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Dark matter through the axion portal
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Motivated by the galactic positron excess seen by PAMELA and ATIC/PPB-BETS, we propose that
dark matter is a TeV-scale particle that annihilates into a pseudoscalar ‘“‘axion.” The positron excess and
the absence of an antiproton or gamma ray excess constrain the axion mass and branching ratios. In the
simplest realization, the axion is associated with a Peccei-Quinn symmetry, in which case it has a mass
around 360-800 MeV and decays into muons. We present a simple and predictive supersymmetric model
implementing this scenario, where both the Higgsino and dark matter obtain masses from the same source
of TeV-scale spontaneous symmetry breaking.
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I. INTRODUCTION

Evidence for dark matter (DM) is by now overwhelming
[1]. While the precise nature and origin of DM is unknown,
thermal freeze-out of a weakly interacting massive particle
(WIMP) is a successful paradigm that arises in many
theories beyond the standard model. If this is correct,
then specific DM properties can be probed through direct
and indirect detection experiments, and pieces of the dark
sector might even be produced at the Large Hadron
Collider (LHC).

Recent indirect detection results may offer important
insights into the dark sector. The latest PAMELA data [2]
is strongly suggestive of a new source of galactic positrons,
bolstering the HEAT [3] and AMS-01 [4] anomalies. An
intriguing interpretation of the PAMELA excess is DM
annihilation [5-8], although astrophysical interpretations
are also possible [9]. The rate and energy spectrum of the
PAMELA positrons are consistent [7] with the electron and
positron excesses seen in the balloon experiments ATIC
[10] and PPB-BETS [11], and the spectral cutoff in these
experiments may suggest a DM mass in the TeV range.

There are, however, two puzzling features in the
PAMELA data. First, the positron excess is not accompa-
nied by an antiproton excess, which strongly constrains the
hadronic annihilation modes of the DM [7]. Unless DM is
as heavy as 10 TeV, the PAMELA data disfavors DM
annihilation into quarks, W’s, Z’s, or Higgs bosons.
Second, the required annihilation cross section in the ga-
lactic halo is orders of magnitude larger than the thermal
relic expectation. Therefore, any DM interpretation of the
data must explain both the large annihilation rate and the
large annihilation fraction into leptons.

In this paper, we propose that DM is a TeV-scale particle
that dominantly annihilates into a pseudoscalar “‘axion” a.
The axion mass lies above the electron or muon threshold,
so that @ dominantly decays into leptons with suppressed
photonic and hadronic decay modes. In this scenario, the
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electron and muon decay channels would account for the
PAMELA excess, and the photon, pion, and tau decay
channels would be constrained by gamma ray telescopes
like HESS [12] and FERMI [13].

In a typical realization of the scenario, DM is a fermion.
In this case, the dominant annihilation channel is not to 2a,
but to a and a real scalar s. If the scalar dominantly decays
as s — aa, each DM annihilation will contain three axions,
yielding a distinctive semihard galactic positron spectrum.
The existence of a light scalar s is also crucial to enhance
the DM galactic annihilation rate through nonperturbative
effects.

This DM scenario can arise in any theory where the DM
mass is generated from spontaneous breaking of a global
U(1)x symmetry under which leptons have axial charges.
In two Higgs doublet models, it is natural to identify U(1)y
with a Peccei-Quinn (PQ) symmetry U(1)pq [14], in
which case our axion is a heavier variant of the Dine-
Fischler-Srednicki-Zhitnitskii (DFSZ) axion [15]. In this
realization, the axion must decay dominantly into muons to
evade constraints from low energy and astrophysical
experiments.

The identification of U(1)y with U(1)pq is particularly
well motived in supersymmetric (SUSY) theories, since
then both the Higgsino and DM can obtain masses from the
same source of TeV-scale spontaneous U(1)pq breaking.
As we will see, the resulting SUSY model is extremely
simple and predictive, and leads to interesting phenome-
nology at the LHC. We thus mainly focus on this model,
although other possibilities are also discussed.

