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An era of neutrino astronomy?
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Neutrinos from DM annihilation in the Sun

the standard WIMP capture/annihilation scenario

• WIMP DM particles are captured by 
the Sun via elastic scattering with 
nucleons

• the DM particles lose energy with 
each scattering, and quickly sink to 
the core of the Sun where they 
annihilate into standard model (SM) 
particles

• neutrinos are the only observable 
signal from DM annihilations in the 
Sun since they are the only SM 
particle that can escape from the Sun
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WIMP annihilation
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Solar WIMP capture
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• capture rate scales linearly 
with scattering cross-
section (if Sun is optically 
thin to WIMPs)

• for typical WIMP masses 
and scattering cross-
sections, capture and 
annihilation have reached 
equilibrium

• in this case, scattering cross-
section sets flux of 
neutrinos; independent of 
annihilation cross-section
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Solar WIMP capture
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• capture rate scales linearly 
with scattering cross-
section (if Sun is optically 
thin to WIMPs)

• for typical WIMP masses 
and scattering cross-
sections, capture and 
annihilation have reached 
equilibrium

• in this case, scattering cross-
section sets flux of 
neutrinos; independent of 
annihilation cross-section

• subsequent evaporation of 
captured low-mass WIMPs 
can significantly reduce 
effective capture rate and 
hence annihilation rate

evaporation
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Indirect detection with neutrinos
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• high-energy neutrinos (E ≳ 1 
GeV) are produced in 
annihilation final states and in 
subsequent hadronization 
and decay processes for 
some final states

• the number of high-energy 
neutrinos produced per 
annihilation is small, even at 
high WIMP masses

• (in vacuum, this is the end of 
the story for neutrino 
production)

Credit: Sky & Telescope / Gregg Dinderman
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Direct detection and high-energy neutrinos
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with other experimental limits [28–37]. We assume a stan-
dard DM halo with a local density of 0:3 GeV=cm3 [25]
and a Maxwellian WIMP velocity distribution with an
rms velocity of 270 km=s. We do not include the detailed
effects of diffusion and planets upon the capture rate, as the
simple free-space approximation [2] included inDarkSUSY
is found to be accurate [38]. Limits on the WIMP-nucleon
scattering cross section can also be deduced from limits
on monojet and monophoton signals at hadron colliders,
but these depend strongly on the choice of the underlying
effective theory and mediator masses [39–41] and are
consequently not included in Fig. 2.

In conclusion, we have presented the most stringent
limits to date on the spin-dependent WIMP-proton cross

section for WIMPs annihilating intoWþW" or !þ!" with
masses above 35 GeV=c2. With this data set, we have
demonstrated for the first time the ability of IceCube to
probe WIMP masses below 50 GeV=c2. This has been
accomplished through effective use of the DeepCore sub-
array. Furthermore, we have accessed the southern sky for
the first time by incorporating strong vetoes against the
large atmospheric muon backgrounds. The added live time
has been shown to improve the presented limits. IceCube
has now achieved limits that strongly constrain dark matter
models and that will impact global fits of the allowed dark
matter parameter space. This impact will only increase in
the future, as analysis techniques improve and detector live
time increases.
We thank H. Silverwood for his support on SUSYmodel

scans. We acknowledge the support from the following
agencies: U.S. National Science Foundation-Office of
Polar Programs, U.S. National Science Foundation-Physics
Division, University of Wisconsin Alumni Research
Foundation, the Grid Laboratory Of Wisconsin (GLOW)
grid infrastructure at the University of Wisconsin-Madison,
the Open Science Grid (OSG) grid infrastructure, U.S.
Department of Energy, National Energy Research
Scientific Computing Center, and the Louisiana Optical
Network Initiative (LONI) grid computing resources;
National Science and Engineering Research Council of
Canada; Swedish Research Council, Swedish Polar
Research Secretariat, Swedish National Infrastructure for
Computing (SNIC), and Knut and Alice Wallenberg
Foundation, Sweden; German Ministry for Education and
Research (BMBF), Deutsche Forschungsgemeinschaft
(DFG), Helmholtz Alliance for Astroparticle Physics
(HAP), and Research Department of Plasmas with
Complex Interactions (Bochum), Germany; Fund for
Scientific Research (FNRS-FWO), FWO Odysseus pro-
gramme, Flanders Institute to encourage scientific and tech-
nological research in industry (IWT), and Belgian Federal
SciencePolicyOffice (Belspo);University ofOxford,United
Kingdom; Marsden Fund, New Zealand; Australian
Research Council; Japan Society for Promotion of Science
(JSPS); and the Swiss National Science Foundation (SNSF),
Switzerland.

*Present address: Physics Department, South Dakota
School of Mines and Technology, Rapid City, SD
57701, USA.
†Present address: Los Alamos National Laboratory, Los
Alamos, NM 87545, USA.
‡Also at Sezione INFN, Dipartimento di Fisica, I-70126,
Bari, Italy.
§Present address: NASA Goddard Space Flight Center,
Greenbelt, MD 20771, USA.

[1] G. Bertone, D. Hooper, and J. Silk, Phys. Rep. 405, 279
(2005).

