
Combined analysis of effective Higgs portal dark matter models

Ankit Beniwal,1,* Filip Rajec,1,† Christopher Savage,2,3,‡ Pat Scott,4,§ Christoph Weniger,5,∥
Martin White,1,¶ and Anthony G. Williams1,**

1ARC Center of Excellence for Particle Physics at the Terascale & CSSM, Department of Physics,
University of Adelaide, Adelaide, South Australia 5005, Australia

2Nordita, KTH Royal Institute of Technology and Stockholm University, Stockholm, Sweden
3Department of Physics & Astronomy, University of Utah, Salt Lake City, Utah, USA

4Department of Physics, Imperial College London, Blackett Laboratory, Prince Consort Road,
London SW7 2AZ, United Kingdom

5GRAPPA, University of Amsterdam, Science Park 904, 1090 GL Amsterdam, Netherlands
(Received 28 January 2016; published 13 June 2016)

We combine and extend the analyses of effective scalar, vector, Majorana and Dirac fermion Higgs portal
models of dark matter (DM), in which DM couples to the Standard Model (SM) Higgs boson via an
operator of the form ODMH†H. For the fermion models, we take an admixture of scalar ψψ and
pseudoscalar ψiγ5ψ interaction terms. For each model, we apply constraints on the parameter space based
on the Planck measured DM relic density and the LHC limits on the Higgs invisible branching ratio. For the
first time, we perform a consistent study of the indirect detection prospects for these models based on the
WMAP7/Planck observations of the cosmic microwave background, a combined analysis of 15 dwarf
spheroidal galaxies by Fermi-LAT and the upcoming Cherenkov Telescope Array (CTA). We also perform
a correct treatment of the momentum-dependent direct search cross section that arises from the
pseudoscalar interaction term in the fermionic DM theories. We find, in line with previous studies, that
current and future direct search experiments such as LUX and XENON1T can exclude much of the
parameter space, and we demonstrate that a joint observation in both indirect and direct searches is possible
for high mass weakly interacting massive particles. In the case of a pure pseudoscalar interaction of a
fermionic DM candidate, future gamma-ray searches are the only class of experiment capable of probing
the high mass range of the theory.
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I. INTRODUCTION

Evidence for dark matter (DM) in our Universe has
been accumulating for decades [1]. As none of the
particles of the Standard Model (SM) adequately explains
a wide range of astrophysical observations of DM, we are
forced to look for viable candidates in theories that lie
beyond the SM (BSM). It has been noted that a GeV-scale
DM candidate can accurately reproduce the observed
relic density of DM provided that it has a weak interaction
cross section, leading to the so-called “weakly interacting
massive particle” (WIMP) miracle [2,3].
Within the WIMP scenario, there are typically multi-

ple complementary experimental probes that exploit the
couplings between the WIMP and SM fermions/gauge
bosons. In addition, there are two primary theoretical
approaches for specifying the SM-WIMP couplings.

One is the top-down approach, where a WIMP is
included amongst the new particle content of a BSM
theory at high energies, and one can derive the WIMP
interactions from the details of this new theory (e.g.,
supersymmetry with a neutralino WIMP). The other is
the bottom-up approach in which effective field theories
(EFTs) are constructed from the lowest-dimensional
operators allowed in a weak-scale Lagrangian. In this
approach, one assumes a DM-SM interaction Lagrangian
of the form

Lint ⊃ Λ−nODMOSM; ð1Þ

where Λ is the EFT cutoff scale and ODM (OSM) are
the DM (SM) operators that are singlets under the SM
gauge groups. An EFT ceases to be valid when the
momentum transfer in an experimental process of inter-
est approaches the interaction mediator mass. An option
that has generated much interest in the literature is that in
which the DM interacts with SM particles via a Higgs
portal [4–35]. This is motivated partly by the simplicity
of the model in terms of the required BSM particle
content, and partly by the fact that the operator H†H
is one of the two lowest-dimensional gauge-invariant
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operators that one can write in the SM (the other being
the hypercharge field strength tensor Bμν). The recent
discovery of the Higgs boson by the ATLAS [36] and
CMS [37] experiments of the Large Hadron Collider
gives us an extra experimental window into the possible
connections between the Higgs boson and DM.
In this paper, we revisit four simple effective field

theories for Higgs portal dark matter, namely those in
which the DM is assumed to be a scalar, vector or
Majorana/Dirac fermion. For the fermion models,
one may consider parity-conserving scalar couplings
ðODM ∝ ψψÞ and/or parity-violating pseudoscalar cou-
plings ðODM ∝ ψiγ5ψÞ. There are a few omissions in the
literature that make a new combined study of these
scenarios worthwhile. The first is that most studies have
not properly summarized the impacts of current and
future indirect search experiments on the parameter
space of the models. In some cases (e.g., fermionic dark
matter with scalar interactions) this is because the
indirect signatures are velocity suppressed, while in
others it has been assumed that the ability of direct
detection to probe much of the parameter space renders
indirect detection less important. We argue instead that it
is vital to establish which regions of the model space are
visible in multiple experiments, since this might ulti-
mately present us with a much deeper understanding of
the DM problem (e.g., one could imagine using a more
detailed knowledge of the particle physics obtained in
one experiment to better measure astrophysical factors
such as the DM halo distribution, as proposed in
Ref. [38]). With the approaching availability of the
Cherenkov Telescope Array (CTA), it is an opportune
moment to explore its expected reach. It is also the case
that studies of the direct detection constraints on fer-
mionic models have not always treated the momentum
suppression of the direct detection cross section correctly
in the case of a pseudoscalar coupling. We remedy this in
our study by rederiving the limits from the XENON100
and LUX experiments using a dedicated code that
includes an accurate treatment of the momentum-
dependent scattering cross sections. However, in such
cases, the results do not change significantly and the
impact of the direct detection experiments remains
negligible. Finally, we perform the same comprehensive
study across all of the four models, and thus are able
to present a consistent set of detailed results for the
first time.
Our paper can be viewed as an extension of the scalar

singlet DM model study presented in Ref. [39]. We leave
consideration of UV completions of EFTs for future work.
A global fit of the same model was presented in Ref. [40].
The scalar, vector and Majorana fermion Higgs portal
models we consider have previously been studied in
Ref. [41] in light of the WMAP and XENON100,
as well as the Higgs invisible width and XENON1T

prospects. Current LHC constraints from a CMS vector
boson fusion analysis and LHC monojet and mono-Z
analyses are shown to be very weak for the scalar singlet
DM model in Ref. [42]. Monojet constraints on all Higgs
portal models (scalar, fermion and vector) are shown to be
weak in Ref. [43]. Constraints on the parameter space
of the scalar model from perturbativity and electroweak
vacuum stability in the early Universe were imposed first
in Ref. [44] and recently in Ref. [45]. Limits on the scalar
model from gamma-ray line searches in the Higgs reso-
nance region were considered recently in Ref. [46]. The
LUX limits on the scalar DM model were first considered
in Ref. [47]. The same paper also evaluated the limits from
antiproton data, which were shown to be important in the
region of the Higgs resonance and competitive with the
LUX limits at higher DM masses. For the fermion models,
the corresponding antiproton limits in scalar interactions
are weak due to the velocity suppression of the annihi-
lation cross section σvrel. In all cases, the results are
strongly dependent on the propagation model. A combi-
nation of the parity-conserving and parity-violating terms
in fermion models were first considered in Ref. [48] and
recently in Refs. [49,50] where it was noted that the
parity-violating term can significantly generate a parity-
conserving coupling after electroweak symmetry breaking
(EWSB).
We aim to provide a complete description of the current

and projected future limits on the parameter space of the
effective scalar, vector, Majorana and Dirac fermion
models in this paper. For each model, we apply currently
available constraints from the dark matter relic density,
Higgs invisible width, indirect and direct detection limits.
For the indirect searches, the current limits we impose
come from the WMAP 7-year observations of the cosmic
microwave background (WMAP7) and a combined analy-
sis of 15 dwarf galaxy observations by Fermi-LAT; for
projected future limits, we use the Planck polarization
data, projected improvements in Fermi dwarf galaxy
observations and prospects for the planned CTA. Our
direct detection data are taken from XENON100 (2012)
and LUX (2013).
The paper is organized as follows. In Sec. II, we

introduce our four Higgs portal models based on the
DM spin. Section III contains a detailed description of
the model constraints and their implementations. Our
model results and their prospects for detection at current
and/or future based experiments are presented in Sec. IV.
Our conclusions are given in Sec. V. A detailed derivation
of the physical mass basis required to understand the
fermionic EFTs after EWSB is given in the Appendix.

II. MODELS

The DM fields are assumed to be SM gauge singlets.
We consider four cases for the spin of the DM: scalar ðSÞ,
vector ðVμÞ, Majorana ðχÞ and Dirac ðψÞ fermion.
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Lagrangians for the corresponding DM fields, invariant
under the symmetries of the SM, are1

LS ¼ LSM þ 1

2
ð∂μSÞð∂μSÞ − 1

2
μ2SS

2 −
1

4!
λSS4

−
1

2
λhSS2H†H; ð2Þ

LV ¼ LSM −
1

4
WμνWμν þ 1

2
μ2VVμVμ −

1

4!
λVðVμVμÞ2

þ 1

2
λhVVμVμH†H; ð3Þ

Lχ ¼ LSM þ 1

2
χði∂ − μχÞχ

−
1

2

λhχ
Λχ

ðcos θ χχ þ sin θ χiγ5χÞH†H; ð4Þ

Lψ ¼ LSM þ ψði∂ − μψÞψ

−
λhψ
Λψ

ðcos θ ψψ þ sin θ ψiγ5ψÞH†H; ð5Þ

where LSM is the SM Lagrangian, Wμν ≡ ∂μVν − ∂νVμ is
the field-strength tensor of the vector field Vμ and H is the
SM Higgs doublet. The parameter θ determines the type of
interaction between DM and the Higgs field: cos θ ¼ 1
corresponds to a pure scalar interaction and cos θ ¼ 0
corresponds to a pure pseudoscalar interaction.
DM particles are required to be stable on cosmological

time scales. For the models introduced above, their stability
is guaranteed by imposing an assumed Z2 symmetry:
X → −X for X ∈ ðS; Vμ; χ;ψÞ. Under the Z2 symmetry,
the DM fields ðS; Vμ; χ;ψÞ are assumed to be odd while
the SM fields are assumed to be even. The decay of a
DM particle into SM particles is therefore forbidden.
Furthermore, the imposed symmetry also prohibits linear
and cubic terms in the scalar field Lagrangian as well as the
kinetic mixing terms in the vector field-strength tensorWμν.
As an explicit bare mass term for the DM field is allowed
by the Z2 symmetry, we have included it in our
Lagrangians above for completeness.
The scalar model in Eq. (2) is the simplest extension of

the SM and was first introduced 30 years ago [51]. It was
later studied by the authors of Refs. [52,53]. It is both
theoretically and phenomenologically satisfactory as long
as the Z2 symmetry remains unbroken. It is renormalizable
and hence valid up to high energy scales as long as the

Landau pole is not reached. The vector model in Eq. (3) is
very simple, compact and appears renormalizable due to
the presence of dimension-2 and dimension-4 operators
only. However, in reality, it is nonrenormalizable and
violates unitarity (in a similar fashion to the four-fermion
interaction of the preelectroweak theory). Therefore, it is
an effective model which needs to be UV completed. UV
complete models will be the subject of future work and
hence are considered to be beyond the scope of this study.
Simple UV completions can be found in Refs. [54,55]. The
Majorana and Dirac fermion models in Eqs. (4) and (5)
respectively are also nonrenormalizable, and a suggested
UV completion can be found in Ref. [56].
After EWSB, the SM Higgs doublet acquires a vacuum

expectation value (VEV). In the unitary gauge, the SM
Higgs doublet reduces to

H ¼ 1ffiffiffi
2

p
�

0

v0 þ h

�
ð6Þ

where h is the physical SM Higgs field and v0 ¼
246.22 GeV is the SM Higgs VEV. Consequently, the
H†H term in the above Lagrangians expands to

H†H ¼ 1

2
v20 þ v0hþ 1

2
h2 ð7Þ

which generates mass and interaction terms for the DM
fields X ∈ ðS; Vμ; χ;ψÞ. After substituting the expanded
expression for H†H into the above Lagrangians, we find

