
Three (+) Exceptions 
for Thermal Dark 

Matter

Kathryn M. Zurek
University of Michigan

and the 130 GeV Fermi Line
Based on 1208.0009 with S. Tulin and H. Yu

Wednesday, October 31, 12



Evidence for DM 
Overwhelming

All evidence points 
toward

BBN
(baryons)

CMB
(curvature)

LSS
(matter)

Supernovae
(DE)

Galaxy curves
(matter)

Wednesday, October 31, 12



How Dark is Dark 
Matter?

• Which probe is the most constraining?

Figure 1: Constraints from various sources, from top to bottom: (i) Scattering in the bullet

cluster and NGC720, (ii) DM as a charged thermal relic, and (iii) DM virial processes, and (iv)

recombination epoch.
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where dσXb/dΩ∗ is given by Eq. (2), nb is the number density of the baryon, and δp2X is the
momentum transfer after one collision:
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Note that this quantity is reference frame independent. The thermally averaged momentum
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for a DM particle in a thermal Maxwell distribution. To evaluate the thermal average for
v2rel, we derive a general formula. For a given function of g(vrel), we have
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Search Via 
Annihilations

• How do we get photons from DM 
annihilation?

Several interesting proposed scenarios, with similar 

phenomenology for indirect dark matter detection 

Large annihilation rates 
+ 

Hard charged leptons 

Easy Preys for Fermi 

gamma-ray detection! 
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A Fermi Line?

Figure 5. Left panel: statistical significance for VIB-signal in terms of the TS value, as function of
mχ and for the different target regions shown in Fig. 3. Right panel: fits to data in Reg2 for the best
signal candidate at mχ = 149 GeV. We show the background-only fit without DM signal as green
bars. The red bars show the background plus DM signal fit, the blue line the corresponding VIB
signal flux. In the right panel, we rebinned the data into (9 times) fewer bins than actually used in
our statistical analysis in order to improve the optical appearance of the figure. Note that the shown
fluxes are already integrated over the individual energy bins and properly convolved with the LAT
IRF.

to values of 10−28 cm3 s−1 for DM masses mχ ! 100 GeV. As we will discuss below in
Section 4.1, our limits are much stronger than what can be obtained from e.g. dwarf galaxy
observations. For comparison, the gray cross in Fig. 4 shows the CMSSM benchmark point
BM3 [19], which lies in the coannihilation region and was already discussed above. This
benchmark point still remains unconstrained by our limits; its rather small cross-section is
closely related to the requirement that the neutralino is a thermal relic, as we will discuss in
Section 4.2 below.

In the left panel of Fig. 5, we show the significance for a VIB-like spectrum as function of
mχ, assuming that µ = 1.1. The different lines correspond to the different target regions. The
significance is shown in terms of the TS value that was discussed above. We find a possible
signal candidate at a DM mass of mχ ≈ 150 GeV. The indication for a signal is largest
for the target region Reg2, which corresponds to α = 1.1, and has a nominal significance
of

√
TS = 4.3σ. Taking into account the LEE as discussed above, the significance is 3.1σ.

The corresponding fit to the data is shown in the right panel of Fig. 5; the spectral feature
in the measured flux can be easily recognized by eye. A similar preference for a signal,
although with less significance, appears also in the other regions Reg1, Reg3 and Reg4 (note
that the fluctuations around 50 GeV are completely within the statistical expectations). TS
values of zero indicate that for these values of mχ the data would be best fitted with an
unphysical negative signal normalization; in this case, the likelihood of the model with DM
contribution becomes identical to that of the null model because we enforced a non-negative
signal normalization in our fits.

We have performed several tests to exclude the tempting DM interpretation of this
signature, none of which has succeeded so far: By masking out different halfs of the signal
region of Reg2, for example, we find that the signal independently appears in the north,
south, east and west parts of Reg2 (though with a large scatter in the significances), as
expected from a DM signal. When shifting the target region away from its position by
about 10–20◦, on the other hand, the signal disappears completely. This makes a purely

– 12 –
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A Fermi Line(s)?
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Fig. 15.— Profiles for both ! and b. Even though the high-incidence-angle photons (θ > 40◦; right) panels have half the exposure (9.7%
vs. 19% for the left panels), they have more than half of the photons, and nearly the same TS due to lower off-line background leaking in.
This demonstrates the statistical power of the high-incidence photons for line detection. See section 5 for a discussion of the significance.

Figure 15).
In the latitude direction, the fit is complicated by the

concentration of conventional continuum emission in the
plane. The cusp is not significantly offset in the b direc-
tion, but sits in the region of highest background, so ad-
dition of the cusp is not demanded as strongly by the fit.
We introduce two new degrees of freedom, the amplitude
and FWHM of a Gaussian centered at b0 = 0. This yields
TS = 28.4 and p = 6.8×10−7, corresponding to 4.8σ (lo-
cal significance). The maximum likelihood parameters of
the Gaussian are Fb = 3.9+1.5

−0.7 and Ab corresponding to
16.1 photons. Both the " and b fits are roughly compati-
ble with FWHM=3◦, but there is a slight preference for
an elongation of the cusp in the b direction. A careful
study of this will require much more data.
In Figure 15 (right panels) we also display the same

plots for the high-incidence sample (θ > 40◦). See Figure
16 for such plots in 30 energy bins. The high-incidence-
angle subsample contains half of the exposure time (9.7%
vs. 19%) but due to better energy resolution (∆E/E ∼
0.06) has less background on the line, and therefore yields
a TS almost as large as the full data. In this sense, most

of the TS results from high θ events. This subsample
would have yielded TS = 32.6(p = 3.9× 10−7, 4.93σ) for
the " profile, and TS = 26.1(p = 2.2×10−6, 4.59σ) for the
b profile. Although these are slightly worse p values than
for the full data, they may actually be more persuasive
due to the lower background.
The fact that the cusp appears to be significantly off

center implies that our spectral fit in the previous section
erred by using a centered cusp template. In Figure 17
we show the measured energy spectrum of a 3◦ FWHM
cusp template, centered at " = −1.5◦ and b = 0◦. The
local significance of this fit is 5.5σ relative to the null
hypothesis of zero intensity. This improvement is heart-
ening; however, because of the extra parameter, the trials
factor is now larger, diluting the significance.

6. VALIDATION TESTS

6.1. Assessment of line profile

In section 4, we investigated the cusp emission by ana-
lyzing maps in various energy bins. This allowed a sepa-
ration of spectral components by morphology, but relied
on an arbitrary choice of binning. The result – that there
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Fig. 17.— Same as right panel of Figure 10 but with the cusp
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Fig. 18.— Spectrum of emission within 4◦ of the cusp center
(!, b) = (−1.5, 0), excluding |b| < 0.5◦. High-incidence angle events
(upper panel) have a factor of ∼ 2 better energy resolution than
those that enter the LAT close to normal incidence (middle panel)
or the whole sample (lower panel). All three spectra have been
smoothed by a Gaussian of 0.06 FWHM in ∆E/E, similar to the
expected resolution of the upper panel. The continuum model is
dN/dE ∼ E−2.6, normalized at 20 < E < 50 GeV (blue dashed).

following test.
We select low incidence (θ < 30◦) and high incidence

(θ > 40◦) photon samples. We restrict to those near the
cusp center at (", b) = (−1.5, 0) (ψc < 4◦) but not in the
plane (|b| < 0.5◦). We then convolve each with a ker-
nel and compare them (Figure 18). We adopt an LSF
with a FWHM of ∆E/E = 0.06 for high incidence and
0.12 for low incidence (Edmonds 2011), and in both cases
convolve with another FWHM 0.06 Gaussian. After con-
volution, the LSF is FWHM 0.085 for high incidence and
0.134 for low incidence. Normalized Gaussians of these
widths are shown for reference, normalized to the ex-
pected line strength at 130 GeV. Maps constructed using
only high incidence events are shown in Figure 19.
Note that:

• The 129 GeV feature shape is strikingly similar to
that expected for a line. The 111 GeV feature is
unconvincing, but is also compatible with a line.

• In some cases, fluctuations appear, but are not
present in both low and high incidence spectra.

This analysis did introduce some additional parameters,
but we have made natural choices for them: The 68%
containment radius of the cusp is approximately 4◦, the
Galactic ridge is about 0.5◦ thick, and the ∆E/E = 0.06
smoothing kernel is similar to the LSF of the LAT at high
incidence. Smoothing a spectrum by its LSF is often a
good compromise between resolution and noise suppres-
sion in the high-noise limit. Because these parameters
are all fixed to natural values, there is no significant tri-
als factor for this test, apart from the obvious one, that
the lines could have appeared anywhere (Section 4.2).
This test did not have to succeed. The fact that the

high-incidence photon sample has sharper spectral fea-
tures is important; if the high-θ and low-θ spectra in
Figure 18 had been reversed, it would have been devas-
tating for the line hypothesis.

6.2. Null test: Galactic plane spectrum

To emphasize that the line feature in Figure 18 appears
near the Galactic center and not elsewhere, we perform
the same analysis on the Galactic plane (|b| < 2◦) away
from the GC (ψ > 5◦). We find no indication of a line
in either high-incidence or low-incidence photons (Figure
20).

6.3. Null test: Earth emission photons

Another null test is provided by the Earth emission
photons. Cosmic-ray induced cascades in the Earth’s
atmosphere shower photons on the LAT at high zenith
angle (Z > 108◦). These provide another null test, as
there is no reason for there to be a 130 GeV feature in
the Earth emission spectrum. On average, no feature
is seen (Figure 21). However, there is a hint of a line
at 130 GeV in the low-incidence events and one at 111
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Two Lines or Not Two Lines? That is the Question of Gamma Ray Spectra

Arvind Rajaraman,1 Tim M.P. Tait,1 and Daniel Whiteson1

1Department of Physics and Astronomy, University of California, Irvine, CA 92697

Lines in the spectrum of cosmic gamma rays are considered one of the more robust signatures of
dark matter annihilation. We consider such processes from an effective field theory vantage, and
find that generically, two or more lines are expected, providing an interesting feature that can be
exploited for searches and reveal details about the underlying theory of dark matter. Using the
130 GeV feature recently reported in the Fermi-LAT data as an example, we analyze the energy
spectrum in the multi-line context and find the data to be consistent with a single γγ line, a single
γZ line or both a γγ and a γZ line.

PACS numbers:

INTRODUCTION

Nonbaryonic dark matter is now a crucial element
in the picture of the cosmology of the early Universe.
And yet, its role in the framework of particle physics
has remained elusive. Discovery of any kind of non-
gravitational interactions of dark matter, through obser-
vation of its production at high energy accelerators, its
direct scattering with heavy nuclei, or its annihilation
is an area of major experimental activity. Any of these
observations would establish dark matter as an exotic
particle, and would give insights into its nature.
In the search for WIMP annihilation, gamma rays pro-

vide a promising window. Gamma rays produced in the
galaxy do not typically scatter on their way to the Earth,
providing a handle from the morphology of their origin. If
dark matter annihilates into quarks (or any particle with
large decay branching ratios into quarks, such as W , Z,
and Higgs bosons), the resulting spectrum of gamma rays
tends to be rather soft, arising from the eventual decays
of π0’s produced in the hadronic showers, and with a cut-
off at the mass of the WIMP. These continuum signals
are difficult to extract from the (often unknown) astro-
physical backgrounds, and so to date searches have been
most efficient when observing regions of the sky which are
largely background free, such as dwarf spheroidal galax-
ies [1].
If dark matter annihilates into charged particles, it

must also be able to annihilate directly into two-body
final states including a photon. Such processes are me-
diated by loops, and thus are suppressed compared to
the continuum annihilation. Their power comes from the
feature that they produce a photon with a well-defined
energy given (for the process χχ → γY ) by

Eγ = mχ

(

1−
M2

Y

4m2
χ

)

(1)

where MY is the mass of the second annihilation prod-
uct. For the case where Y = γ, the line occurs at an
energy equal to the mass of the WIMP itself, Eγ = mχ.

Given this striking feature, the search for gamma ray
lines has become a standard item on the menu of searches
for WIMP annihilation using Fermi-LAT data [2, 3].
While it is possible for instrumental effects or more

prosaic astrophysical processes [4] to mimic a bump in
the gamma ray spectrum, a line remains one of the most
compelling prospects for the indirect detection of dark
matter annihilation. Motivated by the recent tentative
indication that there may be such a feature at an energy
around 130 GeV [5, 6] with a relatively large (rough 1/10
of the thermal expectation) cross section, and consistent
with originating close to the galactic center [5–7] we ex-
plore the generic properties that one might expect in a
theory which can produce strong line signals. We use
the Fermi-LAT data as analyzed in Ref. [6] to illustrate
how one may dissect a putative line signal both to lend
strength to its origin from dark matter annihilations, as
well as to learn something about the details of the theory
of dark matter.

THE THEORY SPACE OF γ RAY LINES

Boiled down to its essence, the process χχ → γY re-
sults from an amplitude involving a loop of charged par-
ticles which also couple to Y . The charged particles in
the loop could be either exotic states, or part of the Stan-
dard Model, or (as is typical) a mixture of the two. For
the current discussion, rather than wed ourselves to any
specific UV-complete theory, we work in an effective the-
ory framework and discuss operators in the effective ac-
tion allowing WIMPs to annihilate into two particle final
states, one of which is a γ-ray.
The operator description is only appropriate to de-

scribe theories for which the momentum transfer is
smaller than the masses of any of the mediators which
have been integrated out. For annihilation, the momen-
tum transfer is ∼ mχ, so this restriction boils down to
the requirement that all of the charged loop particles are
much heavier than the WIMP itself (but one can enlargeWednesday, October 31, 12
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FIG. 12: Upper panel: function mapping true energy Et to
reported energy E (see Eqs. 2 and 4). Lower panel: The
effect of this mapping on a spectrum dN/dE ∼ E−2.6, as in
Eq. 3 (red line) and also for mock data (black histogram).

where A is a dimensionless amplitude of the bump (−1 <
A < 1 is required for monotonicity of y(x)), x0 is a ref-
erence log energy, and σ is the width of the bump (see
Fig. 12). The effect of the distortion is to change the
true spectrum dN/dx = dN/dlog(Et) into an observed
spectrum

dN

dy
=

dN

dx

(

dy

dx

)−1

, (3)

with

dy

dx
= 1 +Aσ exp

(

1

2
−

(x − x0)2

2σ2

)

x− x0

σ2
. (4)

Note that that the extreme values of dy/dx = 1±A occur
at x− x0 = ±σ and at y = x0(±1−A)σ. Assuming the
true limb spectrum is a power law, we may apply this
factor to obtain a model spectrum, and maximize the
Poisson likelihood of observing the data given the model.
In Fig. 13, we fit the energy mapping model to the

Earth limb data for various ranges of inclination angle.
We find a 4.7σ excess of 30o − 45o limb photons at 129
GeV, with no significant excess at 0o − 30o or 45o − 60o.
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FIG. 13: Fits of the energy mapping model to limb data for
various ranges of inclination angle θ. The vertical red dotted
line corresponds to 130 GeV. The test statistic (2∆ lnL) for
the best fit model (green line) relative to the null hypothesis
(red line) is given, along with the significance, expressed in
“sigma” including a penalty for the 3 additional degrees of
freedom. The deviation from linearity is only significant in the
30o < θ < 45o panel, but not in events with other incidence
angles.

B. The Earth limb line and correlations with the
GC signal

As shown in the top panel of Fig. 14, fitting the Earth
limb events at incidence angles 30◦ < θ < 45◦ with a
monochromatic line at 129 GeV instead of an energy
remapping model yields a local significance of only 2.9σ
(adopting an energy range from 80 to 210 GeV like above
in Fig. 3). However, a further tuning of the θ-range yields
significances up to 4.1σ (for 25◦ < θ < 53◦; central panel
of Fig. 14), but this comes with an additional number of
trials. In any case, the overall statistical significance for
a line in the θ < 60◦ Earth limb data is above 3σ. For
comparison, the bottom panel of Fig. 14 shows a fit to the
Galactic center energy spectrum without incidence angles
30◦ < θ < 45◦. The GC excess is not removed by this
cut, which would have indicated a spurious signal. Even
when removing all events with 25◦ < θ < 53◦ from the
GC region (from region Reg4 [21]), we obtain TS = 5.1
(TS = 10.1) for the Galactic center signal, whereas the

12

FIG. 14: Same as Fig. 3, but for suspicious limb data subset
with 30◦ < θ < 45◦ (top panel), the 25◦ < θ < 53◦ subset
tuned to give the largest TS value (central panel), as well as
for the GC events without the problematic 30◦ < θ < 45◦

range for comparison (bottom panel).

Earth limb line completely disappears.

The Earth limb line events are distributed all over the
sky, as expected (Fig. 15). The arrival time of these
events is concentrated during periods of high rocking an-
gle, because it is geometrically impossible to see limb
events at θ < 45o in normal survey mode (Fig. 16). As
already mentioned in Section II, the distribution of (θ,φ)
vs. each other and vs. time and longitude are as expected
(Figs. 1 and 4). In short, none of these tests reveals sus-
picious trends or correlations, or indicates in any way
that a systematic error in detector coordinates could map
events specifically onto the Galactic center.

