
Andrzej Hryczuk

Warsaw workshop on Non-Standard DM, 4th June 2016

work in collaboration with: 
 Torsten Bringmann,  Ahmad Galea and Christoph Weniger 

University of Oslo

SPECTRAL FEATURES 
IN THE MEV-GAP

*

* on leave from National Centre for 
Nuclear Research, Warsaw, Poland



SPECTRAL FEATURES

2

2. Hugely increase the credibility 
of the DM origin of a signal

1. Improve signal/background  

3. Significantly increase possibility 
of inferring the DM properties 

from a measured signal  

(systematics + interpretation)

(e.g. gamma line would pin-point the DM mass)

(significantly helps in spectral fits)

(a) (b)

Figure 6: (a) Dark turquoise circles show the 95% C.L. fit in the (m�, �v) plane to Fermi-LAT
15 yr 46 dSphs mock BP4(a) data (the benchmark is shown in black). Blue upside-down triangles
show the 95% C.L. fit for CTA 500 hours. The 95% C.L. combination of the two results in the (m�,
�v) plane is shown with red squares. (b) The breakdown of the branching ratios to a particular
annihilation final state versus the WIMP mass for the points of the 95% C.L. fit to FermiLAT +
CTA data considered in (a). Light brown squares show the bb̄ branching ratio, dark green triangles
the one to ⌧+⌧�, deep-sky blue diamonds the one to W+W�, and blue upside-down triangles the
one to hh.

As was mentioned in Sec. 3, CTA’s sensitivity with approximately 500 hours of observation of
the GC is expected for this mass to start closing in on the sensitivity expected at Fermi-LAT.
In Fig. 5(a) we plot with blue down-pointing triangles the 95% C.L. reconstruction of BP3 in
CTA. One can see that the resulting signal is too weak to provide any meaningful information.
However, a combination of the Fermi-LAT and CTA likelihood functions shows for this point a
slight improvement (red squares) on the mass reconstruction with respect to Fermi-LAT alone.
This is a feature that is bound to become increasingly more pronounced as one considers larger
DM mass.

The combined e↵ect of Fermi-LAT, CTA, and XENON-1T data on the reconstruction of BP3
properties when one considers a concurrent observation in direct and indirect detection experiments
is shown with red squares in Fig. 5(b).

We now move on to the 1000GeV WIMP case that will allow us to investigate in detail how
the considered uncertainties a↵ect the mass and cross section reconstruction abilities of CTA. In
Fig. 6 we present the case of BP4(a), featuring a 1TeV WIMP with 100% branching ratio to bb̄
and �v = 2 ⇥ 10�25 cm3/s. We show the reconstructed 95% C.L. regions in the (m�, �v) plane
in Fig. 6(a). Again, dark turquoise circles show the reconstruction in Fermi-LAT, blue triangles
the reconstruction in CTA, whose precision is now much higher than for the previous benchmark
points, and red squares the combined 95% C.L. region. Note how CTA can narrow down the mass
range by almost two orders of magnitude with respect to Fermi-LAT alone, although substaintial
degeneracy among di↵erent reconstructed values of m� and �v remains.

Much of this degeneracy is due to the fact that the scan has the freedom to adjust the final
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FIG. 2: The gamma ray spectrum measured by the FGST within 0.5◦ (left) and 3◦ (right) of the Milky Way’s dynamical
center. In each frame, the dashed line denotes the predicted spectrum from a 28 GeV dark matter particle annihilating to
bb̄ with a cross section of σv = 9 × 10−26 cm3/s, and distributed according to a halo profile slightly more cusped than NFW
(γ = 1.1). The dotted and dot-dashed lines denote the contributions from the previously discovered TeV point source located
at the Milky Way’s dynamical center and the diffuse background, respectively. The solid line is the sum of these contributions.

pion decay taking place with a roughly spherically sym-
metric distribution around the Galactic Center, for ex-
ample, could be difficult to distinguish. Further informa-
tion will thus be required to determine the origin of these
photons.
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FIG. 1: Types of diagrams that contribute to the first or-
der QED corrections to WIMP annihilations into a pair of
charged particle final states. The leading contributions to di-
agrams (a) and (b) are universal, referred to as final state
radiation (FSR), with a spectral distribution which only de-
pends slightly on the final state particle spin and has been
calculated, e.g., in [16]. Internal bremsstrahlung from virtual
particles (or virtual internal bremsstrahlung, VIB) as in dia-
gram (c), on the other hand, is strongly dependent on details
of the short-distance physics such as helicity properties of the
initial state and masses of intermediate particles.

