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ABSTRACT: Although weakly interacting massive particles (WIMPs) have long been among the most
studied and theoretically attractive classes of candidates for the dark matter of our universe, the lack
of their detection in direct detection and collider experiments has begun to dampen enthusiasm for this
paradigm. In this study, we set out to appraise the status of the WIMP paradigm, focusing on the case
of dark matter candidates that interact with the Standard Model through a new gauge boson. After
considering a wide range of Z’ mediated dark matter models, we quantitatively evaluate the fraction
of the parameter space that has been excluded by existing experiments, and that is projected to fall
within the reach of future direct detection experiments. Despite the existence of stringent constraints,
we find that a sizable fraction of this parameter space remains viable. More specifically, if the dark
matter is a Majorana fermion, we find that an order one fraction of the parameter space is in many
cases untested by current experiments. Future direct detection experiments with sensitivity near the
irreducible neutrino floor will be able to test a significant fraction of the currently viable parameter
space, providing considerable motivation for the next generation of direct detection experiments.
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1 Introduction

Over the past several decades, the most popular and well-studied candidates for dark matter have been
stable particles that were in equilibrium with the Standard Model (SM) bath in the early universe and
that then froze-out to yield a thermal relic abundance in agreement with the measured cosmological
dark matter density. In order for this process to result in an acceptable dark matter abundance, such
particles were generally required to possess very roughly weak-scale masses and couplings to the SM.
This result provided the foundation for what has become known as the WIMP paradigm.



It has long been appreciated that if the dark matter consists of weakly interacting massive particles
(WIMPs), it should be possible to detect these particles through their elastic scattering with nuclei,
by observing their annihilation products, or by producing them in colliders (for recent reviews, see
Refs. [1-3]). With this goal in mind, large and highly sensitive underground detectors have been
developed and deployed, resulting in very stringent limits on the dark matter’s scattering cross section
with nuclei [4-8]. The Large Hadron Collider (LHC) has also begun to explore the electroweak-
scale, but has not identified any evidence that dark matter particles are being produced in these
collisions [9-19]. Lastly, while the Galactic Center gamma-ray excess [20-28] and the cosmic-ray
antiproton excess [20-32] are each suggestive of originating from dark matter annihilation, no consensus
has emerged regarding the interpretation of this data. These results have motivated many scientists
working on the problem of dark matter to consider alternatives to the WIMP paradigm [33], elevating
the degree of interest being directed towards candidates such as axions [34—40], as well as scenarios in
which the dark matter is part of a hidden sector [41-58].

At this point in time, it is not entirely clear how one should view the status of the WIMP paradigm.
On the one hand, it is certainly the case that many once attractive dark matter candidates have been
excluded by the null results of direct detection experiments and by searches for new physics at the
LHC [59-61]. Tt is also true, however, that many varieties of WIMPs remain entirely viable [62-65].
How one thinks about the relative weighting of these scenarios impacts how we should devote our
experimental and theoretical resources. With so much at stake, we would ideally attempt to make
a systematic and thorough assessment of the current status of the WIMP paradigm. Given the vast
diversity of possible WIMP models that one could consider, however, a truly exhaustive study would
be an enormous and practically intractable undertaking. With such considerations in mind, we have
chosen to focus more narrowly in this study on the case of dark matter particles that annihilate
through couplings to a new vector gauge boson, Z’ [66-83]. New broken U(1) gauge symmetries and
the Z’ bosons that accompany them are found within many well-motivated extensions of the SM [84],
including many Grand Unified Theories (GUTSs) [85, 86] and string-inspired models [87-95], as well
as within the context of dynamical symmetry breaking scenarios [96-98], models with extra spatial
dimensions [99-102], and many other popular extensions of the SM [103-109]. Within this relatively
simple subset of WIMP models, we will consider scenarios in which the dark matter candidate is
either a Majorana or Dirac fermion, and Z’ bosons that possess a wide range of couplings and other
characteristics. This collection of well-motivated models can lead to a wide range of phenomenological
consequences, with detection prospects that vary from easily testable, to extremely elusive.

The remainder of this study is structured as follows. In Sec. 2, we describe the range of Z’
mediated dark matter models that we will consider in this study. We then describe in Sec. 3 the
current and projected constraints that we apply to this class of models. In Sec. 4 we present our main
results. After discussing some caveats and other theoretical considerations in Sec. 5, we attempt in
Sec. 6 to quantitatively evaluate the status of Z’ mediated WIMPs. To this end, we perform a Bayesian
analysis, calculating for each given model (and for three choices of priors) the fraction of the parameter
space that has been ruled out by existing experiments, as well as the fraction that is projected to fall
within the reach of future direct detection experiments. Although the current constraints do exclude
a significant fraction of the Z’ mediated dark matter parameter space, a sizable proportion remains
viable (in the case that the dark matter is a Majorana fermion). The prospects for future direct
detection experiments are quite encouraging; we project that experiments with sensitivity near the
neutrino floor will be able to test a significant fraction of the currently viable parameter space. We
discuss and summarize our results in Sec. 7.



