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We consider a complete list of simplified models in which Majorana dark matter particles anni-
hilate at tree level to hh or hZ final states, and calculate the loop-induced elastic scattering cross
section with nuclei in each case. Expressions for these annihilation and elastic scattering cross sec-
tions are provided, and can be easily applied to a variety of UV complete models. We identify several
phenomenologically viable scenarios, including dark matter that annihilates through the s-channel
exchange of a spin-zero mediator or through the t-channel exchange of a fermion. Although the elas-
tic scattering cross sections predicted in this class of models are generally quite small, XENON1T
and LZ should be sensitive to significant regions of this parameter space. Models in which the dark
matter annihilates to hh or hZ can also generate a gamma-ray signal that is compatible with the

excess observed from the Galactic Center.
I. INTRODUCTION

Weakly interacting massive particles (WIMPSs) repre-
sent the most widely studied class of dark matter can-
didates. WIMPs are motivated in large part by the fact
that stable particles with weak-scale masses and inter-
actions are generally predicted to freeze-out in the early
universe with a density similar to the measured dark mat-
ter abundance. Although neutralinos perhaps represent
the most well-known example, viable WIMP candidates
appear within a wide range of popular and well-motivated
extensions of the Standard Model.

In order for a stable particle species that was in thermal
equilibrium in the early universe to avoid being produced
in excess of the measured dark matter abundance, its
number density must be efficiently depleted through self-
annihilations (or through coannihilations). For particles
in the GeV-TeV mass range, this typically requires an an-
nihilation cross section of approximately ov ~ 2 x 10726
cm? /s, as evaluated at the temperature of thermal freeze-
out [1, 2]. In many cases, the Feynman diagrams respon-
sible for dark matter annihilation can be related via a
crossing symmetry to diagrams for dark matter elastic
scattering with Standard Model particles. This has mo-
tivated experiments designed to observe the elastic scat-
tering of WIMPs with atomic nuclei. Over the past fif-
teen years or so, the sensitivity of the direct detection
experimental program has increased exponentially with
time, strengthening constraints on average by a factor of
two every 15 months. As a consequence of this progress,
many otherwise viable dark matter candidates have been
ruled out, as well as many classes of diagrams for dark
matter annihilation.

There are many scenarios, however, in which the dark
matter can avoid being overproduced in the early uni-
verse while yielding very low rates in direct detection

experiments. Such possibilities include:

e WIMPs that are depleted in the early universe
through an efficient resonance [3, 4].

e WIMPs that are depleted primarily through coan-
nihilations with another particle species [3, 5].

e Low-mass WIMPs (m, <5-10 GeV), which gener-
ate signals below the detection thresholds of most
direct detection experiments.

e WIMPs with elastic scattering amplitudes that are
kinematically suppressed by powers of velocity or
momentum transfer. Dark matter mediated by a
pseudoscalar is one well known example [6-9].

e Dark matter that annihilates to metastable parti-
cles which subsequently decay to Standard Model
states [10-21]. In such scenarios, the dark matter’s
elastic scattering cross section can be almost arbi-
trarily suppressed.

e WIMPs whose annihilations take place only
through interactions with an odd number of Stan-
dard Model states [21-23].

e Scenarios in which the abundance of dark matter is
depleted as a result of a non-standard cosmological
history, such as moduli domination and decay [24—
28] or a period of late-time inflation [29-33].

e WIMPs that annihilate to Standard Model states
which are not present in the nucleons that consti-
tute the targets of direct detection experiments.
In particular, the amplitudes for annihilations to
leptons, heavy quarks, gauge bosons, and/or Higgs
bosons lead to elastic scattering only at the loop-
level.



It is the last of these possibilities that we consider
in this paper, in particular focusing on Majorana dark
matter that annihilates to hh or hZ final states. Al-
though the elastic scattering of dark matter through
loop-induced processes has been discussed extensively
in the literature [9, 34-42], and especially in the case
of dark matter that annihilates to electroweak gauge
bosons, such as wino-like neutralinos [35-37], final states
including Higgs bosons have been comparatively unex-
plored. Such phenomenology can arise in a wide variety
of theoretical frameworks, and dark matter candidates
with these characteristics have become more attractive
as direct detection constraints have become more strin-
gent. Furthermore, such models can be motivated by the
spectrum of the Galactic Center gamma-ray excess [43—
54], which appears to be compatible with dark matter
annihilating to hh or hZ final states [53].

In the following section, we describe the approach
taken in this paper, which is based on a simplified model
framework rather than any particular top-down theory.
In Sec. IT1, we briefly discuss the Galactic Center gamma-
ray excess and use this observation to motivate dark
matter candidates that annihilates to hh or hZ final
states. In Sec. IV we describe the formalism for dark
matter elastic scattering that we use throughout this pa-
per. In Secs. V and VI, we consider dark matter par-
ticles that annihilate to hh (through the s-channel ex-
change of a spin-zero mediator or the ¢-channel exchange
of a fermion) or hZ (through the s-channel exchange of a
spin-zero mediator, the s-channel exchange of a spin-one
mediator, or the t-channel exchange of a fermion), respec-
tively. We summarize our results and their implications
in Sec. VII.

II. A SIMPLIFIED MODEL APPROACH

In this paper, we do not adopt any particular ultravi-
olet (UV) complete theory, but instead follow a bottom-
up approach that makes use of simplified models. More
specifically, we have assembled an exhaustive list of tree-
level diagrams for the annihilation of Majorana fermion
dark matter particles to hh or hZ final states, and cal-
culated the annihilation cross section and the (loop-
induced) elastic scattering cross section with nuclei in
each case. This approach is similar to that taken in
Ref. [7], in which we considered dark matter that an-
nihilates to Standard Model fermions. In the case of
annihilations to hh or hZ, however, it is not as obvious
that this could be the dominant annihilation channel in
a UV complete theory, or that the same couplings re-
sponsible for the annihilation cross section will provide
the dominant contribution to the elastic scattering rate
(see, for example, the discussion in Sec. 4.2 of Ref. [55]).
In this section, we will discuss this issue and argue that
such phenomenology could arise within the context of
physically realistic models.

We begin by considering a Majorana dark matter can-

didate, x, which we take to be an electroweak singlet.
The following effective field theory describes its interac-
tions with the Higgs SU(2) doublet field, H:
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where A is a scale at which some electroweak-charged
particle has been integrated out. After electroweak sym-
metry breaking, the dark matter has the following inter-
actions with the physical Higgs boson, h:
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If we were to assume that As ~ Ap ~ Ay ~ A, ~ O(1)
and that v? < A2, the first term would yield large elas-
tic scattering and annihilation cross sections through the
CP-even and CP-odd vertices, respectively [7]. Such a
large elastic scattering cross section would be in conflict
with existing direct detection constraints. If, however,
the couplings in Eq. 1 were to respect the following hier-
archy:
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then the trilinear coupling between the dark matter and
the Higgs will be subdominant, leading to rather different
phenomenology. The leading interactions with the phys-
ical Higgs particle will be a four-particle vertex in this
case, leading to a low-velocity annihilation cross section
(to hh) that scales as (ov) ~ (X,A/my)?, and an elas-
tic scattering cross section that is induced by a diagram
involving a Higgs loop.

