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1 Introduction

Dark matter constitutes the majority of the mass in our universe, but its properties remain
largely unknown. An extensive experimental program is in place aimed at understanding
the nature of dark matter using its interactions with the Standard Model. This includes
direct production at colliders and fixed-target experiments, scattering at direct detection
experiments, and indirect detection of annihilation products. Over the years, there have
been tantalizing hints in various experiments; while many of these signals have vanished due
to increased statistics or a better understanding of systematic uncertainties, some signals,
such as the Galactic Center Excess (GCE), have persisted for over a decade.

In astrophysical settings, the Galactic Center is expected to have some of the largest
dark matter densities, and is therefore one of the most promising targets for indirect
searches. The GCE is a statistically significant excess of gamma rays at energies of

– 1 –



J
H
E
P
0
3
(
2
0
2
1
)
1
2
3

∼ 2–3GeV observed in the Galactic Center by the Fermi Gamma Ray Space Telescope [1].
As pointed out by [2–8], the GCE could be explained by a thermal WIMP annihilating
to Standard Model particles. To truly confirm such a hypothesis, it is crucial to observe
a signal in other indirect channels. In fact, it is possible that AMS-02 is observing an
antiproton excess [9] at a concordant energy range [10–13], though the existence of this
excess is not as well established [14, 15]. While promising, it has also been suggested that
the GCE signal could be generated by millisecond pulsars [16, 17]. In recent years, the de-
bate surrounding the origin of the GCE has intensified [18–33]. New measurements in the
coming decade and a better theoretical understanding of Galactic diffuse emission models
will help settle this debate, but until then, the origin of the GCE remains unknown and
dark matter annihilation remains a viable explanation.

As discussed in [7, 8], the GCE can be well described by dark matter annihilations,
particularly to bb̄. This has fostered the development of many dark matter models with
WIMP-like annihilation mechanisms, which are too numerous to review here (see [34]
for a review). Of these, models with pseudoscalar s-channel mediators are particularly
well-motivated because they are neutral and can evade direct detection constraints. In
particular, if the dark matter lives close to resonance, the annihilation cross section can be
boosted enough to explain the GCE [35–42]. While much of the previous work relies on the
introduction of a new pseudoscalar mediator, the authors of [43] proposed an interesting
alternative. In their setup, the dark sector is connected to the visible sector via a CP-
violating coupling to the Higgs, which allows annihilation and spin-independent scattering
to be governed by different parameters. In principle, the CP-violating coupling can generate
a viable thermal relic candidate even away from the resonance, by suppressing the scattering
rather than enhancing the annihilation. However, in [43], the authors consider specific
model realizations within the context of supersymmetry where the benchmark best fit
model still has the dark matter mass very close to half the Higgs mass.

In this work, we extract the key ingredients of their model, namely a Majorana dark
matter candidate with CP-violating coupling to the Higgs, and explore the extent of freedom
away from the mass resonance that can be achieved with larger CP-violating couplings. We
see that for large enough coupling in the dark matter EFT, there is O(10)GeV flexibility
for the dark matter mass when the phase is approximately π/2.

We also consider and explore the phenomenology of two different minimal UV re-
alizations of this scenario: singlet-doublet dark matter [44–54] and doublet-triplet dark
matter [49, 51, 54, 55]. We study both how these models translate to EFT parameters,
and constraints governing these UV realizations, including contributions to the electron
electric dipole moment (EDM), the Peskin-Takeuchi parameters, as well as possible col-
lider signatures. We find that while the dark matter mass and CP-violating phase are
independent parameters in the EFT, their dependence in the UV completion is quite non-
linear since the Yukawa coupling directly affects the dark matter mass. Specifically, it
is difficult to achieve the phase tuning scenario without also tuning the mass in the UV
completion, because the large couplings that are required to generate the annihilation cross
section when away from resonance also change the dark matter mass. Additionally, we find
that the amount of CP-violation in the UV may not be reflective of that observed in the
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EFT. In the singlet-doublet case, we find two different types of viable parameter space.
When the UV couplings are small, both the singlet mass in the UV and the dark matter
mass must be very close to mh/2, but the phase is flexible. When the UV couplings are
larger, parameters must be chosen such that both the phase of the dark matter-Higgs cou-
pling and the dark matter mass must be somewhat tuned, but there is more flexibility in
the dark matter and singlet masses than in the small coupling case. In the doublet-triplet
model, we find that EDM, spin-independent direct detection, and charged fermion collider
search constraints are sufficient to rule out any WIMP-scale annihilation signal.

The rest of this paper is organized as follows. In section 2, we discuss the effective
field theory of Majorana dark matter interacting with the Standard Model through a CP-
violating Higgs coupling. The EFT parameters dictate the annihilation and scattering cross
sections which are broadly applicable independent of specific UV completions. In section 3,
we UV complete the EFT by introducing a singlet Majorana fermion and a doublet Dirac
fermion. In section 4, we consider another UV completion by introducing a doublet Dirac
fermion and a triplet Majorana fermion. We discuss the strong constraints placed on each
of these models by a variety of complementary experimental probes such as the electron
EDM, precision electroweak parameters, and collider searches. Finally, we offer concluding
remarks in section 5.

2 Model independent constraints in the effective theory

In this section we take an effective field theory approach and focus on the phenomenology
of a single species of Majorana dark matter which couples to the visible sector via a CP-
violating Higgs portal. After spontaneous symmetry breaking (SSB), the corresponding
terms in the Lagrangian are given by

L 3 yhχ

2
√

2
hχ̄PLχ+

y∗hχ

2
√

2
hχ̄PRχ+ gZχ

2 Zµχ̄γ
µγ5χ (2.1)

where the CP-violation manifests in the complex nature of dark matter-Higgs coupling yhχ.
Furthermore, we have also allowed for a coupling gZχ to the Z boson.1

As in all WIMP-type solutions to the GCE, the burden of the model is to reconcile
the O(1) pb annihilation cross section necessary to achieve both the observed gamma-ray
excess and the dark matter relic density, with the O(10−10) pb bounds on spin-independent
scattering with nucleons from direct detection experiments. Traditionally, this is achieved
for Higgs-portal dark matter by tuning the dark matter mass to the s-channel resonance
2mχ ∼ mh, but an additional avenue is available in the case of our model.

In the non-relativistic limit, two Majorana fermions form a CP-odd state, so annihi-
lation into the CP-even Higgs through a CP-conserving coupling is p-wave suppressed. It
then follows that if the coupling is complex, the annihilation in this limit is dominantly set
by the imaginary part of yhχ, which is reflected in the result we obtain in equation (2.4).
Conversely, the dark matter scattering off of the nucleon (or quark) does not require any
CP-violation since the initial and final states have the same CP properties, and thus we

1χ does not have a vector current coupling because χ̄γµχ vanishes identically for Majorana fermions.
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expect the spin-independent scattering cross section to be proportional to the real part
of yhχ. This is reflected in the result we obtain in equation (2.13). Therefore, the phase
of the Higgs coupling can also contribute to a large hierarchy between the scattering and
annihilation cross sections. With this intuition, we describe the details and corresponding
phenomenology of this theory in the remainder of this section.

