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Figure 1. Left panel: The black lines show the target regions that are used in the present analysis in
case of the SOURCE event class (the ULTRACLEAN regions are very similar). From top to bottom,
they are respectively optimized for the cored isothermal, the NFW (with ! = 1), the Einasto and the
contracted (with ! = 1.15, 1.3) DM profiles. The colors indicate the signal-to-background ratio with
arbitrary but common normalization; in Reg2 to Reg5 they are respectively downscaled by factors
(1.6, 3.0, 4.3, 18.8) for better visibility.
Right panel: From top to bottom, the panels show the 20–300 GeV gamma-ray (+ residual CR)
spectra as observed in Reg1 to Reg5 with statistical error bars. The SOURCE and ULTRACLEAN
events are shown in black and magenta, respectively. Dotted lines show power-laws with the indicated
slopes; dashed lines show the EGBG + residual CRs. The vertical gray line indicates E = 129.0 GeV.
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1: Cored 
isothermal

2: NFW

3: Einasto

4: Contr, α=1.15

5: Contr, α=1.3
with rs = 3.5 kpc (see e.g. Ref. [55] for observational arguments in favor of cored DM profiles).
(3-5) The generalized Navarro-Frenk-White (NFW) profile

!dm(r) !
1

(r/rs)! (1 + r/rs)
3!! , (2.4)

with rs = 20 kpc. Here, " parametrizes the profile’s inner slope, and " = 1 reproduces
the usual NFW profile [43, 56]. The presence of the super-massive black hole [57] or
adiabatic contraction [58–61] can steepen the inner profile, which is here e!ectively taken
into account by allowing that " > 1. To this end, we consider the three reference values
" = (1.0, 1.15, 1.3), which are compatible with microlensing and dynamical observations [62].
Note that changing the slope of the inner profile in principle also a!ects the profile normal-
ization. Since we are here mainly interested in the shape of the DM signal, however, we will
keep !dm(r0) = 0.4 GeV cm!3 fixed for simplicity.

2.2 Data selection

In the present analysis, we take into account 43 months of data (from 4 Aug 2008 to 8 Mar
2012) with energies between 1 and 300 GeV.1 We apply the zenith-angle cut # < 100" in order
to avoid contamination with the earth albedo, as well as the recommended quality-filter cut
DATA QUAL==1. For comparison and cross-checks, we make use of both the SOURCE and
ULTRACLEAN events selections (both Pass 7 Version 6). The former features an e!ective
area that is relatively larger by about 12% at 100 GeV, the latter a lower contamination
with residual charged cosmic rays (CRs). In the main analysis, front- and back-converted
events are considered simultaneously, in order to minimize statistical errors. The selection of
events as well as the calculation of exposure maps is performed using the 6 Oct 2011 version
of ScienceTools v9r23p1.2 For everything else we use our own software.

2.3 Target regions & observed fluxes

The optimal target region for gamma-ray line searches maximizes the SNR and depends
on both, the morphology of the DM signal and the morphology of the background flux.
For a particular Galactic DM profile, the former is given by Eq. (2.1); the latter has to
be in principle determined from a modeling of gamma-ray di!use and point sources at 20–
300 GeV energies. The basic strategy that we follow here is to approximate the background
morphology above 20 GeV by the spatial distribution of gamma rays measured between 1
and 20 GeV.

From events in the energy range 1–20 GeV, we produce a two-dimensional count map
that covers an area of |b| < 84" Galactic latitude and |$| < 90" Galactic longitude, using
a cylindrical equal-area projection with one square-degree pixel size.3 For each pixel i,
we derive the number of expected signal events µi from Eq. (2.1), whereas the number of
actually measured events is denoted by ci. We need µi only up to an overall normalization,
since we leave "%v#""### and m" unspecified at this point. As long as the signal is only
a weak perturbation, the SNR in each pixel can be estimated by Ri = µi/

$
ci. Note that

throughout the entire analysis, the angular resolution of the LAT—"# % 0.2" for 20 to
300 GeV energies [63]—is neglected.

1High level data of the LAT is available at http://fermi.gsfc.nasa.gov.
2See http://fermi.gsfc.nasa.gov/ssc/data/analysis for the standard chains.
3Because of this projection we exclude data with |b| > 84!. This does not a!ect the results. Note that we

use the convention ! = !180! . . . 180! throughout.
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Figure 4. Upper sub-panels: the measured events with statistical errors are plotted in black. The
horizontal bars show the best-fit models with (red) and without DM (green), the blue dotted line
indicates the corresponding line flux component alone. In the lower sub-panel we show residuals
after subtracting the model with line contribution. Note that we rebinned the data to fewer bins
after performing the fits in order to produce the plots and calculate the p-value and the reduced
!2
r
! !2/dof. The counts are listed in Tabs. 1, 2 and 3.
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red : best fit with DM
green : best fit without DM

Region3 Region4
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Profumo, Linden, 1204.6047

The excess region overlaps with Fermi bubble

Tempel, Hektor, Raidal, 1205.1045

The excess is not correlated with Fermi bubble

195week Fermi data : 130GeV excess with 4.5σ

Broken power law component from Fermi bubble
can mimic the 130GeV gamma line

Fermi-LAT collaboration, 1205.2739
|b| > 10� 20� � 20� around GC+2 years data with

No excess in 4.8GeV - 264GeV

No artificial choice of the signal region
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Figure 2. Left: a Fermi “photograph” of our Galaxy in gamma-rays with the energy 120 GeV <

E� < 140 GeV. Fermi data is shown with blue dots. Fermi bubbles are also shown for illustration.
Right: distribution of relative signal intensity of 130 GeV photons in the Galaxy. The green circles
denote the signal regions that provide the excess with highest statistical significance; grey circles
denote other regions showed in table 1; green dot mark the assumed centre of the Galaxy.

of photons in energy range 20–300 GeV is larger than 80.
We plot in the right panel of figure 2 the resulting distribution of relative signal in-

tensity as presented by the colour code. The pink background is due to regions with too
low photon flux to obtain statistically meaningful results. As seen in the figure, the signal
with highest significance originates from the centre of Galaxy. This region is centered at
(l, b) = (�1�,�0.7�), called “Central” region in the following, and has a radius 3�, drawn
with a white circle in figure 2. The total number of high-energy photons and the number of
120 GeV < E� < 140 GeV photons coming from this signal region is presented in table 1.
However, there exist other regions, spatially well separated from the centre, that also exhibit
large 130 GeV gamma-ray excess over the background. The most significant of them, with
the same radius, is located at (l, b) = (�10�, 0�), called “West” region in the following, and is
also shown in the figure. Some other possible signal regions are all listed in table 1. Presently
statistically significant fits are obtained only for the first two regions, but with more Fermi
statistics the other regions may become relevant too.

One can see in figure 2 that the regions with excesses and the regions with deficit of
the signal are not in balance – the excess dominates. The deficit almost never exceeds 2�
level and is in good agreement with the expectations from statistical fluctuations of the
background. At the same time, there exist regions in which the observed excess is too big to
be explained with statistical fluctuations.

