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Abstract. In recent years, direct detection, indirect detection, and collider experiments
have placed increasingly stringent constraints on particle dark matter, exploring much of
the parameter space associated with the WIMP paradigm. In this paper, we focus on the
subset of WIMP models in which the dark matter annihilates in the early universe through
couplings to either the Standard Model Z or the Standard Model Higgs boson. Considering
fermionic, scalar, and vector dark matter candidates within a model-independent context,
we find that the overwhelming majority of these dark matter candidates are already ruled
out by existing experiments. In the case of Z mediated dark matter, the only scenarios that
are not currently excluded are those in which the dark matter is a fermion with an axial
coupling and with a mass either within a few GeV of the Z resonance (mDM ' mZ/2) or
greater than 200 GeV, or with a vector coupling and with mDM > 6 TeV. Several Higgs
mediated scenarios are currently viable if the mass of the dark matter is near the Higgs pole
(mDM ' mH/2). Otherwise, the only scenarios that are not excluded are those in which
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the dark matter is a scalar (vector) heavier than 400 GeV (1160 GeV) with a Higgs portal
coupling, or a fermion with a pseudoscalar (CP violating) coupling to the Standard Model
Higgs boson. With the exception of dark matter with a purely pseudoscalar coupling to the
Higgs, it is anticipated that planned direct detection experiments will probe nearly the entire
range of models considered in this study.

Keywords: dark matter theory, dark matter experiments
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1 Introduction

Over the past few decades, the WIMP paradigm has dominated the theoretical and experi-
mental landscape of dark matter. Interest in dark matter in the form of weakly interacting
massive particles (WIMPs) has been motivated in large part by the realization that a generic
stable particle with an electroweak scale mass and interactions will freeze-out in the early
universe with a thermal relic abundance that is comparable to the measured cosmological
dark matter density. And although there are many electroweak processes through which a
WIMP could potentially annihilate, none are as ubiquitous across the landscape of dark mat-
ter models than those which result from couplings between the dark matter and the Standard
Model (SM) Z or Higgs bosons.

As direct detection, indirect detection, and collider searches for dark matter have pro-
gressed, the WIMP paradigm has become increasingly well explored and constrained. And
although there remain many viable WIMP models, important experimental benchmarks have
been reached, providing us with valuable information pertaining to the identity of our uni-
verse’s dark matter. In this paper, we focus on the subset of models in which the dark matter
annihilates through the exchange of the Z or the Higgs boson. In scenarios outside of this
subset of models, WIMPs must annihilate through the exchange of particles beyond the SM
if they are to avoid being overproduced in the early universe.

The remainder of this article is structured as follows. In section 2, we consider dark
matter that is mediated by Z exchange, discussing fermionic, scalar and vector dark mat-
ter candidates. We find that a very significant part of this parameter space is ruled out
by a combination of constraints from direct detection experiments (LUX, PandaX-II) and
measurements from LEP of the invisible width of the Z. The only scenarios which remain
viable at this time are those with a fermionic dark matter candidate with a nearly pure
axial coupling to the Z and with a mass that lies within either a few GeV of the Z pole
(mDM ' 40–48 GeV) or that is heavier than 200 GeV, or a fermion with a vector coupling
to the Z and that is heavier than 6 TeV. Much of this parameter space is expected to be

– 1 –
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tested in the near future with direct detection experiments such as XENON1T. In section 3,
we consider fermionic, scalar and vector dark matter candidates that are coupled to the SM
Higgs boson. Across this class of models, we again find that the overwhelming majority of the
parameter space is experimentally excluded, with the exception of scenarios in which the dark
matter lies near the Higgs pole (mDM ' mH/2), the dark matter is a scalar (vector) heavier
than 400 GeV (1160 GeV) with a Higgs portal coupling, or the dark matter is a fermion with
largely pseudoscalar couplings to the SM Higgs boson. In section 4 we discuss some caveats
to our conclusions, including scenarios with a non-standard cosmological history, or models
in which the dark matter coannihilates with another particle species in the early universe.
We summarize our results and conclusions in section 5.

