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Thermal Annihilation Cross-Section
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Thermal Annihilation Cross-Section
What does this mean?
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The WIMP Miracle

A particle with a weak
interaction cross-section and
a mass on the weak scale is
expected to naturally obtain
the correct relic abundance
through thermal freeze-out in
the Earth universe.
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The Thermal Miracle WIMP Miracle

Numerical

Analytical

Canonical

“ 'T(‘(lllil e
-‘\pn‘ N




Thermal WIMPs - The Most Boring Model

1 new particle (can be motivated by more-complex physics)

1 new conserved quantity (“dark matter-ness”, r-parity)

1 (maybe 0) new forces



Thermal WIMPs - The Most Boring Model

1 new particle (can be motivated by more-complex physics)

1 new conserved quantity (“dark matter-ness”, r-parity)

1 (maybe 0) new forces

Ruling out this model leaves only
more interesting possibilities.
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Dark Matter Complementarity
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Dark Matter Complementarity Gambit Collaboration (1705.07917)
GAMBIT 1.0.0
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Why Indirect Detection?
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Why Gamma-Rays?
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Why Gamma-Rays?

Y prompt spectra
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Why the Galactic Center?




Why Indlrect Detectlon7
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* For a standard dark matter density profile, the annihilation
rate within 5° of the Galactic center is ~1 x 1038 ann s-1.

* For a 1 m2 instrument, this produces a flux of 104 ann s-1.



A Startling Coincidence

* Model:
* 100 GeV dark matter particle annihilates to bb

e Annihilation Rate is Thermal Cross-Section

* Expected Galactic Center Flux (above 1 GeV):

e 2x101 ergcm2s-1

e Observed Flux:

°* 1x1010 ergcm-2s-1



A Startling Coincidence

* Model:
* 100 GeV dark matter particle annihilates to bb

e Annihilation Rate is Thermal Cross-Section

* Expected Galactic Center Radio Flux:

e Observed Flux:

* 5x1010 erg cm-2 s-1
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The Galactic Center is Complicated

Galactic Center is a dense star-
forming environment.

3-20% of total Milky Way Star
Formation

2-4% - ISOGAL Survey immeretal.(2012)
| 2.5-5% - Young Stellar Objects vusef-zadeh et al. (2009) |
15-10% - Infrared FluxX Longmore et al. (2013) ‘ - .
10-20% - Wolf-Rayet Stars rossiowe & crowther (2014) |
2% - Far-IR Flux thompson etal. (2007) . el RS, .
2.5-6% - SN1a schanne etal.(2007) | RS N . "

* The Supernovae of these

stars produce 1051 erg!




The Galactic Center is Complicated

Chandra Observes > 9000 point sources from-the inner 1° x 0.5° |

. When these sta an prgcluce pulsars whlch

produces anoth&r 1050 erg over their lifetime.
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Galactic Center is a Bright Multi-Wavelength Source

Fermi Bubbles

Integral 511 keV Excess
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COSMIC-RAY ACCELERATION AND PROPAGATION

| -Start with a source of relativistic cosmic-rays

* Supernova Explosions
AT e Supernova Remnants
* Pulsars

* Shocks/Mergers



COSMIC-RAY ACCELERATION AND PROPAGATION

-Start with a source of relativistic cosmic -rays
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Solved Numerically:
e.g. Galprop

* If they propagate to Earth, can be detected:
e AMS-02/PAMELA

e CREAM/HEAT/CAPRICE



COSMIC-RAY ACCELERATION AND PROPAGATION
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CENMINING e Alternatively can collide

with Galactic gas or the

interstellar radiation
field.

log column density [g/cm?]



COSMIC-RAY ACCELERATION AND PROPAGATION

..~ Start with a source of relativistic cosmic-rays
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Energetic Arguments Fail

A Startling Coincidence

Supernovae:

e Model:

* 100 GeV dark matter particle annihilates to bb

e Annihilation Rate is Thermal Cross-Section

A Supernovae produces ~1051
» Expected Galactic Center Flux (above 1 GeV): erg Of enerQY'

e 2x101 erg cm2s-1

—— ~10% to CR protons.
* Observed Flux: o

* 1x101 erg cm2s-1

Assuming 1 Galactic center SN every 250 years (10% the Galactic Rate), this provides an
energy flux of 1.3 x 1040 erg s-1.