2 7' Mediated Dark Matter Models

In this section, we describe the range of Z’ mediated dark matter models considered in this study.
In order to ensure maximum generality, we have taken a simplified models approach, in which we
describe the masses and couplings of the dark matter and Z’ without necessarily specifying the full
particle content of the underlying theory. Although one might ideally like to consider models that are
UV complete and fully gauge invariant [77, 110-125], this comes at the cost of significantly increasing
the dimensionality of the parameter space. Here, we will consider models that respect the symmetries
of the SM and maintain tree-level gauge invariance, but do not explicitly require the cancellation of
gauge anomalies. Within the context of such models, we assume that loop-level gauge invariance is
achieved through the presence of additional unspecified particles, which do not play a significant role
in the dark matter phenomenology under consideration. For additional discussion, see Sec. 5.

2.1 Dirac Dark Matter

The simplest realization containing a Dirac dark matter candidate, Y, arises when the Z’ acquires
its mass through the Stuckelberg mechanism (see, for example, Ref [126]). Here, the Lagrangian is
extended by the following (neglecting the dark matter kinetic term):
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where the sum is performed over all SM fermions as well as the dark matter candidate. The quantities
g, F[“, and ¢; are the gauge coupling, field strength tensor, and charge assignments of the U(1)’,
respectively. The kinetic mixing between the U(1)" and U(1)y is quantified by €, which we take to be
zero at tree-level (but is induced through loops, as described in Sec. 2.3). For simplicity, we we will
often refer to the interactions of the Z’ in terms of its effective universal coupling to SM fermions,
gsm = ¢;¢° (where i includes all SM fermions that are charged under the U(1)"), and it coupling to
the dark matter, g, = ¢, ¢’

2.2 Majorana Dark Matter

In the case of dark matter in the form of a Majorana fermion, one cannot simply exploit the Stuckelberg
mechanism, as simplified Z’ models with non-zero axial couplings naturally violate unitarity at high
energies [127]. This problem can be circumvented, however, if one instead generates the necessary
masses through the spontaneous breaking of the U (1)’ symmetry by a new SM singlet scalar, ¢, which
we take here to be complex and charged under the new U(1)" with ¢, = 2¢,. Specifically, we will
assume that the Lagrangian in the unbroken phase contains the following terms:
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where A, is a Yukawa coupling, ui and )\, are parameters in the scalar potential, and Mgy is the
scalar-Higgs mixing. We again take € to be zero at tree-level, and additionally assume that the scalar-
Higgs mixing vanishes (Agy = 0). Spontaneous symmetry breaking causes the scalar to develop a
vacuum expectation value, v’. In the unitary gauge, one can rewrite the field as ¢ = %(v’ +p), where

p is a CP-even scalar field. Minimization of the scalar potential yields ui = A0’ 2. By substituting



¢ = (’U + p) into Eq. 2.2, together with D¢ = 0.¢ — ig'2q,Z] ¢, one finds that the resulting
Lagranglan contains:

Ay
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In the broken phase, the mass of the dark matter, new gauge boson, and real scalar can be expressed
as follows: m, = A\ v', mz = 2¢,¢'v" and m2 = 2\4v'?. Substituting in these mass parameters, one
arrives at:
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In order to minimize its impact of the resulting phenomenology, we will take the mass of the scalar to
be equal to the maximum value consistent with unitarity, m, = /7T mz /g, (see Appendix A).

2.3 Loop-Induced Kinetic Mixing

Kinetic mixing between the U(1)" and U(1)y can shift the mass and couplings of the Z from their
predicted value [128], and thus precision electroweak measurements can be used to constrain the value
of € [129-131]. With this in mind, we assume throughout this study that e vanishes at tree level, but
is generated at loop level, yielding the following [132, 133]:

gy g
~ o 2ZYqzln< > (2.5)

where gy is the SM gauge coupling, Y; is the hypercharge of fermion ¢, and A = m/;/, /g, gy is the
effective cutoff scale.

In addition to any tree-level couplings that may exist, kinetic mixing will induce an effective
coupling of the Z' to SM fermions: £ € —gy cos HwefWMfZL, where € ~ gsy gy cos Oy /412 ~
10~2gsy. These loop-induced couplings will play an important role in determining many of the
constraints presented in this study and are included in all of the relevant calculations presented here.