In the next section, we describe the basic setup for the
axion portal, and discuss DM annihilation in the early
universe and in the galactic halo in Secs. III and IV.
Axion phenomenology is covered in Secs. V and VI, and
additional constraints from galactic gamma rays appear in
Sec. VII. The explicit supersymmetric construction is
given in Sec. VIII, and we conclude with other axion portal
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possibilities. A detailed study of the PAMELA/ATIC elec-
tron and positron spectrum appears in Ref. [16].

I1. BASIC SETUP

To understand the main features of the scenario, we first
isolate the fields responsible for the dominant DM phe-
nomenology and study their dynamics. A complete SUSY
model will be described later.

Our starting point is a global U(1)y symmetry that is
broken by the vacuum expectation value (VEV) of a com-
plex scalar S

S = (fa + \/iz)eia/ﬁfa, (1)

where a is the “axion,” s is a real scalar, and f, is the axion
decay constant. A vectorlike fermion DM /¢ obtains a
mass from

L= _§Slr// 11[/6 + H'C" mMpm = gfa’ (2)

where /¢ is a standard model (SM) singlet. The stabil-
ity of DM can be ensured by a vectorlike symmetry acting
on ¢ /¢, which could be a remnant of U(1)y [17].

In order for a to decay into leptons, SM leptons must
have nontrivial U(1)y charges. For example, in a two Higgs
doublet model, a coupling of the form

L = f(S)h,hy + He, 3)

can force h,h,, and hence the quarks and leptons, to carry
nontrivial U(1)y charges. The U(1)y is then a PQ symme-
try, and we focus on this case until the end of this paper. If
the coupling of Eq. (3) is sufficiently small, it does not
drastically affect the DM phenomenology.

Unlike the ordinary axion [18], the mass of a cannot
come only from pion mixing, since it would then be too
light to decay into leptons. We therefore need some explicit
breaking of U(1)y. Also, the potential that generates the S
VEV will also give a mass to s. Both effects can be
described phenomenologically by the mass terms

L = —%mﬁaz — %m%sz, 4)

and we assume the hierarchy m, < m; < mpy. This
condition is naturally satisfied in the explicit SUSY model
considered later.

The scalar field s decays into aa through the operator

= ! 2
L \/ifa s(aﬂa) , (5)

arising from the § kinetic term. This is typically the
dominant decay channel for s.

III. THERMAL FREEZE-OUT

In the above setup, the DM has three major annihilation
modes:
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b —ss, Yy —aa PP —osa (6)

The first two modes do not have an s-wave channel and are
suppressed in the v — 0 limit. Annihilation at thermal
freeze-out is therefore dominated by the third mode.

In the limit m,, m, << mpy, the v — 0 annihilation
cross section is

2
m
(OV) g jmsa = ﬁ + 0(v?). (7)

A standard thermal relic abundance calculation implies
(ov) = Kov) 55 =3 X 1072 cm?/s, (8)

so once mpy is constrained by future ATIC data, then f, is
completely determined. As a fiducial value, mpy; ~ 1 TeV
implies f, ~ 1 TeV, and so & ~ 1.

IV. HALO ANNIHILATION

The cross section of Eq. (8) is too small to account for
the observed PAMELA excess. For mpy ~ 1 TeV, the
required boost factor is [6,7]

(oV)pameLA = 10°(ov), 9)

although the precise value is subject to a factor of a few
uncertainty. Such a large boost factor is difficult to explain
astrophysically [19].