LS ¼ LSM þ 1

2
ð∂μSÞð∂μSÞ

−
1

2
m2

SS
2 −

1

4!
λSS4 −

1

2
λhSS2

�
v0hþ 1

2
h2
�
; ð8Þ

LV ¼ LSM −
1

4
WμνWμν þ 1

2
m2

VVμVμ −
1

4!
λVðVμVμÞ2

þ 1

2
λhVVμVμ

�
v0hþ 1

2
h2
�
; ð9Þ

Lχ ¼ LSM þ 1

2
χi∂χ

−
1

2

�
μχχχ þ

1

2

λhχ
Λχ

v20ðcos θ χχ þ sin θ χiγ5χÞ
�

−
1

2

λhχ
Λχ

ðcos θ χχ þ sin θ χiγ5χÞ
�
v0hþ 1

2
h2
�
; ð10Þ

Lψ ¼ LSM þ ψi∂ψ
−
�
μψψψ þ 1

2

λhψ
Λψ

v20ðcos θ ψψ þ sin θ ψ iγ5ψÞ
�

−
λhψ
Λψ

ðcos θ ψψ þ sin θ ψiγ5ψÞ
�
v0hþ 1

2
h2
�
; ð11Þ

1We adopt our scalar and vector models from Ref. [9] with
the following substitutions for Scalar, ϕ → S, MS → μS,
cS → λhS, dS → λS, and Vector, Vμν → Wμν, MV → μV ,
cV → λhV , dV → λV . The Dirac and Majorana models are taken
instead from Ref. [49] with the following substitutions for
Dirac, χ → ψ , M0 → μψ , 1=Λ → −λhψ=Λψ , and Majorana,
χ → χ=

ffiffiffi
2

p
, M0 → μχ , 1=Λ → −λhχ=Λχ .
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where the physical masses of the scalar and vector
fields are

Scalar∶ m2
S ¼ μ2S þ

1

2
λhSv20;

Vector∶ m2
V ¼ μ2V þ 1

2
λhVv20: ð12Þ

For the Majorana and Dirac models, we have non-mass-
type contributions that are purely quadratic in the DM
fields when sin θ ≠ 0. As explained in the Appendix, it is
convenient to perform a chiral rotation and field redefi-
nition after EWSB to have a properly defined real mass.
The chiral rotation of the fields is given by

Majorana∶ χ → expðiγ5α=2Þχ; χ → χ expðiγ5α=2Þ;
Dirac∶ ψ → expðiγ5α=2Þψ ; ψ → ψ expðiγ5α=2Þ;

ð13Þ

where α is a real parameter, independent of space-time
coordinates.
After substituting the redefined, rotated Majorana and

Dirac fields from Eq. (13) into Eqs. (10) and (11), we
demand that the coefficients of the terms χiγ5χ and ψiγ5ψ
vanish in order to go to the real mass basis. Consequently,
this imposes a constraint on the allowed values of the
parameter α. Using our derived results for the Dirac and
Majorana models in the Appendix, the allowed values of
the parameter α are

tan α ¼
�
−
1

2

λhχ;hψ
Λχ;ψ

v20 sin θ

��
μχ;ψ þ 1

2

λhχ;hψ
Λχ;ψ

v20 cos θ

�
−1
:

Consequently, the post-EWSB Lagrangians for the
Majorana and Dirac models are

Lχ ¼ LSM þ 1

2
χi∂χ − 1

2
mχχχ

−
1

2

λhχ
Λχ

½cos ξ χχ þ sin ξ χiγ5χ�
�
v0hþ 1

2
h2
�
; ð14Þ

Lψ ¼ LSM þ ψi∂ψ −mψψψ

−
λhψ
Λψ

½cos ξ ψψ þ sin ξ ψiγ5ψ �
�
v0hþ 1

2
h2
�
; ð15Þ

where ξ≡ θ þ α and

cosξ¼ μχ;ψ
mχ;ψ

�
cosθþ v20

2μχ;ψ

λhχ;hψ
Λχ;ψ

�
; sinξ¼ μχ;ψ

mχ;ψ
sinθ;

mχ;ψ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
μχ;ψ þ

1

2

λhχ;hψ
Λχ;ψ

v20 cosθ

�
2

þ
�
1

2

λhχ;hψ
Λχ;ψ

v20 sinθ

�
2

s
:

The parameters mχ and mψ are the physical masses of the
Majorana ðχÞ and Dirac ðψÞ DM fields respectively.

III. CONSTRAINTS

For the scalar and vector models after EWSB, the
remaining free model parameters are the DM mass mS;V
and its coupling λhS;hV with the SM Higgs boson.2 The
Majorana and Dirac fermion models in Eqs. (14) and (15)
respectively yield three model parameters: cos ξ, mχ;ψ and
λhχ;hψ=Λχ;ψ . For simplicity, we choose to keep the param-
eter cos ξ fixed when imposing fermion model constraints.
More specifically, we study the cases when cos ξ ¼ 1

(pure scalar interaction), cos ξ ¼ 1=
ffiffiffi
2

p
(equally mixed

scalar-pseudoscalar interaction) and cos ξ ¼ 0 (pure pseu-
doscalar interaction). Hence, the remaining free parameters
in the fermionmodels are theDMmassmχ;ψ and its coupling
λhχ;hψ=Λχ;ψ with the SM Higgs boson.3

As we impose identical sets of constraints on each model
parameter space, we will instead refer to parametersmX and
λhX where X ∈ ðS; V; χ;ψÞ. In situations where a given
constraint is model specific, we impose those constraints on
the model parameters directly.

A. Relic density

Currently, the best-known value of the DM relic density
(or abundance) comes from the Planck satellite measure-
ment of the cosmic microwave background (CMB) temper-
ature and lensing-potential power spectra [64]

ΩDMh2 ¼ 0.1199� 0.0027; ð16Þ
where ΩDM ≡ ρDM=ρc is the fraction of the DM mass
density relative to the critical density ρc ¼ 3H2

0=8πG, and
the parameter h ¼ H0=ð100 km s−1Mpc−1Þ is the reduced
Hubble constant.
In general, WIMPs in thermal equilibrium in the early

Universe that annihilate purely via the s-wave have a relic
density that varies inversely with the velocity-averaged
annihilation cross section hσvreli through

ΩDMh2 ∼
3 × 10−27 cm3 s−1

hσvreli
: ð17Þ

Consequently, a smaller hσvreli produces an overabun-
dance of WIMPs, whereas a larger hσvreli produces an
underabundance of WIMPs in the Universe today.

2For our analysis, we ignore the quartic self-coupling λS;V
since it plays no observable role in the DM phenomenology.
However, it is important when the constraints from electroweak
vacuum stability and model perturbativity are imposed (see, e.g.,
Refs. [44,57–63].)

3In the model Lagrangians, the scalar/vector DM coupling
λhS;hV has mass dimensionM0 while the Majorana/Dirac fermion
DM coupling λhχ;hψ=Λχ;ψ has mass dimension M−1.
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For our Higgs portal models, the model relic density is
mostly determined by the Higgs-mediated s-channel anni-
hilation into SM particles. A subdominant role is played by
the annihilation into hh through the direct h2X2 vertex as
well as the Higgs-mediated t-channel annihilation of X.
Since hσvreli scales as the square of the SM Higgs-DM
coupling λhX, larger (smaller) values of λhX lead to a
suppressed (enhanced) relic density ΩXh2 in agreement
with Eq. (17).
We use the publicly available software LanHEP3.2.0

[65,66] to implement the scalar model in Eq. (2), vector
model in Eq. (3) and the redefined, chiral-rotated Majorana
and Dirac models in Eqs. (14) and (15) respectively.4 For
the calculation of the relic density ΩXh2, annihilation cross
section σvrel and the gamma-ray yields per annihilation, we
use micrOMEGAs3.6.9.2 [67,68] to automate calcu-
lations in each model.5 In computing the relic density, we
also take into account the annihilation of DM into virtual
gauge bosons.
The Planck measured relic density in Eq. (16) restricts

the allowed values of the SM Higgs-DM coupling. For
each of our models, we scan along the DM mass axis and
for each mass, find the coupling that gives the correct relic
density using Brent’s method [69].6 These couplings are
roots (or zeros) of the function

fΩðmX; λhXÞ ¼ ΩDMh2 −ΩXh2; ð18Þ

where ΩXh2 is the model relic density computed in
micrOMEGAs. For our analysis, we take ΩDMh2 ¼
0.1199 corresponding to the central value of Eq. (16).
The possibility of a multicomponent dark sector where

a given model constitutes a fraction of the total DM density
is a strong one. To address this possibility, we define a
relic abundance parameter

frel ≡ ΩX

ΩDM
; ð19Þ

which quantifies the contribution of X towards the total DM
density in our Universe. For plotting purposes, we take
frel ¼ 1, 0.1 and 0.01 corresponding to X relic abundances
of 100%, 10% and 1% respectively.
At DM masses below mh=2, we found multiple values of

the coupling λhX at fixed DM masses that were consistent
with the Planck measured value. Naively, one expects a
monotonic decrease in ΩXh2 at larger values of λhX due
to an increased hσvreli, as evident in Eq. (17). However,

hσvreli has an additional dependence on λhX through the full
Higgs boson width Γhð

ffiffiffi
s

p Þ as a function of the center-of-
mass energy

ffiffiffi
s

p
. Therefore, as λhX increases, the increasing

Higgs boson width counteracts the increase in hσvreli from
λhX alone and at some point outstrips it, such that hσvreli
starts decreasing with increasing λhX, causing a minimum
relic density ΩXh2 for any given DM mass. When these
features appear, we always found that only one root was
consistent with the Higgs invisible width constraint and this
is the one presented in our results. Indeed, the same feature
was also seen in the preparation of Ref. [39], but was not
explicitly discussed in the final manuscript.
Furthermore, roots of Eq. (18) for frel ¼ 0.1, 0.01 and

DM masses below mh=2 do not exist as the minimum relic
density at these masses is larger than the value of the contour
being drawn. Consequently, gaps in our relic density
contours for frel ¼ 0.1, 0.01 will appear in our plots.
For DM masses above mh=2, the relic density mono-

tonically decreases with larger couplings λhX. This results
in a single root (or coupling) at each DMmass that gives the
Planck measured relic density. The Higgs invisible width
Γinvðh → XXÞ vanishes in this region due to the decay
h → XX becoming kinematically forbidden.

B. Higgs invisible width

When mX < mh=2, the decay h → XX is kinematically
allowed. This contributes to the invisible width ðΓinvÞ of the
SM Higgs boson. The LHC constraints on Γinv continue to
improve as precise measurements of the properties of the
Higgs boson are shown to be increasingly in agreement
with the SM expectations.
An upper limit of 19% on the SM Higgs invisible

branching ratio BRðh → XXÞ at 2σ C.L. is obtained in
Ref. [70] through combined fits to all Higgs production and
decay channels probed by ATLAS, CMS and the Tevatron.7

An additional projected limit of 5% on the Higgs invisible
branching ratio at no more than 1σ C.L. can be further
imposed if no additional Higgs decay is detected at the
14 TeV LHC run after 300 fb−1 of luminosity data is
collected [71].
For our Higgs portal models, the Higgs invisible widths

are given by [9,49]

Γinvðh → SSÞ ¼ λ2hSv
2
0

32πmh

�
1 −

4m2
S

m2
h

�
1=2

; ð20Þ

Γinvðh → VVÞ ¼ λ2hVv
2
0m

3
h

128πm4
V

�
1 −

4m2
V

m2
h

þ 12m4
V

m4
h

�

×

�
1 −

4m2
V

m2
h

�
1=2

; ð21Þ
4LanHEP homepage: http://theory.sinp.msu.ru/~semenov/

lanhep.html.
5micrOMEGAs homepage: https://lapth.cnrs.fr/micromegas/.
6Brent’s method is a root-finding algorithm which combines

the bisection method, the secant method and inverse quadratic
interpolation.

7The Higgs invisible branching ratio is defined as
BRðh→ X̄XÞ≡Γinv=ðΓvisþΓinvÞ where Γvis is the visible (SM)
contribution to the SM Higgs width.
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Γinvðh → χχÞ ¼ mhv20
16π

�
λhχ
Λχ

�
2
�
1 −

4m2
χ

m2
h

�
1=2

×

�
1 −

4m2
χcos2ξ

m2
h

�
; ð22Þ

Γinvðh → ψψÞ ¼ mhv20
8π

�
λhψ
Λψ

�
2
�
1 −

4m2
ψ

m2
h

�
1=2

×

�
1 −

4m2
ψcos2ξ

m2
h

�
: ð23Þ

Using an upper limit of Y (Y ¼ 0.19 or 0.05 from above)
on BRðh → XXÞ, the Higgs invisible width Γinv can be
expressed in terms of the visible contribution Γvis through

Γinv ≤
Y

1 − Y
Γvis: ð24Þ

Using the Higgs invisible width expressions from Eqs. (20)
to (23), an upper limit on Γinv in Eq. (24) provides an upper
limit on the SM Higgs-DM coupling as a function of the
DM mass

Scalar∶ λhS ≤
�

Y
1−Y

32πmhΓvis

v20

�
1−

4m2
S

m2
h

�
−1=2

�
1=2

;

Vector∶ λhV ≤
�

Y
1−Y

128πm4
VΓvis

v20m
3
h

�
1−

4m2
V

m2
h

þ12m4
V

m4
h

�
−1

×

�
1−

4m2
V

m2
h

�
−1=2

�
1=2

;

Majorana∶
λhχ
Λχ

≤
�

Y
1−Y

16πΓvis

mhv20

�
1−

4m2
χ

m2
h

�
−1=2

×

�
1−

4m2
χcos2ξ

m2
h

�
−1
�
1=2

;

Dirac∶
λhψ
Λψ

≤
�

Y
1−Y

8πΓvis

mhv20

�
1−

4m2
ψ

m2
h

�
−1=2

×

�
1−

4m2
ψcos2ξ

m2
h

�
−1
�
1=2

;

where we take the visible contribution Γvis ≡ ΓSM ¼
4.07 MeV for mh ¼ 125 GeV [72].