3 Dark Matter Phenomenology

In this section, we describe our analysis of the Z’ mediated dark matter models presented in the
previous section. In order to make this problem more tractable, we will limit our analysis to the
following sets of U(1)’ charge assignments:

e Coupling to lepton number, with ¢; = 1 for all SM leptons.
e Coupling only to first-generation leptons, with ¢. = ¢,, = 1.
e Coupling only to third-generation leptons, with ¢, = ¢,, = 1.

e Coupling to baryon number, with g, = 1/3 for all SM quarks.



e Coupling only to first-generation quarks, with ¢, = g4 = 1/3.
e Coupling only to third-generation quarks, with ¢; = ¢, = 1/3.

We have chosen this selection of charge assignments in order to cover a diverse and representative
range of phenomenological possibilities. For example, models without tree-level couplings to SM quarks
(i.e. “leptophilic” models) are generally less constrained by direct detection. Furthermore, models with
couplings only to first or third generation fermions can lead to very different annihilation cross sections
and scattering rates with nuclei (for theoretical motivation for models with couplings only to third
generation fermions, see Refs. [72, 98, 134-136]). While one could easily construct a U(1)" model with
charge assignment that do not fall within any of the above listed examples, the phenomenology of such
a model would in most cases map closely onto one or more of the models considered here.

For each choice of charge assignments, we explore a 4-dimensional parameter space in terms of
my, Mz, gsm and gy. In each case, we consider four discrete values for g, /gsm, equal to 1072, 1071,
1 and 10. Although these scenarios should perhaps not all be considered to be equally well-motivated,
the choices of these ratios provides a broad perspective and allows one to observe how the various
constraints are impacted by the choice of g,/gsm. In general, scenarios featuring small values of
gx/gsm are more strongly constrained, while larger values make the dark matter and Z’ increasingly
secluded from the SM, in the limiting case constituting a hidden sector model [41-46, 48-56, 58]. For
each choice of m,, mz/, gy/gsm and charge assignments, we select the value of ggm gy such that the
thermal relic abundance is equal to the measured cosmological dark matter density, Qxh2 = 0.12 [137],
as calculated using the publicly available program micrOMEGAs (version 5.0.4) [138]. We then assess
whether a given point in parameter space is consistent with the constraints from direct detection,
indirect detection, measurements of the cosmic microwave background (CMB), and a variety of collider,
fixed target and neutrino experiments.

3.1 Model Requirements

Throughout this study, we will remain largely agnostic regarding the masses and couplings of the dark
matter candidate and the Z’. There are, however, a number of model independent requirements that
we can impose on these parameters. Firstly, we require that partial wave unitarity is respected, as
described in Appendix A. We also require each coupling in the theory to be smaller than /47, in order
to maintain perturbativity. And lastly, we require that the width of the Z’ does not exceed 10% of its
mass, I'zs < 0.1mg .t

3.2 Constraints from Cosmology

Measurements of the temperature anisotropies in the cosmic microwave background (CMB) and of
the primordial light nuclei abundances enable us to place important constraints on the parameter
space within this class of models. In particular, throughout this study we will consider only parameter
space with m,, mz 2 10 MeV, in order to avoid conflict with the successful predictions of Big Bang
Nucleosynthesis (BBN) [139-141].

The annihilation of dark matter particles in the era leading up to and after recombination can
have an observable impact on the CMB. More specifically, the annihilation products can produce large

IDark matter annihilation cross sections are computed in micrOMEGAs [138] under the assumption that all particles
involved in the annihilation processes have a narrow width. Therefore, for consistency, we require the width of the Z’
not to exceed 10% of its mass, I';/ < 0.1my,. Furthermore, since I' s ~ g2/(87) mz/, regions of parameter space in
which ' > 0.1 my correspond to g > 0.45 X v/4w, only marginally consistent with the requirement of perturbativity.



numbers of ionizing photons, which increase the fraction of free electrons in the universe. This has
a direct impact on the integrated optical depth as observed by Planck, which directly constrains the
annihilation power at the 95% CL, defined as [137]:

{ov) <3.4x107% cm®/s/GeV, (3.1)

Pann = feff

X
where the effective efficiency factor, feg, is the fraction of the annihilation power that is transferred into
the intergalactic medium during the relevant range of redshifts [137, 142]. For a given model, we calcu-
late fog by integrating the et and gamma-ray annihilation spectra as calculated by micrOMEGAs [138]

(utilizing PYTHIA [143]) over the precalculated feg "7 curves provided in Ref [144]:
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This procedure yields a bound that generally rules out s-wave annihilating dark matter with m, <
10 — 20 GeV (see, however, Ref. [145]).

3.3 Direct Detection

Searches for the elastic (or inelastic) scattering of dark matter particles with nuclei have provided some
of the most powerful constraints on WIMPs. In recent years, experiments utilizing a target of liquid
xenon (including XENONIT [4, 7], LUX [5, 8], and PandaX-II [6]) have placed the most stringent
constraints on such interactions across much of the relevant parameter space.