2 Z mediated dark matter

2.1 Fermionic dark matter

We begin by considering a dark matter candidate, χ, which is either a Dirac or a Majorana
fermion with the following interactions with the SM Z:

L ⊃
[
aχ̄γµ(gχv + gχaγ

5)χ
]
Zµ, (2.1)

where a = 1 (1/2) in the Dirac (Majorana) case, and gχv and gχa are the vector and axial
couplings of the dark matter, respectively. Note that gχv is necessarily equal to zero in the
Majorana case. These couplings allow the dark matter to annihilate through the s-channel
exchange of the Z, into pairs of SM fermions or, if the dark matter is heavy enough, into ZZ,
W+W− or Zh final states. In figure 1 we plot the fraction of annihilations which proceed to
each final state, as evaluated in the early universe (at the temperature of thermal freeze-out)
and for v = 10−3 c (as is typically relevant for indirect detection). Throughout this paper,
unless otherwise stated, we use version 4.2.5 of the publicly available code MicrOMEGAS [1]
to calculate all annihilation cross sections, thermal relic abundances, and elastic scattering
cross sections.

In figure 2, we explore and summarize the parameter space within this class of models.
In each frame, the solid black line represents the value of the dark matter’s coupling to the
Z (gχv or gχa) for which the calculated thermal relic abundance is equal to the measured
cosmological dark matter density, Ωχh

2 = 0.1198±0.0015 [2]. If mχ < mZ/2, we can further
restrict the couplings of the dark matter using the measurement of the invisible Z width.
The predicted contribution from Z decays to dark matter is in this case is given by:

Γ(Z → χχ̄) =
amZ

12π

(
1−

4m2
χ

m2
Z

)1/2 [
g2
χa

(
1−

4m2
χ

m2
Z

)
+ g2

χv

(
1 +

2m2
χ

m2
Z

)]
, (2.2)

where again a = 1(1/2) for dark matter that is a Dirac (Majorana) fermion. In the shaded
regions appearing in the upper left corner of each frame of figure 2, the predicted invisible
width of the Z exceeds the value measured at LEP by more the 2σ, corresponding to a contri-
bution of Γinv

Z > 1.5 MeV [3]. Combined with relic abundance considerations, this constraint
translates to mχ > 25 GeV (32 GeV) for the case of a purely vector (axial) coupling to the Z.

Direct detection experiments provide a powerful test of dark matter candidates with
non-negligible couplings to the Z. After integrating out the Z, the effective interaction
relevant for dark matter scattering with nuclei is given by:

L =
1

m2
Z

[
χ̄γµ(gχv + gχaγ

5)χ
] [
q̄γµ(gqv + gqaγ

5)q
]
, (2.3)

– 2 –
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uū+dd̄+ss̄
cc̄

bb̄
t t̄

e+e−

µ+µ−
τ+τ−

νeν̄e + νµν̄µ + ντ ν̄τ

ZZ
W +W−

ZH

Figure 1. The fraction of dark matter annihilations that proceed to each final state, as evaluated
at the temperature of thermal freeze-out (left) and at v = 10−3 c, as is typically relevant for indirect
detection (right). The upper and lower frames correspond to dark matter in the form of a fermion
with purely vector or purely axial couplings to the Z, respectively.

where guv = g2

(
1

4cW
− 2s2W

3cW

)
, gdv = g2

(
− 1

4cW
+

s2W
3cW

)
, gua = −g2/4cW , gda = g2/4cW , etc.

are the couplings of the Z to Standard Model quarks.
At low energies, Ψ̄γiΨ → 0 and Ψ̄γ0γ5Ψ → 0, and thus only vector-vector and axial-

axial interactions are not suppressed by powers of velocity or momentum transfer. These
interactions lead to spin-independent and spin-dependent scattering cross sections, respec-
tively. The solid blue curves shown in figure 2 represent the current limits on the dark
matter’s coupling to the Z, as derived from the results of the direct detection experiment
LUX [4] (the PandaX-II experiment has placed a constraint that is only slightly weaker [5]).1

1Although the spin-independent constraints from direct detection experiments are generally presented for
the case of equal couplings to protons and neutrons, we have translated these results to apply to the models
at hand. It is interesting to note that a cancellation in the vector couplings of the Z to up and down quarks
leads to a suppression in the effective coupling to protons. In particular, Z exchange leads to the following
ratio of cross sections with neutrons and protons: σn/σp ≈ (2gdv + guv)2/(2guv + gdv)2 ≈ 180. We also note
that since xenon contains isotopes with an odd number of neutrons (129Xe and 131Xe with abundances of
29.5% and 23.7%, respectively), this target is quite sensitive to spin-dependent WIMP-neutron scattering. To
constrain spin-dependent scattering, we converted the results of the most recent spin-independent analysis
presented by the LUX collaboration [4].