FIG. 15: Earth limb events as function of Galactic coordinates
" and b. The majority of high-incidence limb events appear
near the orbital pole, which precesses around the celestial
pole. This pattern is expected from the observing strategy.
The GC line (red) and Earth limb line (blue) events are shown
for comparison. The Earth limb line events do not originate
in the Galactic center.
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FIG. 16: Time histogram (1-day bins) of GC line (red) and
Earth limb line (blue) events (upper panel) and all limb events
(lower panel). The Earth limb line events are only observed
at high rocking angles that occur during occasional pointed
observations. The survey mode rocking angle was changed
from 35o to 50o at 400 days (lower panel).
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Fig. 16.— Profile of high-incidence photon (θ > 40 deg) longitude distribution for |b| < 5◦. The 0.5◦ bins have been smoothed by a
3-bin box, and rescaled to arbitrary units of E2.6dN/dE, making the background disk emission constant with E. The background (blue)
is the average in these units for 10 < E < 50 GeV. In each panel, the (non-negative) amplitude of a FWHM! = 1.4◦ Gaussian centered at
" = −1.5 is fit by maximizing the Poisson likelihood. The corresponding number of photons and test statistic (TS) are displayed. The only
energy bin with significant emission is the 124.7-133.4 bin, centered on 129 GeV. See text for discussion of significance. The bin centered
on 113 GeV is not significant by itself, but is compatible with a line strength of 1/3 to 1/2 that of the putative 129 GeV line.

is a cusp of emission in the inner Galaxy – motivates an
unbinned analysis of this region.
In an unbinned analysis, one dispenses with arbitrary

binning choices (size and shift) and instead analyzes in-
dividual photon events. For example, the parameters of
a well defined model may be estimated with no binning
in space or energy. In the absence of a principled model,
a compromise technique is to convolve a finely binned en-

ergy histogram with some kernel and compare profiles of
prospective lines with those expected for a true line, i.e.
the instrumental response convolved with the smoothing
kernel.
In the case of LAT data this allows us to do an in-

teresting reality check. Energy resolution of events at
high incidence angle (θ ∼ 60◦) is a factor of ∼ 2 better
than that of normal-incidence photons, motivating the

Finkbeiner and Su
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Should we Build Models 
for the Fermi Line?

• Unlikely a statistical fluke
• However, like other 

anomalies, we learn 
about models of DM by 
being faced with an 
unconventional anomaly

• Take the line seriously 
and see what it takes to 
build a model
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Models Before trials After trials (one line) Trials factor (one line)
Gaussian (centered) 5.0σ 3.7σ 300

Gaussian (off center, θ > 40◦) 5.5σ 3.7σ 6000
unbinned # 5.2σ 3.2σ 6000

unbinned # (θ > 40◦) 4.9σ 2.8σ 6000
unbinned b 4.8σ 3.5σ 300

unbinned b (θ > 40◦) 4.6σ 3.2σ 300
NFW α = 1.0 (off center) 6.1σ 4.5σ 6000
NFW α = 1.2 (off center) 6.5σ 5.0σ 6000
NFW α = 1.3 (off center) 6.0σ 4.4σ 6000
NFW α = 1.4 (off center) 5.6σ 3.8σ 6000
NFW α = 1.5 (off center) 5.2σ 3.2σ 6000

Einasto (off center) 6.6σ 5.1σ 6000

TABLE 2

The detection significance of the gamma-ray cusp for various models. See §4.2 for a discussion of trials factors.

Models After trials (two line) Trials factor (two line)
Gaussian (centered) 4.3σ 36

Gaussian (off center, θ > 40◦) 4.2σ 720
NFW α = 1.0 (off center) 4.9σ 720
NFW α = 1.2 (off center) 5.4σ 720
NFW α = 1.3 (off center) 4.8σ 720
NFW α = 1.4 (off center) 4.3σ 720
NFW α = 1.5 (off center) 3.8σ 720

Einasto (off center) 5.5σ 720

TABLE 3

The detection significance of the gamma-ray cusp structure with different models. See §4.2 for a discussion of trials

factors. Masking out 0.5◦ around the GC area does not affect the results.
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Fig. 23.— Same as right panel of Figure 10 but using an Einasto
(α = 0.17) dark matter profile template to fit the data, we obtain a
6.5σ detection of the cusp only using the central 7 bins with > 1σ
each.

with rs = 20 kpc and α = 0.17 (Einasto 1965;
Navarro et al. 2004). This template provides a slightly
better fit, with 6.6σ (5.7/6.0σ for one/two line case af-
ter trials factor correction) detection of the cusp. Table
2 and Table 3 lists the resulting significance for all the
models.

8. HOW TO CONFIRM THIS SIGNAL QUICKLY: A
MODIFIED SURVEY STRATEGY

The fact that high-incidence-angle photons are supe-
rior for line detection raises an exciting possibility: the
scan strategy of Fermi-LAT could be altered for 1 year
to confirm the 130 GeV line (if real) at 5σ with no trials
factor, a significance that would be widely regarded as a
discovery. If more than one line is present, the additional
data would help characterize it.
Fermi has usually scanned the sky in survey mode,

observing the full sky every 2 orbits with occasional slews
to targets of opportunity. This strategy is excellent for
uniformity of full-sky coverage, but is far from optimal
for collecting high-incidence-angle photons from the GC.
From the spacecraft data files for the first 3.7 years

(through week 202), it is a straightforward exercise to
derive the fraction of the time the GC is accessible. We
impose the constraints that the roll angle be within 35◦

of zenith (as in standard survey mode) and that the
GC have an incidence angle of 45◦ < θ < 55◦. We
consider only times when the spacecraft is not in the
South Atlantic Anomaly (SAA) and the DATA QUAL flag
is good. These constraints allow the GC to be observed
40.6% of the time. This exceeds the exposure time of
our (40◦ < θ < 60◦) sample (observed 9.7% of the time)
by more than a factor of 4. In other words, LAT could
gather high θ photons from the GC 4× faster than it usu-
ally does with a simple change to the observing strategy.

Su and Finkbeiner
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What Does a Model for 
the Fermi Line Do?

• Avoid continuum constraints
• Give a *large* rate
• Obtain correct relic density (if 

interested in thermal DM)
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1. Avoid Continuum 
Constraint

• DM doesn’t carry a charge; coupling to 
photons comes through loops of charge 
particles

• Cut the loop and you get continuum 
photons
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FIG. 1: WIMP annihilation to charged SM final states (Left), e.g., fermions ff̄ or WW , generates annihilation to �� at one-loop (Right).

Second, the total annihilation cross section in the early Universe must be h�vi ⇠ 3 ⇥ 10

�26
cm

3/s to generate the observed
relic density. For h�vi

��

⇡ 10

�27
cm

3/s, according to Eq. (1), one expects �� ! f ¯f or WW to be far too large, giving a
relic density much smaller than observed. Even if tree-level annihilation is p-wave suppressed, the additional O(10) suppression
from the DM relative velocity (squared) is not sufficient to avoid depleting the DM relic density.

In addition to the dimension six or seven operators just discussed, fermionic DM may couple to photons through a dimension-
five magnetic dipole operator �̄�µ⌫�F

µ⌫

or electric dipole operator �̄�µ⌫�5�Fµ⌫

, where �µ⌫ ⌘ �i[�µ, �⌫

]/2. This type
of DM can be found in models where DM is a composite state [27–35], and was considered recently in connection with the
Fermi line signal [36]. Dipolar DM encounters similar challenges in explaining both the line signal and relic density, since the
dipole operator mediates ��̄ ! f ¯f as well as ��̄ ! ��. For the magnetic dipole case, fixing h�vi

��

= 10

�27
cm

3/s gives
h�vi

ff̄

& 10

�25
cm

3/s, which gives a too-small DM relic density. In the electric dipole case, ��̄ ! f ¯f is p-wave suppressed,
and the relic density is too large, unless there are additional annihilation channels. Furthermore, Dirac DM models with such
large dipole interactions are excluded by direct detection experiments [37].

So far, we have seen both the relic density constraint and the continuum photon bound strongly disfavor simple WIMP models
for enhanced � line signals. To alleviate these tensions, we have to consider extensions to the simple WIMP models with
designed features to enhance the �� signal [21, 36, 38–52].

In this paper, we discuss three generic scenarios that are exceptions to these constraints, allowing for a large �� annihilation
rate while annihilation to fermions is suppressed compared to Eq. (1), both in the early Universe and in the galactic halo today.
The three exceptions are:

• Coannihilation: The relic density is set by �1�2 ! f ¯f , where �1 is DM and �2 is a next-to-lightest state nearby in mass.
Annihilation to f ¯f is suppressed during freeze-out by the �1-�2 mass gap, giving the correct relic density for O(10GeV)

splitting. No annihilation to f ¯f occurs today since �2 decays to �1 and is not populated.

• Forbidden channels: DM annihilates to charged fermions F ¯F that are slightly heavier than the DM particles themselves.
Due to the high velocity tail of the DM distribution, annihilation occurs in the early Universe, setting the relic density, but
is kinematically forbidden today.

• Asymmetric DM (ADM): The relic density is set by a primordial DM asymmetry, where a large annihilation rate ��† ! f ¯f
is quenched by the DM chemical potential. After freeze-out, the asymmetry is washed out by DM particle-antiparticle
oscillations due to tiny DM number-violating mass terms. ��† ! �� annihilation can occur today with a large rate, while
��† ! f ¯f can be p-wave or chirality-suppressed.

In the remainder of this work, we study in detail several minimal DM models as examples to illustrate each of these mechanisms.
In each case, we show that an enhanced �� annihilation rate can naturally be reconciled with the observed relic density and
present � continuum constraints.

In Sec. II, we discuss coannihilation, presenting two models: (i) magnetic dipolar DM, and (ii) coannihilation with charged
partners, which generates DM coupling to �� at dimension seven. In Sec. III, we consider a model with forbidden channels,
and we derive the mass gap between DM particles and charged states required for the correct thermal relic density. In Sec. IV,
we present a scalar ADM model and discuss the ingredients necessary for generating the � line while remaining consistent with
other constraints. Our conclusions are summarized in Sec. V. We focus in this paper on models needed to explain the 130 GeV
line, though we emphasize that our results are easily generalized to the case of multiple lines.

II. COANNIHILATION

In coannihilation scenarios, DM freeze-out is dominated by annihilation with a next-to-lightest state that is nearby in mass.
For concreteness, we consider �1�2 ! f ¯f , where �1 is the DM, �2 is the nearby state, and f is a SM fermion. We assume that
the �1�2 coannihilation channel is dominant in the early Universe, while direct �1�1 annihilation is suppressed. If the mass
splitting �m ⌘ m2 �m1 is comparable to the freeze-out temperature T

f

, coannihilation can provide a natural framework for
enhanced � signals from thermal DM:
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1. Avoid Continuum 
Constraint

Figure 5. Left panel: statistical significance for VIB-signal in terms of the TS value, as function of
mχ and for the different target regions shown in Fig. 3. Right panel: fits to data in Reg2 for the best
signal candidate at mχ = 149 GeV. We show the background-only fit without DM signal as green
bars. The red bars show the background plus DM signal fit, the blue line the corresponding VIB
signal flux. In the right panel, we rebinned the data into (9 times) fewer bins than actually used in
our statistical analysis in order to improve the optical appearance of the figure. Note that the shown
fluxes are already integrated over the individual energy bins and properly convolved with the LAT
IRF.

to values of 10−28 cm3 s−1 for DM masses mχ ! 100 GeV. As we will discuss below in
Section 4.1, our limits are much stronger than what can be obtained from e.g. dwarf galaxy
observations. For comparison, the gray cross in Fig. 4 shows the CMSSM benchmark point
BM3 [19], which lies in the coannihilation region and was already discussed above. This
benchmark point still remains unconstrained by our limits; its rather small cross-section is
closely related to the requirement that the neutralino is a thermal relic, as we will discuss in
Section 4.2 below.

In the left panel of Fig. 5, we show the significance for a VIB-like spectrum as function of
mχ, assuming that µ = 1.1. The different lines correspond to the different target regions. The
significance is shown in terms of the TS value that was discussed above. We find a possible
signal candidate at a DM mass of mχ ≈ 150 GeV. The indication for a signal is largest
for the target region Reg2, which corresponds to α = 1.1, and has a nominal significance
of

√
TS = 4.3σ. Taking into account the LEE as discussed above, the significance is 3.1σ.

The corresponding fit to the data is shown in the right panel of Fig. 5; the spectral feature
in the measured flux can be easily recognized by eye. A similar preference for a signal,
although with less significance, appears also in the other regions Reg1, Reg3 and Reg4 (note
that the fluctuations around 50 GeV are completely within the statistical expectations). TS
values of zero indicate that for these values of mχ the data would be best fitted with an
unphysical negative signal normalization; in this case, the likelihood of the model with DM
contribution becomes identical to that of the null model because we enforced a non-negative
signal normalization in our fits.

We have performed several tests to exclude the tempting DM interpretation of this
signature, none of which has succeeded so far: By masking out different halfs of the signal
region of Reg2, for example, we find that the signal independently appears in the north,
south, east and west parts of Reg2 (though with a large scatter in the significances), as
expected from a DM signal. When shifting the target region away from its position by
about 10–20◦, on the other hand, the signal disappears completely. This makes a purely

– 12 –
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considered in our analysis becomes
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where LLAT

i

denotes the binned Poisson likelihood that is
commonly used in a standard single ROI analysis of the
LAT data and takes full account of the point-spread func-
tion, including its energy dependence; i indexes the ROIs;
D represents the binned gamma-ray data; pW represents
the set of ROI-independent DM parameters (h�

ann

vi and
m

W

); and {p}
i

are the ROI-dependent model parame-
ters. In this analysis, {p}

i

includes the normalizations
of the nearby point and di↵use sources and the J factor,
J
i

. log
10

(J
i

) and �
i

are the mean and standard devia-
tions of the distribution of log

10

(J
i

), approximated to be
Gaussian, and their values are given in Columns 5 and
6, respectively, of Table I.

The fit proceeds as follows. For given fixed values of
m

W

and bf , we optimize � lnL, with L given in Eq. 1.
Confidence intervals or upper limits, taking into account
uncertainties in the nuisance parameters, are then com-
puted using the “profile likelihood”technique, which is
a standard method for treating nuisance parameters in
likelihood analyses (see, e.g., [32]), and consists of calcu-
lating the profile likelihood � lnL

p

(h�
ann

vi) for several
fixed masses m

W

, where, for each h�
ann

vi, � lnL is min-
imized with respect to all other parameters. The inter-
vals are then obtained by requiring 2� ln(L

p

) = 2.71 for
a one-sided 95% confidence level. The MINUIT subrou-
tine MINOS [33] is used as the implementation of this
technique. Note that uncertainties in the background fit
(di↵use and nearby sources) are also treated in this way.
To summarize, the free parameters of the fit are h�

ann

vi,
the J factors, and the Galactic di↵use and isotropic back-
ground normalizations as well as the normalizations of
near-by point sources. The coverage of this profile joint
likelihood method for calculating confidence intervals has
been verified using toy Monte Carlo calculations for a
Poisson process with known background and Fermi-LAT
simulations of Galactic and isotropic di↵use gamma-ray
emission. The parameter range for h�

ann

vi is restricted
to have a lower bound of zero, to facilitate convergence of
the MINOS fit, resulting in slight overcoverage for small
signals, i.e., conservative limits.

RESULTS AND CONCLUSIONS

As no significant signal is found, we report upper lim-
its. Individual and combined upper limits on the anni-
hilation cross section for the b

¯

b final state are shown in
Fig. 1; see also [34]. Including the J-factor uncertainties

FIG. 1. Derived 95% C.L. upper limits on a WIMP anni-
hilation cross section for all selected dSphs and for the joint
likelihood analysis for annihilation into the bb̄ final state. The
most generic cross section (⇠ 3 · 10�26 cm3s�1 for a purely s-
wave cross section) is plotted as a reference. Uncertainties in
the J factor are included.

FIG. 2. Derived 95% C.L. upper limits on a WIMP annihila-
tion cross section for the bb̄ channel, the ⌧+⌧� channel, the
µ+µ� channel, and the W+W� channel. The most generic
cross section (⇠ 3 ·10�26 cm3s�1 for a purely s-wave cross sec-
tion) is plotted as a reference. Uncertainties in the J factor
are included.

in the fit results in increased upper limits compared to
using the nominal J factors. Averaged over the WIMP
masses, the upper limits increase by a factor up to 12
for Segue 1, and down to 1.2 for Draco. Combining the
dSphs yields a much milder overall increase of the upper
limit compared to using nominal J factors, a factor of
1.3.
The combined upper limit curve shown in Fig. 1 in-

cludes Segue 1 and Ursa Major II, two ultrafaint satel-
lites with small kinematic data sets and relatively large
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FIG. 1: WIMP annihilation to charged SM final states (Left), e.g., fermions ff̄ or WW , generates annihilation to �� at one-loop (Right).

Second, the total annihilation cross section in the early Universe must be h�vi ⇠ 3 ⇥ 10

�26
cm

3/s to generate the observed
relic density. For h�vi

��

⇡ 10

�27
cm

3/s, according to Eq. (1), one expects �� ! f ¯f or WW to be far too large, giving a
relic density much smaller than observed. Even if tree-level annihilation is p-wave suppressed, the additional O(10) suppression
from the DM relative velocity (squared) is not sufficient to avoid depleting the DM relic density.

In addition to the dimension six or seven operators just discussed, fermionic DM may couple to photons through a dimension-
five magnetic dipole operator �̄�µ⌫�F

µ⌫

or electric dipole operator �̄�µ⌫�5�Fµ⌫

, where �µ⌫ ⌘ �i[�µ, �⌫

]/2. This type
of DM can be found in models where DM is a composite state [27–35], and was considered recently in connection with the
Fermi line signal [36]. Dipolar DM encounters similar challenges in explaining both the line signal and relic density, since the
dipole operator mediates ��̄ ! f ¯f as well as ��̄ ! ��. For the magnetic dipole case, fixing h�vi

��

= 10

�27
cm

3/s gives
h�vi

ff̄

& 10

�25
cm

3/s, which gives a too-small DM relic density. In the electric dipole case, ��̄ ! f ¯f is p-wave suppressed,
and the relic density is too large, unless there are additional annihilation channels. Furthermore, Dirac DM models with such
large dipole interactions are excluded by direct detection experiments [37].

So far, we have seen both the relic density constraint and the continuum photon bound strongly disfavor simple WIMP models
for enhanced � line signals. To alleviate these tensions, we have to consider extensions to the simple WIMP models with
designed features to enhance the �� signal [21, 36, 38–52].