For each model under consideration, we compute the leading order scattering cross section and
compare it with the 90% CL upper limit obtained from the aforementioned experiments. In cases
in which this interaction occurs at tree level, the cross section is computed using micrOMEGAs. In
models in which the Z’ does not couple to quarks, however, scattering with nuclei only occurs through
loop-induced interactions arising from kinetic mixing. Such scattering is dominated by the heaviest
charged lepton that couples to the Z’, and leads to the following cross section for the cases of Dirac
and Majorana dark matter, respectively [133]:
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where pun = mym,/(my + my) is the reduced mass of the nucleus-dark matter system, Z is the
charge of the nucleus, v, ~ 1073 ¢ is the velocity of the dark matter, and A = mz//,/gxai-

3.4 Indirect Detection

Indirect searches include efforts to detect the gamma rays, antiprotons, positrons, neutrinos and other
particles that are produced in the annihilations (or decays) of dark matter particles. In this study, we
apply constraints as derived from gamma-ray observations of the Milky Way’s dwarf spheroidal galaxies
by the Fermi telescope [146] and measurements of the cosmic-ray e spectrum by AMS-02 [147, 148].

To apply these constraints, we use micrOMEGAs to calculate the spectrum of gamma rays, electrons
and positrons that are produced per annihilation in a given model and compare with the 95% CL upper
limits obtained from Fermi-LAT and AMS-02. There is a high degree of complementarity between



these measurements, as Fermi is most sensitive to annihilations that produce quarks or tau leptons,
while AMS-02 yields its strongest constraints in the case of annihilations to muons or electrons. In
models in which m, > mz and g, > gsm, the t-channel annihilation into a pair of on-shell Z’ bosons
can be the dominant annihilation channel. In this case, the boosted decay of the Z’ annihilation
products leads to a rather smooth e® spectrum, without the distinctive spectral features that are
present in models featuring direct annihilation to eTe™ or ptu™ [149, 150]. In this case, the AMS-02
constraints are significantly weakened, and are not included here.

3.5 Collider, Fixed Target and Neutrino Experiments

The results of accelerator experiments have been used to place stringent constraints on the mass and
couplings of a Z’'. For relatively heavy Z’ bosons, some of the strongest limits come from searches
for dijet resonances at experiments including CMS, ATLAS, CDF and UA2 [151-157]. Such searches
provide particularly stringent constraints on the couplings of a Z’ to quarks. Searches at the LHC for
dilepton resonances also broadly constrain models in which the Z’ couples more strongly to charged
leptons [158, 159]. We apply these constraints rescaling the bounds derived in Ref. [122] by the ap-
propriate model-dependent production factor and branching ratios. We also apply constraints derived
from the measurement of LEP, which strongly limit the couplings of a Z’ to electrons. For myz: = 200
GeV, LEP provides a limit of g, < (mz//7TeV) [160].

For the case of a lighter Z’, a wide range of constraints have been derived from the results of collider
and beam dump experiments, including BaBar, NA48/2, LHCb, KLOE, NA64, as well as electron
and proton beam dumps [161-188]. We apply this collection of constraints to the specific Z’ models
considered here using the DarkCast software [189]. In addition, we also apply the following constraints
on the couplings to leptons as derived from Borexino data [190]: g < 5 x 1072 (mz/ /GeV) [191] and
(gu.r €9y cos Oy )2 < 5x 1073 (mz/GeV) [192]. These constraints account for the effects of kinetic
mixing as well as the fact that roughly 33% of the solar neutrino flux is of each flavor.

Note that the constraints obtained from the LHC, DarkCast, and Borexino do not appear in the
summary plots of the Dirac dark matter candidates; this is not to suggest that they don’t apply or
exist, but rather this is a reflection of the fact that the parameter spaced probed by these sources is
excluded by a combination of other experiments.

All of the limits from collider, fixed target, and neutrino experiments are quoted at the 95% CL.

3.6 Reach of Future Direct Detection Experiments

Direct detection experiments will ultimately encounter an irreducible background arising from the
coherent scattering of the ambient neutrino background [193, 194]. This background of neutrinos
is produced from various sources, including nuclear reactions in the Sun [195, 196], interactions of
cosmic rays in the atmosphere [197], galactic supernovae [198, 199]%, nuclear fission reactors [206-208],
and decays of radioactive elements in the Earth [209, 210]. The signature produced by the coherent
scattering of these neutrinos is remarkably similar to what is naively expected for dark matter, and
will consequently inhibit the ability of direct detection experiments to probe new parameter space. It
is important to emphasize, however, that the so-called “neutrino floor” is not entirely impregnable, as
the spectrum of recoils produced by coherent neutrino scattering is, in general, not entirely degenerate
with the recoil spectrum predicted from dark matter. Experiments can thus, in principle, attempt to

2Typically only the diffuse isotropic supernovae background is included in calculations of neutrino background. Should
a local star core collapse, however, pre- [200] and post-supernovae [201-205] neutrinos may also contribute. Since these
signals are rare and strongly time-dependent, we neglect these contributions in what follows.