mA ≈ 2mχ, where annihilations in the early universe
are enhanced by the presence of the near-resonant pseu-
doscalar Higgs boson; the hyperbolic branch or focus
point region where m0 ≫ m1/2; the stau coannihilation
region where mχ ≈ mτ̃ ; and finally the stop coannihila-
tion region (arising when A0 ̸= 0) where mχ ≈ mt̃. The
stau coannihilation region has recently been noticed to
have favourable properties for indirect detection rates in
antiprotons and gamma-rays [24]. In this paper we will
show that, in addition, there is a great enhancement of
the high energy gamma-ray signature in this region.

III. INTERNAL BREMSSTRAHLUNG FROM
WIMP ANNIHILATIONS

A. The general case

Whenever WIMPs annihilate into pairs of charged par-
ticles XX̄, this process will with a finite probability au-
tomatically be accompanied by internal bremsstrahlung
(IB), i.e. the emission of an additional photon in the
final state (note that in contrast to ordinary, or exter-
nal, bremsstrahlung no external electromagnetic field is
required for the emission of the photon). As visualized
in Fig. 1, one may distinguish between photons directly
radiated from the external legs (final state radiation,
FSR) and photons radiated from virtual charged particles
(which we will refer to as virtual internal bremsstrahlung,
VIB). So, to be more specific, the IB photons will be the
total contribution from both FSR and VIB photons.

If the charged final states are relativistic, FSR
diagrams are always dominated by photons emitted
collinearly with X or X̄. This is a purely kinematical
effect and related to the fact that the propagator of the
corresponding outgoing particle,

D(p) ∝
(
(k + p)2 − m2

X

)−1
, (2)

diverges in this situation. Here, k and p denote the mo-
menta of the photon and the outgoing particle, respec-
tively. The resulting photon spectrum turns out to be

of a universal form, almost independent of the underly-
ing particle physics model [16, 17]. Defining the photon
multiplicity as

dNXX̄

dx
≡

1

σχχ→XX̄

dσχχ→XX̄γ

dx
, (3)

where x ≡ 2Eγ/
√

s = Eγ/mχ and s is the center-of-mass
energy, it is given by [16]:

dNXX̄

dx
≈

αQ2
X

π
FX(x) log

(
s(1 − x)

m2
X

)
. (4)

Here, QX and mX are the electric charge and mass of X ;
the splitting function F(x) depends only on the spin of
the final state particles and takes the form

Ffermion(x) =
1 + (1 − x)2

x
(5)

for fermions and

Fboson(x) =
1 − x

x
(6)

for bosons. Due to the logarithmic enhancement that
becomes apparent in Eq. (4), FSR photons are often the
main source for IB (note that very near the kinematical
endpoint, x ∼ 1 − m2

X/s, it is not sufficient anymore to
only keep leading logarithms and one can thus no longer
expect Eq. (4) to be a good approximation for the actual
spectrum). A prominent example where FSR in this uni-
versal form not only dominates IB but in fact the total
gamma-ray spectrum from WIMP annihilations, is the
case of Kaluza-Klein dark matter [17].

In general, one can single out two situations where pho-
tons emitted from virtual charged particles may give an
even more important contribution to the total IB spec-
trum than FSR: i) the three-body final state XX̄γ satis-
fies a symmetry of the initial state that cannot be satis-
fied by the two-body final state XX̄ or ii) X is a boson
and the annihilation into XX̄ is dominated by t-channel
diagrams. To understand that the first case only leads to
an enhancement of VIB, and not of FSR, we recall that
the latter is dominated by collinear photons, i.e. the (vir-
tual) final state particles are almost on mass-shell; the
two- and three-body final states are thus bound to the
same symmetry constraints. The enhancement of the an-
nihilation rate in the second case follows from a closer in-
spection of the t-channel propagator. For non-relativistic
WIMPs, it takes the form

Dt(p) ∝
(
(l − p)2 − m2

X̃

)−1

≈
(
m2

χ − m2
eX

+ m2
X + 2mχEX

)−1

, (7)

where l is the momentum of one of the ingoing WIMPs
and X̃ denotes the particle that is exchanged in the t-
channel. If χ and X̃ are almost degenerate in mass,
one thus finds an enhancement for small EX which – for
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Figure 1: Various gamma-ray spectra expected from DM annihilation, all normalized to
N(x > 0.1) = 1. Spectra from secondary particles (gray band) are hardly distinguishable.
Pronounced peaks near the kinematical endpoint can have different origins, but detectors
with very good energy resolutions ∆E/E may be needed to discriminate amongst them in
the (typical) situation of limited statistics. See text for more details about these spectra.