It is clear from figure 2 that the excess of photons with energy around 130 GeV does not
originate from Fermi bubbles. Firstly, there is no spatial correlation between the signal excess
and the Fermi bubbles. Secondly, whatever is the physical mechanism creating the 130 GeV
excess, this mechanism must be at work in several regions of the Galaxy. If the origin of the
excess is astrophysical, it should be possible to observe those astrophysical objects/processes
in the identified regions with other methods. Any such a mechanism must also explain why
the observed excess is a peak, that might be di�cult in the case of standard astrophysical
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Distribution of relative signal intensity of 130GeV photons

Excess : ~4σ
Deficit : ~2σ Statistical fluctuation?

True excess?

Tempel, Hektor, Raidal, 1205.1045
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Table 1. Identified signal regions in the Galaxy, number of photons in the two energy intervals and
the statistical significance of excess in those regions. The radii of regions are all 3� (except for Weniger
Reg3).

Region l (deg) b (deg) N� (20–300) GeV N� (120–140 GeV) significance

Weniger Reg3 – – 3298 65 3.6�
Central �1 �0.7 818 27 4.5�
West �10 0 726 21 3.2�
East 17 �3 481 14 2.7�
North �7 16.5 109 4 1.6�
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Figure 3. Best fits to high-energy gamma-ray data for the Central (left panel) and West (right panel)
signal regions presented in table 1, together with 95% CL error band as functions of photon energy.
Background fitted from data is also shown (black solid line), the power-law spectrum with power 2.6
is plotted for comparison (dotted line). The blue dashed lines show 95% CL limits for statistical
fluctuations of the background.

processes. If, however, the origin of the 130 GeV peak is DM annihilations, figure 2 shows
the distribution of the most dense DM sub-haloes in the central region of our Galaxy. Notice
that the dark centre of the Galaxy does not exactly coincide with the galactic coordinate
origin.

The fits to high-energy gamma-ray data originating from the Central and West signal
regions are plotted in the left and right panels of figure 3, respectively, using the same notation
as in figure 1. The Central region exhibits an excess with statistical significance of 4.5�. This
is much higher statistical significance than can be expected from just assuming that the peak
is due to statistical fluctuation of the background. Also the fit to West region shows a clear
peak at 130 GeV with statistical significance of 3.2�. We have also fitted the signal from
other bright regions in figure 2 that all show an excess peaked at the same photon energy,
E� = 130 GeV. Those are listed in table 1.

Based on the model independent results presented in figures 1–3 and in table 1, we
conclude that, whatever is the physics origin of the excess, its significance is high, it has a
clear peak shape, and it comes from several regions around the Galactic centre.
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Su, Finkbeiner, 1206.1616

3.7years Fermi data
6.5σ evidence for existence of line excess 

Boyarsky,Malyshev, Ruchayskiy, 1205.4700

3.7years Fermi data

Significant spatial variations in excess and dip

Dark matter interpretation is “dubious”

Hektor, Raidal, Tempel, 1209.4548
Finkbeiner, Su, Weniger, 1209.4562

Effects of Earth limb photon is insignificant

Hektor, Raidal, Tempel, 1207.4466
130GeV gamma from 6 clusters (3.2σ)
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Su, Finkbeiner, 1206.1616
3
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Fig. 3.— All-sky CLEAN 3.7 year maps in 5 energy bins, and a residual map (lower right). The residual map is the 120! 140 GeV map
minus a background estimate, taken to be the average of the other 4 maps where the average is computed in E2dN/dE units. This simple
background estimate is su!cient to remove the Galactic plane and most of the large-scale di"use structures and even bright point sources.
A cuspy structure toward the Galactic center is revealed as the only significant structure in the residual gamma-ray map. All of the maps
are smoothed with a Gaussian kernel of FWHM = 10! without source subtraction.

year with no trials factor, and we summarize our main
findings in Section 9.

2. MAP CONSTRUCTION

For this project, we constructed full-sky maps from the
LAT event files as in our previous work (Dobler et al.
2010; Su et al. 2010; Su & Finkbeiner 2012), except that
we now use 3.7 years of Pass 7 (P7 V6) data.

2.1. Fermi data selection

The Fermi LAT is a pair-conversion telescope, in which
incoming photons convert to e+e! pairs, which are then
tracked through the detector. The arrival direction and
energy of each event are reconstructed, and the time of
arrival recorded. Event files for every week of the mission
are available on the Internet, and it is from these files
that we build our maps.
The point spread function (PSF) is about 0.8" for 68%

containment at 1 GeV and decreases with energy as r68 !
E!0.8, asymptoting to ! 0.2" at high energy. The LAT
is designed to survey the gamma-ray sky in the energy
range from about 20 MeV to several hundreds of GeV.
We use the latest publicly available data and instru-

ment response functions, known as Pass 7 (P7 V6)4. For
most figures in this work we use the CLEAN event class,
which has larger e!ective area than ULTRACLEAN and
lower background than SOURCE. In a few cases, we show
figures made with ULTRACLEAN or SOURCE events as ev-
idence that this choice has no qualitative e!ect on our
results.
Photons coming from the bright limb at Earth’s

horizon, dominantly produced by grazing-incidence CR
showers in the atmosphere, are a potential source of con-
tamination. We minimize this background by selecting
events with zenith angle less than 100" as suggested in
the Fermi Cicerone5. We also exclude some time in-
tervals, primarily while Fermi passes through the South
Atlantic Anomaly.

2.2. Map making

We generate full-sky maps of counts and exposure us-
ing HEALPix, a convenient equal-area iso-latitude full-

4 Details at http://fermi.gsfc.nasa.gov/ssc/data/analysis/
documentation/Pass7 usage.html

5 http://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/.

A) 80<E<100GeV B)100<E<120GeV

C) 120<E<140GeV D) 140<E<160GeV

E) 160<E<180GeV Residual : C-<A,B,D,E>
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Models to explain
130GeV line
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Aharonian, Khangulyan, Malyshev, 1207.0458

Inverse-Compton by electrons from cold pulsar 
wind can produce gamma “line” at ~130GeV.

They analyzed 52month Fermi data in regions 
claimed by Tempel et al., Boyarsky et al., Su et al.

and confirmed excess of ~130GeV gamma.
Aharonian et al.: Klein-Nishina gamma lines in the Galactic spectrum

Fig. 3. The count maps of the “Central”, “West” and Reg 1 re-
gions (see the text) in two energy intervals, 100-120 TeV and
120-140 TeV, smoothed with 3! FWHM gaussian kernel

Region Hot spot l b R, deg TS
Central 359.0 -0.7 3

2FGL J1745.6-2858 359.97 -0.04 0.02 8.5
2FGL J1740.4-3054c 357.73 -0.08 0.16 8.4

c1 359.02 -1.41 0.08 7.5
c2 358.45 -1.08 0.12 9.2
c3 358.43 1.47 0.23 8.6

West 350.0 0.0 3
w1 349.55 -0.57 0.19 6.9

Reg 1 19.38 0.40 3
Table 1. The coordinates and names of considered regions and
point-like hot spots detected in these regions. l and b are galac-
tic coordinates of the region (new source), R – the radius of
the region (the radius of error-circle of the source). TS is the
test-statistical value of the point-like hot spot (if > 5). The sig-
nificance of the hot spot can be estimated as

"
TS!, see e.g.

Mattox et al. (1996)

satellite is a pair-conversion gamma-ray detector operating be-
tween 20 MeV and 300 GeV. The Fermi LAT has a wide field
of view of # 2.4 sr at 1 GeV, and observes the entire sky ev-
ery two orbits. The details on this instrument can be found in
Atwood et al. (2009).

