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 DanHooper—Tho Search For DarkMater
A Changing Dark Matter Landscape

= Qver the past few years, the attitudes of many within the dark matter
community have noticeably shifted; driven in large part by the fact that
dark matter particles have not yet been observed in underground
detectors, or at the LHC

= My personal view is that this is response is
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Dan Hooper — The Search For Dark Matter

Direct Detection (scattering with nuclei)

- A GeV-TeV particle moving a typical
halo velocities (~300 km/s) striking a
nucleus imparts a recoil of ~1-100 keV;
potentially observable combinations of
scintillation, ionization and phonons

- Current state-of-the-art experiments
make use of ton-scale targets of heavy
nuclei, instrumented and located deep
underground to minimize backgrounds
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~ DanHooper-The Search For Dark Matter
Direct Detection

- Over the past 15 years, constraints from direct detection experiments have
improved with a Moore’s-law like behavior (a factor of 2 every 15 months)
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Direct Detection

- Over the past 15 years, constraints from direct detection experiments have
improved with a Moore’s-law like behavior (a factor of 2 every 15 months)

- Some important benchmarks: g —

-1990s: Experiments excluded
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~ DanHooper-The Search For Dark Matter
Direct Detection

- Over the past 15 years, constraints from direct detection experiments have
improved with a Moore’s-law like behavior (a factor of 2 every 15 months)

- Some important benchmarks:

-1990s: Experiments excluded

the cross sections predicted for a
WIMP that scatters and annihilates
through Z-exchange

-Current and recent experiments
are testing WIMPs that interact
through Higgs exchange
(including many SUSY models)
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~ DanHooper-The Search For Dark Matter
The Future of Direct Detection
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~ DanHooper-The Search For Dark Matter
The Future of Direct Detection

SuperCOMS Scuaan Low Threshold
XENON 10 013)
10—39 . (,DMb nc,. Low Threshold (2011)

T

CDMS Si
\ (2013)
51074 2 \\ J GPLE @O 2 o2
E \ \ oLt
g _ 3 8y 7€ = 500
. ‘3 H GOMS - 20‘2
)
2 o %0 s —
: s peep s
S 200pa - - <" p\c0% R
=] o XN -—-*/ -
S _/-',S K = -;e“pf\ 2 ..-=*1
% ----- Qa!\&s‘.é : g
= | I gl
= el [EBO
| -
2
3 Ne\l“.mos The LZ Dark Matter Experiment

Water tank

Gadolinium-loaded
liquid scintillator veto

High voltage

e || e B 1 O e 11 11
WIMP Mass [GeV/c?] i

120 veto PMTs —

Further extending the reach of LUX are planned large S b i
volume liquid xenon experiments, XENON1T and LZ

Additional 180 xenon “skin” PMTs




~ DanHooper-The Soarch ForDark Matler
The Future of Direct Detection
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- Further extending the reach of LUX are planned large
volume liquid xenon experiments, XENON1T and LZ

- In parallel, SuperCDMS, DAMIC, CRESST and other experiments will
advance our sensitivity to low-mass WIMPs




The Motivation for Indirect Searches

= To account for the observed dark matter Fermi
abundance, a thermal relic must have an :
annihilation cross section (at freeze-out)
of ov~2x10-26 cm3/s

= Although many model-dependent factors
can cause the dark matter to possess a
somewhat lower annihilation cross
section today, most models predict
current annihilation rates that are within
an order of magnitude or so of this
estimate

= |Indirect detection experiments that are
sensitive to dark matter annihilating at
approximately this rate will be able to test
a large fraction of WIMP models
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Where To Look With Fermi?

The Galactic Center
-Brightest dark matter signal on the
| sky; significant backgrounds




.~ DanHooper- The Search For Dark Mafter
Where To Look With Fermi?

Dwarf Spheroidal Galaxies The Galactic Center
-Faint, but low background
-Direct measurements of dark matter prfiles
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Where To Look With Fermi?

-Faint, but low background

: _ -Brightest dark matter signal on the
-Direct measurements of dark matteroflles sky: significant backgrounds

The Gamma-Ray Background
-Largely from blazars, radio galaxies, starforming galaxies;
but still room for dark matter




.~ DanHooper- The Search For Dark Mafter
Where To Look With Fermi?