3. Spatial Signatures

The peculiar morphology of annihilation signals, tracing directly the DM
density, offers another convenient handle for discriminating signals from back-
grounds. The most relevant targets are the GC, dwarf spheroidal galaxies
and galaxy clusters with respective half light radii of roughly θ1/2 ! 10◦,
θ1/2 ∼ 0.1◦ and θ1/2 " 0.1◦. Further important targets are DM clumps or the
angular power spectrum of the isotropic gamma-ray background (IGRB), all
of which we will discuss in this section.

3.1. Halo Profiles and the Galactic Center

The arguably brightest source of gamma rays from DM annihilation is the
center of our Galaxy. Within a few degrees around the GC, WIMPs would
induce a gamma-ray flux of about O(10−7) ph cm−2 s−1 at the Earth (at
> 1 GeV, assuming a thermal annihilation rate into b̄b, mχ = 100 GeV and
standard halo profiles), very well in reach of current instruments. However,
the line-of-sight to the GC traverses the galactic disc, which harbours nu-
merous high-energetic processes (π0 production in cosmic-ray interactions,

7
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FIG. 1: Types of diagrams that contribute to the first or-
der QED corrections to WIMP annihilations into a pair of
charged particle final states. The leading contributions to di-
agrams (a) and (b) are universal, referred to as final state
radiation (FSR), with a spectral distribution which only de-
pends slightly on the final state particle spin and has been
calculated, e.g., in [16]. Internal bremsstrahlung from virtual
particles (or virtual internal bremsstrahlung, VIB) as in dia-
gram (c), on the other hand, is strongly dependent on details
of the short-distance physics such as helicity properties of the
initial state and masses of intermediate particles.

mA ≈ 2mχ, where annihilations in the early universe
are enhanced by the presence of the near-resonant pseu-
doscalar Higgs boson; the hyperbolic branch or focus
point region where m0 ≫ m1/2; the stau coannihilation
region where mχ ≈ mτ̃ ; and finally the stop coannihila-
tion region (arising when A0 ̸= 0) where mχ ≈ mt̃. The
stau coannihilation region has recently been noticed to
have favourable properties for indirect detection rates in
antiprotons and gamma-rays [24]. In this paper we will
show that, in addition, there is a great enhancement of
the high energy gamma-ray signature in this region.

III. INTERNAL BREMSSTRAHLUNG FROM
WIMP ANNIHILATIONS

A. The general case

Whenever WIMPs annihilate into pairs of charged par-
ticles XX̄, this process will with a finite probability au-
tomatically be accompanied by internal bremsstrahlung
(IB), i.e. the emission of an additional photon in the
final state (note that in contrast to ordinary, or exter-
nal, bremsstrahlung no external electromagnetic field is
required for the emission of the photon). As visualized
in Fig. 1, one may distinguish between photons directly
radiated from the external legs (final state radiation,
FSR) and photons radiated from virtual charged particles
(which we will refer to as virtual internal bremsstrahlung,
VIB). So, to be more specific, the IB photons will be the
total contribution from both FSR and VIB photons.

If the charged final states are relativistic, FSR
diagrams are always dominated by photons emitted
collinearly with X or X̄. This is a purely kinematical
effect and related to the fact that the propagator of the
corresponding outgoing particle,

D(p) ∝
(
(k + p)2 − m2

X

)−1
, (2)

diverges in this situation. Here, k and p denote the mo-
menta of the photon and the outgoing particle, respec-
tively. The resulting photon spectrum turns out to be

of a universal form, almost independent of the underly-
ing particle physics model [16, 17]. Defining the photon
multiplicity as

dNXX̄

dx
≡

1

σχχ→XX̄

dσχχ→XX̄γ

dx
, (3)

where x ≡ 2Eγ/
√

s = Eγ/mχ and s is the center-of-mass
energy, it is given by [16]:

dNXX̄

dx
≈

αQ2
X

π
FX(x) log

(
s(1 − x)

m2
X

)
. (4)

Here, QX and mX are the electric charge and mass of X ;
the splitting function F(x) depends only on the spin of
the final state particles and takes the form

Ffermion(x) =
1 + (1 − x)2

x
(5)

for fermions and

Fboson(x) =
1 − x

x
(6)

for bosons. Due to the logarithmic enhancement that
becomes apparent in Eq. (4), FSR photons are often the
main source for IB (note that very near the kinematical
endpoint, x ∼ 1 − m2

X/s, it is not sufficient anymore to
only keep leading logarithms and one can thus no longer
expect Eq. (4) to be a good approximation for the actual
spectrum). A prominent example where FSR in this uni-
versal form not only dominates IB but in fact the total
gamma-ray spectrum from WIMP annihilations, is the
case of Kaluza-Klein dark matter [17].