2.1 Annihilation

Annihilation is mediated by both the Higgs and the Z boson through an s-channel diagram.
The dark sector couplings contributing to dark matter annihilation into SM fermions are
given in equation (2.1), and the visible sector couplings have the form

L 3
∑
f

yhf√
2
hf̄f + gZfZµf̄γ

µ(vf − afγ5)f. (2.2)

The couplings are given by their SM values

yhf = −
√

2mf

v
, gZf = e

2 cos θw sin θw
, vf = I3 − 2Q sin2 θw, af = I3, (2.3)

where v is the Higgs vev, θw is the Weinberg angle, and mf , I3, and Q are the mass, weak
isospin, and electric charge of the fermion respectively. In the non-relativistic limit, the
total spin-averaged amplitude squared for annihilation can be written as

|M|2
χχ→ff̄ = 4m2

χ

[
m2
f

m4
Z

g2
Zfg

2
Zχa

2
f + y2

hf Im[yhχ]2
(m2

χ −m2
f )

(m2
h − 4m2

χ)2 +m2
hΓ2

h

]
, (2.4)

where Γh denotes the width of the Higgs. The Higgs mediated piece depends only on the
imaginary part of the coupling as expected. The cross section is correspondingly given by

〈σv〉 =
∑

mf≤mχ

Nc

√
m2
χ −m2

f

64πm3
χ

|M|2
χχ→ff̄ . (2.5)

If the dark matter is a thermal relic, then the present-day dark matter abundance,
Ωχh

2 = 0.11, sets the annihilation cross section at the time of freeze-out, which is the
well-known O(1) pb weak-scale cross section [56–67]. Recent work [68, 69] has shown that
for models with a hierarchy between annihilation and scattering strengths, early kinetic
decoupling before freeze-out alters this number, requiring a larger cross section to achieve
the observed abundance. At most extreme, a ∼ 20 pb annihilation cross section may be
needed for a ∼ 57GeV dark matter with purely imaginary couplings, though this is quite
sensitive to the details of the QCD phase transition. However, this effect is significantly
weaker for masses & mh/2, so we do not take our annihilation cross section to be this large.

At present, dark matter annihilation is expected to produce a distribution of gamma-
rays whose flux is given by

d2Φγ

dΩdEγ
= 1

2〈σv〉

∑
f

dNγ

dEγ
Brχχ→ff̄

∫
los

ρ2
χ(r)d`
4πm2

χ

, (2.6)
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where Brχχ→ff̄ denotes the branching ratio to the ff̄ final state, and dNγ/dEγ its corre-
sponding injection spectrum. ρχ(r) denotes the dark matter halo profile and is integrated
over the line-of-sight to the Galactic Center. It has been shown that the Fermi GCE data
is well-modeled by a Higgs portal dark matter with a cross section 〈σv〉 ∼ 3 pb, assuming
a modified NFW profile [3]. As the precise best fit depends on many details, including the
galactic profile and background modeling [70], in conjunction with the modeling uncertain-
ties of the thermal relic argument, we will consider here a range of cross sections 〈σv〉 from
1 to 10 pb to be in concordance with both the GCE and the relic abundance.

2.2 Direct detection

In contrast with annihilation, processes relevant for direct detection occur below the weak
scale and should be considered in terms of effective interactions with target nuclei. Much
of the subsequent discussion follows [71]. At momentum transfers t� m2

Z , the interactions
in equations (2.1)–(2.2) are rewritten as the following dimension-6 operators

L 3CS
m2
h

χ̄χf̄f + CPS
m2
h

χ̄γ5χf̄f + CV
m2
Z

χ̄γµγ5χf̄γµf + CPV
m2
Z

χ̄γµγ5χf̄γµγ
5f (2.7)

with CS , CPS , CV , and CPV denoting the scalar, pseudo-scalar, vector, and pseudo-vector
pieces of the quark-gauge couplings respectively. The contributions governed by CPS and
CV are velocity-suppressed and we neglect them in the following. After matching to the
UV theory, the coefficients are given by

CS = 1
2Re[yhχ]yhf CPV = gZχgZfaf . (2.8)

In the zero momentum transfer limit, the nucleon-level operators are matched to the quark-
level ones via form factors

〈N(p)|f̄γµγ5f |N(p′)〉 = ūN (p)
[
∆f,N

1 (q2)γµγ5
]
uN (p′) (2.9)

〈N(p)|f̄f |N(p′)〉 = mN

mf
fNf ūN (p)uN (p′) (2.10)

where N represents a nucleon (a proton or neutron), q = p′ − p denotes the momentum
transfer, and the form factors are listed in table 1. We have neglected higher order terms
in q2. For the scalar term specifically, the heavy quarks also contribute via a gluon loop.
After integrating out heavy quarks, the relevant operator for each flavor appears as

− CS
m2
h

αs
12πmf

χ̄χGµνGµν . (2.11)

To match to the nucleon-level picture the following matrix element is taken into account

〈N(p)|GµνGµν |N(p′)〉 = − 8π
9αs

mNf
N
g ūN (p)uN (p′). (2.12)

In terms of the quark-level couplings, the nucleon-level spin-independent cross section is
given by

σSI =
m2
Nm

2
χ

4π(mχ +mN )2

Re[yhχ]
m2
h

 ∑
f∈u,d,s

yhf
mN

mf
fNf +

∑
f∈c,b,t

yhf
2
27
mN

mf
fNg

2

. (2.13)
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∆N,u
1 ∆N,d

1 ∆N,s
1 fNu fNd fNs fNg

Protons 0.80 −0.46 −0.12 0.018 0.027 0.037 0.917
Neutrons −0.46 0.80 −0.12 0.013 0.040 0.037 0.910

Table 1. Here we show the light quark and gluon form factors for the proton and neutron. These
values come from [72–75] and are summarized in [71].

As discussed earlier, the cross section only depends on the real part of the Higgs
coupling. Furthermore, the dependence on the coupling to the Z boson vanishes in the
q → 0 limit. Likewise the spin-dependent cross section is given by

σSD =
3m2

Nm
2
χ

π(mχ +mN )2

 gZχ
4m2

Z

∑
f∈u,d,s

gZfaf∆N,f
1

2

. (2.14)

2.3 Results and discussion

In this subsection we examine the phenomenology of the effective theory, and discuss the
regions of parameter space where a high annihilation and low scattering cross section
can be achieved — specifically we are interested in an annihilation cross section between
approximately 1 and 10 pb to fit the GCE and a scattering cross section consistent with
direct detection experiments. For spin-independent scattering, the strongest limits come
from XENON1T [76, 77], while for spin-dependent scattering, the strongest limits come
from both XENON1T [79] and PICO [80, 81]. LZ [78] and XENONnT [82] are projected to
improve on current limits within the parameter space of interest. The projected limits are
comparable, so we show only one in our figures for clarity. We omit limits from IceCube [83],
LUX [84, 85] and PandaX-II [86] because they are slightly weaker than those we’ve shown
for O(60)GeV dark matter. For the spin-independent constraints, we consider only dark
matter-proton scattering because in this case the difference between proton and neutron
cross sections is negligible.