Target Exposure Ein FEax
[tonne-year] [keV] [keV]
Argon G3 (ARGO) 10° 100 150
Argon G3 (ARGO 82) 103 0.6 10
Xenon G3 (DARWIN) 200 1.0 150
Fluorine G3 (PICO-500) 2 6.0 150
Germanium G3 (SuperCDMS+) 5 0.04 50

Table 1. Configurations adopted for our projection of neutrino-floor direct detection experiments. The
projected sensitivities of these experiments are shown in Fig. 1.

subtract this background [193, 194, 211, 212]. In this regime, however, constraints on the cross section
would be expected to scale more slowly with exposure. It is thus unclear as to whether there will exist
sufficient motivation to build experiments that are capable of significantly cutting into the neutrino
floor. For the purposes of this work, we will define the final stage of direct detection as the maximally
optimistic realizations of currently proposed experiments. We describe these experiments below, and
summarize their properties in Table 1.

Argon G3: The most futuristic proposal made by the DarkSide collaboration is the construction
of a 300 tonne (200 tonne fiducial volume) argon time projection chamber that would operate for up
to five years (this proposal is being referred to “ARGQO”) [213, 214]. We adopt two different operating
thresholds for this experiment, one consistent with the high-energy regime outlined in the ARGO
proposal, the other being a low-mass search consistent with the recent analysis performed by the
Darkside-50 collaboration [215].

Xenon G3: The XENON collaboration has proposed an experiment, referred to as “DARWIN”,
intended to extend in sensitivity all the way to the atmospheric neutrino background. The current
proposal assumes a 40 tonne fiducial volume of liquid xenon operating for five years [216]. The current
design documents list a threshold of ~ 5 keV, adopted in order to avoid the solar neutrino background
at low energies (current xenon experiments achieve an absolute threshold closer 1.1 keV, albeit with
limited efficiency) [4-6, 217]. We optimistically adopt a threshold of 1 keV, although we emphasize
that the constraints we derive at low masses from other experiments are more stringent, and thus our
results are not strongly sensitive to this choice.

Fluorine G3: The conceptual design for the construction of PICO-500, a ~ 500 kg fiducial
volume bubble chamber, has recently been approved by SNOLAB [218, 219]. In our calculations we
adopt a 6 keV threshold and a 2 tonne-year exposure, although we emphasize that our final result
is only slightly sensitive to these choices, as the spin-dependent bound derived from the Xenon G3
experiment is typically stronger for models in which the Z’ couples equally to neutrons and protons.

Germanium G3: The CDMS collaboration has published estimated sensitivity curves for their
next generation experiment, SuperCDMS SNOLAB. This experiment is expected to begin operation
in 2020, and is not expected to reach the neutrino floor. Thus, we consider an advanced version of
this experiment comprised of the germanium high-voltage detectors, for which the current threshold
is ~40 eV [220], and an exposure of 5 tonne-years.

In order to project the sensitivity of the above described experiments, we simulate neutrino events
for each of the experimental realizations using the neutrino fluxes provided in [212]%, and derive

31t is worth mentioning that the flux of reactor [212], geological [221, 222], and atmospheric neutrinos [223] depend,
in principle, on the geographic location of the experiment. Reactor and geological neutrinos are expected to be a



90% upper limits on the direct detection cross sections using an extended likelihood function. This
procedure is repeated 103 times, each time producing new realizations of the neutrino data. For each
dark matter mass and interaction, we identify the minimum cross section constrained by at least 90%
of the realizations. These projected bounds represent our effective neutrino floor, and are shown in
Fig. 1 for the case of equal couplings to protons and neutrons.
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Figure 1. The projected neutrino-floor sensitivity for several direct detection experiments, for the case of
equal couplings to protons and neutrons. Constraints are shown for spin-independent (left) and spin-dependent
(right) scattering.

4 Results

4.1 Dirac Dark Matter

In this section, we consider the case of dark matter in the form of a Dirac fermion, as described in
Sec. 2.1. For each of the charge assignments described in Sec. 3, we scan over m,, and mz: and consider
four discrete choices of g, /gsm. At each point in this parameter space, we set the product of these
couplings, g, gsm such that the desired thermal relic abundance is obtained, Qxh2 ~ (0.12.