– 3 –
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Figure 2. Constraints on the mass and couplings of a fermionic dark matter candidate that annihilates
through the Z. The solid black contours indicate the value of the coupling for which the thermal relic
abundance matches the measured cosmological dark matter density, Ωχh

2 = 0.12. The shaded regions
are excluded by the measurement of the invisible Z width. The left and right frames depict the cases of
a purely vector or axial coupling between the dark matter and the Z, respectively. The vast majority of
this parameter space is excluded by the current constraints from LUX and PandaX-II [4, 5], and much
of the currently viable parameter space is expected to be probed in the near future by XENON1T [6].

Together, these constraints rule out the majority of the parameter space for fermionic
dark matter candidates that annihilate through Z exchange. After accounting for these
constraints, we find that an acceptable thermal relic abundance can be obtained only in
the near-resonance case [7–9] (mχ = mZ/2) or for mχ >∼ 200 GeV with gχa � gχv, or for
mχ >∼ 6 TeV. Furthermore, with the exception of mχ >∼ 500 GeV with gχa � gχv, we expect
that the remaining parameter space will be probed in the near future by direct detection
experiments such as XENON1T [6]. We point out that for fermionic dark matter heavier
than several TeV, perturbative unitarity is lost, and higher dimension operators such as those
ones considered in ref. [10] may become relevant for the phenomenology. It is interesting
to note that within the context of the MSSM, a bino-like neutralino (with a subdominant
higgsino fraction) can possess the characteristics found within this scenario [11].

In the narrow region of viable parameter space found near the Z pole, the dark matter
in this class of models annihilates with a cross section that is chirality suppressed in the
low-velocity limit, σv ∝ (mf/mχ)2, leading such annihilations to proceed mostly to bb̄ final
states. In this mass range, the low-velocity cross section is sensitive to the value of the dark
matter’s mass, but consistently below the reach of planned indirect detection experiments
(for analytic expressions of this cross section, see the appendix of ref. [17]). In figure 3, we
plot the effective low-velocity annihilation cross section (as relevant for indirect detection) for
fermionic dark matter with an axial coupling to the Z.2 These cross sections are well below
the constraints derived from Fermi and other existing indirect detection experiments [12–16].

2.2 Scalar dark matter

A complex scalar dark matter candidate, φ, can couple to the Z through the following
interaction:

L ⊃ i gφφ†
↔
∂µφZ

µ + g2
φφ

2ZµZµ. (2.4)

2By “effective” annihilation cross section we denote the value for the case of identical annihilating particles
(Majorana fermions). For a Dirac fermion (or a complex boson), the actual particle-antiparticle annihilation
cross section is equal to twice this value.

– 4 –
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Figure 3. The effective low-velocity annihilation cross section (relevant for indirect detection) for
Dirac or Majorana dark matter with an axial coupling to the Z. We note that for the masses in the
range not yet excluded by LUX or PandaX-II, this cross section is well below the constraints derived
from Fermi and other existing indirect detection experiments [12–16]. We also show the current
constraint from Fermi’s observation of dwarf spheroidal galaxies [13].

The annihilation cross section to fermion pairs in this case is suppressed by two powers of
velocity, and values of gφ that lead to an acceptable thermal relic abundance are shown as
a black solid line in the left frame of figure 4. We also show in this figure the region of
parameter space that is excluded by the measurement of the invisible width of the Z, which
receives the following contribution in this case:

Γ(Z → φφ†) =
g2
φmZ

48π

(
1−

4m2
φ

m2
Z

)3/2

. (2.5)

In this model, there is an unsuppressed cross section for spin-independent elastic scat-
tering with nuclei, leading to very stringent constraints from LUX and PandaX-II. In the left
frame of figure 4, we see that the entire parameter space in this scenario is strongly ruled out
by a combination of constraints from LUX/PandaX-II and the invisible width of the Z.

2.3 Vector dark matter

An interaction between the Z and a spin-one dark matter candidate, X, can arise at tree-level
only through a kinetic term. In this case, gauge invariance requires the interaction to take
the following form:

L ⊃ i gX
(
ZµXν †∂ [µXν ] +X†µXν ∂

µZν
)

+ h.c. (2.6)

In the right frame of figure 4, we summarize the parameter space in this model. In
particular, we apply constraints from the invisible width of the Z, which receives the following
contribution in this case:

Γ(Z → XX†) =
g2
XmZ

(
1− 8r2

XZ + 28r4
XZ − 48r6

XZ

)
(1− 4r2

XZ)1/2

192πr4
XZ

, (2.7)

where rXZ ≡ mX/mZ .