Dwarf Spheroidal Galaxies The Galactic Center
-Faint, but low background
-Direct measurements of dark matter profiles

-Brightest dark matter signal on the
_| sky; significant backgrounds
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The Gamma-Ray Background
-Largely from blazars, radio galaxies, starforming galaxies;
but still room for dark matter

Searches for Nearby Subhalos
-Population studies of unidentified Fermi sources




-~ panHooper=Tho Search ForDarkMatter
We Are Testing the Thermal Relic Paradigm!

= Each of these gamma-ray strategies (GC, dwarfs, subhalos, EGRB) as
well as cosmic-ray antiproton and positron measurements from AMS,
are sensitive to dark matter with the annihilation cross section predicted
for a simple thermal relic, for masses up to ~100 GeV

= This program is not a fishing expedition, but is testing a wide range of
well-motivated dark matter models
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Bergstrom, Bringmann, Cholis, DH, Fermi Collaboration, Dwarf Galaxies
Weniger, arXiv:1306.3983 arXiv:1503.02641




The Galactic Center GeV Excess

Residual Model (x3)

= A bright and highly statistically significant excess
of gamma-rays has been observed from the
region surrounding the Galactic Center, difficult
to explain with astrophysical sources or
mechanisms, but very much like the signal
predicted from annihilating dark matter
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Basic Features of the GeV Excess

200

= The excess is distributed with
spherical symmetry around the
Galactic Center with a flux that falls
as ~r24, between ~0.06° and ~10° (if
interpreted as dark matter
annihilation products, this implies
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= To normalize the observed signal
with annihilating dark matter, a cross
section of ov~ 1026 cm3/s is required
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The Evolving Nature of the Galactic Center Debate



The Evolving Nature of the Galactic Center Debate
Circa 2009-2010

What Galactic Center excess?



The Evolving Nature of the Galactic Center Debate
Circa 2009-2010

What Galactic Center excess?

Circa 2011-2013

Sure there seems to be a Galactic Center excess, but
1) Are we sure that it is spatially extended?
2) Are we mismodeling standard diffuse emission mechanisms?
3) Is there really a Galactic Center excess?



The Evolving Nature of the Galactic Center Debate
Circa 2009-2010

What Galactic Center excess?

Circa 2011-2013

Sure there seems to be a Galactic Center excess, but
1) Are we sure that it is spatially extended?
2) Are we mismodeling standard diffuse emission mechanisms?
3) Is there really a Galactic Center excess?

Circa 2014-2015
What is generating this excess?
1) A large population of centrally located millisecond pulsars?
2) A series of recent cosmic ray outbursts?
3) Annihilating dark matter?



A Series of Cosmic Ray Outbursts?

= |t has been proposed that the recent (~10° yrs) burst-like injection of
cosmic rays might be responsible for the excess

= Hadronic scenarios predict a 20
signal that is not at all spherical;
highly incompatible with the data

= In more generality, the small-
scale structure of excess does
not correlate with the distribution
of gas — this is incompatible with %0 -10 0 10 20 2220 -10 0 10 20
any hadronic cosmic ray origin Galactic Longitude [deg] Galactic Longitude [deg]
of the excess
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Carlson, Profumo, PRD, arXiv:1405.7685,
Petrovic, Serpico, Zaharijas, arXiv:1405.7928



A Series of Cosmic Ray Outbursts?

= The leptonic scenario proposed by Petrovic et al. is more difficult to rule out

= After exploring a wide range of leptonic outburst scenarios, there appear to
be two main challenges (among others):

Petrovic, Serpico, Zaharijas, arXiv:1405.7928
Cholis, Evoli, Calore, Linden, Weniger, DH, arXiv:1506.05104



A Series of Cosmic Ray Outbursts?

= The leptonic scenario proposed by Petrovic et al. is more difficult to rule out

= After exploring a wide range of leptonic outburst scenarios, there appear to
be two main challenges (among others):

1) The morphology from a given e

outburst is “convex”, whereas the \\

data is “concave” — to fit the data, \
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Petrovic, Serpico, Zaharijas, arXiv:1405.7928
Cholis, Evoli, Calore, Linden, Weniger, DH, arXiv:1506.05104



A Series of Cosmic Ray Outbursts?

= The leptonic scenario proposed by Petrovic et al. is more difficult to rule out

= After exploring a wide range of leptonic outburst scenarios, there appear to
be two main challenges (among others):

1) The morphology from a given

outburst is “convex”, whereas the
data is “concave” — to fit the data,
we need several outbursts, with —
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A Series of Cosmic Ray Outbursts?

