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SIMPle Dark Matter: Self-Interactions and keV Lines
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We consider a simple supersymmetric hidden sector: pure SU(N) gauge theory. Dark matter is
made up of hidden glueballinos with mass mx and hidden glueballs with mass near the confinement
scale A. For mx ~ 1 TeV and A ~ 100 MeV, the glueballinos freeze out with the correct relic density
and self-interact through glueball exchange to resolve small-scale structure puzzles. An immediate
consequence is that the glueballino spectrum has a hyperfine splitting of order A?/mx ~ 10 keV.
We show that the radiative decays of the excited state can explain the observed 3.5 keV X-ray line
signal from clusters of galaxies, Andromeda, and the Milky Way.

PACS numbers: 95.35.4+d, 12.60.Jv

Introduction.  The field of particle dark matter is
at an interesting juncture. Direct, indirect, and col-
lider searches for dark matter are improving rapidly, but
have not yet yielded unambiguous signals. At the same
time, the astrophysical evidence for dark matter with
Opwmh? = 0.1196 £ 0.0031 [1] remains as strong as ever,
and there are now tantalizing astrophysical indications
that dark matter may be self-interacting [2-5] or the
source of an observed 3.5 keV X-ray line from galaxies
and clusters of galaxies [6, 7]. Self-interactions and the
3.5 keV line have each merited a great deal of attention,
although typically separately, without any attempt to re-
late them in a simple framework.

Given the existing evidence for dark matter, a natu-
ral possibility is that dark matter is in a hidden sector,
composed of particles with no standard model gauge in-
teractions [8]. In general, hidden sectors are decoupled
from most of particle physics, both in terms of their theo-
retical motivations and their testable predictions. In the
framework of supersymmetry, however, hidden sectors
may emerge from more fundamental theories and con-
tain particles that have the desired thermal relic density
through the WIMPless miracle [9-13]. Although much of
our analysis below will be independent of supersymme-
try, the possibility of preserving this fundamental feature
of WIMPs is a significant virtue, and for concreteness, we
will consider hidden sectors with supersymmetry.

Here we consider the simplest possible UV-complete
supersymmetric hidden sector: a pure SU(N) gauge
theory. This sector introduces only two new particles:
gluons g and gluinos ¢, which hadronize into glueballs
G = (gg) and glueballinos G = (gg). Throughout this
work, references to color, gluons, gluinos, and their com-
posite states refer to the hidden sector. For other work
on strongly-interacting dark matter, see Refs. [14-28].

We find that this simple hidden sector may explain all
of the above-noted astrophysical observations. For gluino
mass myx ~ TeV and glueball mass near the confinement
scale A ~ 100 MeV, glueballinos have both the correct

relic density and self-interaction cross section to resolve
small-scale structure puzzles [25]. These considerations
fix the glueballino spectrum’s hyperfine splitting AE =
me. —mg ~ A?/mx ~ 10 keV. Introducing connector
fields that couple the hidden and visible sectors, we find
that radiative decays G* - é’y may have the energy and
flux required to explain the observed X-ray line signals
in both “short lifetime” and “long lifetime” scenarios.

Glueballino Relic Density and Reannihilation. The
supersymmetric pure SU(N) hidden sector may be com-
pletely characterized by the four parameters

mX7A7N7£f7 (1)

which are the gluino mass, the confinement scale, the
number of colors, and the ratio of hidden to visible sector
temperatures at gluino freezeout, respectively. In terms
of these parameters, the fine-structure constant at the
scale mx is given by the renormalization group relation
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Gluinos freeze out with relic density [10]
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where s is the visible sector entropy today, p.o is the crit-
ical density today, g«s(T) is the entropy effective num-
ber of degrees of freedom in the visible sector at freezeout,
9L (Ty) = gu(Ty) + &7 2(N? —1), Mpy =~ 1.2 x 10" GeV,
and z; = mx /Ty ~ 25{s. The gluinos annihilate
through the S-wave process gg — gg with cross section
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When the Universe cools to a temperature below A,
the gluinos and gluons hadronize into glueballinos and