In Eq. 1, one would also expect additional dimension-7
operators involving the W and Z, for example coupling
the dark matter bilinear to |DﬁH ‘2 and W7, W This
would lead to terms in Eq. 2 that couple xx to ZZ, hZ
and WTW ™. As these interactions are expected to be
generated at the same scale, A, the effective coupling to
hh could plausibly dominate without significant tunings
or any large hierarchy between dimensionful scales.

As an explicit example, we consider a simple super-
symmetric scenario in which the dark matter is a ~100
GeV bino-like neutralino, X!, and there exist two signif-
icantly heavier, quasi-degenerate higgsino-like neutrali-
nos, x5 and x3. Taking the large tan 3 limit, these col-
lectively couple to the Higgs through the following in-
teractions: £ O (v291/4) hx9x3 + (v291/4) hx{iy°x3.
As there is no Higgs-bino-bino coupling, tree-level elas-
tic scattering is suppressed. The gauge eigenstates mix,
however, leading to a non-zero Higgs—x{ — x9 coupling.
After mass mixing, the relevant couplings are as follows:

L2 (V2g1/4) hxIx5 + (V21 /4) hx(in°x3
g%’U(erl) NS, sin(203))
2v/2m?2,
X2.3

hXIXY. (4)
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FIG. 1. The differential gamma-ray spectra for dark matter, x, annihilating to hh, Zh and bb with masses of m, = 130 GeV,
110 GeV, and 65 GeV, respectively. It has been shown in the past that the Galactic Center gamma-ray excess can be well-fit
by dark matter annihilating to bb or hh for these values of the mass [53]. Given the similarity of the shapes (and not necessarily
normalization) of these spectra, we expect that annihilations to Zh would provide a similarly good fit.

For a modest hierarchy between the bino and higgsino
masses, m,g > myo, the hx}x} coupling can be effi-
ciently suppressed (as can the Zx)x! coupling). In this
case, annihilations will proceed dominantly to hh, and
the loop-level diagram for elastic scattering will domi-
nate over that from from the tree-level process (details
of this calculation will be presented in Sec. V B):
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Furthermore, it is well known that the supersymmetric
parameter space contains significant regions, referred to
as “blind spots”, in which the tree-level elastic scattering
amplitude is suppressed by accidental cancellations [56—
58]; loop-level processes could easily dominate in such
regions.

This example and others like it make it evident that
UV complete and gauge invariant models can contain re-
gions of parameter space in which dark matter annihila-
tions proceed largely to pairs of Higgs bosons and elastic
scattering is dominated by diagrams involving a Higgs
loop. Furthermore, as direct detection experiments gain
in sensitivity over the coming years, it is precisely these
types of models (those with suppressed tree-level inter-
actions) that will be the most difficult to test, and that
will be the most interesting if no signal is detected.

In light of these considerations, we proceed with an
approach that is purely phenomenological in its philosos-
phy. In the following sections, we explore simplified mod-

els that introduce a minimal number of interactions, re-
quiring only that they respect Lorentz invariance. Of
course, UV complete models will generally introduce ad-
ditional interactions, but since we parametrize our mod-
els in a sufficiently general way, our results can be eas-
ily mapped onto a given UV-complete scenario. In this
sense, the cross sections calculated and presented here
correspond to a phenomenological lower bound on the
elastic scattering rate of WIMPs which annihilate di-
rectly to Higgs bosons (in the absence of any strong can-
cellations).

III. THE GALACTIC CENTER GAMMA-RAY
EXCESS

An excess of gamma rays from the region surround-
ing the Galactic Center has been reported [43-54] . The
morphology and spectrum of this excess are each in good
agreement with that predicted from annihilating dark
matter. More specifically, the best fits to the observed
spectrum are found for dark matter that annihilates to
quarks. For example, Ref. [53] find p-values of 0.35, 0.37
and 0.22 for the fit of dark matter annihilating to bb,
cc and qq, respectively. Dark matter annihilating to
Higgs bosons also yields a fairly good fit to the data,
with a p-values of 0.13 [53]. Annihilations to WTW ™ or
ZZ provide a significantly poorer fit [53] (see, however,
Ref. [59]).

As far as we are aware, the Galactic Center gamma-
ray excess has not been previously considered within the
context of dark matter that annihilates to hZ. In Fig. 1,



we present the differential gamma-ray spectra from dark
matter, x, annihilating to hh and Zh, with masses of
m,, = 130 GeV and 110 GeV, respectively. We note that
for larger masses, the increased Lorentz boost between
the dark matter and the hh or Zh frames would result in
significant broadening of the photon spectrum, worsening
the fit to the Galactic Center excess [18-21]. In Fig. 1,
we present these spectra alongside that generated by di-
rect annihilations to bottom quarks for m, = 65 GeV,
which is known to give an adequate fit to the excess [53].
This figure illustrates that the spectral shape from the
hh and hZ final states is very similar to that from direct
annihilations to bb. Furthermore, the greatest departures
are found at the highest energies, where the spectrum of
the excess is least well measured.

IV. DIRECT DETECTION FORMALISM

For each simplified model considered in this paper, we
will derive the effective Lagrangian describing the inter-
actions of Majorana dark matter with quarks and gluons
(following the formalism of, for example, Refs. [35-41]):
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where fé is the scalar quark coupling, f;’ is the axial-

vector quark couphng, ( )

and fq and fg are the quark and gluon couplings from
twist-2 operators, respectively. The twist-2 operators are
the symmetric traceless parts of the energy-momentum
tensors and are given by:

is the scalar gluon coupling,
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In Eq. 6, we have included all of the lowest-dimension
terms that enable Majorana dark matter to scatter with
nuclei without suppression by powers of momentum or
velocity. Although the twist-2 gluon operator appears in
this expression, its contribution to the effective nucleon
coupling is subdominant compared to the scalar gluon
coupling in all the cases that we consider throughout this
study. We will neglect this contribution from here on.
From the Wilson coefficients féo), f(gl), (52), and fg(o),
we can derive the spin-independent and spin-dependent
scattering cross sections relevant for direct detection.
The spin-independent cross section per nucleon is given
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where m,, is the nucleon mass and Z and A are the atomic
number and atomic mass of the target nucleus, respec-

tively. The effective couplings to protons and neutrons
are given by:
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where « is the strong coupling. For the mass fraction of
light quarks and gluons, we adopt [60, 61]:*

P =0019, £ =0.027, £ =0.009, (10)
= 0013, £V =0.04, £ =0.009.