If these cosmic-rays are trapped for 10 kyr ina 100 pc box (Do = 5 x 1028 cm2 s-1), filled
with Hydrogen gas at density 100 cm-2, this will produce a total gamma-ray emission:

6.7 x103%7 ergs'! ¢



Energetic Arguments Fail

A Startling Coincidence

Sgr A*:

e Model:

* 100 GeV dark matter particle annihilates to bb

e Annihilation Rate is Thermal Cross-Section

A tidal disruption event
- Expected Galactic Center Flux (above 1 GeV): releases ~1045 erg s-1 for a

—— period of ~0.2 yr.

* Observed Flux:

* 1x101 erg cm2s-1

Sgr A* is expected to produce a tidal disruption event every ~105 yr, producing a time-
averaged energy output of 2 x 1039 erg s-1.

If these CRs are primarily leptonic, and the electrons remain trapped in a region with a 40 eV

cm-3 ISRF and a 200 pG magnetic field the gamma-ray flux from inverse Compton scattering
is:

7.0x103%7 ergs' ¢



Energetic Arguments Fail

A Startling Coincidence

* Model:
* 100 GeV dark matter particle annihilates to bb

e Annihilation Rate is Thermal Cross-Section

* Expected Galactic Center Flux (above 1 GeV):

e 2x101 erg cm2s-1

* Observed Flux:

* 1x101 erg cm2s-1

Pulsars

MSPs observed in the galactic
field are fit by a population with
a mean gamma-ray flux of 3 x
1034 erg s-1. (Hooper & Mohlabeng 2015)

Given the population of 129 MSPs among 124 globular clusters (with a total stellar mass ~5
x 107 M,). For the 1 x 109 M, of stars formed in the inner degree of the Milky Way, we get:

7.7 x1037 ergs'



Energetic Arguments Fail

A Startling Coincidence

* Model:
* 100 GeV dark matter particle annihilates to bb

e Annihilation Rate is Thermal Cross-Section

* Expected Galactic Center Flux (above 1 GeV):

e 2x101 erg cm2s-1

* Observed Flux:

* 1x101 erg cm2s-1

Dark Matter

For a 35 GeV dark matter
particle annihilating at the
thermal cross-section to bb,
and a slightly adiabatically
contracted r-1-35 density
profile.

The dark matter annihilation rate is 8.6 x 1038 ann s-1, which produces a gamma-ray flux of:

6.9 x103¢ ergs'! ¢



Two Regions of Interest

INNER GALAXY GALACTIC CENTER

- Mask galactic plane (e.g. |b| > 19), - Box around the GC (10° x 10°)
and consider 40° x 40° box
- Include and model all point

- Bright point sources masked at 2° sources

- Use likelihood analysis, allowing - Use likelihood analysis to
the diffuse templates to float in calculate the spectrum and
each energy bin intensity of each source

- Background systematics controlled - Bright Signal



Conclusion:
Every Model is Correct

s this (theorist) heaven?
or is this hell?



A Template Based Model

pion-decay bremsstrahlung|
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An Excess!

Total Flux Residual Model (x3)

3.16 - 10 GeV

There are four resilient features of the GeV Excess:

1.) High Luminosity of ~2 x 1037 erg s



An Excess!

broken PL
PL with exp. cutoff
DM bb

T 1 ]

-+ = DM 7T+~

(]

o

GC excess spectrum with |
stat. and corr. syst. errors |

There are four resilient features of the GeV Excess:

2.) A hard gamma-ray spectrum peaking at ~2 GeV.




