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In single-component theories of dark matter, the 2 — 2 amplitudes for dark-matter production,
annihilation, and scattering can be related to each other through various crossing symmetries. The
detection techniques based on these processes are thus complementary. However, multi-component
theories exhibit an additional direction for dark-matter complementarity: the possibility of dark-
matter decay from heavier to lighter components. We discuss how this new detection channel may
be correlated with the others, and demonstrate that the enhanced complementarity which emerges
can be an important ingredient in probing and constraining the parameter spaces of such models.

Introduction.— In recent years, many search tech-
niques have been exploited in the hunt for dark matter.
These include possible dark-matter production at collid-
ers, dark-matter scattering at underground experiments,
and indirect detection through dark-matter annihilation
at terrestrial or stellite-based experiments. However, the
three dark-matter processes which underlie these differ-
ent search techniques are related to each other through
crossing symmetries, and thus depend on a single under-
lying interaction which couples dark matter to ordinary
matter. This is the origin of the celebrated complemen-
tarity which connects the different existing dark-matter
search techniques. For a review, see Ref. [1].

As sketched in Fig. 1(a), most complementarity studies
implicitly assume a single dark-sector particle x. In this
Letter, by contrast, we point out that this situation be-
comes far richer in multi-component theories of dark mat-
ter. In particular, if the dark sector consists of at least
two different dark-matter components x; and x; with
differing masses m; # my, then for i # j dark-matter
production becomes asymmetric rather than symmetric;
dark-matter annihilation of one dark particle against it-
self or its antiparticle becomes co-annihilation between
two different dark species; and dark-matter scattering —
previously exclusively elastic — now becomes inelastic,
taking the form of either “up-scattering” [2] or “down-
scattering” [3]. Moreover, even more importantly, an
entirely new direction for dark-matter complementarity
opens up: this is the possibility of dark-matter decay
from heavier to lighter dark-matter components. This
process corresponds to the diagonal direction in Fig. 1(b),
and thus represents an entirely new direction for dark-
matter complementarity. Of course, we are not the first
to discuss decaying dark matter of this form (see, e.g.,
Refs. [3-5] for prior work). However our main point is
that these decays are actually part of a larger comple-
mentarity, and that this enhanced complementarity can
be an important ingredient in probing and constraining
the parameter spaces of theories with non-trivial dark
sectors.

Two Examples.— As illustration of how this works, we

consider a dark sector with two Dirac fermions y; and
x2 which are neutral under all Standard-Model gauge
symmetries and have masses mi; and mo respectively,
with mo > mj. The fundamental four-point dark-
matter/quark interaction in Fig. 1(b) is given by a flavor-
conserving effective four-fermi contact operator. For con-
creteness, we shall consider two operators, the scalar (S)
and the axial-vector (A) interactions
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These operators give rise to spin-independent (SI) and
spin-dependent (SD) scattering, respectively. Here ¢ de-
notes the quark flavor, ¢, the dark-matter/quark cou-
pling, and A the mass scale of the new physics.

Note that even though we have restricted our atten-
tion to operators such as those in Eq. (1) which only
couple x; to x; with ¢ # j, a more general theory involv-
ing four-fermi operators of this sort is likely to include
the “diagonal” i = j operators as well. However, such
“diagonal” operators appear even in single-component
theories of dark matter and thus do not represent the
new physics we wish to explore in this Letter. We shall
therefore restrict our attention to ¢ # j in this Letter.
It would nevertheless be of interest to study the experi-
mental complementarity bounds that emerge when all of
these operators are included simultaneously [6].

Note that since the operators in Eq. (1) are non-
renormalizable, they can only be interpreted within the
context of an effective field theory whose cutoff scale
is parametrically connected to A. As a result, our use
of such operators implicitly presupposes that the en-
ergy scales of the processes we shall consider do not ex-
ceed A. Assuming O(1) operator coefficients, this re-
quires A 2 O(GeV) for direct-detection bounds; for dark-
matter annihilation this requires A 2 O(my, m3); and for
dark-matter decays of the form y2 — x1gq this requires
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FIG. 1: (a) In single-component theories of dark matter, the 2 — 2 amplitudes for dark-matter production, annihilation, and
scattering correspond to different directions (blue arrows) for the imagined flow of time through a single four-point diagram. (b)
In multi-component theories of dark matter, by contrast, dark-matter production becomes asymmetric rather than symmetric;
dark-matter annihilation of one dark species with itself becomes co-annihilation between two different dark species; and elastic
dark-matter scattering becomes inelastic. Even more importantly, however, the existence of a non-minimal dark sector opens
up an additional process: dark-matter decay from heavier to lighter dark-matter components. This process corresponds to a
diagonal direction for the imagined flow of time, as shown, and thus represents a new direction for dark-matter complementarity.