From these quantities, we can calculate the gluon con-

tent, f(p ) > fq(«p’"). The quantities, Sf’"),
q=u,d,s N

are the second moments of the proton and neutron parton
distribution functions, which are scale-dependent. Since
we will be performing our matching calculations at my,
or mz, we will take the values as determined at these
scales:

my, : QW =0.251, Q¥
myz: QP =0.254, QY

=0.155, QP = 0.055, (11)
=0.156, QP = 0.054.

Values for the neutron are obtained by exchanging the up
and down quarks in the proton case [64]. These quantities
were derived using the parameterization and analysis of
Ref. [64].

The spin-dependent cross section of the dark matter
with a proton or neutron is given by:

12 MyMp n 2 (1)
- | — X B A(P n)
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where the spin fractions of the proton and neutron are

r, (12)

given by: AP = 077, AP = —0.49, AP = —0.15,
Al = —0.49, AV = 0.77, and ALY = —0.15 [65).

A complete treatment of these interactions would in-
volve the following procedure. First, at the electroweak
scale, one integrates out the Z, W=, t, and h by match-
ing onto a complete basis of non-renormalizable operators
(including ones that are kinematically suppressed and

1 Other studies have favored significantly larger values for the nu-
cleon’s strange quark content [62, 63]. The elastic scattering
cross sections presented in this paper, however, are only impacted
by this difference at the ~10% level.



FIG. 2. The diagrams for dark matter elastic scattering with nuclei corresponding to the case in which the dark matter
annihilates to hh through the s-channel exchange of a spin-zero mediator, A (see Sec. V A).

that couple the dark matter to leptons). These opera-
tors are then evolved down to the nuclear scale of roughly
O(GeV), including threshold corrections from integrating
out the b and ¢ quarks and the 7 lepton. Finally, once
the operators are scaled down to ~ 1 GeV (at which
the nucleon matrix elements are defined), one uses the
nucleon matrix elements of the parton operators to gen-
erate the effective nucleon couplings. For the simplified
models considered in this study, however, the operators
of Eq. 6 are generated at leading order at the level of weak
scale matching without strong cancellations, and thus the
mixing of operators via the renormalization group flow is
expected to only introduce a mild correction at the level
of a few percent (see for example Ref. [38]). With this
in mind, we derive the elastic scattering cross sections in
this paper by performing a simple matching calculation
at the weak scale (taken as my, or my).

V. DARK MATTER ANNIHILATING TO hh

Majorana fermion dark matter can annihilate to a pair
of Higgs bosons through two types of diagrams: the
s-channel exchange of a spin-zero mediator, or the ¢-
channel exchange of a fermionic mediator. In this sec-
tion, we will calculate the cross sections for annihilation
and elastic scattering in each of these scenarios.

A. s-channel spin-zero mediator

We begin with the case of dark matter that annihilates
to a pair of Higgs bosons through the s-channel exchange

J
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of a spin-zero state. The Lagrangian for the simplified
model describing this process is given as follows:

LA x(As +2pin®) x + pnAh?, (13)

where A denotes the mediator and x is the (Majorana
fermion) dark matter candidate. The annihilation cross
section for this process is given by:
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where, m4 is the mass of the mediator and /s is the
center-of-mass energy. The width of the mediator, T4,
potentially receives contributions from decays to hh and

XX, given by:

2
D(A — hh) = b

S (m = )2 (15)

(m?4 — 4mi)1/2

I'A— xx) = [(m? — 4mi))\§ + miAf,].

167rm124

Far from any resonances or particle production thresh-
olds, the low-velocity annihilation cross section can be
well-approximated by the first two terms of its Taylor
series expansion, which in this case yields:
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Dark matter scattering with nuclei is dominated by the loop-diagrams shown in Fig. 2. These diagrams induce the
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FIG. 3. For Majorana dark matter annihilating to hh through a spin-zero mediator, we plot the spin-independent elastic
scattering cross section per nucleon as a function of the dark matter mass, for various values of the mediator mass, ma. In
each case, the couplings, A, have been set to obtain the desired thermal relic abundance, Qxh2 = 0.12. In the left and right
frames, we assume a purely scalar interaction (A, = 0) and a mixed scalar-pseudoscalar interaction (As = A, ), respectively. We
do not show results for A; = 0, as the elastic scattering cross section is suppressed by powers of velocity in this case. The red
regions in the upper portion of the frames are currently excluded by the LUX direct detection experiment [66], whereas in the
blue regions we predict a cross section that is below the neutrino floor, making it difficult for dark matter to be detected by
any planned direct detection experiment. Also shown are the regions within the projected reach of XENONIT (orange) and

LZ (yellow) [67].

following effective couplings between the dark matter and Standard Model quarks and gluons (see Sec. IV):
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where A = xom? + (z2 — 1)m3 and £ = xo + x1(11 —
1)(1 — x2). Throughout this paper, ys = —mg/v, where
v = 246 GeV is the vacuum expectation value of the
Standard Model Higgs boson.

In Fig. 3, we plot the spin-independent elastic scatter-
ing cross section per nucleon as a function of the dark
matter mass, for three values of the mediator mass, m .
In each case, the couplings, A, p, have been set to ob-
tain the desired thermal relic abundance, QXh2 = 0.12.
We compare these results to the current constraints from
the LUX experiment [66] and the projected sensitivity of
XENONIT (orange) and LUX-ZEPLIN (LZ, yellow) [67].
The blue regions fall below the so-called “neutrino floor”
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(see, for example, Ref. [69]), where it unlikely that any
direct detection experiment will be sensitive in the fore-
seeable future.