– 5 –
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Figure 4. Constraints on mass and couplings of a complex scalar (left frame) or complex vector (right
frame) dark matter candidate which annihilates through the Z. The solid black contours indicate the
value of the coupling for which the thermal relic abundance matches the measured cosmological dark
matter density, Ωχh

2 = 0.12. The shaded regions are excluded by measurements of the invisible Z
width, and the regions above the solid blue line are excluded by the current constraints from LUX
and PandaX-II [4, 5]. The entire parameter space in each of these scenarios is strongly ruled out.

After integrating our the Z, this model yields the following effective interaction for
elastic scattering with nuclei (retaining only unsuppressed terms):

Leff ⊃
igχgqv
m2
Z

(
Xν∂µX

ν†q̄γµq + h.c.
)
. (2.8)

In the non-relativistic limit, this yields the following WIMP-nucleus cross section:

σχN =
g2
χµ

2
χN

πm4
Z

[
Z(2guv + gdv) + (A− Z)(guv + 2gdv)

]2

≈
g2
χ(g2

1 + g2
2)µ2

χN

16πm4
Z

(A− Z)2, (2.9)

where Z and A are the atomic number and atomic mass of the target nucleus, and µχN is
the reduced mass of the dark matter-nucleus system.

In the right frame of figure 4, we see that this combination of constraints from direct
detection experiments and the invisible width of the Z strongly rules out the entire parameter
space of this model.

3 Higgs mediated dark matter

3.1 Fermionic dark matter

In this subsection, we consider a dark matter candidate that is either a Dirac or Majorana
fermion, with the following interactions with the SM Higgs boson:

L ⊃
[
aχ̄(λχs + λχpiγ

5)χ
]
H, (3.1)

where once again a = 1(1/2) in the Dirac (Majorana) case. The quantities λχs and λχp
denote the scalar and pseudoscalar couplings between the dark matter and the SM Higgs,
respectively.

– 6 –
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Figure 5. The fraction of dark matter annihilations that proceed to each final state, as evaluated
at the temperature of thermal freeze-out (left) and at v = 10−3 c, as is typically relevant for indirect
detection (right). The upper and lower frames correspond to dark matter in the form of a fermion
with purely scalar or purely pseudoscalar couplings to the Standard Model Higgs boson, respectively.

Dark matter annihilations in this model depend strongly on the choice of scalar or pseu-
doscalar couplings. In particular, scalar couplings lead to an annihilation cross section that is
suppressed by two powers of velocity, whereas pseudoscalar couplings generate an s-wave am-
plitude with no such suppression. In both cases, annihilations proceed dominantly to heavy
final states (see figure 5), due to the couplings of the Higgs to the particle content of the SM.

The contribution to the invisible Higgs width in this case is given by:

Γ(H → χχ̄) =
amH

8π

[
λ2
χp + λ2

χs

(
1−

4m2
χ

m2
H

)]√
1−

4m2
χ

m2
H

. (3.2)

The current experimental constraint on the invisible branching fraction of the Higgs is
Γinv/(Γinv + ΓSM) < 0.24,3 which for ΓHSM ≈ 4.07 MeV corresponds to the following:

Γ(H → χχ̄) < ΓHSM

BR(H → inv)

1− BR(H → inv)
≈ 1.29 MeV. (3.3)

3This is derived from a combination of Run I and 2015 LHC data. See, for example, page 25
of the talk “Search for invisible decays of the 125 GeV Higgs boson using the CMS detector”, by
Nicholas Wardle, http://indico.cern.ch/event/432527/contributions/1071583/attachments/1320936/1980904/
nckw ICHEP 2016 hinv cms.pdf.
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Figure 6. Constraints on mass and couplings of a fermionic dark matter candidate which annihilates
through the Standard Model Higgs boson. The solid black contours indicate the value of the cou-
pling for which the thermal relic abundance matches the measured cosmological dark matter density,
Ωχh

2 = 0.12. The shaded regions are excluded by measurements of the invisible Higgs width. The
left and right frames depict the cases of a purely scalar or pseudoscalar coupling between the dark
matter and the Higgs, respectively. In the scalar case, the vast majority of this parameter space is
excluded by the current constraints from LUX and PandaX-II [4, 5]. The only currently viable region
(mχ = 56–62 GeV is expected to be probed in the near future by XENON1T [6]. Due to the momen-
tum suppression of the elastic scattering cross section, the case of dark matter with a pseudoscalar
coupling to the Higgs is much less strongly constrained.