However, the halo annihilation rate can be enhanced by
nonperturbative effects associated with the light state s,
with mg << mpy. The relevant effects are the Sommerfield
enhancement [7,8,20] and the formation of DM bound
states (WIMPoniums) [21]. These boost the signal by

2

a cMpyp
B PM ag =—,
mg 4

(10)
where c¢ is a coefficient which can be as large as
(mg/mppUna,)? if my takes values that allow (near) zero-
energy bound states. Here, vp,, ~ 1073. As we will see,
our explicit model has m, = O(1-10 GeV). Combined
with a moderate astrophysical boost factor, Eq. (10) can
then account for Eq. (9). The condition for the effects being
operative in the halo, but not at freeze-out, is v, < a; =
Vfreeze-outs WHETe Utreese-out ~ 0.4 [22].

The DM annihilation (or para-WIMPonium decay)
product is sa. After the decay s — aa, this yields three
axions per DM annihilation. There is also an annihilation
channel into ¢f through s-channel a exchange, but its
branching fraction is only of O(1%). This level of hadronic
activity is consistent with the PAMELA data.

Since DM does not annihilate directly into leptons, the
positron injection spectrum is different from [7] and closer
to [24]. If a DM annihilation product comes from a (scalar)
cascade decay with large mass hierarchies involving n
steps, then its energy spectrum is proportional to
{In(mpy/E)}"~', where n =0 for direct annihilation.
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The lepton spectrum per DM annihilation is then

dN, 2 Mpm
GE o (210g z + 1) (E<mpy). (11)
This semihard lepton spectrum is an unambiguous predic-
tion of our setup. Since our axion will primarily decay into
muons, Eq. (11) must be convoluted with muon decays to
give the final positron spectrum. A detailed study of the
electron and positron spectrum appears in [16], where it is
shown that the axion portal gives a good fit to the
PAMELA/ATIC data.

V. AXION DECAYS

To account for the observed positron excess, the axion
must dominantly decay into leptons. As we will see, there
are strong bounds on the photon flux from DM annihila-
tions and this constrains a — y7y to be less than = 1%.
Since 77 — 7y, the decay into neutral pions must also be
suppressed to the 5% level. This disfavors the possibility
a— 7777, since tau decay leads to an O(1) fraction of
s,

Compared to the QCD axion, we have an extra m2
parameter which affects axion-pion mixing. In terms of
the mixing angle for the QCD axion 6,0 ~ f,./f,, the
new mixing angle is 6,0 = 0,,0m%/(m% — m2). Close to
the 70 threshold there is resonant enhancement, but for
m2 > m2, there is a m%/m2 suppression. A similar en-
hancement also arises for m} = m3,.

For a generic axion, the partial widths to leptons and

photons are

2
m, m

Fa— €)= ¢? = f—j (12)
a’ mZ

Ia—yy) =c} 128‘31:‘73 7 (13)

In our case, ¢, = sin®3, where tanf = (h,)/{h,), and c,
depends on m, through 6,0 but is typically O(1). Except
when m, is very far from a lepton mass threshold, the
photon branching fraction is less than O(1%).

The partial width to pions is more complicated. Direct
decays a — mm are suppressed by CP invariance, and
radiative decays a — 7y are suppressed by apy /47
The first dangerous channel is a — 777 which arises
from axion-pion mixing. We estimate the partial width as

L m (fr m3\2
F(a—’WWW)NWE(E m_fl) , (14)

where the combination in parentheses is the approximate
axion-pion mixing angle when m2 > m2. Parametrically,
the a — 777 mode is 2 orders of magnitude suppressed
compared to the a — u* u~ mode. As m, approaches the
p7 threshold, a — 777 is enhanced by m3/T%. Also,
a — mmm decay becomes important around the same
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mass scale, so we estimate the total axion to 77° branching
ratio to be safe for m, = 800 MeV.

VI. AXION CONSTRAINTS

The bounds on heavy axions are different from ordinary
axions. For the range 2m, <m, <2m,, a beam-dump
experiment at CERN [25] looked for the decay a —
ete, and definitively rules out axion decay constants up
to f, ~ 10 TeV.