A 2 O(Amys). For collider-production bounds, the use
of such operators is strictly valid only if A 2 O(TeV).
If this last condition is not met, the resulting collider
bounds should be viewed only as heuristic, and one would
require a more complete theory (for example, involving
potentially light mediators connecting the dark and visi-
ble sectors) before being able to make more precise state-
ments. We also remark in this context that the scalar op-
erator structure explicitly violates the chiral symmetries
of the Standard Model. The coefficient of this operator
thus implicitly includes a vev of the Higgs field, so that we
would in this case more precisely identify A’ = (A%v)'/3
as the scale of new physics. Our previous constraints for
A then apply to A'.

We now make two further assumptions. First, we as-
sume

Cy=—Cq=C=—Cs=C=—C = C; (2)

this ultimately maximizes the axial-vector decay rate and
thereby places the strongest bounds on our examples.
Second, as a conservative benchmark, we assume that the
heavier dark-matter particle yo carries the vast majority
of the dark-matter abundance, i.e., Qs = 0.26, 1 = 0.
As we shall see, this assumption also maximizes the rates
for all relevant processes and thereby places the strongest
bounds on our examples. Our main qualitative results
ultimately will not depend on this choice; other choices
such as 1 = Qs = Qcpum/2 also lead to similar results.

Our examples thus have three parameters: ¢/A?, mo,
and Amis = mo — mi. The Amis — 0 limit embod-
ies the physics of a traditional single-component dark
sector with mass my. However, turning on Amiq en-
ables us to explore the effects of non-minimality in the
dark sector. We restrict our attention to situations with

Amia S O(MeV), but there is no fundamental reason
that larger Amis cannot also be considered. Note that
a small mass splitting Amis < mq,mo can be realized
naturally in models wherein the generation of Am;s is as-
sociated with the breaking of an approximate symmetry
(see, e.g., Ref. [2]). Examples include models in which
a Dirac fermion is split into a pair of nearly degenerate
Majorana states by a small Majorana mass, and models
in which a complex scalar is split into two real scalars by
a small holomorphic mass.

We will now explore the resulting (c¢/A2?, Am1z) param-
eter space for different values of mq. Likewise, since we
are taking 0; = 0 for simplicity, the relevant processes
are limited to inelastic down-scattering, asymmetric col-
lider production, and dark-matter decay.

Inelastic down-scattering— We begin by considering
the bounds from direct-detection experiments on the in-
elastic down-scattering process x2N; — x1Ny where
N; 5 denote the initial and final states of the target nu-
cleus N. For this, we use the nuclear form factors in
Ref. [7]. Likewise, the corresponding bounds are de-
rived using the most recent LUX [8] and COUPP-4 [9]
data for the scalar and axial-vector interactions, respec-
tively. Roughly speaking, this data can be taken as
requiring R < 1.81 x 107 *kg 'day " and R <4.97 x
10~2kg~'day ! for the recoil-energy windows 3 keV <
Er <25keV and 7.8 keV < Er < 100 keV, respectively.

While much of this analysis is completely standard,
the primary new ingredient is the change in scattering
kinematics from elastic to inelastic. The resulting recoil-
energy range is shown in Fig. 2. This change in kinemat-
ics has two important consequences. First, we see that
the required incoming velocity for down-scattering with
Er ~ E}, = [m1/(m1 + my)|Amyac? is essentially zero.



Indeed, the required input energy in this inelastic case
comes directly from species conversion within the dark
sector rather than from incoming dark-sector kinetic en-
ergy. Second, for any incoming dark-matter velocity v,
we have both a finite upper limit as well as a non-zero
lower limit on the allowed nuclear recoil energy Egr. In
the case of down-scattering, this allowed range of recoil
energies is centered around Fj and becomes exceedingly
narrow as the incoming velocity goes to zero.

Asymmetric collider production.— Multi-component
operators such as those in Eq. (1) can also be probed
through the collider production of dark matter. Because
such production processes take the form qq¢ — x1Xx2,
we are necessarily dealing with asymmetric (rather than
symmetric) production. Nevertheless, these processes
continue to be constrained through monojet searches at
ATLAS [10] and CMS [11] as well as mono-W/Z searches
at ATLAS [12]. These limits are directly applicable to the
asymmetric production of of y; and ys because Amiqy
within our region of interest [i.e., Amis < O(MeV)] is
negligibly small compared to collider energy scales.