In general, one can single out two situations where pho-
tons emitted from virtual charged particles may give an
even more important contribution to the total IB spec-
trum than FSR: i) the three-body final state XX̄γ satis-
fies a symmetry of the initial state that cannot be satis-
fied by the two-body final state XX̄ or ii) X is a boson
and the annihilation into XX̄ is dominated by t-channel
diagrams. To understand that the first case only leads to
an enhancement of VIB, and not of FSR, we recall that
the latter is dominated by collinear photons, i.e. the (vir-
tual) final state particles are almost on mass-shell; the
two- and three-body final states are thus bound to the
same symmetry constraints. The enhancement of the an-
nihilation rate in the second case follows from a closer in-
spection of the t-channel propagator. For non-relativistic
WIMPs, it takes the form

Dt(p) ∝
(
(l − p)2 − m2

X̃

)−1

≈
(
m2

χ − m2
eX

+ m2
X + 2mχEX

)−1

, (7)

where l is the momentum of one of the ingoing WIMPs
and X̃ denotes the particle that is exchanged in the t-
channel. If χ and X̃ are almost degenerate in mass,
one thus finds an enhancement for small EX which – for
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Figure 1: Various gamma-ray spectra expected from DM annihilation, all normalized to
N(x > 0.1) = 1. Spectra from secondary particles (gray band) are hardly distinguishable.
Pronounced peaks near the kinematical endpoint can have different origins, but detectors
with very good energy resolutions ∆E/E may be needed to discriminate amongst them in
the (typical) situation of limited statistics. See text for more details about these spectra.

3. Spatial Signatures

The peculiar morphology of annihilation signals, tracing directly the DM
density, offers another convenient handle for discriminating signals from back-
grounds. The most relevant targets are the GC, dwarf spheroidal galaxies
and galaxy clusters with respective half light radii of roughly θ1/2 ! 10◦,
θ1/2 ∼ 0.1◦ and θ1/2 " 0.1◦. Further important targets are DM clumps or the
angular power spectrum of the isotropic gamma-ray background (IGRB), all
of which we will discuss in this section.

3.1. Halo Profiles and the Galactic Center

The arguably brightest source of gamma rays from DM annihilation is the
center of our Galaxy. Within a few degrees around the GC, WIMPs would
induce a gamma-ray flux of about O(10−7) ph cm−2 s−1 at the Earth (at
> 1 GeV, assuming a thermal annihilation rate into b̄b, mχ = 100 GeV and
standard halo profiles), very well in reach of current instruments. However,
the line-of-sight to the GC traverses the galactic disc, which harbours nu-
merous high-energetic processes (π0 production in cosmic-ray interactions,
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The coe�cient ⇤ can be related to the one-loop diagram mediating the ⇡0 ! �� decay interaction (by replacing one
photon with the dark matter vector current), which is determined by the chiral anomaly.3 We would then expect
1/⇤3 ⇠ (e/16⇡2)(1/M2f⇡), where f⇡ is the pion decay constant.

In general, however, the dark matter–SM quark-level interaction need not preserve C. As such, dark matter
annihilations (decays) are able to produce all three final states of interest—provided they are kinematically accessible—
with branching ratios A⇡, A�⇡, and A� (D⇡, D�⇡, and D�), respectively. These branching ratios depend on the specific
UV model, but we leave them here as parameters to keep our analysis general.

A. Photon spectra

The prompt photons simply have �-function spectra in the dark matter center-of-mass frame:

dN�

dE
= �(E � E0) , (2)

for each photon produced with an energy E0. Any ⇡0 subsequently decays to two secondary photons with a branching
ratio of ⇠ 99% [26]. The decay is isotropic in the ⇡0 rest frame, and boosting to the dark matter center-of-mass frame
results in a box-shaped photon spectrum [27]

dN�

dE
=

2

�E
[⇥(E � E�)�⇥(E � E+)] , (3)

where E± are the kinematic edges and �E ⌘ E+ � E� is the box width. Thus, the annihilation/decay processes
yielding prompt photons or neutral pions produce gamma spectra with sharp features. We summarize the kinematics
below.