In the region 2m,, < m, <myg — m, our axion decays
into u* u~ with ¢, = O(1-10 um), and measurements
of rare kaon decays K — 7™ ™ constrain the branching
ratio K — 7ra. The estimated branching ratio is Br(K+* —
mta) =3 X 107°(1 TeV/f,)> [26], and the measured
rate Br(K™ — 7t u"u™) =1 X 1077 [27] is consistent
with SM expectations. Therefore, this region seems to be
excluded for f, ~ 1 TeV, especially considering that the
dimuon invariant mass distribution would be peaked at m,,
for the axion decay.

For mg — m,; <m, = 800 MeV, there are interesting
implications for rare Y decays. The predicted rate is
Br(Y — ya) =3 X 10 %in*B(1 TeV/f,)?, while the ex-
perimental bound is Br(Y — ya) < few X 107¢ for
prompt a — utu~ decays [28]. The region of interest
fa ~ 1 TeV will be tested in future B-factory analyses.

In summary, the allowed region for our axion is

my —m, <m, < 800 MeV, (15)

and the dominant decay channel is a — u* . For axions
as heavy as mg — m, astrophysical bounds are irrelevant.

VII. GAMMA RAY BOUND

As already mentioned, the axion typically has a nonzero
branching fraction into photons (or 7Vs), and there are
important bounds from gamma ray experiments. Since
the photon spectrum is semihard, the strongest bounds
come from atmospheric Cherenkov telescopes. The ex-
pected photon spectrum also overlaps with the energy
range of FERMI.

A detailed study of gamma ray bounds appears in [16],
and here we only give estimates based on a HESS study of
the Sagittarius dwarf galaxy [29]. They put an upper bound
on the integrated gamma ray flux for E, > 250 GeV of
®, <3.6X 1072 cm™?s~!. From a given photon spec-
trum, this can be translated into a bound on the DM
annihilation cross section

4’7TCI) m2 Mpm dN -1
< _Y DM ( / v dE) , 16
(ov) JAQ 250Gev dE (16)

where J = 2.2 X 10?* GeV?>cm ™ is the Sagittarius line-
of-sight-integrated squared DM density assuming an
Navarro-Frenk-White (NFW) profile, and AQ =
2 X 107 is the HESS solid angle integration region.
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Since the annihilation cross section is known from
Eq. (9), we can translate Eq. (16) into a bound on the
branching fraction to photons. For direct a — vy decays,
the energy spectrum is proportional to Eq. (11), dN,,/dE =
Br(a — yvy)dN,/dE, and using the fiducial mpy =
1 TeV, we obtain the bound

Bra— yy) =< 1%  (mpy = 1 TeV). a7

The bound on axion decays into pions can be derived

similarly. Assuming a — 7%z 77—, we obtain:

Br(a — 7o) < 5% (mpy = 1 TeV). (18)

The decay @ — 77 7~ leads to a bound on (o v) an order of
magnitude stronger than {ov)pamera [30].

VIII. SUPERSYMMETRIC MODEL

In a SUSY context, it is natural to assume that the
vectorlike DM mass is related to the vectorlike Higgsino
mass . In fact, the simple superpotential

W = éSWWE + ASH,,H,, (19)
together with the soft SUSY breaking terms
£soft = _ngs‘P‘PC — /\AASHqu — m%STS + ..
(20)

have all the required ingredients, except for the origin of
the axion mass, which we leave unspecified (can simply be
a small «S* term in the superpotential). Without the &
terms, this model is the PQ-symmetric limit of the next-
to-minimal SUSY standard model (NMSSM), and is some-
times referred to as PQ-SUSY [31,32]. The VEVs for S,
H,, and H,; can be generated in a stable vacuum, giving
mpm/py = €/

For A < 1 and [m}| < A?viy,, where vgy = 174 GeV,
the dominant phenomenology is determined essentially by
five parameters:

{mpym, A, tanB, m3, m,}, 1)

with m3 and m, affecting only scalar mixing and axion

decay, respectively. All other parameters are either deter-
mined by thermal relic calculations, electroweak symmetry
breaking, or are secondary to the phenomenology relevant
here. The model is thus extremely predictive in this region,
and we present sample spectra in Table 1.
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The present SUSY model introduces important additions
to the minimal structure described before. First, the mass of
s is no longer a free parameter and is fixed by m, =
Avgw sin(28). Second, we have an additional light state
§, the fermion component of S, whose mass is m; =
O(A?viy, /mgusy), where mgygy is wy or a gaugino mass.