Here we consider three regions from which excess
gamma-ray lines have been reported (Tempel et al. 2012;
Su & Finkbeiner 2012; Boyarsky et al. 2012) in the energy in-
terval between 100-140 GeV. The results are presented in Figs. 3
and 4, and summarized in Table 1.

In Fig. 3 we show the count maps smoothed with 3! FWHM
Gaussian kernel in two energy intervals, 100-120 GeV and 120-
140 GeV. They are consistent with the previously reported re-
sults. The locations of the “Central” and “West” regions with
excess emission at 120-140 GeV (Tempel et al. 2012) and the
“Reg 1” region with the excess emission at 100-120 GeV
(Boyarsky et al. 2012), are shown with white circles.

In order to explore the spatial structures of these regions
we produced corresponding count maps smoothed with 0.25!
gaussian kernel (comparable to the Fermi PSF at 100 GeV).
The corresponding maps are shown in Fig. 4. The regions from
Tempel et al. (2012) and Boyarsky et al. (2012) are shown with
white circles. The green crosses show positions of some of the
GeV gamma-ray sources from the Fermi two-year source cata-
log.

In the “Central” region, one can see several “hot spots” (see
Table 1 for the coordinates and the test statistical (TS) values
of these “hot spots” with TS $ 5), however the photon statis-
tics in each of them is limited. The number of photons in five
“hot spots” is 16 (from 32 total photons in the region), and the
residual flux after removing the excesses is comparable with the
background (see e.g. Boyarsky et al. (2012)). Thus, the tendency
of clumped distribution of photons inside the “Central” region
can be taken only as a hint for presence of discrete sources of
VHE gamma-rays. It is interesting to note that the chance of
false-positive detection for the two brightest clumps (7 photons
in total) over the uniform photon distribution is about 7%. Their
possible association with two hypothetical pulsars seems a quite
intriguing option in the context of interpretation of the possible
two-peak structure of the 130 GeV line (Su & Finkbeiner 2012)
as a superposition of Klein-Nisinia lines from two pulsar winds
with different Lorentz factors. The search for candidate pulsars
at these positions would be a straightforward test for verifica-
tion of this hypothesis, although the detection of pulsars through
their magnetospheric emission cannot be guaranteed because of
possible misorientations of their radiation cones.

The “West” (at 120-140GeV) and “Reg 1” (at 100-120GeV)
regions looks more diffuse in gamma-rays (see Fig. 4, middle
and right panels), however the poor photon statistics do not al-
low any conclusion concerning the level of clumpiness in these
regions. While for confirmation of gamma-ray line signals from
these regions an increase of photon statistics by a factor of two
or three would be adequate, the study of spatial distributions of
gamma-rays inside these regions is a more demanding task and
requires much higher photon statistics.

5. Summary
In this paper we argue that there is a viable alternative to the DM
origin of the 130 GeV gamma-ray line as recently reported to
be present in the galactic gamma-ray emission. We demonstrate
that very sharp gamma-ray spectral lines can be produced by
pulsar winds through their Comptonizatioin, predominantly by
energetic (UV, X-ray) radiation with a relatively narrow spectral
distribution, thus the IC scattering proceeds in the deep Klein-
Nishina limit. In principle, these conditions can be fulfilled both
in isolated pulsars and binary systems. The current paradigm
which connects pulsars with their synchrotron nebulae through
cold ultrarelativistic electron-positron winds, postulates that the
electron-positronwind with a Lorentz factor between 104 to 106,
carries away almost the entire rotational energy lost by the pul-
sar. Thus, under the condition of effective Comptanization of the
wind, a substantial fraction of the spin-down luminosity of a pul-
sar Lrot can be released in a single gamma-ray line. Depending
on the intensity of illumination of the pulsar wind by surround-
ing radiation field(s), the efficiency of formation of such lines
can be very high, formally close to 100 %. Interestingly, the
narrow profile of the 130 GeV line argues against such an ex-
treme efficiency which can be realized in the case of optically
thick source; this would imply not only strong attenuation of
gamma-rays due to photon-photon pair production, but also sig-
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gamma-ray lines have been reported (Tempel et al. 2012;
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sults. The locations of the “Central” and “West” regions with
excess emission at 120-140 GeV (Tempel et al. 2012) and the
“Reg 1” region with the excess emission at 100-120 GeV
(Boyarsky et al. 2012), are shown with white circles.
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white circles. The green crosses show positions of some of the
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In the “Central” region, one can see several “hot spots” (see
Table 1 for the coordinates and the test statistical (TS) values
of these “hot spots” with TS $ 5), however the photon statis-
tics in each of them is limited. The number of photons in five
“hot spots” is 16 (from 32 total photons in the region), and the
residual flux after removing the excesses is comparable with the
background (see e.g. Boyarsky et al. (2012)). Thus, the tendency
of clumped distribution of photons inside the “Central” region
can be taken only as a hint for presence of discrete sources of
VHE gamma-rays. It is interesting to note that the chance of
false-positive detection for the two brightest clumps (7 photons
in total) over the uniform photon distribution is about 7%. Their
possible association with two hypothetical pulsars seems a quite
intriguing option in the context of interpretation of the possible
two-peak structure of the 130 GeV line (Su & Finkbeiner 2012)
as a superposition of Klein-Nisinia lines from two pulsar winds
with different Lorentz factors. The search for candidate pulsars
at these positions would be a straightforward test for verifica-
tion of this hypothesis, although the detection of pulsars through
their magnetospheric emission cannot be guaranteed because of
possible misorientations of their radiation cones.

The “West” (at 120-140GeV) and “Reg 1” (at 100-120GeV)
regions looks more diffuse in gamma-rays (see Fig. 4, middle
and right panels), however the poor photon statistics do not al-
low any conclusion concerning the level of clumpiness in these
regions. While for confirmation of gamma-ray line signals from
these regions an increase of photon statistics by a factor of two
or three would be adequate, the study of spatial distributions of
gamma-rays inside these regions is a more demanding task and
requires much higher photon statistics.

5. Summary
In this paper we argue that there is a viable alternative to the DM
origin of the 130 GeV gamma-ray line as recently reported to
be present in the galactic gamma-ray emission. We demonstrate
that very sharp gamma-ray spectral lines can be produced by
pulsar winds through their Comptonizatioin, predominantly by
energetic (UV, X-ray) radiation with a relatively narrow spectral
distribution, thus the IC scattering proceeds in the deep Klein-
Nishina limit. In principle, these conditions can be fulfilled both
in isolated pulsars and binary systems. The current paradigm
which connects pulsars with their synchrotron nebulae through
cold ultrarelativistic electron-positron winds, postulates that the
electron-positronwind with a Lorentz factor between 104 to 106,
carries away almost the entire rotational energy lost by the pul-
sar. Thus, under the condition of effective Comptanization of the
wind, a substantial fraction of the spin-down luminosity of a pul-
sar Lrot can be released in a single gamma-ray line. Depending
on the intensity of illumination of the pulsar wind by surround-
ing radiation field(s), the efficiency of formation of such lines
can be very high, formally close to 100 %. Interestingly, the
narrow profile of the 130 GeV line argues against such an ex-
treme efficiency which can be realized in the case of optically
thick source; this would imply not only strong attenuation of
gamma-rays due to photon-photon pair production, but also sig-

4
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Aharonian et al.: Klein-Nishina gamma lines in the Galactic spectrum

Fig. 1. Colour: energy spectra of the inverse Compton radiation
of mono-energetic electrons upscattering isotropic target pho-
tons for 4 different values of the parameter b: 1, 7, 50 and 100.
The energy of gamma-rays is in units of the electron energy.
Grey: the gamma-ray spectrum produced by electrons with rela-
tivistic Maxwellian distribution; in this case the photon energies
are in units of 4!, where ! is the “temperature” of Maxwellian
distribution.

outflow (jet or a wind) relativistically moving with Lorentz fac-
tor " ! 104. A very sharp increase of the gamma-ray spectrum
can be expected also in a quite different scenario - due to the pro-
cess of photon-photon absorption in optically thick gamma-ray
sources.

