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The Theme

* Dark matter is an explosive and broadly expansive
field.

®* The next generation of telescopes will revolutionize
our ability to probe both standard and esoteric dark
matter models.

®* The astrophysics is the dominant theoretical difficulty
— must overcome astrophysical uncertainties to
unlock the potential of upcoming experiments.



Where Are We Now?

ITwo Perspectives
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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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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



Gravitational Probes of Dark Matter

 Dark Matter is:

* Dark
* Cold
» Stable



Gravitational Probes of Dark Matter

10-25 GeV
ox > Rdwarfs

1062 GeV
Mx > Mawarfs



Well-Motivated Theoretical Targets

10-25 GeV WIMP
Miracle!

ox > Rdwarfs

1062 GeV
Mx > Mawarfs



0.1 GeV 102 GeV 104 GeV

Numerical
Analytical

Canonical

This result

Steigman, Dasgupta, Beacom (2012; 1204.3622)



0.1 GeV 102 GeV 104 GeV

WIMP
Miracle!
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The Program




Progress Over the Last 10 Years

WIMP Dark
Matter Particles
Ecm~100GeV

‘ \ V_u\’e
N

+ a few p/E, d/d
Anti-matter

* Search For:

* Gamma-Rays
» Cosmic-Rays
* Neutrinos




Insights from Computational Modeling




Determining the Correct Source Targets
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Thermal Annihilation Cross-Section
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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 Excess Daylan et al (including TL) (2014; 1402.6703)

Total Flux Residual Model (x3)
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There are four resilient features of the GeV Excess:

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

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

3.) A roughly spherically symmetric emission morphology.

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



Significant Freedom Constrained
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This result

Steigman, Dasgupta, Beacom (2012; 1204.3622)



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?

Morphological Evidence Supports Source Models Oppose

Cholis, Hooper, TL(2014)
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Calore et al. (2"015; 1512.06825)

Latitude, b [deg]
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A Cleaner Regime

Galactic Halo i . - e | P
Great Statistics o :

Lots of Astrophysics | ; ' Dwarf Galaxies
Known DM content

Low signal
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Galactic Center : Galaxy Cluster
Good statistics Diffusion Modelable
Complex Background Low statistics
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Low Signal/Noise



Clean != No Astrophysics
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Isotropic Emission Sub-Threshold Sources

* The emission is dim
* Observational Challenge
- Statistical Challenge




A Cleaner Regime Fermi-LAT Collaboration (2017; 1611.03184)

Ackermann et al. (2015)
Nominal sample

Median Expected

68% Containment

95% Containment

Thermal Relic Cross Section
(Steigman et al. 2012)

i
DM Mass (GeV)




Observations Produce New Directions




The Reticulum II Excess!

New Observations Lead to Exciting Possibilities

Geringer-Sameth et al. (2015; 1503.02320) Hooper & TL (2015; 1503.06209)

10°
Energy [GeV] Energy (MeV)

* Detection of Reticulum II Dwarf resulted in immediate
3-sigma evidence for dark matter annihilation.



The Reticulum II Excess!

New Observations Lead to More Work
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+ Systematic Uncertainties in Gamma-Ray Modeling are
dominating the uncertainty in results.

* New methods are under development to take into account
these uncertainties.






Progress Over the Last 10 Years

WIMP Dark
Matter Particles
Ecm~100GeV
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+ a few p/E, d/d
Anti-matter

* Search For:

* Gamma-Rays
* Cosmic-Rays
* Neutrinos




Cosmic-Ray Antimatter Searches




Cosmic-Ray Antimatter Searches

Cuoco et al. (2016)
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Cosmic-Ray Antimatter Searches

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
3x1077.

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, i.e., greater than 5-sigma significance.




Cosmic-Ray Antimatter Searches
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The Future is Bright




Progress Over the Last 10 Years

WIMP Dark
Matter Particles
Ecm~100GeV

‘ \ V_u\’e
N

+ a few p/E, d/d
Anti-matter

* Search For:

* Gamma-Rays
» Cosmic-Rays
* Neutrinos




Harnessing the Power of the Sun

Dark matter
particles (G

O

Neutrinos produced from
decays of annihilation
products may be detected.




