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Three Aspects of Indirect Detection
Dark Matter MiPs
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== Dark Matter Indirect Detection Sy
at the Galactic Center

A Short Note on the Dark
Matter Density Profile

The large |-Factor of the galactic center
implies that any dark matter signal should
be observed first in the GC

Back of The Envelope
Calculation
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A Short Note on the Dark
Matter Density Profile
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Back olf The Envelope
Calculation

Fermi-LAT observed a gamma-ray flux between
1-3 GeV of ~1x10 °ergcm s !

Generic Dark Matter scenario predicts a
flux of -2 x107° ergcm™s ™! in this
range :
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Dark Matter Indirect Detection
at the Galactic Center

The large J-Factor of the galactic center
implies that any dark matter signal should
be observed first in the GC
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Previous Work
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Fermi-LAT ‘
B N

L 100 MeV - 300 GeV

Gamma-Ray Detector:

Effective Area = 0.8 m?>

—— Total 68% containment

SRk —— Front 68% containment

Field of View = 2.4 sr —— Back 68% containment
: N e T B - <= Total 95% containment

. ; -« Front 95% containment
~<~--Back 95% containment

Energy Resolution ~ 10%

Angular Resolution is Energy
Dependent

10"

10° 10°
Created on Tue Oct 18 16:51:21 2011 Energy (MeV)

In the galactic center, we restrict ourselves to front converting
events, which have much better angular reconstruction

—



Hooper & Goodenough |
(2009, 2011)

E,=1893-2383 MeV
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Broke down emission into planer and circular components, extracted the
spectrum of the circular emission
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Hooper & Linden (2010)

Employed a analytical model for
galactic gas in order to subtract
astrophysical emission sources

0 3)
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Abazajian & Kaplinghat'
t=f=t=1-] (2012, 2014)

B Employed a sophisticated likelihood analysis
N NN AR A Where the Fermi-LAT diffuse model and all

B rclcvant point sources are allowed to float
| independently in normalization and
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Gordon & Macias
(2013a, 2013Db)
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Added new diffuse components corresponding to 20cm
emission and H.E.S.S. TeV emission




V-

E? dN/dE (GeV cm™ s71)

channel, m,,

. Add

Consistency!  JL:

Hooper & Linden (2011)

_ — Sum
mpy =30 GeV, bb == Dark Matter
= = Point Source
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Differences in Interpretation

While we are using a "dark matter" input template to fit
the excess, this is not a clear indication that the signal is
due to dark matter. Instead, we are only finding
evidence for an emission component with a certain
spectrum and morphology.

Dark Matter | MSPs

MSP Interpretation

>

Need 2000 - 4000 MSPs in the inner degree around the GC

Dark Matter Interpretation

L3

eed an annihilating WIMP with a mass of:

25 — 50 GeV; bb 812 GeV; 75 MSPs must follow the square of the stellar density
slightly adiabatically contracted NFW Profile:
ark matter annihilation cross-section of

Average pulsar spectrum must be slightly harder at low-
energies, compared to the pulsars currently observed by
the Fermi-LAT




Dark Matter Interpretation
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MSP Interpretation

Need 2000 - 4000 MSPs in the inner degree around the 6C

MSPs must follow the square of the stellar density

Average pulsar spectrum must be slightly harder at low-

energies, compared to the pulsars currently observed by
the Fermi-LAT




A Separate Approach”
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Masked the region |b| < 1°,2° 5°

Masked 2° around bright point
sources

E* AN/dE (G

Used template fitting to allow
normalization of emission
components to float in each
energy bin

A(E? dN/DE) (keV/cm?/s/sr)

Hooper £ Slatyer (2013)
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Data Analysis