C. Indirect detection

Indirect detection of DM involves searches for fluxes of
γ-rays, e�, p� and neutrinos produced from DM annihi-
lations in distant astrophysical sources. As the annihilation
flux ðΦannÞ scales as the square of the DM mass density
(i.e., Φann ∝ ρ2DM), natural places to look for DM annihi-
lations are those with high DM content such as the dwarf
spheroidal (dSph) galaxies, the Galactic Center (GC) or our
Sun. Current indirect experiments searching for signs of

DM annihilations include the Fermi Large Area Telescope
(Fermi-LAT) [73], H.E.S.S. [74] and AMS-02 [75]. The
upcoming Cherenkov Telescope Array [76] is one of the
next generation of ground-based gamma-ray telescopes.
To impose parameter space constraints from indirect

search experiments, we use a combined log-likelihood
function that depends on the model parameters

lnLtotalðmX; λhXÞ ¼ lnLCMBðmX; λhXÞþ lnLdSphsðmX; λhXÞ
þ lnLCTAðmX; λhXÞ: ð25Þ

In general, the contribution to the total log-likelihood
function in Eq. (25) comes from all three indirect searches.
However, the CTA log-likelihood function enters in our
calculation only when we discuss projected limits. Each
log-likelihood function depends on mX and on the Higgs-
DM coupling λhX via the zero-velocity annihilation cross
section8 hσvreli0, the branching ratio Bf into the SM final
state f and the model relic density ΩXh2. The final states
included in our calculations involve DM annihilations into
WþW−, ZZ, hh, μþμ−, τþτ− and qq for q ¼ b, c, t.
We scale all indirect detection signals for each combi-

nation of mX and λhX by f2rel ¼ ðΩX=ΩDMÞ2, thereby
suppressing signals where X constitutes only a fraction
of the total dark matter. In regions where the model relic
density is larger than the observed DM relic density, we
simply rescale in the same way, thereby increasing the
expected signals. This is done for the sake of simplicity and
is of no practical consequence given that the relevant region
is robustly excluded by the relic density constraints.
In complete analogue with the implementation of the

relic density constraints, we perform scans in each model
parameter space using Brent’s method to impose the
indirect search limits. The function used for the root-
finding algorithm is

fIDðmX; λhXÞ ¼ Δ lnLtotalðmX; λhXÞ
− Δ lnLC.L.ðmX; λhXÞ; ð26Þ

where Δ lnLtotal is the combined delta log-likelihood,
defined such that it is zero for the case of no DM signal.
The term Δ lnLC.L. is the delta log-likelihood for a given
C.L. For our purposes, we implement 1σ and 90% C.L. by
taking

Δ lnLC.L. ¼
�−0.500000 for 1σ C:L:;

−1.352771 for 90% C:L:

When implementing current indirect search limits, the
combined log-likelihood function is

8Dark matter annihilations are assumed to occur in the non-
relativistic limit since the particles involved have speeds
v ∼ 10−3c. In the zero-velocity limit, the center-of-mass energyffiffiffi
s

p
→ 2mX.
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lnLtotalðmX; λhXÞ ¼ lnLWMAPðmX; λhXÞ
þ lnLdSphsðmX; λhXÞ; ð27Þ

whereas for the projected future limits, the combined log-
likelihood function is

lnLtotalðmX; λhXÞ ¼ lnLPlanckðmX; λhXÞ
þ lnLprojected

dSphs ðmX; λhXÞ
þ lnLCTAðmX; λhXÞ: ð28Þ

Here lnLprojected
dSphs ðmX; λhXÞ differs from lnLdSphsðmX; λhXÞ

due to the projected improvements of Fermi-LAT in adding
more dwarf galaxies to its search, and observing for a
longer duration.
When mX < mh=2, we again encounter situations where

multiple values of λhX satisfy Eq. (26). When this occurs,
we ignore the root at larger λhX and choose the smaller
coupling λhX due to the fact that larger couplings will be
robustly excluded by the Higgs invisible width constraints.

1. CMB likelihood

It is well known that the temperature fluctuations and
polarization of the CMB are sensitive to the redshift of
recombination z ∼ 1100 as it determines the surface of last
scattering. If the decay or annihilation of dark matter
deposits extra electromagnetic radiation after z ∼ 1100, it
can delay the time taken for recombination and/or produce
distortions in the CMB.
A key quantity of interest in determining the CMB

bounds on dark matter annihilations is the efficiency fðzÞ
for producing ionizing radiation as a function of redshift z.
For annihilations, fðzÞ is determined in terms of the
electromagnetic power injected per unit volume [77]

dE
dtdV

¼ fðzÞ hσvreli
mX

Ω2
Xρ

2
cc2ð1þ zÞ6; ð29Þ

whereΩX ¼ ρX=ρc and ρc is the critical mass density of the
Universe today.
Bounds on hσvreli can be encoded in terms of an integral

involving fðzÞ and a set of principle component basis
functions eiðzÞ [78,79]. In terms of these basis functions,
fðzÞ can be expanded as

εfðzÞ ¼
X∞
i¼1

εieiðzÞ

where ε≡ hσvreli=mX and εi ¼ εfðzÞ · eiðzÞ=eiðzÞ · eiðzÞ.
The inner product is an integral over z with the integration
limits z1 ¼ 86.83 and z2 ¼ 1258.2. For annihilating DM,
these basis functions are chosen to maximize sensitivity to a
generally expected z-dependence of the energy injection
from annihilating dark matter in such a way that most
important contributions are described by the lowest
components.

It is useful to consider a quantity feff defined in terms
of a “universal WIMP annihilation” curve eWðzÞ as
feff ∼ ðf · eWÞ=ðeW · eWÞ, which has the interpretation that
feff < 1 denotes the average efficiency of energy injection
for the annihilation channel under consideration. With the
expansion eW ¼ P

iciei for WMAP7 [80], only the first
principle component is dominant. Hence, feff for WMAP7
is given by

feff ≡ ðf · e1Þ
c1ðe1 · e1Þ

ðWMAPÞ

where numerically c1 ¼ 4.64. For Planck [64], the con-
tribution from all three principle components must be
included and therefore

feff ≡ 1ffiffiffiffiffi
λ1

p
c1

hP
iλi
�
f·ei
ei·ei

	
2
i
1=2 ðPlanckÞ

where λi and ei are parameters appropriate for Planck.
We use the tabulated values of the effective efficiency

ðfeffÞ for various SM final states and DM masses from
Ref. [77]. At intermediate masses, we interpolate the values
of feff in terms of log10mX. For DM annihilation into
multiple channels, the total feff is a weighted sum of
effective efficiency feff;f over final states f with branching
ratio Bf as

feff ¼
X
f

Bffeff;f: ð30Þ

To impose CMB constraints at arbitrary C.L., we use a
log-likelihood function for the annihilation cross section
hσvreli, assuming a DM mass mX and a branching ratio Bf

into final state f. For the Planck experiment, the log-
likelihood is given by [77]

lnLPlanckðhσvrelijmX;BfÞ

¼ −
1

2
f2effλ1c

2
1

� hσvreli
2 × 10−27 cm3 s−1

�
2
�
GeV
mX

�
2

; ð31Þ

where c1 ¼ 4.64 and λ1 ¼ 3.16.9 The above equation
assumes a linear response on the CMB against the
deposited energy, which is not accurate for WMAP.
This however can be corrected by the replacement
2× 10−27 cm3 s−1 → 3.2× 10−27 cm3 s−1 and λ1 ¼ 0.279.
Therefore, for the WMAP experiment, the log-likelihood
is given by [77]

9This is in fact a projected log-likelihood for the Planck
polarization data, but it agrees very well with the actual con-
straints in Ref. [81].
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lnLWMAPðhσvrelijmX;BfÞ

¼−
1

2
f2effλ1c

2
1

� hσvreli
3.2×10−27 cm3 s−1

�
2
�
GeV
mX

�
2

; ð32Þ

where c1 ¼ 4.64 and λ1 ¼ 0.279.

2. Fermi dwarfs likelihood

To place upper limits on hσvreli, one must quantify how it
influences the flux of gamma rays detected by the Large
Area Telescope aboard the Fermi satellite [82]. The non-
observation of gamma rays from the dwarf spheroidal
satellite galaxies of the Milky Way (dSphs) can be used to
place strong upper limits on hσvreli in various SM final
states.
The differential gamma-ray flux from DM annihilation

in a region ΔΩ towards a dwarf spheroidal galaxy is
given by

dΦann

dE
¼ κ

hσvreli
4πm2

X

dNγ

dE|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}
ΦPP

Z
ΔΩ

dΩ
Z
l:o:s:

ρ2DMðrÞdl|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
Jann

; ð33Þ

where κ equals a 1=2 for self-conjugate DM (due to the
phase-space considerations) and 1=4 for non-self-conjugate
DM (due to the density of DM particles and antiparticles,
each being half of the total DM density ρDM in the Jann
term) [83,84]. The first term ΦPP describes the particle
physics aspect of DM annihilation: the velocity-averaged
annihilation cross section hσvreli, the differential gamma-
ray spectrum dNγ=dE per annihilation10 and the DM mass
mX. The second term Jann is commonly known as the
“J-factor,” and describes the astrophysical aspects of a
dwarf galaxy. It is given by the line-of-sight (l.o.s.) integral
of the DM distribution in a dwarf galaxy, integrated over
the solid angle ΔΩ.
The main advantage of the form of the differential

gamma-ray flux in Eq. (33) is that the terms describing
the particle physics of DM annihilation (specifically ΦPP)
and the astrophysics of a dwarf galaxy (specifically Jann)
separate into two independent factors. Since the prefactor
ΦPP is constant for a given set of model parameters, only
the J-factors have to be determined individually for each
dwarf galaxy. A combined analysis based on the observa-
tions of multiple dwarf satellite galaxies is therefore
straightforward.
The expected number of gamma rays produced from DM

annihilations between energies E1 and E2 in a specific
region of the sky is

Nann ¼ Tobsκ
hσvreliJann
4πm2

X

Z
E2

E1

dE
dNγ

dE
AeffðEÞϕðEÞ; ð34Þ

where Tobs is the experimental observation time, AeffðEÞ is
the energy-dependent effective area and ϕðEÞ is the
detector energy resolution.
The Fermi-LAT is a powerful tool in searching for signs

of DM annihilations from distant astrophysical sources.
Currently, it provides the strongest upper bounds on hσvreli,
based on a combined analysis of 15 dwarf spheroidal
galaxies in the Milky Way using 6 years of Fermi-LAT
data, processed with the new Pass-8 event-level analysis
[85]. For each of the 15 dwarf galaxies included in the
analysis, the results are publicly available in the form of
tabulated values of the energy times integrated gamma-ray
flux (i.e., EΦann in units of MeV cm−2 s−1) and log-
likelihoods ðlnLdSphsÞ in 24 energy bins between 500 MeV
and 500 GeV.11

In our analysis, we calculate the Fermi dwarf log-
likelihood ðlnLdSphsÞ using gamLike 1.1 (C. Weniger
et al., to be published), a package designed for the
evaluation of log-likelihoods for gamma-ray searches. It
is primarily written in C++ and uses various integration
routines to integrate the input arrays of ΦPPðEÞ in each of
the energy bins relevant for a given experiment. The
integratedΦPPðEÞ’s are combined with the J-factors, giving
an array of integrated gamma-ray fluxes ðΦannÞ in each
energy bin. The integrated flux times energy (EΦann) arrays
are compared with the tabulated log-likelihood values.
Finally, a log-likelihood value at a fixed set of model
parameters is returned by summing over the interpolated
log-likelihood values in each energy bin.
The inputs to the gamLike package are arrays of

gamma-ray energies E (GeV) and ΦPPðEÞ (cm3 s−1GeV−3)
where

ΦPPðEÞ ¼ κ
hσvreli
4πm2

X

dNγðEÞ
dE

: ð35Þ

Since the tabulated results of Ref. [85] are given between
gamma-ray energies of 500 MeV and 500 GeV, we
interpolate the differential gamma-ray spectrum dNγ=dE
calculated within micrOMEGAs between 500 MeVand the
DMmassmX.