Harnessing the Power of the Sun

Tang et al. (including TL) (2018; 1804.06846)
TLetal (2018; 1803.05436)
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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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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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Wh_at i"S a Neutron Star? ‘

Neutron Star
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Why Neutron Stars?

- Sensitive probes of rare processes:
1. Nuclear densities oVél.f‘.macroscopic_ distances

2. _Stfdngest magnetic fields in the universe

* Precise measurements are possible



Neutron Stars: The Ultimate Direct Detection Experiment
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Part I: Dark Matter-Neutron Star Interactions




Neutron Stars: The Optimal WIMP Detection Experiment

single __ 2 ~ —45 2
O TR my /M ~ 2 x 10 cm TR

* Neutron Stars are optically thick to dark matter.

Neutron star

* Neutron stars gravitationally
attract nearby dark matter




Dark Matter Induced Heating
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DM-NS collisions impart significant energy into the NS:

Es ~my (v —1)

This induces blackbody emission of luminosity:

. Eg )
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M

Baryakhtar, Bramante, Li, TL, Raj (1704.01577)



Detecting Thermal Neutron Star Emission

Potekhin & Chabrier (1711.07662)

* Thermal emission detected from SR 3?5&2:?“'

in-medium cor

young neutron stars. s, %+
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* Older neutron stars continue
cooling.

100 100
t (yr)
\
1 10 100 1000 104 10° 108 107
t (yr)

 Dark matter sets a minimum
temperature of ~2000 K (1022 erg)



Detecting Thermal Emission

* Observations at 2000 K require infrared telescopes

JWST GMT
10 njJyin 104 s 0.5n)yin105s

* A pulsar at 10 pc would have a flux of ~2 nJy at 2 microns

Baryakhtar, Bramante, Li, TL, Raj (1704.01577)
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Part II: Finding the Right Neutron Star




Radio Pulses: A Blessing and a Curse
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Radio Pulses: A Blessing and a Curse

®* Tauris and Manchester (1998)
calculated the pulsar beaming RADIATION

angle. m— |
Camen
\N

.J

® 1/f pulsars are unseen in radia > J
surveys. RADIATION M /

®* This varies between 10-30%.




A New Method for Detecting Invisible Pulsars

Geminga
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PSR B0656+14



Astrophysical Implications of TeV Halos

®* TeV halo observations solve many astrophysical puzzles

® Prove that pulsars produce the positron excess
(Hooper, Cholis, TL, Fang 1702.08436)

®* Explain the TeV gamma-ray excess
(TL & Buckman 1707.01905)

®* Explain inhomogeneities in cosmic-ray diffusion
(Hooper & TL 1711.07482) (Evoli, TL, Morlino, 1807.09263)

* Explain TeV gamma-rays from the Galactic center
(Hooper et al. 1705.09293)

® Provide insight into the formation and evolution
of galactic pulsars (sudoh, Tt & Beacom, TBs)



iIscovering Invisible Pulsars at TeV Energies
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The H.E.S.S. Galactic plane survey

H.E.S.S. Collaboration, H. Abdalla', A. Abramowski?, F. Aharonian® * 5, F. Ait Benkhali®, E.O. Angiiner?!, M. Arakawa‘”, M. Arrieta”, P. Aubert?*, M. Backcsx,
A. Baller", M. Bumurdl, Y. Becherini'?, J. Becker Tjus“, D. Bergelz, S. Bernhard"?, K. Bernléhr, R. Blackwell'*, M. Bottcher!, C. Boisson!>, J. Bolmont!©,
S. Bonnel'oy”‘ P. Bordas?, J. Bregeon”, E Brun*zé, P. Brun!®, M. Bryang, M. B'tichele36, T. Bulik!®, M. Cupasso‘w, S. Curriganl“, S. Caroff3?, A. Carosi?4,
S. Casanova?!3, M. Cerruti'6, N. Chakraborty?, R.C.G. Chaves*!722, A. Chen?3, J. Chevalier®*, S. Colafrancesco??, B. Condon?%, J. Conrad?”-28, 1.D. Davids®,
J. Decock!®, C. Deil*?, J. Devin'?, P. deWilt'#, L. Dirson?, A. Djannati-Atai*!, W. Domainko?, A. Donath*3, L.O’C. Drury*, K. Dutson??, J. Dyks*, T. Edwards?,
K. EgberL\35 P. Eger3 G. Emer)l(’ J.-P. Ernenwein?’, S. Eschbdch“’ C. Farnier?”- 10 8. chdnw, M.V. Fernundesz,A. Fiuss()n34, G. Fun(uine30, A. Fiirsler3,
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1 ABSTRACT
o
= We present the results of the most comprehensive survey of the Galactic plane in very high-energy (VHE) vy-rays, including a public release
17 36
:'f:‘; of Galactic sky maps, a catalog of VHE sources, and the discovery of 16 new sources of VHE y-rays. The High Energy Spectroscopic System
Y (H.E.S.S.) Galactic plane survey (HGPS) was a decade-long observation program carried out by the H.E.S.S. I array of Cherenkov telescopes in H H LY +
“—Namibia from 2004 to 2013. The observations amount to nearly 2700 h of quality-selected data, covering the Galactic plane at longitudes from NOt fl rm ly 'dentlf'ed