Methods

Additional Tests

>5 years of data + CTBCORE lets us ask probing questions

™ Spatial Extension™ |

Main Results

™ Tests of the Core ™

™ Center of Profile =

™™ Galactic Center
Exarming region Jbj < 57, I £ 57

Model all paint seurees and diffuse

emission models

Alllorv tha normalizations and spactral
models of each source to vary using the
gtiike algorithm to determing the best fit

fedluiees . L2G8

.y

Tour de force paper which
‘examines systematic errors
in the diffuse background by
evaluating more than 300
different tuned Galprop
background models

arXiv: 1402.6703

“arXiv: 4090042

’
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CTBCORE

The Fermi-LAT PASS 7 Data Selection provides a
parameter which quantifies how well the incoming
gamma-ray was directionally reconstructed

T T 1600

CTBOORE Ditail

Portillo & Finkbeiner (2014)

Galactic Center

Examine region |b| <5°, |[| < 5°
Model all point sources and diffuse
emission models

Allow the normalizations and spectral
models of each source to vary using the
gtlike algorithm to determine the best fit

- 2 r 3
Mask |bl <1 anda 2 radius around all IFGL Sources
Employ models for the diffuse emission, isotropic emission,
Fermi bubbles and a dark matter template

Allow the normalization of each component to float independently
in 25 energy bins from 300 MeV to 100 GeV




CTBCORE

The Fermi-LAT PASS 7 Data Selection providesa |
| parameter which quantifies how well the incoming
| gamma-ray was directionally reconstructed
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Inner Galaxy

Mask |[b| <1 anda 2 radius around all 1IFGL Sources

Employ models for the diffuse emission, isotropic emission,
Fermi bubbles and a dark matter template



Galactic Center

Examine region |b| <57, || <5°

Model all point sources and diffuse
emission models

Allow the normalizations and spectral
models of each source to vary using the
gtlike algorithm.to determine the best fit




alaxy
Inner Galaxy Galactic Center

Preliminary Results from Bug Fix
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Spectrum

}?%} NFW, y=1.26

Inner Galaxy Galactic Center

Roazajian et al. (208)



Close Comparison
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Morphology

—— Full Sky, |b|>1° /'
— — — Southern Sky, |b|j::-1'}.-“!

1.4 = - . 1.1 1.2 1.3
Inner Profile Slope, 7 Inner Profile Slope, ¥

Inner Galax A ARARRL Galactic Center

Don't fix a morphological template for dark matter, instead

— £ I — — »
. ® :I\'). F d let the normalization float independently in different galactic e, | o //:
4 / L | ( | Y center annuli = \/ F i
B ¥ e o dt O - ' f — |

.u ] B The smooth fall of the #
' dark matter ¥

normalization is clear.

RS The faster slope may be
due to template errors,
)l or a emission source
which is not a pure
power law



 Ring Analysis .

. Don't fix a morphological template for dark matter, instead
let the normalization float independently in different galactic
center annuli

The smooth fall of the
dark matter
normalization is clear.

The faster slope may be
due to template errors,
or a emission source
which is not a pure
power law




Preliminary Results from Bug Fix

Original ¢
Updated =

Non-Sphericity along plane for y=1.3
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-~ Additional Tests

>5 years of data + CTBCORE lets us ask probing questions

Spatial Extension Tests of the Core

Fits for DM Cores -+

maybe as far as 15° depending on binning

Galactic Center - Spatial Extension out to at least 5°,
cutoff due to region exceeding ROI

i 50 ]
Size of Dark Matter Core (pc)

Center of Proﬁl ty
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Spatial Extension

Fits flor NFW Cutoffs +

300 400 500 600 700 800 900 1000
Radius of Dark Matter Cutoff (pc)

. Inner Galaxy - Spatial Extension out to at least 11°,
maybe as far as 15 ° depending on binning

Galactic Center - Spatial Extension out to at least 5°,
cutoff due to region exceeding ROI




Tests of the Core

Fits for DM Cores +

30 50 70
Size of Dark Matter Core (pc)




Center of Profile




Ellipticity
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Degrees from the Galactic Plane

Galactic Center

Multiple Different Tests of the Data




Calor et al. (2014)