3. Formation of sharp Klein-Nishina lines
The strongest argument in favor of non-astrophysical origin of
the " 130 GeV spectral feature is its very sharp profile. It is very
narrow,#E/E # 20GeV

130GeV $ 15%, with an exponential rise and de-
cay of the flux (which correspond to linear dependence as seen
in the semi-logarithmic scale plots), while in typical astrophysi-
cal situations we expect much smoother spectral distributions.
Nevertheless, in the case of inverse Compton scattering such
profiles can be reproduced by monoenergetic electrons provided
that the scattering proceeds in deep Klein-Nishina regime. In this
case the shape of the radiation spectrum is fully determined by a
single parameter, b = 4!", where ! = "/mec2 and " = Ee/mec2
are the energy of the target photon in mec2 units and the elec-
tron Lorentz factor, respectively. In Fig. 1 IC gamma-ray spectra
are shown calculated for four different values of the parameter
b: 1, 7, 50 and 100. The filled regions below each line corre-
spond to the intervals where the flux level exceeds 50% of the
maxim value. Since the reported gamma-ray line flux is above
the background only by a factor of two, for characterization of
the line profile we use the half-height width as a measure of the
line thickness. This also allows us to define the hardness of the
left wing of the line by the power-law slope at the point where
the flux level reaches 50% of the maximum value (the lower en-
ergy point). The line thickness and hardness determined in this
way are shown in Fig. 2 as functions of the parameter b.

In the Klein-Nishina regime, the upscattered photons repeat,
to a large extent, the spectrum of parent electrons. Therefore
even the Maxwellian distribution of electrons, which is gener-
ally considered as a very narrow one in the context of parti-
cle acceleration scenarios, and which can be realized only with
very specific conditions, cannot explain the reported very nar-
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Fig. 2. The thickness and hardness of the Klein-Nishina line as
functions of the b-parameter.

row line. This is illustrated in Fig. 1, where the IC gamma-ray
spectrum produced by electrons with a Maxwellian distribution,
dNe/d" % "2 exp (&"/!) is shown; the energy of gamma rays
are expressed in units of 4!, where ! is the electron “tempera-
ture”. It can be seen that the half-height width of this spectrum is
comparable to the energy at which the distribution maximum is
achieved at E# " 2.8!, and thus much broader than the observed
one. Meanwhile, the results presented in Fig. 1 show that the
monoenergetic distribution of electrons does provide very sharp
feature at E# = Ee with a width #E/E ' 15%, provided that
the Klein-Nishina parameter b ! 30. The corresponding hard-
ness of the line, $ = 6, also is in good agreement with obser-
vations. Note that the fixed value of the parameter b implies a
monoenergetic distribution of target photons. Although in spe-
cific calculations one should assume more realistic spectrum of
seed photons, this cannot significantly change the conclusions as
long the parameter b remains large. Given that for b ( 1, with
a good accuracy E# = Ee, one can immediately constrain the
energy range of target photons.

" ! 15(E#/130 GeV)&1 eV , (1)

where E# is the energy of the detected line. In the case of
Planckian radiation field, the above photon energy corresponds
approximately to the radiation temperature of " 5)104 K. In the
case of isolated pulsars, thermal emission from the surface of the
neutron star would be the main source of seed photons for the
formation of gamma-ray lines. The neutron star’s surface tem-
perature exceeds by two orders of magnitude this limit, thus from
isolated pulsars we may expect extremely narrow gamma-ray
lines. In binary systems with pulsars, the seed photons are pro-
vided by companion stars with radiation temperatures slightly
less than the above estimate. Correspondingly, the gamma-ray
lines would be broader with #E/E ! 20%; this still marginally
agrees with observations of the 130 GeV line from the galactic
center region. On the other hand, the efficiency of formation of
Klein-Nishina lines from pulsar winds in binary systems is sig-
nificantly higher in binary systems than in isolated pulsars.

4. Structure of gamma-ray line ‘hotspots’
An astrophysical origin of the 130 GeV line in general, and,
more specifically, its association with pulsars, would imply that
the extended regions of excess emission are not truly diffuse
structures, but rather represent superpositions of multiple unre-
solved discrete gamma-ray sources. In order to verify this hy-
pothesis we analyzed 52 month data of Fermi/LAT using the lat-
est Fermi software package v9r27p1. The LAT aboard the Fermi

3
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Figure 4: Combined fit of the monochromatic line at ⇡ 130GeV as well as the continuum

gamma-ray spectrum from dark matter annihilation into �� and W+W� final states. The

shaded areas correspond to 95%C.L. regions (yellow/orange: Fermi-LAT Reg 3/4 best-fit

region; blue: PAMELA p̄/p excluded region) for the total annihilation cross section �v and

the branching ratio �v
��

/�v. The prediction from higgsino and wino dark matter (red and

orange dots) is shown for illustration, as well as the thermal cross-section (straight black line).
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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.

5

where 2� lnL = ��2 and the number of degrees of freedom (d.o.f.) is the number of fit parameters.
In Fig. 2, the 1, 2, and 3 � contours refer to � lnL = 1.76, 4.01, and 7.08 (3 d.o.f.). In Fig. 5, the
1, 2, and 3 � contours refer to � lnL = 2.36, 4.86, and 8.13 (4 d.o.f.).

Next, we use this statistical procedure to show that the photon spectrum in the region of interest
is consistent with the presence of a photon line. For now, we assume that the photon continuum
does not contribute to the signal, reserving the case where Nann > 0 for the next section. Scanning
over m� and

✓�Z/�� ⌘ arctan
N�Z

N��
, (6)

while maximizing over ↵, �, and N�� , we find that the best fit point corresponds to

�
m�/GeV, ↵, �, N�� , ✓�Z/��

 
max

= {130, 2.67, 0.88, 30.3, 0} (unmasked);

(7)
�
m�/GeV, ↵, �, N�� , ✓�Z/��

 
max

= {130, 2.62, 0.80, 31.6, 0} (masked),

where masked (unmasked) refers to removing (including) data within 1 degree of the Galactic
Center. The significance of the best fit point relative to the null model (power-law background) is
5.5 � for both the masked and unmasked cases, not including look-elsewhere.4 Masking a 1 degree
radius circle around the Galactic Center has little e↵ect on the best fit dark matter parameters,
though it prefers more shallow power-law backgrounds. From this point onwards, we will only
consider the masked data.