glueballs. The glueballinos then interact with an en-
hanced geometric cross section ~ A~2, which may ini-
tiate an era of reannihilation, depleting the gluino relic
density. However, the glueballinos typically form in a
state with high angular momentum L [14]. For the con-
stituent gluinos to annihilate, this bound state must first
decay to a low-L state by radiating glueballs. (Note that
there are no hidden light pions or photons.) Reannihila-
tion therefore requires a3 mx > NgA, where Ng is the
number of glueballs radiated. Ng is at least 1. More
typically, it is the angular momentum of the bound state
Ng ~ L ~ mxvr ~ mx+/A/mxA~1. Below, we will
therefore exclude regions where a% > \/A/TX , and re-
annihilation may be significant. Note that this constraint
may be overly stringent, since glueballs will readily break
apart high-L bound states.

Glueball Relic Density and Cannibalization. — After
gluinos freeze out, the gluons maintain thermal equilib-
rium. Upon confinement, the gluon energy density be-
comes the glueball energy density [25]

Qg ~ _
Pco g*S(Tf)

X 5
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so 2(N? — D.a {T; for T < A
where Tél is the hidden sector temperature at the time
of chemical decoupling. Equation (5) may be under-
stood as follows: In the absence of self-interactions, the
glueballs decouple early, and the relic density is simply
the thermal number density multiplied by the glueball
mass ~ A. With significant self-interactions, however,
the glueballs may remain in chemical equilibrium even
after the temperature drops below A through, for exam-
ple, 3 — 2 number-changing processes. This depletion
of glueball number is referred to as cannibalization [29].
Eventually, the expansion of the Universe causes the
glueballs to decouple at a temperature T;, and entropy
and glueball number conservation after decoupling im-
ply that Q¢ oc T#. We have numerically solved for the
glueball density accounting for cannibalization, following
Ref. [29], and find that cannibalization reduces Q¢ by less
than a factor of two in the parameter range of interest.

It is also possible to eliminate the glueball relic density
altogether by postulating additional interactions with the
visible sector. For example, before confinement, gluons
may annihilate to sterile neutrinos, which quickly decay
to light visible sector particles before they can annihilate
back into gluons [25]. We will consider cases in which the
glueball relic density is given by Eq. (5), and also those
in which glueballs are effectively absent.

Self-Interactions. Discrepancies between simulations
and observations on small scales may be resolved if
dark matter self-interacts with cross section-to-mass ra-
tio o/m ~ 1 cm?/g ~ 1 barn/GeV. To determine the
self-interactions of glueballs and glueballinos, we follow
the analysis of Ref. [25], which we summarize here.

For glueballs, we take the geometric cross section og =
47 /A2, which is of the desired size for A ~ 100 MeV.

Glueballino self-interactions are mediated by glueball
exchange, which we model as an attractive Yukawa po-
tential V(r) = —e~A7/r. The self-interaction cross sec-
tion o4 is (o7), the transfer cross section o7 = [ dQ(1 —
cos 0)(do /dY), averaged over Maxwell-Boltzmann veloc-
ity distributions with characteristic velocities vy = 40,
100, and 1000 km/s for dwarf galaxies, LSBs, and clus-
ters, respectively. For mx ~ TeV, A ~ 10 MeV gives the
desired self-interactions.

The case of mixed glueballino-glueball dark matter is
much more complicated. As a very simple measure in
this general case, we define

Oa Qé oG QG
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which has the correct behavior in the limits of pure G or
pure G dark matter and interpolates between them.
Glueballino  Hyperfine Structure and Transitions.
There are two S-wave glueballino states: the spin-1/2
ground state G and the spin-3/2 excited state G* [30].
In the case of atomic hydrogen, the hyperfine split-
ting created by the electromagnetic interactions is ~
agym?/ mp. In the present case, we expect the hidden
chromomagnetic interactions to yield hyperfine splittings

AE =mg. —mg = cgh®/mx | (7)

with cg ~ 1 an order one coefficient that depends on the
strong dynamics. Lattice results for the hyperfine split-
tings of B mesons [31] suggest cg ~ 5 for those systems.