The existence of § states lighter than the electroweak
scale is consistent with the experimental data. These states
mix with H, ,; states with mixing angles of O(vgw/f.),
and constraints from LEP are satisfied for f, = 1 TeV.
Considering uy = Af, (=A,sin(28)/2 from potential
minimization), f, ~ 1 TeV implies A = 0(0.1), which
satisfies the bound on charginos.

Small values of A allow m, = O(1-10 GeV), as needed
for the halo annihilation enhancement. Small A also en-
sures that DM annihilates mainly into S states and not H,, ;4
states, which would give more hadronic activity than is
allowed by PAMELA. To suppress additional hadronic or
photonic activity from s decays, the branching fraction of s
into quarks and taus can be made smaller than O(10%).
The s — §§ mode is subdominant, and annihilations of
DM into § § are velocity suppressed.

Since s is light, it mediates a large DM-nucleon cross
section, leading to tension with the direct detection bound
[33]. There are two ways this bound can be satisfied. One is
to take m, to be a few tens of GeV. In this case the halo
annihilation enhancement occurs through (near) zero-
energy bound states. The other is to suppress the s-h,
mixing by taking appropriate values of |[m3| = 0.1A%viy,.
In this case the s coupling to the nucleon can be acciden-
tally small, with a mild tuning of O(10%). The two cases
described here correspond to the two points in Table 1. The
Sommerfield enhancement factors for these points are
= 100 [8].

For the consistency of the DM story, § must not be
stable. In low-scale SUSY breaking, it is natural to assume
that § decays into the gravitino G. The mass of § is typically
above m,, in which case the lifetime is given by 7;_, s =
96mm3,,Mp/m3. For a gravitino mass my;, =
O(10-100 eV), this is sufficiently short that § never domi-
nates the universe. Also, gravitinos this light do not cause a
cosmological problem [34].

The light s, a, and § states have interesting implications
for LHC phenomenology. For example, the Higgs boson
can decay as h— aa — 4u. Strongly produced SUSY

TABLE I. Two sample spectra in the SUSY model. mpy;, A, tang, mg, ms,, and m, are inputs, and the rest are outputs. All the
masses are in GeV (except where indicated), and the lifetimes are in seconds. og; is a spin-independent DM-nucleon cross section. mi;

is calculated assuming decoupling gauginos.

mpy At mj fao mu Ay my  omy | mg s Br(s — ff) | ms m3p s mg, Tq st [em?]
1000 025 2.0 —6.8% | 1100 270 650 110> 530 | 34 4x1072! f=5:3% |55 10eV 2X 107 |07 8 X 107" | 3x 107%
1200 0.10 4.0 —6.32 | 1200 120 430 —69 440% | 56 1 X107 f=75% |12 5eVv  0.02 04 1X107 | 4x107%
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particles will typically cascade decay into the light
Higgsino, which will subsequently decay into §, sometimes
by emitting an a or s. This leads to pairs and quartets of
collimated muons with small invariant mass.

Finally, we note that in general, DM can either be the
fermion or scalar component of W/W¥¢, depending on
which is lighter. Scalar DM works similarly to fermion
DM, except the dominant annihilation modes are now ss
and aa. Since the scalar-fermion mass splitting controls
radiative corrections to m% the W/W¢ states could be
nearly degenerate, leading to coannihilation at freeze-out.

