints for 41% correction Heaviest CP Even Higgs Mass constraints for 20% correction 
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FIG. 12: R fine-tuning factor versus the heaviest CP-even Higgs mass for the points
passing the unitarity and relic density constraints for amax = 41%. The yellow points
represents points that are within the reach of XENON1T while the blue points are
expected not to be seen by the next generation of DM direct detection experiments.

FIG. 13: |A| versus |µ| for the non-resonant points passing the unitarity and relic density
constraints for amax = 41%. The yellow points represents points that are within the reach
of XENON1T while the blue points are expected not to be seen by the next generation of

DM direct detection experiments.
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FIG. 17: R fine-tuning factor versus the heaviest CP-even Higgs mass for the points
passing the unitarity and relic density constraints for amax = 20%. The yellow points
represents points that are within the reach of XENON1T while the blue points are
expected not to be seen by the next generation of DM direct detection experiments.

FIG. 18: |A| versus |µ| for the non-resonant points passing the unitarity and relic density
constraints for amax = 41%. The yellow points represents points that are within the reach
of XENON1T while the blue points are expected not to be seen by the next generation of

DM direct detection experiments.
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Gold - Xenon 1T projected exclusion 

for 41% correction for non-resonant points
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FIG. 12: R fine-tuning factor versus the heaviest CP-even Higgs mass for the points
passing the unitarity and relic density constraints for amax = 41%. The yellow points
represents points that are within the reach of XENON1T while the blue points are
expected not to be seen by the next generation of DM direct detection experiments.

FIG. 13: |A| versus |µ| for the non-resonant points passing the unitarity and relic density
constraints for amax = 41%. The yellow points represents points that are within the reach
of XENON1T while the blue points are expected not to be seen by the next generation of

DM direct detection experiments.
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FIG. 12: R fine-tuning factor versus the heaviest CP-even Higgs mass for the points
passing the unitarity and relic density constraints for amax = 41%. The yellow points
represents points that are within the reach of XENON1T while the blue points are
expected not to be seen by the next generation of DM direct detection experiments.

FIG. 13: |A| versus |µ| for the non-resonant points passing the unitarity and relic density
constraints for amax = 41%. The yellow points represents points that are within the reach
of XENON1T while the blue points are expected not to be seen by the next generation of

DM direct detection experiments.
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FIG. 17: R fine-tuning factor versus the heaviest CP-even Higgs mass for the points
passing the unitarity and relic density constraints for amax = 20%. The yellow points
represents points that are within the reach of XENON1T while the blue points are
expected not to be seen by the next generation of DM direct detection experiments.

FIG. 18: |A| versus |µ| for the non-resonant points passing the unitarity and relic density
constraints for amax = 41%. The yellow points represents points that are within the reach
of XENON1T while the blue points are expected not to be seen by the next generation of

DM direct detection experiments.

for 20% correction for non-resonant points

30

FIG. 12: R fine-tuning factor versus the heaviest CP-even Higgs mass for the points
passing the unitarity and relic density constraints for amax = 41%. The yellow points
represents points that are within the reach of XENON1T while the blue points are
expected not to be seen by the next generation of DM direct detection experiments.

FIG. 13: |A| versus |µ| for the non-resonant points passing the unitarity and relic density
constraints for amax = 41%. The yellow points represents points that are within the reach
of XENON1T while the blue points are expected not to be seen by the next generation of

DM direct detection experiments.
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Gold - Xenon 1T projected exclusion 

for 41% correction for non-resonant points for 20% correction for non-resonant points
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FIG. 14: |A�| versus |µ| for the non-resonant points passing the unitarity and relic density
constraints for amax = 41%. The yellow points represents points that are within the reach
of XENON1T while the blue points are expected not to be seen by the next generation of

DM direct detection experiments.

Figs 15, 16, 17, 18 and 19 show the same plots as Figs 10 to 14 but for amax = 20%.

Figs 15 to 17 show R versus the DM, charged Higgs and heaviest CP-even Higgs

masses respectively. Figs 18 and 19 respectively show |A�| versus |µ| and |A| versus

|µ| for non-resonant points. The upper bound on the DM mass outside the resonant

regions is now of about 7 TeV, so tighter than with the amax = 41% unitarity criterium.