 )-2 / GeV cχlog10 ( m
4321

 )2
 / 

cm
S

I,p
σ

lo
g1

0 
( 

-46

-45

-44

-43

-42

-41

-40

-39

-38
MSSM incl. XENON (2012) ATLAS + CMS (2012)
DAMA no channeling (2008)
CDMS (2010)
CDMS 2keV reanalyzed (2011)
CoGENT (2010)
XENON100 (2012)

)IceCube 2012 (bb
♦)-W+IceCube 2012 (W
)2 = 80.4GeV/cW<mχ for m-τ+τ (♦

 )-2 / GeV cχlog10 ( m
4321

 )2
 / 

cm
S

D
,p

σ
lo

g1
0 

( 

-40

-39

-38

-37

-36

-35
MSSM incl. XENON (2012) ATLAS + CMS (2012)
DAMA no channeling (2008)
COUPP (2012)
Simple (2011)
PICASSO (2012)

)SUPER-K (2011) (bb
)-W+SUPER-K (2011) (W

)IceCube 2012 (bb
♦)-W+IceCube 2012 (W

)2 = 80.4GeV/cW<mχ for m-τ+τ (♦

FIG. 2 (color online). 90% C.L. upper limits on "SI;p (top
figure) and "SD;p (bottom figure) for hard and soft annihilation
channels over a range of WIMP masses. Systematic uncertainties
are included. The shaded region represents an allowed minimal
supersymmetric standard model parameter space (MSSM-25
[42]) taking into account recent accelerator [43], cosmological,
and direct DM search constraints. The results from Super-K [28],
COUPP (exponential model) [29], PICASSO [30], CDMS
[31,32], XENON100 (limits above 1 TeV=c2 from the
XENON100 Collaboration) [36], CoGeNT [35], Simple [37],
and DAMA [33,34] are shown for comparison.
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FIG. 2 (color online). 90% C.L. upper limits on "SI;p (top
figure) and "SD;p (bottom figure) for hard and soft annihilation
channels over a range of WIMP masses. Systematic uncertainties
are included. The shaded region represents an allowed minimal
supersymmetric standard model parameter space (MSSM-25
[42]) taking into account recent accelerator [43], cosmological,
and direct DM search constraints. The results from Super-K [28],
COUPP (exponential model) [29], PICASSO [30], CDMS
[31,32], XENON100 (limits above 1 TeV=c2 from the
XENON100 Collaboration) [36], CoGeNT [35], Simple [37],
and DAMA [33,34] are shown for comparison.

PRL 110, 131302 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending

29 MARCH 2013

131302-6

high-E neutrino searches

direct searches

Aartsen et al. [Ice Cube Collaboration], 2013not yet probed by high-E 
neutrino searches
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Light WIMPs: direct searches
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4

timing that are transformed so that the WIMP accep-
tance regions of all detectors coincide.

After unblinding, extensive checks of the three candi-
date events revealed no data quality or analysis issues
that would invalidate them as WIMP candidates. The
signal-to-noise on the ionization channel for the three
events (ordered in increasing recoil energy) was measured
to be 6.7�, 4.9�, and 5.1�, while the charge threshold
had been set at 4.5� from the noise. A study on pos-
sible leakage into the signal band due to 206Pb recoils
from 210Po decays found the expected leakage to be neg-
ligible with an upper limit of < 0.08 events at the 90%
confidence level. The energy distribution of the 206Pb
background was constructed using events in which a co-
incident ↵ was detected in a detector adjacent to one
of the 8 Si detectors used in this analysis. Further-
more, as in the Ge analysis, we developed a Bayesian
estimate of the rate of misidentified surface events based
upon the performance of the phonon timing cut mea-
sured using events near the WIMP-search signal region
[22]. Classical confidence intervals provided similar esti-
mates [23]. Multiple-scatter events below the electron-
recoil ionization-yield region from both 133Ba calibration
andWIMP-search data were used as inputs to this model.
The final model predicts an updated surface-event leak-
age estimate of 0.41+0.20

�0.08(stat.)
+0.28
�0.24(syst.) misidentified

surface events in the eight Si detectors.

This result constrains the available parameter space
of WIMP dark matter models. We compute upper lim-
its on the WIMP-nucleon scattering cross section using
Yellin’s optimum interval method [24]. We assume a
WIMP mass density of 0.3 GeV/c2/cm3, a most probable
WIMP velocity with respect to the galaxy of 220 km/s,
a mean circular velocity of Earth with respect to the
galactic center of 232 km/s, a galactic escape velocity of
544 km/s [25], and the Helm form factor [26]. Fig. 4
shows the derived upper limits on the spin-independent
WIMP-nucleon scattering cross section at the 90% con-
fidence level (C.L.) from this analysis and a selection of
other recent results. The present data set an upper limit
of 2.4⇥ 10�41 cm2 for a WIMP of mass 10 GeV/c2. We
are completing the calibration of the nuclear recoil energy
scale using the Si-neutron elastic scattering resonant fea-
ture in the 252Cf exposures. This study indicates that our
reconstructed energy may be 10% lower than the true re-
coil energy, which would weaken the upper limit slightly.
Below 20 GeV/c2 the change is well approximated by
shifting the limits parallel to the mass axis by ⇠ 7%. In
addition, neutron calibration multiple scattering e↵ects
improve the response to WIMPs by shifting the upper
limit down parallel to the cross-section axis by ⇠ 5%.

A model of our known backgrounds, including both
energy and expected rate distributions, was constructed
for each detector and experimental run for each of the
three backgrounds considered: surface electron recoils,
neutron backgrounds, and 206Pb recoils. Simulations of
our background model yield a 5.4% probability of a sta-
tistical fluctuation producing three or more events in our

FIG. 4. Experimental upper limits (90% confidence level) for
the WIMP-nucleon spin-independent cross section as a func-
tion of WIMP mass. We show the limit obtained from the ex-
posure analyzed in this work alone (black dots), and combined
with the CDMS II Si data set reported in [22] (blue solid line).
Also shown are limits from the CDMS II Ge standard [11] and
low-threshold [27] analysis (dark and light dashed red), EDEL-
WEISS low-threshold [28] (orange diamonds), XENON10 S2-
only [29] (light dash-dotted green), and XENON100 [30] (dark
dash-dotted green). The filled regions identify possible signal
regions associated with data from CoGeNT [31] (magenta,
90% C.L., as interpreted by Kelso et al. including the e↵ect
of a residual surface event contamination described in [32]),
DAMA/LIBRA [16, 33] (yellow, 99.7% C.L.), and CRESST
[18] (brown, 95.45% C.L.) experiments. 68% and 90% C.L.
contours for a possible signal from these data are shown in
blue and cyan, respectively. The asterisk shows the maxi-
mum likelihood point at (8.6 GeV/c2, 1.9⇥ 10�41 cm2).

signal region.