4.1.1 Couplings to Quarks

We begin with the case of a Z’ that couples equally to all SM quarks. Such a scenario could arise, for
example, in a model in which baryon number is gauged [110-112, 225-227]. In such models, the dark
matter annihilates to quark-antiquark pairs without velocity-suppression, leading to indirect detection
constraints that are sensitive to masses up to m, ~ 60 — 70 GeV. Even more significantly, this model
features unsuppressed spin-independent scattering with nuclei, resulting in extremely stringent direct
detection constraints.

subdominant background, thus we adopt the fluxes appropriate for the SNOLAB mine with the understanding that this
choice will have a minimal impact on our results. For atmospheric neutrinos, we adopt the so-called FLUKA flux [224]
tabulated at Kamioka Mine as this is the only location for which low energy atmospheric fluxes have been computed. It
is worth noting, however, that the differences between various cites can differ by a factor of ~2-3 at low energies where
the atmospheric neutrino flux is relevant for direct detection experiments [223].



Dirac Dark Matter, Couplings to all Quarks
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Figure 2. Constraints and prospects for detecting Dirac dark matter that is coupled to a Z’ with couplings
to all SM quarks. In the left frames, we plot the values of gygsm that yield Q,h? ~ 0.12. In the center
and right frames, we show the current and projected constraints on this class of models, respectively. In
each row, a different value of g, /gsm has been adopted. The combined constraints from the cosmic microwave
background, direct detection and indirect detection rule out the overwhelming majority of the parameter space
shown. Direct detection limits are shown at the 90% CL, while all other experiments are shown at the 95%

CL.
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Figure 3. Left Frame: Constraints on Dirac dark matter that is coupled to a Z’ with couplings to all SM
quarks, for the case of m, = 100 GeV and g, /gsm = 1. Searches for light Z’ bosons [189] exclude Z’ masses
below ~ 1 GeV, while dijet searches at ATLAS and CMS exclude some regions of parameter space with larger
values of mz:. Right frame: The spin-independent elastic scattering cross section with nuclei in the same
model, for the case of myz = 100 GeV and g, /gsm = 1. Current direct detection experiments exclude the
range of models shown for all values of m, above the threshold for XENON1T, LUX and PandaX-II. Direct
detection limits are shown at the 90% CL, while all other experiments are shown at the 95% CL.

In Fig. 2 we summarize the current and projected constraints on this class of models. In each
of the left frames, we plot contours of constant log,,/gxgsm that yield the desired thermal relic
abundance, Qxh2 ~ (0.12. For these choices for the product of the couplings, we then plot in the center
frames the current constraints on this model, as described in Sec. 3. We discard those regions labeled
“Pert./Unit.” on the grounds that they are not consistent with the requirements of perturbativity
and unitary, as well as those labeled I'z; > 0.1myz/,. The combined constraints from the cosmic
microwave background, direct detection and indirect detection rule out the overwhelming majority of
the parameter space of this model. The only scenarios that are not currently excluded are those in
which the dark matter mass lies very near the Z’ resonance (myz =~ 2m,) with large values of m,,
and g, /gsm. Although we have chosen to plot the results of this model only above m, > 1 GeV, the
constraints provided by measurements of the CMB exclude all dark matter masses below this value.
Also, although collider and fixed target experiments constrain parts of the parameter space shown,
those regions are also excluded by current direct detection experiments, and thus do not appear in
this figure.

In the right frames of Fig. 2, we illustrate the regions of the remaining parameter space that are
projected to fall within the reach of future neutrino-floor direct detection experiments, as described in
Sec. 3.6. Such experiments are expected to fully explore the remaining parameter space in this case.

The constraints on this class of models are further illustrated in Fig. 3, where we plot the results
across specific slices of parameter space. For the case of m, = 100 GeV and g, /gsm = 1, searches
for light Z’ bosons (as characterized using DarkCast [189]) exclude Z' masses below ~ 1 GeV, while
dijet searches at ATLAS and CMS exclude regions of parameter space with larger values of my:.
The most stringent constraints, however, are provided by direct detection experiments, which strongly
exclude the range of models shown for all values of m, above the threshold for XENONI1T, LUX and
PandaX-II.

Thus far, we have considered the case in which the Z’ couples equally to all SM quarks. It is,
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of course, plausible that different SM quarks could possess different charges under U(1)’, leading to
non-universal effective couplings to the Z’. In Figs. 4 and 5, we show results for the case of Dirac dark
matter that is coupled to a Z’ with couplings to only first or third generation quarks, respectively.
In the former case, the constraints are only slightly changed, as the elastic scattering with nuclei is
facilitated largely through couplings to light quarks. If the Z’ only couples to third generation quarks,
however, the phenomenology changes in non-negligible ways. In particular, scattering with nuclei
occurs through diagrams featuring heavy quark loops, leading to somewhat smaller cross sections [228—
230]. Furthermore, if m, < my, mz:, the dark matter will be unable to annihilate through tree-level
processes, but instead does so through loops, producing pairs of light quarks (or mesons) and leptons.
If my < m,, annihilations proceed to light leptons through an s-wave amplitude, a scenario that is
excluded by measurements of the CMB. Between the mass of the pion and ~2 GeV, a large variety of
meson annihilation channels are possible, many of which are similarly excluded. Finally, between ~ 2
GeV and the b-quark mass, annihilations will generate light quarks and leptons, and are again strongly
constrained. Although we do not explicitly calculate the many hadronic annihilation processes that
are relevant in this region of parameter space, we are confident that it is strongly excluded by CMB
measurements and indirect detection. We denote this excluded region in red in Fig. 5.