= The leptonic scenario proposed by Petrovic et al. is more difficult to rule out

= After exploring a wide range of leptonic outburst scenarios, there appear to
be two main challenges (among others):
1) The morphology from a given i
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A Series of Cosmic Ray Outbursts?

= The leptonic scenario proposed by Petrovic et al. is more difficult to rule out

= After exploring a wide range of leptonic outburst scenarios, there appear to
be two main challenges (among others):

1) The morphology from a given [ ~10% erg, ~10% yr

outburst is “convex”, whereas the Softer Spectra
data is “concave” — to fit the data, \ ~10% erg, ~10% yr

we need several outbursts, with — 1050 s
highly tuned parameters N erg, yr

2) The gamma-ray spectrum is
approximately uniform across the S
Inner Galaxy, but energy losses =
should lead to softer emission from
the outer regions — to fit the data,

~ ~10°" erg, ~10° yr
Hard Spectrum

X
=
T
O
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we need the older outbursts to Angle from the Galactic Center

inject electrons with higher energies
than more recent outbursts

Petrovic, Serpico, Zaharijas, arXiv:1405.7928
Cholis, Evoli, Calore, Linden, Weniger, DH, arXiv:1506.05104



Millisecond Pulsar Basics

= Pulsars are rapidly spinning neutron B :"55'3'6"/8;9}5'”';;;{—5
stars which gradually convert their W
rotational kinetic energy into radio and |~ //f‘c 3
gamma-ray emission 0 R
- Typical pulsars exhibit periods on the |z 7% 5k “’"G<
order of ~1 second and slow down and |2 " 7 o e GE
become faint over ~10° -108 years L -
= Accretion from a companion star can E : @ [ 7o f
“spin-up” a dead pulsar to periods as |7 . & Neoros b :
fast as ~1.5 msec 3 O o Il i
= Such millisecond pulsars have low el S QT
magnetic fields (~108-10° G) and thus 1070
slow down much more gradually,

remaining bright for >10° years ~

= It seems plausible that large numbers of
MSPs could exist in the Galactic Center



Gamma-Rays From Millisecond Pulsars

= Fermi has observed gamma-ray ) } T 2 o= ‘
emission from ~70 MSPs — none of ER RS i | it e
which are located near the Galactic o 2008 B 7
Center S o

= Their average observed spectra is 3
similar to that of the Galactic Center E ° |
excess — this is the main reason that " igo
MSPs have been considered as a B G |
possible explanation for the excess T

= The luminosity function of MSPs has 2 100} Bxcupolac INGlogl) = cors. =
been measured from the observed 2 ol '
population (both for those MSPs in the :
field of the Galaxy and within globular g ol
clusters) S ol
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Cholis, DH, Linden, arXiv:1407.5625, 1407.5583



Could Millisecond Pulsars Generate the
Galactic Center Excess?

= From the measured luminosity function, we conclude that more than 2000
MSPs within 1.8 kpc of the Galactic Center would be required to account
for the excess; this would include ~230 that are quite bright (L,>1034 erg/s)
and ~60 that are very bright (L,>103° erg/s)

= Fermi observes very few MSP candidates from this region, leading us to
conclude that less than ~10% of the excess originates from MSPs

= Estimates based on the numbers of bright LMXBs observed in globular
clusters and in the Galactic Center lead us to expect that MSPs might
account for ~1-5% of the observed excess wh

- If MSPs account for this signal, the Bximpolic dNog) = ons.
population is very different from that
observed elsewhere in the Milky Way
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Cholis, DH, Linden, arXiv:1407.5625, 1407.5583



.~ DanHooper- The Search For Dark Mafter
Evidence For Unresolved Point Sources?

= Two recent studies find that ~1-10 GeV photons from the direction of the
Inner Galaxy are more clustered than expected, suggesting that the GeV
excess might be generated by a population of unresolved point sources
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Lee, Lisanti, Safdi, Slatyer, Xue, arXiv:1506.05124
(see also Bartels, Krishnamurthy, Weniger, arXiv:1506.05104)



Evidence For Unresolved Point Sources?