In this paper, we discuss three generic scenarios that are exceptions to these constraints, allowing for a large �� annihilation
rate while annihilation to fermions is suppressed compared to Eq. (1), both in the early Universe and in the galactic halo today.
The three exceptions are:

• Coannihilation: The relic density is set by �1�2 ! f ¯f , where �1 is DM and �2 is a next-to-lightest state nearby in mass.
Annihilation to f ¯f is suppressed during freeze-out by the �1-�2 mass gap, giving the correct relic density for O(10GeV)

splitting. No annihilation to f ¯f occurs today since �2 decays to �1 and is not populated.

• Forbidden channels: DM annihilates to charged fermions F ¯F that are slightly heavier than the DM particles themselves.
Due to the high velocity tail of the DM distribution, annihilation occurs in the early Universe, setting the relic density, but
is kinematically forbidden today.

• Asymmetric DM (ADM): The relic density is set by a primordial DM asymmetry, where a large annihilation rate ��† ! f ¯f
is quenched by the DM chemical potential. After freeze-out, the asymmetry is washed out by DM particle-antiparticle
oscillations due to tiny DM number-violating mass terms. ��† ! �� annihilation can occur today with a large rate, while
��† ! f ¯f can be p-wave or chirality-suppressed.

In the remainder of this work, we study in detail several minimal DM models as examples to illustrate each of these mechanisms.
In each case, we show that an enhanced �� annihilation rate can naturally be reconciled with the observed relic density and
present � continuum constraints.

In Sec. II, we discuss coannihilation, presenting two models: (i) magnetic dipolar DM, and (ii) coannihilation with charged
partners, which generates DM coupling to �� at dimension seven. In Sec. III, we consider a model with forbidden channels,
and we derive the mass gap between DM particles and charged states required for the correct thermal relic density. In Sec. IV,
we present a scalar ADM model and discuss the ingredients necessary for generating the � line while remaining consistent with
other constraints. Our conclusions are summarized in Sec. V. We focus in this paper on models needed to explain the 130 GeV
line, though we emphasize that our results are easily generalized to the case of multiple lines.

II. COANNIHILATION

In coannihilation scenarios, DM freeze-out is dominated by annihilation with a next-to-lightest state that is nearby in mass.
For concreteness, we consider �1�2 ! f ¯f , where �1 is the DM, �2 is the nearby state, and f is a SM fermion. We assume that
the �1�2 coannihilation channel is dominant in the early Universe, while direct �1�1 annihilation is suppressed. If the mass
splitting �m ⌘ m2 �m1 is comparable to the freeze-out temperature T

f

, coannihilation can provide a natural framework for
enhanced � signals from thermal DM:

⇡ 105
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FIG. 1: WIMP annihilation to charged SM final states (Left), e.g., fermions ff̄ or WW , generates annihilation to �� at one-loop (Right).

Second, the total annihilation cross section in the early Universe must be h�vi ⇠ 3 ⇥ 10

�26
cm

3/s to generate the observed
relic density. For h�vi

��

⇡ 10

�27
cm

3/s, according to Eq. (1), one expects �� ! f ¯f or WW to be far too large, giving a
relic density much smaller than observed. Even if tree-level annihilation is p-wave suppressed, the additional O(10) suppression
from the DM relative velocity (squared) is not sufficient to avoid depleting the DM relic density.

In addition to the dimension six or seven operators just discussed, fermionic DM may couple to photons through a dimension-
five magnetic dipole operator �̄�µ⌫�F

µ⌫

or electric dipole operator �̄�µ⌫�5�Fµ⌫

, where �µ⌫ ⌘ �i[�µ, �⌫

]/2. This type
of DM can be found in models where DM is a composite state [27–35], and was considered recently in connection with the
Fermi line signal [36]. Dipolar DM encounters similar challenges in explaining both the line signal and relic density, since the
dipole operator mediates ��̄ ! f ¯f as well as ��̄ ! ��. For the magnetic dipole case, fixing h�vi

��

= 10

�27
cm

3/s gives
h�vi

ff̄

& 10

�25
cm

3/s, which gives a too-small DM relic density. In the electric dipole case, ��̄ ! f ¯f is p-wave suppressed,
and the relic density is too large, unless there are additional annihilation channels. Furthermore, Dirac DM models with such
large dipole interactions are excluded by direct detection experiments [37].

So far, we have seen both the relic density constraint and the continuum photon bound strongly disfavor simple WIMP models
for enhanced � line signals. To alleviate these tensions, we have to consider extensions to the simple WIMP models with
designed features to enhance the �� signal [21, 36, 38–52].

In this paper, we discuss three generic scenarios that are exceptions to these constraints, allowing for a large �� annihilation
rate while annihilation to fermions is suppressed compared to Eq. (1), both in the early Universe and in the galactic halo today.
The three exceptions are:

• Coannihilation: The relic density is set by �1�2 ! f ¯f , where �1 is DM and �2 is a next-to-lightest state nearby in mass.
Annihilation to f ¯f is suppressed during freeze-out by the �1-�2 mass gap, giving the correct relic density for O(10GeV)

splitting. No annihilation to f ¯f occurs today since �2 decays to �1 and is not populated.

• Forbidden channels: DM annihilates to charged fermions F ¯F that are slightly heavier than the DM particles themselves.
Due to the high velocity tail of the DM distribution, annihilation occurs in the early Universe, setting the relic density, but
is kinematically forbidden today.

• Asymmetric DM (ADM): The relic density is set by a primordial DM asymmetry, where a large annihilation rate ��† ! f ¯f
is quenched by the DM chemical potential. After freeze-out, the asymmetry is washed out by DM particle-antiparticle
oscillations due to tiny DM number-violating mass terms. ��† ! �� annihilation can occur today with a large rate, while
��† ! f ¯f can be p-wave or chirality-suppressed.

In the remainder of this work, we study in detail several minimal DM models as examples to illustrate each of these mechanisms.
In each case, we show that an enhanced �� annihilation rate can naturally be reconciled with the observed relic density and
present � continuum constraints.

In Sec. II, we discuss coannihilation, presenting two models: (i) magnetic dipolar DM, and (ii) coannihilation with charged
partners, which generates DM coupling to �� at dimension seven. In Sec. III, we consider a model with forbidden channels,
and we derive the mass gap between DM particles and charged states required for the correct thermal relic density. In Sec. IV,
we present a scalar ADM model and discuss the ingredients necessary for generating the � line while remaining consistent with
other constraints. Our conclusions are summarized in Sec. V. We focus in this paper on models needed to explain the 130 GeV
line, though we emphasize that our results are easily generalized to the case of multiple lines.

II. COANNIHILATION

In coannihilation scenarios, DM freeze-out is dominated by annihilation with a next-to-lightest state that is nearby in mass.
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FIG. 4: The 95% C.L. excluded region for Rob, as defined in Eq. (10), versus m� assuming annihilation
into W+W�, Z0 Z0 for the supersaturation analyses using the masked data set. The plotted mass range
corresponds to the 2 � best fit region. For comparison, Rth

wino ' 200 and Rth
Higgsino ' 700. Pure wino and

Higgsino dark matter are clearly excluded, as discussed in Sec. IV.

W+W� and Z0Z0. Clearly, the supersaturation constraint robustly rules out this entire parameter
space.

B. Constraint Utilizing Shape Information

In this section, we present a complementary bound on Rob that utilizes the shape of the con-
tinuum spectrum. The ratio Nann/(N�� +N�Z ) is constrained by performing a log likelihood fit as
described in Sec. II B. For a given value of Nann/(N�� +N�Z ) and m�, we marginalize over ↵, �,
N�� , and N�Z . This analysis is more constraining than the supersaturation results of Sec. III A,
but depends on the assumption that the � ray background is described by a single power law from
5–200 GeV.

The best fit point is the same as in Eq. (7), with Nann = 0. The fact that the fit prefers
no annihilation to W+W� is not surprising. Figure 1 shows that a single power law provides a
remarkably good fit to the data between 5–100 GeV. The filled contours in the left panel of Fig. 5
show the 1, 2, and 3 � confidence regions about the best fit point. The black solid lines denote
contours of N�� + N�Z . There is some room for a non-zero annihilation contribution. For these
cases, the continuum spectrum explains the data below ⇠15–20 GeV and the power law background
becomes important at larger energies. Typically, the best fit power law is shallower when Nann > 0
than when Nann = 0.

The 2 � confidence region for Nann/(N�� + N�Z ) can be converted into a bound on Rob by
multiplying by 1/n�

ann integrated over the appropriate energy range. The result is given on the
right in Fig. 5, which shows the region excluded at 95% C.L. for Rob. The maximum allowed value
is Rob

max ' 10 for a mass of 129 GeV. The entire range of Rob is excluded outside the plotted range
for m� because these masses do not provide a good fit to the data.

Electrons and positrons produced by dark matter annihilation can give additional contributions
to the continuum from inverse Compton scattering (ICS) of the interstellar radiation field [29]. Ne-
glecting this contribution is conservative for the supersaturation constraint, but one might wonder
if the addition of ICS photons could improve the spectral correspondence between the model and
the data for the shape constraint, hence weakening the limits.
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Here, we derive a constraint on the ratio of the number of continuum photons to the number of
photons in the peak using the data from the Galactic Center. Specifically, we constrain the ratio

Rth ⌘ �ann
2��� + ��Z

, (9)

derived for a given theory,5 by comparing it with the associated quantity obtained from observation

Rob ⌘ 1

n�
ann

Nann

N�� +N�Z

, (10)

where �ann is the total dark matter annihilation cross section, and ��� (��Z ) is the annihilation
cross section to �� (�Z0). Nann is the number of photons in the continuum spectrum that results
from the process that dominates �ann, and N�� (N�Z ) are the number of photons in the peak(s)
attributed to dark matter annihilations to �� (�Z0). n�

ann is the total number of photons per
annihilation in the considered energy range. We do not include this factor in the definition of Rth

because it depends on the energy range of interest and will be di↵erent for the “supersaturation”
constraint (Sec. III A) and the “shape” constraint (Sec. III B), discussed below.

In the following subsection, we constrain Rob by requiring that the continuum photons do
not supersaturate the data. The result is model-independent, and only depends on the final
state annihilation products. Because the bound is a ratio, it is independent of any astrophysical
uncertainties and applies to scenarios where the annihilating particle is a subdominant component
of the dark matter [26]. We then go on to present an even stronger bound using the full shape
information of the continuum spectra. Although this constraint is significantly stronger, it does
depend on whether a single power-law explains the background from 5–200 GeV.

In what follows, we focus on dark matter annihilations to W+W� and Z0Z0. Shape constraints
for final states bb, ⌧+⌧�, and µ+µ� are given in Appendix C.

A. Constraint from Supersaturation

In this subsection, we derive a constraint on Rob as defined in Eq. (10) that is independent
of any background model assumptions. This constraint arises from the fact that the continuum
contribution should not supersaturate the data. It is conservative in that it assumes that the
entirety of the photon spectrum is due to signal, with no background contribution.

To obtain the optimal supersaturation exclusion, we must select an energy bin where the number
of continuum photons peaks relative to the background. The spectral index ↵ of the � continuum
background is expected to follow that of the proton spectrum ↵p from 5–100 GeV (see [27] and
references therein). For concreteness, we use the measurement from the PAMELA collaboration
in the range Ep = 30� 80 GeV: ↵p = 2.801± 0.007 (stat) ± 0.002 (syst) [28]. Note that this is a
local measurement and may di↵er at the Galactic Center. It does, however, provide an independent
determination of the spectral index and gives a reference point from which to select an optimal
energy bin.

In Fig. 3, we show E2.8
� multiplied by the di↵erential continuum photon spectrum as a function

of E� , where E� is the photon energy, for W+W�, Z0 Z0 [black, solid], bb [green, dashed], ⌧+⌧�

[blue, dotted], and µ+µ� [red, dot-dashed] final states. The spectra are generated using Pythia

5 When Rth is O(1), one must be careful to include the contribution to the continuum spectrum from �� ! �Z0,
which has a slightly di↵erent shape than �� ! Z0Z0 from kinematic e↵ects. We neglect this subtlety for the
constraints presented in this paper.
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Simplest Fix ....

• p-wave!

• A toy model:

• However, p-wave does not allow one to 
obtain thermal DM
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�

FIG. 1: WIMP annihilation to charged SM final states (Left), e.g., fermions ff̄ or WW , generates annihilation to �� at one-loop (Right).

Second, the total annihilation cross section in the early Universe must be h�vi ⇠ 3 ⇥ 10

�26
cm

3/s to generate the observed
relic density. For h�vi

��

⇡ 10

�27
cm

3/s, according to Eq. (1), one expects �� ! f ¯f or WW to be far too large, giving a
relic density much smaller than observed. Even if tree-level annihilation is p-wave suppressed, the additional O(10) suppression
from the DM relative velocity (squared) is not sufficient to avoid depleting the DM relic density.

In addition to the dimension six or seven operators just discussed, fermionic DM may couple to photons through a dimension-
five magnetic dipole operator �̄�µ⌫�F

µ⌫

or electric dipole operator �̄�µ⌫�5�Fµ⌫

, where �µ⌫ ⌘ �i[�µ, �⌫

]/2. This type
of DM can be found in models where DM is a composite state [27–35], and was considered recently in connection with the
Fermi line signal [36]. Dipolar DM encounters similar challenges in explaining both the line signal and relic density, since the
dipole operator mediates ��̄ ! f ¯f as well as ��̄ ! ��. For the magnetic dipole case, fixing h�vi

��

= 10

�27
cm

3/s gives
h�vi

ff̄

& 10

�25
cm

3/s, which gives a too-small DM relic density. In the electric dipole case, ��̄ ! f ¯f is p-wave suppressed,
and the relic density is too large, unless there are additional annihilation channels. Furthermore, Dirac DM models with such
large dipole interactions are excluded by direct detection experiments [37].

So far, we have seen both the relic density constraint and the continuum photon bound strongly disfavor simple WIMP models
for enhanced � line signals. To alleviate these tensions, we have to consider extensions to the simple WIMP models with
designed features to enhance the �� signal [21, 36, 38–52].

In this paper, we discuss three generic scenarios that are exceptions to these constraints, allowing for a large �� annihilation
rate while annihilation to fermions is suppressed compared to Eq. (1), both in the early Universe and in the galactic halo today.
The three exceptions are:

• Coannihilation: The relic density is set by �1�2 ! f ¯f , where �1 is DM and �2 is a next-to-lightest state nearby in mass.
Annihilation to f ¯f is suppressed during freeze-out by the �1-�2 mass gap, giving the correct relic density for O(10GeV)

splitting. No annihilation to f ¯f occurs today since �2 decays to �1 and is not populated.

• Forbidden channels: DM annihilates to charged fermions F ¯F that are slightly heavier than the DM particles themselves.
Due to the high velocity tail of the DM distribution, annihilation occurs in the early Universe, setting the relic density, but
is kinematically forbidden today.

• Asymmetric DM (ADM): The relic density is set by a primordial DM asymmetry, where a large annihilation rate ��† ! f ¯f
is quenched by the DM chemical potential. After freeze-out, the asymmetry is washed out by DM particle-antiparticle
oscillations due to tiny DM number-violating mass terms. ��† ! �� annihilation can occur today with a large rate, while
��† ! f ¯f can be p-wave or chirality-suppressed.

In the remainder of this work, we study in detail several minimal DM models as examples to illustrate each of these mechanisms.
In each case, we show that an enhanced �� annihilation rate can naturally be reconciled with the observed relic density and
present � continuum constraints.

In Sec. II, we discuss coannihilation, presenting two models: (i) magnetic dipolar DM, and (ii) coannihilation with charged
partners, which generates DM coupling to �� at dimension seven. In Sec. III, we consider a model with forbidden channels,
and we derive the mass gap between DM particles and charged states required for the correct thermal relic density. In Sec. IV,
we present a scalar ADM model and discuss the ingredients necessary for generating the � line while remaining consistent with
other constraints. Our conclusions are summarized in Sec. V. We focus in this paper on models needed to explain the 130 GeV
line, though we emphasize that our results are easily generalized to the case of multiple lines.

II. COANNIHILATION

In coannihilation scenarios, DM freeze-out is dominated by annihilation with a next-to-lightest state that is nearby in mass.
For concreteness, we consider �1�2 ! f ¯f , where �1 is the DM, �2 is the nearby state, and f is a SM fermion. We assume that
the �1�2 coannihilation channel is dominant in the early Universe, while direct �1�1 annihilation is suppressed. If the mass
splitting �m ⌘ m2 �m1 is comparable to the freeze-out temperature T

f

, coannihilation can provide a natural framework for
enhanced � signals from thermal DM:

�v ⇠ const

h�vi�� ⇠ 10�27 cm3/s

h�vitree,p�wave ⇠ 10�27 cm3/s⇥ 105 ⇥ 0.32 6= 3⇥ 10�26 cm3/s
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FIG. 8: Scalar DM � annihilating to SM fermions ff̄ (Left) and �� (Right), where F is a new massive charged fermion.

value of each coupling enters the calculation individually only through �

�

, which is only important near the resonance. The
dependence is negligible for small m

�

, where the width is very narrow and it does not play a role. For m
�

& 300� 350 GeV,
the effect is more noticeable since more decay channels become kinematically accessible. In this model, the preferred value of
m

F

is ⇠ 130� 165 GeV depending on parameters. With such heavy charged particles, it is clear that �� ! F ¯F is forbidden
kinematically in the galaxy today, and the model evades the continuum photon constraint.

IV. ASYMMETRIC DARK MATTER

Asymmetric DM (ADM) [61] provides a third exception for reconciling an enhanced � line signal with the observed relic
density.6 We assume that DM � is a complex state carrying a U(1)

�

conserved charge, and that a nonzero � chemical potential
arises sometime before the freeze-out epoch, generating an asymmetry of � over its antiparticle �†. In ADM freeze-out, the
��† annihilation cross section can be much larger than ⇠ 6⇥ 10

�26
cm

3/s required for symmetric freeze-out. In this case, ��†

annihilation is quenched once �† is depleted, and the relic � density is determined by the primordial asymmetry. This is similar
in spirit to coannihilation, where the coannihilating state �† is suppressed by a chemical potential, rather than a mass splitting.