4.1.2 Couplings to Leptons

Next, we turn our attention to the case of Dirac dark matter that is coupled to a Z’ with couplings
to SM leptons. We show our results for this case in Figs. 6 and 7, where once again we find that
the combined constraints from the cosmic microwave background, direct detection and indirect detec-
tion rule out the overwhelming majority of the parameter space, and that the remaining parameter
space is projected to fall within the reach of future direct detection experiments. Constraints from
Borexino [191] also exclude much of the parameter space in this scenario.

It is worth noting that direct detection constraints in high mass parameter space appear to only
be minimally suppressed, if at all, with respect to the scenario in which the Z’ couplings directly to
quarks, despite the interaction being loop suppressed. We note that this is consequence of the fact that
the logarithm in Eq. (2.5) in this parameter space is quite large, given that A = mz//,/g, g7 > my. At
lower masses — where the logarigthm is O(1), the direct detection bounds overlap strongly with those
from indirect detection and the CMB, and thus making a straightforward comparison more difficult.

In Figs. 8 and 9, we show results for the case of Dirac dark matter that is coupled to a Z’ with
couplings to only first or third generation leptons, respectively. In each case, we find that the vast
majority of the parameter space is currently excluded, and that future direct detection experiments
are projected to cover the remaining models.
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Figure 5. As in previous figures, but for the case of Dirac dark matter that is coupled to a Z’ with couplings
only to third generation quarks. In the red regions, annihilations produce a variety of hadronic final states
without velocity suppression, and are thus ruled out by a combination of CMB measurements and indirect
searches.
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Figure 6. As in previous figures, but for the case of Dirac dark matter that is coupled to a Z’ with couplings
to SM leptons. Again we find that the combined constraints from the cosmic microwave background, direct
detection and indirect detection rule out the overwhelming majority of the parameter space shown.
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XENONIT, LUX and PandaX-II.
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Figure 8. As in previous figures, but for the case of Dirac dark matter that is coupled to a Z’ with couplings
only to first generation leptons. Again we find that the combined constraints from the cosmic microwave
background, direct detection and indirect detection rule out the overwhelming majority of the parameter

space shown.
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Figure 9. As in previous figures, but for the case of Dirac dark matter that is coupled to a Z’ with couplings
only to third generation leptons. Again we find that the combined constraints from the cosmic microwave
background, direct detection and indirect detection rule out the overwhelming majority of the parameter
space shown.
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4.2 Majorana Dark Matter

In the previous subsection, we showed that the constraints on Dirac, Z’ mediated dark matter leave this
class of models strongly constrained across a wide range of the parameter space. In fact, such scenarios
are already all but ruled out, and will be fully explored by future direct detection experiments. These
constraints are much less restrictive, however, in the case of Majorana dark matter. This is true for
two main reasons. First, Majorana dark matter annihilates through p-wave amplitudes, and is thus
suppressed at low velocities, reducing the sensitivity of CMB measurements and indirect searches. For
this reason, we present our results in this section for dark matter masses down to 10 MeV, below
which the measurements of the primordial light element abundances exclude the parameter space.
Second, the elastic scattering cross section of Majorana dark matter with nuclei is suppressed by two
powers of velocity or momentum, reducing the sensitivity of direct detection experiments by a factor
of approximately ~ 10764

4.2.1 Couplings to Quarks

In Fig. 10, we show our results for the case of Majorana dark matter with a Z’ that couples equally to
all SM quarks. In this case, constraints from direct detection, colliders and fixed target experiments
exclude significant portions of the parameter space, although substantial regions remain viable (in
particular for the case of g, 2 gsm). In the right frames of this figure, we see that future direct
detection experiments are projected to probe a significant fraction of the remaining parameter space
in this model. Even with an array of experiments that reach the neutrino floor, however, some of this
parameter space will remain unexplored.

In Fig. 11, we further explore this class of models across specific slices of parameter space. For
the case of m, = 100 GeV and g,/gsm = 1, searches for light Z’ bosons (as characterized using
DarkCast [189]) exclude Z’ masses below ~ 0.4 GeV, while dijet searches at ATLAS and CMS exclude
some regions of parameter space with larger values of mz.. In the right frame, we see that for
myz = 100 GeV and g,/gsm = 1, direct detection experiments current exclude dark matter with
masses between ~ 12 — 33 GeV and ~ 54 — 640 GeV (although future direct detection experiment will
explore a much wider range of masses).