Elastic scattering between dark matter and nuclei is entirely spin-independent in this
case, with a cross section given as follows:

σχN ≈
µ2
χN

πm4
H

[Zfp + (A− Z)fn]2
[
λ2
χs + λ2

χp

q2

4m2
χ

]
, (3.4)

where q is the momentum exchanged in the collision.
In figure 6, we summarize the constraints on this scenario. In the case of a purely

scalar coupling (λχp = 0, shown in the left frame), the combination of the invisible Higgs
width measurement and the results of direct detection experiments rule out nearly all of
the parameter space. The exception is the mass range within a few GeV of the Higgs pole,
mχ = 56–62 GeV. In this case, future experiments such as XENON1T are expected to test
the remaining region of parameter space.

In the case of a purely pseudoscalar coupling (λχs = 0, shown in the right frame of
figure 6), the momentum suppression of the elastic scattering cross section strongly reduces
the prospects for direct detection experiments, earning this scenario the moniker of “coy
dark matter” [18–20]. Naively, we expect the sensitivity of direct detection experiments to
the coupling, λχp, to be suppressed relative to λχs by a factor of q/2mχ, which for typical
scattering events is on the order of 10−3. Simply rescaling the results shown in the left
frame of figure 6 by this factor leads us to conclude that current (LUX, PandaX-II) and near
future (XENON1T) experiments will not be sensitive to dark matter in this scenario. It is
less clear, however, whether a larger experiment, with a sensitivity to cross sections near the
neutrino floor, might be sensitive to this scenario. With this in mind, we have calculated the
sensitivity of such an experiment to a dark matter candidate with a momentum suppressed
elastic scattering cross section with nuclei.
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Dark matter with velocity or momentum suppressed scattering has been considered pre-
viously in the literature (see, for example, refs. [21–30]). To compute the number of events in a
large volume xenon experiment, we follow the procedure outlined in ref. [30], adopting a stan-
dard Maxwellian velocity distribution (v0 = 220 km/s, vesc = 544 km/s, v̄Earth = 245 km/s),
a local density of 0.3 GeV/cm3, and a Helm form factor [31]. Regarding the detector spec-
ifications, we assume an optimistic scenario with an energy independent efficiency of 25%
and perfect energy resolution. We consider events with nuclear recoil energies between 6 and
30 keV, where this lower limits was imposed in order to reduce the rate of neutrino-induced
background events [32, 33]. From the calculated event rate, we apply Poisson statistics to
place a 90% confidence level constraint on the dark matter coupling, assuming that zero
events are observed. In the right frame of figure 6, we plot the projected constraint from
such an experiment after collecting an exposure of 30 ton-years, which is approximately
the exposure that we estimate will accumulate between ∼1–3 neutrino-induced background
events. From this, we conclude that even with such an idealized detector, it will not be
possible to test a dark matter candidate with a purely pseudoscalar coupling to the Higgs.

In the case of dark matter with a scalar coupling and near the Higgs pole, the low-
velocity annihilation cross section is suppressed by two powers of velocity, making such a
scenario well beyond the reach of any planned or proposed indirect detection experiment
(see the left frame of figure 7). In the case of dark matter with a pseudoscalar coupling
to the Higgs, however, the low-velocity annihilation rate is unsuppressed, leading to more
promising prospects for indirect detection (for analytic expressions of these cross section, see
the appendix of ref. [17]). In the right frame of figure 7, we plot the low-velocity annihilation
cross section (as relevant for indirect detection) for fermionic (Dirac or Majorana) dark
matter with a pseudoscalar coupling to the SM Higgs boson. In this case, constraints from
Fermi’s observations of dwarf spheroidal galaxies [13] may be relevant, depending on the
precise value of the dark matter mass. We also note that uncertainties associated with the
distribution of dark matter in these systems could plausibly weaken these constraints to some
degree [34–37]. It may also be possible in this scenario [18, 38–41] to generate the gamma-ray
excess observed from the region surrounding the Galactic Center [42–48].

