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Evidence of new physics?

Galaxy Rotation Curves

Gravitational Lensing

Pamela/Fermi/ATIC

large cross section into e+,e-

excess of e+ / (e++e- )

leptophilic dark matter
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FIG. 4: Energy spectra for e+, e−, and e+ + e
− (control re-

gion). In the control region where both species are allowed,
this analysis reproduces the Fermi LAT results reported pre-
viously for the total electron plus positron spectrum [20, 21]
(gray). Previous results form HEAT [9] and PAMELA [38]
are shown for reference. The bottom panel shows that the
ratio between the sum and the control flux is consistent with
1 as expected.
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FIG. 5: Positron fraction measured by the Fermi LAT and
by other experiments [7, 14, 16]. The Fermi statistical uncer-
tainty is shown with error bars and the total (statistical plus
systematic uncertainty) is shown as a shaded band.

electron plus positron spectrum (3.08±0.05) [20, 21].
Conclusion. We measured the CR positron and elec-

tron spectra separately between 20 and 200 GeV, using
a novel separation technique which exploits the charge-
dependent displacement of the Earth’s shadow due to
the geomagnetic field. While the positron fraction has
been measured previously up to 100 GeV [15, 16] and
the absolute flux has been measured previously up to
50 GeV [9, 39], this is the first time that the absolute CR
positron spectrum has been measured above 50 GeV and
that the fraction has been determined above 100 GeV.

We find that the positron fraction increases with en-
ergy between 20 and 200 GeV, consistent with results
reported by PAMELA [15, 16]. Future measurements
with greater sensitivity and energy reach, such as those
by AMS-02 [40], are necessary to distinguish between the
many possible explanations of this increase.
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FIG. 4: Energy spectra for e+, e−, and e+ + e
− (control re-

gion). In the control region where both species are allowed,
this analysis reproduces the Fermi LAT results reported pre-
viously for the total electron plus positron spectrum [20, 21]
(gray). Previous results form HEAT [9] and PAMELA [38]
are shown for reference. The bottom panel shows that the
ratio between the sum and the control flux is consistent with
1 as expected.
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FIG. 5: Positron fraction measured by the Fermi LAT and
by other experiments [7, 14, 16]. The Fermi statistical uncer-
tainty is shown with error bars and the total (statistical plus
systematic uncertainty) is shown as a shaded band.

electron plus positron spectrum (3.08±0.05) [20, 21].
Conclusion. We measured the CR positron and elec-

tron spectra separately between 20 and 200 GeV, using
a novel separation technique which exploits the charge-
dependent displacement of the Earth’s shadow due to
the geomagnetic field. While the positron fraction has
been measured previously up to 100 GeV [15, 16] and
the absolute flux has been measured previously up to
50 GeV [9, 39], this is the first time that the absolute CR
positron spectrum has been measured above 50 GeV and
that the fraction has been determined above 100 GeV.

We find that the positron fraction increases with en-
ergy between 20 and 200 GeV, consistent with results
reported by PAMELA [15, 16]. Future measurements
with greater sensitivity and energy reach, such as those
by AMS-02 [40], are necessary to distinguish between the
many possible explanations of this increase.
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excess of 511 keV x-rays
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TABLE II Results of spectral analysis of Galactic 511 keV
emission from the region within 8ofrom the Galactic center.
In, Γn, Ib and Γb are the flux and width (FWHM) of the
narrow and broad lines, respectively, I3γ is the flux of the
ortho-positronium continuum and Ac is the amplitude of the
Galactic continuum at 511 keV. The first set of error bars
refers to 1σ statistical errors and the second set to systematic
errors (from Jean et al., 2006).

Parameters Measured values

In (10−3 s−1 cm−2) 0.72 ± 0.12 ± 0.02

Γn (keV) 1.32 ± 0.35 ± 0.05

Ib (10−3 s−1 cm−2) 0.35 ± 0.11 ± 0.02

Γb (keV) 5.36 ± 1.22 ± 0.06

I3γ (10−3 s−1 cm−2) 4.23 ± 0.32 ± 0.03

Ac (10−6 s−1 cm−2 keV−1) 7.17 ± 0.80 ± 0.06

SPI allows now for the first time to study the spectrum
of this emission in great detail and for different regions.