DM annihilation can occur in the Universe today if the � asymmetry is washed out after freeze-out through � $ �† oscilla-
tions [68–71]. Particle-antiparticle oscillations are generic in a wide class of ADM models where, unless U(1)

�

descends from
a gauge symmetry, one expects U(1)

�

-breaking mass terms to arise, e.g., through Planck-suppressed operators. In this case, �
and �† are no longer mass eigenstates, and oscillations commence once the mass splitting between the real components of � is
comparable to the Hubble expansion rate.

We consider a model where � is a complex scalar with an interaction

Lint = � ¯F (g
L

P
L

+ g
R

P
R

)f + h.c. , (31)

where g
L,R

are couplings, f is a SM fermion, and F is a new massive fermion carrying U(1)

�

with mass m
F

> m
�

. We
assume f, F carry electric charge Q

f

|e| = Q
F

|e|. DM directly annihilates to f ¯f at tree-level and to �� at one-loop, shown in
Fig. 8. Since one expects the former to be enhanced over the latter by O(⇡2/↵2

), we must address how this model can generate
the observed � line while avoiding � continuum constraints.

The case of scalar DM provides a natural mechanism to suppress annihilation to f ¯f , thereby evading the � continuum con-
straint. If � couples chirally, ��† ! f ¯f is p-wave or chirality-suppressed as a consequence of angular momentum conservation.
Taking, e.g., g

L

= 0, we have

�(��† ! f ¯f)v ⇡ |g
R

|4(3m2
f

+m2
�

v2)

48⇡(m2
�

+m2
F

)

2
, (32)

keeping only the leading terms in v2 or m2
f

. On the other hand, if g
L

⇠ g
R

6= 0, the leading contribution is s-wave and is not
chirality-suppressed:

�(��† ! f ¯f)v ⇡ |g
L

|2|g
R

|2m2
F

4⇡(m2
�

+m2
F

)

2
. (33)

For example, in the case of f = ⌧ , the annihilation rate in the galactic halo today (v ⇠ 10

�3
) is

�(��† ! ⌧ ⌧̄)v ⇡
⇢

10

�23
cm

3/s⇥ |g
L

|2|g
R

|2 for g
L

⇠ g
R

6⇥ 10

�28
cm

3/s⇥ |g
R

|4 for g
L

= 0

, (34)

6 For early ADM works, see [62–66]; for more recent works, see [67] and Refs. therein.
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FIG. 9: Left: Matrix element A as a function of mass splitting m
F

� m
�

, for m
�

= 130 GeV and m
f

= 0. Right: Solid contour shows
coupling |g

R

| and mass splitting m
F

�m
�

required for h�vi
��

= 10�27 cm3/s, for m
�

= 130 GeV and g
L

= 0; dashed blue contours show
��† ! ⌧ ⌧̄ cross sections for f = ⌧ case. Shaded region is excluded by ADM relic density considerations (see text).

taking m
F

⇠ m
�

= 130 GeV. Clearly, O(1) chiral couplings are consistent with � continuum constraints, while nonchiral
couplings are much more strongly constrained.

The cross section for ��† ! �� is given by

h�vi
��

=

↵2Q4
f

(|g
L

|2 + |g
R

|2)2
64⇡3m2

�

|A|2 ⇡ 2⇥ 10

�29
cm

3/s⇥Q4
f

(|g
L

|2 + |g
R

|2)2|A|2 . (35)

The matrix element A, computed in Ref. [7] for m
f

= 0, can be expressed as

A = 2� 2 log

�
1� ⌧

�� 2⌧�1
arcsin

2
�p

⌧
�
, (36)

where ⌧ = m2
�

/m2
F

. The numerical value of A is shown in Fig. 9 (Left). Although A diverges logarithmically for ⌧ ! 1, we
expect the analytical formula to break down when ⌧ ⇡ 1�m2

f

/m2
�

since O(m2
f

) terms have been neglected.
In Fig. 9 (Right), we show numerical results for ��† annihilation cross sections for m

�

= 130 GeV and g
L

= 0. The solid
contour shows the coupling g

R

and mass splitting m
F

� m
�

required for h�vi
��

= 10

�27
cm

3/s to explain the Fermi � line
signal. The required parameters are easily consistent with � continuum constraints on ��† ! f ¯f . For example, taking f = ⌧ ,
the dashed blue contours show the ��† ! ⌧ ⌧̄ cross section, easily consistent with present constraints [10, 22, 23]. Note the
cases with f = e, µ are even less constrained by continuum constraints due to the chirality suppression.

Lastly, we discuss constraints from DM relic density considerations. ADM freeze-out in the early Universe requires a large
annihilation cross section h�vi & 6⇥ 10

�26
cm

3/s to deplete the symmetric � density, leaving behind the residual asymmetric
component. Although ��† ! f ¯f is suppressed today, annihilation is greatly enhanced in the early Universe in two ways:
(i) the DM velocity during freeze-out is v ⇠ 0.3, enhancing the p-wave term in Eq. (32), and (ii) for m

F

� m
�

. 10 GeV,
coannihilation becomes important. The total effective annihilation cross section is (see Sec. II)

h�e↵vi = r2
�

h�(��† ! f ¯f)vi+ 2r
�

r
F

h�(�F ! � ¯f)vi+ r2
F

h�(F ¯F ! SM)vi (37)

with coannihilation cross sections

�(�F ! � ¯f)v =

↵Q2
F

(|g
L

|2 + |g
R

|2)m
�

8m2
F

(m
�

+m
F

)

, �(F ¯F ! SM)v ⇡ �
Q4

F

+ (20/3)Q2
F

�↵2⇡

m2
F

, (38)

where for F ¯F annihilation into SM particles we include only the dominant electromagnetic terms, summing over �� and all
fermions except t. Considering the case where f = ⌧ , g

L

= 0, and m
�

= 130 GeV, the gray region in Fig. 9 is excluded by
requiring h�e↵vi > 6⇥ 10

�26 at x
f

= 25. That is, the � line signal is fully consistent with ADM freeze-out. Parameters where
symmetric DM gives the correct relic density correspond to the border of the gray and white regions, and therefore DM must be
asymmetric in this model to explain the � line signal.

In addition, we require that � $ �† oscillations begin during or after the freeze-out epoch to wash out the DM asymmetry,
giving rise to observable annihilation signals today. Therefore, the U(1)

�

-breaking mass splitting should be less than H(T
f

) ⇠
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FIG. 2: Magnetic dipolar DM �
1

annihilates to ��, �Z,ZZ (Left), while ff̄ occurs by coannihilation only with �
2

(Right).

• In the early Universe, the thermally-averaged coannihilation cross section is suppressed by a Boltzmann factor
exp(��m/T ). For �m ⇠ T

f

, the coannihilation rate becomes moderately suppressed, requiring larger couplings to
reproduce the correct thermal relic density.

• In the present Universe, �2 is not populated, and therefore �1�2 ! f ¯f does not contribute to any indirect detection
signals. However, direct annihilation �1�1 ! �� can occur, and the rate can be enhanced due to the large couplings
required for thermal freeze-out.

Ultimately, within a given model, there will exist a preferred parameter region for �m and couplings that can simultaneously
explain the relic DM density and the observed � signal. In this section, we first discuss some preliminaries for computing the
DM relic density, closely following Ref. [53], and then we consider specific models in parts A and B.

Similar to single species freeze-out, the relic DM abundance for a general coannihilation scenario is computed by solving a
Boltzmann equation

ṅ
�

+ 3Hn
�

= �h�e↵vi
�
n2
�

� (neq
�

)

2
�

(2)

where n
�

⌘ P
i

n
�i is the total �

i

density. In writing Eq. (2) in terms of only n
�

, we assume the individual densities n
�i are in

chemical equilibrium due to rapid �
i

f $ �
j

f and �
i

$ �
j

f ¯f processes, such that

n
�i

n
�

⇡ neq
�i

neq
�

=

g
i

(1 +�

i

)

3/2
exp(�x�

i

)

ge↵
⌘ r

i

. (3)

We have defined x ⌘ m1/T , �
i

⌘ (m
i

�m1)/m1, and ge↵ ⌘ P
i

g
i

(1 +�

i

)

3/2
exp(�x�

i

), with g
i

degrees of freedom for
�
i

. The thermally-averaged effective cross section is h�e↵vi ⌘ P
i,j

r
i

r
j

h�
ij

vi, where �
ij

is �
i

�
j

annihilation cross section
and its thermal average is

h�
ij

vi = x3/2

2

p
⇡

Z 1

0
dv v2 (�

ij

v) e�v

2
x/4 . (4)

The DM relic density today is given by

⌦dmh
2
=

1.07⇥ 10

9
GeV

�1

g1/2⇤ mPl

hR1
xf

x�2 h�e↵vi dx
i , (5)

where mPl ⇡ 1.22 ⇥ 10

19
GeV is the Planck mass and g⇤ is the number of degrees of freedom in the thermal bath during

freeze-out. The freeze-out temperature T
f

= m1/xf

is obtained by solving x
f

= ln

�
0.038 ge↵m1mPl h�e↵vi /pg⇤xf

�
, which

can be done iteratively. Alternately, one can directly solve Eq. (2) numerically; for the cases we consider below, we find that the
agreement with Eq. (5) is better than ⇠ 1� 3% depending on the mass splitting.

Now, we discuss two models which give rise to the Fermi line signal and a correct relic density with the coannihilation effect
in the early Universe.2

2 To be clear, our models rely on the mass splitting �m to suppress h�
e↵

vi, which is dominated by large �
1

�
2

and �
2

�
2

annihilation cross sections. This is
distinct from models where �

1

�
1

annihilation is itself too large, and h�
e↵

vi can be suppressed by 1/g
e↵

by having a “parasitic” species �
2

that does not
annihilate strongly (see, e.g., [54, 55]).
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FIG. 6: Tree-level dark matter annihilation to heavy fermions in the forbidden case (Left). �� ! �� at one-loop (Right).

where a ⌘ m2
1/m

2
�

, b ⌘ m2
2/m

2
�

, and the functions I
n

(a, b) are defined in [58]. In the m
�

� m1,2 � �m ⌘ m2 �m1 limit,
we have F+ ⇡ (2 � ⇡2

) and F� ⇡ 2; however, for m
�

⇠ m1,2, these approximations overestimate the �� rate and we use the
exact expression in our analysis. Also, we expect the rates for �1�1 ! ZZ,Z� to be comparable, although the exact prediction
depends on the SU(2)

L

⇥ U(1)

Y

quantum numbers of �2 and �.
In Fig. 5, we present numerical results for this model.

• The solid curves show mass contours for h�vi
��

= 10

�27
cm

3/s, for fixed m1 = 130 GeV and for different couplings
g
S

, with g
P

= 0.1 g
S

(left panel) and g
P

= g
S

(right panel). The � line signal requires g
S

& O(1) and m2,m�

& m1.

• The dashed contours show parameters giving the DM relic density ⌦dmh2
= 0.11, for different values of the SM fermion

coupling g0 ⌘ p|g0
S

|2 + |g0
P

|2, with m1 = 130 GeV and g
S,P

fixed by h�vi
��

. There is a clear resonance for m
�

⇡
m1 + m2, with smaller values of g0 and larger �m allowed. (The width �

�

is computed as a function of the given
parameters.)

• The gray region is excluded by ⌦dmh2 < 0.11. For �m . 5 GeV, �2�̄2 annihilation is not sufficiently Boltzmann
suppressed, depleting �1 provided �1 and �2 are in chemical equilibrium. (This holds for g

S,P

⇠ 1, g0 � 10

�7.)

Taking m2 ⇡ 135 GeV (corresponding to the edge of the gray region) gives ⌦dmh2
= 0.11 in a large region of parameter space

(10�7 ⌧ g0 ⌧ 10

�1, off-resonance) with little dependence on the other new physics parameters, since the relic density is set
through electromagnetic interactions. That is, the new physics particles need not have large couplings to SM states, aside from
their electromagnetic couplings. In any case, this coannihilation model presents a viable framework for explaining the DM relic
density with an enhanced � line signal.

III. FORBIDDEN CHANNELS

The second exception occurs when all the virtual charged particles generating the DM coupling to photons have a slightly
larger mass than the DM. Although the coupling between DM and the charged particles has to be strong to overcome the
loop-suppression factor, the annihilation cross section to charged particles at tree-level is suppressed kinematically. During
freeze-out, DM is non-relativistic and its typical velocity is ⇠ 0.3 c. If the charged particles have masses not far from the DM
mass, annihilation to the charged particles can still proceed in the early Universe, albeit less efficiently. As a result, one is able to
obtain the correct relic density despite the large couplings needed to generate a photon line. On the other hand, DM has a typical
velocity ⇠ 10

�3 c in the halo today so that the direct annihilation to the charged particles is kinematically forbidden, evading
constraints from continuum photons. In Ref. [8], this mechanism was used to generate enhanced DM annihilation to �Z and
�h, with the forbidden particle as the t quark. Here, we investigate a different model with enhanced annihilation to ��, and we
compute the required mass splitting between the forbidden states and DM to obtain the correct relic density and the Fermi line
signal simultaneously.

We proceed to estimate the relic density through annihilation to the charged particle pairs, �̄� ! F ¯F , where we use F
to denote charged fermions heavier than DM. We begin by reviewing the discussion of [53]. Since the velocity of the final-
state particles is small, it is convenient to write the annihilation cross section in the form (�v) = (a + bv2)v2, where v is the
relative velocity of the initial-state particles, v2 is the velocity of the final-state particles in the center of mass frame, and a and b
characterize the s-wave and p-wave contributions to the annihilation cross section respectively as usual.5 Note v2 must present in
the annihilation cross section because it is from the phase space of the final-state particles. Energy and momentum conservation

5 The reader should not be confused with the mass ratios a, b defined in Sec. II. Here, a, b refer to s- and p-wave cross sections only.
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Three Exceptions

• Some way to: 
• suppress continuum photons 
• obtain the observed abundance of 
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FIG. 8: Scalar DM � annihilating to SM fermions ff̄ (Left) and �� (Right), where F is a new massive charged fermion.

value of each coupling enters the calculation individually only through �

�

, which is only important near the resonance. The
dependence is negligible for small m

�

, where the width is very narrow and it does not play a role. For m
�

& 300� 350 GeV,
the effect is more noticeable since more decay channels become kinematically accessible. In this model, the preferred value of
m

F

is ⇠ 130� 165 GeV depending on parameters. With such heavy charged particles, it is clear that �� ! F ¯F is forbidden
kinematically in the galaxy today, and the model evades the continuum photon constraint.

IV. ASYMMETRIC DARK MATTER

Asymmetric DM (ADM) [61] provides a third exception for reconciling an enhanced � line signal with the observed relic
density.6 We assume that DM � is a complex state carrying a U(1)

�

conserved charge, and that a nonzero � chemical potential
arises sometime before the freeze-out epoch, generating an asymmetry of � over its antiparticle �†. In ADM freeze-out, the
��† annihilation cross section can be much larger than ⇠ 6⇥ 10

�26
cm

3/s required for symmetric freeze-out. In this case, ��†

annihilation is quenched once �† is depleted, and the relic � density is determined by the primordial asymmetry. This is similar
in spirit to coannihilation, where the coannihilating state �† is suppressed by a chemical potential, rather than a mass splitting.

DM annihilation can occur in the Universe today if the � asymmetry is washed out after freeze-out through � $ �† oscilla-
tions [68–71]. Particle-antiparticle oscillations are generic in a wide class of ADM models where, unless U(1)

�

descends from
a gauge symmetry, one expects U(1)

�

-breaking mass terms to arise, e.g., through Planck-suppressed operators. In this case, �
and �† are no longer mass eigenstates, and oscillations commence once the mass splitting between the real components of � is
comparable to the Hubble expansion rate.

We consider a model where � is a complex scalar with an interaction

Lint = � ¯F (g
L

P
L

+ g
R

P
R

)f + h.c. , (31)

where g
L,R

are couplings, f is a SM fermion, and F is a new massive fermion carrying U(1)

�

with mass m
F

> m
�

. We
assume f, F carry electric charge Q

f

|e| = Q
F

|e|. DM directly annihilates to f ¯f at tree-level and to �� at one-loop, shown in
Fig. 8. Since one expects the former to be enhanced over the latter by O(⇡2/↵2

), we must address how this model can generate
the observed � line while avoiding � continuum constraints.