In the absence of other interactions, the G* state is
stable. To make contact with the X-ray observations, we
introduce a connector field with mass m¢c and both hid-
den color and visible electromagnetic quantum numbers.
Dipole operators vanish, since the gluino is a Majorana
fermion. But one-loop diagrams with virtual heavy con-
nectors induce at leading order the Kéahler potential term

1 —dr—h =
CT—3/d49 Whwe DWhS . (8)
me
This leads to the dimension-6 interaction
m -
C'rigﬁyuDyg F v (9)
m?, "

where W" (W) is the hidden (visible) gauge superfield,
F is the visible electromagnetic field strength, (S) = m6?
is a spurion representing the influence of supersymmetry
breaking, and ¢, is a dimensionless coefficient, which we
estimate to be ¢, ~ eay/(4m). At the hadronic level, this
mediates the decay G* — G~ with lifetime

3272 m%
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TABLE I: 3.5 keV line fluxes and cored halo parameters.

Flux J %

107 %ecm™2s™!  kpcGeV?/ecm® kpcGeV/cm?
Perseus| 21.47%9 [6] 2.3 20
M31 49715 7 8.2 13
MW | 2945 [32] 41 37

where mx < m < me. Decays to neutrinos or multi-
ple photons are also possible, but will be suppressed by
additional powers of m¢ and phase space.

The 3.5 keV Line. The stacked XMM-Newton spec-
trum of 73 clusters of galaxies has revealed a weak X-
ray line at 3.55 — 3.57 keV [6]. The line is also seen in
the Perseus cluster by both XMM-Newton and Chan-
dra [6, 7], in the stacking of Centaurus, Ophiuchus and
Coma, and in the stacking of all clusters except these
four [6]. A line close to this energy is also seen towards
the Andromeda galaxy (M31) [7] and the center of the
Milky Way (MW) [32]. The measured fluxes by XMM-
Newton from Perseus (without the core), M31, and the
MW are shown in Table I. The initial analyses have mo-
tivated a great deal of follow-up activity, including sup-
porting evidence, null results, and proposed explanations
in terms of line emission from ions [33-37].

Here we consider the possibility that this line is a sig-
nal from the de-excitation of dark matter.! There are
two limiting scenarios. In the “short lifetime” scenario,
the G* lifetime is 7 < 10'® s. G* states are created in in-
elastic collisions GG — GG* and then decay. The signal
is a dark matter analogue to the 21 cm line of neutral
hydrogen [39-41] and is proportional to p?, where p is
the dark matter mass density. The predicted flux is

(0at) | oy 1.1x1073
Fshort = 87Tm§( <fp d£>FOV FOV = W (11)

" TeV][ (og.v/c)/mx J FOV
mx || 1073 barn/GeV || kpc GeV?/cm6 || deg? |’

where the integral is along the line of sight, FOV is the
field of view of the measurement, J E~< [ p2d€>EOV is an
average over this FOV, and o. = 0(GG — GG*) is the
cross section for creating excited states G*. For mx ~
TeV, the kinetic energy in GG scattering is typically large
compared to the hyperfine splitting. We therefore expect
the inelastic and elastic cross sections to be similar to
each other and to the transfer cross section, as is the case
in an atomic dark matter model [42]. It is tantalizing
that the indicated cross sections from self-interactions
and the 3.5 keV line are roughly similar, despite their
being completely disparate phenomena.

L For other alternatives, see, for example, Ref. [38].