Figure 1 shows the spectrum of photon counts in the region of interest. The solid red line
corresponds to the best fit model in Eq. (7) obtained by maximizing the likelihood function over

101 102102

101

102102

1

Eg @GeVD

C
ou
nt
s

FIG. 1: Photon counts within 3� degrees of the Galactic Center with the inner degree masked. The solid
red line shows the best fit model given in Eq. (7), assuming no continuum contribution. The dashed
black line shows the continuum spectrum for a 130 GeV dark matter annihilating into W+W� (arbitrary
normalization); the spectrum for Z0Z0 is indistinguishable.

4 The best fit null model is {↵,�}
null

= {2.65, 0.95} for the unmasked case and {↵,�}
null

= {2.58, 0.87} for the
masked case.

3°around GC

Continuum γ (WW)

(arbitrary normalization)

< ~100

WW

R � 200 for neutralino DMcf.
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Figure 9: Upper bound on the annihilation cross section obtained from CMB anisotropy
data as a function of DM mass for ! = 10!3 – 10!7. DM is assumed to annihilate into
e+e! pair in the top panel and W+W! in the bottom panel. Here we have taken n = 1
and Tkd = 1 MeV. Results do not change for n = 2 and/or Tkd = 1 keV.
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Ionize H effects on CMB anisotropy

12年9月26日水曜日



Das, Ellwanger, Mitropoulos,1206.2639

χ 0
1

χ 0
1

AS

χ

γ

γ

+/−

Figure 1: The dominant diagram for pair annihilation of !0
1 into two photons via a mostly

singlet-like CP-odd Higgs AS in the NMSSM.

which can be achieved by appropriate values of !3"sA!. Moreover, the SU(2) doublet
admixture of AS must be small: Otherwise tree level diagrams similar to Fig. 1 but with
AS decaying directly into bb̄ (or into Z plus a light CP-even Higgs boson), lead to a too
large pair annihilation cross section of !0

1 such that its relic density is below the WMAP
bound. From the second of Eqs. (7) the mixing of AS with the MSSM-like doublet is small
for

A" " 2"s . (11)

Next we consider the dark matter particle !0
1. It would have a large singlino component

for small 2"s. However, from Eq. (6) and the first of Eqs. (7) one can derive

(2"s)2 # M2
H 33 +

1

3
M2

AS
; (12)

from MAS
# 260 GeV and M2

H 33 > 0 it follows that 2"s cannot be small. Hence, assuming
M1 <# M2/2 (assuming universal gaugino masses at the GUT scale), it follows that !0

1

has dominant bino and higgsino components. A priori large higgsino components seem
desirable, given the required coupling of !0

1 to AS in Fig. 1: This coupling is induced
by the first term #!S !Hu · !Hd in the superpotential (1), which leads to a Yukawa coupling

#ASH̃u
0
H̃d

0
. Likewise, the coupling of AS to the charginos !± originates from the higgsino

components H̃u
+
, H̃d

!
of !± and the Yukawa coupling #ASH̃u

+
H̃d

!
.

However, too large higgsino components of !0
1 imply again a too small relic density;

diagrams with charginos and neutralinos in the t-channel (and W+W! or ZZ in the final
state), CP-even Higgs bosons in the s-channel etc. would lead to a too large pair annihilation
cross section of !0

1. Hence we end up with a dominantly bino-like !0
1, but with non-zero

(non-negligible) higgsino components. Its mass of 130 GeV has to follow from appropriate
values of M1 and µe!, with M1 < µe!.

Finally we require a SM-like CP-even Higgs boson HSM with a mass MHSM
near

125 GeV. Although its existence is not confirmed at present, it is interesting to inves-
tigate whether it could comply with the above properties of the neutralino and CP-odd
Higgs sector. It has been known since a long time that the SM-like CP-even Higgs boson
can be heavier in the NMSSM compared to the MSSM due to the NMSSM-specific coupling

4

Neutralino DM in NMSSM annihilates through
singlet-like CP-odd Higgs can explain 130GeV gamma.

NMSSM is natural framework for solving the
mu-problem in MSSM.

It can explain 125GeV Higgs boson found at LHC.
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Mixing of As and Hu, Hd are small. 
(Otherwise, As decays into SM quarks)

Mass of As is ~ 260GeV to enhance 2gamma.
m2

As
� �3�SA� � (260GeV)2

�(A� � 2�S) � 0

Lightest Higgs boson is 126GeV. � � 0.6

Correct thermal relic abundance

LSP is the bino with sizable mixing with higgsino

W = �SHuHd +
�

3
S3

�L = m2
S |S|2 +

�
�A�SHuHd +

�

3
A�S3 + h.c.

�

+|�HuHd + �S2|2 + |�S|2(|Hu|2 + |Hd|2)

tan� � O(1)
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Parameters
! 0.61
" 0.328
A! 267
A" -114.1

tan# 1.8
µe! 269
M1 150

left-h. slepton masses 150
right-h. slepton masses 160

Ae = Aµ = A# 500

Sparticle masses
mg̃ 971
!mq̃" 1530
mt̃1 204
mt̃2 1034
mb̃1

1005
mµ̃L

154
M$0

1
129.6

M$0
2

217
M$0

3
287

M$0
4

309
M$0

5
376

M$±
1

210

M$±
2

370

Higgs masses
MH1

(= MHSM
) 124.3

MH2
256

MH3
519

MA1
(= MAS

) 258.9
Rbb

AS
3# 10!3

MA2
515

MH± 511

Components of $0
1

N2
11 0.826

N2
12 0.026

N2
13 0.077

N2
14 0.065

N2
15 0.009

Observables
!h2 0.11

%(p)SI [10!8 pb] 1.21
!%v"($0

1$
0
1 $ &&) [10!27cm3 s!1] 1.1

!%v"($0
1$

0
1 $ Z&) [10!27cm3 s!1] 0.8

!%v"($0
1$

0
1 $ WW ) [10!27cm3 s!1] 3.46

!%v"($0
1$

0
1 $ ZZ) [10!27cm3 s!1] 0.26

!%v"($0
1$

0
1 $ bb̄) [10!27cm3 s!1] 0.60

!%v"($0
1$

0
1 $ ' '̄ ) [10!27cm3 s!1] 0.09
"aµ [10!10] 6.5± 3.0

Table 1: Properties of a sample point with M1 = 150 GeV. Dimensionful parameters are
given in GeV. Rbb

AS
denotes the coupling of AS to b-quarks normalized to the one of a SM-

like Higgs boson. The components of $0
1 are defined in Eq. (9). The value of "aµ includes

theoretical error bars.

3 Conclusions

In this paper we have shown that the simplest version of the NMSSM (with a scale invariant
superpotential) could explain a 130 GeV photon line from dark matter annihilation with
%($0

1$
0
1 $ &&) > 10!27 cm3 s!1 and, simultaneously, a 125 GeV SM-like Higgs boson. No

additional fields or couplings need to be introduced. All constraints from WMAP on the
relic density, from XENON100 on the direct detection cross section, from colliders and from
precision observables can be satisfied.