The case of scalar DM provides a natural mechanism to suppress annihilation to f ¯f , thereby evading the � continuum con-
straint. If � couples chirally, ��† ! f ¯f is p-wave or chirality-suppressed as a consequence of angular momentum conservation.
Taking, e.g., g

L

= 0, we have

�(��† ! f ¯f)v ⇡ |g
R

|4(3m2
f

+m2
�

v2)

48⇡(m2
�

+m2
F

)

2
, (32)

keeping only the leading terms in v2 or m2
f

. On the other hand, if g
L

⇠ g
R

6= 0, the leading contribution is s-wave and is not
chirality-suppressed:

�(��† ! f ¯f)v ⇡ |g
L

|2|g
R

|2m2
F

4⇡(m2
�

+m2
F

)

2
. (33)

For example, in the case of f = ⌧ , the annihilation rate in the galactic halo today (v ⇠ 10

�3
) is

�(��† ! ⌧ ⌧̄)v ⇡
⇢

10

�23
cm

3/s⇥ |g
L

|2|g
R

|2 for g
L

⇠ g
R

6⇥ 10

�28
cm

3/s⇥ |g
R

|4 for g
L

= 0

, (34)

6 For early ADM works, see [62–66]; for more recent works, see [67] and Refs. therein.

3. Asymmetric Dark Matter (4.) Degenerate States

A Simple Recipe for the 111 and 128 GeV Lines

JiJi Fan and Matthew Reece
Department of Physics, Harvard University, Cambridge, MA, 02138

Recently evidence for gamma ray lines at energies of approximately 111 and 128 GeV has been
found in Fermi-LAT data from the center of the galaxy and from unassociated point sources. Many
explanations in terms of dark matter particle pairs annihilating to �� and �Z have been suggested,
but these typically require very large couplings or mysterious coincidences in the masses of several
new particles to fit the signal strength. We propose a simple novel explanation in which dark matter
is part of a multiplet of new states which all have mass near 260 GeV as a result of symmetry. Two
dark matter particles annihilate to a pair of neutral particles in this multiplet which subsequently
decay to �� and �Z. For example, one may have a triplet of pseudo-Nambu-Goldstone bosons,
⇡h
± and ⇡h

0 , where ⇡h
± are stabilized by their charge under a new U(1) symmetry and the slightly

lighter neutral state ⇡h
0 decays to �� and �Z. The symmetry structure of such a model explains

the near degeneracy in masses needed for the resulting photons to have a line-like shape and the
large observed flux. The tunable lifetime of the neutral state allows such models to go unseen
at direct detection or collider experiments that can constrain most other explanations. However,
nucleosynthesis constraints on the ⇡h

0 lifetime fix a minimum necessary coupling between the new
multiplet and the Standard Model. The spectrum is predicted to be not a line but a box with a
width of order a few GeV, smaller than but on the order of the Fermi-LAT resolution.

Introduction: Dark matter makes up 80% of the
matter in our universe, but its nature continues to be
elusive. A number of independent lines of evidence o↵er
a persuasive picture of dark matter’s existence and grav-
itational interactions, but it is unclear whether it has
interactions that are stronger than gravity with known
Standard Model particles. Recently, a striking observa-
tion has been made of monochromatic gamma ray emis-
sion near the center of the galaxy [1, 2], with energy about
128 GeV. Subsequent studies [3, 4] have shown that there
may be a second line with an energy of about 111 GeV,
and that both lines also show up in unassociated sources
in the Fermi-LAT catalogue [5]. This is suggestive of
dark matter annihilating to �� and �Z, with the unasso-
ciated sources as potential dark matter subhalos within
the Miky Way.

typically) a factor of e4/(8�2) lower, i.e. ��v� (��) � 10�29 cm3/s. So we expect robust
tension between continuum gamma-ray bounds and annihilation through loops of
SM matter.

3. Subdominant wino DM? To illustrate the previous point: computing for winos in the
MSSM with Micromegas [?], we find at 128 GeV:

��v� (W̃ 0W̃ 0�W+W�) � 3� 10�24 cm3/s (10)
��v� (W̃ 0W̃ 0� �Z) � 9� 10�27 cm3/s (11)
��v� (W̃ 0W̃ 0� ��) � 2� 10�27 cm3/s (12)

If we believe Hooper’s results, then even if winos are only about 1/10 of all the dark
matter there is some tension with the galactic center, and the corresponding photon lines
would be at the 10�28 cm3/s level, too small to explain the observation. The suggestion
of Acharya et al. [?] is then ruled out, in an especially decisive way if Hooper’s bound
is correct.

4. Direct detection: Any dark matter that annihilates to �� or �Z can in principle show up
in direct-detection experiments through either a loop process (exchanging two photons
or a photon and a Z with the nucleus) or the 2 � 3 process �N � �N�. However,
these will typically be small enough that there is no limit (in fact, they may be small
enough that the neutrino background swamps any possible detection, possibly with the
exception of directional direct detection). Estimates for a particular model appear in [?],
and are several orders of magnitude below the current limits.

I expect that any model consistent with Hooper’s tree-level continuum gamma-ray con-
straints will also be safe, or at worst borderline, from direct detection through Higgs
exchange. Can we make this statement more precise? This is interesting even inde-
pendent of the gamma-ray line, since it suggests that Fermi-LAT is doing roughly as well
as Xenon at constraining models.

5. Neutrinos: Annihilation to Z bosons in the sun lead to a flux of neutrinos that may be
detectable on Earth. What are the numbers? Edit: I think it’s hopeless—but still
should maybe write down some numbers.

�

Figure 3: Illustrating the role of charge particles in arguments about the �-ray line.
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FIG. 1. A model of DM + DM ! � + � often implies the
existence of a tree-level annihilation, by cutting the loop.

Because dark matter charge is constrained to be
tiny [6, 7], a model in which two dark matter particles
annihilate to two photons will generally rely on annihi-
lation through a loop of charged particles. As illustrated
in Figure 1, this will imply the existence of a tree-level
annihilation process to charged particles (whenever they
are light enough to be kinematically accessible). These
charged particles can radiate photons and frequently de-
cay to showers of hadrons that can in turn decay to fur-
ther photons. This would appear as a continuum spec-
trum of gamma rays that have not yet been seen in Fermi-

LAT data, ruling out many models fitting the lines, in-
cluding MSSM neutralinos [8–10].
Estimates of the strength of the line vary from about

1.3 to 5.1 ⇥10�27 cm3/s [2, 11], and depend to some ex-
tent on assumptions about the halo properties. For the
simplest cases of DM annihilating through a loop, this re-
quires rather large couplings, even allowing for numerical
enhancements from coincidences in the mass of the DM
and the charged particle in the loop [12, 13]. (Similar re-
marks apply to UV completions of MiDM/RayDM [14].)
Another possible source of enhancement is from s-
channel exchange of a pseudoscalar [13, 15–17] or (for
�Z without ��) vector [18], but this again requires a tun-
ing of the mass in the propagator for an enhancement.
(Another interesting model that predicts this topology
is Goldstone fermion dark matter [19].) These models
could be probed at colliders [14] or in direct detection
experiments [20].

DM

DM
�h

0

�h
0

Figure 4: Topology leading to a box-shaped gamma ray feature
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Figure 5: Decay of �0
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FIG. 2. The process DM+DM ! ⇡h
0 +⇡h

0 , for a pseudoscalar
⇡h
0 which subsequently decays to photons, leads to a box-

shaped gamma-ray spectrum [21, 22]. The goal of our model
is to explain the narrowness of the box by placing the DM
and ⇡h

0 in the same multiplet due to some symmetry, with
nearly the same mass.

A strikingly di↵erent option is the possibility that the
gamma ray lines are actually narrow box-shaped fea-
tures [21, 22]. This occurs when dark matter annihilates
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Exception 1:
Coannihilation

• Relic density set by annihilation with 
heavier state; relic abundance fixed by 
mass splitting

• Heavier state not present today; must 
annihilate through virtual state

• Natural example is dipole moment
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FIG. 2: Magnetic dipolar DM �
1

annihilates to ��, �Z,ZZ (Left), while ff̄ occurs by coannihilation only with �
2

(Right).

• In the early Universe, the thermally-averaged coannihilation cross section is suppressed by a Boltzmann factor
exp(��m/T ). For �m ⇠ T

f

, the coannihilation rate becomes moderately suppressed, requiring larger couplings to
reproduce the correct thermal relic density.

• In the present Universe, �2 is not populated, and therefore �1�2 ! f ¯f does not contribute to any indirect detection
signals. However, direct annihilation �1�1 ! �� can occur, and the rate can be enhanced due to the large couplings
required for thermal freeze-out.

Ultimately, within a given model, there will exist a preferred parameter region for �m and couplings that can simultaneously
explain the relic DM density and the observed � signal. In this section, we first discuss some preliminaries for computing the
DM relic density, closely following Ref. [53], and then we consider specific models in parts A and B.

Similar to single species freeze-out, the relic DM abundance for a general coannihilation scenario is computed by solving a
Boltzmann equation

ṅ
�

+ 3Hn
�

= �h�e↵vi
�
n2
�

� (neq
�

)

2
�

(2)

where n
�

⌘ P
i

n
�i is the total �

i

density. In writing Eq. (2) in terms of only n
�

, we assume the individual densities n
�i are in

chemical equilibrium due to rapid �
i

f $ �
j

f and �
i

$ �
j

f ¯f processes, such that

n
�i

n
�

⇡ neq
�i

neq
�

=

g
i

(1 +�

i

)

3/2
exp(�x�

i

)

ge↵
⌘ r

i

. (3)

We have defined x ⌘ m1/T , �
i

⌘ (m
i

�m1)/m1, and ge↵ ⌘ P
i

g
i

(1 +�

i

)

3/2
exp(�x�

i

), with g
i

degrees of freedom for
�
i

. The thermally-averaged effective cross section is h�e↵vi ⌘ P
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r
i

r
j

h�
ij

vi, where �
ij

is �
i

�
j

annihilation cross section
and its thermal average is

h�
ij

vi = x3/2

2

p
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Z 1

0
dv v2 (�

ij

v) e�v

2
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The DM relic density today is given by

⌦dmh
2
=

1.07⇥ 10

9
GeV

�1

g1/2⇤ mPl

hR1
xf

x�2 h�e↵vi dx
i , (5)

where mPl ⇡ 1.22 ⇥ 10

19
GeV is the Planck mass and g⇤ is the number of degrees of freedom in the thermal bath during

freeze-out. The freeze-out temperature T
f

= m1/xf

is obtained by solving x
f

= ln

�
0.038 ge↵m1mPl h�e↵vi /pg⇤xf

�
, which

can be done iteratively. Alternately, one can directly solve Eq. (2) numerically; for the cases we consider below, we find that the
agreement with Eq. (5) is better than ⇠ 1� 3% depending on the mass splitting.

Now, we discuss two models which give rise to the Fermi line signal and a correct relic density with the coannihilation effect
in the early Universe.2

2 To be clear, our models rely on the mass splitting �m to suppress h�
e↵

vi, which is dominated by large �
1

�
2

and �
2

�
2

annihilation cross sections. This is
distinct from models where �

1

�
1

annihilation is itself too large, and h�
e↵

vi can be suppressed by 1/g
e↵

by having a “parasitic” species �
2

that does not
annihilate strongly (see, e.g., [54, 55]).
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• In the early Universe, the thermally-averaged coannihilation cross section is suppressed by a Boltzmann factor
exp(��m/T ). For �m ⇠ T
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, the coannihilation rate becomes moderately suppressed, requiring larger couplings to
reproduce the correct thermal relic density.

• In the present Universe, �2 is not populated, and therefore �1�2 ! f ¯f does not contribute to any indirect detection
signals. However, direct annihilation �1�1 ! �� can occur, and the rate can be enhanced due to the large couplings
required for thermal freeze-out.

Ultimately, within a given model, there will exist a preferred parameter region for �m and couplings that can simultaneously
explain the relic DM density and the observed � signal. In this section, we first discuss some preliminaries for computing the
DM relic density, closely following Ref. [53], and then we consider specific models in parts A and B.

Similar to single species freeze-out, the relic DM abundance for a general coannihilation scenario is computed by solving a
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freeze-out. The freeze-out temperature T
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is obtained by solving x
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, which

can be done iteratively. Alternately, one can directly solve Eq. (2) numerically; for the cases we consider below, we find that the
agreement with Eq. (5) is better than ⇠ 1� 3% depending on the mass splitting.

Now, we discuss two models which give rise to the Fermi line signal and a correct relic density with the coannihilation effect
in the early Universe.2

2 To be clear, our models rely on the mass splitting �m to suppress h�
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vi, which is dominated by large �
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and �
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Exception 1:
Coannihilation

• Natural place to look is in monopoles
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FIG. 3: The mass splitting �m = m
2

� m
1

required for ⌦
�1h

2 = 0.11 (Left) and annihilation cross sections for �� (solid),�Z (dashed)
and ZZ (dotted) (Right) with respect to the dark matter dipole magnitude µ

B

. We take m
1

= 130 GeV and the nuclear magnetic magneton
µ
N

⇡ 0.161 GeV�1. The vertical (horizontal) band on the left (right) panel indicates h�vi
��

= (1.27± 0.32)⇥ 10�27 cm3/s [1].

A. Magnetic dipolar dark matter

Although the electric charge of DM must be zero or very small, DM can possess a sizable electromagnetic interaction through
an electric or magnetic dipole moment [27–29]. As we show, magnetic dipolar DM can account for the Fermi � signal, and
coannihilation plays an essential role in achieving the correct DM relic density.3 We consider a Dirac fermion � coupled to the
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�1 $ �2 transition dipole moments are allowed. The photon and Z boson field strengths are F

µ⌫

and Z
µ⌫

, respectively.
DM can annihilate to ��, �Z, and ZZ final states, through t-channel �2 exchange, shown in Fig. 2. The cross sections are

�(�1�1 ! ��)v =

µ4
�

m4
1m

2
2

⇡(m2
1 +m2

2)
2
, (8a)

�(�1�1 ! �Z)v =

µ2
�

µ2
Z

(4m2
1 �m2

Z

)

3
(4m1m2 +m2

Z

)

2

128⇡m4
1(2m

2
1 + 2m2

2 �m2
Z

)

2
(8b)

�(�1�1 ! ZZ)v =

µ4
Z

(m2
1 �m2

Z

)

3/2
(2m1m2 +m2

Z

)

2

4⇡m1(m2
1 +m2

2 �m2
Z

)

2
, (8c)

where m
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is the Z boson mass. To explain the Fermi signal, we fix m1 = 130 GeV and h�vi
�1�1!��

⇡ 10

�27 cm3/s. For
m2 ⇡ m1, the �Z and ZZ cross sections are comparable; in particular, �1�1 ! �Z generates a second � line at an energy
E
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= m1 �m2
Z

/(4m1) ⇡ 114 GeV, which may be indicated in the data [4]. We estimate the size of the µ
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required to the line

3 The case of purely electric dipolar DM cannot explain the Fermi � line, since the coannihilation process �
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! ff̄ setting the DM relic density is p-wave
suppressed [29]. Fixing the electric dipole moment to require �(�
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! ��)v ⇡ 10�27 cm3/s, the DM relic density is too large (even if �m = 0) unless
additional annihilation channels are present.
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1

annihilates to ��, �Z,ZZ (Left), while ff̄ occurs by coannihilation only with �
2

(Right).

• In the early Universe, the thermally-averaged coannihilation cross section is suppressed by a Boltzmann factor
exp(��m/T ). For �m ⇠ T

f

, the coannihilation rate becomes moderately suppressed, requiring larger couplings to
reproduce the correct thermal relic density.

• In the present Universe, �2 is not populated, and therefore �1�2 ! f ¯f does not contribute to any indirect detection
signals. However, direct annihilation �1�1 ! �� can occur, and the rate can be enhanced due to the large couplings
required for thermal freeze-out.

Ultimately, within a given model, there will exist a preferred parameter region for �m and couplings that can simultaneously
explain the relic DM density and the observed � signal. In this section, we first discuss some preliminaries for computing the
DM relic density, closely following Ref. [53], and then we consider specific models in parts A and B.

Similar to single species freeze-out, the relic DM abundance for a general coannihilation scenario is computed by solving a
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The DM relic density today is given by
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where mPl ⇡ 1.22 ⇥ 10
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GeV is the Planck mass and g⇤ is the number of degrees of freedom in the thermal bath during

freeze-out. The freeze-out temperature T
f

= m1/xf

is obtained by solving x
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, which

can be done iteratively. Alternately, one can directly solve Eq. (2) numerically; for the cases we consider below, we find that the
agreement with Eq. (5) is better than ⇠ 1� 3% depending on the mass splitting.

Now, we discuss two models which give rise to the Fermi line signal and a correct relic density with the coannihilation effect
in the early Universe.2

2 To be clear, our models rely on the mass splitting �m to suppress h�
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vi, which is dominated by large �
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e↵

vi can be suppressed by 1/g
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by having a “parasitic” species �
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that does not
annihilate strongly (see, e.g., [54, 55]).
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3/s

✓
µ
B

3.6⇥ 10

�3µ
N

◆4 ⇣ m1
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⌘2
, (9)

where µ
N

⇡ 0.161 GeV

�1 is the nuclear magneton.
In the early Universe, coannihilation �1�2 ! f ¯f provides the dominant annihilation channel, shown in Fig. 2. The cross

section is

�(�1�2 ! f ¯f)v = ↵c
f
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where Q
f

is the electric charge in units of |e|, T3f is the weak isospin, and c
f

is a color factor for fermion f (3 for quarks, 1
for leptons). The �1�2 ! W+W� cross section is O(1%) of the total f ¯f cross section, and can be neglected. In addition,
subleading �2�2 ! ��, Z�, ZZ also impact the relic density, and the cross sections are obtained by switching m1 and m2 in
Eqs. (8).

Taking Eq. (10), we estimate the annihilation cross section �(�1�2 ! f ¯f)v ⇡ 1.7⇥ 10

�25
cm

3/s for m1 = 130 GeV and
µ
B

⇡ 3.6 ⇥ 10

�3µ
N

as preferred by the Fermi line signal. Clearly, a dipole which is large enough to generate the observed
�� line will give rise to too large an annihilation to f ¯f both for the relic density and for continuum constraints in the halo if
DM is a Dirac fermion (corresponding to m

M

= 0). This problem is easily solved in a model where the components of the
Dirac fermion are split. In this case, annihilation to fermions proceeds only via �1�2 ! f ¯f , and the annihilation rate will be
suppressed by a Boltzmann factor exp(��m/T

f

) with �m = m2 �m1. Since T
f

⇡ 6 GeV for m1 = 130 GeV, we expect
�m ⇠ O(10) GeV for the suppression mechanism to work.4

We calculate the relic density of �1 numerically by using Eq. (5). In Fig. 3 (Left), we show the mass splitting between �1 and
�2 required for the correct DM relic density as a function of the DM magnetic dipole moment µ

B

(solid). We can see that the
relic density constraint requires a larger mass splitting for a larger µ

B

as expected. For µ
B

preferred by the Fermi line signal as
indicated by the vertical green band, the required mass splitting is ⇠ 7 � 10 GeV. Note for a large µ

B

, the annihilation cross
section to �� becomes large enough to set the relic density without the presence of �2 in the thermal bath as indicated by the
steep rise of the curve for µ

B

& 7.5⇥10

�3µ
B

. In Fig. 3 (Right), we plot annihilation cross sections for �� (solid), �Z (dashed)
and ZZ (dotted) with respect to µ

B

for m1 = 130 GeV.
In this model, �2 decays to �1 promptly in the early Universe and it is not populated now due to the mass splitting. Thus, the

model evades the continuum photon constraint. Since the preferred �m is too large for signals in direct detection experiments,
the most promising way to explore this model is through the Large Hadron Collider (LHC) [36, 37, 56, 57].