12 The lnLdSphsðmX; λhXÞ entering in Eq. (27)
is then a difference of the log-likelihoods for a DM-signal
and background-only hypothesis (ΦPP ¼ 0).
For projected indirect search limits, we assume that

Fermi operates for at least 10 years in its current survey
mode and is able to add as many southern dwarf galaxies in
the future as there are mostly northern dwarf galaxies now.
Assuming that the improvements in the Fermi-LAT reach
are dominated by the statistical uncertainty (and thus the

10Specifically, the differential gamma-ray spectrum per anni-
hilation is a sum over the differential spectrum from all possible
final states: dNγ=dE ¼ P

fBfdN
f
γ =dE, where Bf is the branch-

ing ratio into the SM final state f.

11https://www‑glast.stanford.edu/pub_data/1048/.
12The differential gamma-ray spectrum dNγ=dE is zero after

E ¼ mX.
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limits on hσvreli scale as
ffiffiffiffi
N

p
, where N is the number

of dwarfs), we calculate the projected Fermi sensitivities
by scaling the current limits by a factor of

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 × 10=6

p ¼ffiffiffiffiffiffiffiffiffiffi
20=6

p
∼ 1.83.

3. CTA likelihood

The CTA is a multinational project to build the next
generation of ground-based gamma-ray instruments and to
have sensitivity over energies from a few tens of GeV to
100 TeV. It is intended to improve the flux sensitivities of
the current generation of Imaging Atmospheric Cherenkov
Telescopes (IACTs) such as MAGIC [86], H.E.S.S. [87]
and VERITAS [88] by an order of magnitude.
CTA will consist of several tens of telescopes of 2–3

different types, with sizes varying between 5 and 25 meters,
distributed over an area of several square kilometers. The
sensitivity will be a factor of 10 better than current instru-
ments, and the field of view (FoV) will be up to 10° in
diameter. It is envisaged as a two part telescope, with
southern and northern sites. CTA South is most relevant
for DM searches towards the GC. Its final design is not yet
fixed. Apart from the construction and maintenance ques-
tions, the relevant remaining design choices are the relative
emphasis on the higher or lower energies, the angular and
energy resolution and the FoV. A first detailed Monte Carlo
(MC) analysis was presented in Ref. [89] where 11 different
array configurations for the CTA South were discussed.
We use the array configuration known as “Array I,”which

has a balanced configuration with 3 large (∼24 m aperture),
18medium (∼12 m) and 56 small telescopes (∼4–7 m). This
configuration also provides a good compromise in sensitivity
between lower andhigher energies.Extensive informationon
the effective area, background rates, and angular and energy
resolution of Array I is also available. Furthermore, previous
DM sensitivity studies have used a very similar array:
Array E in Ref. [90] and the Paris-MVA analysis of Array I
in Ref. [91]. The point-source sensitivities of Arrays E
and I agree very well at energies≲1 TeV, whereas at higher
energies Array I is more sensitive (only by a factor of less
than 2).
The main performance aspects of Array I include an

effective area of 100 m2 at its threshold energy of 20 GeV,
which then increases quickly to about 4 × 105 m2 at 1 TeV
and 3 × 106 m2 at 10 TeV. The angular resolution in terms of
the 68% containment radius is about r68 ≃ 0.3° at threshold
and drops to below 0.06° at energies above 1TeV. The energy
resolution is relatively large at threshold,σðEÞ=E ∼ 50%, but
drops to below 10% at energies above 1 TeV.
Following the analysis of Ref. [92], we use their

tabulated values of the integrated gamma-ray flux times
energy (i.e., ΦannE in units of MeV cm−2 s−1) and delta
log-likelihoods ðΔ lnLCTAÞ between gamma-ray energies
of 25 GeVand 10 TeV. The main features of their study are

(i) Assessing the impacts of all backgrounds, including
protons and electrons in cosmic rays hitting the

atmosphere and diffuse astrophysical emissions.
Galactic diffuse emission (GDE) substantially
degrades the CTA differential sensitivity (see Fig. 4
of Ref. [92] for a comparison).

(ii) Introducing a statistical framework that accounts
for the impacts of differential acceptance uncertain-
ties from sources such as event reconstruction,
Monte Carlo (MC) determination of the effective
areas and the uncertainty in atmospheric conditions
[93] within a FoV on DM limits from CTA.
Specifically, the tabulated results correspond to a
systematic uncertainty of 1%.

(iii) Using the Einasto profile [94] to calculate the
J-factors for the GC. The Einasto profile best
fits the DM density profiles seen in the N-body
simulations of Milky Way type galaxies

ρDMðrÞ ∝ exp

�
−
2

α

��
r
rs

�
α

− 1

��
; ð36Þ

where the profile is normalized to a local DM density
of ρ⊙ ≡ ρDMðr⊙Þ ¼ 0.4 GeVcm−3 by choosing
α ¼ 0.17, rs ¼ 20 kpc and r⊙ ¼ 8.5 kpc [95].

(iv) Using a slightly contracted generalized Navarro-
Frenk-White (NFW) profile [96] to indicate how the
limits improve with a more optimistic DM distribu-
tion. The profile is parametrized as

ρDMðrÞ ∝
1

rγðrs þ rÞ3−γ ; ð37Þ

where γ ¼ 1.3 is the inner slope of the profile
and rs ¼ 20 kpc is the scale radius. It is normalized
in the same way as the Einasto profile (i.e.,
ρ⊙ ¼ 0.4 GeV cm−3).

(v) Performing a “morphological” analysis by covering
the area occupied by the two regions of interest
(RoIs) in the left panel of Fig. 1 and dividing it into
1° × 1° squares, giving a total of 28 RoIs as shown
in the right panel of Fig. 1. The morphological
analysis allows for a proper exploitation of the shape
differences between the GDE, which is concentrated
along the Galactic plane, and the DM annihilation
signal, which is spherically distributed around the
GC. The resultant constraints are found to be more
stringent by a factor of a few when compared against
traditional “ring” analyses.

In summary, the tabulated results of Ref. [92] are based
on a morphological analysis over the 28 RoIs, assuming
≳100 h of GC observation by CTA,13 1% instrumental

13Since the limits of Ref. [92] are systematics dominated, they
are more or less independent of any increase in the CTA
observation time beyond 100 h. For our portal models, we derive
the indirect search limits based on 100 h of CTA observation
time.
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systematics, J-factors for the GC using the Einasto profile
[Eq. (36)] and inclusion of all known backgrounds
(cosmic-ray electrons/protons, and the galactic diffusion
emissions).
In analogy with the Fermi dwarf log-likelihood calcu-

lation, we use the gamLike 1.1 package to calculate the
CTA log-likelihood from the tabulated results of Ref. [92].
As these results are for gamma-ray energies between
25 GeV and 10 TeV, the corresponding input parameters
to the gamLike package are arrays of gamma-ray
energies E (GeV) (between 25 GeV and mX) and ΦPPðEÞ
(cm3 s−1 GeV−3).
Limits on hσvreli from CTA observation of the GC are

presented in Fig. 7 of Ref. [92] where different annihilation
channels and DM halo profiles are assumed. For the DM
annihilation into a bb final state, a contracted generalized
NFW profile [Eq. (37)] yields a factor of 6 better limits
on hσvreli when compared against the Einasto profile
[Eq. (36)]. This is mainly due to an increase in the GC
J-factors by a factor of 2.9 (when summed over all RoIs).
To extend the expected search capability of CTA towards
higher WIMP masses, we apply these improved limits in
order to see the effect of using a more optimistic DM
distribution.

D. Direct detection

Direct detection experiments aim tomeasure the recoil of a
nucleus in a collision with a DM particle. After an elastic
collision between DM of massmX and a nucleus of massM,
the nucleus recoils with energy E ¼ μ2v2ð1 − cos θÞ=M,
where μ≡mXM=ðmX þMÞ is the DM-nucleus reduced
mass, v is the speed ofDMparticle relative to the nucleus rest
frame and θ is the scattering angle in the center-of-mass
(COM) frame.
The differential rate per day (given in units of cpd kg−1

keV−1 where cpd is counts per day) from primarily spin-
independent (SI) interactions is given by [98,99]

dR
dE

¼ ρ⊙
mXM

Z
d3v vfðv; tÞ dσ

SI
X

dE
; ð38Þ

where ρ⊙ is local DM mass density and fðv; tÞ is the
time-dependent DM velocity distribution. The term
dσSIX =dE is the momentum-dependent differential SI
cross section. In the typical case where the target material
contains more than one isotope, the differential rate is
given by a mass-fraction weighted sum over contribu-
tions from the isotopes, each of the forms given by
Eq. (38).
The momentum-dependent differential SI cross section is

given by

dσSIX
dE

¼ 1

Emax
σ0F2ðqÞΘðqmax − qÞ; ð39Þ

where Emax ¼ q2max=2M ¼ 2μ2v2=M is the maximum
energy transfer in a collision at a relative velocity v,
σ0 is the SI cross section in the zero-velocity limit14 and
Θ is the Heaviside step function. The term FðqÞ is the
form factor accounting for the finite size of the nucleus.
When DM coherently scatters off the entire nucleus with
low momentum transfer, F2ðqÞ → 1. However, when the
de Broglie wavelength of the momentum transfer q
becomes comparable to the size of the nucleus, DM
becomes sensitive to the internal structure of the nucleus
and F2ðqÞ < 1, with F2ðqÞ ≪ 1 at high momentum
transfers.
It is traditional to define an effective SI cross section

corrected with the form factor as

FIG. 1. Figures adopted with permission from Ref. [92]. Left: The “signal” and “background” regions of interest (RoIs) used in the
ring method of Ref. [97]. Right: Separation of the signal and background RoIs into 28 sub-RoIs for the morphological analysis of
Ref. [92].

14Generally, σSI and σSD are used to represent this term for
nuclear spin-independent (SI) and spin-dependent (SD) inter-
actions respectively. To avoid confusion with existing litera-
tures, we will represent the SI contribution to σ0 as σSI in our
models.
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σðqÞ≡ σ0F2ðqÞ; ð40Þ
such that the dependency on the momentum transfer q
is contained entirely within the form factor F2ðqÞ. The
actual cross section is

R
dq2dσSIX ðq2; vÞ=dq2 for a given

DM-nucleus relative speed v. With the chosen convention
in Eq. (40), the expression for the momentum-dependent
differential SI cross section in Eq. (39) simplifies to

dσSIX
dE

¼ M
2μ2v2

σðqÞΘðqmax − qÞ: ð41Þ

With the form of the the momentum-dependent differ-
ential SI cross section in Eq. (41), the differential rate per
day in Eq. (38) becomes

dR
dE

¼ 1

2mXμ
2
σðqÞρ⊙ηðvminðEÞ; tÞ; ð42Þ

where

ηðvminðEÞ; tÞ ¼
Z
v>vminðEÞ

d3v
fðv; tÞ

v
ð43Þ

is the mean inverse speed and

vminðEÞ ¼
ffiffiffiffiffiffiffiffi
ME
2μ2

s

is the minimum DM speed that results in a nuclear
recoil with energy E. The requirement q < qmax in the
Heaviside step function of Eq. (39) results in a lower limit
v > vminðEÞ on the integral in Eq. (43).
The main advantage of writing the recoil spectrum in the

form of Eq. (42) instead of Eq. (38) is that the particle
physics and astrophysics aspects separate into two distinct
factors: σðqÞ describes the particle physics aspect; while ρ⊙
and ηðvminðEÞ; tÞ describe the astrophysical aspect.
For our Higgs-mediated scalar and/or pseudoscalar DM

coupling, the SI cross section ðσSIÞ takes the form

σSI ¼
μ2

π
½ZGSI

p þ ðA − ZÞGSI
n �2

þ q2

4m2
X

μ2

π
½Z ~GSI

p þ ðA − ZÞ ~GSI
n �2; ð44Þ

where Z and A − Z are the number of protons and neutrons
in the nucleus respectively and GSI

N ð ~GSI
N Þ for N ∈ ðp; nÞ are

the effective scalar (pseudoscalar) DM-nucleon couplings in
analogue with the GF-like effective four-fermion coupling
constants [100]. For the scalar and vector models, ~GSI

N ¼ 0,
whereas in fermion models both terms contribute to σSI.
Due to the q2=4m2

X factor arising from the pseudoscalar
DM-nucleon interaction in fermion models [101], the
corresponding detection rates are momentum suppressed.
When the effective scalar and pseudoscalar couplings are

approximately equal for protons and neutrons, leading to

σSI;p ≃ σSI;n, the SI cross section in Eq. (44) is enhanced by
a factor of A2 because the matrix elements for the cross
section are a coherent sum over the individual protons and
neutrons in the nucleus.
For the SI interaction, the form factor is a Fourier

transform of the nucleus mass distribution. As a reasonably
accurate approximation, we use the Helm form factor [102],
which was first introduced as a modification to the form
factor for a uniform sphere with a Gaussian function to
account for the soft edge of the nucleus [103]. It is given by

FðqÞ ¼ 3e−q
2s2=2

�
sinðqrnÞ − qrn cosðqrnÞ

ðqrnÞ3
�
; ð45Þ

where s≃ 0.9 fm and r2n ¼ c2 þ 7
3
π2a2 − 5s2 is the effective

nuclear radius with a≃0.52 fm and c≃1.23A1=3−0.60 fm.
We use the standard astrophysical parameters, namely the

local DM density ρ⊙ ¼ 0.4 GeV cm−3 and the local galactic
disk rotation speed vrot ¼ 220 km s−1, with the same value
for the most probable speed v of the Maxwell-Boltzmann
velocity distribution. We take the Galactic escape speed as
vesc ¼ 544 km s−1 (see Ref. [104] for a discussion).
In the standard analysis where only a single component

of DM constitutes the total DM relic density, the differential
rate of detection is proportional to ðρ⊙σSIÞ=mX as evident
in Eq. (42). To address the multicomponent dark matter
scenario in our models, we rescale the limiting value of σSI
by the fraction frel ¼ ΩX=ΩDM of the energy density
contributed by X to the total DM density. This results in
the local X energy density of frelρ⊙.