3.2 Scalar dark matter

In the case of scalar dark matter with a coupling to the SM Higgs boson, we consider a Higgs
Portal interaction, described by the following Lagrangian:

L ⊃ a λφH
[
vHφ2 +

1

2
H2φ2

]
, (3.5)

where a = 1 (1/2) in the case of a complex (real) scalar, and v is the vacuum expectation
value of the SM Higgs boson.

In this class of models, the dark matter annihilates without velocity suppression, and
preferentially to heavy final states (see figure 8). The contribution to the invisible Higgs
width in this case is given by:

Γ(H → φφ†) =
a v2λ2

φH

16πmH

√
1−

4m2
φ

m2
H

. (3.6)

In figure 9, we plot a summary of the constraints in this class of models. In this case, we
find that complex (real) scalar dark matter with a mass greater than 840 GeV (400 GeV) is
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Figure 7. The effective low-velocity annihilation cross section (relevant for indirect detection) for
Dirac or Majorana dark matter with a scalar (left) or pseudoscalar (right) coupling to the SM Higgs
boson. For the case of scalar couplings, the cross section is always well below the sensitivity of Fermi
and other existing indirect detection experiments. In the pseudoscalar case, the prospects for indirect
detection are much more encouraging. In the right frame, we also show the current constraint from
Fermi’s observation of dwarf spheroidal galaxies [13].
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Figure 8. The fraction of dark matter annihilations that proceed to each final state, as evaluated
at the temperature of thermal freeze-out (left) and at v = 10−3 c, as is typically relevant for indirect
detection (right), for the case of scalar dark matter coupled to the Standard Model Higgs boson.

not currently constrained, along with the region near the Higgs pole. XENON1T is expected
to probe the remaining high mass window up to 10 TeV (5 TeV). Similar constraints can be
found in the recent analysis of [49].

In figure 10, we plot the low-velocity annihilation cross section (as relevant for indirect
detection) for scalar dark matter with a Higgs portal coupling. In the currently allowed mass
range near the Higgs pole, this class of models predicts a very small low-velocity annihilation
cross section, which is likely unable to generate the measured intensity of the Galactic Center
gamma-ray excess [42–48] (see also, refs. [50, 51]).
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Figure 9. Constraints on mass and couplings of a complex scalar dark matter candidate which
annihilates through a Higgs portal coupling. The solid black contour indicates the value of the
coupling for which the thermal relic abundance matches the measured cosmological dark matter
density, Ωχh

2 = 0.12. The shaded region is excluded by measurements of the invisible Higgs width,
and the region above the solid blue line is excluded by the current constraints from LUX and PandaX-
II [4, 5]. This scenario is currently viable only if the mass of the dark matter candidate is near the
Higgs pole (m ' mH/2) or if mφ >∼ 400 GeV.
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Figure 10. The effective low-velocity annihilation cross section (relevant for indirect detection) for
complex or real scalar dark matter with a Higgs portal coupling. We also show the current constraint
from Fermi’s observation of dwarf spheroidal galaxies [13].

3.3 Vector dark matter

In the case of vector dark matter, we again consider a Higgs Portal interaction, which is
described in this case by the following Lagrangian:

L ⊃ aλXH
[
vHXµX†µ +

1

2
H2XµX†µ

]
, (3.7)

where a = 1 (1/2) in the case of a complex (real) vector. As in the cases considered in the
previous subsection, dark matter annihilates without velocity suppression in this class of
models, and preferentially to heavy final states (see figure 11).
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Figure 11. The fraction of dark matter annihilations that proceed to each final state, as evaluated
at the temperature of thermal freeze-out (left) and at v = 10−3 c, as is typically relevant for indirect
detection (right), for the case of dark matter in the form of a vector which annihilates through its
coupling to the Standard Model Higgs boson.

The contribution to the invisible Higgs width is given in this model by:

Γ(H → XX†) =
a λ2

XHv
2m3

H

64πm4
X

(
1− 4

m2
X

m2
H

+ 12
m4
X

m4
H

)√
1− 4m2

X

m2
H

. (3.8)

The constraints on this scenario are summarized in figure 12. The combination of con-
straints from LUX/PandaX-II and on the invisible Higgs width rule out all of the parameter
space in this class of models, with the exception of the mass range near the Higgs pole,
mX ' mH/2 or for mX >∼ 1160 GeV. XENON1T is expected in the near future to probe
most of this remaining high mass window, covering nearly the entire range of perturbative
values for the coupling, λXH <∼ 4π.