Dark-matter decay— We now turn to an analysis
of the new (diagonal) complementarity direction which
comes into existence for non-zero Am;;, namely the pos-
sibility of decay from heavier to lighter dark-matter com-
ponents. Because we are considering dark-sector mass
splittings of size Amis S O(MeV), dark-matter decay in-
duced by the operators in Eq. (1) must be studied within
the framework of chiral perturbation theory (ChPT)
based on the low-energy SU(2)r, x SU(2)r x U (1)y flavor
symmetry group of the light (u,d) quarks. This allows
us to generate a complete set of operators coupling dark
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FIG. 2: Allowed ranges of recoil energy Er as a function of in-
coming dark-matter particle velocity v for inelastic scattering
x2N; — x1 Ny off a germanium nucleus, with m2 = 100 GeV
and different Am = mo — mi. Results for both down-
scattering (Am > 0) and up-scattering (Am < 0) are shown.
Also shown is the elastic case (solid black line) as well as the
maximum velocity cutoff associated with the galactic escape
velocity (dashed black line).
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FIG. 3: Dominant dark-matter decay processes at energies
E < 0(10%) keV, mediated by: (a) an effective contact oper-
ator; or (b) off-shell neutral-pion exchange.

matter to photons and pions, while capturing the symme-
try structure of our underlying microscopic Lagrangian
up to unknown (but ultimately measurable) coefficients
Ai ~ O(1). These operators turn out to take the form

S Boapnrac®) ,
E‘Eff) = W(X2X1)FMVFH + ...
A 2C(A)f7r ’I”I’L72.r ~ o
L =~ |1+ g 2| (07" x0) (@um”)
aEMS\4c(A) _ -
W(xw“vf’xl)au(ﬂpzr " 4. (3)

where By = m?2/(m, +mq) and fr ~ 93 MeV.

As illustrated in Fig. 3, these interaction terms come
in two types: contact operators which directly couple
our dark-sector components y; to photons, and opera-
tors which couple our dark-sector components to off-shell
pions (which then subsequently decay to two photons).
These operators allow us to calculate the widths for the
decays x2 = x177. For Amis < mq 2, we obtain

12 Bga%}M [C(S)]2(Am12)7

IS ~
vy 2 512(105m%) fAA4

< 16771277 ady e (Amgs)°
'™ ~ X3 — A m| _EM (4
7 3T AT 512(31579) fAA1 )

Note, in this context, that neither scalar or axial-vector
interactions can lead to the process xy2 — X177 via a
charged-pion loop, because the photon can only couple to
external fermion bilinears with a vector or tensor struc-
ture in a parity-invariant theory. By contrast, the pro-
cess x2 — x1vv is possible, but will be suppressed by
Am?,G%; such processes are thus negligible, and will be
ignored.

The decay rates in Eq. (4) may then be compared
against existing bounds on observed photon fluxes: as-
suming an NFW profile for the dark-matter distribu-
tion [13], we use the PPPC4DMID software package [14]
to determine the diffuse galactic and extragalactic con-
tributions to the differential photon flux arising from
dark-matter decay, and require that the predicted pho-
ton count not exceed that measured in any bin at the 20
confidence level.

Results.— Combining the constraints from each of the
dark-matter directions discussed above, we can now map



out the current bounds on the operators in Eq. (1) in the
(¢/A?, Amys) parameter space. Our results are shown in
Fig. 4 for my = 100 GeV, with ¢®) = &) = 1/\/2
and :\Z = 1 chosen as fixed reference values. The
pink regions are excluded by bounds from the direct-
detection experiments LUX (S) [8] and COUPP-4 (A) [9],
while the green contour indicates the projected future
reach of the LZ 7.2-ton detector (S) [15] and PICO-250L
(A) [16]. Likewise, the vertical blue and cyan contours
respectively correspond to LHC constraints on asymmet-
ric collider production from monojet [10, 11] and mono-
W/Z [12] searches. The collider analysis was performed
by generating signal events using the MadGraph 5 [17],
Pythia 6.4 [18], and Delphes 2.0.5 [19] software packages,
and comparing to the number of background events re-
ported in Refs. [10-12] in order to determine the region
excluded at 90% CL. There is a ~ 10% systematic un-
certainty in the the bounds on A. These collider-based
bounds should be interpreted at best only heuristically if
A S O(TeV). The yellow and purple shaded regions are
excluded by constraints on dark-matter decay from the
total diffuse X-ray background measurements of HEAO-
1 [20] and INTEGRAL [21], respectively. Finally, the di-
agonal dashed black lines from left to right respectively
indicate contours corresponding to dark-matter lifetimes
T = 1022 5, 10?4 s, and 10%¢ s, while the solid black tri-
angular regions in the upper left regions of each panel
are excluded by requiring that 7 = 4.35 x 10'7 s, the
current age of the universe. Note that mechanisms for
having such long-lived dark-matter components can be
found, for example, in Ref. [22].