1. Nonfermion models

The SI cross section in scalar and vector models is
given by

Scalar∶ σSI ¼
μ2

π

λ2hSf
2
Nm

2
N

4m2
Sm

4
h

¼ m4
N

4πðmS þmNÞ2
λ2hSf

2
N

m4
h

; ð46Þ

Vector∶ σSI ¼
μ2

π

λ2hVf
2
Nm

2
N

4m2
Vm

4
h

¼ m4
N

4πðmV þmNÞ2
λ2hVf

2
N

m4
h

; ð47Þ

where mN ¼ 0.931 GeV and fN ¼ 0.30 [39] (see also
Ref. [105]). The term fN is related to the quark matrix
elements inside nucleons through

fN ¼
X
quarks

fðNÞ
Tq ¼

X
quarks

mq

mN
hNjqqjNi

¼ 2

9
þ 7

9

X
q¼u;d;s

fðNÞ
Tq ; ð48Þ
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where the last equality follows from the heavy-quark
expansion [106].
For the XENON1T [107–109] experiment, we apply the

90% C.L. from XENON100 [110] appropriately weighted
by the relic abundance parameter frel ¼ ΩX=ΩDM.
Assuming that the sensitivity as a function of the DM mass
scales relative to that of XENON100 simply by the exposure
ε, we demand for every value of fmX; λhXjX ∈ S; Vg that

σeffðmX; λhXÞ≡ εfrelσSIðmX; λhXÞ ≤ σXe ð49Þ
where σXe is the 90% C.L. from XENON100. For the
projected XENON1T, the expected improvement in sensi-
tivity over XENON100 is ε ¼ 100.
For the LUX [111,112] experiment, we construct the

log-likelihood function from the Poisson distribution [113]
in the observed number of signal events N by

LPoissonðsjNÞ ¼ PðNjsÞ ¼ ðbþ sÞNe−ðbþsÞ

N!
; ð50Þ

where b is the expected number of background events
and

s ¼ MT
Z

∞

0

dEϕðEÞ dR
dE

ð51Þ

is the expected number of signal events,MT is the detector
mass × exposure time and ϕðEÞ is a global efficiency factor
incorporating trigger efficiencies, energy resolution and
analysis cuts.
We perform the LUX log-likelihood calculations using

the LUXCalc 1.0.1 [114] package.15 For the LUX
analysis region, we use N ¼ 1 and b ¼ 0.64 [115]; while
for XENON100, we use N ¼ 2 and b ¼ 1 [110]. The
efficiency curves ϕðEÞ are generated by TPMC [116] using
the NEST [117,118] model.16

The LUXCalc package requires as inputs the effective
SI scalar DM-nucleon coupling GSI

N and the pseudoscalar
DM-nucleon coupling ~GSI

N to calculate the SI cross section
in Eq. (44). For the scalar and vector models, the effective
DM-nucleon couplings are

Scalar∶ GSI
N ¼ λhSfNmN

2mSm2
h

; ~GSI
N ¼ 0; ð52Þ

Vector∶ GSI
N ¼ λhVfNmN

2mVm2
h

; ~GSI
N ¼ 0; ð53Þ

which reproduce the SI cross sections in Eqs. (46) and (47)
respectively. The pseudoscalar effective DM-nucleon cou-
plings are zero because the interaction between DM and the
nucleons proceeds through a spin-0 boson.

2. Fermion models

Due to the mediator being a spin-0 boson, the interaction
between DM and nucleons are nucleon-spin independent.
From the Majorana and Dirac model Lagrangians in
Eqs. (14) and (15) respectively, a mixing between a pure
scalar (cos ξ ¼ 1) and a pure pseudoscalar (cos ξ ¼ 0)
interaction occurs.
For a pure pseudoscalar interaction, the SI cross section

is suppressed by a factor of q2=4m2
X [101], where q is the

momentum transfer. A direct comparison between the
analytical SI cross section expressions and the limits
imposed by XENON100 or LUX experiments is not
accurate. We therefore use a generalized and augmented
version of LUXCalc to include the q2=4m2

X factor in the
differential rate per day dR=dE.
For the Majorana and Dirac fermion models, the

effective scalar and pseudoscalar DM-nucleon couplings
required by LUXCalc are

Majorana∶GSI
N ¼ λhχ

Λχ

fNmN cos ξ
m2

h

; ~GSI
N ¼ λhχ

Λχ

fNmN sin ξ
m2

h

;

Dirac∶GSI
N ¼ λhψ

Λψ

fNmN cos ξ
m2

h

; ~GSI
N ¼ λhψ

Λψ

fNmN sin ξ
m2

h

:

For the XENON1T experiment, the expected improvement
in sensitivity over XENON100 is ε ¼ 100, whereas for the
LUX experiment, limits are derived with ε ¼ 1.
With the inclusion of the momentum-suppressed term in

the differential rate per day, we perform root-finding scans
in the ðmX; λhX=ΛXÞ plane for X ∈ ðχ;ψÞ using Brent’s
method. The function for the root-finding algorithm is

fDDðmX; λhX=ΛXÞ ¼ Δ lnLPoissonðmX; λhX=ΛXÞ
− Δ lnL90% C.L.ðmX; λhX=ΛXÞ ð54Þ

where Δ lnLPoisson is the difference of lnLPoisson [Eq. (50)]
between a DM signal (s ≠ 0) and no DM signal (s ¼ 0),
whereas Δ lnL90% C.L. ¼ −1.352771 is the delta log-
likelihood for a 90% C.L.

IV. RESULTS

Having outlined an implementation of our model con-
straints from various experiments, we now present our
results. As our current study is a generalization of the scalar
singlet analysis in Ref. [39] to nonscalar models, we first
start by presenting our scalar model results obtained using
micrOMEGAs to validate their consistency.
Although QCD corrections for quark final states at

low scalar masses were included in Ref. [39], they are
absent in our analysis because their inclusion in either
micrOMEGAs or LanHEP is rather nontrivial, given the
fact that micrOMEGAs relies heavily on autogenerated
LanHEP codes.

15LUXCalc homepage: http://www.nordita.org/~savage/
LUXCalc/index.html.

16NEST homepage: http://nest.physics.ucdavis.edu/site/.
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The relic density from micrOMEGAs shows a local
step-function reduction of 5%–12% in a small range of
couplings over the mass range 100≲mS;V=GeV≲ 400 and
5≲mχ;ψ=TeV≲ 180. This feature is not reproduced
in the annihilation cross section, relic densities from the
micrOMEGAs routines employing the freeze-out approxi-
mation, or in our previous calculations for the scalar model
[39]. Away from the feature, the full micrOMEGAs relic
densities are in good agreement with the freeze-out
approximation and our previous results [39]. The drop
appears symptomatic of a numerical error in the full
micrOMEGAs Boltzmann solver, possibly due to poor
convergence properties (it is not solved by the accurate
setting). As the regions where this occurs are only a few
tenths of a unit wide in the log of λhX or the log of ðλhX=ΛXÞ
as appropriate, we simply omit them from our limit curves,
interpolating across the small resulting gap.
Another important consideration is the validity of our

EFT approximation for the fermionic models, which
involve dimension-5 effective operators. In general the
validity of an EFT relies on the momentum exchange q of
the interaction being below the mass of the mediator ϕ
involved in the underlying interaction described by the
effective vertex. This means that mϕ dominates the denom-
inator of the internal propagator, allowing q to be neglected
and ϕ therefore to be “integrated out.” A given non-
renormalizable effective operator is therefore valid only
if its dimensionful coupling implies a mediator mass below
the interaction scale of the process it is used to describe.
For DM annihilation, this is simply q ∼

ffiffiffi
s

p ¼ 2mX, where
X ∈ ðχ;ψÞ, implying that the EFT is valid for indirect
detection when mϕ > 2mX. For scattering of halo DM
particles with nuclei in detectors on Earth, the momentum
exchange occurs deep in the nonrelativistic regime, and q is
of order a few tens of MeV. This implies that the EFT is
valid for direct detection when mϕ > OðMeVÞ.
To see what values of λhX=ΛX imply mediator masses

consistent with the EFT approximation, it is instructive to
consider a simple UV completion of the fermion EFTs.
Assume the ϕ is a scalar that interacts with the fermion
field X and the Higgs doublet H through dimensionless
couplings gϕX and gϕH respectively, as in the scenario
considered by Ref. [56].17 In the q2 ≪ m2

ϕ limit, the
coupling λhX=ΛX in the EFT approach can be identified
with ðgϕX ~gϕHÞ=m2

ϕ where ~gϕH ¼ m0gϕH, such that m0 is

some characteristic mass scale of the new coupling (e.g.
from a new Yukawa-type interaction). To place an upper
limit on the values of λhX=ΛX where the EFTwould be valid
in some UV completion, we therefore require mϕ to be as
small as possible (i.e., 2mX for DM annihilations) and the
productm0gϕXgϕH as large as possible. The largest valuem0

can realistically take is simply mϕ (as it would otherwise
have already been integrated out), leaving λhX=ΛX ∼
ðgϕXgϕHÞ=mϕ. For the EFT itself to remain perturbative,
we require the product gϕXgϕH ≲ 4π. Hence, the approxi-
mate values of λhX=ΛX for which we generically expect to
start getting corrections to the EFT from UVeffects in DM
annihilation are λhX=ΛX ≳ 4π=2mX. We stress that this is
the value at which the EFT is sure to break down for
indirect detection and relic density calculations; depending
on the UV completion, e.g. for weakly coupled theories,
this scale could be a lot lower. In contrast, the EFT
approximation is perfectly valid for direct detection so
long as the mediator is more massive than a few MeV,
implying log10ðλhX=ΛX GeVÞ ≲ 2.
In the fermion model plots, we show the regions

λhX=ΛX > 4π=2mX where the EFT approximation breaks
down for DM annihilation. Whilst the EFT is valid for
direct searches at all couplings that we show, by choosing
to rescale the limits by the relic abundance parameter
frel ≡ΩX=ΩDM which is itself subject to UV corrections,
our direct search limits are indirectly affected when
λhX=ΛX > 4π=2mX.

A. Scalar model

We perform scans in the ðmS; λhSÞ plane and generate
contours of fixed scalar relic density ðΩSh2Þ for frel ¼ 1
(black solid), 0.1 (red dashed) and 0.01 (blue dotted) as
shown in Fig. 2. Values of λhS in the grey shaded region
are excluded by the relic density constraint. This is due to
the fact that a lower value of λhS gives smaller hσvreli.
Following Eq. (17), there is therefore an overabundance of
the scalar S relic density.
In the region mS < mh=2, an upper limit of 19% (pink

solid) at 2σ C.L. and 5% (pink dotted) at 1σ C.L. on the
Higgs invisible branching ratio BRðh → SSÞ excludes
coupling larger than log10 λhS ∼ −1.75 and log10 λhS ∼
−2.1 respectively. The combined constraints on the scalar
relic density and the Higgs invisible width exclude lower
scalar masses apart from a small triangle between 54 GeV
and mh=2.
Near the resonance mS ∼mh=2, the annihilation cross-

section σvrel is enhanced. Consequently, the relic density
contours move to lower values of λhS to compensate for
the enhancement. Above mS > mh=2, the relic density
contours scale essentially linearly with log10mS.
In Fig. 3, we show the combined sensitivity of indirect

searches to various regions of the scalar model parameter
space. For the current limits, which include the combined