This model of our known backgrounds was used to in-
vestigate the data in the context of a WIMP+background
hypothesis. We performed a profile likelihood analysis in
which the background rates were treated as nuisance pa-
rameters and the WIMP mass and cross section were
the parameters of interest. The highest likelihood is
found for a WIMP mass of 8.6 GeV/c2 and a WIMP-
nucleon cross section of 1.9⇥10�41 cm2. The goodness-
of-fit test of this WIMP+background hypothesis results
in a p-value of 68%, while the background-only hypoth-
esis fits the data with a p-value of 4.5%. A profile like-
lihood ratio test including the event energies finds that
the data favor the WIMP+background hypothesis over
our background-only hypothesis with a p-value of 0.19%.
Though this result favors a WIMP interpretation over
the known-background-only hypothesis, we do not be-
lieve this result rises to the level of a discovery.

CDMS II Collaboration, 2013

• possible direct detection 
signals are at edge of 
energy threshold

• direct detection and 
indirect detection with 
solar neutrinos are 
complementary probes 
with different 
uncertainties,  it would 
be valuable to cover the 
same parameter space

CDMS-II Si

CDMS-II Si (more data)

CDMS-II Ge

◇ EDELWEISS

XENON10 S2

 XENON100

COGENT

DAMA/LIBRA

CRESST

CDMS-II Si signal
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Light WIMPs: gamma-ray signals
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• claimed gamma-ray excesses 
from the Galactic Center 
and inner Galaxy are 
consistent with annihilation 
of light WIMP DM (e.g., 
Hooper & Goodenough 
2010, Abazajian & Kaplinghat 
2012, Hooper & Slatyer 
2013)

• again, need for multiple 
experimental probes

10

FIG. 7: The gamma-ray spectrum of the Fermi Bubbles after subtracting a contribution from inverse Compton emission,
derived using the electron spectrum (up to normalization) found in our best-fit to the |b| = 40� � 50� region. This illustrates
the characteristics of the additional (non-inverse Compton) component of the gamma-ray emission from the Fermi Bubbles,
which is quite bright at low Galactic latitudes. We caution that these extracted spectra are subject to a number of systematic
uncertainties, such as those associated with the interstellar radiation field model, and due to uncertainties and variations in the
electron spectra throughout the volume of the Bubbles. These extracted spectra can, however, be taken as indicative of the
broad spectral features of the non-inverse Compton component of the Bubbles emission. Shown as dashed lines is the predicted
contribution of gamma-rays from the annihilations of 10 GeV dark matter particles (to ⌧+⌧�) distributed according to a
generalized NFW profile with an inner slope of � = 1.2, as described in Sec. V. We remind the reader that the backgrounds are
largest near the disk and thus there are significant systematic uncertainties in the spectrum from the low latitude (|b| = 1��10�)
region, especially at low energies.

Hooper & Slatyer 2013

gamma-ray spectrum from annihilation of 10 GeV 
WIMPs to "+"$
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possible final states: 
qq,gg,cc,ss,bb,tt,W+W$,-ZZ,-τ+τ$,0+0$,-νν,-e+e$,γγ

Low-energy neutrinos from the Sun

9

Slide Concept: C. Rott
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• pions are produced abundantly and rapidly in hadronic final states

Slide Concept: C. Rott

dominant decay 
is into hadrons



Identifying and Characterizing Dark Matter | KITP, Santa Barbara | May 16, 2013J. Siegal-Gaskins

possible final states: 
qq,gg,cc,ss,bb,tt,W+W$,-ZZ,-τ+τ$,0+0$,-νν,-e+e$,γγ

Low-energy neutrinos from the Sun

9

some “high-E” neutrinos 
from decays BEFORE 
energy loss → basis of 

current searches

few neutrinos

• pions are produced abundantly and rapidly in hadronic final states

• roughly equal numbers of π+, π-, and π0 are produced, with far greater multiplicity 
than other hadrons

Slide Concept: C. Rott

dominant decay 
is into hadrons



Identifying and Characterizing Dark Matter | KITP, Santa Barbara | May 16, 2013J. Siegal-Gaskins

possible final states: 
qq,gg,cc,ss,bb,tt,W+W$,-ZZ,-τ+τ$,0+0$,-νν,-e+e$,γγ

Low-energy neutrinos from the Sun

9

some “high-E” neutrinos 
from decays BEFORE 
energy loss → basis of 

current searches

few neutrinos

• pions are produced abundantly and rapidly in hadronic final states

• roughly equal numbers of π+, π-, and π0 are produced, with far greater multiplicity 
than other hadrons

• what happens to the pions?