Before we determine what values of os. are favored,
however, we must ask if any value of oz. can explain all
the data. To do this, we must determine J for halo pro-
files that are consistent with self-interacting dark matter
and compare them to the observed fluxes. For the MW
and M31, the FOV is a cone with 14’ half-angle. The MW
observations are centered on the galactic center. The
equilibrium self-interacting dark matter solution [43] re-
quires that the core radius be set by the gravitational po-
tential of the stars, since they dominate at the center. We
use a modified NFW profile, p(r) oc 1/(r 4+ 7.)/(r + rs)?
with s = 21 kpc and core radius r. = 0.5 kpc, normal-
ized to a local density of 0.4 GeV/cm?® [43]. For M31,
we use a similar profile, but with a density at 8.5 kpc
of 0.2 GeV/cm?®. For Perseus, we compute the flux in a
projected radius of 240 kpc using My, = 1.1 x 10'% M,
and a concentration parameter Ryi;/rs = 6, which gives
rise to the same surface density within 240 kpc as that
in Ref. [6] . The resulting J values are given in Table I.

Eq. (11) and the J and flux values of Table I imply

O Gi= barn mx QDM 2
7C ~ 0,016 (0.005) [0.006] &7 = [ o } . (12)
for Perseus (M31) [MW]. Taken at face value, these re-
sults are in tension because we expect oz. to follow oz
and be smaller in the clusters due to the larger relative
velocities. At the same time, there are considerable un-
certainties from halo modeling [40] and line flux measure-
ments. Below, we focus on Perseus for the short lifetime
scenario, keeping this tension in mind.

Dwartf spheroidal satellite galaxies of the Milky Way
constrain the short lifetime scenario. For most dwarfs, we
expect J > (0.1 Mg /pe?)? x0.6 kpe ~ 10 kpc GeV? /em®,
using the observed commonality of halo masses within
300 pc [44]. Using v/c ~ 107* and og./mx =
0.01 barn/GeV, we predict a flux of 2 x 107¢/cm=2 s71,
about an order of magnitude larger than the stacked
dwarf limit [35]. However, for dwarfs and myxy ~
100 GeV — 1 TeV, the kinetic energy of the collision sat-
isfies mxv?/2 < AE, and so a detailed analysis of 4. is
required to predict the flux from dwarfs.

Alternatively, in the “long lifetime” scenario, the G*
lifetime is longer than the age of the Universe, 7 > 10'% s.
The G* states are created at the time of hadronization,
and since the hyperfine splitting is small compared to the
temperature at confinement, the number densities of G
and G* are identical at that time. The G* states then
slowly decay, with a signal proportional to p and flux

Fiong = ArmxT <fp d£>FOV FOV (13)
75 x 10T TeV][10% 5 > FOV
cm?2s | mx T kpc GeV/em? || deg? |’

where 3 = < fp dﬁ)FOV is the surface density. Values of X
for the halo models described above are given in Table 1.
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FIG. 1: Thermal SIMPle dark matter with Qg = 0.8 Qpwm
and Qz = 0.2Qpum. For fixed (mx,A), N and &; are deter-
mined by the relic densities; contours of N = 3,5,10, 100 and
€ =1073,5x 10731072 are shown. In the indicated bands,
o/m = 0.1—10 barn/GeV and AE = 0.356—35.6 keV. Where
these overlap, the model may explain both self-interactions
and the 3.5 keV line through long-lifetime G* decays (see
text). In the lower-right shaded regions, G re-annihilation
may be significant for the values of N indicated.

Eq. (13) and the ¥ and flux values of Table I imply
Qg

1
2 QDM

7 ~ 200 (500) [300] Gyr {Tev] [ ] Y
mx

for Perseus (M31) [MW]. Given the large systematic un-

certainties in the M31 measurement [7], these three sig-

nals are consistent in the long lifetime scenario.