We plot in figure 13 the low-velocity annihilation cross section (as relevant for indirect
detection) in this class of models, along with the constraints from Fermi’s observations of
dwarf spheroidal galaxies [13]. In the currently allowed mass range near the Higgs pole, this
class of models predicts a very small low-velocity annihilation cross section, which is likely
unable to generate the measured intensity of the Galactic Center gamma-ray excess [42–48].

4 Caveats

The conclusions presented here rely on a number of assumptions that we have implicitly
made throughout this study. In particular, we have assumed that the thermal history of the
early universe is well described by the standard radiation-dominated picture. Departures
from this simple thermal history could potentially reduce the couplings of the dark matter
that are required to generate an acceptable thermal relic abundance, thereby relaxing the
constraints from direct detection experiments and from measurements of the invisible Z and
Higgs widths. Examples of such scenarios include those in which the abundance of dark
matter is depleted as a result of an out-of-equilibrium decay [52–58] or a period of late-time
inflation [59–63].
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Figure 12. Constraints on mass and couplings of a complex vector dark matter candidate which
annihilates through the Standard Model Higgs boson. The solid black contour indicates the value of
the coupling for which the thermal relic abundance matches the measured cosmological dark matter
density, Ωχh

2 = 0.12. The shaded region is excluded by measurements of the invisible Higgs width,
and the region above the solid blue line is excluded by the current constraints from LUX and PandaX-
II [4, 5]. This scenario is currently viable only if the mass of the dark matter candidate is near the
Higgs pole (m ' mH/2) or if mX >∼ 1160 GeV.
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Figure 13. The effective low-velocity annihilation cross section (relevant for indirect detection) for
complex or real vector dark matter with a coupling to the Standard Model Higgs boson. We also
show the current constraint from Fermi’s observation of dwarf spheroidal galaxies [13].

We have also limited our analysis in this paper to couplings between pairs of dark
matter particles and one or more Z or Higgs bosons. We could instead have considered
couplings between one dark matter particle, the Z or Higgs, and an additional state. If the
additional state is not much heavier than the dark matter itself, such a coupling could allow
the dark matter to be depleted in the early universe through coannihilations [64, 65], without
necessarily inducing a large elastic scattering cross section with nuclei. Generally speaking,
if such coannihilations are to be efficient, such states must have a mass that is within roughly
∼10% of the mass of the dark matter particle itself.

Phenomenology of this kind can be easily realized if we consider a Dirac fermion that
is split into a pair of nearly degenerate Majorana fermions by a small Majorana mass term.
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Following refs. [66, 67], the Lagrangian in this scenario takes the following form:

L ⊃ 1

2
Ψ̄1iγ

µ∂µΨ1 −
1

2
(M −m+)Ψ̄1Ψ1 +

1

2
Ψ̄2iγ

µ∂µΨ2 −
1

2
(M +m+)Ψ̄2Ψ2 (4.1)

+ i g QZµ Ψ̄2γµΨ1 +
1

2
g QZµ

m−
M

(
Ψ̄2γ

µγ5Ψ2 − Ψ̄1γ
µγ5Ψ1

)
+O

(
m2

M2

)
,

where Ψ1 and Ψ2 are the two quasi-degenerate Majorana fermions, m± = (mL±mR)/2, and
M � mL,R. Setting mR = 0, this reduces to

L ⊃ 1

2
Ψ̄1iγ

µ∂µΨ1 −
1

2
M1Ψ̄1Ψ1 +

1

2
Ψ̄2iγ

µ∂µΨ2 −
1

2
M2Ψ̄2Ψ2

+ i gcv Zµ Ψ̄2γµΨ1 +
1

2
gcv Zµ

M1 −M2

M1 +M2

(
Ψ̄2γ

µγ5Ψ2 − Ψ̄1γ
µγ5Ψ1

)
+O

(
M1 −M2

M1 +M2

)2

,

where the M1 = M − m+ and M2 = M + m+ are the masses of the lighter and heavier
Majorana fermions, respectively. As a result of this mass splitting, all couplings between two
of the same Majorana fermion and the Z are suppressed by a factor of |M1−M2|/(M1+M2) =
m+/M , strongly limiting the rates of both self-annihilation and elastic scattering with nuclei.
In contrast, interactions between the two different Majorana states, Ψ1 Ψ2, and the Z are not
suppressed, potentially allowing for coannihilations to efficiently deplete their abundances in
the early universe.