Slide Concept: C. Rott

dominant decay 
is into hadrons
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Low-energy neutrinos from the Sun
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• π0: decay to 2 photons

• π- and π+: in the Sun, the hadronic interaction length for charged pions is shorter 
than the decay time → charged pions inelastically scatter with protons, producing 
more pions with each interaction

• once the π- come to rest, they are Coulomb-captured before decaying 

• π+ finally decay at rest, producing 3 neutrinos in the process, with energies of ~ 20 
to ~53 MeV

⇡+ ! µ+⌫µ

µ+ ! e+⌫e⌫̄µ

a plethora of pions!
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Low-energy neutrinos from the Sun
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Carsten Rott Aspen Feb 7, 2013

Neutrino signals - Example W-Boson

16

W+ e+νe , μ+νμ , τ+ντ
qq

~33%
~67%

Let’s have a closer look at this:

e+νe 

μ+νμ 

τ+ντ

1 high energy ν + em shower 

1 high energy ν + muon

1 high energy ν + tau decay

hadronic showerqq

TeVGeVMeV

Neutrinos from pion 
decay at rest
~ 20-50MeV

Neutrinos from 
decay of annihilation 

final states
~10GeV - 10TeV
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Multiplicity of neutrinos from Solar WIMPs
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Multiplicity of neutrinos from Solar WIMPs
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Rott, JSG, & Beacom 2012

all annihilation energy goes into pions
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Multiplicity of neutrinos from Solar WIMPs
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Rott, JSG, & Beacom 2012

scaling from air showers
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• number of low-E 
neutrinos scales linearly 
with WIMP mass

• number of high-E 
neutrinos does not 
increase noticeably with 
increasing WIMP mass

• amplitude depends on 
fraction of annihilation 
energy going into 
hadronic final states

• most channels produce 
some hadronic products 
(and have a favorable 
low-E neutrino yield even 
if not a favorable high-E 
neutrino yield)
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Spectrum of low-E neutrinos
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Neutrino Spectrum in the Sun (normalized to unity)

The Sun and Earth is transparent to neutrinos 
below 50MeV, but matter enhanced-mixing gives:
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Figure: C. Rott

signal spectral shape does not depend on annihilation channel!  
(as long as some energy goes into hadronic products)
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• water Cherenkov 
detector

• 22.5 kton fiducial 
volume

• detects anti-electron 
neutrinos via inverse 
beta decay

• the positron produces 
Cherenkov light which 
is detected by the 
PMTs

Detecting neutrinos with Super-K

16

⌫̄e + p ! e+ + n
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supernova rate as a function of z, with neutrino energies
redshifted as Eν/(1+z). The Kaplinghat, Steigman, and
Walker (KSW) model pushed uncertainties in the direc-
tion of producing the largest reasonable DSNB flux [15].
In the relevant energy range, E = 10 − 30 MeV, other
models have nearly the same shape but differ mostly in
normalization; also, several uncertainties are minimized.
The supernova rate is reasonably known in the relevant
range z <

∼
1 (where it rises by ∼ 10 over the z = 0

rate) [15, 16]. Uncertainties on cosmological and neu-
trino oscillation parameters no longer play a significant
role [16], the latter especially if realistic neutrino tem-
peratures [17] are used. The DSNB detection cross sec-
tion [5] may be treated at lowest order at present.

In Fig. 1, we show a range of DSNB spectra. The up-
per edge of the band is set by the SK limit [14] (0.6 of
KSW), and the lower edge by modern models [16] (0.2 of
KSW). The background-limited SK search [14] will gain
the required factor of 3 in sensitivity in about 40 years.
In GADZOOKS!, this sensitivity would be available im-
mediately. Requiring neutron detection would dramat-
ically lower the backgrounds below 18 MeV, where the
spallation beta singles rate rises rapidly. As the thresh-
old is lowered, the atmospheric neutrino backgrounds fall
and the DSNB signal rises. We calculate that the atmo-
spheric [18] backgrounds can be reduced by ∼ 5 from the
measured rates [14] by rejecting events with a preced-
ing nuclear gamma [19] or without a following neutron.
Further rejection (not shown) is likely possible by re-
quiring a small position separation between prompt and
delayed events, since DSNB events produce much less en-
ergetic neutrons. The number of DSNB events expected
in GADZOOKS! is about 2 − 6 per year above 10 MeV.
Uncertainties smaller than the corresponding Poisson un-
certainty can be ignored.

Detection of the DSNB would be an extremely impor-
tant scientific milestone. It could be the first detection of
neutrinos from significant redshifts z <

∼
1, and the second

detection of supernova neutrinos. With the exception of
SN 1987A in the Large Magellanic Cloud, a close com-
panion of our Galaxy, neutrinos have never been detected
from farther than the Sun. The DSNB flux is propor-
tional to the rate of all core-collapse supernovae, includ-
ing optically dark “failed” supernovae that collapse to
black holes. The DSNB spectrum shape would also pro-
vide a crucial calibration for numerical supernova models,
since in relatively few years, the sample of neutrinos from
SN 1987A could be surpassed

Galactic Supernova.— Supernovae in our Galaxy
are expected about 3 times per century, and SK would
observe ∼ 104 events at a typical distance of 10 kpc. The
ability to cleanly identify the dominant ν̄e + p → e+ + n
events would be extremely important for studying the re-
maining reactions, notably νe +16 O → e− +16 F, which
is exquisitely sensitive to the νe temperature and hence
neutrino mixing [20]. Hundreds of νe events could be ob-
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FIG. 1: Spectra of low-energy ν̄e + p → e+ + n coincidence
events and the sub-Čerenkov muon background. We assume
full efficiencies, and include energy resolution and neutrino os-
cillations. Singles rates (not shown) are efficiently suppressed.

served, far more than in any other detector. The neutral-
current events on 16O that lead to gamma and/or neutron
emission would be much better identified, of key impor-
tance for measuring the νµ/ντ temperature [21]. Even in
the forward angular cone, inverse beta events dominate
neutrino-electron scattering events [22]. Isolating those
events would be very useful: it would help detect the neu-
tronization burst νe events; it would improve the pointing
to the supernova by a factor of about 2, down to about
2◦ [22]; and it would allow better spectral studies. Using
timing information alone, SK could immediately recog-
nize a supernova as genuine by the unique time structure
of the events: almost all events in pairs separated by
tens of microseconds, much shorter than the separation
between subsequent neutrino interactions. Neutron de-
tection would improve the ability to study bursts out to
very late times, or to detect faint bursts.