Lee et al.’s Conclusions include the following:

1) The brightest sources (including those in source catalogs) are distributed
along the disk — not tracing the excess

2) The fit suggests that the GeV excess could be generated by ~103
unresolved sources, most with a flux that is just slightly below Fermi’s
threshold for point source detection
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(see also Bartels, Krishnamurthy, Weniger, arXiv:1506.05104)



.~ DanHooper- The Search For Dark Mafter
Evidence For Unresolved Point Sources?

A few comments of my own:

= It is difficult to tell whether these clustered gamma-rays result from

unresolved sources, or from backgrounds that are less smooth than the
models

= Keep in mind that these clusters consist of only a few photons each, on
top of large and imperfectly known backgrounds

= These studies do not make use of any spectral information (they use
only a single energy bin); whether these putative sources have a
spectrum that matches that of the excess will be an important test

Lee, Lisanti, Safdi, Slatyer, Xue, arXiv:1506.05124
(see also Bartels, Krishnamurthy, Weniger, arXiv:1506.05104)



Are These Sources Millisecond Pulsars?

= The measured luminosity function of MSPs is very different from that of this
new putative source population

= Where are all of the bright MSPs? (bright sources are disk-like, not DM-like)

IFGL upmasked (NFW PS + disk PS)
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Lee, Lisanti, Safdi, Slatyer, Xue, arXiv:1506.05124
(see also Bartels, Krishnamurthy, Weniger, arXiv:1506.05104)



Are These Sources Millisecond Pulsars?

= The measured luminosity function of MSPs is very different from that of this
new putative source population

= Where are all of the bright MSPs? (bright sources are disk-like, not DM-like)

= If these are point sources, they are
very weird point sources

= A new class of standard candles?!

JFGL unmasked (NFW PS + disk PS)
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Lee, Lisanti, Safdi, Slatyer, Xue, arXiv:1506.05124
(see also Bartels, Krishnamurthy, Weniger, arXiv:1506.05104)



Are These Sources Millisecond Pulsars?

= The measured luminosity function of MSPs is very different from that of this
new putative source population

= Where are all of the bright MSPs? (bright sources are disk-like, not DM-like)

= If these are point sources, they are
very weird point sources

= A new class of standard candles?! 10" |
— 68% possess luminosities within |
a factor of 2 (AM ~ 0.4)

= Furthermore, these gamma-ray
clusters show no correlation with the
locations of known radio pulsars
(T. Linden, arXiv:1509.02928)
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- oanHooper=The Search ForDark Matler
What's Next?

= After years of effort, the origin of the Galactic Center excess remains
unclear — it looks a lot like annihilating dark matter, but we can’t
entirely rule out other possibilities

= How do we go from establishing a very intriguing signal, to being
able to claim discovery?



Dwarf Galaxies

= The most recent analysis by the Fermi Collaboration (making use of 6
years data) remains compatible with a dark matter interpretation of the
Galactic Center excess

= That being said, if the Galactic
Center signal is coming from
annihilating dark matter, one
might expect gamma rays from |
dwarfs to be detected soon j 0|

DM Mass (GeV /c*)

Fermi Collaboration, 1503.02641



Blue = Known prior to 2015
Stellar density field from Red triangles = DES Y2Q1 candidates
SDSS and DES Red circles = DES Y1A1 candidates
Green = Other new candidates
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Fermi's View of the New Dwarf Galaxies!

= This spring, three groups reported an excess from Reticulum II, but with only
2.4-3.20 significance, (Geringer-Sameth et al. Drlica-Wagner, et al, DH & Linden)

= No papers on Tucana lll or the other most recently discovered dwarfs yet,
but Fermi’s has recent begun presenting preliminary results in talks:
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From Keith Bechtol’s talk, TAUP 2015 (for the DES and Fermi Collaborations)



Fermi's View of the New Dwarf Galaxies!

= This spring, three groups reported an excess from Reticulum II, but with only
2.4-3.20 significance, (Geringer-Sameth et al. Drlica-Wagner, et al, DH & Linden)

= No papers on Tucana lll or the other most recently discovered dwarfs yet,
but Fermi’s has recent begun presenting preliminary results in talks:

Expected 10

Gray curves for other dSph targets

Black curves for joint likelihood

Reticulum II

L% PRELIMINARY Tucuna 11
Indus I

- Composite (Confirmed+Likely)
Composite (Confirmed)

Reticulum II

Tucana III

Indus I

Composite (Confirmed+Likely)
Composite (Confirmed)

PRELIMINARY

161

DM Mass (GeV)

10?