(i) ⇡0⇡0: The photon spectrum is box shaped, given by twice that in Eq. (3), with kinematic edges and box width

E± =

p
s

4

 
1±

r
1� 4m2

⇡0

s

!
, �E =

r
s

4
�m2

⇡0

. (4)

(ii) �⇡0: The prompt photon produces a line distribution, given by Eq. (2), with energy

E0 =

p
s

2

✓
1� m2

⇡0

s

◆
. (5)

The spectrum from the pion decay is given by Eq. (3), with kinematic edges and box width

E± =

p
s

4

✓
1 +

m2
⇡0

s

◆
±
✓
1� m2

⇡0

s

◆�
, �E =

p
s

2

✓
1� m2

⇡0

s

◆
. (6)

(iii) ��: The photon spectrum is a line, given by twice that in (2), at the energy

E0 =

p
s

2
. (7)

If the box spectrum is very narrow, a detector will not be able to resolve the box shape and will instead observe
a signal that is indistinguishable from a line. Since the box width is larger for a more highly boosted pion, a pion
produced nearly at rest (

p
s/2 ⇡ m⇡0 for the ⇡0⇡0 channel and

p
s ⇡ m⇡0 for the �⇡0 channel) produces two photons

with energies close to m⇡0/2. At the upper end of the kinematic range we consider (
p
s = 2m⇡±), the width of the

box spectrum for the �⇡0 and ⇡0⇡0 channels is ⇠ 106.9 MeV and ⇠ 35.5 MeV, respectively.

3 The X/⇡0/� coupling is not related via isospin to any potential coupling of dark matter to ⇡±, because electromagnetic interactions
violate isospin near-maximally.
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concluding in Section V.

II. GAMMA-RAY SPECTRAL FEATURES FROM CASCADE ANNIHILATIONS

OR DECAYS

Dark matter cascade annihilations into light degrees of freedom have been explored before

[26–31] as a means of yielding sizable fluxes of electrons and positrons, di↵use gamma-

rays, synchrotron radiation and neutrinos. We focus instead on the possibility of producing

distinctive gamma-ray spectral features through 1-step cascade processes. Suppose that dark

matter self-annihilates into a pair of scalars � that in turn decay into a pair of photons1

(for concrete particle physics realisations and branching ratios see Section IV). Each of the

four photons emitted per annihilation has a monochromatic energy E 0
� = m�/2 in the rest

frame of the corresponding scalar �. In the lab frame – where the dark matter particles are

non-relativistic and the scalars have energy E� = mDM – the photon energy reads

E� =
m2

�

2mDM

0

@1� cos ✓

s

1� m2
�

m2
DM

1

A
�1

, (1)

with ✓ the angle between the outgoing photon and the parent scalar in the lab frame. From

this equation we read that the spectrum has sharp ends defined by the parameters mDM

and m�. The highest (lowest) energy corresponds to a photon emitted at an angle ✓ = 0�

(180�) with respect to the momentum of the parent scalar. Since the decaying particle is a

scalar, the photon emission is isotropic. Hence the resulting spectrum is constant between

the energy endpoints and takes a flat, box-shaped form:

dN�

dE�

=
4

�E
⇥(E � E�)⇥(E+ � E) , (2)

where ⇥ is the Heaviside function, �E = E+ � E� =
q
m2

DM �m2
� is the box width and

E± = (mDM/2)
⇣
1±

q
1�m2

�/m
2
DM

⌘
. In the case of dark matter decays into a pair of

scalars, the above expressions apply with the replacement mDM ! mDM/2.

1 The case of dark matter self-annihilation into one scalar and another particle and/or the decay of the

scalar into one photon and another particle is also feasible, but leads to very similar phenomenology as

presented here and is therefore omitted.
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In the LAB frame:
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(For narrow boxes I may use the box and line terms interchangeably…)
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KNOWN GAMMA-RAY LINES
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quite constrained, 

especially for 
low masses, 

from other ID channels
The MeV-gap contains a timely sweet 

spot for spectral features searches: 
no background lines + scarce complementary data

„MeV-gap”
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Experiment E range Characteristics