First we review which masses and coupling magnitudes are in general concordance with
scattering constraints and annihilation requirements. Typical couplings that can generate
an annihilation cross section of ∼ 1 pb are shown in equation (2.15) for two different dark
matter masses. In equation (2.16), we show approximate couplings and masses that are
consistent with direct detection constraints.[〈σv〉

1 pb

]
=
[

mχ

80GeV

]2
[

4m2
χ −m2

h

104 GeV2

]−2 [
yhχ sinφhχ

1.0

]2

=
[

mχ

62.5GeV

]2
[

4m2
χ −m2

h

50GeV2

]−2 [
yhχ sinφhχ

0.007

]2
(2.15)

[
σSI

10−10 pb

]
=
[
yhχ cosφhχ

0.02

]2

[
σSD

10−5 pb

]
=
[
gZχ
0.01

]2 (2.16)
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Figure 1. The ratio between annihilation and spin-independent direct detection cross sections on
the mχ−φhχ plane for different values of |yhχ|. The region allowed by direct detection is inside the
solid XENON1T [76, 77] constraint line, while the region allowed by annihilation is between the
solid 1 pb and 10 pb lines. We also show projected limits from LZ [78] as dashed lines. Note that
the axis scales on the two plots are different. We assume mh = 125.2GeV here and throughout this
paper. The left plot shows the mass resonance with small yhχ, for which the dark matter mass must
be tuned to within less than a GeV of the pole, but there is some flexibility in the phase. The right
plot shows the phase tuning: away frommh = 2mχ a large coupling is required to achieve a sufficient
annihilation cross section, but tuning the phase near π/2 avoids direct detection limits despite the
large coupling. In this case, the flexibility of the allowed mass range changes to O(10)GeV. Both
of these plots include a small non-zero Z coupling that is consistent with spin-dependent direct
detection constraints. The limits are similar for vanishing Z coupling.

We remind the reader that the free parameters of the theory are mχ, gZχ, and the
complex coupling yhχ with phase φhχ. While gZχ and Im[yhχ] set the annihilation cross
section, only Re[yhχ] sets the magnitude of scattering. In order to generate a large enough
annihilation cross section while avoiding direct detection constraints, Higgs portal dark
matter models typically tune the dark matter mass close to half the Higgs mass [35–
41, 43, 87]. While tuning the mass is one way to generate the correct ratio in this model,
we emphasize that in the EFT, the correct ratio can also be obtained for a wider mass range
by increasing the magnitude of the Higgs coupling while tuning the phase, φhχ, of the Higgs
coupling close to π/2 to suppress direct detection constraints. This is illustrated in figure 1,
which plots annihilation and spin independent direct detection constraints in the mχ−φhχ
plane for different magnitudes of the Higgs couplings. We can see that near the mass
resonance, a small Higgs coupling (∼ 0.02) is sufficient to generate the annihilation cross
section and the phase does not need to be near π/2 to avoid direct detection constraints.
However, with phase tuning, the larger Higgs coupling required to generate the correct
annihilation cross section away from resonance is allowed because direct detection only
constrains the real part of yhχ. This widens the mass range considerably to O(10)GeV.
Even for the mass resonance, the coupling cannot be purely real, because the leading
velocity dependent term is not large enough to generate the required annihilation cross
section given the finite Higgs width. See appendix A for more details. Note that while
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Figure 2. Spin-dependent direct detection limits as a function of dark matter mass and dark
matter-Z coupling. Constraints are close to horizontal because the spin-dependent cross section
depends on the reduced mass. For neutrons, XENON1T [79] is the strongest model independent
constraint. For protons, PICO [80, 81] provides a slightly stronger constraint. Additionally, we
show projected limits from LZ [78].

in principle a large pseudo-vector Z coupling could also generate a sufficient annihilation
cross section, this is constrained by spin-dependent direct detection constraints, as shown
in figure 2. Within the range of Z couplings allowed by direct detection, the effect on the
allowed annihilation signal is negligible.

3 Singlet-doublet model

A well-motivated way to UV complete the dark matter EFT provided in section 2 in a
gauge invariant manner is to introduce additional particles charged under GSM. In this
section, we discuss a simple potential UV completion, where the only additional particles
we introduce to the Standard Model are a singlet Majorana fermion and a doublet Dirac
fermion. This model has previously been discussed in other contexts in [44–54].

3.1 Model in the UV

We start by establishing notation and describing the model. The model contains a singlet
Majorana fermion ψ1 and an additional SU(2) doublet Dirac fermion with hypercharge
1/2. We describe the SU(2) doublet with two left handed Weyl fermions ψ2 (with neutral
component ψ0

2 and charged component ψ1
2) and ψ̃2 (with neutral component ψ̃0

2 and charged
component ψ̃−1

2 ). All new fermions are SU(3) singlets. The Lagrangian for this model is

L = LSM + Lkinetic −m2ψ2 · ψ̃2 −
m1
2 ψ1ψ1 + Y ψ1H

†ψ2 − Ỹ ψ1H · ψ̃2 + h.c. (3.1)

As we introduce three new fields and four free parameters, there is one remaining physical
phase. We make the choice to fix each of the Yukawa terms to the same phase, which
carries the CP-violation,

Y ≡ y eiδCP /2, Ỹ ≡ ỹ eiδCP /2. (3.2)
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After SSB, the mass terms are written as

Lmass =−m2
(
ψ̃−1

2 ψ1
2 − ψ̃0

2ψ
0
2

)
− m1

2 ψ1ψ1 + v

2y eiδCP /2ψ1ψ
0
2 + v

2 ỹ eiδCP /2ψ1ψ̃
0
2 + h.c.

(3.3)

Let us define ψs2 ≡ 1√
2(ψ0

2 + ψ̃0
2) and ψd2 ≡ 1√

2(ψ0
2 − ψ̃0

2) to be the two Majorana
fermions that constitute the neutral Dirac fermion {ψ0

2, ψ̃
0
2}. The mass eigenstates thus

result from the mixing of the doublet and singlet Majorana fermions, ψi = (ψs2, ψd2 , ψ1)i.
We will denote the mass eigenstates χi = (χ, χ1, χ2)i, the lightest of which, χ, is the dark
matter candidate. Then

Lmass = −m2ψ̃
−1
2 ψ1

2 −
1
2ψiMijψj , (3.4)

whereM is the mass matrix. This basis change is governed by J , the matrix of eigenvectors
that diagonalizes both M †M and M , phase rotated such that JTMJ has real eigenvalues.
After diagonalizing, the Higgs Yukawa couplings are

LHiggs = 1
2hχi[J

TUhJ ]ijχj + h.c. (3.5)

where

Uh =


0 0 (Y+Ỹ )

2
0 0 (Y−Ỹ )

2
(Y+Ỹ )

2
(Y−Ỹ )

2 0

 . (3.6)

Since one of the new fermions is an SU(2) doublet, the new fermions also couple to
the electroweak gauge bosons. The Z couplings are

LZ = χ†i [J
†UZJ ]ijZσχj + gZ(cos2 θW − sin2 θW )

(
ψ1†

2 Zσψ
1
2 − ψ̃

−1†
2 Zσψ̃−1

2

)
(3.7)

while the W couplings are

LW = χ†i [bJ
∗]iW+σψ̃−1

2 + ψ1†
2 W

+σ[aJ ]jψj + h.c. (3.8)

where g is the SU(2) gauge coupling, g′ is the U(1) hypercharge gauge coupling, θW is the
Weinberg angle, and gZ ≡

√
g2 + g′2/2. Here, ai = (g/2, g/2, 0)i, bi = (g/2,−g/2, 0)i and

UZ =

 0 −gZ 0
−gZ 0 0

0 0 0

 . (3.9)

The dark matter candidate χ obtains the couplings seen in the EFT via mixing between
the singlet and doublet. The strength of these couplings can be adjusted by altering the
makeup of the lightest Majorana fermion. The theory at this level is fully specified by
five degrees of freedom: the singlet mass m1, the doublet mass m2, the doublet Yukawa
coupling magnitudes {y, ỹ} and the associated CP-violating phase δCP .