Spectrum in Different ROls
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-+ PL with exp. cutoff ] GC excess spectrum with
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Tour de force paper which
examines systematic errors
in the diffuse background by
evaluating more than 300
different tuned Galprop
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Data Analysis

Methods

Additional Tests

>5 years of data + CTBCORE lets us ask probing questions
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Interpretation
Do the data favor dark matter, pulsar, or other models?
DM Models =
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Electron Emission Models

e.g, Petrovit et al. (2014)

Proton Models
e.g. Carlson & Profumo (2014)
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and the morphology of the
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Pulsar Models

Morphological Fit

A reanalysis of MSP emission finds an average MSP spectrum
which is significantly softer than the GC excess

Cholis, Hooper, TL (201a)
Cholis, Hooper, TL (2045)

Luminosity Function
9 years of Fermi-LAT data gives us the abilit

y to actually measure the

-

luminosity function of M3Ps N
L ]

(rther Constraints
-
=
g Hooper et al. (2013) .

- Chalis, Hooper; TL (20M4a) b s



Spectral Fits

Dark Matter ay
—¢—¢ - Msec. Pulsars [ .
3 ° N ® Fermi MSPs

§ § Globular Clusters
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,.f" = ,.f".-.‘ ~
.r" b.f" ST )

=]

=]

“_CJ
:_;;‘-.
5]
@
—
=
NS
Z-.
el
3
=

A reanalysis of MSP emission finds an average MSP spectrum
which is significantly softer than the GC excess

Cholis, Hooper, TL (201a)
Cholis, Hooper, TL (2014b)
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Morphological Fits
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Luminosity Function

o years of Fermi-LAT data gives us the ability to actually measure the |
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The Excess is fit by simple dark matter models annihilating
at the thermal cross-section. There is no need for
Sommerfeld enhancement, or other particle physics fixes

NFW, » 1.26
35.5GeV ->bb

The signal exhibits both a smooth power-law falloff
(in 3D) and also spherical symmetry around the
position of Sgr A*

Particle Models Interpretation

Half of all tree level diagrams which explain the
excess are consistent with current constraints

You can compare the simplicity of this scenario with
previous results that were interpreted as dark matter
annihilation:

+ Positron Excess
- DAMA/LIBRA
- 130 GeV Line

This excess is hugely statistically significant, it is well fit by
simple dark matter models, and there are no clear astrophysical
interpretations of the data




Spectral Fits
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‘Morphological Fits
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The signal exhibits both a smooth power-law falloff
(in 3D) and also spherical symmetry around the
position of Sgr A*




Dark Matter Cross-Section
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The Excess is fit by simple dark matter models annihilating =

| at the thermal cross-section. There is no need for oy
Sommerfeld enhancement, or other particle physics fixes |



Particle Models

Half of all tree level diagrams which explain the &
excess are consistent with current constraints f

Near Future Reach?

im0 |
spno_|

Dirac Fermion -
z

hpln—]

agp ~ lur_rp (vect
og1 ~ loop (vector)

. Theoretical Models .

Currently =100 papers describing particle physics models

Martin, Shetten, Unwin (20M)




Theoretical Models ™

Currently ~100 papers describing particle physics models
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Interpretation

You can compare the simplicity of this scenario with
previous results that were interpreted as dark matter
annihilation: : :

- Positron Excess
- DAMA/LIBRA
« 130 GeV Line

This excess is hugely statistically significant, it is well fit by
simple dark matter models, and there are no clear astrophysical
interpretations of the data



Proton Models -
e.g. Carlson & Profumo (2014) '

Data Analysis

Eric Carlson and Stefano Profumo kindly provided the output
of their models, and we calculated the TS of these fits to the
data (in the GC analysis) as follows:

Spectral Problems Morphological Problems

. = = ‘While very young systems
i i il appear to be somewhat
spherically symmetric,