An Excess!
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There are four resilient features of the GeV Excess:

3.) A roughly spherically symmetric emission morphology.
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¢  Hooper&Goodenough 2010 Calore+ 2014
GeV excess emission Boyarsky+ 2010 Fermi coll. (preliminary)
Y At E=2GeV ¢ Hooper&Slatyer 2013 contracted NFW ~ = 1.26

= 10-° \ Gordon+ 2013 Fermi Bubbles (extrapolated)
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There are four resilient features of the GeV Excess:

4.) Extension from roughly 0.1° to >10° from the Galactic Center.




Other Features Can Depend on the Modeling

—.GC excess, Data selection

R < 10°

4 Sample |
¢ ¢ Clean
$ 4 PSF283 -

GG excess, Small ROI _

100 10! 102

E (GeV)
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Significant Freedom Constrained
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Dark Matter Models Exist
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Bayesian Lines of Evidence




Pulsar Fits to the Data

These are the four resilient features of the GeV Excess:
2.) Hard Gamma-Ray Spectrum peaking at ~2 GeV

- == Globular Clusters
=== Msec. Pulsars
=== Dark Matter

E® AN/dE [GeV cm ® s71]

Energy [GeV]
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Fit of low-energy spectrum
disputed.

Cholis et al. (2014)



Pulsar Fits to the Data

These are the four resilient features of the GeV Excess:
3.) Spherically Symmetric Emission Morphology

Galactic bulge Galactic center
Galactic disk \ .

. P éo i . o - oo . W e Mure »
SR — - \‘4‘ . > ] ® " - o —
A i

8 kpc

Pulsars in the Galactic bulge expected to
have spherically symmetric morphology.
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But could be X-shaped. Might be hard to
distinguish.

Galactic Longitude

Macias et al. (2016)



Pulsar Fits to the Data

These are the four resilient features of the GeV Excess:
4.) Extension to >10° from the GC.

] O |

........ g

(¢}

Bulge does not extend out to 10e°.

Galactic Latitude

Galactic Longitude

But pulsars get significant
kicks (~500 pc/Myr)

Hobbs et al. (2005)



Data-Driven Lines of Evidence

Part I:

Sub-Threshold Fluctuation Spectrum



Dark Matter Point Sources

slide from Mariangela Lisanti



Evidence for Point Source Fluctuations?

Bartels et al. (2015) Lee et al. (2015)
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* Recent analyses of hot-spots and cold spots in the GC region
find evidence for the presence of a population of sub-
threshold point sources.



Evidence for Point Source Fluctuations?
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Point sources effectively replace the smooth component of

the excess (and this is preferred by the fit).




Evidence for Point Source Fluctuations?
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Same result from a wavelet analysis — most emission is
absorbed by a top-hat with a width determined by the PSF.
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Sub-Threshold Fluctuation Spectrum



Difficulties in Point Source Determinations
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Changing the diffuse model can significantly change the
distribution of even 50 point sources.



Alternative Models

GCE Regions

GCE regions' flux, 3.3 GeV
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Blue (total power in GCE), Red (power in GCE at scales larger than 4o,

Significant negative point source power near the Galactic plane.

Balaji et al. (1803.01952)



Alternative Models

GCE Regions

are 1.2 3FGL point sources per deg? on average in these
two windows. This is still higher than the average of
1.02 3FGL point sources per deg? along the two stripes
of 2° < |b| < 5° extending at all longitudes: Regions VII
and VIII are rich in detected point sources. Only Re-
gions II and VI have a similar ~ 30% of their emission in
the first two wavelet scales, which is also negative. The
magnitude and the sign of this small scale contribution
is intriguing. The negative sign in the first two wavelet
levels for the regions near the Galactic center and Galac-
tic disk means that unphysical flux has been imparted
to the templates on small angular scales at intermediate
angular distances from the Galactic center. This is sug-
compare to, since they are removed from the center, far gestive either of mismodelled bremsstrahlung and pion
from the Bubbles, and in these parts of the sky point emission or the inclusion of spurious point sources near
sources from the Galactic disk are expected to be rela- the galactic center. We note that Region 0 does not suf-
tively most dominant. At 1.5 GeV and above, in these fer from a similarly large negative contribution at small
two regions we find that ~30-507% of the total (1 < j < 9) angular scales. This may be an indication of the large

e}rlmsglon is in the lﬁrst WIVO wavelfett) scales, and lmore(})lver positive contribution from the GCE, or an issue with the
the first two wavelet scales contribute negatively. There procedure to determine the point-source maps.