108 104

From Keith Bechtol’s talk, TAUP 2015 (for the DES and Fermi Collaborations)



bl_) — Reticulum II
8t PRELIMINARY —  Tucana III
— Indus I
= = Composite (Confirmed+Likely)
6 — Composite (Confirmed)
9p)]
oy
2L
0
10° 161 162 163 10
DM Mass (GeV)

From Keith Bechtol’s talk, TAUP 2015 (for the DES and Fermi Collaborations)



Galactic Center

Favored \
—\ .
bl—) — Reticulum II
8t PRELIMI Y —— Tucana III
—— Indus I

= = Composite (Confirmed+Likely)
— Composite (Confirmed)

10° 10" 102 10° 10"
DM Mass (GeV)

From Keith Bechtol’s talk, TAUP 2015 (for the DES and Fermi Collaborations)



Dan Hooper — The Search For Dark Matter

Nearby Dark Matter Subhalos

= The Milky Way's dark matter halo is predicted
to contain a huge number of smaller subhalos,
the vast majority of which are too small to
retain gas and form stars, leading to a
population of invisible dark matter clumps

= The most massive and nearby of these
objects could be detectable as spatially
extended gamma-ray sources, without
observable emission at other wavelengths
— a population of such sources would be a smoking gun for dark matter

= Using the results of the Aquarius simulation, we can estimate the number
of bright, |b|>20° subhalos that Fermi should detect:

N 40 % ov 15 Fihreshold
' 10-26 cm3 s~ 1 3x10710em—2g-1

Bertoni, DH, Linden, 1504.02087
Bertoni, DH, Linden, in prep.




Dan Hooper — The Search For Dark Matter

The Intriguing Source 3FGL J2212.5+0703

= The Fermi source 3FGL J2212.5+0703
IS a very promising subhalo candidate

= This bright, high-latitude source has a
Galactic Center-like spectrum and is
not observed at any other wavelengths

= More important, this source appears to
be spatially extended by ~0.2° (~40)

This source merits
greater attention
and scrutiny!

-1 0 1 2 3 4 0 2 4 6 8 10 12

J2212.5+0703 Example Point Source
Bertoni, DH, Linden, 1504.02087; and in prep.
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Summary

= Direct detection experiments have improved in sensitivity at an exponential
rate over the past 15 years, and have ruled out many well-motivated
models; many others will be explored over the next decade

= Indirect searches using gamma rays and cosmic rays are currently testing
the range of annihilation cross sections predicted for a thermal relic, for
masses up to ~100 GeV

= Direct, LHC, indirect searches are collectively testing the WIMP paradigm!



Dan Hooper — The Search For Dark Matter

Summary

= Direct detection experiments have improved in sensitivity at an exponential
rate over the past 15 years, and have ruled out many well-motivated
models; many others will be explored over the next decade

= Indirect searches using gamma rays and cosmic rays are currently testing
the range of annihilation cross sections predicted for a thermal relic, for
masses up to ~100 GeV

= Direct, LHC, indirect searches are collectively testing the WIMP paradigm!

= The Galactic Center’'s GeV excess is particularly compelling:
highly statistically significant, robust, distributed spherically out to at
least 10° from the Galactic Center, and difficult to explain with known or
proposed astrophysics

= The spectrum and angular distribution of this signal is very well fit by a
~45 GeV WIMP; observations of dwarf galaxies and searches for subhalos
will be important to confirm a dark matter origin of this signal
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AXxions

= Proposed in 1977 as part of an effort to solve the Standard Model’'s

Strong CP problem, axions are among the best motivated candidates for
dark matter
JulGeV]

= The first axion models ) N ) . :
. 10" 10" 10”10t 10 1w 1 1w o1t 1wt 1wt 1t 1wt 1wt
were quickly ruled out; TIT T T TR O T T |

presently viable models | qoiinstion P tansiion e
include axions with g Precinfiation PQ fransition I Tetescope / EBL
masses below ~10-3 eV e . SN1987A
and with extremely ColdbM
feeble couplings WS | White Dwarfs (g.e) |

ADMX ADMX-II Beam Dump

10°7 10°% 1075 107 107% 1072 107 1 10 102 100 100 10° 10f 07
m,[eV]