In Figs. 12 and 13, we show the results for the case of Majorana dark matter that is coupled
to a Z' with couplings only to first or third generation quarks, respectively. Large portions of the
parameter space have been (and will be) tested for models in which gsm 2 gy. On the other hand,
when the SM coupling is suppressed, large portions of parameter space will likely remain unexplored
for some time. In the third generation case, we have again blocked out in red the region of parameter
space corresponding to m, < m, < my, mz where dark matter annihilation occurs through loops to
light quarks (or mesons) and leptons.

4We note that because of this suppression, loop effects could in principle become important. This effect seems only
to be relevant however for a narrow range of low mass WIMPs [231], and thus we neglect this effect in the computations
that follow.
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Figure 10. As in previous figures, but for the case of Majorana dark matter that is coupled to a Z’' with
couplings to all SM quarks. Although the combined constraints from direct detection, colliders and fixed
target experiments exclude significant portions of the parameter space, substantial regions remain viable.

Future direct detection experiments are projected to be sensitive to much of the remaining parameter space.
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Figure 11. Left Frame: Constraints on Majorana dark matter that is coupled to a Z’ with couplings to all
SM quarks, for the case of m, = 100 GeV and g, /gsm = 1. Searches for light Z’ bosons [189] exclude Z’
masses below ~0.4 GeV, while dijet searches at ATLAS and CMS exclude some regions of parameter space
with larger values of mz/. Right frame: The spin-independent elastic scattering cross section with nuclei in the
same model, for the case of mz = 100 GeV and gy /gsm = 1. Current direct detection experiments exclude
dark matter with masses between ~ 10 — 30 GeV and ~ 50 — 600 GeV, and future direct detection experiment
will explore a significantly wider range of masses.

4.2.2 Couplings to Leptons

Lastly, we consider the case of Majorana dark matter with a Z’ that couples to SM leptons. Among
this class of models, Z’ searches at LEP, Borexino, and at lower energy colliders and fixed target
experiments provide the most powerful constraints. In scenarios with couplings to all SM leptons (see
Figs. 14 and 15) or couplings to first generation leptons (Fig. 16), these constraints exclude much of
the parameter space, except that with g, 2 gsm, for which this model remains largely unconstrained
at high to intermediate dark matter masses. Interestingly, in such models, the loop suppressed direct
detection interactions can dominate over the tree level contribution, given that the latter is ¢? and
v2 suppressed while the former is not. Future direct detection experiments will have only a modest
impact on the parameter space of this model. In a scenario in which the Z’ couples only to third
generation leptons, the constraints from Z’ become substantially less restrictive, as shown in Fig. 17.
This is because such a Z’ can be produced in eTe™ collisions only through loops, and final states
including electrons and muons are often easier to identify and reconstruct than those featuring tau
leptons.
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Figure 12. As in previous figures, but for the case of Majorana dark matter that is coupled to a Z’' with
couplings only to first generation quarks. Although the combined constraints from direct detection, colliders
and fixed target experiments exclude significant portions of the parameter space, substantial regions remain

viable. Future direct detection experiments are projected to be sensitive to much of the remaining parameter
space.
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Figure 13. As in previous figures, but for the case of Majorana dark matter that is coupled to a Z’' with
couplings only to third generation quarks. Although the combined constraints from direct detection, colliders
and fixed target experiments exclude significant portions of the parameter space, substantial regions remain
viable. Future direct detection experiments are projected to be sensitive to much of the remaining parameter
space. In the red regions, annihilations produce a variety of hadronic final states.
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Figure 14. As in previous figures, but for the case of Majorana dark matter that is coupled to a Z’' with
couplings to all SM leptons. Among this class of models, Z’ searches at Borexino, LEP, and lower energy
collider and fixed target experiments provide the most powerful constraints.
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Figure 15. Left Frame: Constraints on Majorana dark matter that is coupled to a Z’ with couplings to all SM
leptons, for the case of m, = 100 GeV and g, /gsm = 1. The regions above the dotted and dashed curves are
excluded by LEP and Borexino, respectively. Searches for light Z’ bosons [189] and constraints from LEP and
Borexino exclude most of the parameter space shown. Right frame: The spin-independent elastic scattering
cross section with nuclei in the same model, for the case of myz = 100 GeV and gy/gsm = 1. Current direct
detection experiments exclude dark matter with masses between ~ 10 — 40 GeV and ~ 50 — 500 GeV, and
future direct detection experiment will explore a significantly wider range of masses.
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Majorana Dark Matter, Couplings to First Generation Leptons

Figure 16. As in previous figures, but for the case of Majorana dark matter that is coupled to a Z’ with
couplings only to first generation leptons. Among this class of models, Z' searches at Borexino, LEP, and
lower energy collider and fixed target experiments provide the most powerful constraints.
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