With the new, tighter, unitarity criterium, the upper bound on the heaviest Higgs

mass gets much stronger and is now of about 10 TeV.

This significant drop in the Higgs mass bound can be understood by noticing that

the typical A�/µ ratios shown in Fig. 19 are much smaller than with amax = 41%.

Fig. 20 shows |A�| versus |µ| for both amax = 41% and amax = 20%. Tightening the

unitarity criterium has caused the large A�/µ branch to disappear, leaving only points

with A�/µ ⇠ 1. Fig. 20 illustrates how unitarity criteria can be used to constrain

ratios of energy scales.

34

FIG. 19: |A�| versus |µ| for the non-resonant points passing the unitarity and relic density
constraints for amax = 41%. The yellow points represents points that are within the reach
of XENON1T while the blue points are expected not to be seen by the next generation of

DM direct detection experiments.

FIG. 20: |A�| versus |µ| for the non-resonant points passing the unitarity and relic density
constraints for amax = 41% (light blue) and amax = 20% (red). The large |A�/µ| region is

ruled out when the unitarity constraint becomes tighter.
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FIG. 19: |A�| versus |µ| for the non-resonant points passing the unitarity and relic density
constraints for amax = 41%. The yellow points represents points that are within the reach
of XENON1T while the blue points are expected not to be seen by the next generation of

DM direct detection experiments.

FIG. 20: |A�| versus |µ| for the non-resonant points passing the unitarity and relic density
constraints for amax = 41% (light blue) and amax = 20% (red). The large |A�/µ| region is

ruled out when the unitarity constraint becomes tighter.
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FIG. 19: |A�| versus |µ| for the non-resonant points passing the unitarity and relic density
constraints for amax = 41%. The yellow points represents points that are within the reach
of XENON1T while the blue points are expected not to be seen by the next generation of

DM direct detection experiments.

FIG. 20: |A�| versus |µ| for the non-resonant points passing the unitarity and relic density
constraints for amax = 41% (light blue) and amax = 20% (red). The large |A�/µ| region is

ruled out when the unitarity constraint becomes tighter.

Important implications for SUSY baryogenesis scenarios
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A Dark Photon/Higgs Portal



• Place perturbative unitarity constraints not only on 
dark photons as well as Higgses.  

• Gauge sector:  
 

• Dark Matter sector:  
 

• Higgs sector:
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B̂µ⌫Ẑ 0µ⌫

(5)

LDM = �̄L /Dµ�L + �̄R /Dµ�R � ���̄L��R + h.c. (6)

and

LHiggs = |DµH|2 + |Dµ�|2 � V (H, �) (7)

V (H, �) = �1

✓
H†H � v2

2

◆2

+ �2

✓
�†� � u2

2

◆2

+ �3

✓
H†H � v2

2

◆ ✓
�†� � u2

2

◆
. (8)

is the Higgs sector. The kinetic mixing is parameterized by the mixing angle �. The kinetic terms can be diagonalized
by defining new fields Bµ and Z 0

µ such that [38]
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• Free parameters:

�+ � ! B +mediator (1)

B +mediator ! �+ � (2)

� 
p
4⇡ (3)

|ReM(0)|  1

2

(4)

{�1,�2,�3, �, g
0,��, u} (5)

• Unitarity constraint are analogous to the constraints 
applied to the non-SUSY Higgs case.
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FIG. 7: R vs. m� for the points that survive the EWPT, unitarity and relic density cuts. The red line is at 10 TeV. The low
R funnel region as well as the large R t-channel region, both described in the main text, can be clearly distinguished.

FIG. 8: R vs. m� for the points that survive the EWPT, unitarity and relic density cuts in the “pure gauge” scenario described
in Eq. 55 (in red). The black line at 3 TeV corresponds to the R < 10% upper bound on the DM mass for these “pure gauge”
points. The sharp feature around R = 20% is due to the first condition in Eq. 55. The low R funnel region as well as the
large R t-channel region, both described in the main text, can be clearly distinguished. The points corresponding to the mixed
Higgs-gauge portal scenario shown in Fig. 7 are shown in light blue.
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FIG. 6: Processes contributing dominantly to the DM direct detection cross section.