GAMMA-400 100 MeV - 3 TeV Aeff = 3000cm2,  
dE optimized for high E

APT 100 MeV -100 GeV Aeff = 3-4 x10000cm2

AdEPT 5 - 200 MeV PSF ~ 0.5deg, dE ~ 15-30%

ASTROGAM 0.3 MeV - 1 GeV dE ~ 1%, PSF < 1deg

GAMMA-
LIGHT 10 MeV - 10 GeV PSF ~1deg, Aeff ~ few 100cm2

GRIPS 200 keV - 80 MeV dE ~ 1%, PSF ~ 1.5deg,  
Aeff = 195cm2

PANGU 10 MeV - 1 GeV PSF ~ 0.3deg, dE like Fermi

…

At this energy range: ID is 
the best available strategy + high backgrounds 

from astrophysics = are there any spectral 
features that would help?
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Fig. 1 Left: GRIPS will allow a major sensitivity improvement in an energy range (between
hard X-rays and GeV �-rays) which has been poorly explored, yet holds unique information for
a wide range of astrophysical questions. The curves are for an exposure of 106 sec, �E = E,
and an E�2 spectrum. Right: Not only GRBs, but also blazar SEDs peak in the MeV range,
and pulsars turn over from their maximum in the Fermi band. The combined �-, X-ray and
near-infrared coverage of blazars covers both emission components simultaneously.

Polarization measurements of �-ray bursts and blazars will for the first time de-
cipher the mechanism of jet formation in accreting high-spin black hole systems
ranging from stellar to galactic masses.

The primary energy source of supernova (SN) light is radioactive decay, deeply
embedded below the photosphere as it appears in conventional astronomical bands.
The first direct measurement of the nickel and cobalt decay inside Type Ia SNe
will pin down their explosion physics and disentangle their progenitor channels.
This will impact the luminosity calibration of Type Ia SNe that serve as standard
candles in cosmology. Similarly, the otherwise unobtainable direct measurement of
the inner ejecta and the explosive nucleosynthesis of core collapse supernovae will
allow to establish a physical model for these important terminal stages of massive-
star evolution. Explosion asymmetries [11] and the links to long GRBs are im-
portant aspects herein. Pair-instability supernovae from very massive stars will be
unambiguously identified through their copious radioactivity emission. These ob-
servations will be crucial for complementing neutrino and gravitational wave mea-
surements, and for our understanding of the astrophysical processes and sources
which underly and generate cosmic chemical evolution.

Nuclear de-excitation lines of abundant isotopes like 12C and 16O, the hadronic
fingerprints of cosmic-ray acceleration, are expected to be discovered with GRIPS.
Understanding the relative importance of leptonic and hadronic processes, and
the role of cosmic rays in heating and ionizing molecular clouds and thus seeding
interstellar chemistry will boost our understanding of both relativistic-particle ac-
celeration and the cycle of matter. The detection of instabilities in the supercritical
magnetospheres of magnetars, which are expected to lead to few-hundred keV to
possibly MeV-peaked emission, will explore white territory on the field of plasma
physics. Resolving the riddle of the positron annihilation line will shed new light
on dark matter annihilation and other sources of anti-matter in the Galaxy.

We detail in the following sub-sections how GRIPS will answer the burning
questions: How do stars explode? What is the structure of massive-star interiors

„MeV-gap”

At this energy range: ID is 
the best available strategy + high backgrounds 

from astrophysics = are there any spectral 
features that would help?
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Typically gamma-lines at such small DM masses have to be extremely weak, 
otherwise would be already excluded

Boddy & Kumar ’15
One possibility to evade it: 

But there is also another, quite striking possibility…

• low mass 
• annihilating/decaying
• coupled to first generation quarks
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possible final states:

2

then go into details in Sec. IV on the astrophysical signatures for the indirect detection of dark matter. The specific
systems we focus on are the gamma-ray di↵use background in Sec. V and dwarf spheroidal galaxies in Sec. VI. We
comment on possible collider constraints in Sec. VII and conclude in Sec. VIII.

II. DARK MATTER INTERACTIONS

We consider low-mass dark matter to be a particle X that couples directly to first-generation SM quarks only.
Generally, we can consider either dark matter annihilation or decay to SM final states. Since the dark matter initial
state is assumed to be neutral under all unbroken gauge symmetries of the SM, the only remaining relevant symmetries
to consider are C, P , and T . The only possible two-body final states that are kinematically accessible are as follows.

(i) ��: Accessible at all energies. The final state is C-even.

(ii) �⇡0: Accessible for
p
s > m⇡0 . The final state is C-odd.

(iii) ⇡0⇡0: Accessible for
p
s � 2m⇡0 . The final state is C-even.

(iv) ⇡+⇡�: Accessible for
p
s � 2m⇡± . The final state is C-even or C-odd.