17In this specific UV completion, the new scalar ϕ mixes with
the SM Higgs boson h and modifies the SM-like Higgs coupling
to SM gauge bosons and fermions. In general this mixing should
be strongly suppressed for mϕ ≫ mh (i.e. when the EFT is valid),
but the presence and strength of this interaction is ultimately
highly dependent on the details of the UV completion. For our
analysis in this paper, in line with the EFTassumption, we assume
that such modifications are absent and the Higgs production cross
section and visible decay widths are the same as in the SM.
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analysis of 15 dwarf galaxies by Fermi-LAT and 7-year
observations of the CMB (WMAP7), we only present 1σ
C.L. (brown solid). The regionmh=2≲mS < 70 GeV with
log10 λhS ∈ ½−2.5;−1� can be seen to be in tension with the
current indirect searches at slightly more than 1σ C.L. The
same is true for scalar masses below ∼51 GeV; however
this region is currently excluded by the Higgs invisible
width constraint at more than 2σ C.L. In extending the
current indirect search limits to higher scalar masses, we
find that scalar masses up to ∼232 GeV are excluded by the
current indirect DM searches at more than 1σ C.L., if S
makes up all of the dark matter.
The combined future limits incorporate the Planck

polarization data, ≳100 h GC observation by CTA and
extended improvements in the Fermi-LAT data from the
addition of more southern dwarf galaxies in its search. Due
mainly to better exposure, future indirect DM searches will

be sensitive enough to probe higher scalar DM masses,
if S makes up all of the dark matter. At low scalar masses,
the future DM searches are relatively insensitive to the
assumed DM density profile (Einasto or a contracted
NFW). This is mainly due to the fact that the Fermi log-
likelihood dominates in this regime. However, at higher
scalar masses, the CTA log-likelihood entering in Eq. (28)
gives the dominant contribution to the total log-likelihood.
Hence, the upcoming CTA experiment will be able to
exclude scalar masses up to ∼176 GeV (for the Einasto
profile) and∼9 TeV (for a contracted NFW profile) at more
than 90% C.L., if S makes up all of the dark matter.
The resulting limits in the ðmS; λhSÞ plane from the LUX

(blue dashed) and the projected XENON1T (blue dotted)
experiment are shown in Fig. 4. In the left panel near the
resonance mS ∼mh=2, a small triangle will continue to
evade detection at the LUX and projected XENON1T

FIG. 3. Indirect search limits on the scalar model parameter space. The grey and pink shaded regions are excluded respectively by the
observed DM relic density and an upper limit of 19% on BRðh → SSÞ at 2σ C.L. Values of λhS below the current 1σ C.L. (brown solid)
curve are excluded at more than 1σ C.L. Regions below the future 90% C.L. curve with the Einasto (blue dashed) and contracted NFW
(brown dotted) profile will be excluded. Left: A close-up of the resonantly enhanced annihilation region, mS ∼mh=2. Right: The full
range of mS.

FIG. 2. Contours of fixed scalar relic density for frel ¼ 1 (black solid), 0.1 (red dashed) and 0.01 (blue dotted). The grey shaded region
is excluded due to an overabundance of dark matter. Left: A close-up of the resonantly enhanced annihilation region,mS ∼mh=2. Larger
values of λhS are excluded by an upper limit of 19% (pink solid) at 2σ C.L. or 5% (pink dotted) at 1σ C.L. on BRðh → SSÞ. Right: Relic
density contours for the full range of mS.
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experiments. At high scalar masses, the LUX experiment
excludes scalar masses up to 120 GeV for a narrow range of
λhS values. Most of the remaining parameter space will be
tested and ruled out by the XENON1T experiment for a
wide range of couplings λhS. In particular, it will be able to
exclude scalar masses up to 10 TeV, if Smakes up all of the
dark matter.

B. Vector model

The contours of fixed vector relic density ðΩVh2Þ for
frel ¼ 1 (black solid), 0.1 (red dashed) and 0.01 (blue
dotted) are shown in Fig. 5. For frel ¼ 0.1 (0.01), no values
of λhV satisfy Eq. (18) below 46 (56) GeV. The minimum
relic density below these vector masses stays above the
values of the contour being drawn, thereby leaving gaps
that are evident in the left panel of Fig. 5.

In the region mV < mh=2, upper limits of 19% (pink
solid) at 2σ C.L. and 5% (pink dotted) at 1σ C.L. on the
Higgs invisible branching ratio BRðh → VVÞ exclude
couplings larger than log10 λhV ∼ −2.28 and log10 λhV ∼
−2.6 respectively. The combined constraints on the vector
relic density and the Higgs invisible width exclude most of
the low vector masses apart from a small triangle between
56.5 GeV and mh=2. Above mV > mh=2, the relic density
contours scale linearly with log10mV in a similar fashion to
the scalar model.
The combined sensitivity of indirect searches to various

regions in the ðmV; λhVÞ plane is shown in Fig. 6. The
current limits involve contributions from WMAP7 and the
combined analysis of 15 dwarf galaxies by Fermi-LAT.
The region mh=2 ≤ mV ≤ 70 GeV with log10 λhV ∈
½−2.5;−0.75� can be seen to be in tension with the current
indirect searches. The same is true at vector masses below

FIG. 5. Contours of fixed vector relic density for frel ¼ 1 (black solid), 0.1 (red dashed) and 0.01 (blue dotted). The grey shaded region
is excluded due to an overabundance of dark matter. Left: A close-up of the resonantly enhanced annihilation region,mV ∼mh=2. Larger
values of λhV are excluded by an upper limit of 19% (pink solid) at 2σ C.L. or 5% (pink dotted) at 1σ C.L. on BRðh → VVÞ. Right: Relic
density contours for the full range of mV .

FIG. 4. Direct search limits on the scalar model parameter space. The grey shaded region is ruled out by the observed DM relic density.
Regions excluded by the LUX (XENON1T) experiment are delineated with blue dashed (blue dotted) curves and dark (light) shadings.
Left: A close-up of the resonantly enhanced annihilation region, mS ∼mh=2. The pink shaded region is excluded by an upper limit of
19% on BRðh → SSÞ at 2σ C.L. Right: The full range of mS.
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∼52.5 GeV; however this region is already excluded by the
Higgs invisible width constraint at more than 2σ C.L.
Vector masses up to ∼230 GeV are excluded by the current
indirect DM searches at more than 1σ C.L., if V makes up
all of the dark matter.
Limits from the future indirect DM searches will be able

to probe parts of the parameter space that are not already
excluded by either the current indirect searches or the relic
density constraints. In particular, future searches based on
the Einasto and contracted NFW DM profiles will exclude
vector masses up to ∼173 GeV and ∼9 TeV respectively at
more than 90% C.L., if V makes up all of the dark matter.
Limits from the LUX (blue dashed) and the projected

XENON1T (blue dotted) experiment in the ðmV; λhVÞ plane
are shown in Fig. 7. The LUX experiment excludes vector
masses up to∼300 GeV for a moderate range of λhV values,
whereas the projected XENON1T experiment will exclude
most parts of the parameter space that are not presently

ruled out by the DM relic density and the Higgs invisible
width constraints. In particular, it will be able to exclude
vector masses up to ∼30 TeV, if V makes up all of the dark
matter.

C. Majorana fermion model

The contours of fixed Majorana relic density in the
ðmχ ; λhχ=ΛχÞ plane for frel ¼ 1 (black solid), 0.1 (red
dashed) and 0.01 (blue dotted) are shown in Fig. 8.
Contours in each row are generated at fixed values of
cos ξ: cos ξ ¼ 1 for a pure scalar interaction (top row),
cos ξ ¼ 1=

ffiffiffi
2

p
for an equal mix between the scalar and

pseudoscalar terms (middle row), and cos ξ ¼ 0 for a pure
pseudoscalar interaction (bottom row). As the interactions
between the SM Higgs boson and the Majorana fermion
DM change from pure scalar to pure pseudoscalar, the
Majorana relic density contours move to lower values
of λhχ=Λχ .

FIG. 7. Direct search limits on the vector model parameter space. The grey shaded region is ruled out by the observed relic density of
dark matter. Regions excluded by the LUX (XENON1T) experiment are delineated with blue dashed (blue dotted) curves and
dark (light) shadings. Left: A close-up of the resonantly enhanced annihilation region, mV ∼mh=2. The pink shaded region is excluded
by an upper limit of 19% on BRðh → VVÞ at 2σ C.L. Right: The full range of mV .

FIG. 6. Indirect search limits on the vector model parameter space. The grey and pink shaded regions are excluded respectively by the
observed DM relic density and an upper limit of 19% on BRðh → VVÞ at 2σ C.L. Values of λhV below the current 1σ C.L. (brown solid)
curve are excluded at more than 1σ C.L. Regions below the future 90% C.L. curve with the Einasto (blue dashed) and contracted NFW
(brown dotted) profile will be excluded. Left: A close-up of the resonantly enhanced annihilation region, mV ∼mh=2. Right: The full
range of mV .
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In the region mχ < mh=2, most values of λhχ=Λχ for
cos ξ ¼ 1; 1=

ffiffiffi
2

p
and 0 are excluded by the combined

constraints on the Majorana relic density and the Higgs
invisible width apart from a small triangle that continues to
evade these limits in a similar fashion to the scalar and vector
models. Above Majorana masses of ∼300 GeV, the relic

density contours for cos ξ ¼ 1=
ffiffiffi
2

p
and 0 essentially remain

constant and independent of the coupling λhχ=Λχ . When
frel ¼ 0.1 or 0.01, the relic density contours at higher DM
masses lie in the green shaded region where λhχ=Λχ >
4π=2mχ . Hence, the validity of the results in these regions
cannot be guaranteed within the EFT framework.

FIG. 8. Contours of fixed Majorana relic density for frel ¼ 1 (black solid), 0.1 (red dashed) and 0.01 (blue dotted). The grey shaded
region is ruled out due to an overabundance of dark matter. The green shaded region is where the EFT approximation of the full theory
breaks down for λhχ=Λχ > 4π=2mχ. Left: A close-up of the resonantly enhanced annihilation region, mχ ∼mh=2. Larger values of
λhχ=Λχ are excluded by an upper limit of 19% (pink solid) at 2σ C.L. or 5% (pink dotted) at 1σ C.L. on BRðh → χ̄χÞ. Right: Relic
density contours for the full range of mχ .
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The combined sensitivity of indirect searches to various
regions in the ðmχ ; λhχ=ΛχÞ plane is shown in Fig. 9 for

cos ξ ¼ 1 (top row), 1=
ffiffiffi
2

p
(middle row) and 0 (bottom

row). In the case of cos ξ ¼ 1, the annihilation cross section
σvrel entering in the calculation of indirect detection rates
receive a v2 suppression, where v ∼ 10−3c is the typical

speed of dark matter in a local halo. Consequently, the
resulting indirect search limits are weak and no exclusion is
possible.
When interactions are pure pseudoscalar, the velocity

suppression of σvrel is lifted. Consequently, the indirect

search limits are nontrivial. In the case of cos ξ ¼ 1=
ffiffiffi
2

p

FIG. 9. Indirect search limits on the Majorana model parameter space. The grey and pink shaded regions are excluded respectively by
the relic density and the Higgs invisible width constraints. The green shaded region is where the EFT approximation of the full theory
breaks down for λhχ=Λχ > 4π=2mχ. Values of λhχ=Λχ below the current 1σ C.L. (brown solid) curve are excluded at more than 1σ C.L.
Regions below the future 90% C.L. curve with the Einasto (blue dashed) and contracted NFW (brown dotted) profiles will be excluded.
Left: A close-up of the resonantly enhanced annihilation region, mχ ∼mh=2. Right: The full range of mχ .

ANKIT BENIWAL et al. PHYSICAL REVIEW D 93, 115016 (2016)

115016-18



and 0, Majorana masses between mh=2 and 70 GeV with
log10ðλhχ=ΛχGeVÞ ∈ ½−4.1;−2.8� can be seen to be in
tension with the current indirect searches at more than 1σ
C.L. Analogous to the indirect search limits in the scalar
and vector models, a small region around mχ ≲mh=2 will
continue to evade the current and future indirect searches.
To illustrate the degree to which different indirect

searches contribute to the limits, in Figs. 10–12 we show
the breakdown of the current 1σ C.L., future 90% C.L.
(Einasto) and future 90% C.L. (NFW, γ ¼ 1.3) for a pure
pseudoscalar coupling (cos ξ ¼ 0). Current indirect search
limits incorporate the WMAP 7-year observations of the
CMB and a combined analysis of 15 dwarf galaxies using
6 years of the Fermi-LAT data. Projected future limits
include contributions from the Planck polarization data,

projected Fermi-LAT results based on the discovery of a
further 15 southern dwarf galaxies over 10 years, and
projected CTA results from the GC. At low DM masses,
limits from the Fermi-LAT are strongest, whereas at
higher DM masses, limits from the upcoming CTA experi-
ment are strongest. Constraints from the CMB are
weak in all parts of the parameter space. Future indirect
searches will be sensitive enough to exclude Majorana
masses up to ∼170 GeV (Einasto) and ∼12 TeV (NFW,
γ ¼ 1.3) at more than 90% C.L., if χ makes up all of the
dark matter.
In Fig. 13, we present limits from the LUX (blue dashed)

and the projected XENON1T (blue dotted) experiment
in the ðmχ ; λhχ=ΛχÞ plane for cos ξ ¼ 1 (top row), 1=

ffiffiffi
2

p
(middle row) and 0 (bottom row). Although the use of

FIG. 10. Breakdown of the current 1σ C.L. (blue solid) in the Majorana fermion parameter space when cos ξ ¼ 0. The grey shaded
region is excluded by the relic density constraint. The green shaded region is where the EFT approximation of the full theory breaks
down for λhχ=Λχ > 4π=2mχ. Contributions to the combined current 1σ C.L. come from WMAP 7-year observations of the CMB (green
solid) and a combined analysis of 15 dwarf galaxies using 6 years of the Fermi-LAT data (red dashed). Left: A close-up of the resonantly
enhanced annihilation region, mχ ∼mh=2. Right: The full range of mχ .