– 9 –



J
H
E
P
0
3
(
2
0
2
1
)
1
2
3

40 50 60 70 80 90 100
m1 [GeV]

1000

2000

3000

4000
m

2 [
Ge

V]

yy=-0.25

yy=-0.25

yy=-0.375

yy=-0.375

yy=-0.5

yy=-0.5

y2 y2= 0.2, CP= 1.5

m = mh/2
h = ± /2

40 50 60 70 80 90 100
m1 [GeV]

1000

2000

3000

4000

m
2 [

Ge
V]

CP=1.1
CP=1.1

CP=1.3

CP=1.3

CP=1.5

CP=1.5

yy= -0.375, y2 y2= 0.2m = mh/2
h = ± /2

Figure 3. Plots show EFT coupling phase and dark matter mass as a function of m1 and m2 for
different values of y, ỹ, and δCP . Left: δCP is fixed to 1.5 while yỹ is varied. Right: yỹ is fixed to
−0.375 while δCP is varied. The shaded regions give a sense of the width of the regions of interest:
60 GeV ≤ mχ ≤ 65 GeV and 1.55 ≤ φhχ ≤ 1.60. We can see that changing yỹ has a minimal effect
on mχ at large m2 but strongly affects which masses correspond to the central value of φhχ = π/2.
yỹ also affects the smallest value of m2 that can lead to a mass resonance. Changing δCP has a
larger effect on which m1 is required to get the mass resonance, and also affects the width of the
φhχ = π/2 band in addition to the position of its central value.

3.2 Translating to the EFT

Now we discuss how the EFT parameters gZχ,mχ, and yhχ depend on the UV parameters
y, ỹ,m1,m2, and δCP . We focus mostly on the region where m2 is large, but also comment
on the more general case.2 Since the theory has a charged fermion with mass m2, parameter
space with small m2 will generically be ruled out by collider constraints [88, 89]. EDM and
electroweak constraints are likewise more stringent in this regime.

Figure 3 shows the EFT mass and phase as a function of m1 and m2 for different values
of the UV coupling magnitudes and phase. On the left we show multiple values of yỹ for
fixed δCP while on the right we show multiple values of δCP for fixed yỹ. In both cases, we
can see that only a narrow range in m1 translates to dark matter with mass near the mass
resonance. When m2 is large, the lightest fermion is mostly m1. In this limit, mixing is
small, so to have the dark matter mass near the mass resonance, m1 must be fairly close
to half the Higgs mass. We can see that changing yỹ changes where φhχ = π/2 is located
but only has a minimal effect on which m1 value translates to the mass resonance. We can
also see that for the same m1, smaller yỹ requires a correspondingly smaller m2 to get dark
matter with mχ ≈ mh/2. Changing δCP also changes the location of φhχ = π/2 contour,
but additionally affects the m1 required to get the mass resonance and the width of the
φhχ ≈ π/2 band.

2We also omit the case where both m1 and m2 are large. In this case, extremely large couplings are
required in order to get dark matter with mass near mh/2. This means the δCP must be small to avoid
EDM constraints, which leaves us with φhχ mostly real and prevents us from simultaneously evading spin-
independent constraints.
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Figure 4. Diagram generating dark matter mass in the limit where m2 is large.

Figure 5. Plot of φhχ as a function of δCP for different values of m2. We note that as m2 increases,
the IR phase maps directly to the UV phase and φhχ ∼ δCP .

Figure 4 shows that the corrections to the mass scale as yỹv2/m2.3 This diagram also
tells us that φhχ = δCP in the large m2 limit, as long as mixing is small and the dark matter
mass comes mostly from m1 rather than the Higgs vev. This can also be seen in figure 5.
When the dark matter mass gets a large contribution from the Higgs vev the story is more
complicated: when yỹ and m1 have opposite signs, the Higgs contribution can cancel with
m1 at yỹ = −m2m1/v

2 to get a massless state. There is a mass resonance contour for
yỹ both larger and smaller than this value, which can be seen in figure 6. We might also
ask whether a small δCP in the UV can translate to φhχ ≈ π/2 in the IR and produce
an annihilation signal that evades both direct detection and EDM constraints. However,
from the same figure, we can see that although there is a point where small δCP translates
to φhχ ≈ π/2, it corresponds precisely to the massless state mentioned above and cannot
generate our annihilation signal. This is evidenced by all the phase contours converging at
the massless point, because when mχ is zero, we can freely rotate m1 to absorb the phase
in y since the phase is no longer physical.

In the small mixing and large m2 limit, there are two contributions to the Higgs cou-
pling: one where ψ1 mixes into ψs2 and one where it mixes into ψd2 , as shown in figure 7.
Each of these contributes (y± ỹ)2v/m2, with a relative minus sign between the two contri-
butions because we need to phase rotate ψs2 to have positive mass. This means the Higgs
coupling scales as yỹv/m2, which determines the scaling of the annihilation signal. This

3Although we need to phase rotate ψs2, the phase rotations in the couplings and mass insertion cancel out.
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Figure 6. Dark matter mass, EFT phase, and dark matter-Higgs Yukawa coupling as a function of
the UV parameters yỹ and δCP for different values of m2. In each plot we see a similar mass struc-
ture: we see a massless state when yỹ and m1 have opposite signs, and have a lightest fermion near
60GeV for both larger and smaller yỹ than this value. We can also see the scaling of both the EFT
mass and Higgs coupling with yỹ andm2. Note the different values on the yỹ axis in each of the plots.

ψ1

ψs,d
2

ψ1

h

y±ỹ
2 v

y±ỹ
2 →

χ

χ

hyỹ v
m2

Figure 7. Diagram that generates the dark matter-Higgs coupling in the limit where m2 is large.

can also be seen from the pink lines in figure 6. Note that this scaling breaks down once
the Yukawa contributions become the dominant contribution to the mass.

In the same limit, the dominant contribution to the Z coupling comes from figure 8,
which scales as gZ(y2 − ỹ2)v2/m2

2. Even away from this limit, we still get a vanishing Z
coupling for y = ỹ, because only one of the doublet states mixes with the singlet when
y = ỹ. For small m2, spin-dependent direct detection constraints require y ≈ ỹ, but
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Figure 8. Diagram that generates the dark matter-Z coupling in the limit where m2 is large.

Figure 9. Plot of gZχ as a function of y2 − ỹ2 for different values of m2. gZχ increases with
increasing y2 − ỹ2 and decreases with increasing m2, corroborating the scaling derived from the
diagrams in figure 8.

for m2 & 500GeV this constraint becomes irrelevant, since the Higgs coupling (which
determines the annihilation signal) scales as m−1

2 while the Z coupling scales as m−2
2 . This

can be seen in figure 9.

3.3 Constraints

In this section, we discuss the experimental constraints that apply to the singlet-doublet
model. We focus on constraints that apply directly to the parameters in the UV theory,
including discussing their scaling in the large m2 limit.