Other Physics.— The solar ν̄e flux is <
∼

1% of the
predicted νe flux [23]. Requiring a neutron coincidence
would greatly reduce backgrounds, and the sensitivity
would be better than about 0.01%; the weak directional
information [5] may allow even better sensitivity. For
atmospheric and accelerator neutrinos, the ability to de-
tect neutron captures delayed from the neutrino inter-
action would shed new light on the hadronic final state.
This would be useful for separating (especially sub-GeV)
neutrinos and antineutrinos (which preferentially eject
protons and neutrons, respectively) and for probing the
type of neutrino interaction. For accelerator neutrinos,
neutrino-neutron elastic scattering will be a significant
new neutral-current channel. For proton decay, neutron

Beacom & Vagins, 2004
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served, far more than in any other detector. The neutral-
current events on 16O that lead to gamma and/or neutron
emission would be much better identified, of key impor-
tance for measuring the νµ/ντ temperature [21]. Even in
the forward angular cone, inverse beta events dominate
neutrino-electron scattering events [22]. Isolating those
events would be very useful: it would help detect the neu-
tronization burst νe events; it would improve the pointing
to the supernova by a factor of about 2, down to about
2◦ [22]; and it would allow better spectral studies. Using
timing information alone, SK could immediately recog-
nize a supernova as genuine by the unique time structure
of the events: almost all events in pairs separated by
tens of microseconds, much shorter than the separation
between subsequent neutrino interactions. Neutron de-
tection would improve the ability to study bursts out to
very late times, or to detect faint bursts.

Other Physics.— The solar ν̄e flux is <
∼

1% of the
predicted νe flux [23]. Requiring a neutron coincidence
would greatly reduce backgrounds, and the sensitivity
would be better than about 0.01%; the weak directional
information [5] may allow even better sensitivity. For
atmospheric and accelerator neutrinos, the ability to de-
tect neutron captures delayed from the neutrino inter-
action would shed new light on the hadronic final state.
This would be useful for separating (especially sub-GeV)
neutrinos and antineutrinos (which preferentially eject
protons and neutrons, respectively) and for probing the
type of neutrino interaction. For accelerator neutrinos,
neutrino-neutron elastic scattering will be a significant
new neutral-current channel. For proton decay, neutron
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ditional atmospheric neutrino backgrounds are also con-
sidered. Although remaining backgrounds other than the
four listed below were found to exist (for example, from
multiple and neutral pion production), their contribu-
tions were small and their spectrum shapes well described
by linear combinations of our four modeled backgrounds.
Thus, any contribution from these sources will be ab-
sorbed into the four backgrounds below during the fit.

1: Atmospheric νµ CC events

This is the largest remaining background in our sam-
ple. Atmospheric νµ’s and ν̄µ’s interact in the water of
the detector and create a muon via a charged current
reaction. This muon is very low energy, often below
Cherenkov threshold, in which case its decay electron
cannot be removed like other decay electrons (by correla-
tion to the preceding muon), since the muon is invisible.
This background’s energy spectrum is the well known
Michel spectrum, slightly modified by resolution effects,
and is quite different from the SN relic spectrum.

2: νe CC events

This background also originates from atmospheric cos-
mic ray interactions. Atmospheric νe’s and ν̄e’s are in-
distinguishable from SN relic ν̄e’s on an individual basis.
Their spectrum is quite different, however.

3: Atmospheric ν neutral current (NC) elastic events

NC elastic events have an energy spectrum that rises
sharply at our lower energy bound, similar to SN relics.
Most are removed by Cherenkov angle reconstruction,
but some still leak into our final sample and must be
modeled. With the lowering of the energy threshold from
18 MeV to 16 MeV, this background has become much
more relevant.

4: µ/π production from atmospheric ν

This last category is a grouping of two different things,
both heavier particles. First, NC reactions produce
charged pions > 200 MeV/C, some of which survive the
pion cut. These remaining events must be modeled. In-
cluded with them, since the spectrum and Cherenkov
angle distribution are relatively similar, are surviving
muons above Cherenkov threshold.

B. Background Modeling

All our backgrounds are modeled using the SK MC,
based on GEANT 3 and NEUT [30]. Hadronic interac-
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FIG. 11. Spectra of the four remaining backgrounds in the
signal Cherenkov angle region with all reduction cuts applied.
The νµ CC channel is from decay electron data; the other
three are from MC. All are scaled to the SK-I LMA best fit
result.

tions are simulated using a combination of CALOR and
custom SK code. For the Michel spectrum (used for the
νµ CC), we measure the spectrum of decay electrons from
cosmic ray muons. The spectra of the other three re-
maining backgrounds are determined from the MC, as is
the Cherenkov angle distribution of all four backgrounds.
The SN relic signal itself is modeled separately, with its
own MC. Many different models are considered, and dif-
ferent results are calculated for each model.