V. RESULTS

We perform a uniform scan over the set of parameters shown in Eq. 21. We fix the coupling �1 by requiring
the lightest Higgs mass to be 125 GeV at tree-level. which reduces the number of parameters to six. We
eliminate points that do not satisfy the EWPT, unitarity and relic abundance constraints detailed in Sec. II, III,
IV respectively. We generate the U(1)D model described in Sec. II using FeynRules [45] and compute the DM
relic density using MicrOmegas [46] interfaced with CalcHEP [47]. We allow the DM, �, to be a subdominant
component of the measured relic abundance,

⌦h2  0.1199 + 0.0027, (45)

and therefore require the relic density to be less than its Planck value [4] plus 3�.

We scan over the following regions of parameter space,

g0 2 [0, 4] (46)

�2 2 [0, 7] (47)

�3 2 [�7, 7] (48)

�� 2 [0, 7] (49)

sin � 2 ⇥
10�3, 1

⇤
(50)

u 2 [0, 50 TeV] . (51)

We apply the EWPT, unitarity and relic density constraints described in Sec. II, III and IV. The bounds
associated to these di↵erent constraints are expected to be significantly loosened near s-channel resonances. In
order to best identify these ”funnel regions”, we define a fine tuning factor R, as

R = min

✓����
2m� � mH2

mH2

���� ,

����
2m� � mZ2

mZ2

����

◆
. (52)

If a parameter point is close to an s-channel resonance, R will be small. The bounds quoted in this paper hold
for R > 0.1. Since the low-R funnel regions are particularly narrow, the bounds derived in this work can be
considered generic in the context of a U(1)D model.

Fig. 7 shows the points that survive all the EWPT, unitarity and relic density constraints in the R vs.
m� plane. In this plane, the surviving points can be grouped into two distinct regions. The first region,
also shown isolatedly in Fig. 9 corresponds to the s-channel region described in Sec. IV. In this region, DM
annihilates dominantly through s-channel processes. As can be seen in Fig. 9, beyond about 2TeV, only points
close to s-channel resonances can satisfy the relic abundance requirement and the allowed values for R become
lower as DM gets heavier. For DM masses larger than about 7 TeV e�cient annihilation can occur only for
R < 10%. The second region in Fig. 7 corresponds to the t-channel region introduced in Sec. IV. Here, DM
annihilation is dominated by t-channel annihilations to dark Higgs and/or gauge bosons. For R < 1, only a few
of these processes are kinematically allowed. As can be seen in Fig. 7, R then needs to increase with the DM
mass in order to open more annihilation channels. For R >⇠ 1, all the t-channel annihilation modes are allowed
and the only way to increase the DM annihilation cross section is to increase the DM couplings. When these

FIG. 6: Processes contributing dominantly to the DM direct detection cross section.
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generic in the context of a U(1)D model.

Fig. 7 shows the points that survive all the EWPT, unitarity and relic density constraints in the R vs. m�

plane. In this plane, the surviving points can be grouped into two distinct regions. The first region, also shown
isolatedly in Fig. 9 corresponds to the s-channel region described in Sec. IV. In this region, DM annihilates
dominantly through s-channel processes. As can be seen in Fig. 9, beyond about 2TeV, only points close to s-channel
resonances can satisfy the relic abundance requirement and the allowed values for R become lower as DM gets heavier.
For DM masses larger than about 7 TeV e�cient annihilation can occur only for R < 10%. The second region in
Fig. 7 corresponds to the t-channel region introduced in Sec. IV. Here, DM annihilation is dominated by t-channel
annihilations to dark Higgs and/or gauge bosons. For R < 1, only a few of these processes are kinematically allowed.
As can be seen in Fig. 7, R then needs to increase with the DM mass in order to open more annihilation channels.
For R >⇠ 1, all the t-channel annihilation modes are allowed and the only way to increase the DM annihilation cross
section is to increase the DM couplings. When these couplings reach their unitarity bounds, the DM mass reaches
its maximum, which corresponds to the vertical cuto↵ for R >⇠ 1 on Fig. 7. This cuto↵ corresponds to a DM mass of
10 TeV.