In Fig. 4, we plot some of the phenomenological fea-
tures of this model for the case of m, = 130 GeV and
wup, = 300 GeV. For scenarios with a non-negligible value
of A\p, the annihilation is dominantly s-wave (as seen in
the first line of Eq. 16), which allows this model to gen-
erate the observed normalization of the Galactic Center
gamma-ray excess (this criteria for this is taken to be
that the low-velocity annihilation cross section is greater
than 10725 cm3/s [53] and below the upper limit from
Fermi’s observations of dwarf galaxies [68], appropriately



m,=130 GeV, u,=300 GeV, 1,=0 m,=130 GeV, ;=300 GeV, 1s=0
TOM e e e 10—
y floor
1071E 5 1071E
- : <O0U>,-0
(_é,) (‘<Q* e e ——————————
10_2_ E 10_2:-
1073 AR A 10073 o i b
100 10! 102 103 10° 10! 102 103
my [GeV] my [GeV]
m,=130 GeV, u,=300 GeV
10—y
10_1:—
Q, F
<
”u, =
,< L
1072t
1073
10° 103

FIG. 4. For Majorana dark matter with a mass of 130 GeV, annihilating to hh through a spin-zero mediator, we plot the
parameter space in which the predicted thermal relic abundance matches the observed dark matter density (solid black line) and
the region in which the Galactic Center gamma-ray excess can be generated (green shaded band). The upper boundary of this
region corresponds to the upper limit on the annihilation cross section from Fermi’s observations of dwarf galaxies [68] (green
solid). The red regions in the upper-left portion of the first two frames are currently excluded by the LUX direct detection
experiment [66], whereas in the blue regions we predict a cross section that is below the neutrino floor, making it difficult for
dark matter to be detected by any planned direct detection experiment. Also shown are the regions within the projected reach
of XENONI1T (orange) and LZ (yellow) [67].
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FIG. 5. The diagrams for dark matter elastic scattering with nuclei corresponding to the case in which the dark matter
annihilates to hh through the t-channel exchange of a fermonic mediator mediator, x2 (see Sec. VB). Crossed diagrams are
not shown.

rescaled for the case of annihilations to hh). In contrast, B. t-channel fermionic mediator
the annihilation cross section is velocity suppressed in
the case of a purely scalar coupling (A, = 0), leading
to no appreciable indirect detection signals. In none of
these cases are the current constraints from direct detec-
tion experiments very restrictive, and unless m 4 is quite
small, such scenarios predict elastic scattering cross sec- B s
tions that are below the neutrino floor. Furthermore, if L5 hxa ()‘s + Apiy )X2' (18)
the coupling between the dark matter and the media-

tor is purely pseudoscalar (A; = 0), no detectable elastic The expanded low-velocity annihilation cross section in

In this subsection, we consider Majorana dark matter,
X1, that annihilates to hh through the ¢-channel exchange
of an additional fermion, xs:

scattering cross section is generated. this case is given by:
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Scattering with quarks and gluons occurs in this simplified model at leading order through the diagrams presented
in Fig. 5. Similar to Sec. V A, the full set of diagrams involves Higgs-vertex corrections, but now also includes the
Higgs box diagram of Fig. 5(b). Although this latter process is suppressed by the Yukawa couplings of the light
valence quarks and is subdominant, for completeness we include it in our numerical analysis. The quark and gluon
Wilson coeflicients are given by:
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47T2 A2 A, wiwe |(Nmy, — my, (21— 1)| + 3 My, L1722 ¢



—OsYs

3@ = DA my, = APmy, (z ~ 1))

—_— d
. 3847T3vmq/0 v Ay

1
T sy 1 -
+ A dl’ldl’gdl’g <A§§2(l’1 — 1)1’1(x2 — 1)x§(>\(+)le + )\( )mm)
q

+ JE—
2R

2
T 3az2"

)\(J“)mxl(xl —1)222 (29 — 1)zo (23 — 1)3:3

(w1 — Dy (wg — 1)23 |:)\(+)le (xf(ajg —1)—zzg + 21 + xgxg) + Xy, (21 — 1)y (23 — 1)]

(3(z1 — )@y + 2) (w2 — 1) (w3 — D22 AP my, + 235 my,)

+ ?)Azggsmi(x? — 1) (w3 — )22 [A(mel (333 [(z1 — 1)y ((1 - 221)% + 3wg) + 2x2] — (1 — 221)2(x1 — 1)1‘1)

+ AT my, (@1 — Dy (1 — 221)2 (23 — 1)]

e
AYE

1
1

——am
A

1

— =

AgE°
where we define the following:

AE) =22 12,

My, (21 — D)a1(ze — 1)zo(xs — 1)x§ [)\(+)m

il(xl — Dayzoxs + AN my my, (21 — 1)z zows
)\(Hmfa (1 — 1)%23 (29 — )i (x3 — 1)z)
(1= 221)* (21 = Dy (22 — Dad(zs — 1)*a5(APmy, + 2 my,)

(Jr)mf’mmg(l —221)% (21 — D)1 (z2 — 1)as(x3 — 1)%2),

Ay =a(x— 1)mf<1 + xmiz + (1 — z)m3,

Ay

X1

a3y
£

f = .’171(5(51 — 1)(1 — .’1?3) — X3.

As

In the expression for quo) above, the vertex diagram
of Fig. 5(a) contributes to the first line, whereas the box
diagrams of Fig. 5(b) contributes to the second and third

lines. The first line of the expression for fg(o) corresponds

to diagram 5(c), while the rest of fg(o) results from dia-
gram 5(d). Although the box diagram in Fig. 5(b) con-
tributes negligibly to the overall scattering cross section,
its 2-loop gluon equivalent, shown in Fig. 5(d), has a
significant effect due to the large top quark Yukawa cou-

pling.

In Fig. 6, we plot the spin-independent elastic scatter-
ing cross section per nucleon as a function of the dark
matter mass, for two values of the mediator mass, m,,.
In each case, the couplings, A;,, have been set to ob-
tain the desired thermal relic abundance, Q,h? = 0.12.
Again, we compare these results to the current and pro-
jected constraints from direct detection experiments.

m? (z1 — 1)ay + mi2$1 +mi(l—x1 — x3),

my, + l’2$3(m>2<1 - mfm) + (w9 — Vazzmi + (w3 — l)mg7

In Fig. 7, we plot the annihilation and scattering be-
havior for this model. As seen in Eq. 19, s-wave anni-
hilation can only occur if both the scalar (As) and pseu-
doscalar (Ap) couplings are non-zero, and the annihila-
tion rate is maximized in the case of Ay = A,. In this
case, as seen in the bottom-left and bottom-right frames
of Fig. 7, the required couplings are around O(0.2), re-
sulting in an elastic scattering cross section significantly
below the neutrino floor. However, in the situation where
either A; or A, vanishes, the annihilation amplitude is
purely p-wave and necessitates O(1) couplings in order
to generate an acceptable thermal relic abundance. As a
result, these larger couplings lead to scattering rates that
might be within the reach of next generation experiments
such as LZ.