¢ =250° to 65° and latitudes |b| < 3°. In addition to the unprecedented spatial coverage, the HGPS also features a relatively high angular resolution
> (0.08°~ 5 arcmin mean point spread function 68% containment radius), sensitivity (< 1.5% Crab flux for point-like sources), and energy range (0.2
to 100 TeV). We constructed a catalog of VHE y-ray sources from the HGPS data set with a systematic procedure for both source detection and
characterization of morphology and spectrum. We present this likelihood-based method in detail, including the introduction of a model component
to account for unresolved, large-scale emission along the Galactic plane. In total, the resulting HGPS catalog contains 78 VHE sources, of which
14 are not reanalyzed here, for example, due to their complex morphology, namely shell-like sources and the Galactic center region. Where 28
— possible, we provide a firm identification of the VHE source or plausible associations with sources in other astronomical catalogs. We also studied

1
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TL, Auchettl, Bramante, Cholis, Fang, Hooper, Karwal, Li (1703.09704)
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Part III: Transient Signals
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The Secret Life of Dark Matter Inside a Neutron Star

® Capture - DM hits neutron and elastically scatters

®* Thermalization - Trapped dark matter thermalizes with
neutron superfluid. If dark matter can annihilate, it will.

= Dark matter degeneracy pressure not capable
of preventing collapse.

Bramante & TL (1405.1031)
Bramante & TL (1601.06784)
Bramante, TL, Tsai (1706.00001) 31






An Electromagnetic Signal

No DM Induced Collapse DM Induced Collapse
NS NS
Light
@ o

Light
o0
v Gravity
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New Phenomena

G'y iht

Merger Kilonovae

Electromagnetic signals
and gravitational waves
jointly identified.

Light

Quiet Kilonovae

Electromagnetic signals
without gravitational
waves.

(proportional to ppm).

Gravity

Dark Mergers

Gravitational waves
without any
electromagnetic signal.

(proportional to ppm).
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Merger Kilonovae
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Constraining Dark Matter - Merger Kilonovae




‘The Program

1. Understand Dark Matter/Neutron Star Interactions
* Can set strong constraints on WIMP models A

* Can probe extremely generic
dark matter models. GORSURIl  Find Neutron

Astrophysics

2. Differentiate dim dark matter signals from astrophysics
* Need detailed models of neutron star physics.
* Requires observations of pulsars with “special” attributes
1. Nearby

2. Not Beamed Towards Earth
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The Theme

* Dark matter is an explosive and broadly expansive
field.

®* The next generation of telescopes will revolutionize
our ability to probe both standard and esoteric dark
matter models.

®* The astrophysics is the dominant theoretical difficulty
— must overcome astrophysical uncertainties to
unlock the potential of upcoming experiments.



Where Are We Now?

ITwo Perspectives

MIT-CTP /5020

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



Where Are We Now?

ITwo Perspectives
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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



Conclusions

* We must both probe standard dark matter paradigms
and also branch out.

® Separating astrophysics from dark matter signals is
critical — detailed modeling is necessary.

®* The observations are coming!