FIG. 11. Breakdown of the future 90% C.L. (Einasto) in the Majorana fermion parameter space when cos ξ ¼ 0 (blue solid). The grey
shaded region is excluded by the relic density constraint. The green shaded region is where the EFT approximation of the full theory
breaks down for λhχ=Λχ > 4π=2mχ. Contributions to the combined future 90% C.L. (Einasto) come from the Planck polarization data
(green solid), projected improvements in Fermi-LAT sensitivity towards observation of a further 15 southern dwarf galaxies over
10 years (red dashed) and projected limits from the CTA using the Einasto profile (orange dotted). Left: A close-up of the resonantly
enhanced annihilation region, mχ ∼mh=2. Right: The full range of mχ .
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an EFT at direct search experiments is perfectly valid, our
LUX and projected XENON1T limits within the green
shaded regions are still expected to be subject to unac-
counted-for UV corrections. This is due to the scaling of
our limits by the relic abundance parameter frel ¼
Ωχ=ΩDM. Consequently, values of λhχ=Λχ in the green
shaded region for the Majorana fermion masses above
∼4.76 TeV (cos ξ ¼ 1), ∼20.3 TeV (cos ξ ¼ 1=

ffiffiffi
2

p
) and

∼28 TeV (cos ξ ¼ 0Þ cannot be guaranteed to keep the EFT
approximation for DM annihilations valid.
When cos ξ ¼ 0, the SI cross section is momentum

suppressed by a factor of q2=4m2
χ and hence the expected

number of signal events ðsÞ is small. In fact, the imposed
direct search limits are significantly weaker than the Higgs
invisible width constraint at 2σ C.L. Hence, the higher
Majorana mass range with a pure pseudoscalar coupling
(i.e., cos ξ ¼ 0) will be inaccessible at the XENON1T
experiment. This coincides with better prospects from
indirect detection (bottom row in Fig. 9), making the latter
class of observation the only type of experiment capable of
probing the higher DM mass range should nature have
chosen to have DM interact with the SM Higgs boson only
by a pure pseudoscalar coupling.
When interactions are pure scalar, the momentum sup-

pression of the SI cross section is lifted. In the case of an
equal mixing between the scalar and pseudoscalar terms,
although the DM-nucleon effective couplings ðGSI

N ; ~G
SI
N Þ are

equal, the pseudoscalar effective couplings ( ~GSI
N ) carry a

momentum dependence of q2=4m2
χ as evident in Eq. (44).

Consequently, the direct search limits are strongest in the
case of a pure scalar interaction and moderate for an equal
mix between the scalar and pseudoscalar terms.
At Majorana masses above 70 GeV, direct search experi-

ments will exclude large portions of the model parameter
space as long as the EFT approximation remains valid for

the model to make up all of the dark matter. The LUX
experiment excludes Majorana masses up to ∼4.7 TeV
when cos ξ ¼ 1 and ∼200 GeV when cos ξ ¼ 1=

ffiffiffi
2

p
.

Further exclusion will also be possible with the projected
XENON1T experiment.

D. Dirac fermion model

The Dirac fermion model is similar to the Majorana
fermion model. One aspect that separates Majorana fer-
mion from Dirac fermion dark matter is the conventional
factor of 1=2 in front of each fermion bilinear χχ in defining
a Majorana fermion field χ. This factor of 1=2 accounts
for the field normalization and self-conjugation. The
Majorana model results carry over to the Dirac model in
a relatively straightforward way after this factor of 1=2 is
accounted for.
In Fig. 14, we show the contours of fixed Dirac relic

density in ðmψ ; λhψ=Λψ Þ plane for frel ¼ 1 (black solid),
0.1 (red dashed) and 0.01 (blue dotted). Analogous to the
Majorana model, contours in each row are generated at fixed
values of cos ξ: cos ξ ¼ 1 for a pure scalar interaction (top
row), cos ξ ¼ 1=

ffiffiffi
2

p
for an equal mix between the scalar and

pseudoscalar terms (middle row), and cos ξ ¼ 0 for a pure
pseudoscalar interaction (bottom row). For mψ < mh=2,
most of the model parameter space except a small triangular
region between ∼57.5 GeV and mh=2 is excluded by the
combined constraints on the Dirac relic density and the
Higgs invisible width. Similar to the Majorana model, roots
of Eq. (18) for frel ¼ 0.1 and 0.01 do not exist at Dirac
masses below mh=2. At higher Dirac fermion masses, the
relic density contours continue to increase and ultimately
become independent of the coupling λhψ=Λψ .
The sensitivity of indirect searches to various regions in

the ðmψ ; λhψ=ΛψÞ plane when cos ξ ¼ 1 (top row), 1=
ffiffiffi
2

p

FIG. 12. Breakdown of the future 90% C.L. (NFW, γ ¼ 1.3) in the Majorana fermion parameter space when cos ξ ¼ 0 (blue solid).
The grey shaded region is excluded by the relic density constraint. The green shaded region is where the EFT approximation of the full
theory breaks down for λhχ=Λχ > 4π=2mχ. Contributions to the combined future 90% C.L. (NFW, γ ¼ 1.3) come from the Planck
polarization data (green solid), projected improvements in Fermi-LAT sensitivity towards observation of a further 15 southern dwarf
galaxies over 10 years (red dashed) and projected limits from the CTA experiment using the contracted NFW (γ ¼ 1.3) profile (orange
dotted). Left: A close of the resonantly enhanced annihilation region, mχ ∼mh=2. Right: The full range of mχ .
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(middle row) and 0 (bottom row) are shown in Fig. 15.
Again, in the case of cos ξ ¼ 1, the annihilation cross
section σvrel is velocity suppressed. Consequently, the
resulting indirect search limits are weak. In fact, the relic
density constraint alone is strong enough to exclude the

entire region probed by the indirect search experiments in
this case.
As interactions become pure pseudoscalar, the veloc-

ity suppression of σvrel is lifted. Therefore, parts of the
model parameter space can be excluded by the indirect

FIG. 13. Direct search limits on the Majorana model parameter space. The grey shaded region is ruled out by the relic density
constraint. Regions excluded by the LUX (XENON1T) experiment are delineated with blue dashed (blue dotted) curves and dark (light)
shadings. Although EFTs are valid at direct search experiments, our scaling of the LUX/XENON1T limits by the relic abundance
parameter frel ¼ Ωχ=ΩDM introduces a sensitivity to UV corrections when the EFTapproximation in DM annihilations breaks down for
λhχ=Λχ > 4π=2mχ . Left: A close-up of the resonantly enhanced annihilation region,mχ ∼mh=2. The pink shaded region is excluded by
an upper limit of 19% on BRðh → χ̄χÞ at 2σ C.L. Right: The full range of mχ .
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search experiments. With the strongest indirect limits
in the case of a pure pseudoscalar interaction,
Dirac masses between mh=2 and 70 GeV for
log10ðλhψ=ΛψGeVÞ ∈ ½−4;−3� can be seen to be in
tension with the current indirect search limits which
incorporates the combined analysis of 15 dwarf galaxies

by Fermi-LAT and 7 years of CMB observation by
WMAP (WMAP7). Similarly, Dirac masses below
∼51.5 GeV are in tension with the current indirect
searches at more than 1σ C.L. On the other hand,
future indirect searches will be able to exclude Dirac
masses up to ∼74 GeV for the Einasto profile and

FIG. 14. Contours of fixed Dirac relic density for frel ¼ 1 (black solid), 0.1 (red dashed) and 0.01 (blue dotted). The grey shaded
region is ruled out due to an overabundance of dark matter. The green shaded region is where the EFT approximation of the full theory
breaks down for λhψ=Λψ > 4π=2mψ. Left: A close-up of the resonantly enhanced annihilation region, mψ ∼mh=2. Larger values of
λhψ=Λψ are excluded by an upper limit of 19% (pink solid) at 2σ C.L. or 5% (pink dotted) at 1σ C.L. on BRðh → ψ̄ψÞ. Right: Relic
density contours for the full range of mψ .
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between 166 GeV and 1.3 TeV for a contracted NFW
profile in the case of a pure pseudoscalar interaction, if
ψ makes up all of the dark matter.
In Fig. 16, we present direct search limits in the

ðmψ ; λhψ=ΛψÞ plane for cos ξ ¼ 1 (top row), 1=
ffiffiffi
2

p
(middle

row) and 0 (bottom row). Similar to the Majorana fermion

model, the LUX/XENON1T limits within the green shaded
regions are subject to UV corrections solely due to our
scaling of the limits by the relic abundance parameter
frel ¼ Ωψ=ΩDM. For the Dirac masses above ∼3.3 TeV
(cos ξ ¼ 1), ∼14.2 TeV (cos ξ ¼ 1=

ffiffiffi
2

p
) and ∼19.7 TeV

(cos ξ ¼ 0), our limits cannot be guaranteed to keep the

FIG. 15. Indirect search limits on the Dirac model parameter space. The grey and pink shaded regions are excluded respectively by the
relic density and the Higgs invisible width constraints. The green shaded region is where the EFTapproximation of the full theory breaks
down for λhψ=Λψ > 4π=2mψ. Values of λhψ=Λψ below the current 1σ C.L. (brown solid) curve are excluded at more than 1σ C.L.
Regions below the future 90% C.L. curve with the Einasto (blue dashed) and contracted NFW (brown dotted) profile will be excluded.
Left: A close-up of the resonantly enhanced annihilation region, mψ ∼mh=2. Right: The full range of mψ .
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EFT approximation for DM annihilations valid, if ψ makes
up all of the dark matter.
In the case of cos ξ ¼ 0, the SI cross section is

momentum suppressed by a factor of q2=4m2
ψ .

Consequently, the expected event rates are small. In

analogy with the Majorana fermion model when
cos ξ ¼ 0, better prospects from indirect searches (bottom
row in Fig. 15) make the latter class of observation the
only type of experiment capable of probing the higher
DM mass range should nature have chosen to have DM

FIG. 16. Direct search limits on the Dirac model parameter space. The grey shaded region is ruled out by the relic density constraint.
The regions excluded by the LUX (XENON1T) experiment are delineated with blue dashed (blue dotted) curves and dark (light)
shadings. Although EFTs are valid at direct search experiments, our scaling of the LUX/XENON1T limits by the relic abundance
parameter frel ¼ Ωψ=ΩDM introduces a sensitivity to UV corrections when the EFTapproximation in DM annihilations breaks down for
λhψ=Λψ > 4π=2mψ . Left: A close-up of the resonantly enhanced annihilation region, mψ ∼mh=2. The pink shaded region is excluded
by an upper limit of 19% on BRðh → ψ̄ψÞ at 2σ C.L. Right: The full range of mψ .
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interact with the SM Higgs boson only by a pure
pseudoscalar coupling.
As interactions become pure scalar ðcos ξ ¼ 1Þ, the

momentum suppression of the SI cross section is lifted,
which results in significant direct search rates. The LUX
experiment excludes Dirac masses up to ∼3.3 TeV when
cos ξ ¼ 1 and ∼280 GeV when cos ξ ¼ 1=

ffiffiffi
2

p
. In contrast

with the Majorana model when cos ξ ¼ 1, low Dirac
fermion masses between 45 GeVand mh=2 will be entirely
excluded by the combined limits on the Dirac fermion relic
density, the Higgs invisible width and projected XENON1T
experiment. Furthermore, the projected XENON1T experi-
ment will reach higher sensitivity in excluding TeV-scale
Dirac masses, if ψ makes up all of the dark matter.