Among other features, the bottom-right frame of Fig. 7
illustrates that special relations among the couplings Ag
and A, can lead to “blind-spots” in which there is an ac-
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FIG. 6. For Majorana dark matter, x1 interacting through a fermionic mediator, x2, we plot the spin-independent elastic
scattering cross section per nucleon as a function of the dark matter mass, for two values of the mediator mass. In each case,
the couplings, As,p, have been set to obtain the desired thermal relic abundance, Q,h* = 0.12. In the upper left, upper right
and lower frames, we assume a purely scalar interaction (A, = 0), a purely pseudoscalar interaction (A; = 0) and a mixed
scalar-pseudoscalar interaction (As = A,), respectively. The red regions in the upper portion of the frames are currently
excluded by the LUX direct detection experiment [66], whereas in the blue regions we predict a cross section that is below the
neutrino floor, making it difficult for dark matter to be detected by any planned direct detection experiment. Also shown are
the regions within the projected reach of XENONIT (orange) and LZ (yellow) [67].
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FIG. 7. For Majorana dark matter with a mass of 130 GeV, annihilating to hh through a fermionic mediator, we plot the
parameter space in which the predicted thermal relic abundance matches the observed dark matter density (solid black line)
and the region in which the Galactic Center gamma-ray excess can be generated (green shaded band). The upper boundary
of this region corresponds to the upper limit on the annihilation cross section from Fermi’s observations of dwarf galaxies [68]
(green solid). The red regions are currently excluded by the LUX direct detection experiment [66], whereas in the blue regions
we predict a cross section that is below the neutrino floor, making it difficult for dark matter to be detected by any planned
direct detection experiment. Also shown are the regions within the projected reach of XENON1T (orange) and LZ (yellow) [67].

cidental cancelation between the contributions from the matter Yukawa couplings, this cancellation can persist if
diagrams in Fig. 5. Even for O(1) values of the dark  the combination of A; and A, is tuned at the few percent
level.
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VI. DARK MATTER ANNIHILATING TO hZ

Majorana fermion dark matter can annihilate to a Higgs boson and a Z boson through three types of tree-level
diagrams: the s-channel exchange of a spin-zero mediator, the s-channel exchange of a spin-one mediator, or the
t-channel exchange of a fermionic mediator. In this section, we will present the cross sections for annihilation and
elastic scattering in each of these scenarios.

A. s-channel spin-zero mediator

Next, we turn our attention to Majorana fermion dark matter, y, that annihilates to hZ through the s-channel
exchange of spin-zero mediator, A. The relevant interactions of this simplified model are described by the following
Lagrangian:

LA X (A +2pi7°) X + gaZt (AD,h — hd,A) . (21)
The annihilation cross section in this case is given by:

-y (1) %

ov = 5
(S—mA) +m34T?

+

S S

94 (1_2m%+m2z

167m3 (omd + (65— 14m3) mf + 5m + 5* — 10sm3),

(22)

where /s is the center-of-mass energy. The width of the mediator, T" 4, potentially receives contributions from decays
to hZ and xx, given by:

2 1/2 m2 — m?2 2
[(A = h2) = 167!;1;‘711}4 (mA 2m? (mj, +m%) + (mj, — mzz)2> [m% —2(m% +mj) + M}

1/2
— 2 2 2 2 )2 242
(A = xx) = m (mA - 4mx) { (mi — 4mx) A+ mA)‘p] (23)

At low velocities and sufficiently far from resonance, this cross section can be expanded in powers of velocity:

242 1/2 4 2 2,2 2 212
gaA;, 4 9 9\ 9 9 9.9 5my —2(Tm;, + 2OmX)mZ + (3m;j, + 4mX)
~ -2 4 —4 24
ov 6471‘m22 (mh (mZ =+ mx)mh + (mz mX) (mi — 4m§<>2 ( )
2 9,24 2.4 2 2 2 4 2 2 2 2 232 1/2
+ v 8A,my (3mh —5my + 4mX) (mh -2 (mZ + 4mX) my + (mZ — 4mX) )
2567rmzm4 (mA 4m2)

2/\I2Jmi A , b , o
_ 7 (sz —2(Tmj, + 20m3) m% + (3mj + 4m3) )
(mi - 4m§) (m;ﬁ -2 (mQZ + 4m§) mi + (m2Z - 4mi) )

X (mi (m;ll -2 (m2Z + 3mf<) mi +my + Smi - GmQZmi) - 8m§< (m% - (2mQZ + 7mi) mi +my + 12mi - 7m2zmi) ﬂ
2\1/2 2
+ (m% -2 (mQZ + 4mi) mi + (mQZ — 4mi) ) ()\12, + Ai) mi (5m‘é -2 (7m,2L + ZOmi) m% + (3m,QL + 4mi) ) }
In Fig. 8, we show the dominant diagrams for elastic scattering in this case. This interaction is described by:

1—x1 2
gAysgq 1% _ . 5 _. |
~ et / dzy / dxs (1 —2log A) X (As + 2pin®) x 77°q, (25)

where A = zym7 4+ xzam3, and g5 = —goT72 /(2cos ) is the axial piece of the Standard Model ¢-¢-Z coupling. The
~® appearing in the quark part of this interaction guarantees that the resulting elastic scattering cross section will be
both spin-dependent and suppressed by two or four powers of momentum for the A\; and A, terms, respectively. As
a consequence, the elastic scattering cross sections predicted in this model will be extremely small, and well below
the neutrino floor. The reason that no gg term is present in Eq. 25 is that any interaction with two scalars and a
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FIG. 8. The diagram for dark matter elastic scattering with nuclei corresponding to the case in which the dark matter
annihilates to hZ through the s-channel exchange of a spin-zero mediator, A (see Sec. VI A).

Z is anti-hermitian, and thus cancels in the Lagrangian. As a result, only the scalar-pseudoscalar-Z vertex remains,
providing a 5 in the effective quark bilinear.

In Fig. 9, we plot some of the phenomenological features of this model for the case of m, = 110 GeV and g4 = 0.3.
For scenarios with a non-negligible value of A, the annihilation is dominantly s-wave, allowing this model to generate
the observed normalization of the Galactic Center gamma-ray excess. In contrast, the annihilation cross section is
velocity suppressed in the case of a purely scalar coupling (A, = 0), leading to no appreciable indirect detection
signals.