3.3.1 Electric dipole moment

Any new source of CP-violation in a given model can lead to additional contributions to
electric dipole moments. Since our model contains new CP-violating couplings to the Higgs,
we expect electron EDM constraints to be relevant for our model. For small m2, the EDM
limit will be one of the strongest on our model, since the EDM is precisely constrained to
be below 1.1× 10−29 e cm [90].

For the singlet-doublet model above, the only relevant diagram is the Barr-Zee diagram
with W bosons in the outer loop [91], displayed in figure 10. There are no other Barr-Zee
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ỹv yv

Figure 10. Leading contribution to the non-zero Barr-Zee diagram in the large m2 limit. In this
limit, we can work perturbatively in the gauge basis. The relevant W couplings are the coefficients
of χ†21

√
g

2 W
−χ20 and χ̃†20

√
g

2 W
+χ̃2−1.

diagrams with Higgs or Z legs; since CP-violation is only in the neutral sector of this model
and a charged particle is necessary to radiate a photon, the inner loop must contain both a
neutral and charged particle. Additionally, there are no other non-Barr-Zee diagrams that
contribute to the EDM at 2 or fewer loops. For any non-Barr-Zee diagrams to contribute,
there would have to be a CP-odd correction to a gauge boson or Higgs propagator. With
only a single external momentum, it is impossible to contract with an epsilon tensor and
make a non-vanishing CP-odd Lorentz invariant.

To compute the value of the relevant Barr-Zee diagram, we use a simplified version
of equation 21 in [92], where we have neglected the neutrino mass, approximated lepton
couplings as flavor diagonal, and used the fact that one of the fermions in the loop is
neutral:

de
e

= − g2

(4π)4

∑
i

Im([aJ ]∗i [bJ∗]i)
(
mcmn,ime

M4
W

)
G(xc, xi, 0). (3.10)

Here, xα = m2
α/M

2
W and G(a, b, c) is defined as

G(a, b, c) = 1
1− c

∫ 1

0

dx

1− x

(
c

z − c
log

(
c

z

)
+ 1

1− z log
(1
z

))
(3.11)

with
z(x, a, b) = b

x
+ a

1− x. (3.12)

Recall from section 3.1 that couplings ai and bi parameterize the W boson couplings to
the inner loop fermions in the gauge basis, which are given in equation (3.8), and J is the
change of basis matrix.
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When m2 is large enough that we can integrate out the doublet and mixing is small,
the dominant contribution to the EDM comes from figure 10, since each helicity of charged
fermion couples to a different neutral doublet component and mixing with the singlet is
necessary to generate CP-violation. This contribution scales as yỹv2/m2

2. The m2 scaling
follows from dimensional analysis: three factors of m2 from the integral measure cancel
with three of the five factors of m2 from the propagators.4

3.3.2 Electroweak parameters

Here we consider constraints from electroweak precision measurements, where deviations
from the SM are parametrized by oblique parameters S, T, U,W , and Y [93, 94], defined
in equations (3.13)–(3.17).

S ≡ 4c2s2

αe

[
Π′ZZ(0)− c2 − s2

cs
Π′Zγ(0)−Π′γγ(0)

]
(3.13)

T ≡ 1
αe

[
ΠWW (0)
m2
W

− ΠZZ(0)
m2
Z

]
(3.14)

U ≡ 4s2

αe

[
Π′WW (0)− c

s
Π′Zγ(0)−Π′γγ(0)

]
− S (3.15)

W ≡ m2
W s

2c2

8παe

[
Π′′ZZ(0) + 2s

c
Π′′Zγ(0) + s2

c2 Π′′γγ(0)
]

(3.16)

Y = m2
W s

2

8παe

[
c2Π′′γγ(0) + s2Π′′ZZ(0)− 2scΠ′′γZ(0)

]
(3.17)

The masses and couplings are evaluated at m2
Z and c and s are cos θW and sin θW respec-

tively. ΠXX represents the new particles’ contribution to the vacuum polarization of the
gauge boson X at 1-loop, computed in MS scheme under the convention shown in figure 11.

To lend intuition, we note that T parametrizes custodial SU(2) breaking inherent in
the asymmetry within the doublet terms; in our theory this manifests in the difference in
Yukawa couplings y and ỹ. U is the derivative of T , and thus is typically smaller. All these
parameters fall off with increasing m2.

The most recent constraints, at 95% CL, from the LHC yield

S = −0.01± 0.10 T = 0.03± 0.12 U = −0.01± 0.10 (3.18)

with correlations +0.92 between S and T , -0.80 between S and U , and -0.93 between T

and U [95]. W and Y are measured to be

W = (−2.7± 2.0)× 10−3 Y = (4.2± 4.9)× 10−3 (3.19)

with correlation −0.96 [96], though we find these to be subdominantly constraining for this
theory.

4The ψ1 propagator also scales as m−1
2 since p = m2 � m1.
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= iΠXX(p2)gµν

Figure 11. New particles that couple to the Standard Model gauge bosons contribute to the
vacuum polarization at 1-loop through this diagram. The Xµ represents an electroweak gauge
boson. We ignore the pµpν terms since they aren’t relevant for equations (3.13)–(3.17).

3.3.3 Collider experiments

Constraints from many collider searches (in particular SUSY searches) can be applied
to this model. Specifically, we consider those searches included in the database of the
publicly available SModelS version 1.2.4 software [97–105]. To generate the necessary
input, we use SARAH 4.14.3 [106–108] to create modified versions of SPheno [109, 110]
and Madgraph [111, 112] which include the singlet and doublet. Then we use this version
of SPheno at tree level to compute the spectrum and branching ratios for SModelS and
the run card for Madgraph, which was used to obtain the production cross sections that
SModelS also needs as input. These constraints are combined into a single exclusion limit
labeled LHC when included in our plots. In addition to this constraint, we also show the
constraint from invisible Higgs decay. We do not include the constraint from invisible Z
decay, since it is not kinematically allowed in the parameter space of interest.

3.4 Full exclusion limits and discussion

Finally, combining all of these constraints, we examine the remaining parameter space for
singlet-doublet dark matter that has the desired amount of annihilation. Our results are
shown in figures 12 and 13. We find that in all cases, some tuning of the parameters is
required, but that there is flexibility in which UV parameters we need to tune.

As in the EFT, in order to achieve a pure mass resonance (and not have to tune
the EFT phase) we need small couplings. This can be seen in figures 12a and 12b. The
spin-independent constraints are weak for small couplings, regardless of δCP or the EFT
phase. Other constraints are even less restrictive, except for the EDM at very large δCP .
Since the couplings are small, m1 must be tuned near mh/2 in order to achieve a sufficient
annihilation signal, but there is flexibility in the value of m2, as can be seen in figure 13a.
This is the region of parameter space that is relevant for the best fit in [43].