There are many important features contained within
Fig. 4. For Amiz S O(10 keV), all of the features
within these plots effectively reproduce the physics of
a single-component dark sector with mass mso. For
Amqs = O(10—100 keV), by contrast, the bounds from
direct-detection experiments actually strengthen some-
what as a consequence of the kinematics of inelastic
down-scattering, in some cases becoming comparable
to monojet collider bounds for Amis ~ O(100 keV).
Next, for Amqes ~ O(100 — 1000 keV), one finds a
“ceiling” for Amys beyond which direct-detection exper-
iments cease to provide any bounds at alll Finally, for
Amis 2 O(MeV), the dominant constraints now arise
from dark-matter decay, with the maximum reach Apax
scaling approximately as (Ami2)7/* and (Amq2)%/* for
the scalar and axial-vector interactions, respectively.

The existence of the direct-detection “ceiling” is due
to the unique kinematics associated with inelastic down-
scattering. For down-scattering there is a lower limit of
nuclear recoil energies E}(%mm) below which the differential
scattering rate dEr/dR becomes negligible (see Fig. 2).
However, for sufficiently large Am;s, this minimum value
begins to exceed the the maximum recoil energy which
current detectors can reliably probe. Indeed, a given
dark-matter direct-detection experiment is typically de-
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FIG. 4: Complementary bounds on the operators in Eq. (1),
plotted as functions of A and Ami2 for me = 100 GeV and
c® = A = 1/\/§7 as discussed in the text. Remarkably,
we see that the constraints from dark-matter decay domi-
nate in exactly those regions with relatively large Amq2 that
lie beyond the reach of current and proposed direct-detection
experiments, thereby illustrating the new sorts of complemen-
tarities that are possible for such multi-component dark sec-
tors.

signed to probe only a particular window of recoil ener-
gies. While the precise window of recoil energies depends
on the type of experiment and the cuts imposed as part of
the data analysis, this window typically falls within the
range 1 keV < Er < 100 keV. Scattering events with re-
coil energies outside this range do not contribute to the
measured signal-event rate. As a result, there exists a
critical value of Amj2 beyond which the corresponding
down-scattering events escape detection.

The plots in Fig. 4 provide dramatic illustration of the
new complementarities that emerge within the context
of non-minimal dark sectors. Together, these constraints
not only increase the coverage of the corresponding pa-
rameter space but also provide useful correlations be-
tween these processes in regions where these constraints
overlap. For example, it is somewhat remarkable that the
constraints from dark-matter decay emerge and dominate
in exactly those regions that lie just beyond the Amqs



“ceiling” that caps the reach of current and proposed
direct-detection experiments. This non-trivial structure
is testament to the richness of the complementarities
that emerge when Amys is lifted beyond the Amis =0
axis to which the traditional complementarities of single-
component dark sectors are effectively restricted.

Conclusions.— Complementarity has long infused our
thinking about the hunt for dark matter, but most work
has focused on the case of single-component dark sectors.
In this Letter, we have considered a multi-component
dark sector and found that entirely new directions for
complementarity open up. In particular, we studied cor-
relations between inelastic scattering at direct-detection
experiments, asymmetric dark-matter production at col-
liders, and indirect-detection signals due to dark-matter
decay — the latter phenomenon having no analogue in
the single-component context — and we demonstrated
that these strategies can together provide complemen-
tary probes of the dark sector parameter space. In par-
ticular, for large Amqo, direct-detection experiments lose
sensitivity precisely where the decay constraints domi-
nate. This result is especially gratifying, given that any
operators and initial conditions which give rise to inelas-
tic down-scattering direct-detection signals in a multi-
component context must also necessarily give rise to
dark-matter decays.

Needless to say, many future directions that can be
pursued [6]. In addition to other operator structures,
one can also consider non-minimal dark sectors with
relatively large numbers of individual components [23],
thereby potentially giving rise to collective effects that
transcend the two-component effects studied here.
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