B. s-channel spin-one mediator

In this subsection, we consider Majorana dark matter, x, that annihilates to hZ through the s-channel exchange
of a spin-one particle, Z':

L>g 7, XY*y5x + pnZy, 2" h. (26)

The annihilation cross section in this case is given by:

1/2
g2t (=2 (s +m3) m3 + (s - m3)?)
ov =

T . — (sm%,+2mi(m§,—6sm221—|—332)>mi
24ms mZmZ,((s—mZ,) +mZ,FZ,)

—2(s+m3) (sm‘é, + 2mi(m‘é/ — 6sm%, + 352)>m,2L + s (my + 10sm% + s*) m%,

+ Qmi { (m%, — 6sm3, + 3s%) my — 2s (13m%, — 6sm%, + 3s*) m3, + s* (mY, — 6sm%, + 3s°) } }, (27)

where /s is the center-of-mass energy. The width of the mediator, I'z/, potentially receives contributions from decays
to hZ and xx:

2 1/2 2 2 212
_ M 4 2 22 2 2 2 (mz —mj +m3z)
00 = b (o2 o ) (2 B
2 (2 213/2
g (mZ/ - 4m )
rz — = =X X 98
( XX) 242, (28)
Expanding the annihilation cross section in powers of velocity yields:
22 )
~ IxFn 4 2 2 2 9 5y2)3/2
o W(mh =2 (3 +4m3) mf + (m3y —4m?)" ) (29)

2\ 1/2
L0203 (it = 2 (m + dm2) m2 + (m3, — 4m?)* )

+ v 3
30727rm2zm;1<m%, (m2z, — 4mf<)

x { [ — Tmj, 4+ 20m3mj, — Tmy + 32my + 2m% (Tmj, + 58m?) } mi,

+ 72 [mi -2 (mQZ + Qmi) mi +my — 4m2zmi] mQZ,mi — 144 [mi -2 (mQZ + Qmi) mi +my — 4m22mi} mi}.
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FIG. 9. For Majorana dark matter with a mass of 110 GeV, annihilating to hZ through a spin-zero mediator, we plot the
parameter space in which the predicted thermal relic abundance matches the observed dark matter density (solid black line)
and the region in which the Galactic Center gamma-ray excess can be generated (green shaded band). The upper boundary
of this region corresponds to the upper limit on the annihilation cross section from Fermi’s observations of dwarf galaxies [68]
(green solid). In this case, we predict a cross section that is below the neutrino floor throughout the entire region shown.

Scattering with nuclei occurs through the diagrams presented in Fig. 10. The dominant Wilson coefficient associated
with these diagrams is given by:

a 1 2 a 1 1—x1
(1) _ _9x9qFn / del 0 9q IxHnMqYs / d / d (x1 +2z2+1) 30
Ja 16m2m%,v J, 08 mi + (1 —z) m% + 8m2m%,  Jo o o 2 A ’ (30)

where A = xlm,% + 1‘277122 and u~mg.
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FIG. 10. The diagrams for dark matter elastic scattering with nuclei corresponding to the case in which the dark matter
annihilates to hZ through the s-channel exchange of a spin-one mediator, Z' (see Sec. VI B).

If we were to strictly adhere to our simplified model framework, we would use the Wilson coefficient given in Eq. 30
to calculate the elastic scattering cross section in this model. In a realistic model with an interaction of the form
ZLZ”h, however, mixing between the Z and Z’ is an inevitable consequence of gauge invariance, leading to elastic
scattering through tree-level Z exchange. For example, one might consider extending the Standard Model gauge group
by a new broken U(1), under which the Standard Model Higgs is charged. After electroweak symmetry breaking, the
kinetic term for the Higgs leads to both an effective Z’-Z-h coupling as well as to mass mixing between the Z and
Z'. As a result, these two effects cannot be decoupled, and a non-zero value for u;, generically induces mass mixing,
as well as an effective coupling between the dark matter and the Standard Model Z. This results in the following
tree-level contribution to the axial-vector Wilson coefficient:

Ix9q
i = (31)
Z/
where the mixing parameter, €, is given by:
e= — Y (32)

A(mZ, —m7)

Mass mixing between the Z and Z’ can also alter the value of the Z mass, which is strongly constrained by
electroweak precision measurements. In particular, in the simple model described in the previous paragraph, the p
parameter is shifted from its Standard Model value of unity as follows:

2

m%, —m
p= 1—|—€2(ZZ). (33)
my

Experimentally, p is bounded to be less than 1.0009 at the 95% confidence level [70], which translates into a fairly
strong lower bound on mz, even for modest values of pj,. Furthermore, ete™ experiments are able to place model
independent constraints on Z — Z’ mixing from measurements of quark and lepton forward-backward asymmetry,
differential Bhabha scattering, and the total Z hadronic cross section [71]. Although the relative strength of each
measurement depends on the particular value of myz/, we will utilize the bound on p as a central estimate for the rest
of this section. As we will see below, consideration of these other channels would not significantly change the final
result.

As discussed in Sec. IV, axial-vector quark couplings, fél), lead to spin-dependent scattering with nuclei. Although
spin-dependent scattering is comparatively weakly constrained, the cross sections predicted in this model are very
large and well within the reach of current experiments. In the left frame of Fig. 11, we plot the spin-dependent elastic
scattering cross section in this model, finding that it is strongly constrained by LUX [66]. In the right frame, we
consider the case of m, = 110 GeV, and plot the parameter space in which the predicted thermal relic abundance
matches the observed dark matter density and the region in which the Galactic Center gamma-ray excess can be
generated. The constraint from LUX excludes this simplified model, unless one considers dark matter that is very
near resonance, 2m, ~ mz.. We also include in the right frame the constraint from the measurement of the Z mass,
as described in Eq. 33.

C. t-channel fermionic mediator

Lastly, we consider Majorana dark matter, x1, that annihilates to hZ (and necessarily to hh and ZZ) through the
t-channel exchange of a fermion, ys:
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FIG. 11. Phenomenology in the case of Majorana dark matter, , annihilating to hZ through a spin-one mediator, Z’. In the
left frame, we plot the dark matter’s spin-dependent elastic scattering cross section per nucleon as a function of the dark matter
mass, for two values of the mediator mass. In each case, we have adopted a value of u, = 5 GeV and the coupling, g,, has been
set to obtain the desired thermal relic abundance, 2, h? = 0.12. In the right frame, we plot for the case of m, = 110 GeV the
parameter space in which the predicted thermal relic abundance matches the observed dark matter density (solid black line)
and the region in which the Galactic Center gamma-ray excess can be generated (green shaded band). The upper boundary
of this region corresponds to the upper limit on the annihilation cross section from Fermi’s observations of dwarf galaxies [68]
(green solid). The red region of this frame is currently excluded by the LUX direct detection experiment, when converted to
apply to the case of spin-dependent scattering [66]. This constraint excludes the overwhelming majority of the parameter space
for this simplified model. We also plot as a vertical dashed line the constraint from precision measurements of the Z mass, as
described in the text.