If instead we choose our parameters so that we allow the EFT phase to be tuned near
π/2, there is other viable parameter space with larger couplings. Here, we have slightly
more flexibility in m1 (which still needs to be roughly 60–70GeV), but m2 must be large
(m2 & O(1)TeV) to avoid EDM, electroweak, and collider constraints. This can be seen
in figure 13b. Additionally, to achieve an EFT phase near π/2 and avoid spin-independent
constraints, generally δCP & 1. Note that limits from spin-dependent scattering can be
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Figure 12. Full constraints on the model parameter space in the yỹ − δCP plane, for different
values of m1 and m2. In this and subsequent plots the shaded regions denote parameter space ruled
out by experimental bounds [76, 77, 90, 113]. For annihilation, we include both an upper and lower
bound. Other constraints are not relevant for these slices of parameter space. Spin-dependent direct
detection constraints in particular are weak since y2 − ỹ2 is small. Dotted lines indicate proximity
to mass resonance and pure imaginary EFT coupling: the green dotted lines bound a region with
dark matter mass 60GeV ≤ mχ ≤ 65GeV, the yellow with EFT phase 1.55 ≤ φhχ ≤ 1.6. In Figures
(a) and (b) we show that viable parameter space can be found at small couplings, corresponding
to a pure mass resonance with flexibility in φhχ. In this case, smaller values of m2 are allowed but
m1 must be close to mh/2. Figures (b)–(d) also show allowed parameter space for larger couplings:
(b) shows m1 ≈ mh/2; (c) and (d) show m1 further away from mh/2 for two different values of m2.
In all of (b)–(d), viable parameter space requires m1 ≈ 60–70 GeV, δCP & 1, and φhχ ≈ π/2.
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Figure 13. Similar to figure 12, in slices of the m1 −m2 plane and for different values of yỹ and
δCP . We show the same constraints as figure 12 and constraints from [79–81, 95–105]. Dotted lines
around the critical mass and phase values give a guide towards the proximity of any viable space
to mass resonance and pure imaginary EFT coupling: the green dotted lines bound a region with
dark matter mass 60GeV ≤ mχ ≤ 65GeV, the yellow with EFT phase 1.55 ≤ φhχ ≤ 1.6. The left
shows the case of a mass resonance with small couplings, where m2 down to ∼ 500GeV is allowed.
The right shows the case of larger couplings, where we need m2 & O(1)TeV. We omit light charged
fermion constraints since small m2 is already ruled out.

avoided, since they vanish when y = ±ỹ. This part of parameter space generally requires
proximity to both the mass resonance and the phase π/2 line. However, there is still some
flexibility in both values; masses mχ > 65GeV and phases φhχ < 1.5 are allowed in these
intersections, albeit not simultaneously. Unlike in the case of the EFT, it is very difficult to
tune only the phase because we cannot make couplings arbitrarily large without affecting
the mass spectrum, as we saw in section 3.2.

Figures 12b–12d shows several examples of this. In figure 12b, we can see the case
where we still choose m1 to be near mh/2 but allow larger couplings. If instead we choose
m1 further away from mh/2, the only viable parameter space requires large couplings
in order to get the dark matter mass sufficiently close to resonance. This is shown in
figures 12c and 12d. Comparing these two plots, we can see that there is more flexibility
in δCP and larger required coupling values for higher m2, because higher m2 changes the
shape of the EFT phase π/2 contour. Specifically, there is more overlap between φhχ near
π/2 and the annihilation signal in the large m2 case since the condition φhχ = π/2 becomes
less dependent on yỹ at larger m2.5

5This is because the φhχ = π/2 contour always goes through the massless state that exists for negative
yỹ, which occurs at larger couplings for larger m2. All phase contours go through this point since the phase
becomes unphysical when the lightest state is massless.

– 18 –



J
H
E
P
0
3
(
2
0
2
1
)
1
2
3

4 Doublet-triplet model

In this section, we describe another potential UV completion, doublet-triplet dark matter.
This model includes the addition of a doublet Dirac fermion and a triplet Majorana fermion
to the Standard Model. This model has been previously discussed in other contexts in [49,
51, 54, 55].

4.1 Model in the UV

We begin by describing our model and establishing the notation. This model contains a
Dirac doublet of two left handed Weyl fermions with hypercharge 1/2 (denoted by ψ2 and
ψ̃2 as in the singlet-doublet case) and a triplet of Majorana fermions (with components
ψ−1

3 , ψ0
3, ψ

1
3), all of which are SU(3) singlets. The Lagrangian is given by

L = LSM + Lkinetic −
1
2m3ψ3ψ3 −m2ψ2 · ψ̃2 − Y H†ψ3ψ2 − Ỹ (εH∗)†ψ3ψ̃2 + h.c. (4.1)

As in the singlet-doublet case, this theory also has a single physical phase, and we can
choose the same convention as the previous section to localize CP-violation to the Yukawa
couplings, where

Y ≡ y eiδCP /2, Ỹ ≡ ỹ eiδCP /2. (4.2)

Next we describe our notation after SSB. We denote the gauge basis neutral particles
by ψn = {ψ0

3, ψ
s
2, ψ̃

d
2} and the gauge basis charged particles by ψ+

c = {ψ+1
3 , ψ+1

2 } and
ψ−c = {ψ−1

3 , ψ̃−1
2 }. We label the neutral mass eigenstates χn = {χ, χ1, χ2} and the charged

mass eigenstates χ+
c = {χ+1

1 , χ+1
2 }, and χ−c = {χ−1

1 , χ−1
2 }. Each is ordered from least to

most massive, and χ again denotes the dark matter. We call the basis change matrices Jn
and J±c , which are defined by ψn = Jnχn, ψ±c = J±c χ

±
c . The phases of the eigenvectors are

chosen such that the mass eigenvalues are real. Then the mass terms are given by

Lmass = −1
2χn[JTnMnJn]χn − χ−c [JT−McJ+]χ+

c + h.c. (4.3)

with

Mn ≡

 m3 (y − ỹ)v/2
√

2 (y + ỹ)v/2
√

2
(y − ỹ)v/2

√
2 −m2 0

(y + ỹ)v/2
√

2 0 m2

 , Mc ≡
(

m3 −yv/
√

2
−ỹv/

√
2 m2

)
.

(4.4)
The Higgs Yukawa couplings are

LHiggs = 1
2hχn[JTn YnJn]χn + hχ−c [JT−YcJ+]χ+

c + h.c. (4.5)

with

Yn ≡

 0 −(y − ỹ)/2
√

2 −(y + ỹ)/2
√

2
−(y − ỹ)/2

√
2 0 0

−(y + ỹ)/2
√

2 0 0

 , Yc ≡
(

0 y/
√

2
ỹ/
√

2 0

)
. (4.6)
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The Z couplings are

LZ = 1
2Z

µσ̄µχn[J†nUnJn]χn + Zµχ+
c σ̄µ[J†+U+J+]χ+

c + Zµχ−c σ̄µ[J†−U−J−]χ−c , (4.7)

with

Un ≡

0 0 0
0 0 −

√
g2 + g′2

0 −
√
g2 + g′2 0

 ,

U+ ≡

 g2√
g2+g′2

0 (g2−g′2)
2
√
g2+g′2

 , U− ≡

− g2√
g2+g′2

0

0 − (g2−g′2)
2
√
g2+g′2

 ,
(4.8)

while the W couplings are

LW = Wµ+χnσ̄µ[J†nD−J−]χ−c +Wµ−χnσ̄µ[J†nD+J+]χ+
c + h.c. (4.9)

with

D− ≡

g 0
0 g/2
0 −g/2

 , D+ ≡

−g 0
0 g/2
0 g/2

 . (4.10)

The charged fermions also couple to the photon with charge ±1.

4.2 Constraints

We treat most of the constraints in the doublet-triplet model similarly to those in the
singlet-doublet model. There are two exceptions that we discuss in more detail: the EDM
and collider constraints.