B. Coannihilation with charged partners

Next, we present another coannihilation scenario in which the coannihilating state �2 carries electric charge. To be concrete,
we consider the following Lagrangian:

Lint = �̄2(gS + g
P

�5)�1�+

¯f(g0
S

+ g0
P

�5)f
0�+ h.c. (11)

4 In contrast, Ref. [36] focused on dipolar DM with �m ⇠ O(100 keV), which is sufficient to avoid continuum and direct detection constraints. Although
�m is too small to obtain the correct relic density by coannihilation, they argue that the Fermi line might be reconciled with the DM abundance by having
both electric and magnetic dipole moments, or through momentum-dependent dipole form factors.
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where Q
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is the electric charge in units of |e|, T3f is the weak isospin, and c
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is a color factor for fermion f (3 for quarks, 1
for leptons). The �1�2 ! W+W� cross section is O(1%) of the total f ¯f cross section, and can be neglected. In addition,
subleading �2�2 ! ��, Z�, ZZ also impact the relic density, and the cross sections are obtained by switching m1 and m2 in
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as preferred by the Fermi line signal. Clearly, a dipole which is large enough to generate the observed
�� line will give rise to too large an annihilation to f ¯f both for the relic density and for continuum constraints in the halo if
DM is a Dirac fermion (corresponding to m

M

= 0). This problem is easily solved in a model where the components of the
Dirac fermion are split. In this case, annihilation to fermions proceeds only via �1�2 ! f ¯f , and the annihilation rate will be
suppressed by a Boltzmann factor exp(��m/T
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) with �m = m2 �m1. Since T
f

⇡ 6 GeV for m1 = 130 GeV, we expect
�m ⇠ O(10) GeV for the suppression mechanism to work.4

We calculate the relic density of �1 numerically by using Eq. (5). In Fig. 3 (Left), we show the mass splitting between �1 and
�2 required for the correct DM relic density as a function of the DM magnetic dipole moment µ
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(solid). We can see that the
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as expected. For µ
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In this model, �2 decays to �1 promptly in the early Universe and it is not populated now due to the mass splitting. Thus, the

model evades the continuum photon constraint. Since the preferred �m is too large for signals in direct detection experiments,
the most promising way to explore this model is through the Large Hadron Collider (LHC) [36, 37, 56, 57].

B. Coannihilation with charged partners

Next, we present another coannihilation scenario in which the coannihilating state �2 carries electric charge. To be concrete,
we consider the following Lagrangian:
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4 In contrast, Ref. [36] focused on dipolar DM with �m ⇠ O(100 keV), which is sufficient to avoid continuum and direct detection constraints. Although
�m is too small to obtain the correct relic density by coannihilation, they argue that the Fermi line might be reconciled with the DM abundance by having
both electric and magnetic dipole moments, or through momentum-dependent dipole form factors.
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= 130 GeV, Q
F

= c
F

= 1, g
�

= 0.5g
F

(dotted),
g
�

= g
F

(solid), and g
�

= 2g
F

(dashed). All contours stop when g
�

g
F

⇠ O(40).

Using Eq. (24), we can estimate the magnitudes of coupling constants required to generate the photon line signal. When m
�

is
far from 2m

�

, a large coupling constant g
�

g
F

⇠ O(4� 10) is required for h�vi
��

= 10

�27
cm

3/s, depending on the mediator
mass. While m

�

⇡ 2m
�

, the line signal can be enhanced dramatically. In this resonance limit, the annihilation cross section to
photons can be approximated as

(�v)
��

⇡ 10

�27
cm

3/s

 
g2
�

g2
F

Q4
F

c2
F

2⇥ 10

�4

!⇣ m
F

130 GeV

⌘2✓
260 GeV

m
�

◆2✓
1 GeV
�

�

◆2

. (28)

Therefore, the line signal can be enhanced significantly in the resonance case and the required coupling constants can be much
less than O(1).

Next, we discuss the thermal relic density for �. Since �� ! F ¯F is dominated by the s-wave process, we only keep the a
term in the expansion of (�v) = (a+ bv2)v2, which is given by

a =

1

2⇡

g2
�

g2
F

c
F

m2
�

(s�m2
�

)

2
+m2

�

�

2
�

, (29)

where s = 4m2
�

/(1� v2/4) with a minimal v as 2(1�m2
�

/m2
F

)

1/2. In our numerical work, we take the thermal average on the
whole annihilation cross section av2 as in Eq. (20). This is important to calculate the relic density near resonance. We also have
checked that one may take s = 4m2

F

and use Eq. (21) directly if it is off resonance.
To see how we can enhance �� signals and obtain the DM density simultaneously in the forbidden case, it is suggestive to

check the ratio of (�v)
��

to (�v)
FF̄

. Taking Q
F

= c
F

= 1 and m
F

& m
�

, we have

(�v)
��

(�v)
FF̄

⇡ 2⇥ 10

�5 ⇥ 1

v2

(4m2
F

�m2
�

)

2
+m2

�

�

2
�

(4m2
�

�m2
�

)

2
+m2

�

�

2
�

. (30)

We see that there are two effects can overcome the loop suppression factor and boost (�v)
��

with respect to (�v)
FF̄

. The first
is the phase space factor v2; for m

F

& m
�

, we have v2 ⌧ 1. The second boost factor is from a resonance effect. Since F ¯F
annihilation occurs at s ⇡ 4m2

F

, while �� annihilation occurs at s ⇡ 4m2
�

, the latter can be enhanced by a pole at m
�

⇡ 2m
�

.
Both effects rely on forbidden channels. If m

F

⌧ m
�

, then v2 ⇠ 1 and both F ¯F and �� annihilation have the same resonant
enhancement because they have a same pole at m

�

= 2m
�

. Therefore, a successful implementation of these enhancements
relies on the mass gap between F and �.

We present our numerical results for the forbidden case on two complementary panels of Fig. 7. In Fig. 7 (Left), we show g
�

g
F

required for the DM relic density and h�vi
��

= 10

�27
cm

3/s as a function of m
�

. For each point along the contour, the value
of m

F

is given in Fig. 7 (Right). When m
�

⇡ 2m
�

, �� ! �� is enhanced and a small coupling constant is needed to generate
the Fermi line signal. In this case, a relatively small m

F

is required to suppress annihilation to F ¯F . It is interesting to note that
m

F

has to be very close to 130 GeV to obtain the correct relic density when �� is enhanced maximally. On the other hand,
(�v)

FF̄

is on resonance during freeze-out for m
�

⇡ 2m
F

. Therefore, one needs larger m
F

to suppress the boosted annihilation.
We also can see that the numerical result only has a mild dependence on the relative size of g

�

and g
F

. This is because the
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FIG. 6: Tree-level dark matter annihilation to heavy fermions in the forbidden case (Left). �� ! �� at one-loop (Right).

where a ⌘ m2
1/m

2
�

, b ⌘ m2
2/m

2
�

, and the functions I
n

(a, b) are defined in [58]. In the m
�

� m1,2 � �m ⌘ m2 �m1 limit,
we have F+ ⇡ (2 � ⇡2

) and F� ⇡ 2; however, for m
�

⇠ m1,2, these approximations overestimate the �� rate and we use the
exact expression in our analysis. Also, we expect the rates for �1�1 ! ZZ,Z� to be comparable, although the exact prediction
depends on the SU(2)

L

⇥ U(1)

Y

quantum numbers of �2 and �.
In Fig. 5, we present numerical results for this model.

• The solid curves show mass contours for h�vi
��

= 10

�27
cm

3/s, for fixed m1 = 130 GeV and for different couplings
g
S

, with g
P

= 0.1 g
S

(left panel) and g
P

= g
S

(right panel). The � line signal requires g
S

& O(1) and m2,m�

& m1.

• The dashed contours show parameters giving the DM relic density ⌦dmh2
= 0.11, for different values of the SM fermion

coupling g0 ⌘ p|g0
S

|2 + |g0
P

|2, with m1 = 130 GeV and g
S,P

fixed by h�vi
��

. There is a clear resonance for m
�

⇡
m1 + m2, with smaller values of g0 and larger �m allowed. (The width �

�

is computed as a function of the given
parameters.)

• The gray region is excluded by ⌦dmh2 < 0.11. For �m . 5 GeV, �2�̄2 annihilation is not sufficiently Boltzmann
suppressed, depleting �1 provided �1 and �2 are in chemical equilibrium. (This holds for g

S,P

⇠ 1, g0 � 10

�7.)

Taking m2 ⇡ 135 GeV (corresponding to the edge of the gray region) gives ⌦dmh2
= 0.11 in a large region of parameter space

(10�7 ⌧ g0 ⌧ 10

�1, off-resonance) with little dependence on the other new physics parameters, since the relic density is set
through electromagnetic interactions. That is, the new physics particles need not have large couplings to SM states, aside from
their electromagnetic couplings. In any case, this coannihilation model presents a viable framework for explaining the DM relic
density with an enhanced � line signal.

III. FORBIDDEN CHANNELS

The second exception occurs when all the virtual charged particles generating the DM coupling to photons have a slightly
larger mass than the DM. Although the coupling between DM and the charged particles has to be strong to overcome the
loop-suppression factor, the annihilation cross section to charged particles at tree-level is suppressed kinematically. During
freeze-out, DM is non-relativistic and its typical velocity is ⇠ 0.3 c. If the charged particles have masses not far from the DM
mass, annihilation to the charged particles can still proceed in the early Universe, albeit less efficiently. As a result, one is able to
obtain the correct relic density despite the large couplings needed to generate a photon line. On the other hand, DM has a typical
velocity ⇠ 10

�3 c in the halo today so that the direct annihilation to the charged particles is kinematically forbidden, evading
constraints from continuum photons. In Ref. [8], this mechanism was used to generate enhanced DM annihilation to �Z and
�h, with the forbidden particle as the t quark. Here, we investigate a different model with enhanced annihilation to ��, and we
compute the required mass splitting between the forbidden states and DM to obtain the correct relic density and the Fermi line
signal simultaneously.

We proceed to estimate the relic density through annihilation to the charged particle pairs, �̄� ! F ¯F , where we use F
to denote charged fermions heavier than DM. We begin by reviewing the discussion of [53]. Since the velocity of the final-
state particles is small, it is convenient to write the annihilation cross section in the form (�v) = (a + bv2)v2, where v is the
relative velocity of the initial-state particles, v2 is the velocity of the final-state particles in the center of mass frame, and a and b
characterize the s-wave and p-wave contributions to the annihilation cross section respectively as usual.5 Note v2 must present in
the annihilation cross section because it is from the phase space of the final-state particles. Energy and momentum conservation

5 The reader should not be confused with the mass ratios a, b defined in Sec. II. Here, a, b refer to s- and p-wave cross sections only.
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Oscillating ADM

• Asymmetry may be erased
• Any violation of DM 

number can lead to dark-
anti-dark oscillations 

• Like    oscillations
• Become important when 

mass exceeds Hubble 
expansion
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FIG. 2: Evolution of DM density for mX = 300 GeV, 〈σv〉 = 7.5 pb, δm = 10−7 eV. Top
left: rates H, ωosc, and Γ±, for κ = 10−4. Top right: flavor-blind interaction for both κ = 0
(no scattering) and κ = 10−4 (with scattering). Bottom left: flavor-sensitive interaction with no

scattering. Bottom right: flavor-sensitive interaction with scattering. Dashed line is initial DM
asymmetry ηDM = 8.8× 10−11. Pink band is observed ΩDM .

• Top right: Flavor-blind interaction case, with or without scattering. Residual anni-
hilation turns on when oscillations begin7, depleting the DM density by O(100). A
non-vanishing rate Γ+ does not affect the DM evolution.

• Bottom left: Flavor-sensitive interaction case, without scattering (κ = 0). Oscillations
turn on at x ∼ 30, but no residual annihilation takes place. The total DM density
remains frozen-out at its asymmetric value.

• Bottom right: Flavor-sensitive interaction case, with scattering (κ = 10−4). Scattering
quenches oscillations until x ∼ 500. For ωosc > Γ− > H (x ! 500), rapid oscillations
and scatterings cause decoherence, and residual annihilation depletes the DM density
by O(10).

The dashed line denotes the initial asymmetric DM charge density ηDM ≡ YX−YX̄ , assumed
to be ηDM = 8.8 × 10−11, equal to the baryon density. The pink band corresponds to the
observed DM energy density ΩDM (with ±2σ thickness).

7 Here, flavor-blind annihilation causes decoherence [22], delaying the onset of oscillations until x ∼ 100.
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Dark Matter

• Still need to suppress continuum today
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FIG. 8: Scalar DM � annihilating to SM fermions ff̄ (Left) and �� (Right), where F is a new massive charged fermion.

value of each coupling enters the calculation individually only through �

�

, which is only important near the resonance. The
dependence is negligible for small m

�

, where the width is very narrow and it does not play a role. For m
�

& 300� 350 GeV,
the effect is more noticeable since more decay channels become kinematically accessible. In this model, the preferred value of
m

F

is ⇠ 130� 165 GeV depending on parameters. With such heavy charged particles, it is clear that �� ! F ¯F is forbidden
kinematically in the galaxy today, and the model evades the continuum photon constraint.

IV. ASYMMETRIC DARK MATTER

Asymmetric DM (ADM) [61] provides a third exception for reconciling an enhanced � line signal with the observed relic
density.6 We assume that DM � is a complex state carrying a U(1)

�

conserved charge, and that a nonzero � chemical potential
arises sometime before the freeze-out epoch, generating an asymmetry of � over its antiparticle �†. In ADM freeze-out, the
��† annihilation cross section can be much larger than ⇠ 6⇥ 10

�26
cm

3/s required for symmetric freeze-out. In this case, ��†

annihilation is quenched once �† is depleted, and the relic � density is determined by the primordial asymmetry. This is similar
in spirit to coannihilation, where the coannihilating state �† is suppressed by a chemical potential, rather than a mass splitting.

DM annihilation can occur in the Universe today if the � asymmetry is washed out after freeze-out through � $ �† oscilla-
tions [68–71]. Particle-antiparticle oscillations are generic in a wide class of ADM models where, unless U(1)

�

descends from
a gauge symmetry, one expects U(1)

�

-breaking mass terms to arise, e.g., through Planck-suppressed operators. In this case, �
and �† are no longer mass eigenstates, and oscillations commence once the mass splitting between the real components of � is
comparable to the Hubble expansion rate.

We consider a model where � is a complex scalar with an interaction

Lint = � ¯F (g
L

P
L

+ g
R

P
R

)f + h.c. , (31)

where g
L,R

are couplings, f is a SM fermion, and F is a new massive fermion carrying U(1)

�

with mass m
F

> m
�

. We
assume f, F carry electric charge Q

f

|e| = Q
F

|e|. DM directly annihilates to f ¯f at tree-level and to �� at one-loop, shown in
Fig. 8. Since one expects the former to be enhanced over the latter by O(⇡2/↵2

), we must address how this model can generate
the observed � line while avoiding � continuum constraints.

The case of scalar DM provides a natural mechanism to suppress annihilation to f ¯f , thereby evading the � continuum con-
straint. If � couples chirally, ��† ! f ¯f is p-wave or chirality-suppressed as a consequence of angular momentum conservation.
Taking, e.g., g

L

= 0, we have

�(��† ! f ¯f)v ⇡ |g
R

|4(3m2
f

+m2
�

v2)

48⇡(m2
�

+m2
F

)

2
, (32)

keeping only the leading terms in v2 or m2
f

. On the other hand, if g
L

⇠ g
R

6= 0, the leading contribution is s-wave and is not
chirality-suppressed:

�(��† ! f ¯f)v ⇡ |g
L

|2|g
R

|2m2
F

4⇡(m2
�

+m2
F

)

2
. (33)

For example, in the case of f = ⌧ , the annihilation rate in the galactic halo today (v ⇠ 10

�3
) is

�(��† ! ⌧ ⌧̄)v ⇡
⇢

10

�23
cm

3/s⇥ |g
L

|2|g
R

|2 for g
L

⇠ g
R

6⇥ 10

�28
cm

3/s⇥ |g
R

|4 for g
L

= 0

, (34)

6 For early ADM works, see [62–66]; for more recent works, see [67] and Refs. therein.

10

�†

�

F

f

¯f �†

�

f F

�

�

FIG. 8: Scalar DM � annihilating to SM fermions ff̄ (Left) and �� (Right), where F is a new massive charged fermion.

value of each coupling enters the calculation individually only through �

�

, which is only important near the resonance. The
dependence is negligible for small m

�

, where the width is very narrow and it does not play a role. For m
�

& 300� 350 GeV,
the effect is more noticeable since more decay channels become kinematically accessible. In this model, the preferred value of
m

F

is ⇠ 130� 165 GeV depending on parameters. With such heavy charged particles, it is clear that �� ! F ¯F is forbidden
kinematically in the galaxy today, and the model evades the continuum photon constraint.