LD Zuxar" (igy + g57°) x2 + hxa (As + Apin®) X2

(34)
The expanded low-velocity annihilation cross section to hZ is given by:
3/2
1 {m% + (m% — 4771?(1)2 — (4m + mQZ)} 9
Thzt = 64mms mzz (m3 — 2m2 —2m2, + m%)? {(mXI ~ M) Asgy F (M + mXZ))\ng}
2
{mh—Q(mZZ—I—ZlmX ymi + (m% — 4m ) }
+o? 2 : 2 1 (Ahz(g;)Q +Baz(g ) + CthXgX)
6mmym?, (m3 +m% — 2m2, — 2m§<2)
In the limit of m,, > mp, mz:
[ 5 29

Apz ~ migmil mil 1 —4x + 32% 4 823 + 32* + 42° + x6> + gm% + 8m22} A2 (35)

6 — 4z + 1022 —|—4x>+3mh+3m A2,

29
1+ 4z + 32% — 823 4 32* — 425 + x6> +omi + m%} )\12,,

thzmizmil m (6—1—430—!—1036 + 4z ) —3mi—3m2z}/\§
22
4 4

2
—2+10x2—2x4—6x6)— 2 9 }
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FIG. 12. The diagrams for dark matter elastic scattering with nuclei corresponding to the case in which the dark matter
annihilates to hZ through the t-channel exchange of a fermionic mediator, x2 (see Sec. VIC).

where & = my, /my,.

The velocity-expanded annihilation cross section to ZZ is given by:

1 m2 \ /2 1 W o2 | 8mi, my 8m2_m?2
0220 - (1 — mZZ > ; ; vARY) 7;‘;4 XLt 6m?, — 7;;2 X m% (36)
X1 (mX2 +my, — mZ) z Z
a)?2 v)2 2 2 2
+ ((gx) + (gx) ) (le - mZ)
1 4 4 2
+ 02 (AZZ 9x) +Bzz(9y) +Czz (9,95 >7
24mmy, my (m2, —m%)\/2 (m2, +m2, —m})" () (o) (5h%)

where in the limit of m,, > mz:

Agz ~mS m, (3 + 4z + 4% + 823 4+ Tat + 42° + 23;6) , (37)
Bgz >~ mizmil (3 — 4z + 4z — 83 4+ T2t — 42® + 2306),

Cyy ~ Qmizmil (mi1 (9 — 822 — 32" + 22°%) — 9m22).

Again, x = m,, /m,,. The annihilation cross section to hh in this model is the same as that given in Eq. 19, and we
do not repeat this expression here.

Turning now to elastic scattering, there are many diagrams to consider in this case, including the hh vertex correction
(Fig. 12a, 12¢), the hh box diagram (12b, 12d), the ZZ vertex correction (Fig. 12e, 12g), the ZZ box diagram (12f,
12h), and the hZ vertex correction (12i). The contribution from the hZ box diagram vanishes [40]. The resulting
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Wilson coefficients are given by:

m%(ys/my) [*, 1—x " v
1 = gy / =3 ()7 (s (2 = 1) = 2m) o+ (93)° (o, (1= 2) = 2m,) | (38)
L us/mg / 1 3@ =D my, =Xy (1))
3212y AN

— g\ my, (295‘) + g5 (g — 1))

1 1 1—x2 1
— d d -1 —
+ 32 /0 1‘2/0 371(.131 + X2 ) A%

+ g<+) (g§+>(—6a:1x2 + oy + 20— 1) — 2g{7) (21 — 1))1

2

+

Al gq )g>(< )m mX2951$2+2g(+) (+)m (151—1)%1962]}

1= ”“2 (1—z1—29) ] 1 _
16 3 / dxs / Alg 3 [)\(+)mxl (z1(3z2 — 4) — 225 +4) — 225y, (22 — 2)}

m
Ai, [/\( )mX2 >‘(+)mX1 ((51 - 1)} }v

g(+) 1 1—xo 3 1
f(fl) — #/{; de/O dﬂ?l(l‘l —+ xo — 1) 2A (+) + — A [ (+)m xl(xl + 1) gii)mxlmxle]

a 1 1—x
g 2 1 u "
+ 87;;1) /0 dxo /0 dxq AS{)\SQX {mxl(l —x9) + mxz] + Apdy {mxl(l — o) — mxz} },

A2 g)(<+)

1
féQ) — ( 4$1$2 + 21+ 22 — 1) A3

g¢my, (a1 + 22— 1)
472

2g>(< Yy, My, T3 + 4g(+) Lz — 1)1‘1$2‘| }
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1
Qg 1 _
1= Y g | dondaday (—A%Q(xl—l)xl(:cg—l)m% o (9 ms, — 20, )
t

g=c,b,
1
AZE?

+ g my, (93(2s = 1) — @12y + 1 + ‘”2””3)}

2
" 3A3e M
2 2
3A3¢s

+ g my, (31 = Dy +1) s (9 — 207) }

(1 — Dy (zg — 1)3:% g((;”) [2g>(<_)mx2x1 ( —x123 + 21 + T3 — 1)

p (3(901 —Day + 1) (2 —1)(z3 — )3 (295_) - g,§+)) (9>(<+)mx1 - 29§<_)me>

(w2 = 1) (s — 1)a3 [m{@c = D (951 (B(ar — Dan +1) = 2007 (@1 = an ) (g4 m, — 204y, )

— (1 — 1)y (g((1+)(3(331 —Day+1) - 29,5_)(:131 - 1)x1> (g;'*')mxl - 2g(_)mX2> ]

2
VIS

— 2g>(<+)m(21 (3(:61 — 1z + 1) (23 — 1)}1

2
AE!

- géﬂ (3(:1:1 — Dz + 1) (Zggf)mx1 - gv(f)mm) ]

(+)m§(1m3(x1 — Dy (vg — )i (xs — 1)%z) lgé_)(xl — Dz — g§+) (6(3:1 — Dz + 2)

My, (X1 — a1 (22 — 1)zo(xg — 1)90% [gfl—)g;ﬂmz(m —Dzy(xs —1) + 9((1+){9>(<_)mx1mx2 (1 — 1)z 2073

m2 m3(wy — 1) (w2 — 1)ad (w3 — 1) [gwxl = D (9 my, — 200 my, )

)

2
Aigsgx
where
Ay =x(x — l)mi1 + a:mf(2 + (1 —2x)m%,
Ay =z (21 — 1)m§<1 + xlmf@ + (1 =z — 29)m%,
As = mil (x1 — Dy + mf@xl +mi(l -z — ),
Ay = a3zy

3
A5 = zo(x9 — 1)mf<1 + xgmiz + (1 =z — x2)m} + x1m7%,

f = 1{,’1(.’)31 — 1)(1 — 56'3) — I3
9 = (g9 £ (g8)
95 = (99)* £ (95)°,
AE) =22 122

and the vector and axial pieces of the Standard Model g-
q-Z coupling are given by g; = —gg = gng’/(2 cos Oy ).

In the expression for the scalar quark coupling, féo),
the first and second lines correspond to ZZ and hh ver-
tex corrections, respectively. Lines 3-5 and 6-7 of this
expression result from the ZZ and hh box diagrams, re-

my, + waxz(mi, —m3,) + (v2 — D)zsm% + (x5 — 1)m

2
q,

(

spectively. The first and second lines of the expression for
fél) arise from the ZZ box and hZ vertex correction, re-

spectively. The quantities f(§2) and fg(o) each result from
the ZZ box diagram.