Essig et al., New Light Weakly Coupled
Particles Working Group, arXiv:1311.0029



.~ panHooper- The Search For Dark Maltor
Axions as Dark Matter

= It is difficult to reliably calculate the abundance of axions produced in the
Big Bang — depends on the temperature of post-inflation reheating, and on

how many axions were produced in the decays of topological strings and
domain walls

= That being said, under reasonable assumptions, one finds that ~10 eV
axions could make up all of the dark matter

= The microwave cavity experiment ADMX is working to obtain sensitivity to

this mass range
. . . vity Techniques
= Fermilab is playing a 107
leading role in the >
, S
development of ADMX’s | = 107"
L ngn g()ﬂ
high frequency cavities, =
enabling them to push g
. @)
toward higher masses 2 o8
R
Z N
-16 \
10 \\. P | L L PR T T T S T | 1 " PR ST R S Y
10 100 1004
Axion Mass (ueV)




.~ DanHooper- The Search For Dark Mafter
Dark Matter at the LHC

= The LHC provides us with our most comprehensive view of the
TeV scale, possibly including the physics of dark matter

= Very different search strategies could be optimal, depending on
the nature of dark matter

WORKSHOP

SEPTEMBER 19-21, 2013
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Dark Matter at the LHC

Case 1: Models with strongly interacting particles (typical SUSY-like)

= Produce colored superparticles (squarks, gluinos), and detect missing
energy in their decays

= Very powerful and broad coverage... if such strongly interacting states
exist below a few TeV

g-g production, g—qq¥x,

<1000 prrrr T A FASASARAREARASRRREEIERR LR
N cms F‘relnmmary ]
‘g 900 \‘IS =8TeV — Observed =
E 800[- ICHEP 2014 Observed -1 o343 |
[} r .
p) 700 Expected
600  gieemmmemeeeeeeeea =
S00F ATl X =
400 =
~ ~ N ~ —0
300 g-q production, g—>q %,
T ———— %'900:|||||||||]|||||||||||||:
2008 " 8  FCMS Preliminary
1ok SUS-13-012 (H,+ W) 19.5 fb @ 800 Z_VVS -8 TeV —SUS13:012 (H,+ thy) 195 '
Lttt e b 1L & 700 /CHEP 2014 —sustzas () 17!
200 500 600 700 800 900 1000 1100 1200 9 I —— Observed ~SUS-13-019 (M_,) 19.5b"
gluino mag GO0~~~ Observed-1 GjLs, -
-~ Expected .
500 =
%0 F
400 -
- NG +8@,4579 ]
=0 300 . -
X - 1
200} —
100 R
DY W TENE | (I ST R I
400 600 800 1000 1200 1400
squark mass [GeV]
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Dark Matter at the LHC

Case 2: Models without strongly interacting partners

= Processes that allow dark matter particles to annihilate into Standard
Model particles in the early universe can be reversed in colliders

= Dark matter production leads to events with one or more jets and
missing energy (among many other possible signals)

q DA

q DM
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Dark Matter at the LHC

Case 2: Models without strongly interacting partners

= Processes that allow dark matter particles to annihilate into Standard
Model particles in the early universe can be reversed in colliders

= Dark matter production leads to events with one or more jets and
missing energy (among many other possible signals)

= In many models, dark matter interacts with the Standard Model through
new mediators, with masses near the electroweak-scale

= Searches for Z's, additional Higgs bosons, sleptons, etc. have direct

T
consequences for dark matter e
© 3 The region above each curve is excluded.” &
% 95% C.L. upper limits 0 2 M =900 GeV/c>

8 200  ---- expected limit 1800 GeV/c?
175 1o band i
26 band 107

150 observed limit 3600 GeV/c®

125 1400 Gev/e?

4 7 /
100 10 4200 Gevig”
] = /
75 1 1505“. .?'l /
50 Ve RS /
m,™™ scenario, | =-200 GeV (4,=-0.21) v L7 A
25 Higgs width included / l
0 L 1 I ' L 1 I L L ' I ' ' L I ' L L I 1 ' L I ' 1 L I ' '6- 4 /
100 120 140 160 180 200 220 10 i B D DA B R Y
2 10 10 ~ 10 10~ 10 ~ 10
m, (GeV/c%) c,
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Indirect Detection (annihilation/decay products)

X-Rays/Multi-Wavelength

Zenith Radlatcr
Star Tracker TOF (s1, s2)

Wake Side

Grapple Fixture

Radiators >
i A > Ram Side
ROEU/FDA &1\" ™ y : Radiators/
N - . 5 Debris Shields
s e W_

_>\

3/‘/

Vacuum Case D

T

34 ]

S "'f e l
TOF (s3, s4)

Electronics \

Crates

Cosmic Rays

Neutrinos

Gamma Rays

Eiffetornet
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A 3.57 keV Line?