Regions VII and VIII are the easiest to understand and

Balaji et al. (1803.01952)



Data-Driven Lines of Evidence

Part II;

Global Morphology



Global Morphology of the Excess
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Can compare different models for the Galactic Bulge with the data.

Macias et al. (2016)



Global Morphology of the Excess

Base Source log(LBase) log(LBase+Source) TSsource o Number of
source parameters

baseline FB -172461.4 -172422.3 78 6.9 19
baseline NFW-s -172461.4  -172265.3 392 18.4 19
baseline Boxy bulge -172461.4 -172238.7 445 19.7 19
baseline X-bulge -172461.4  -172224.1 475 20.5 19
baseline NFW -172461.4  -172167.9 587 23.0 19
baseline NB -172461.4  -171991.8 939 29.5 19
baseline NP -172461.4  -169804.1 5315 55.7 64 x 19
baseline+NP FB -169804.1 -169773.6 61 5.8 19
baseline+NP NB -169804.1 -169697.2 214 13.0 19
baseline+NP Boxy bulge -169804.1 -169663.7 281 15.3 19
baseline+NP NFW -169804.1 -169623.3 362 17.6 19
baseline+NP X-bulge -169804.1 -169616.2 376 18.0 19
baseline+NP+X-bulge NFW -169616.2  -169568.4 96 7.9 19
baseline+NP+X-bulge NB -169616.2  -169542.0 148 10.4 19
baseline+NP+X-bulge+NB NFW -169542.0  -169531.0 22 24 19
baseline+NP+X-bulge+NB FB -169542.0  -169525.5 33 3.5 19
baseline+NP+NB X-bulge -169697.2  -169542.0 310 16.1 19
baseline+NP+NB Boxy bulge -169697.2 -169566.0 262 14.6 19
baseline+NP+NFW X-bulge+NB -169623.3 -169531.0 185 10.8 2 x 19
baseline+NP+NFW-+NB X-bulge -169598.9 -169531.0 136 9.9 19
baseline+NP+Boxy bulge+NB NFW -169566.0  -169553.3 25 2.7 19




Data-Driven Lines of Evidence

Part II;

Global Morphology



Emission Extends Outside Bulge
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Cholis et al. (2014; 1409.0042)




Emission Extends Outside Bulge

0.3 0.5 1.0 2.0 4.0 0.3 0.5 1.0 2.0 4.0 0.3 0.5 1.0 2.0 4.0 0.3 0.5 1.0 2.0 4.0
e (< 1 = disklike) e (< 1 = disklike) e (< 1 = disklike) e (< 1 = disklike)

Changes in the diffuse model can lead to very different fits.

Carlson, TL, Profumo (1603.06584)



Multi-Wavelength Lines of Evidence

Part I:

MSP Luminosity Function



Arguments Against the Pulsar Interpretation
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Arguments Against the Pulsar Interpretation

Fermi-LAT Collaboration (2017; 1705.00009v1)

Appro




Arguments Against the Pulsar Interpretation
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bulge component.
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Part I:

MSP Luminosity Function



Arguments for the Pulsar Interpretation

model: all

model: detected

data
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Other groups have found different luminosity distributions - can avoid

this problem.

Bartels et al. (1805.11097)



Arguments for the Pulsar Interpretation

Projected Distance (kpc)
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Dynamical Models involving disrupted globular clusters have been
proposed.

Brandt & Kocsis (1507.05616)



Multi-Wavelength Lines of Evidence

Part II:

LMXB Density
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The Low-Mass X-Ray Binary Connection

Low-Mass X-Ray Binary
population should be
linked to MSP populz:
because MSPs ¢
up by accretion

Bright LMXBs can be observed very
close to the galactic center — and
differentiated in Globular Clusters!