Fig. 11 shows the energy spectrum of the four re-
maining backgrounds taken from the MC. Fig. 12 shows
the Cherenkov angle of the four backgrounds, with no
Cherenkov angle cut applied (from MC); it can be seen
that the MC has a shape quite similar to the data. Also,
while the CC backgrounds have a Cherenkov angle dis-
tribution similar to that of SN relics (38-50 degrees), the
NC elastic background mostly reconstructs at high angles
(where the Cherenkov angle reconstruction algorithm,
which assumes a single ring, misreconstructs events with
multiple gammas and roughly isotropic distributions of
light), and the µ/π leakage mostly reconstructs at lower
angles (as expected from heavier, low energy particles).
Because of these distributions, we have split the data into
three regions: the signal region (38-50 degrees); and the
two background regions, or ‘sidebands’, consisting of the
low (20-38 degrees) µ/π region, and high (78-90 degrees)
NC elastic region. The sidebands are used to normalize
the NC elastic and µ/π backgrounds in the signal region,
where the SN relic signal would occur.
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FIG. 11. Spectra of the four remaining backgrounds in the
signal Cherenkov angle region with all reduction cuts applied.
The νµ CC channel is from decay electron data; the other
three are from MC. All are scaled to the SK-I LMA best fit
result.

tions are simulated using a combination of CALOR and
custom SK code. For the Michel spectrum (used for the
νµ CC), we measure the spectrum of decay electrons from
cosmic ray muons. The spectra of the other three re-
maining backgrounds are determined from the MC, as is
the Cherenkov angle distribution of all four backgrounds.
The SN relic signal itself is modeled separately, with its
own MC. Many different models are considered, and dif-
ferent results are calculated for each model.

Fig. 11 shows the energy spectrum of the four re-
maining backgrounds taken from the MC. Fig. 12 shows
the Cherenkov angle of the four backgrounds, with no
Cherenkov angle cut applied (from MC); it can be seen
that the MC has a shape quite similar to the data. Also,
while the CC backgrounds have a Cherenkov angle dis-
tribution similar to that of SN relics (38-50 degrees), the
NC elastic background mostly reconstructs at high angles
(where the Cherenkov angle reconstruction algorithm,
which assumes a single ring, misreconstructs events with
multiple gammas and roughly isotropic distributions of
light), and the µ/π leakage mostly reconstructs at lower
angles (as expected from heavier, low energy particles).
Because of these distributions, we have split the data into
three regions: the signal region (38-50 degrees); and the
two background regions, or ‘sidebands’, consisting of the
low (20-38 degrees) µ/π region, and high (78-90 degrees)
NC elastic region. The sidebands are used to normalize
the NC elastic and µ/π backgrounds in the signal region,
where the SN relic signal would occur.
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The νµ CC channel is from decay electron data; the other
three are from MC. All are scaled to the SK-I LMA best fit
result.

tions are simulated using a combination of CALOR and
custom SK code. For the Michel spectrum (used for the
νµ CC), we measure the spectrum of decay electrons from
cosmic ray muons. The spectra of the other three re-
maining backgrounds are determined from the MC, as is
the Cherenkov angle distribution of all four backgrounds.
The SN relic signal itself is modeled separately, with its
own MC. Many different models are considered, and dif-
ferent results are calculated for each model.

Fig. 11 shows the energy spectrum of the four re-
maining backgrounds taken from the MC. Fig. 12 shows
the Cherenkov angle of the four backgrounds, with no
Cherenkov angle cut applied (from MC); it can be seen
that the MC has a shape quite similar to the data. Also,
while the CC backgrounds have a Cherenkov angle dis-
tribution similar to that of SN relics (38-50 degrees), the
NC elastic background mostly reconstructs at high angles
(where the Cherenkov angle reconstruction algorithm,
which assumes a single ring, misreconstructs events with
multiple gammas and roughly isotropic distributions of
light), and the µ/π leakage mostly reconstructs at lower
angles (as expected from heavier, low energy particles).
Because of these distributions, we have split the data into
three regions: the signal region (38-50 degrees); and the
two background regions, or ‘sidebands’, consisting of the
low (20-38 degrees) µ/π region, and high (78-90 degrees)
NC elastic region. The sidebands are used to normalize
the NC elastic and µ/π backgrounds in the signal region,
where the SN relic signal would occur.
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• multiplicity of low-E neutrinos is very large

• backgrounds relatively low at 25-50 MeV

• most important is “invisible muons”

• slightly different spectral shape than signal due to signal spectrum 
being weighted by neutrino interaction cross section

• inverse beta decay has “large” cross section, but little 
directionality to help reduce backgrounds

• estimate sensitivity by summing background events for SK-1 
from 25 to 50 MeV to determine signal amplitude which 
would reject background-only hypothesis at 90% CL



Identifying and Characterizing Dark Matter | KITP, Santa Barbara | May 16, 2013J. Siegal-Gaskins

Signal and background spectra
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New sensitivity from low-energy neutrinos

23

Rott, JSG, & Beacom 2012

• sensitivity with low-E 
neutrino searches 
continues to improve 
with decreasing WIMP 
mass until evaporation 
becomes important

• minimal dependence on 
the annihilation channel

• simple sensitivity 
estimate already tests 
some of the DAMA signal 
region

• sensitivity could be 
improved with dedicated 
analysis, detector 
improvements, and larger 
detectors
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Next generation: Hyper-K

24

Rott, JSG, & Beacom 2012

• scaling up Super-K 
(Abe et al. 2011)

• factor of 25 larger 
fiducial volume
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Improving the sensitivity with Gadolinium

25

• decay electron events are 
the dominant background

• identifying the neutron in 
inverse beta decay can 
discriminate between the 
signal and the decay 
electron background

• proposal to add dissolved 
Gadolinium to Super-K 
(Beacom and Vagins, 
2004)

• neutron capture by Gd 
emits a 8 MeV photon 
cascade after a 
characteristic time

• can reduce background 
by applying a coincidence 
cut
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Summary: low-E neutrinos

• a new channel for indirect detection of WIMP annihilation in the Sun is 
proposed: low-energy neutrinos

• low-energy neutrinos (up to ~ 53 MeV) result from final states with 
hadronic content