IX. OUTLOOK

We have presented a DM scenario that naturally explains
the PAMELA and ATIC/PPB-BETS data. DM is a TeV-
scale particle annihilating into an axion «a, and the halo
annihilation rate is enhanced through the scalar s. In the
simplest realization, a is associated with a PQ symmetry,
and we have constructed a corresponding SUSY model
where the Higgsino and DM masses have a common origin
from U(1)pq breaking.

There are other implementations of our scenario. For
example, in models of low-scale dynamical SUSY break-
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ing, the sector breaking SUSY typically leads to an R axion
with the decay constant f, ~ A/4m, where A =
O(10-100 TeV) is the dynamical scale. This axion can
serve as our a if the Higgs fields and DM obtain U(1)g
breaking masses. The mass of a is m2 ~ A3/Mp, [35], and
the scales could work with O(1) (or loop) factors.

One could also consider a purely leptonic axion, for
example, by introducing a separate U(1)y and Higgs fields
for the lepton sector. In this case a does not have hadronic
couplings, eliminating the tension with direct detection
experiments and opening the possibility for a — e e
decays.

ACKNOWLEDGMENTS

We thank Andrew Cohen, Aaron Pierce, and Martin
Schmaltz for useful conversations. This work was sup-
ported in part by the U.S. DOE under Contract No. DE-
ACO02-05CH11231, the NSF under Grants No. PHY-
0457315 and No. PHY-0555661, DOE OIJI, and the
Alfred P. Sloan Foundation. J.T. is supported by the
Miller Institute for Basic Research in Science.

[1] G. Bertone, D. Hooper, and J. Silk, Phys. Rep. 405, 279
(2005); E. Komatsu et al. (WMAP Collaboration),
Astrophys. J. Suppl. Ser. 180, 330 (2009).

[2] O. Adriani et al., arXiv:0810.4995; Phys. Rev. Lett. 102,
051101 (2009).

[3] J.J. Beatty et al., Phys. Rev. Lett. 93, 241102 (2004).

[4] M. Aguilar et al. (AMS-01 Collaboration), Phys. Lett. B
646, 145 (2007).

[5] L. Bergstrom, T. Bringmann, and J. Edsjo, Phys. Rev. D
78, 103520 (2008); M. Cirelli and A. Strumia,
arXiv:0808.3867; V. Barger, W.-Y. Keung, D. Marfatia,
and G. Shaughnessy, Phys. Lett. B 672, 141 (2009); J.-H.
Huh, J. E. Kim, and B. Kyae, arXiv:0809.2601 [Phys. Rev.
D (to be published)].

[6] I. Cholis, L. Goodenough, D. Hooper, M. Simet, and N.
Weiner, arXiv:0809.1683.

[71 M. Cirelli, M. Kadastik, M. Raidal, and A. Strumia,
arXiv:0809.2409.

[8] N. Arkani-Hamed, D.P. Finkbeiner, T. Slatyer, and N.
Weiner, Phys. Rev. D 79, 015014 (2009).

[9] D. Hooper, P. Blasi, and P.D. Serpico, J. Cosmol.
Astropart. Phys. 01 (2009) 025; H. Yiiksel, M.D.
Kistler, and T. Stanev, arXiv:0810.2784.

[10] J. Chang et al., in Proceedings of the 29th International
Cosmic Ray Conference (ICRC 2005) (Tata Institute of
Fundamental Research, Mumbai, 2005), Vol. 3, p. 1.

[11] S. Torii et al., arXiv:0809.0760.

[12] High Energy Stereoscopic System (HESS),
www.mpi-hd.mpg.de/hfm/HESS/.

http://

[13] Fermi Gamma-ray Space Telescope (formerly GLAST),
http://fermi.gsfc.nasa.gov/.

[14] R.D. Peccei and H.R. Quinn, Phys. Rev. Lett. 38, 1440
1977).