Throughout this study, we have assumed that there is only one relevant particle in
the dark sector. In some UV complete scenarios, however, there may be exist other light
particles [68–70] which relax the constraints from direct detection experiments and from
measurements of the invisible Z and Higgs widths.

5 Summary and conclusions

In this study, we have systematically considered dark matter models which annihilate through
couplings to the Standard Model Z or Higgs boson. Overall, we find that the vast majority
of the parameter space associated with these models is ruled out by a combination of direct
detection experiments (LUX, PandaX-II, etc.) and measurements at colliders of the invisible
Z and Higgs widths. If no detection is made, we expect experiments such as XENON1T
to entirely rule out all remaining Z mediated models in the near future, with the exception
of fermionic dark matter heavier than ∼500 GeV and with primarily axial couplings. Such
experiments are also expected to test all remaining Higgs mediated models, with the exception
of scalar or vector dark matter with masses very near the Higgs annihilation resonance
(mDM ' mH/2) or fermionic dark matter with a pseudoscalar (CP violating) coupling to the
Standard Model Higgs boson. Very heavy dark matter with a large Higgs portal coupling
(λφH , λXH � 1) may also be beyond the reach of XENON1T, although LUX-ZEPLIN and
other planned experiments will be able to probe such models.

In table 1, we summarize the various classes of dark matter models that we have con-
sidered in this study, listing in each case the range of masses (if any) that is not currently
excluded experimentally. For those cases that are not already excluded, we list whether
XENON1T is expected to have the sensitivity required to test each class of model. We also
present the range of low-velocity annihilation cross sections that can be found within the
currently acceptable mass range. For those models with roughly σv >∼ 3× 10−27 cm3/s (cor-
responding to σv >∼ 0.3 in the units used in the table), the Galactic Center gamma-ray excess
could plausibly be generated though dark matter annihilations.
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Dark Matter Z, Higgs Coupling Direct Allowed Constrained by Indirect Detection

Detection Region XENON1T (10−26 cm3/s)

Majorana Fermion χ̄γµγ5χZµ SD mχ ∼ mZ/2 Yes σv ' small

or mχ >∼ 190 GeV Up to 440 GeV σv ' 2.1–2.3

Dirac Fermion χ̄γµχZµ SI mχ >∼ 6 TeV Yes σv ' 2.1–2.3

Dirac Fermion χ̄γµγ5χZµ SD mχ ∼ mZ/2 Yes σv ' small

or mχ >∼ 240 GeV Up to 570 GeV σv ' 2.1–2.3

Complex Scalar φ†
↔
∂µφZ

µ, φ2ZµZµ SI Excluded – –

Complex Vector (X†ν∂µXν + h.c.)Zµ SI Excluded – –

Majorana Fermion χ̄χH SI mχ ∼ mH/2 Yes σv ' small

Majorana Fermion χ̄γ5χH SI ∝ q2 mχ >∼ 54 GeV No σv ' 0.0011–3.4

Dirac Fermion χ̄χH SI mχ ∼ mH/2 Yes σv ' small

Dirac Fermion χ̄γ5χH SI ∝ q2 mχ >∼ 56 GeV No σv ' 0.0012–1.7

Real Scalar φ2H2 SI mχ ∼ mH/2 Maybe σv ' 0.0012–0.019

or mχ >∼ 400 GeV Up to 5 TeV σv ' 2.1–2.3

Complex Scalar φ2H2 SI mχ ∼ mH/2 Maybe σv ' 0.0019–0.017

or mχ >∼ 840 GeV Up to 10 TeV σv ' 2.1–2.3

Real Vector XµX
µH2 SI mχ ∼ mH/2 Maybe σv ' 0.0018–0.022

or mχ >∼ 1160 GeV Up to 15 TeV σv ' 2.1–2.3

Complex Vector X†µXµH2 SI mχ ∼ mH/2 Maybe σv ' 0.0012–0.0064

or mχ >∼ 2200 GeV Yes σv ' 2.1–2.3

Table 1. A summary of the various classes of dark matter models that we have considered in this
study. For each case, we list the range of masses (if any) that is not currently excluded experimentally.
For those cases which are not already excluded, we state whether XENON1T is anticipated to be
sensitive to that model. We also present the range of low-velocity annihilation cross sections that can
be found in each case for masses within the currently acceptable range.
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