V. CONCLUSIONS

In this work, we have performed an updated and
combined analysis of effective scalar, vector, Majorana
and Dirac fermion Higgs portal models of dark matter. For
the fermion models, we investigated cases where inter-
actions are either pure scalar, pure pseudoscalar or an equal
mixture of the scalar and pseudoscalar terms. The presence
of the pseudoscalar term and the requirement of a quadratic
DM term corresponding to a real mass lead us to redefine
the post-EWSB fermion fields through a chiral rotation.
In nonfermion models, the combined constraints on the

DM relic density and the Higgs invisible width exclude
most of the low mass parameter space in all models
apart from a small triangular region close to the resonance
mX ∼mh=2. However, in the special case of a Dirac
fermion DM interacting with the SM Higgs boson via a
pure scalar coupling, the entire resonance region will be
excluded by the projected XENON1T experiment.
For the first time, we have performed a consistent

study of the indirect detection prospects in all four effective
Higgs portal models. Using current and future gamma-ray
astronomy data, we looked for viable regions of the
parameter space that can be probed by the existing or
future indirect searches. Below the resonance mX ∼mh=2,
the indirect search limits are weaker than the combined
constraints on the relic density and the Higgs invisible
width. Depending on the assumed DM density profile,
indirect search experiments can provide strong exclusions
at higher DM masses, if the model makes up all of the
dark matter. The forthcoming CTA experiment will be very
useful in searching for signs of DM annihilation.
In agreement with similar studies performed elsewhere,

direct search experiments will continue to provide the
strongest limits on the parameter space in all models. The
projected XENON1T experiment, for instance, will have
the sensitivity to probe TeV-scale DM masses. Since
previous studies on fermionic DM models with a pure
pseudoscalar interaction have naively applied XENON100
and/or LUX limits without properly taking account of the
momentum-suppressed SI cross section, we have rederived

these limits by including the proper momentum depend-
ence of the form q2=4m2

X in our calculations. The resulting
limits, although weak, are important in order to perform a
consistent study. In such cases, indirect search experiments
are our only hope of accessing the higher DMmass range of
these models.
When both the indirect and direct search limits are

available, as in the portal models we have considered in this
paper, a joint observation in both channels is a very realistic
possibility at higher WIMP masses. Such detection in
multiple experiments would provide a far more robust
discovery than a single signal alone.
For the fermion models, the EFT approximation that we

have employed in this paper breaks down when DM
annihilations are considered. A proper examination of
the fermionic Higgs portal DM in these parameter regions
requires a detailed and systematic study of possible UV
completions. We plan to do this in a future paper.
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APPENDIX: CHIRAL ROTATION

1. Dirac fermion model

We start with the post-EWSB Lagrangian for the Dirac
fermion DM field ψ ,

Lψ ¼ LSM þ ψi∂ψ
−
�
μψψψ þ 1

2

λhψ
Λψ

v20ðcos θ ψψ þ sin θ ψiγ5ψÞ
�

−
λhψ
Λψ

ðcos θ ψψ þ sin θ ψiγ5ψÞ
�
v0hþ 1

2
h2
�
:

The square bracket term in the above expression contains a
DMmass-type term and a pseudoscalar coupling of the DM
field to the SM Higgs VEV (v0). However, it is convenient
to remove the latter term (∝ sin θ) using a field redefinition
through a chiral rotation

ψ → expðiγ5α=2Þψ ; ψ → ψ expðiγ5α=2Þ; ðA1Þ

where α is a real, space-time-independent parameter.
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After expanding the exponential in terms of cosα=2, sin α=2 and using the properties of the γ5 matrix in the Dirac-
representation, the exponentials become

expðiγ5α=2Þ ¼ cosðγ5α=2Þ þ i sinðγ5α=2Þ ¼ cosðα=2Þ þ iγ5 sinðα=2Þ;

where the property γn5 ¼ γ5 (I4×4) for n odd (even) is used.
Under the chiral rotation in Eq. (A1), the term ψ i∂ψ is invariant since

ψi∂ψ → ψ expðiγ5α=2Þiγμ∂μðexpðiγ5α=2ÞψÞ
¼ ψ expðiγ5α=2Þγμ expðiγ5α=2Þi∂μψ

¼ ψ expðiγ5α=2Þ expð−iγ5α=2Þiγμ∂μψ ðfγ5; γμg ¼ 0Þ
¼ ψi∂ψ :

On the contrary, ψψ and ψiγ5ψ terms transform to

ψψ → ψ expðiγ5α=2Þ expðiγ5α=2Þψ ψiγ5ψ → ψ expðiγ5α=2Þiγ5 expðiγ5α=2Þψ
¼ ψ expðiγ5αÞψ ¼ ψ expðiγ5αÞiγ5ψ
¼ cos αψψ þ sin αψiγ5ψ ¼ cos αψiγ5ψ − sin αψψ :

Therefore, terms in the Dirac Lagrangian transform to

μψψψ → μψ cos αψψ þ μψ sin αψiγ5ψ

1

2

λhψ
Λψ

v20ðcos θ ψψ þ sin θ ψiγ5ψÞ →
1

2

λhψ
Λψ

v20ðcos θ cos αψψ þ cos θ sin αψiγ5ψ þ sin θ cos αψiγ5ψ − sin θ sin αψψÞ

¼ 1

2

λhψ
Λψ

v20ðcos ξ ψψ þ sin ξ ψiγ5ψÞ

λhψ
Λψ

ðcos θ ψψ þ sin θ ψiγ5ψÞ →
λhψ
Λψ

ðcos θ cos αψψ þ cos θ sin αψiγ5ψ þ sin θ cos αψiγ5ψ − sin θ sin αψψÞ

¼ λhψ
Λψ

ðcos ξ ψψ þ sin ξ ψiγ5ψÞ

where we define ξ≡ θ þ α for future convenience and use the trigonometric identities cos ξ ¼ cos θ cos α − sin θ sin α and
sin ξ ¼ sin θ cos αþ cos θ sin α. Therefore, the mass and interaction terms expand to

−
�
μψψψ þ 1

2

λhψ
Λψ

v20ðcosθψψ þ sinθψ iγ5ψÞ
�
→−

�
μψ cosαψψ þμψ sinαψiγ5ψ þ 1

2

λhψ
Λψ

v20ðcosξψψ þ sinξψiγ5ψÞ
�

¼−
�
μψ cosαþ

1

2

λhψ
Λψ

v20 cosξ

�
ψψ −

�
μψ sinαþ

1

2

λhψ
Λψ

v20 sinξ

�
ψiγ5ψ ðA2Þ

−
λhψ
Λψ

ðcos θ ψψ þ sin θ ψiγ5ψÞ
�
v0hþ 1

2
h2
�

→ −
λhψ
Λψ

ðcos ξ ψψ þ sin ξ ψiγ5ψÞ
�
v0hþ 1

2
h2
�
: ðA3Þ

If α ¼ π, a sign change of the mass and interaction terms in
the above expressions occurs. We can therefore, without
any loss of generality, take μψ > 0 as long as we preserve
the relative signs between the terms.

After the chiral rotation, we demand that the
coefficient of ψiγ5ψ in Eq. (A2) vanish in order to go
to the real mass basis. This defines a proper chiral rotation
and gives a field mass after EWSB in terms of the

ANKIT BENIWAL et al. PHYSICAL REVIEW D 93, 115016 (2016)

115016-26



Lagrangian parameters. Setting the coefficient of ψiγ5ψ to
zero gives

μψ sin α ¼ −
1

2

λhψ
Λψ

v20 sin ξ

¼ −
1

2

λhψ
Λψ

v20ðcos θ sin αþ sin θ cos αÞ:

Dividing the above expression on both sides by cos α
and rearranging for tan α gives

tanα¼
�
−
1

2

λhψ
Λψ

v20 sinθ

��
μψ þ

1

2

λhψ
Λψ

v20 cosθ

�
−1
; ðA4Þ

as stated for the Dirac fermion model in Sec. II. Using the
expression for tan α, we can determine sin2 α and cos2 α

cos2 α¼ 1

1þ tan2 α
¼

ðμψ þ 1
2

λhψ
Λψ

v20 cosθÞ2

ðμψ þ 1
2

λhψ
Λψ

v20 cosθÞ2þð1
2

λhψ
Λψ

v20 sinθÞ2
;

sin2 α¼ tan2 α
1þ tan2 α

¼
ð1
2

λhψ
Λψ

v20 sinθÞ2

ðμψ þ 1
2

λhψ
Λψ

v20 cosθÞ2þð1
2

λhψ
Λψ

v20 sinθÞ2
:

After EWSB and the field rotation, we define the massmψ

as the coefficient of the term −ψψ . Using Eq. (A2), mψ is
given by

mψ ¼ μψ cos αþ 1

2

λhψ
Λψ

v20 cos ξ

¼ μψ cos αþ 1

2

λhψ
Λψ

v20ðcos α cos θ − sin α sin θÞ;

¼
�
μψ þ 1

2

λhψ
Λψ

v20ðcos θ − tan α sin θÞ
�
cos α:

Making use of the expression for tan α, mψ expands to

mψ ¼

2
64ðμψ þ 1

2

λhψ
Λψ

v20 cos θÞ2 þ ð1
2

λhψ
Λψ

v20 sin θÞ2

μψ þ 1
2

λhψ
Λψ

v20 cos θ

3
75 cos α:

Squaring both sides of the above equation and using the
relation for cos2 α gives the following expression for the
physical DM mass:

m2
ψ ¼

2
64ðμψ þ 1

2

λhψ
Λψ

v20 cos θÞ2 þ ð1
2

λhψ
Λψ

v20 sin θÞ2

μψ þ 1
2

λhψ
Λψ

v20 cos θ

3
75
2

cos2α

¼
½ðμψ þ 1

2

λhψ
Λψ

v20 cos θÞ2 þ ð1
2

λhψ
Λψ

v20 sin θÞ2�2

ðμψ þ 1
2

λhψ
Λψ

v20 cos θÞ2 þ ð1
2

λhψ
Λψ

v20 sin θÞ2

¼
�
μψ þ 1

2

λhψ
Λψ

v20 cos θ

�
2

þ
�
1

2

λhψ
Λψ

v20 sin θ

�
2

:

The signs of mψ , cos α and sin α are common; hence, we

choose the common sign to be “þ” for mψ , cos α ¼
þ

ffiffiffiffiffiffiffiffiffiffiffiffi
cos2 α

p
and sin α ¼

ffiffiffiffiffiffiffiffiffiffiffi
sin2 α

p
. Therefore, the physical

DM mass after EWSB is

mψ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
μψ þ 1

2

λhψ
Λψ

v20 cos θ

�
2

þ
�
1

2

λhψ
Λψ

v20 sin θ

�
2

s
:

ðA5Þ

With the sign convention chosen above, the expressions
for cos ξ and sin ξ reduce to

cos ξ ¼ cos αðcos θ − sin θ tan αÞ

¼
μψ cos θ þ 1

2

λhψ
Λψ

v20ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðμψ þ 1

2

λhψ
Λψ

v20 cos θÞ2 þ ð1
2

λhψ
Λψ

v20 sin θÞ2
q

¼ μψ
mψ

�
cos θ þ 1

2

λhψ
Λψ

v20
μψ

�
sin ξ ¼ cos αðsin θ þ cos θ tan αÞ

¼ μψ sin θffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðμψ þ 1

2

λhψ
Λψ

v20 cos θÞ2 þ ð1
2

λhψ
Λψ

v20 sin θÞ2
q

¼ μψ
mψ

sin θ

where we have used Eq. (A5) to simplify the expressions.
Therefore, the final Lagrangian after EWSB and field
redefinition is given by

Lψ ¼ LSM þ ψi∂ψ −mψψψ

−
λhψ
Λψ

½cos ξ ψψ þ sin ξ ψiγ5ψ �
�
v0hþ 1

2
h2
�
;

where
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cos ξ ¼ μψ
mψ

�
cos θ þ 1

2

λhψ
Λψ

v20
μψ

�
; sin ξ ¼ μψ

mψ
sin θ;

mψ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
μψ þ 1

2

λhψ
Λψ

v20 cos θ

�
2

þ
�
1

2

λhψ
Λψ

v20 sin θ

�
2

s
:

2. Majorana fermion model

Consider the Majorana fermion DM field χ Lagrangian
after EWSB,

Lχ ¼ LSM þ 1

2
χi∂χ

−
1

2

�
μχχχ þ

1

2

λhχ
Λχ

v20ðcos θ χχ þ sin θ χiγ5ψÞ
�

−
1

2

λhχ
Λχ

ðcos θ χχ þ sin θ χiγ5χÞ
�
v0hþ 1

2
h2
�
:

With the conventional factor of 1=2 in front of each
Majorana field bilinear, the form of the Majorana model
Lagrangian after EWSB and chiral rotation is analogous to
that of the Dirac model. The proper chiral rotation is again
given by

tan α ¼
�
−
1

2

λhχ
Λχ

v20 sin θ

��
μχ þ

1

2

λhχ
Λχ

v20 cos θ

�
−1
;

which leads to a real, physical DM mass of

mχ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
μχ þ

1

2

λhχ
Λχ

v20 cos θ

�
2

þ
�
1

2

λhχ
Λχ

v20 sin θ

�
2

s
:

Finally, the Majorana fermion Lagrangian after EWSB and
chiral rotation is given by

Lχ ¼ LSM þ 1

2
χi∂χ − 1

2
mχχχ

−
1

2

λhχ
Λχ

½cos ξ χχ þ sin ξ χiγ5χ�
�
v0hþ 1

2
h2
�
;

where

cos ξ ¼ μχ
mχ

�
cos θ þ 1

2

λhχ
Λχ

v20
μχ

�
; sin ξ ¼ μχ

mχ
sin θ;

mχ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
μχ þ

1

2

λhχ
Λχ

v20 cos θ

�
2

þ
�
1

2

λhχ
Λχ

v20 sin θ

�
2

s
:

as stated for the Majorana fermion model in Sec. II.
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