The EDM calculation differs from the singlet-doublet case because there are additional
diagrams. Like in the singlet-doublet case, the relevant contributing diagrams are all Barr-
Zee diagrams [91]. The diagram with charged W legs, shown in figure 10, that contributed
in the singlet-doublet case is still relevant, but for the doublet-triplet model there are two
additional relevant Barr-Zee diagrams: Zh and γh, shown in figure 14. There is still no γZ
contribution because in that case the same charged fermion runs through the entire loop,
leaving no place for CP-violation to enter since the diagonal Z coupling is real. We also
neglect the hh diagram since it is suppressed by two factors of the electron Yukawa. We
use the general forms of the Zh and γh contributions from [114],

dhVe = 1
16π2m2

h

∫ 1

0
dx

1
x(1− x)j

(
m2
V

m2
h

,
∆̃V

m2
h

)
gVe c

V
O

me

v
, (4.11)

where gVe is the electron coupling to Z or γ, v is the Higgs vev, and we define

j(r, s) = 1
r − s

(
rlogr
r − 1 −

slogs
s− 1

)
. (4.12)
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e− ν̄e e−

h γ, Z

γ

χc
j χc

j

χc
i χc

i

Figure 14. Additional class of Barr-Zee diagrams contributing to the electron EDM. χc is the
tuple of charged fermions in the mass basis. For the γh diagram, i = j, whereas for the Zh diagram,
we also have contributions where i 6= j.

cVO and ∆̃V are determined by the inner fermion loop which only contains charged fermions
for both γh and γZ. They are given by

cZO =− e

2π2Re
(
mi
cx

2(1−x)
(
gSijg

V ∗
ji +igPijgA∗ji

)
+(1−x)3mj

c

(
gSijg

V ∗
ji −igPijgA∗ji

))
,

∆̃Z = xmi
c+(1−x)mj

c

x(1−x) , cγO =−
e2gPjj
2π2 (1−x)mj

c, ∆̃γ = (mj
c)2

x(1−x) ,
(4.13)

where

gS = 1
2(JT−YcJ+ + J†+Y

†
c J
∗
−), gP = i

2(JT−YcJ+ − J†+Y †c J∗−),

gV = JT−U+J
∗
− + J†+U+J+, gA = JT−U+J

∗
− − J

†
+U+J+

(4.14)

are given in terms of the matrices defined in section 4.1. By definition, χj is the fermion
which radiates the on-shell external photon, and g∗ij = (gji)∗.

A key difference between the singlet-doublet and doublet-triplet cases is that in the
latter the mass of the lightest charged fermion is set by similar scales as those that set
the mass of the dark matter, and thus generically the lighest charged fermion mass is
O(100)GeV for the doublet-triplet model. This allows us to treat collider constraints
differently here than in the singlet-doublet case; we apply generic LEP constraints on
charged fermions rather than running the full collider pipeline we considered previously.
Specifically, charged fermions lighter than 92.4GeV are ruled out as long as the mass
splitting between the lightest neutral and lightest charged particle is ≥ 100MeV [88, 89].6

6If the lightest charged state is more than 3GeV heavier than the lightest neutral state, then there is
a stronger bound ruling out charged fermions up to mass 103.5GeV [89]. We use the smaller of the two
values for simplicity since it is sufficient for our purposes.
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ann SI EDM LEP
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Figure 15. Example where the magnitude of couplings y and ỹ are small, for different values
of m2 and m3. The left plot shows the values of the EFT parameters: dark matter mass, dark
matter-Higgs coupling phase, dark matter-Higgs coupling magnitude, and lightest charged fermion
mass. Regions around the mass and phase points of interest are shaded: 55GeV ≤ mχ ≤ 70GeV
and 1.3 ≤ φhχ ≤ 1.85. The right shows the annihilation signal and a subset of relevant constraints
including EDM [90], spin-independent direct detection [76, 77], and charged fermion constraints
from LEP [88, 89]. The annihilation signal appears as a single brown line because a viable annihi-
lation signal is only achievable in a tuned region of parameter space.

4.3 Full exclusion limits and discussion

Unlike in the singlet-doublet case, there is no viable parameter space in this model. In
order to show this, we consider three different cases. First, we discuss the case where
the magnitude of the couplings is small, for any phase. Then we discuss the case of large
coupling and large phase. Finally we discuss the case of large coupling but very small phase.

In the first case, parameter space is entirely ruled out by charged fermion constraints,
as we can see from figure 15. On the left, this figure shows the values of several EFT
parameters for fixed y, ỹ, and δCP and various values of m2 and m3. On the right, we show
the annihilation signal and a subset of constraints that are sufficient to rule out this region
of parameter space.7 From these plots, we can see that since the couplings are small, in
order to get a sufficient annihilation signal one of m2 orm3 must be & mh/2, with the other
UV mass larger. Since the magnitude of the couplings is small while the UV masses are
large, in this region there will only be a very small splitting between charged and neutral
fermions. Therefore, the parameter space here will be entirely ruled out by charged fermion
constraints from LEP. This occurs regardless of phase, though EDM constraints are also
strong enough to rule this out for larger phases.

7The other constraints from the singlet-doublet case still apply here, but we omit them from these plots
for clarity.
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ann SI EDM LEP
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Figure 16. Here we show plots where the magnitude of couplings y and ỹ are large and δCP is
also large, for different values of m2 and m3. The left plot shows the values of EFT parameters:
dark matter mass, dark matter-Higgs coupling phase, dark matter-Higgs coupling magnitude, and
lightest charged fermion mass. Regions around the mass and phase points of interest are shaded:
55GeV ≤ mχ ≤ 70GeV and 1.3 ≤ φhχ ≤ 1.85. The right shows the annihilation signal and a subset
of relevant constraints, and from here we can see that the combination of EDM constraints and spin-
independent constraints entirely rule out the parameter space generating a viable annihilation signal.

In the second case of large coupling and large phase, EDM constraints are typically
very strong. The only exceptions are if bothm2 andm3 are very large (which can’t generate
the necessary annihilation signal) or if one of m2 or m3 is very small. This is because in
the limit where one of m2 or m3 is exactly zero, the phase becomes unphysical since we
can rotate it away. In the limit where m2 is small, the lightest state will have mass even
less than m2 and the DM mass won’t be in the right mass range to generate the necessary
annihilation signal. But in the limit where m3 is small, if the couplings are large enough we
can potentially generate the right annihilation signal. However, since the physical phase is
small, the EFT phase will also be small, and spin-independent direct detection constraints
will always rule out any part of the annihilation signal that isn’t constrained by the EDM.
This can be seen in figure 16, which again shows various values of EFT parameters for
fixed y, ỹ, and δCP and different m2 and m3 values on the left, and the annihilation signal
and a subset of constraints on the right.