(v) ¯̀̀ (` = e, µ, ⌫): Accessible for
p
s � 2m`. The final state is either C-odd or is weak suppressed.

Note that if X decays rather than annihilates to SM particles, then these final states are only allowed if X is a boson.
If we assume that weak interactions, which are suppressed by a factor sGF , are negligible, then the only leptonic states
which can be produced are the C-odd e+e� and µ+µ� final states via an intermediate o↵-shell photon that couples to
a quark loop. But the annihilation/decay rate in this channel will be suppressed by a factor ↵2, so it will be dominant
only if no other channel can be produced. Since the photon spectrum arising from this channel is not as distinctive as
the others, we will ignore it from here on. Three-body final states are also accessible if additional photons or neutrinos
are emitted; however, these processes come with additional suppression factors of ↵ or sGF , respectively, and can
thus also be ignored unless all of the channels above are heavily suppressed. It is worth mentioning that final-state
radiation (FSR) and virtual internal bremsstrahlung (VIB) are capable of producing somewhat distinctive features in
the photon spectrum. FSR yields a continuous 1/E spectrum [23], distinct from the astrophysical foregrounds that
have a spectral index around �2 (see Sec. VB). It may be possible to observe the upper edge of such a spectrum,
determined by mX for annihilation or mX/2 for decay [24]. Similarly, VIB can produce a broad bump near E�

<⇠ mX

(for annihilation), which mimics a line in a detector with poor energy resolution, but the details of the spectrum tend
to be more model dependent [25].

For
p
s � 2m⇡± it is kinematically possible to produce the ⇡+⇡� final state. As with charged leptons, FSR can

produce a sharp edge in the photon spectrum; however, this process could potentially compete with the �⇡0 or
⇡0⇡0 channel, diminishing the prospect of observation. Moreover, even though these states with one or two neutral
pions could be produced with non-negligible branching fractions, their photon spectrum becomes very broad if

p
s is

significantly greater than 2m⇡0 and thus less interesting from the point of view of detectability at future experiments.
Additionally, one would expect the branching fraction to the �� final state to be suppressed by ⇠ ↵2 relative to the
⇡+⇡� state. We thus see that this class of models produces the most interesting photon spectrum, from the point of
view of detectability, for the range

p
s <⇠ 2m⇡± . We limit our study to this mass range.

If we assume that weak interactions are negligible, then the only potential source of C violation is via the coupling
of dark matter to the first-generation quarks. If we insist that this coupling is instead C invariant, then one may
classify allowed final states by the C quantum number of the initial state. For example, in a C-invariant e↵ective
field theory, a C-odd initial dark matter state can only produce the �⇡0 or ¯̀̀ two-body final states; if the �⇡0 state
is kinematically allowed, then it will dominate. An example of this type of fundamental interaction (if X is a Dirac
fermion) would be the interaction (1/M2)(X̄�µX)(q̄�µq), where q = u, d. In this case, the X̄X initial state with a
nonvanishing matrix element is C odd. In the low-energy e↵ective field theory involving only X, �, and ⇡0 (excluding
leptons), the lowest-dimension Lagrangian interaction one can write that is Lorentz and C invariant and linear in
X̄�µX is

L ⇠ 1

⇤3
(X̄�µX)F ⌫⇢(@�⇡0)✏µ⌫⇢� . (1)
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FIG. 1: CMB and di↵use constraints on dark matter annihilation (left) and decay (right). The top and bottom sets of panels
display the same information, plotted on a log and linear x axis, respectively. The strongest CMB bound comes from Planck,
shown in black for annihilation [46] and decay [41]. Conservative bounds from COMPTEL, EGRET, and Fermi for di↵use
emission are shown in blue, red, and green, respectively, for the channels �� (solid), �⇡0 (dashed), and ⇡

0

⇡

0 (dotted). Optimistic
bounds, described in Sec. VB, can be obtained by improving the COMPTEL, EGRET, and Fermi bounds by a factor of ⇠3–5,
9, and 6, respectively. Vertical dotted lines show the kinematic thresholds at m⇡0

and 2m⇡0

, and
p
s is plotted up to m⇡± .