However, the mass MAS
of the singlet-like CP-odd Higgs scalar AS has to satisfy ac-

cidentially MAS
% 2M$0

1
& 260 GeV to a precision <& 1 GeV. This “fine-tuning” would

8

Sample point
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Future prospects for confirming 130GeV line
at  HESS-II, CTA, GAMMA-400

Large area, large statistics CTA
Better energy resolution GAMMA-400

 
Table 1. A comparison of basic parameters of space-based and ground-based instruments 

 
 SPACED-BASED GROUND-BASED 
 EGRET 

 
AGILE 

 
Fermi 

 
CALET 

 
GAMMA
-400 

H.E.S.S. 
 

MAGIC 
 

VERITAS 
 

CTA 
 

Energy range, 
GeV 

0.03- 
30 

0.03- 
50 

0.1-
300 

10- 
10000 

0.1-3000 >100 >50 >100 >10 

Angular 
resolution, deg 
(EȖ > 100 GeV) 

0.2 
EȖ ~ 0.5 GeV 

0.1 
EȖ ~ 1 GeV 

0.1 0.1 ~0.01 0.1 0.1 0.1 0.1 

Energy 
resolution, % 

(EȖ > 100 GeV) 

15 
EȖ ~ 0.5 GeV 

50 
EȖ ~ 1 GeV 

10 2 ~1 15 20 15 15 
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FIG. 6: Same as Fig. 3, but for 5 h of Galactic center observations with CTA.

resolution of [18], and we also assume the energy depen-
dence of the e!ective area from [56]. As signal region, we
adopt a circular target region of 2! around the Galactic
center.
The signal region definition and background descrip-

tion we adopted for CTA are similar to the ones dis-
cussed above for HESS-II. With the presence of several
large size telescope in the centre of the array, CTA will
be more sensitive than HESS-II. In order to remain in
the statistically limited regime, we reduced the observ-
ing time for CTA down to 5 hours. At very low energies,
since we impose that the showers are observed at least by
two telescopes, CTA in its current design will not have
a much larger e!ective area. Moreover the intrinsic fluc-
tuations in the low energy showers limit the energy reso-
lution that will be achieved even with several telescopes,
so that in this energy range, we do not expect stronger
limits from CTA. Above 80 GeV however, the higher tele-
scopes multiplicity will increase the performance (larger
e!ective area and better energy resolution) so that CTA
sensitivity will be almost constant up to 1 TeV. From
figure 6, we also see that CTA will be very important
to probe line-like signals from DM annihilations above
100 GeV, since after 5 h of observations of the Galac-
tic centre, CTA will be more sensitive than five years of
GAMMA-400 observations.

IV. DISCUSSION AND CONCLUSIONS

The detection of a sharp feature at an energy of 130
GeV in Fermi-LAT data has sparked the interest of the

astroparticle community, since the presence of gamma-
ray lines has long been considered a smoking-gun signa-
ture of new physics, possibly pointing to the annihilation
of dark matter particles. Of course, future Fermi-LAT
data will be very important: If the Fermi-LAT collabo-
ration can exclude instrumental e!ects as the cause of the
structure, it may well, in case upcoming data strength-
ens the feature, confidently establish discovery of the ef-
fect. In any case, future gamma-ray observatories would
provide necessary independent confirmation and are ex-
pected to clarify the experimental situation, in view of
their increased e!ective area or better angular resolu-
tion. In particular we focused here on three upcoming
experiments: HESS-II, CTA and GAMMA-400.
We summarize here the main results:

• We have calculated the sensitivity to gamma-ray
lines for the three experiments, and we have shown
that all of them will be able to confirm or rule out
the presence of the 130 GeV line. In all cases, in
fact, the feature found in Fermi-LAT data would
be detectable with a significance higher than 5!.

• We have assessed, for each experiment, the
prospects for identifying the presence of additional
lines, which would allow a better reconstruction
of the particle properties of the annihilating dark
matter particle. We found that only GAMMA-
400, thanks to a claimed energy resolution of about
1.5 % at 100 GeV, will be able to separate a "" line
from a Z" or H", if the corresponding branching
ratio is comparable to that into two photons, while
HESS-II and CTA cannot separate them.

Signal region : 2° around GC, 5 hours observation

CTA can confirm/exclude gamma excess
γγ/γZ discrimination is difficult
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FIG. 3: Estimated flux and velocity weighted cross-section sensitivities obtained for GAMMA-400 as a function of the DM
particle mass. Black solid: Expected upper limits for !! final states (with N! = 2); red dashed: detection of !! at 5"; green
dot-dashed : discrimination between IB and a monochromatic line (N! = 1); blue dotted: discrimination between !Z + !! and
!! (assuming BR(## ! !!)=BR(## ! !Z)=0.5; N! = 1.5). The cross indicates the 130 GeV signature from Ref. [12].

of converter material in the tracker and design of anti-
coincidence systems (which will be very demanding due
to a very excentric orbit) are not fixed yet, but it is very
probable that GAMMA-400 will be equipped with a 22
X0 calorimeter with claimed energy resolution of about
1.5 % at 100 GeV.

The e!ective area of GAMMA-400 is however foreseen
to be smaller (around 6400 cm2) above a few tens of GeV
and constant. These two design features immediately
allow a rough estimate of the expected improvement:
for upper limits

!

2/10 ! 0.4, for signal significance
10/2 ! 5. Interestingly, a larger calorimeter also will
help with background rejection (which is largely based
on shower shape) and extend the usable energy range to
larger energies. As mentioned, the design phase is not
concluded and the design still allows considerable free-
dom. Here, we assume the energy resolution of GAMMA-
400 to scale as the one of the Fermi-LAT (such that it
ranges from 3% at 10 GeV to 1% at 1 TeV).

With the hypothesis that the final design of GAMMA-
400 is similar to the one described above, we derived the
sensitivity of GAMMA-400 for spectral signatures from
dark matter annihilation after 5 years of full sky survey
mode operation. As target region, we select a circular re-
gion around the Galactic centre with 20! radius excluding
the Galactic disc part (|!| > 5! & |b| < 5!). To model
the background that will be observed by GAMMA-400,
we make use of the current observations of the gamma-
ray emission observed by the Fermi-LAT as reported

in [12]; the events observed above few GeV in our re-
gion of interest can be described by a power-law function

dN/dEbckg = 6 · 10"11 "
"

E
1GeV

#"2.5
phGeV"1cm"2s"1.

The exposure time of the source region is 3.2" 107s, as-
suming a field-of-view of 2.4 sr. In our spectral fits, we
will adopt the energy windows from Ref. [12], ranging
from " = 1.5 at 10 GeV to " = 3.1 at 1 TeV. We checked
that our results do not critically depend on this choice.

In Fig. 3, our results for the projected 95%CL upper
limits from GAMMA-400 are shown by the black solid
line. Even if the e!ective area is smaller than the one
of Fermi-LAT, the better energy resolution of the instru-
ment allows to better distinguish a deviation due to a
line signal from the power law background fluctuations.
This would improve by a factor about two to three the
upper limits that are obtained by Fermi-LAT in the same
observational time.
We also computed the strength of a line-like signal

in order to obtained a 5# level detection for GAMMA-
400 after 5 years of survey mode. In this case, the $$
annihilation cross-sections range between 10"29 and 5 ·
10"27cm3s"1, depending on the mass of the DM par-
ticle (see red dotted line on Fig. 3). The confirmation
of the tentative 130 GeV line at 5# would require ! 20
months in survey mode, and ! 10 months using pointed
observation.
For such good energy resolution performances, the in-

strument should also be able to probe e"ciently the ex-
istence of a secondary line. As an illustrative example,

Signal region : 20° around GC,  ~1 year observation

GAMMA-400 can confirm/exclude gamma excess
γγ/γZ discrimination may be possible
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Summary

• There are increasing evidence of 130GeV 
gamma line from Galactic center.