The Low-Mass X-Ray Binary Connection

~

.

7t clusters
— L’y

Globular Cluster | Flux (erg/cm?/s) | Distance (kpc) | Stellar Encounter Rate | TS
NGC 104 2.517008 x 10711 4.46 1.00 3995.9
NGC 362 6.7473:%% x 10713 8.61 0.74 9.69
Palomar 2 < 2.69 x 10713 27.11 0.93 0.0
NGC 6624 1.147570 x 1071 7.91 1.15 455.8
NGC 1851 9.05729% x 10713 12.1 1.53 14.4
NGC 5824 <4.78x 1071 32.17 0.98 0.0
NGC 6093 4.327%0-57 x 10712 10.01 0.53 91.9
NGC 6266 184700 x 1011 6.83 1.67 850.7
NGC 6284 <2.85x 10713 15.29 0.67 0.0
NGC 6441 1.0075:09 x 101 11.6 2.30 210.9
NGC 6652 4.8470-20 x 10712 10.0 0.70 128.3

NGC 7078/M15 | 1.8170:33 x 10712 10.4 4.51 29.7
NGC 6440 1577019 x 101 8.45 1.40 311.2
Terzan 6 2.187320 x 1012 6.78 2.47 5.1
NGC 6388 1777506 x 1011 9.92 0.90 778.4

NGC 6626/M28 | 1.957013 x 10~ 5.52 0.65 749.8
Terzan 5 6.61701% x 10711 5.98 6.80 2707.1
NGC 6293 9.3972-42 x 1013 9.48 0.85 3.98
NGC 6681 9.911348 x 10713 9.01 1.04 7.2
NGC 2808 3.771048 x 10711 9.59 0.92 96.7
NGC 6715 6.027515 x 10713 26.49 2.52 2.6
NGC 7089 <4.50 x 10713 11.56 0.52 0.0

Globular Cluster | References
4U 1820-30 P NGC 6624 69-71]
4U 0513-40 P NGC 1851 72-74]
4U 1746-37 P NGC 6441 | [69, 75, 76]
XB 1832-330 P NGC 6652 (75, 77, 78]
M15 X-2 P | NGC 7078/M15 | [79-81]
AC 211 P | NGC 7078/M15 | [69, 80, 82]
SAX J1748.9-2021 | T, XP | NGC 6440 | [75, 83, 84]
GRS 1747-312 T Terzan 6 [85-87]
Terzan 6 X-2 T Terzan 6 [88]
IGR J17361-4441 T NGC 6388 189, 90]
IGR J18245-2542 | T, XP | NGC 6626/M28 91, 92]
EXO 1745-248 T Terzan 5 93, 94]
IGR J17480-2446 | T Terzan 5 95-97]
Terzan 5 X-3 T Terzan 5 [98]
MAXI J0911-635 | T NGC 2808 199]

Haggard et al. (2017;

1701.02726)

r e




The Low-Mass X-Ray Binary Connection
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The Low-Mass X-Ray Binary Connection

_ Lclusters > N LMXB
NiMxB

LIG (2.09705%) x 103 erg/s,  Only Sources Classified as LMXBs

LIGr (4.3877179) x 10%%erg/s,  Including All Unclassified Sources (4.2)

Comparing this result with the measured gamma-ray luminosity of gamma-ray excess,

Ly, = (2.0 £0.4) x 10°" erg/s integrated within 10° of the Galactic Center [8, 113], we
estimate that 10.5757% (only LMXBs) or 21.972:2% (LMXBs and unclassified) of the excess
emission can be potentlally attributed to an underlymg MSP population. As mentioned
above, however, this calculation almost certainly overestimates the fraction of the Galactic

Center excess that arises from MSPs.

Haggard et al. (2017; 1701.02726)



Are Dark Matter Models Ruled Out? Ackermann et al. (2015; 1503.02641)

Pass 8 Combined dSphs
Fermi-LAT MW Halo

- H.E.S.S. GC Halo
MAGIC Segue 1
Abazajian et al. 2014 (10)
Gordon & Macias 2013 (20)
Daylan et al. 2014 (20)
Calore et al. 2015 (20)

T
DM Mass (GeV/c?)