IV. ASYMMETRIC DARK MATTER

Asymmetric DM (ADM) [61] provides a third exception for reconciling an enhanced � line signal with the observed relic
density.6 We assume that DM � is a complex state carrying a U(1)

�

conserved charge, and that a nonzero � chemical potential
arises sometime before the freeze-out epoch, generating an asymmetry of � over its antiparticle �†. In ADM freeze-out, the
��† annihilation cross section can be much larger than ⇠ 6⇥ 10

�26
cm

3/s required for symmetric freeze-out. In this case, ��†

annihilation is quenched once �† is depleted, and the relic � density is determined by the primordial asymmetry. This is similar
in spirit to coannihilation, where the coannihilating state �† is suppressed by a chemical potential, rather than a mass splitting.

DM annihilation can occur in the Universe today if the � asymmetry is washed out after freeze-out through � $ �† oscilla-
tions [68–71]. Particle-antiparticle oscillations are generic in a wide class of ADM models where, unless U(1)

�

descends from
a gauge symmetry, one expects U(1)

�

-breaking mass terms to arise, e.g., through Planck-suppressed operators. In this case, �
and �† are no longer mass eigenstates, and oscillations commence once the mass splitting between the real components of � is
comparable to the Hubble expansion rate.

We consider a model where � is a complex scalar with an interaction

Lint = � ¯F (g
L

P
L

+ g
R

P
R

)f + h.c. , (31)

where g
L,R

are couplings, f is a SM fermion, and F is a new massive fermion carrying U(1)

�

with mass m
F

> m
�

. We
assume f, F carry electric charge Q

f

|e| = Q
F

|e|. DM directly annihilates to f ¯f at tree-level and to �� at one-loop, shown in
Fig. 8. Since one expects the former to be enhanced over the latter by O(⇡2/↵2

), we must address how this model can generate
the observed � line while avoiding � continuum constraints.

The case of scalar DM provides a natural mechanism to suppress annihilation to f ¯f , thereby evading the � continuum con-
straint. If � couples chirally, ��† ! f ¯f is p-wave or chirality-suppressed as a consequence of angular momentum conservation.
Taking, e.g., g

L

= 0, we have

�(��† ! f ¯f)v ⇡ |g
R

|4(3m2
f

+m2
�

v2)

48⇡(m2
�

+m2
F

)

2
, (32)

keeping only the leading terms in v2 or m2
f

. On the other hand, if g
L

⇠ g
R

6= 0, the leading contribution is s-wave and is not
chirality-suppressed:

�(��† ! f ¯f)v ⇡ |g
L

|2|g
R

|2m2
F

4⇡(m2
�

+m2
F

)

2
. (33)

For example, in the case of f = ⌧ , the annihilation rate in the galactic halo today (v ⇠ 10

�3
) is

�(��† ! ⌧ ⌧̄)v ⇡
⇢

10

�23
cm

3/s⇥ |g
L

|2|g
R

|2 for g
L

⇠ g
R

6⇥ 10

�28
cm

3/s⇥ |g
R

|4 for g
L

= 0

, (34)

6 For early ADM works, see [62–66]; for more recent works, see [67] and Refs. therein.
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value of each coupling enters the calculation individually only through �
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, which is only important near the resonance. The
dependence is negligible for small m
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, where the width is very narrow and it does not play a role. For m
�

& 300� 350 GeV,
the effect is more noticeable since more decay channels become kinematically accessible. In this model, the preferred value of
m

F

is ⇠ 130� 165 GeV depending on parameters. With such heavy charged particles, it is clear that �� ! F ¯F is forbidden
kinematically in the galaxy today, and the model evades the continuum photon constraint.

IV. ASYMMETRIC DARK MATTER

Asymmetric DM (ADM) [61] provides a third exception for reconciling an enhanced � line signal with the observed relic
density.6 We assume that DM � is a complex state carrying a U(1)

�

conserved charge, and that a nonzero � chemical potential
arises sometime before the freeze-out epoch, generating an asymmetry of � over its antiparticle �†. In ADM freeze-out, the
��† annihilation cross section can be much larger than ⇠ 6⇥ 10

�26
cm

3/s required for symmetric freeze-out. In this case, ��†

annihilation is quenched once �† is depleted, and the relic � density is determined by the primordial asymmetry. This is similar
in spirit to coannihilation, where the coannihilating state �† is suppressed by a chemical potential, rather than a mass splitting.

DM annihilation can occur in the Universe today if the � asymmetry is washed out after freeze-out through � $ �† oscilla-
tions [68–71]. Particle-antiparticle oscillations are generic in a wide class of ADM models where, unless U(1)

�

descends from
a gauge symmetry, one expects U(1)

�

-breaking mass terms to arise, e.g., through Planck-suppressed operators. In this case, �
and �† are no longer mass eigenstates, and oscillations commence once the mass splitting between the real components of � is
comparable to the Hubble expansion rate.

We consider a model where � is a complex scalar with an interaction

Lint = � ¯F (g
L

P
L

+ g
R

P
R

)f + h.c. , (31)

where g
L,R

are couplings, f is a SM fermion, and F is a new massive fermion carrying U(1)

�

with mass m
F

> m
�

. We
assume f, F carry electric charge Q

f

|e| = Q
F

|e|. DM directly annihilates to f ¯f at tree-level and to �� at one-loop, shown in
Fig. 8. Since one expects the former to be enhanced over the latter by O(⇡2/↵2

), we must address how this model can generate
the observed � line while avoiding � continuum constraints.

The case of scalar DM provides a natural mechanism to suppress annihilation to f ¯f , thereby evading the � continuum con-
straint. If � couples chirally, ��† ! f ¯f is p-wave or chirality-suppressed as a consequence of angular momentum conservation.
Taking, e.g., g

L

= 0, we have

�(��† ! f ¯f)v ⇡ |g
R

|4(3m2
f

+m2
�

v2)

48⇡(m2
�

+m2
F

)

2
, (32)

keeping only the leading terms in v2 or m2
f

. On the other hand, if g
L

⇠ g
R

6= 0, the leading contribution is s-wave and is not
chirality-suppressed:

�(��† ! f ¯f)v ⇡ |g
L

|2|g
R

|2m2
F

4⇡(m2
�

+m2
F

)

2
. (33)

For example, in the case of f = ⌧ , the annihilation rate in the galactic halo today (v ⇠ 10

�3
) is

�(��† ! ⌧ ⌧̄)v ⇡
⇢

10

�23
cm

3/s⇥ |g
L

|2|g
R

|2 for g
L

⇠ g
R

6⇥ 10

�28
cm

3/s⇥ |g
R

|4 for g
L

= 0

, (34)

6 For early ADM works, see [62–66]; for more recent works, see [67] and Refs. therein.
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FIG. 9: Left: Matrix element A as a function of mass splitting m
F

� m
�

, for m
�

= 130 GeV and m
f

= 0. Right: Solid contour shows
coupling |g

R

| and mass splitting m
F

�m
�

required for h�vi
��

= 10�27 cm3/s, for m
�

= 130 GeV and g
L

= 0; dashed blue contours show
��† ! ⌧ ⌧̄ cross sections for f = ⌧ case. Shaded region is excluded by ADM relic density considerations (see text).

taking m
F

⇠ m
�

= 130 GeV. Clearly, O(1) chiral couplings are consistent with � continuum constraints, while nonchiral
couplings are much more strongly constrained.

The cross section for ��† ! �� is given by

h�vi
��

=

↵2Q4
f

(|g
L

|2 + |g
R

|2)2
64⇡3m2

�

|A|2 ⇡ 2⇥ 10

�29
cm

3/s⇥Q4
f

(|g
L

|2 + |g
R

|2)2|A|2 . (35)

The matrix element A, computed in Ref. [7] for m
f

= 0, can be expressed as

A = 2� 2 log

�
1� ⌧

�� 2⌧�1
arcsin

2
�p

⌧
�
, (36)

where ⌧ = m2
�

/m2
F

. The numerical value of A is shown in Fig. 9 (Left). Although A diverges logarithmically for ⌧ ! 1, we
expect the analytical formula to break down when ⌧ ⇡ 1�m2

f

/m2
�

since O(m2
f

) terms have been neglected.
In Fig. 9 (Right), we show numerical results for ��† annihilation cross sections for m

�

= 130 GeV and g
L

= 0. The solid
contour shows the coupling g

R

and mass splitting m
F

� m
�

required for h�vi
��

= 10

�27
cm

3/s to explain the Fermi � line
signal. The required parameters are easily consistent with � continuum constraints on ��† ! f ¯f . For example, taking f = ⌧ ,
the dashed blue contours show the ��† ! ⌧ ⌧̄ cross section, easily consistent with present constraints [10, 22, 23]. Note the
cases with f = e, µ are even less constrained by continuum constraints due to the chirality suppression.

Lastly, we discuss constraints from DM relic density considerations. ADM freeze-out in the early Universe requires a large
annihilation cross section h�vi & 6⇥ 10

�26
cm

3/s to deplete the symmetric � density, leaving behind the residual asymmetric
component. Although ��† ! f ¯f is suppressed today, annihilation is greatly enhanced in the early Universe in two ways:
(i) the DM velocity during freeze-out is v ⇠ 0.3, enhancing the p-wave term in Eq. (32), and (ii) for m

F

� m
�

. 10 GeV,
coannihilation becomes important. The total effective annihilation cross section is (see Sec. II)

h�e↵vi = r2
�

h�(��† ! f ¯f)vi+ 2r
�

r
F

h�(�F ! � ¯f)vi+ r2
F

h�(F ¯F ! SM)vi (37)

with coannihilation cross sections

�(�F ! � ¯f)v =

↵Q2
F

(|g
L

|2 + |g
R

|2)m
�

8m2
F

(m
�

+m
F

)

, �(F ¯F ! SM)v ⇡ �
Q4

F

+ (20/3)Q2
F

�↵2⇡

m2
F

, (38)

where for F ¯F annihilation into SM particles we include only the dominant electromagnetic terms, summing over �� and all
fermions except t. Considering the case where f = ⌧ , g

L

= 0, and m
�

= 130 GeV, the gray region in Fig. 9 is excluded by
requiring h�e↵vi > 6⇥ 10

�26 at x
f

= 25. That is, the � line signal is fully consistent with ADM freeze-out. Parameters where
symmetric DM gives the correct relic density correspond to the border of the gray and white regions, and therefore DM must be
asymmetric in this model to explain the � line signal.

In addition, we require that � $ �† oscillations begin during or after the freeze-out epoch to wash out the DM asymmetry,
giving rise to observable annihilation signals today. Therefore, the U(1)

�

-breaking mass splitting should be less than H(T
f

) ⇠
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• Still need to suppress continuum today
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FIG. 8: Scalar DM � annihilating to SM fermions ff̄ (Left) and �� (Right), where F is a new massive charged fermion.

value of each coupling enters the calculation individually only through �

�

, which is only important near the resonance. The
dependence is negligible for small m

�

, where the width is very narrow and it does not play a role. For m
�

& 300� 350 GeV,
the effect is more noticeable since more decay channels become kinematically accessible. In this model, the preferred value of
m

F

is ⇠ 130� 165 GeV depending on parameters. With such heavy charged particles, it is clear that �� ! F ¯F is forbidden
kinematically in the galaxy today, and the model evades the continuum photon constraint.

IV. ASYMMETRIC DARK MATTER

Asymmetric DM (ADM) [61] provides a third exception for reconciling an enhanced � line signal with the observed relic
density.6 We assume that DM � is a complex state carrying a U(1)

�

conserved charge, and that a nonzero � chemical potential
arises sometime before the freeze-out epoch, generating an asymmetry of � over its antiparticle �†. In ADM freeze-out, the
��† annihilation cross section can be much larger than ⇠ 6⇥ 10

�26
cm

3/s required for symmetric freeze-out. In this case, ��†

annihilation is quenched once �† is depleted, and the relic � density is determined by the primordial asymmetry. This is similar
in spirit to coannihilation, where the coannihilating state �† is suppressed by a chemical potential, rather than a mass splitting.

DM annihilation can occur in the Universe today if the � asymmetry is washed out after freeze-out through � $ �† oscilla-
tions [68–71]. Particle-antiparticle oscillations are generic in a wide class of ADM models where, unless U(1)

�

descends from
a gauge symmetry, one expects U(1)

�

-breaking mass terms to arise, e.g., through Planck-suppressed operators. In this case, �
and �† are no longer mass eigenstates, and oscillations commence once the mass splitting between the real components of � is
comparable to the Hubble expansion rate.

We consider a model where � is a complex scalar with an interaction

Lint = � ¯F (g
L

P
L

+ g
R

P
R

)f + h.c. , (31)

where g
L,R

are couplings, f is a SM fermion, and F is a new massive fermion carrying U(1)

�

with mass m
F

> m
�

. We
assume f, F carry electric charge Q

f

|e| = Q
F

|e|. DM directly annihilates to f ¯f at tree-level and to �� at one-loop, shown in
Fig. 8. Since one expects the former to be enhanced over the latter by O(⇡2/↵2

), we must address how this model can generate
the observed � line while avoiding � continuum constraints.

The case of scalar DM provides a natural mechanism to suppress annihilation to f ¯f , thereby evading the � continuum con-
straint. If � couples chirally, ��† ! f ¯f is p-wave or chirality-suppressed as a consequence of angular momentum conservation.
Taking, e.g., g

L

= 0, we have

�(��† ! f ¯f)v ⇡ |g
R

|4(3m2
f

+m2
�

v2)

48⇡(m2
�

+m2
F

)

2
, (32)

keeping only the leading terms in v2 or m2
f

. On the other hand, if g
L

⇠ g
R

6= 0, the leading contribution is s-wave and is not
chirality-suppressed:

�(��† ! f ¯f)v ⇡ |g
L

|2|g
R

|2m2
F

4⇡(m2
�

+m2
F

)

2
. (33)

For example, in the case of f = ⌧ , the annihilation rate in the galactic halo today (v ⇠ 10

�3
) is

�(��† ! ⌧ ⌧̄)v ⇡
⇢

10

�23
cm

3/s⇥ |g
L

|2|g
R

|2 for g
L

⇠ g
R

6⇥ 10

�28
cm

3/s⇥ |g
R

|4 for g
L

= 0

, (34)

6 For early ADM works, see [62–66]; for more recent works, see [67] and Refs. therein.
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FIG. 9: Left: Matrix element A as a function of mass splitting m
F

� m
�

, for m
�

= 130 GeV and m
f

= 0. Right: Solid contour shows
coupling |g

R

| and mass splitting m
F

�m
�

required for h�vi
��

= 10�27 cm3/s, for m
�

= 130 GeV and g
L

= 0; dashed blue contours show
��† ! ⌧ ⌧̄ cross sections for f = ⌧ case. Shaded region is excluded by ADM relic density considerations (see text).

taking m
F

⇠ m
�

= 130 GeV. Clearly, O(1) chiral couplings are consistent with � continuum constraints, while nonchiral
couplings are much more strongly constrained.

The cross section for ��† ! �� is given by

h�vi
��

=

↵2Q4
f

(|g
L

|2 + |g
R

|2)2
64⇡3m2

�

|A|2 ⇡ 2⇥ 10

�29
cm

3/s⇥Q4
f

(|g
L

|2 + |g
R

|2)2|A|2 . (35)

The matrix element A, computed in Ref. [7] for m
f

= 0, can be expressed as

A = 2� 2 log

�
1� ⌧

�� 2⌧�1
arcsin

2
�p

⌧
�
, (36)

where ⌧ = m2
�

/m2
F

. The numerical value of A is shown in Fig. 9 (Left). Although A diverges logarithmically for ⌧ ! 1, we
expect the analytical formula to break down when ⌧ ⇡ 1�m2

f

/m2
�

since O(m2
f

) terms have been neglected.
In Fig. 9 (Right), we show numerical results for ��† annihilation cross sections for m

�

= 130 GeV and g
L

= 0. The solid
contour shows the coupling g

R

and mass splitting m
F

� m
�

required for h�vi
��

= 10

�27
cm

3/s to explain the Fermi � line
signal. The required parameters are easily consistent with � continuum constraints on ��† ! f ¯f . For example, taking f = ⌧ ,
the dashed blue contours show the ��† ! ⌧ ⌧̄ cross section, easily consistent with present constraints [10, 22, 23]. Note the
cases with f = e, µ are even less constrained by continuum constraints due to the chirality suppression.

Lastly, we discuss constraints from DM relic density considerations. ADM freeze-out in the early Universe requires a large
annihilation cross section h�vi & 6⇥ 10

�26
cm

3/s to deplete the symmetric � density, leaving behind the residual asymmetric
component. Although ��† ! f ¯f is suppressed today, annihilation is greatly enhanced in the early Universe in two ways:
(i) the DM velocity during freeze-out is v ⇠ 0.3, enhancing the p-wave term in Eq. (32), and (ii) for m

F

� m
�

. 10 GeV,
coannihilation becomes important. The total effective annihilation cross section is (see Sec. II)

h�e↵vi = r2
�

h�(��† ! f ¯f)vi+ 2r
�

r
F

h�(�F ! � ¯f)vi+ r2
F

h�(F ¯F ! SM)vi (37)

with coannihilation cross sections

�(�F ! � ¯f)v =

↵Q2
F

(|g
L

|2 + |g
R

|2)m
�

8m2
F

(m
�

+m
F

)

, �(F ¯F ! SM)v ⇡ �
Q4

F

+ (20/3)Q2
F

�↵2⇡

m2
F

, (38)

where for F ¯F annihilation into SM particles we include only the dominant electromagnetic terms, summing over �� and all
fermions except t. Considering the case where f = ⌧ , g

L

= 0, and m
�

= 130 GeV, the gray region in Fig. 9 is excluded by
requiring h�e↵vi > 6⇥ 10

�26 at x
f

= 25. That is, the � line signal is fully consistent with ADM freeze-out. Parameters where
symmetric DM gives the correct relic density correspond to the border of the gray and white regions, and therefore DM must be
asymmetric in this model to explain the � line signal.

In addition, we require that � $ �† oscillations begin during or after the freeze-out epoch to wash out the DM asymmetry,
giving rise to observable annihilation signals today. Therefore, the U(1)

�

-breaking mass splitting should be less than H(T
f

) ⇠
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Exception 4: Annihilate 
to Degenerate States 

• Why is the mass splitting so small?
• A symmetry? Flavor symmetry?