• low-energy neutrino signal spectrum insensitive to annihilation channel

• provides new sensitivity using neutrinos to final states with minimal high-
energy neutrino content but which generate low-energy neutrinos

• eventual observation of both low- and high-energy neutrino signals could 
help to determine the branching ratios to different final states

• low-mass WIMP scenarios can be tested with neutrino searches

• complementary to direct searches

26
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Constraints on 
Sterile Neutrino Dark Matter from the 

Fermi Gamma-ray Burst Monitor

Kenny Chun Yu Ng
(Ohio State University)

Shunsaku Horiuchi
(UC Irvine)

Miles Smith
(Penn State)

Rob Preece
(University of Alabama)

in collaboration with
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Indirect searches for sterile neutrinos

28

• sterile neutrinos can radiatively 
decay to active neutrinos, 
producing a photon line signal at 
half the sterile neutrino mass

• X-ray telescopes can search for 
spectral lines from keV neutrinos

• (model-dependent) constraints 
also obtained from Lyman alpha 
measurements (probing clustering 
in the early universe) and the 
dark matter abundance

• a window of parameter space 
remains...

4

those today, for example, in the calculation of the diffuse
extragalactic background radiation (see Section 5).
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FIG. 2 — Principal radiative decay modes for massive singlet neu-

trinos.

The principal radiative decay modes of singlet neutrinos
are shown in Fig. 2. Majorana neutrinos have contribu-
tions from conjugate processes. For the Majorana neutrino
case, the decay rate for m2 ! m1, is (Pal & Wolfenstein
1982)
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αG2
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64π4
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
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where α ≈ 1/137 is the fine structure constant. Here,
rβ = (mβ/MW )2 is the square of the ratio of the β flavor
charged lepton mass and the W± boson mass, and

F (rβ) ≈ −
3

2
+

3

4
rβ . (9)

The sum in equation (8) is over the charged lepton flavors.
For decay of a doublet neutrino into another flavor doublet,
the sum in equation (8) vanishes for the first term in equa-
tion (9) on account of the unitarity property associated
with the transformation matrix elements in equation (3).
The second term in equation (9) causes the sum not to van-
ish, but the resulting term is obviously very small because
it involves the fourth power of the ratio of charged lepton
to W± masses. This is the so-called Glashow-Iliopoulos-
Maiani (GIM) suppression (or cancellation).

For a singlet decay, the sum over the charged lepton
flavors in equation (9) does not cancel the leading con-
tribution in equation (9) because there is no charged lep-
ton associated with the singlet state. The decay rate is
consequently greatly enhanced over the GIM-suppressed
doublet decay case. The rate of singlet neutrino radiative
decay is

Γγ(ms, sin
2 2θ) ≈ 6.8 × 10−33 s−1

(

sin2 2θ

10−10

)

( ms

1 keV

)5
,

(10)

where we have identified ms ≈ m2, since the mixing is
presumed to be small.

The singlet neutrino can also decay via two-photon emis-
sion, ν2 → ν1 + γ + γ. However, this decay has a leading
contribution scaling with the inverse square of the charged
lepton mass (Nieves 1983), and therefore is strongly sup-
pressed. Since the two-photon decay rate scales as m9

s,
it will dominate over the single photon mode for masses
ms ! 10 MeV. However, singlet neutrino masses over 10
MeV are excluded by other considerations (AFP).

In the case of the single photon channel, the decay of
a nonrelativistic singlet neutrino into two (nearly) mass-
less particles produces a line at energy Eγ = ms/2 with a
width given by the velocity dispersion of the dark matter.
For example, clusters of galaxies typically have a virial
velocity dispersion of ∼ 300 km sec−1. Therefore, the
emitted line is very narrow, ∆E ∼ 10−3Eγ . The observed

width of the line will be given by the energy resolution
of the detector in this case. For example, the energy res-
olution of Chandra’s ACIS is ∆E ≈ 200 eV, while the
Constellation X project hopes to achieve a resolution of
∆E ≈ 2 eV.

The luminosity from a general singlet neutrino dark
matter halo is [from equation (1)]

L ≈ 6.1 × 1032 erg sec−1
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MDM

1011 M"
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This implies that the radiative decay flux from singlet neu-
trinos in the halo is

F ≈ 5.1 × 10−18 erg cm−2 sec−1
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×
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Therefore, for a general singlet neutrino candidate with
rest mass ms and vacuum mixing angle sin2 2θ, the mass
limit—assuming no detection of a line at a flux limit level
of Fdet—is

ms " 4.6 keV
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Using equation (5), the dependence on mixing angle
can be eliminated, and with equation (1), we have for the
Lνα

≈ 0 case that the flux due to singlet neutrino decay
is

F ≈ 5.1 × 10−14 erg cm−2 sec−1

(
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For the Lνα
≈ 0 production case, the corresponding singlet

mass limit from a null detection of a line at Eγ = ms/2 at
flux limit Fdet is

ms " 1.25 keV

(
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It should be noted that the decay limits presented here
derive from a specific type of mass-generation mechanism
for the singlet neutrino: those arising from the simplest
case of Majorana or Dirac type mass terms. More compli-
cated neutrino mass models would have different mass-
terms, radiative decay widths and possibly other cou-
plings, and bounds on these models would require indi-
vidual analysis.

3.2. Active Neutrinos

The direct experimental upper limits on the νµ and
ντ masses are only 190 keV and 18.2 MeV, respec-
tively (Groom et al. 2000). Although the observationally-
inferred age of the universe precludes the possibility of
fully thermalized active neutrinos being the WDM or
CDM (Gerstein & Zeldovich 1966; Cowsik & McClelland
1972), the active neutrinos may not be fully thermalized in
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those today, for example, in the calculation of the diffuse
extragalactic background radiation (see Section 5).
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tion (9) on account of the unitarity property associated
with the transformation matrix elements in equation (3).
The second term in equation (9) causes the sum not to van-
ish, but the resulting term is obviously very small because
it involves the fourth power of the ratio of charged lepton
to W± masses. This is the so-called Glashow-Iliopoulos-
Maiani (GIM) suppression (or cancellation).