• Not likely correlated with Fermi bubble.

• It may be explained by dark matter 
annihilation or some astrophysical processes.

• CTA will be able to confirm/exclude it.
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FIG. 4: Contour maps of the gamma-ray flux from the region surrounding the Galactic Center, after subtracting varying degrees
of emission from dark matter distributed according to an NFW profile. As the flux of dark matter annihilation products is
increased (moving from left-to-right), regions of the maps become increasingly oversubtracted (denoted by dashed contours).
In this case of an NFW distribution, this occurs most noticeably in the regions approximately 1-2� north and south of the
Galactic Center.

Subtract DM contribution with increasing cross section

Dashed : over subtracted(NFW profile)

“robust constraint” on DM from GC region
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FIG. 10: The 95% confidence level upper limits on the dark matter annihilation cross section, for various annihilation channels,
assuming a distribution which follows an NFW (upper frames) or Einasto (lower frames) halo profile. To be conservative,
we have normalized the halo profile to the minimum value capable of providing a good fit to the combination of the Milky
Way’s measured rotation curve and microlensing constraints [31] (corresponding to a local density of ⇢ ⇡ 0.28 GeV/cm3 or 0.25
GeV/cm3 in the upper and lower frames, respectively). For comparison, the horizontal line denotes the estimate for a simple
thermal relic (�v ⇡ 3⇥ 10�26 cm3/s).

16

FIG. 12: The 95% confidence level upper limits on the dark matter annihilation cross section, for various annihilation channels,
assuming a distribution which follows an NFW distribution with a constant-density 100 pc (upper frames) or 1 kpc (lower
frames) radius core. To be conservative, we have normalized the halo profile to the minimum value capable of providing a
good fit to the combination of the Milky Way’s measured rotation curve and microlensing constraints [31] (corresponding to a
local density of ⇢ ⇡ 0.28 GeV/cm3). Notice that the limits derived for a profile with a 100 pc core are nearly indistinguishable
from those derived in the NFW case. For comparison, the horizontal line denotes the estimate for a simple thermal relic
(�v ⇡ 3⇥ 10�26 cm3/s).
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FIG. 14: A comparison of the upper limits on the dark matter annihilation cross section derived in this work to those from other
gamma-ray observations. In particular, we show the constraints derived from the observations of dwarf spheroidal galaxies [1, 2],
the isotropic gamma-ray background [8], and from the Fornax galaxy cluster [3]. If we adopt an NFW halo profile (or an Einasto
or contracted profile), the constraints derived from the Galactic Center are always the most stringent. Only if the dark matter
halo profile of the Milky Way has a significant core (while dwarf galaxies retain their cusps) are constraints from dwarfs more
stringent. The constraints from the Galactic Center are, for all dark matter masses, more stringent than those reliably extracted
from the isotropic gamma-ray background or from galaxy clusters.

the results presented here are in no way in conflict with
those presented previously which find that annihilating
dark matter can provide a good fit to the observed emis-
sion [10–12, 15]. In particular, Fermi’s Galactic Cen-
ter observations, coupled with observations of the Milky
Way’s radio filaments, are most easily explained by a
dark matter particle with a mass of m

DM

⇡ 7� 10 GeV,
an annihilation cross section of �v ⇠ 5 ⇥ 10�27 cm3/s
to charged leptons, and distributed in a somewhat con-
tracted profile (⇢ / r�1.3).

Looking toward the future, we find very promising
the possibility of the post-Fermi gamma-ray satellite,
GAMMA-400 [54]. As GAMMA-400’s overall e↵ective
area and acceptance will be comparable to that of Fermi,
it will likely not be more sensitive to dark matter anni-
hilations from flux-limited sources, such as dwarf galax-
ies. With considerable improvements in both angular and
energy resolution relative to Fermi, however, GAMMA-
400 should be able to much better separate astrophysical

backgrounds in the inner Galaxy from any dark mat-
ter annihilation signal that is present. Furthermore,
multi-wavelength studies of the Galactic Center, and
progress from hydrodynamical simulations of dark mat-
ter in Milky Way-like galaxies, could further strengthen
the dark matter constraints that can be derived from the
inner Galaxy.
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Prediction on DM direct detection 
from loop-induced interaction

q

q

q

�� ��

Q Q

Q

g g
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Figure 1. One-loop Feynman graphs showing the contributions to the DM-nucleus cross section
in the case of OM . Mixing diagram generating OM

q (left), matching contribution giving rise to OM
G

(middle), and matrix element describing the low-energy two-photon scattering of DM on the nucleus
(right). See text for further details.

where eq is the electric charge of the quark q and mt < µ < M⇤. Notice that we have assumed
that the Wilson coe�cient of OM

q vanishes at M⇤.

We now evolve the Wilson coe�cient CM
q from M⇤ down to mt, where we integrate out

the top quark. Removing the heavy quark as an active degree of freedom gives rise to a finite
threshold correction to the Wilson coe�cient of the operator

OM
G = CM

G M̄MG

a,µ⌫
G

a
µ⌫ , (4.3)

where G

a,µ⌫ denotes the field strength tensor of QCD. The relevant leading-order (LO) di-
agram is shown in the middle of Figure 1. The corresponding matching is captured by the
simple replacement [28]

mtM̄Mt̄t CM
t (mt) ! M̄MG

a,µ⌫
G

a
µ⌫ CM

G (mt) , (4.4)

with CM
G given at next-to-leading order (NLO) by

CM
G (mt) = �↵s(mt)

12⇡

�
1 + �t

� CM
t (mt) , (4.5)

where �t = 11↵s(mt)/(4⇡) [29]. Although �t is formally of higher order, we will include such
finite two-loop contributions in our analysis, because they are numerically non-negligible.
Notice that once the top quark has been removed, the Wilson coe�cient CM

t and the corre-
sponding logarithm is frozen at the threshold mt in the EFT.

After the top quark has been integrated out, we then have to consider the mixing of
the set of three operators OM , OM

q and OM
G . Like OM the operator OM

G mixes into OM
q .