A Simple Recipe for the 111 and 128 GeV Lines

JiJi Fan and Matthew Reece
Department of Physics, Harvard University, Cambridge, MA, 02138

Recently evidence for gamma ray lines at energies of approximately 111 and 128 GeV has been
found in Fermi-LAT data from the center of the galaxy and from unassociated point sources. Many
explanations in terms of dark matter particle pairs annihilating to �� and �Z have been suggested,
but these typically require very large couplings or mysterious coincidences in the masses of several
new particles to fit the signal strength. We propose a simple novel explanation in which dark matter
is part of a multiplet of new states which all have mass near 260 GeV as a result of symmetry. Two
dark matter particles annihilate to a pair of neutral particles in this multiplet which subsequently
decay to �� and �Z. For example, one may have a triplet of pseudo-Nambu-Goldstone bosons,
⇡h
± and ⇡h

0 , where ⇡h
± are stabilized by their charge under a new U(1) symmetry and the slightly

lighter neutral state ⇡h
0 decays to �� and �Z. The symmetry structure of such a model explains

the near degeneracy in masses needed for the resulting photons to have a line-like shape and the
large observed flux. The tunable lifetime of the neutral state allows such models to go unseen
at direct detection or collider experiments that can constrain most other explanations. However,
nucleosynthesis constraints on the ⇡h

0 lifetime fix a minimum necessary coupling between the new
multiplet and the Standard Model. The spectrum is predicted to be not a line but a box with a
width of order a few GeV, smaller than but on the order of the Fermi-LAT resolution.

Introduction: Dark matter makes up 80% of the
matter in our universe, but its nature continues to be
elusive. A number of independent lines of evidence o↵er
a persuasive picture of dark matter’s existence and grav-
itational interactions, but it is unclear whether it has
interactions that are stronger than gravity with known
Standard Model particles. Recently, a striking observa-
tion has been made of monochromatic gamma ray emis-
sion near the center of the galaxy [1, 2], with energy about
128 GeV. Subsequent studies [3, 4] have shown that there
may be a second line with an energy of about 111 GeV,
and that both lines also show up in unassociated sources
in the Fermi-LAT catalogue [5]. This is suggestive of
dark matter annihilating to �� and �Z, with the unasso-
ciated sources as potential dark matter subhalos within
the Miky Way.

typically) a factor of e4/(8�2) lower, i.e. ��v� (��) � 10�29 cm3/s. So we expect robust
tension between continuum gamma-ray bounds and annihilation through loops of
SM matter.

3. Subdominant wino DM? To illustrate the previous point: computing for winos in the
MSSM with Micromegas [?], we find at 128 GeV:

��v� (W̃ 0W̃ 0�W+W�) � 3� 10�24 cm3/s (10)
��v� (W̃ 0W̃ 0� �Z) � 9� 10�27 cm3/s (11)
��v� (W̃ 0W̃ 0� ��) � 2� 10�27 cm3/s (12)

If we believe Hooper’s results, then even if winos are only about 1/10 of all the dark
matter there is some tension with the galactic center, and the corresponding photon lines
would be at the 10�28 cm3/s level, too small to explain the observation. The suggestion
of Acharya et al. [?] is then ruled out, in an especially decisive way if Hooper’s bound
is correct.

4. Direct detection: Any dark matter that annihilates to �� or �Z can in principle show up
in direct-detection experiments through either a loop process (exchanging two photons
or a photon and a Z with the nucleus) or the 2 � 3 process �N � �N�. However,
these will typically be small enough that there is no limit (in fact, they may be small
enough that the neutrino background swamps any possible detection, possibly with the
exception of directional direct detection). Estimates for a particular model appear in [?],
and are several orders of magnitude below the current limits.

I expect that any model consistent with Hooper’s tree-level continuum gamma-ray con-
straints will also be safe, or at worst borderline, from direct detection through Higgs
exchange. Can we make this statement more precise? This is interesting even inde-
pendent of the gamma-ray line, since it suggests that Fermi-LAT is doing roughly as well
as Xenon at constraining models.

5. Neutrinos: Annihilation to Z bosons in the sun lead to a flux of neutrinos that may be
detectable on Earth. What are the numbers? Edit: I think it’s hopeless—but still
should maybe write down some numbers.

�

Figure 3: Illustrating the role of charge particles in arguments about the �-ray line.

5

FIG. 1. A model of DM + DM ! � + � often implies the
existence of a tree-level annihilation, by cutting the loop.

Because dark matter charge is constrained to be
tiny [6, 7], a model in which two dark matter particles
annihilate to two photons will generally rely on annihi-
lation through a loop of charged particles. As illustrated
in Figure 1, this will imply the existence of a tree-level
annihilation process to charged particles (whenever they
are light enough to be kinematically accessible). These
charged particles can radiate photons and frequently de-
cay to showers of hadrons that can in turn decay to fur-
ther photons. This would appear as a continuum spec-
trum of gamma rays that have not yet been seen in Fermi-

LAT data, ruling out many models fitting the lines, in-
cluding MSSM neutralinos [8–10].
Estimates of the strength of the line vary from about

1.3 to 5.1 ⇥10�27 cm3/s [2, 11], and depend to some ex-
tent on assumptions about the halo properties. For the
simplest cases of DM annihilating through a loop, this re-
quires rather large couplings, even allowing for numerical
enhancements from coincidences in the mass of the DM
and the charged particle in the loop [12, 13]. (Similar re-
marks apply to UV completions of MiDM/RayDM [14].)
Another possible source of enhancement is from s-
channel exchange of a pseudoscalar [13, 15–17] or (for
�Z without ��) vector [18], but this again requires a tun-
ing of the mass in the propagator for an enhancement.
(Another interesting model that predicts this topology
is Goldstone fermion dark matter [19].) These models
could be probed at colliders [14] or in direct detection
experiments [20].

DM
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�h

0

�h
0

Figure 4: Topology leading to a box-shaped gamma ray feature
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FIG. 2. The process DM+DM ! ⇡h
0 +⇡h

0 , for a pseudoscalar
⇡h
0 which subsequently decays to photons, leads to a box-

shaped gamma-ray spectrum [21, 22]. The goal of our model
is to explain the narrowness of the box by placing the DM
and ⇡h

0 in the same multiplet due to some symmetry, with
nearly the same mass.

A strikingly di↵erent option is the possibility that the
gamma ray lines are actually narrow box-shaped fea-
tures [21, 22]. This occurs when dark matter annihilates
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which, as ε → 0, limits to a delta function centered at mχ/2. Here Θ(x) is the usual Heavyside

function.
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Figure 7: The energy-smeared rectangular photon spectra of Eq. (22) for different values of the mass
splitting ε. The dark matter mass is chosen to be 260 GeV for the red solid, green dotdashed, orange
dotted lines. As a comparison, we also show a smeared delta function at 130 GeV in the blue dashed
line.

Since the gamma line spectrum can provide a good fit to Fermi LAT data, we also anticipate a

good fit for this model for sufficiently small ε. To estimate upper bounds for ε, we consider the average

Fermi-LAT energy resolution for gamma ray energies above 50 GeV, σ(E)/E ≈ 0.10 + 0.0001E/GeV

[41]. We use this energy resolution to smear the spectra in Eq. (22) for different values of ε and

compare them with a smeared delta function spectrum centered at 130 GeV. The results are shown

in Fig. 7, where we have shown three different values of ε = 0.01, 0.02, 0.04 in the red solid, green dot-

dashed, and orange dotted lines. The delta function spectrum is shown in the blue dashed line. As

one can see, once O(
√
ε/2) is smaller than the energy resolution (order 10%) the distinctions between

the smeared delta function and the smeared cascade spectra are minimal.

To work out the parameter space for this model we translate the best-fit line spectra of [8] to the

cascade model. Since the photon flux from dark matter annihilation is inversely proportional to the
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2

to (pseudo)scalar states which in turn decay to two pho-
tons (or � + Z), as shown in Figure 2. The gamma rays
arising from these decays have energy bounded between
1

2

⇣
m

DM

±
p
m2

DM

�m2

⇡

⌘
, becoming a sharp line in the

limit m⇡ ! m
DM

. This motivates the study of mod-
els with m

DM

⇡ 2E
line

⇠ 260 GeV, with a pseudoscalar
nearby in mass [13, 22–24]. Because the annihilation pro-
cess in this case is tree-level, it is much easier to accom-
modate the values of �v that fit the data. On the other
hand, because the decay process, which is the only con-
nection to the Standard Model, can be relatively delayed,
one can imagine hidden sector dark matter that is di�-
cult to probe in collider or direct detection experiments.

Our goal in this paper is simply to point out that the
coincidence m

DM

⇡ m⇡ has a beautifully simple explana-
tion if dark matter and the pseudoscalar ⇡ are members
of a multiplet. For example, consider low-energy QCD,
in which the charged pions are slightly heavier than the
neutral pion. In a world without weak interactions, the
charged pions would be stable, but could annihilate to
neutral pions. This will be the basis for our model: a
heavier copy of QCD, with stable “charged” pions con-
stituting the dark matter, where the charge is under a
new U(1) symmetry. The neutral pion, through a higher-
dimension operator, can decay to photons. This decay,
in our model, gives rise to the gamma rays observed by
Fermi-LAT. We will also point out that Big-Bang nucle-
osynthesis (BBN) constraints on the ⇡ lifetime impose a
limit to how weakly coupled dark matter and the Stan-
dard Model can be in such models.

A Simple Pion Model: Our model for the narrow
box-shaped gamma ray features mimics a subset of the
fields of QCD. We take an SU(N) gauge group with mat-
ter content displayed in Table I. U(1)X is a new abelian
symmetry which stabilizes the dark matter. The p and q
fields may be thought of as analogues of the up and down
quark in QCD. In addition, we assume the existence of a
light axion field a which couples to the field strengths of
both hypercharge and the SU(N) group (denoted Ha

µ⌫):

L
axion

=
cB↵Y

8⇡

a

fa
Bµ⌫B̃µ⌫ +

↵N

8⇡

a

fa
Haµ⌫H̃a

µ⌫ . (1)

This axion gets a mass from SU(N) instantons and is not
the QCD axion.

SU(N) U(1)X

p ⇤ +1/2

p ⇤ �1/2

q ⇤ �1/2

q ⇤ +1/2

TABLE I. Field content of the model’s hidden sector. The
fields are all taken to be left-handed Weyl fermions.

We assume that there are mass terms mppp + mqqq,
with mp 6= mq and mp,q < ⇤N , where ⇤N is the con-
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Figure 4: Topology leading to a box-shaped gamma ray feature
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FIG. 3. The process ⇡h
0 ! �� in our model. It proceeds by

mixing with a light axion a that couples both to FF̃ and HH̃.
The ⇡h

0 can only decay in this way through its mixing with
the ⌘h

0 state, which requires isospin breaking mp 6= mq.

finement scale of SU(N). The theory above the scale ⇤N

enjoys a U(2)L⇥ U(2)R symmetry, which as in QCD is
broken to the diagonal. This results in Nambu-Goldstone
bosons ⇡h

±,⇡
h
0

, and ⌘h
0

, where subscripts refer to U(1)X
charges and the superscript h reminds us that these are
hidden-sector fields, not QCD pions. Like the ⌘0 in QCD,
the ⌘h

0

is not a true Nambu-Goldstone boson but obtains
a mass through the U(1)A axial anomaly. Unlike QCD
pions, ⇡h

± are stable, due to being the lightest particles
charged under U(1)X . We assume ⇡h

± are dark matter,
and the observed annihilation process is:

⇡h
+

⇡h
� ! ⇡h

0

⇡h
0

, ⇡h
0

! ��, �Z. (2)

The ⇡h fields are made massive by the explicit symmetry
breaking mp,q, and isospin breaking mp 6= mq breaks
all remaining symmetries except U(1)X , allowing the ⇡h

0

and ⌘h
0

to mix. Because both the overall mass scale m⇡±

and the splitting �m⇡ ⌘ m⇡± � m⇡0 are important for
understanding the dark matter annihilation signal, we
will briefly review the derivation of these quantities from
the chiral Lagrangian (see e.g. [25] for details). We work

with a nonlinear sigma model field U = ei⇡
h/f⇡ , where

⇡h =

 
⇡h
0

+ ⌘h
0

p
2⇡h

+p
2⇡h

� �⇡h
0

+ ⌘h
0

!
. (3)

Taking M to be a diagonal mass matrix for the fields
p and q, we can understand the masses and mix-
ings of various states from the chiral Lagrangian L =
1

4

f2

⇡Tr
⇥
@µU

†@µU
⇤
+µ

f2
⇡
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Tr
⇥
U†M +M†U

⇤
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�
⌘h
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�
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.
Here µ is determined by the GOR relation [26] to be
�hq̄qi

0

/f2

⇡ and the mass term for the ⌘h
0

represents the
topological susceptibility e↵ect [27, 28]. This leads to a
mass matrix in the (⇡h

0

, ⌘h
0

) basis:

M2

0

=

 
(mp +mq)µ (mp �mq)µ

(mp �mq)µ (mp +mq)µ+m2

⌘0

!
. (4)

Assuming m2

⌘0
� mp,qµ, this leads to a small splitting

between the charged and neutral pion states:

m2

⇡± = (mp +mq)µ (5)

�m⇡ =
(mp �mq)

2

µ2

2m⇡±m
2

⌘0

. (6)

2

to (pseudo)scalar states which in turn decay to two pho-
tons (or � + Z), as shown in Figure 2. The gamma rays
arising from these decays have energy bounded between
1

2

⇣
m

DM

±
p
m2

DM

�m2

⇡

⌘
, becoming a sharp line in the

limit m⇡ ! m
DM

. This motivates the study of mod-
els with m

DM

⇡ 2E
line

⇠ 260 GeV, with a pseudoscalar
nearby in mass [13, 22–24]. Because the annihilation pro-
cess in this case is tree-level, it is much easier to accom-
modate the values of �v that fit the data. On the other
hand, because the decay process, which is the only con-
nection to the Standard Model, can be relatively delayed,
one can imagine hidden sector dark matter that is di�-
cult to probe in collider or direct detection experiments.

Our goal in this paper is simply to point out that the
coincidence m

DM

⇡ m⇡ has a beautifully simple explana-
tion if dark matter and the pseudoscalar ⇡ are members
of a multiplet. For example, consider low-energy QCD,
in which the charged pions are slightly heavier than the
neutral pion. In a world without weak interactions, the
charged pions would be stable, but could annihilate to
neutral pions. This will be the basis for our model: a
heavier copy of QCD, with stable “charged” pions con-
stituting the dark matter, where the charge is under a
new U(1) symmetry. The neutral pion, through a higher-
dimension operator, can decay to photons. This decay,
in our model, gives rise to the gamma rays observed by
Fermi-LAT. We will also point out that Big-Bang nucle-
osynthesis (BBN) constraints on the ⇡ lifetime impose a
limit to how weakly coupled dark matter and the Stan-
dard Model can be in such models.

A Simple Pion Model: Our model for the narrow
box-shaped gamma ray features mimics a subset of the
fields of QCD. We take an SU(N) gauge group with mat-
ter content displayed in Table I. U(1)X is a new abelian
symmetry which stabilizes the dark matter. The p and q
fields may be thought of as analogues of the up and down
quark in QCD. In addition, we assume the existence of a
light axion field a which couples to the field strengths of
both hypercharge and the SU(N) group (denoted Ha

µ⌫):

L
axion

=
cB↵Y

8⇡

a

fa
Bµ⌫B̃µ⌫ +

↵N

8⇡

a

fa
Haµ⌫H̃a

µ⌫ . (1)

This axion gets a mass from SU(N) instantons and is not
the QCD axion.

SU(N) U(1)X

p ⇤ +1/2

p ⇤ �1/2

q ⇤ �1/2

q ⇤ +1/2

TABLE I. Field content of the model’s hidden sector. The
fields are all taken to be left-handed Weyl fermions.

We assume that there are mass terms mppp + mqqq,
with mp 6= mq and mp,q < ⇤N , where ⇤N is the con-
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Exception 5: Internal 
Bremstrahlung

• Photon from IB can 
look nearly mono-
chromatic
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p-wave suppressed VI
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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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3

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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• p-wave suppressed
• With IB photon, it 
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Figure 2: Fermi data from the inner 3� of the Galactic Center for all 128 energy bins (blue
dots, as listed in Appendix A of [7]) and the gamma ray spectra from dark matter (green)
for the four benchmark points BM1, BM2 (top row), BM3, and BM4 (bottom row). The
black curves for BM1 and BM4 represent the overall fit to the signal, consisting of a single
power law background in addition to the dark matter signal; BM2 and BM3 supersaturate
the continuum at lower energies and do not allow such fits.

tion regarding the significance of the fit is listed in Table 2. As mentioned earlier, the fit is
only performed for two of the benchmark points, BM1 and BM4; the other two benchmark
points contain large continuum signals at low energies that saturate the Fermi data and are
therefore incompatible with a single power law background, making such fits impossible.
The reader is advised to use caution in interpreting these fit results, since these are not pro-
duced from an extensive scan and detailed fitting procedure, which is not the main purpose
of this paper, and are merely meant to be a rough indication of the compatibility between
prediction and signal.

Next, each benchmark point and its fit to data is discussed in turn.
BM1 is an almost pure bino that contributes dominantly via IB. The mass degeneracy

between the neutralino and the sleptons – the di↵erence is only 2GeV – makes the IB
feature very sharp and prominent above the rest of the spectrum. This very mass degeneracy
also facilitates coannihlations in the early universe, leading to a relic density very close to
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Summary

• Fermi line: compelling signal for DM or 
a systematic?

• General take home message: not very 
difficult to construct models that fit this 
feature, though MSSM-type models 
must be very particular

• Good news: experimentally resolvable 
on a short time scale
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