Fig. 8 shows the points that survive all the cuts and for which Dark Matter annihilate dominantly through

• Some results:

Dark Matter annihilates to Higgses and  
dark photons14

FIG. 12: mZ2 vs. tan � for the points that survive the EWPT, unitarity and relic density cuts. In addition, we require R < 0.1.

VI. CONCLUSION

In this paper, we showed that combining perturbative unitarity and relic abundance constraints on dark matter in
a generic gauge portal model allows upper bounds to be set on the dark matter, dark Z 0 and dark Higgs masses.
The bounds derived here are significantly improved with respect to the Griest and Kamionkowski bound [35]. The
bounds shown in this paper are valid for all the model parameter space except in the narrow dark Higgs and Z funnel
regions.

Finding the next scale of new physics is a crucial question for current and future experiments. Although nat-
uralness provides strong arguments in favor of new physics around the TeV scale, the existence of dark matter is
one of the most compelling reason for new physics. Using fundamental principles in concert with experimental
measurements to better constrain the DM sector provides a new avenue for cornering new physics at future colliders
and DM experiments. For the model of dark matter explored here the most sensitive probes are future collider
searches for new Z 0 bosons. We find that there is a finite mass window within which dark matter and its associated
new particles can appear, requiring that the Z 0 be lighter than 6 TeV if it is dominantly responsible for dark matter
annihilations. This is a very promising region of parameter space for future high-energy colliders.
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All the points that survive the EWPT, 
unitarity,  and relic density cuts.



The mixed Higgs-gauge points are shown in blue while the 
“pure gauge” are shown in yellow. 
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FIG. 11: mZ2 vs. m� for the points that survive the EWPT, unitarity and relic density cuts for R > 0.1. The region around
mH2 ⇠ 2m� that is sharply cut corresponds to the removed funnel region (R < 0.1). The mixed Higgs-gauge points are shown
in blue while the “pure gauge” points described in Eq. 55 are shown in yellow.

FIG. 12: mZ2 vs. tan � for the points that survive the EWPT, unitarity and relic density cuts. In addition, we require R < 0.1.

could give a significant signal in direct detection experiments. We postpone a thorough examination of these issues
for future work.

VI. CONCLUSION

In this paper, we showed that combining perturbative unitarity and relic abundance constraints on dark matter in
a generic gauge portal model allows upper bounds to be set on the dark matter, dark Z 0 and dark Higgs masses.

The points that survive the EWPT, unitarity and relic density cuts for R > 0.1.  
The region around mZ2 ∼ 2mχ that is sharply cut corresponds to the  

removed funnel region (R < 0.1). 
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• Example parameter point during the scan:  
 
λ = 0.8396, κ = 2.3410,  Aλ = −6814.50 GeV,  Aκ = −4364.70 GeV,  
β = 0.868950, μ = 8415.30 GeV.    
 
The mass of the heaviest scalar particle is 45.83 TeV. 

22

200 40 60 80 100 120
(TeV)

FIG. 5: Absolute value of the largest eigenvalue as a function of
p

s (TeV) for a parameter
point with � = 0.8396,  = 2.3410, A� = �6814.50 GeV, A = �4364.70 GeV, � =

0.868950, µ = 8415.30 GeV. The mass of the heaviest scalar particle is 45.83 TeV. The
divergences appear when an intermediate particle goes on shell in the s-channel. The

grayed zone is not taken into account in the scans.

Perturbativ unitarity constraints allow us to set upper bounds on the dimensionless

couplings � and , but also on the ratios A�/µ and A/µ. Setting an upper bound on

µ would then bound all the scales in the theory. Since µ appears only in the particle

mass terms, an additional constraint other than unitarity is required to fully anchor

the mass spectrum of the NMSSM Higgs sector.

V. CONSTRAINTS ON THERMAL DARK MATTER

In order to set an upper bound on the mass scales A�, A and µ, our perturbative

unitarity constraints need to be supplemented by an additional requirement. We

require the NMSSM Higgs sector to have thermal Dark Matter candidate, which is in

general a mixed Higgsino/singlino state. In the following, we require DM relic density

to be smaller than or equal to the current measured value, equation (1).