Spectral results for the Galactic spheroidal emission
were presented by Churazov et al. (2005) and Jean et al.
(2006), based on the first year of SPI data. The
line displays no spectral shift, i.e. it has an energy
E=511±0.08 keV (Churazov et al., 2005) and it is com-
posed of two spectral components (assumed to be rep-
resented by Gaussians): a narrow line with a width of
FWHM=1.3 ± 0.4 keV and a broad component with a
width of FWHM=5.4±1.2 keV (Fig. 5). The width of the
broad line is in agreement with the broadening expected
from positronium annihilation via charge exchange with
hydrogen atoms (see section V.B.2). The narrow line
component contains ∼ 2/3 of the total annihilation line
flux while the broad one makes up the remaining ∼ 1/3
of the flux. Table II summarizes the results of the spec-
tral analysis of the Galactic 511 keV emission after the
first year of SPI data.

SPI also clearly detected the ortho-positronium contin-
uum with an intensity that corresponds to a positronium
fraction of fPs=97±2 % (Jean et al., 2006; see Eq. 3).
This value is in good agreement with earlier measure-
ments obtained by OSSE (97±3 %, Kinzer et al., 1996)
and TGRS (94±4 %, Harris et al., 1998).

The shape of the annihilation line and the relative in-
tensity of the ortho-positronium continuum are closely
related to the physical conditions such as temperature,
ionisation stage and chemical abundances of the interstel-
lar medium in which positrons annihilate. These condi-
tions, obtained from the analysis of the measured spec-
trum, are presented and discussed in Sec. V.E. Important
complementary information on the energies of the anni-
hilating positrons is obtained from the analysis of the ob-
served continuum emission at somewhat higher energies
(above 511 keV and into the MeV region), as discussed
in the next section and Sec. V.B.

FIG. 5 Fit of the spectrum of the annihilation emission mea-
sured by SPI with narrow and broad Gaussian lines and an
ortho-positronium continuum. The power-law account for the
Galactic diffuse continuum emission (Jean et al., 2006).

C. Relevant observations at MeV energies

1. The MeV continuum

Positrons are typically emitted at relativistic energies,
in some cases even far above 1 MeV (Sec. IV). They be-
have essentially like relativistic electrons of cosmic rays,
by producing bremsstrahlung and inverse-Compton emis-
sion while slowing down to the thermal energies (eV)
of the interstellar medium, where they eventually an-
nihilate. But positrons may also annihilate ”in flight”
while still having relativistic energies, giving rise to a
unique γ-ray continuum signature at energies above 511
keV (as the center-of-mass energy is transferred to anni-
hilation photons; Sec. V). The shape and amplitude of
this γ-ray emission depend on the injection spectrum of
positrons and the corresponding total annihilation rate.
For positrons injected at low energies (of the order of
∼MeV, such as those released by radioactivity), the am-
plitude of the in-flight annihilation continuum above 1
MeV is quite small, while for sources injecting positrons
at much higher energy (such as cosmic-ray positrons from
pion decay), the annihilation γ-ray spectrum would ex-
tend up to GeV energies and include a considerable γ-
ray flux. The high energy γ-ray continuum above 1 MeV
therefore constrains the energy and the annihilation rate
of relativistic positrons, when all other sources of such
high energy emission are properly accounted for.
Diffuse Galactic continuum emission has been well-

measured at least in the inner part of the Galactic
disk (longitudes −30◦ < l < 30◦) in the hard-X-ray
through γ-ray regime by INTEGRAL, OSSE, COMP-
TEL, and EGRET (Bouchet et al., 2008; Kinzer et al.,
1999; Strong et al., 1994). The spectrum of the underly-
ing continuum emission in the 511 keV region is best rep-
resented as a power-law with index 1.55 (Bouchet et al.,

N. Prantzos et al., Reviews of Modern Physics 83 (2011)
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Pamela/Fermi/ATIC

INTEGRAL

Direct detection discrepancy

Inelastic scattering due to lower mass of Na

6Monday, July 23, 12



Secluded Dark Matter

Dark Matter, Χ, is secluded from ‘normal’ matter by a 
mediator, Φ.