The third case of large magnitude coupling but very small phase is shown in figure 17.
The top plots show the case where y and ỹ are similar in magnitude, while the bottom
plots show a large splitting between y and ỹ. In both, the EFT coupling is mostly real
since the phase is small. There are two different trends depending on the magnitude of the
coupling. In both plots, we see regions where the magnitude of the EFT coupling is large,
and the annihilation signal is ruled out by spin-independent constraints. In the case of
small splitting, we also see a region where the EFT coupling is small (because the lightest
state doesn’t mix), which is unable to generate the necessary annihilation signal.
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Figure 17. Two examples where the magnitude of couplings y and ỹ are large and δCP is small, for
different values of m2 and m3. The top plots show the case where y and ỹ have similar magnitudes;
the bottom plots show the case where their magnitudes are very different. As in the other doublet-
triplet plots, the left plots show the values of various EFT parameters with shaded regions of
interest and the right plots show the annihilation signal and a subset of relevant constraints. The
annihilation signal appears as two brown lines on each plot, since the region of allowed masses is
so narrow. In both cases, spin-independent constraints rule out the signal. In the case where the
couplings are nearly equal, there is also a region where the lightest neutral state decouples, and
the dark matter-Higgs coupling is insufficient to generate the annihilation signal despite the dark
matter mass being close to mh/2.

5 Conclusion

Given that the GCE is one of the most persistent signals of potential new physics, it is
worth cataloging and understanding what could generate it. While there is still substantial
debate over the source of the GCE, one promising and well explored possibility is dark
matter annihilating to bb. In this work, we revisit the particular case where dark matter is a
Majorana fermion with a CP-violating Higgs coupling, which allows annihilation and spin-
independent scattering to be governed by different parameters. Specifically, the leading
contribution to annihilation is determined by the imaginary part of the coupling to the
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Higgs, while spin-independent scattering constraints depend primarily on the real part of
the coupling to the Higgs in the mass ranges we are interested in. We study the EFT of
this dark matter model for the GCE in detail, and find that while tuning the dark matter
mass very close to half the Higgs mass is one potential way to obtain a large enough signal,
tuning the phase of the Higgs coupling to make it near imaginary loosens this restriction
in the context of the EFT.

We also explore two potential UV completions: singlet-doublet dark matter and
doublet-triplet dark matter. In both, the story is more complicated than the EFT be-
cause the UV phase and mass are not independent parameters. Although more elaborate
supersymmetric realizations of a CP-violating Higgs portal have been discussed in [43], our
goal throughout this paper has been to gain a more detailed qualitative understanding of
the mechanism through simpler models. In particular, we have discussed the scaling of the
signal and various constraints with the different parameters in the simplified models, as
well as quantified how much tuning is necessary to explain the signal without running into
constraints. The singlet-doublet dark matter case is particularly interesting because it is
a minimal working example of how Majorana dark matter could explain the GCE through
the Higgs portal.

We find that in the minimal singlet-doublet case, there is still viable parameter space
when the doublet mass is much larger than the singlet mass. There are two viable regions
of parameter space for the singlet-doublet model. In the case where the UV couplings are
small, the tuning of the dark matter mass manifests as a tuning of the singlet mass, but
the restriction on both UV and EFT phase is loose. When the couplings are larger, the
doublet mass is required to be & O(1)TeV. The EFT phase, and often the UV phase as
well, must be close to pure imaginary to avoid spin-independent constraints, and the dark
matter and singlet masses also must still be relatively close to mh/2 to generate a sufficient
annihilation signal (though the allowed region is comparatively much wider).

Upcoming direct detection and EDM experiments, such as LZ, XENONnT and ACME,
will search through significant portions of the remaining parameter space. These two types
of probes combine to explore both the limits of minimal and maximal CP-violation, and
we expect to definitively rule out doublet masses below the TeV scale in the small coupling
case. In the more optimistic case of larger coupling, new experiments will be able to probe
doublet masses up to O(15)TeV or larger for some phases. In either case, this type of
model offers a range of complementary detection avenues that may combine to elucidate
the nature of annihilating dark matter.

In the doublet-triplet case, we do not find any viable parameter space. Spin-
independent and EDM constraints restrict the size of the real and imaginary parts of
the Higgs coupling, respectively. When the coupling is small in overall magnitude, the
annihilation signal requires a dark matter mass near the mh/2 resonance, and the small
splitting between the lightest charged and neutral states results in a prohibitively light
charged fermion. Hence, the remaining parameter space is ruled out by LEP.

While our results are framed in the context of the GCE, models which include a CP-
violating Higgs portal interaction coupling the dark and visible sectors are also compelling
for other reasons. These types of interactions could be the key to some of the biggest
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mysteries of particle physics, including the particle nature of dark matter and also various
problems that CP-violation is necessary to solve, such as the matter/antimatter asymmetry
of the universe and the strong CP problem. For example, for some models the addition of
a CP phase around the weak scale could increase the viability of electroweak baryogene-
sis. While new Higgs boson couplings have the potential to make the hierarchy problem
worse, the minimal models we studied can also be realized within the larger framework of
SUSY [43] which can ameliorate this issue. These connections could be potential avenues
for further exploration, if it turns out that dark matter communicates with the Standard
Model through a CP-violating Higgs portal.
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A Next-order velocity expansion of the annihilation cross section

As established, to leading order in dark matter velocity, the annihilation signal is set by
the pseudoscalar coupling Im[yhχ] (and subdominantly by gZχ), while spin-independent
scattering is set by the scalar coupling Re[yhχ]. However, we would also like to understand
whether we can generate the annihilation signal at all in the limit that yhχ is real. In this
limit, the leading velocity independent term vanishes, and we need to consider terms of
higher order in the halo velocity v.

For this argument we will neglect the contribution of the Z portal; a gZχ consistent
with spin-dependent constraints cannot generate a thermal relic annihilation cross section,
as it does not have a mass resonance.8 Thus, for hypothetically viable parameter space it
is safe to assume that the Z-mediated annihilation is subdominant.

When yhχ has vanishing imaginary part, the leading contribution to the spin averaged
annihilation amplitude squared is

|M|2
χχ→ff̄ =

4y2
hfy

2
hχm

2
χ(m2

χ −m2
f )v2

(m2
h − 4m2

χ)2 +m2
hΓ2

h

+O(v4). (A.1)

This term is suppressed by the non-relativistic speeds of dark matter, for typical values
v2 ∼ 10−6, and the magnitude of the purely real coupling is stringently constrained by di-
rect detection. Thus, any allowed parameter space would require precise fine-tuning of the
dark matter mass. However, the enhancement obtained from the mχ → mh/2 resonance is

8In fact, the O(v2) Z-coupling term does have a mediator resonance, but enhancement is limited by the
significantly larger width of the Z boson.
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limited by the finite width of the Higgs, which is ∼ 4MeV in the SM [113]. Since the branch-
ing ratio of h→ χχ near the resonance is vanishingly small due to phase space suppression,
we may take 4MeV as a conservative bound for the Higgs width. Thus, the comparative
ratio between annihilation and scattering cross sections, given in equations (2.4) and (2.13),
can be bounded by

〈σv〉ann
σSI

∣∣∣∣∣
Im[yhχ]=0

∼
6× 104 GeV2 m2

χ

(m2
h − 4m2

χ)2 +m2
hΓ2

h

<
105 GeV2 m2

χ

m2
hΓ2

h

≈ 109. (A.2)

As the current direct detection limits bound the spin-independent scattering rate at
≤ 10−10 pb, a model without CP-violation may exhibit an annihilation cross section of
at most O(0.1) pb. We emphasize here that these statements are specifically valid for
Majorana fermion dark matter, and dark matter models with a different CP-structure
could certainly achieve the required hierarchy between annihilation and scattering with
sufficient tuning on this resonance.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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