Multi-Wavelength Lines of Evidence

Part II;

LMXB Density



Multi-Wavelength Lines of Evidence
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Comparative normalization depends on the spin-down of both parameters.

Hooper & Linden (1606.09250)



Are Dark Matter Models Ruled Out?
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For the local density, we use the value determined by
Zhang et al. (2012) [59]: pe = 0.28 +0.08 GeV cm 3.
This robust determination of the local DM density is de-
rived from modeling the spatial and velocity distributions
for a sample of 9000 K-Dwarf stars from the Sloan Digi-
tal Sky Survey (SDSS). The velocity distribution of these
stars directly measures the local gravitational potential
and, when combined with stellar density constraints, pro-
vides a measure of the local DM density.

Keeley et al. (2017, 1710.03215)
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a-old Combined analysis
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95% CR upper

68% CR upper

Median

68% CR lower

95% CR lower

GeVem ™3
Mg pe™3

GeVem ™3
M pc—3

GeVem ™3
Mg pc™3

GeVem 3
Mg pe™3

GeVem 3
Mg pc—3

0.59 0.57 0.85 0.51 0.48
0.016 0.015 0.022 0.013 0.013

0.53 0.53 0.79 0.48 0.43
0.013 0.014 0.021  0.013 0.012

0.46 0.48 0.73 0.46 0.40
0.012 0.013 0.019  0.012 0.011

0.37 0.42 0.68 0.44 0.37
0.0098 0.011 0.017  0.012 0.0097

0.30 0.35 0.60 0.42 0.34
0.0078 0.0092 0.016 0.011 0.0091

Sivertsson et al. (2017; 1708.07836)




Hints of Dark Matter Detections Cuoco et al. (2017, 1711.06460)
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To date, we have observed eight events 1n the mass region from 0 to 10
GeV with Z=-2. All eight events are 1n the helium mass region.

Currently (having used 50 million core hours to generate 7 times more
simulated events than measured events and having found no background
events from the simulation), our best evaluation of the probability of the
background origin for the eight He events is less than 3x107%. For the
two *He events our best evaluation of the probability (upon completion
of the current 100 million core hours of simulation) will be less than

3x107°.

Note that for *He, projecting based on the statistics we have today, by
using an additional 400 million core hours for simulation the background
probability would be 107*. Simultaneously, continuing to run until 2023,
which doubles the data sample, the background probability for *He
would be 2x1077, 1.e., greater than 5-sigma significance.
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A new era in the search for dark matter

Gianfranco Bertone!* & Tim M. P. Tait!h*

There is a growing sense of ‘crisis’ in the dark-matter particle community, which arises from the absence of evidence
for the most popular candidates for dark-matter particles—such as weakly interacting massive particles, axions and
sterile neutrinos—despite the enormous effort that has gone into searching for these particles. Here we discuss what
we have learned about the nature of dark matter from past experiments and the implications for planned dark-matter
searches in the next decade. We argue that diversifying the experimental effort and incorporating astronomical surveys
and gravitational-wave observations is our best hope of making progress on the dark-matter problem.

The fall of natural weakly interacting massive particles

The existence of dark matter has been discussed for more than a cen-
tury"2 In the 1970s, astronomers and cosmologists began to build what
is today a compelling body of evidence for this elusive component of
the Universe, based on a variety of observations, including temperature
anisotropies of the cosmic microwave background, baryonic acoustic
oscillations, type Ia supernovae, gravitational lensing of galaxy clus-
ters and rotation curves of galaxies”*. The standard model of particle
physics contains no suitable particle to explain these observations, and

the observed Higgs mass at the weak scale appears highly unnatural,
requiring an incredibly fine-tuned cancellation between the individ-
ually much larger intrinsic contribution and the correction terms,
such that their sum is the value observed at the Large Hadron Collider
(LHC). Natural theories introduce additional particles and symmetries,
which are arranged so that these large corrections cancel each other
out, protecting the Higgs mass from the influence of heavy mass scales.