= In early 2014, two groups reported the
observation of an unexpected X-ray
line from a collection of galaxy clusters

= A signal of decaying dark matter?
Perhaps sterile neutrinos?

XMM - MOS
Full Sample 7

3.57 +0.02 (0.03)

(cnts s keV")

. Residuals Flux
J

Bulbul et al. (1402.2301), Boyarsky et al. (1402.4119)
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A 3.57 keV Line?

= In early 2014, two groups reported the
observation of an unexpected X-ray
line from a collection of galaxy clusters

= A signal of decaying dark matter?
Perhaps sterile neutrinos?

XMM - MOS

Full Sample 7
6 Ms =

3.57 +0.02 (0.03)

. l
"
L)
(VN

~ Residuals  Flux (cnts s keV")

= Searches for such a line from dwarf Energy (keV)

galaxies (Malyshev et al.) and galaxies
(Anderson et al., Riemer-Sorensen)

»
appear to be in tension with a _ :
decaying dark matter interpretation ! !

= Future observations by high-resolution

X-ray telescopes (ASTRO-H) should
be able to clarify this situation

Bulbul et al. (1402.2301), Boyarsky et al. (1402.4119)
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.~ panHooper-DarkMater Amiiatoninihe GC
The Morphology of the Excess

= The excess is spherically symmetric with
respect to the Galactic Center, strongly sof
preferring axis-ratios within 20% of unity

40 -

A TS

20—

| | | | | Lol | |
0.3 0.5 0.7 1.0 2.0 3.0
Axis Ratio
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The Morphology of the Excess

= The excess is spherically symmetric with
respect to the Galactic Center, strongly sof
preferring axis-ratios within 20% of unity

= The excess extends to well outside of the
Galactic Center (out to at least 10°) 20}
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The Morphology of the Excess

= The excess is spherically symmetric with
respect to the Galactic Center, strongly sof
preferring axis-ratios within 20% of unity

= The excess extends to well outside of the
Galactic Center (out to at least 10°) 20}

= The excess is very precisely — :

40 -

A TS

(within ~0.03° or ~5 pc)

= The intensity of the excess
continues to rise to within
~10 pc of Sgr A*
(no flattening or core)

centered around Sgr A* , 1 o
s D.7 1.0 2.0 3.0
10 xxﬁx 1| Axis Ratio

E°dN/dE [GeV/cm®/s/sr]




Evidence For Unresolved Point Sources?

= Lee et al. use smooth and point source population templates that trace the
following morphologies:

1) The dark matter density squared (tracing the excess)
2) The Fermi diffuse model
3) The Galactic Disk

Al e,

= The question their analysis asks is this: Which of these distributions do the
observed gamma-ray clusters most trace?

Lee, Lisanti, Safdi, Slatyer, Xue, arXiv:1506.05124
(see also Bartels, Krishnamurthy, Weniger, arXiv:1506.05104)
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Are These Sources Millisecond Pulsars?

= One interesting test is to see whether the gamma-ray clusters correlate
with the locations of known radio pulsars

= Compare the gamma-ray fluxes observed from the directions of ~200
known radio pulsars to those with (/.4) = (-7.4), (/.-4), or (-/.-4)

"= Control Directions

Direction of Known Pulsar

Tim Linden, arXiv:1509.02928
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Are These Sources Millisecond Pulsars?

= One interesting test is to see whether the gamma-ray clusters correlate
with the locations of known radio pulsars

= Compare the gamma-ray fluxes observed from the directions of ~200
known radio pulsars to those with (/.4) = (-7.4), (/.-4), or (-/.-4)

Which plot is the control group?
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Are These Sources Millisecond Pulsars?

= One interesting test is to see whether the gamma-ray clusters correlate
with the locations of known radio pulsars

= Compare the gamma-ray fluxes observed from the directions of ~200
known radio pulsars to those with (/.4) = (-7.4), (/.-4), or (-/.-4)

Which plot is the control group?
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