Mediator could be some new gauge boson from the 
dark sector, or some other candidate.

The dark sector may be simple or more complicated, in 
the simplest picture the dark matter annihilates into the 
mediator.

L = L
SM

+ L
WIMP

+ L
mediator

�� ! ��

 Phys.Lett.B662:53-61,2008, Phys.Rev.D79:015014,2009
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Secluded DM: Properties
If non-abelian symmetry exists in the dark sector.

ΧΧ annihilation

Sommerfeld enhancement -> large cross-section

symmetry splitting possible, due to ‘dark’ Higgs (or 
small coupling to Higgs)

Excited Dark Matter (XDM)

Inelastic Dark Matter (iDM)

Possible explanation of observations of new physics

�� ! ��0 ! ��e+e�

�1�1 ! �2�3

Pamela/ATIC/Fermi INTEGRAL Direct Detection
8Monday, July 23, 12



Secluded DM: Signal

Leptophilic DM due to interaction with the SM through 
the kinetic mixing portal

‘Typical’ mediator boosted due to DM mass being 
greater than mediator mass

Lifetime of mediator could be long, could decay in the 
vicinity of the earth

�

�

�

�

µ

µ

�V F
0
µ�B

µ�

m� > m�

� ⇠ 1TeV

� ⇠ 1GeV

‘Typical’
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IceCube Neutrino Detector
1 km cube instrumented array in the Antarctic 
ice. Analysis with 79 string configuration.
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IceCube Neutrino 
Observatory

~O(108) muons per day 
filter level

~O(102) neutrinos per 
day filter level

Typical signal is ~10 
events per year
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Background (low energies)
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Atmospheric muons
(background)
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MC simulations

Distinguish µ (CR vs "µ)
 by their direction
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Difficult to distinguish signal from background
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IceCube Signatures
Standard signals:

Muons, Neutrinos, 
Cascades

Secluded DM Signal:

Di-muon

Key Selection 
Mechanism: Zenith

Down-going Muon Cascade

Up-going
Di-muon

simulation
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Di-muon Signature

Di-muon signal 
traveling through the 
ice looks like a much 
more energetic muon.

Energy deposited for 
stopping di-muon 
event is twice that of a 
single muon event. Distance (m)
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Analysis:
Energy Deposition

Energy deposition 
topology provides a 
key handle to 
differentiate signal and 
background.

Independent of Zenith.

Machine Learning Algorithm
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Analysis: Direction
Blind to data within 29° 
direction of the sun 
(azimuth)

Azimuth randomized for 
background sample (in 
time)

Shown 1.0 TeV signal 
(blue) and background 
(black) before final event 
selection.

Space Angle from Sun (rad)
0 0.5 1 1.5 2 2.5 3
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No excess of events from the Sun, observation consistent with the expected bg

  ⇒ upper  limit  on the number of signal events at 90% CL :  µs

  ⇒ 90% CL limit on the neutrino to muon conversion rate:

  ⇒ 90% CL limit on the neutralino annihilation rate in the Sun:
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Sensitivity
Before final topological 
event selection, 1.0 TeV 
DM annihilating into 1.0 
GeV mediator which 
decays to two muons.
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Theoretical Limits
Theoretical calculation by Meade, Nussinov, 
Papucci, Volansky (2009).
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Conclusions and Outlook

Dark matter may be more complicated than the 
traditional NMSSM candidates, this complication may 
provide new methods to discover them.

 Analysis for secluded Dark Matter using IceCube 
almost complete, systematic studies and final event 
selection on-going.

Look for results soon.
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