[15] M. Dine, W. Fischler, and M. Srednicki, Phys. Lett. B104,
199 (1981); A.P. Zhitnitskii, Yad. Fiz. 31, 497 (1980)
[Sov. J. Nucl. Phys. 31, 260 (1980)].

[16] J. Mardon, Y. Nomura, D. Stolarski, and J. Thaler,
arXiv:0901.2926.

[17] DM may be a Majorana fermion ¢ obtaining a mass from
L = —£Sy?/2 + He., in which case the stability is
ensured by a Z, symmetry.

[18] S. Weinberg, Phys. Rev. Lett. 40, 223 (1978); F. Wilczek,
Phys. Rev. Lett. 40, 279 (1978).

[19] J. Diemand, M. Kuhlen, P. Madau, M. Zemp, B. Moore, D.
Potter, and J. Stadel, Nature (London) 454, 735 (2008).

[20] J. Hisano, S. Matsumoto, M. M. Nojiri, and O. Saito, Phys.
Rev. D 71, 063528 (2005); J. March-Russell, S. M. West,
D. Cumberbatch, and D. Hooper, J. High Energy Phys. 07
(2008) 058.

[21] M. Pospelov and A. Ritz, Phys. Lett. B 671, 391 (2009).

[22] Alternatively, we can make ¢ /¢ charged under a new
U(1)ng gauge symmetry. As long as the U(l)yg gauge
coupling is small, gyg = &, thermal freeze-out is unaf-
fected and the halo boost is B ~ ang/Vhao. However,
U(1)Ng must be spontaneously broken to avoid constraints
from big bang nucleosynthesis, since axion decays would
otherwise generate a large energy density of U(l)ng
gauge bosons. Nonperturbative enhancements through

075008-5



YASUNORI NOMURA AND JESSE THALER

massless gauge bosons are also ruled out by astrophysical
observations [23]. The model presented in the text avoids
both bounds automatically, since the scalar s has a mass
= O(1 GeV).

M. Kamionkowski and S. Profumo, Phys. Rev. Lett. 101,
261301 (2008).
I. Cholis, L.
arXiv:0802.2922.
F. Bergsma et al. (CHARM Collaboration), Phys. Lett.
B157, 458 (1985).

I. Antoniadis and T.N. Truong, Phys. Lett. B109, 67
(1982).

H.K. Park et al. (HyperCP Collaboration), Phys. Rev.
Lett. 88, 111801 (2002).

W. Love et al. (CLEO Collaboration), Phys. Rev. Lett.
101, 151802 (2008).

F. Aharonian et al. (HESS Collaboration), Astropart. Phys.
29, 55 (2008).

Goodenough, and N. Weiner,

(30]

(31]
(32]
(33]
(34]

[35]

075008-6

PHYSICAL REVIEW D 79, 075008 (2009)

The bounds from photon flux may be weakened by assum-
ing a different DM density or velocity profile, or due to the
uncertainty in Eq. (9). In this case, the region 2m, < m, <
2m; may open up, since hadronic axion decays are sup-
pressed by 3m2/m2tan*B. The constraint from rare Y
decays 1is satisfied, since the experimental upper bound
on Br(Y — vya) with a — 7777 is few X 1077 [28]. The
region 800 MeV =< m, = 2 GeV may also be allowed.
P. Ciafaloni and A. Pomarol, Phys. Lett. B 404, 83 (1997);
L.J. Hall and T. Watari, Phys. Rev. D 70, 115001 (2004).
D.J. Miller, R. Nevzorov, and P. M. Zerwas, Nucl. Phys.
B681, 3 (2004).

Z. Ahmed et al. (CDMS Collaboration), Phys. Rev. Lett.
102, 011301 (2009).

M. Viel, J. Lesgourgues, M. G. Haehnelt, S. Matarrese,
and A. Riotto, Phys. Rev. D 71, 063534 (2005).

J. Bagger, E. Poppitz, and L. Randall, Nucl. Phys. B426, 3
(1994).