NMSSM Arguments
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NMSSM Arguments

• Only consider points where:  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FIG. 5: Absolute value of the largest eigenvalue as a function of
p

s (TeV) for a parameter
point with � = 0.8396,  = 2.3410, A� = �6814.50 GeV, A = �4364.70 GeV, � =

0.868950, µ = 8415.30 GeV. The mass of the heaviest scalar particle is 45.83 TeV. The
divergences appear when an intermediate particle goes on shell in the s-channel. The

grayed zone is not taken into account in the scans.

Perturbativ unitarity constraints allow us to set upper bounds on the dimensionless

couplings � and , but also on the ratios A�/µ and A/µ. Setting an upper bound on

µ would then bound all the scales in the theory. Since µ appears only in the particle

mass terms, an additional constraint other than unitarity is required to fully anchor

the mass spectrum of the NMSSM Higgs sector.

V. CONSTRAINTS ON THERMAL DARK MATTER

In order to set an upper bound on the mass scales A�, A and µ, our perturbative

unitarity constraints need to be supplemented by an additional requirement. We

require the NMSSM Higgs sector to have thermal Dark Matter candidate, which is in

general a mixed Higgsino/singlino state. In the following, we require DM relic density

to be smaller than or equal to the current measured value, equation (1).

Gray region not 
taken into account

21

Here, we use the following 15 CP-even pairs of scalar mass eigenstates

�

�CP+i = {h1h1, h1h2, h2h2, h1h3, h2h3, h3h3, zz, za1, za2, a1a1, a1a2, a2a2 (52)

, w+w�, H+H�, 1/
p

2
�

H+w� + H�w+
�

o

(53)

Here, the w± and z particles are the Goldstone bosons associated to the longitudinal

components of the W± and Z bosons.

Fig. 5 shows the evolution of the largest eigenvalue of T 0 at tree-level in function of
p

s. Due to the large number of scalars in our model, the amplitudes have numerous

s-channel poles. To avoid running into s, t and u-channel singularities of the tree-level

amplitudes, we follow the procedures outlined in Sec. IVC.

The value of
p

s that maximizes the T 0 eigenvalues is in the result of a compro-

mise between including more entries in the scattering matrix —being above all the

thresholds— and having large s, t and u-channel contributions. The resulting optimal

value generally lies right behind the threshold corresponding to the heaviest scalar

pair of the model

p
sthreshold = 2mheaviest. (54)

We found that computing unitarity constraints at

p
smax =

p
5mheavy (55)

constrains the parameter space as well as actually maximizing T 0
ii over s. The optimal

p
s is them of the same order as the heaviest scalar mass of the model. In Sec. II, we

showed that, in the heavy limit, the NMSSM scalar Higgs masses are combinations of

the scales µ,
p

A�µ and
p

Aµ. By constraining the ratios A2
�/s and A2

/s, unitarity

bounds at s = smax then e↵ectively constrain the ratios A�/µ and A/µ.

Max eigenvalue of zeroth 
partial wave amplitude  

(next slide)
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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.

PACS. 11.30.Pb Supersymmetry – 12.60.Jv Supersymmetric models

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
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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

Unitarity of the S-matrix requires 
 
 
 
 
where
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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.

PACS. 11.30.Pb Supersymmetry – 12.60.Jv Supersymmetric models

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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• Our approach: 

Argand diagram
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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 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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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

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
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Argand diagram
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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 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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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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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 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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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
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f λ1/4

i

s

A2

max{s, m2
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, (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
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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
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if
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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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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

mA1 = h(, �, sin 2�, µ, A�) (38)

mA2 = h0
(, �, µ, A) (39)

mH+/� = h(, �, sin 2�, µ, A�) (40)
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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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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 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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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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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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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 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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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

√
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from an irreducible part of T J
fi and the set C⊂B such
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the tree-level amplitude*.  

• Our approach: 
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Argand diagram
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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 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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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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T J
fi − T J∗
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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

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 ∼
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max{s, m2
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, (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 (

√
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grows (linearly for large
√

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
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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 ImT J
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from an irreducible part of T J
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We scan over       to give the maximum value of tree-level amplitude.  For our 
bounds we only allow points in the parameter space that correspond to less than a 

41% correction* to the amplitude.  We also show 20% corrections in the slides.  

• Our approach: 
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NMSSM 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 41% 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.