We have checked that the required lifetimes are not
in conflict with cosmic microwave background obser-
vations. Adapting existing constraints on the anni-
hilation cross section of dark matter particles [45] by
equating the energy injection rates in the annihila-
tion and decay processes at z = 1091, we find 7 2>
2 Myr [TeV/mX][2QG*/QDM][AE/35 keV]

Results. We now have all the ingredients to identify
viable example models and their observational implica-
tions. We begin by considering a completely thermal sce-
nario, in which the gluino and glueball relic densities are
given by Egs. (3) and (5). As an example, we consider
the case with Q¢ = 0.8Qpm and 5 = 0.2 Qpy. The re-
quired values of N and {; are shown in the (mx, A) plane
in Fig. 1. Relatively cold hidden sectors are required to
avoid glueballs overclosing the Universe.

In this glueball-dominated scenario, the self-
interaction cross section is essentially og, and so
is in the desired range for A ~ 100 MeV. This

constraint and the AE = 3.56 keV band are also
shown in Fig. 1. These bands overlap, for example, at
(mx,A) = (3TeV,70 MeV), where ax ~ 0.013, N = 10,
and & ~ 4 x 1072, At this point, 0. is far too small to
explain the keV line flux in the short lifetime scenario.
However, the flux can be explained by long-lifetime
decays. Equation (14) implies 7 ~ 30 Gyr, which, given

£=1 | . | \
O'O(}.Ol 0.1 1 10 100
my [TeV]

FIG. 2: Pure glueballino SIMPle dark matter with &5 = 1.
For fixed (mx,A), N is determined by Q5 = Qpwm; contours
of N = 3,10,30 are shown. In the indicated bands, o/m =
0.1—10 barn/GeV, AE = 0.356 —35.6 keV, and short-lifetime
G* decays give a keV line flux within an order of magnitude to
explain the Perseus observations, assuming oz« = og. The
flux may also be explained by long-lifetime G* decays (see
text). In the lower-right shaded regions, G re-annihilation
may be significant for the values of N indicated.

Eq. (10), implies a connector mass mg ~ 4 — 6 TeV.

We now consider the case where the gluon density is
depleted to g =~ 0 through some mechanism, such as
the one of Ref. [25] described above. Glueballs then do
not overclose the Universe for any {;, and we consider
&s = 1. The resulting parameters are shown in Fig. 2.

In this pure G scenario, the preferred self-interactions
and keV line energy overlap, for example, at (mx,A) =
(350 GeV, 20 MeV), where ax ~ 0.019 and N ~ 10. The
keV line flux may again be explained by long-lifetime
decays; in this case, Eq. (14) implies 7 ~ 1000 Gyr,
which, given Eq. (10), implies m¢ ~ 3 —9 TeV. In this
case, however, the self-interactions also imply a large up-
scattering rate, and so the short lifetime scenario is also
viable where all three bands overlap in Fig. 2. A lifetime
of 7 ~ 10% s implies m¢c ~ 500 — 700 GeV, which is be-
yond collider limits on particles that have electric charge,
but not strong interactions, in the visible sector.

Conclusions. Currently there are tantalizing as-
trophysical indications that dark matter may be self-
interacting and the source of a 3.5 keV X-ray line. Al-
though neither of the indications for self-interactions and
keV lines is unambiguously compelling individually, they
are both interesting, and more so if they may be ex-
plained simultaneously in a simple model.

We have explored these in the context of a simple hid-
den sector: a supersymmetric pure SU(N) gauge the-
ory. The astrophysical hints favor mx ~ TeV thermal
relics interacting with A ~ 100 MeV force carriers, with
photons created by transitions between highly degenerate
states with AFE ~ 10 keV. In this model, the qualitative
hierarchy AFE < A < mx and the quantitative relation
AEmx ~ A? are naturally explained by asymptotic free-



dom and, essentially, atomic physics. Despite its simple
formulation, the model has a rich cosmology, with both
glueballs and glueballinos contributing to dark matter,
and decays that can be either short and long compared
to the age of the Universe. The short lifetime possibility
is remarkable in that the desired self-interactions imply a
keV line flux roughly in accord with observations, albeit
with some tension between the various datasets, while
the long lifetime scenario provides a beautifully consis-
tent explanation for the X-ray line observed in clusters
of galaxies, M31, and MW observations.
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