Ml those old enough to cover -
the -10° extentsion of the 0.5 kyr 15=33
data are highly enlongated 2.5 kyr TS =43
§ along the plane 19 kyr TS =14
100 kyr TS=0
2 Myr TS=0

7.5 Myr Continuous: TS =0
This is strongly excluded

by our models :
Linear Combination TS=51

Dark Matter: TS =315

Extension of the GC Source

Has long been peaited that the Fermi-LAT and HESS. 60

soures might be cennected, and may be duc o proten
SOl emission from the central source | "
B one probiem is that the
| HELE source appears o be
point-lie, and the HES.S.
angular resobtign it better
than thet of tme Fermi-LAT




E? dAN/dE [GeV /cm? /s/st]

E? dAN/dE [GeV/cm? /s

PLExpl

BPL1: Free A
BPL2: Fixed AT'=1
Daylan et al P6V11

PLExpl:p, =292, ['=—4.15, y* /1T d.o.f. =1.31

BPL1:p,, =23.68, I', =—0.70, ', =17.35, y* /16 d.o.f. =1.38

BPL2:p,,=26.52, T, =2.00,T, =T, +1, ¥* /17 d.of. =3.37
i i ol " |
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While very young systems
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Data Analysis

Eric Carlson and Stefano Profumo kindly prowded the output
of their models, and we calculated the TS of these fits to the
data (in the GC analysis) as follows:

0.5 kyr TS =33
2.5 kyr TS =43
19 kyr INERY:

100 kyr TS=0
2 Myr - TS=0
7.5 Myr Continuous: TS =0

Linear Combination TS=51

Dark Matter: TS =315




Electron Emission Models 3
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Reasonable idea, but it is
hard to fit the spectrum
and the morphology of the  |[EEEEETrAN.

GC model with these e e e
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Interpretation
Do the data favor dark matter, pulsar, or other models?
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Electron Emission Models

e.g, Petrovit et al. (2014)

Proton Models
e.g. Carlson & Profumo (2014)
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Reasonable idea, but itis
hard to fit the spectrum
and the morphology of the
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A Compelling Case for Annihilating Dark Matter

Tim Linden
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along with:
Tansu Daylan, Doug Finkbeiner, Dan Hooper, Stephan Por tillo, Nick Rodd, Tracy Slatyer

arXiv: H02.6703 Sungkyunkwan University Seminar - October [5, 204

It's a compelling case
-- but what is next?

Future Tests




Future lests

Fermi-LAT Dwarf Analysis

A 2.7-sigma Excess?

2005 2010 2015



Fermi-LAT Dwarf Analysis
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A 2.7-sigma Excess?
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How Do You Define the Significance?

Fermi-LAT quotes a local
significance of T5=8.7

But how do you translate this
into a significance, since you
know your background model is
not perfect?

However, known astrophysical objects contribute the majority of the point
source excess, this has the capability of increasing the significance of an
interpreted dark matter signal.

Additionally. some of the excess hotspots should be due to dark matter
subhalos, an excess which iz predicted "due" to annihilating dark matter, and

not in spite of it i _ _
Carlsom, Hooper, TL (20M) arXiv: K951




How Do You Define the Significance?

Fermi-LAT quotes a local

Py X2 - - NoBZCAT <1°
significance of TS=8.7 . AllPositions No CRATES <1°
\ B NoBZCAT <0.5° - No BZCAT or CRATES «<1°

But how do you translate this
into a significance, since you | m, = 25 GeV
know your background model is xox—bb

not perfect?
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However, known astrophysical objects contribute the majority of the point
source excess, this has the capability of increasing the significance of an
interpreted dark matter signal.

Additionally, some of the excess hotspots should be due to dark matter
subhalos, an excess which is predicted "due" to annihilating dark matter, and

ti ite of it
not in spite of i Carlson, Hooper, TL (201) arXiv: 14091572



High Velocity Clouds??
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Direct Detection

................................

LUX (proj.)
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. SI models
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