The relevant diagram is the QCD counterpart of the one displayed on the left in Figure 1
with the photons replaced by gluons. As shown in Appendix B, the associated corrections
are subleading and we will neglect them in what follows. The operator OM

G itself evolves like
the QCD coupling constant, so that for scales mb < µ < mt its Wilson coe�cient takes the
form

CM
G (µ) ' ↵

⇡

↵s(µ)

⇡

e

2
t

4

�
1 + �t

�
ln

✓
M

2
⇤

m

2
t

◆
CM (M⇤) . (4.6)

At the scales mb and mc, the bottom and charm quarks are integrated out, which in
full analogy to (4.5) results in finite matching corrections to CM

G . Including all heavy-quark

– 6 –

Le� = c�2Fµ�Fµ�

Le� = c�̄�Fµ�Fµ� , c�̄�Fµ�F̃µ�

, c�̄�5�Fµ�F̃µ�, c�̄�5�Fµ�Fµ�

, c�2Fµ�F̃µ�

, c�̄�µ��F �
µ F̃��

real scalar DM :

fermionic DM :

(Dirac)
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Figure 4. Left panel: Limits on C

� as a function of m� from XENON100 (red) and CDMS-II
(blue) for � = M (solid) and � = D (dotted). The same limits apply to C

�
/m� for � = R (solid) and

� = C (dotted). Right panel: Bound on h�vreli�� as a function of m� from XENON100 (red solid
curve) compared to the current bound from Fermi LAT (black dashed curve) for Majorana DM. The
projected sensitivity of XENON1T is indicated by the purple dotted curve. The green box shows the
parameters for the claimed �-ray signal from [4]. For Dirac DM, the bounds from XENON100 and
XENON1T would be stronger by a factor of 2. All shown curves have been obtained by setting the
new-physics scale M⇤ entering the e↵ective coupling f

� equal to 200GeV.

displayed in light (dark) colours in the right panel of Figure 2.
Because of the strong suppression of the Rayleigh form factor for finite momentum

transfer, the two terms in (5.5) give comparable contributions to the di↵erential event rate
in a realistic detector. Typically, the contribution proportional to the Rayleigh form factor
is larger close to the threshold, while the contribution proportional to the Helm form factor
dominates at large recoil energies. Consequently, there will be large interference e↵ects
leading to a distinct recoil spectrum. This striking feature is illustrated in Figure 3 for
both XENON100 [34] (left panel) and CDMS-II [35] (right panel). Note that the e↵ect of
the interference is much more pronounced in CDMS-II because of the much better energy
resolution. Contrary to most DM models, we expect almost no events near the energy
threshold, whereas the bulk of the signal is expected at relatively large momentum transfer.

In spite of the large interference, we still obtain relevant constraints on the Wilson co-
e�cients C� both from XENON100 and CDMS-II using the maximum gap method [36]. The
resulting bounds are shown in the left panel of Figure 4 and range from around 10�3GeV�3

to almost 10�6GeV�3. These constraints can be translated into bounds on the �� annihila-
tion cross section. In order to get a feeling for the resulting limits, we define �

�
0 = �

�
SI(q

2 = 0)
and f0 = f

�(q2 = 0)/C�. Combining (3.2) with (5.1), we then obtain

h�S
vreli�� . nS

m

4
S

µ

2
A

�

S
0

f

2
0

, h�F
vreli�� . nF

2

m

4
F

µ

2
A

�

F
0

f

2
0

v

2
rel , (5.6)

where S = R, C and F = M, D.
From the above relations it is readily seen that for scalar DM, corresponding to s-

wave annihilation, the current sensitivity of direct detection searches is insu�cient (by six to
eight orders of magnitude) to compete with indirect detection experiments. In contrast, for
fermionic DM which leads to p-wave annihilation, the present constraints from XENON100
are, as a result of the factor v

2
rel in (5.6), comparable to the Fermi LAT constraints if

m� . 40GeV. For light DM, direct detection experiment hence start to indirectly probe

– 11 –

XENON100

Fermi-LAT

XENON1T

Majorana fermion DM Le� = c�̄�Fµ�Fµ�
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FIG. 2: Top: 3 ! limits for annihilation into “channel”, from region of | b |< 5!, | l |< 5!. We study five channels.
"" !" W+W": solid lines, "" !" bb̄: dotted lines, "" !" #+#": dashed lines, "" !" µ+µ": dashed dotted lines and
"" !" e+e": long dashed lines. Left: assuming a single line from "" !" 2$ (blue), or "" !" Z$ (red) or "" !" h$ (green).
Right: assuming double lines from "" !" 2$ and "" !" Z$ (blue), from "" !" Z$ and "" !" h$ (red). Bottom: best fit
values for the ahhinilation into line(s). For the double line case the annihilation best fit value refers to the cross-section for
the highest energy line; the 111/129 GeV luminosity ratio is taken to be 0.7/1 . We use the Einasto DM profile of eq. 1 which
gives J/!" = 1.21# 1024 GeV2 cm"5 (see text for more details).

Chan. Line 127 GeV (2$) 140 GeV (Z$) 150 GeV (h$)

W+W" Free 34.2(40.8) 35.1(42.6) 36.6(44.1)
W+W" Fixed 34.5(41.4) 35.4(43.2) 37.2(44.7)

bb̄ Free 30.0(31.5) 31.5(33.3) 32.7(34.5)
bb̄ Fixed 30.3(31.8) 31.8(33.6) 33.0(34.8)

#+#" Free 20.4(21.9) 21.6(23.4) 24.1(24.9)
#+#" Fixed 20.7(21.9) 21.9(23.7) 23.4(25.2)
µ+µ" Free 39.0(155.7) 39.9(169.8) 42.0(185.4)
µ+µ" Fixed 41.1(156.3) 40.2(167.7) 42.3(184.5)
e+e" Free 18.3(91.8) 13.5(100.8) 18.9(111.0)
e+e" Fixed 18.3(92.1) 13.5(99.3) 19.2(110.4)

TABLE I: 3! upper limits on DM annihilation $!v% # BR
to the continuous part (channel) (#10"26 cm3s"1) using
full(only prompt) DM $-ray spectra within | l |< 5!, | b |< 5!.
The line signal is taken to be either from its best fit value
(free) or fixed using the luminosity of [2] (see text for more
details). The J-factor/!" from this window is 1.21 # 1024

GeV2cm"5.

III. DARK MATTER ANNIHILATION SIGNAL
PROFILE

Ref. [2], suggests that the line(s) signal can be mor-
phologically fitted by a 4! FWHM gaussian distribution
or 3! FWHM when using just the events and avoid mak-

ing di!use maps or masking out any part of the GC. The
author of [1] has suggested instead a wider region of best
significance for the 130 GeV line.

Using ULTRACLEAN data class we address as well the
matter of DM profile morphology under the assumption
that the line signal is of DM origin and that an associated
continuous spectrum exists.

Calculating the !-ray spectral data within a wider re-
gion of the sky we can derive limits on the allowed an-
nihilation cross-section for a specific assumption on the
DM halo profile or vice versa for the DM halo profile
properties for specific assumptions on the annihilation
cross-section.

Motivated by the ! 130 GeV energy of the !-ray line,
we consider a DM mass of m! = 130 GeV annihilating
to W+W", with a cross-section to 2! for the line.

We calculate the !-ray spectra in the same energy bin-
ning as for the 10! " 10! box described in section II. We
concentrate in the | b |< 25!, | l |< 25! region where the
annihilation from the halo is dominant. We break that
region in 20 smaller windows, 8 of which in the region
| b |< 10!, | l |< 10! of 5! size in l and 10! size in b. For
| b |> 10!, | l |> 10!, 12 windows symmetrically placed
with respect to b = 0!, l = 0! each composed of 4 boxes
5! " 5! size. These windows are also shown in Fig. 4.

In Fig. 4, we assume the DM profile to be either an

WW
bb

ττ

μμ

ee

Upper bound on the main mode

γγ Zγ hγ

(Einasto, |L|<5°, |b|<5°)

Upper bound on continuum 
gamma from DM annihilation.

Similar conclusion to Cohen et al.
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