The prototypical natural theory is the minimal supersymmetric
(SUSY) standard model, which introduces an additional partner for
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GeV-Scale Thermal WIMPs: Not Even Slightly Dead

Rebecca K. Leane,!> * Tracy R. Slatyer,’> T John F. Beacom,?3 4% and Kenny C. Y. Ng5: 8

I Center for Theoretical Physics, Massachusetts Institute of Technology, Cambridge, MA 02139, USA
“Center for Cosmology and AstroParticle Physics (CCAPP),
Ohio State University, Columbus, OH 43210, USA
’Department of Physics, Ohio State University, Columbus, OH 43210, USA
“ Department of Astronomy, Ohio State University, Columbus, OH 43210, USA
° Department of Particle Physics and Astrophysics,
Weizmann Institute of Science, Rehovot 76100, Israel
(Dated: July 13, 2018)

Weakly Interacting Massive Particles (WIMPs) have long reigned as one of the leading classes of
dark matter candidates. The observed dark matter abundance can be naturally obtained by freeze-
out of weak-scale dark matter annihilations in the early universe. This “thermal WIMP” scenario
makes direct predictions for the total annihilation cross section that can be tested in present-day
experiments. While the dark matter mass constraint can be as high as m,, 2 100 GeV for particular
annihilation channels, the constraint on the total cross section has not been determined. We con-
struct the first model-independent limit on the WIMP total annihilation cross section, showing that
allowed combinations of the annihilation-channel branching ratios considerably weaken the sensi-
tivity. For thermal WIMPs with s-wave 2 — 2 annihilation to visible final states, we find the dark
matter mass is only known to be m, 2 20 GeV. This is the strongest largely model-independent
lower limit on the mass of thermal-relic WIMPs; together with the upper limit on the mass from
the unitarity bound (m, < 100 TeV), it defines what we call the “WIMP window”. To probe the
remaining mass range, we outline ways forward.

I. INTRODUCTION scenarios. The branching ratios, coupling types and sig-
nals are model-dependent, and so the lack of observations

A leading candidate for dark matter (DM) is a Weakly ~ ™may just be due to such features. For example, there
Interacting Massive Particle (WIMP) that is a thermal ~ ¢al be 1nterferer%ce e_f1fec_ts, momentum suppression, Or

[hep-ph| 11 Jul 2018
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Looking Forward
How to End a Talk When You Dont Have a Conclusion

1.) Finding MSPs
2.) Constraining the Dark Matter Density
3.) Understanding Cosmic-Ray Propagation in the CMZ.

4.) New Constraints on Indirect Detection



surveys
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Future Radio Surveys
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New Observations of the Local Dark Matter Density
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The major uncertainty in correlating the GCE and dwarf spheroidal
galaxies is the local dark matter density.

Keeley et al. (2017; 1710.03215)
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New Insights into Cosmic-Ray Diffusion

H.E.S.S. Collaboration (2016; 1603.07730)
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Continued Operation of the Fermi-LAT
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Continued Operation of the Fermi-LAT
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Continued Operation of the Fermi-LAT

4-year Pass 7 Limit
6-year Pass 8 Limit
Median Expected
68% Containment
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Thermal Relic Cross Section
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Continued Operation of the Fermi-LAT

J1836+59
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Conclusions

1.) The Galactic Center Excess (compared to any standard model of
astrophysical emission) is real.

2.) The two most promising models to explain the excess are dark matter
and millisecond pulsars.

3.) New observations and models over the next decade offer the
potential to understand the galactic center at GeV energies.



Diffuse Emission Models
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Can build models that inject cosmic-rays tracing gas in the CMZ.




Diffuse Emission Models

GCE
Bubbles
Isotropic
Pi0+Brems

With GCE
Corr. Sys. Calore et al (2015)

Cranking up the CR injection causes significant over
subtraction at low energies. The GCE feature remains, but
is zero-subtracted.



Diffuse Emission Models
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Better models fix this - GC excess returns!




Two Types of Models
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