For a singlet decay, the sum over the charged lepton
flavors in equation (9) does not cancel the leading con-
tribution in equation (9) because there is no charged lep-
ton associated with the singlet state. The decay rate is
consequently greatly enhanced over the GIM-suppressed
doublet decay case. The rate of singlet neutrino radiative
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where we have identified ms ≈ m2, since the mixing is
presumed to be small.

The singlet neutrino can also decay via two-photon emis-
sion, ν2 → ν1 + γ + γ. However, this decay has a leading
contribution scaling with the inverse square of the charged
lepton mass (Nieves 1983), and therefore is strongly sup-
pressed. Since the two-photon decay rate scales as m9

s,
it will dominate over the single photon mode for masses
ms ! 10 MeV. However, singlet neutrino masses over 10
MeV are excluded by other considerations (AFP).

In the case of the single photon channel, the decay of
a nonrelativistic singlet neutrino into two (nearly) mass-
less particles produces a line at energy Eγ = ms/2 with a
width given by the velocity dispersion of the dark matter.
For example, clusters of galaxies typically have a virial
velocity dispersion of ∼ 300 km sec−1. Therefore, the
emitted line is very narrow, ∆E ∼ 10−3Eγ . The observed

width of the line will be given by the energy resolution
of the detector in this case. For example, the energy res-
olution of Chandra’s ACIS is ∆E ≈ 200 eV, while the
Constellation X project hopes to achieve a resolution of
∆E ≈ 2 eV.

The luminosity from a general singlet neutrino dark
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Therefore, for a general singlet neutrino candidate with
rest mass ms and vacuum mixing angle sin2 2θ, the mass
limit—assuming no detection of a line at a flux limit level
of Fdet—is

ms " 4.6 keV

(
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Using equation (5), the dependence on mixing angle
can be eliminated, and with equation (1), we have for the
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≈ 0 case that the flux due to singlet neutrino decay
is
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For the Lνα
≈ 0 production case, the corresponding singlet

mass limit from a null detection of a line at Eγ = ms/2 at
flux limit Fdet is
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It should be noted that the decay limits presented here
derive from a specific type of mass-generation mechanism
for the singlet neutrino: those arising from the simplest
case of Majorana or Dirac type mass terms. More compli-
cated neutrino mass models would have different mass-
terms, radiative decay widths and possibly other cou-
plings, and bounds on these models would require indi-
vidual analysis.

3.2. Active Neutrinos

The direct experimental upper limits on the νµ and
ντ masses are only 190 keV and 18.2 MeV, respec-
tively (Groom et al. 2000). Although the observationally-
inferred age of the universe precludes the possibility of
fully thermalized active neutrinos being the WDM or
CDM (Gerstein & Zeldovich 1966; Cowsik & McClelland
1972), the active neutrinos may not be fully thermalized in

Abazajian, Fuller, & Tucker 2001
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Indirect searches for sterile neutrinos

28

• sterile neutrinos can radiatively 
decay to active neutrinos, 
producing a photon line signal at 
half the sterile neutrino mass

• X-ray telescopes can search for 
spectral lines from keV neutrinos

• (model-dependent) constraints 
also obtained from Lyman alpha 
measurements (probing clustering 
in the early universe) and the 
dark matter abundance

• a window of parameter space 
remains...
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of GBM
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Credit: NASA/General Dynamics

The Fermi Gamma-ray Space Telescope

29
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The Gamma-ray Burst Monitor (GBM)

30

• 12 sodium iodide (NaI) detectors 
(8 - 1000 keV, in 128 energy bins)

• 2 bismuth germanate (BGO) 
detectors (150 keV - 40 MeV)

• GBM observes the entire 
unocculted sky
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FIG. 6.ÈAito†-Hammer maps of the (a) R12, (b) R45, and (c) R67 band data. The projection is an Aito†-Hammer equal area centered on the Galactic
center with Galactic longitude increasing to the left. The values next to the color bars indicate the intensity and the units are 10~6 counts s~1 arcmin~2.
Regions of missing data are black.

SNOWDEN et al. (see 485, 127)

PLATE 6

J. Siegal-Gaskins Identifying and Characterizing Dark Matter | KITP, Santa Barbara | May 16, 2013

The X-ray sky as seen by ROSAT 

Image Credit: Snowden et al. 1997
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The X-ray sky as seen by GBM 

32

GBM count rate in detector pointing direction 
(10 keV < E < 20 keV, NaI detector 0, Galactic coordinates)

NB: not a flux map

(excluding data time intervals with GRBs, transients, SAA)
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Bulk counting analysis

33

• require that the dark 
matter signal doesn’t 
exceed the total 
measured count rate 
in the energy bin of 
the line, in the 
selected ROI

• most robust / 
conservative limits
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Bulk counting analysis limits
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Spectral analysis

35

• model spectrum as line 
signal (at fixed energy) + 
power law

• model parameters are the 
signal and background 
normalizations and the 
power-law index

• choose a window around 
each line energy (larger than 
observed line signal width)

• approximate GBM energy 
response as a Gaussian
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Summary: sterile neutrino line search

• tools to use angular information in GBM data have been developed and 
applied in the context of a search for lines from sterile neutrino dark 
matter

• preliminary constraints from GBM data exclude new regions of sterile 
neutrino dark matter parameter space
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