In the upper frames of Fig. 13, we plot the spin-
independent elastic scattering cross section per nucleon
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FIG. 13. Phenomenology in the case of Majorana dark matter, x1, annihilating to hZ through a fermionic mediator, x2. In the
upper frames, we plot the dark matter’s spin-independent elastic scattering cross section per nucleon as a function of the dark
matter mass, for two values of the mediator mass, and for either A, = g = 0 or As = gy = 0. In each case, we have adopted a
value for the couplings to obtain the desired thermal relic abundance, Q,h? = 0.12. In the lower frames, we plot for the case of
my = 110 GeV the parameter space in which the predicted thermal relic abundance matches the observed dark matter density
(solid black line) and the region in which the Galactic Center gamma-ray excess can be generated (green shaded band). The
upper boundary of this region corresponds to the upper limit on the annihilation cross section from Fermi’s observations of
dwarf galaxies [68] (green solid). The red regions are currently excluded by the LUX direct detection experiment [66], while
orange and yellow regions are within the projected reach of XENONIT and LZ, respectively [67]. Unless the dark matter is
quite light, this model predicts cross sections that lie below the neutrino floor (blue regions), making it difficult for dark matter
to be detected by any planned direct detection experiment.



as a function of the dark matter mass, for two values of
the mediator mass, m,, and for two selections of cou-
plings: As = g% # 0, A, = gy = 0 and )\, = g} # 0,
As = gy = 0 in the left and right frames, respectively. By
setting these combinations of couplings to zero, we both
minimize CP violation and approximately maximize the
fraction of annihilations that proceed to hZ, as opposed
to ZZ or hh final states. In particular, these combina-
tions assure that the annihilation cross section to hh is
p-wave suppressed, and that over much of the parameter
space 020/07z20 2 (My, /My, )? (Asp/92")?. In each
case, the non-zero couplings have been set to obtain the
desired thermal relic abundance, QXh2 = 0.12. While
much of this parameter space predicts an elastic scatter-
ing cross section that lies below the neutrino floor, this
model could potentially lead to observable rates in future
direct detection experiments if the dark matter is lighter
than ~200 GeV (which is also required if the dark matter
is to account for the Galactic Center gamma-ray excess).

In the lower frames of Fig. 13, we plot some of the
phenomenological features of this model for the case
of my = 110 GeV (again for either \, = gy = 0 or
As =gy = 0). For scenarios with a relatively light medi-
ator, the annihilation cross section is dominantly s-wave,
allowing this model to generate the observed normaliza-
tion of the Galactic Center gamma-ray excess. Although
current constraints do not yet restrict this model, future
direct detection experiments are expected to be sensitive
to this scenario.

VII. DISCUSSION AND SUMMARY

Direct detection experiments have become increasingly
powerful in recent years. We are now able to test and
exclude many models in which the dark matter couples
at tree-level to Standard Model quarks. The null results
of these experiments motivate us to consider dark matter
candidates that instead couple primarily to gauge and/or
Higgs bosons. Although such interactions can lead to ef-
ficient tree-level annihilations in the early universe, they
only generate a cross section for elastic scattering with
nuclei at the loop-level.

Past studies have considered the elastic scattering of
dark matter through W* and Z loops in some detail.
In this paper, we have instead focused on scenarios in
which the dark matter is a Majorana fermion that cou-
ples and annihilates to hh and/or hZ. In addition to
generating small elastic scattering cross sections (con-
sistent with existing direct detection constraints), dark
matter that annihilates to hh or hZ final states can pro-
vide an acceptable fit to the spectrum of the Galactic
Center gamma-ray excess. Within a simplified model
framework, we have assembled an exhaustive list of pos-
sible descriptions for a Majorana dark matter particle
that annihilates at tree level to hh or hZ. For each sim-
plified model, we have calculated the annihilation cross
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section and the loop-induced elastic scattering cross sec-
tion with nuclei. We have presented these cross sections
in a format that can be straightforwardly applied to UV-
complete models of interest.

We have identified several particularly interesting sce-
narios, including those in which the dark matter anni-
hilates to hh or hZ through the s-channel exchange of
a spin-zero mediator, or through the t-channel exchange
of a fermion. Although we also considered spin-one me-
diated annihilations to hZ, we found that such models
are excluded by LUX unless the dark matter is very near
resonance, m’, ~ 2m,. Future direct detection exper-
iments such as XENONIT and LZ are expected to be
sensitive to several of the cases considered here. In par-
ticular, the fermion mediated models often yield cross
sections that are within the anticipated reach of LZ. In
contrast, models in which the dark matter annihilates to
hh or hZ through a spin-zero mediator could plausibly
exhibit elastic scattering cross sections that lie below the
neutrino floor, making it possible that they will remain
beyond the reach of direct detection for the foreseeable
future.

We note that several of the models considered here ex-
hibit non-negligible low-velocity annihilation cross sec-
tions, allowing for potentially observable indirect detec-
tion signals (and for the ability to account for the Galac-
tic Center gamma-ray excess). More specifically, each of
the phenomenologically viable models considered in this
paper yield significant low-velocity annihilation cross sec-
tions, so long as the mediator’s coupling to the dark mat-
ter has a non-negligible pseudoscalar component. Models
with purely scalar couplings, however, can lead to p-wave
annihilation amplitudes, and highly suppressed signals
for indirect detection.

In Table I, we summarize some of the most salient
features of the models discussed in this paper. Given the
breadth of the available parameter space, it is difficult to
make simple statements that capture all of the possible
phenomenology. Nonetheless, certain broad features of
a given model can help us to project whether a future
discovery with direct or indirect detection experiments is
likely.
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’ Final State \ Mediator

Annihilation Cross Section \ Direct Detection Prospects ‘

s-channel, spin-zero

s-wave if A # 0

Difficult, but possible if A5 # 0
and Mmea S O(100) GeV

hh (Sec. V) —
t-channel, fermion |s-wave if A\s # 0 and A, # 0 Possible if A > A,
or A\s < Ap
s-channel, spin-zero s-wave if A\, # 0 Very Difficult
s-channel. spin-one | 5 Wave with comparable Largely excluded by LUX in
hZ (Sec. VI) ' 5P p-wave contribution a UV-complete theory

t-channel, fermion

s-wave with comparable
p-wave contribution

Typically observable if
mpm < 200 GeV

TABLE I. A brief summary of the prospects for indirect and direct detection in the case of Majorana dark matter that

annihilates to hh or hZ.
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