B. Limits from future experiments

For the existing experiments, we used their energy binning for their data. In analyzing future experiments, we use
an optimized binning strategy in an e↵ort to obtain the best sensitivity. Practically, doing so avoids the discreteness
(the small dips) of the curves in Fig. 1. The relevant energy bins are the ones encompassing the monoenergetic photon
and/or the box feature in the photon spectrum arising from pion decay. The bin for the prompt photon is one centered
at its true energy E0 and has a width 2✏E0 (i.e., the bin detects 68% of the line signal). For the box spectrum, the
energy bin that gives the best constraint is the one at the upper edge of the box, so we define a bin with an upper
edge at E+. In either case, if the signal leaks beyond the lower or upper detector threshold, the bin edge is set to
be at the threshold. For either the �� or ⇡0⇡0 channel, the only energy bin to consider is the one corresponding to
the line or upper box edge, respectively. For the �⇡0 channel, the more constraining bin (if it is inside the detector
energy window) is typically that for the line, as we saw in Sec. VA.

The total integrated flux is over the angular coverage of the system of interest and over the energy bin that best
constrains the dark matter signal. We consider sensitivities which can be obtained with two di↵erent strategies. The
conservative sensitivity (as in Sec. VA) can be made by assuming that di↵use emission may be due solely to dark
matter, excluding models that would be expected to produce a number of events in excess (2�) of that measured
in any bin. An optimistic sensitivity can be derived by assuming that the energy spectrum of the astrophysical
background exhibits no sharp features and can be determined by fitting to the data. One then excludes models that
would produce an excess of events in any bin even if the astrophysical background in that bin were overestimated by
a 2� systematic uncertainty. We assume up to a 15% systematic error in the determination of the smooth component
of the di↵erential flux, which is quoted for EGRET [67]. Note that we need not consider statistical fluctuations for
the optimistic analysis, since the systematic uncertainties dominate.

The background is estimated from a single power-law fit to the COMPTEL data [59] over energies 0.8–30 MeV and
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Transitions between meson states lead to monochromatic pions or photons:

E.g.:

Can such states be produced in DM annihilation?
Can such lines be detected?

energy scale of the 
lines: O(100 MeV)
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Close to threshold: very narrow box features        effectively a line
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More above the threshold: 
box feature becomes wider and less pronounced
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feature thickness strongly dependent on the mass          
possibility of accurate mass determination

SPECTRA
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DM ANNIHILATION INTO C-QUARKS

the box 
is fainter
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 BR ~ 2/3

 BR ~ 1/3
secondary pion
bump appears

+
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still interesting, since less hidden behind 
the main component
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LIMITS EXAMPLE
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if no systematics:

w/o line 
(bump)

line

… but with 
systematics

included

limits on the „bump” much 
weaker, but not for the line

the line has mild effect…
Instrument:

• Aeff =  1000 cm2

• dE = 1%
• E range = 30-800 MeV

ROI:
• Draco
• ang. size 0.25o

• J-factor = 1018.8 GeV2 cm-5
work in progress…

�� ! ��
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1

fake data power-law with index = -2



145.3 5.4 5.5 5.6 5.7 5.8 5.9 6.0
0.5

0.6

0.7

0.8

0.9

1.0

mDM [GeV]

B
R
bb

PHENOMENOLOGY
SENSITIVITY FOR LINE DETECTION

-1.4 -1.2 -1.0 -0.8 -0.6 -0.4 -0.2 0.0

1

2

5

10

20

Log10Eγ

dN
/d
Lo
g 1
0E

γ

fake data: Astro+DM signal�� ! ��
�� ! XX�
bb̄

1

σv ≈ a+ bv
2sensitivitycase

dE = 1%, t = 1 year

dE = 1%, t = 10 years

dE = 5%, t = 10 years

4.02 x 10-26 cm3/s

8.10 x 10-28 cm3/s

1.17 x 10-26 cm3/s

mDM = 5.326 GeV
Draco, no systematics

example of parameter determination: 
line vs. bump only

Preliminary

σv ≈ a+ bv
21

σv ≈ a+ bv
22

σv ≈ a+ bv
23

line

bump
only

generated fake data: mDM = 5.326 GeV,   100% 

�� ! ��
�� ! XX�
bb̄

1

signal reconstruction: free mDM and BRbb vs uu

line significantly helps in inferring DM parameters

 (if strong enough to be detected) 
Preliminary
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Takeaway:  
Meson spectral features could significantly increase 

robustness of light DM detection and help in 
determination of its parameters

1. We identified new spectral features in gamma-ray DM searches

2. Based on SM physics alone, they are present for generic DM model

3. For B and D mesons, the box is hiding behind extended component

however, they are pronounced only in close to threshold scenarios

but still can help in detection & determination of the DM parameters

 from transitions between meson states, with potentially interesting phenomenology


