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My thoughts on exciting new directions in
dark matter science...from the perspective of
a particle theorist



THE NEW ERA OF
ELEMENTARY PHYSICS

What the Standard Model is has become increasingly
sharp with the discovery of the Higgs

The challenge now is to understand how the SM fits into
the grand scheme of things, and what we are missing

An era of exploration and rethinking basic questions...



THE DARK SECTOR
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DARK SECTOR SCIENCE

There 1s new matter to discover and understand:
What is it?
Where did it come from?
How does it interact?
New torces?

Efforts to explore answers to these questions is
still relatively young!



DARK SECTOR SCIENCE:
STARTING POINTS

A natural first guess is that dark matter is part of the
solution to an existing Standard Model puzzle

e Hierarchy problem and weak-scale physics

e The strong CP problem, neutrino masses, baryon
asymmetry...etc



WIMPS AND A THERMAL ORIGIN?

Eventually dark matter
particles can’t find each other
to annihilate
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WIMPS AND A THERMAL ORIGIN?
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THE WIMP SEARCH EFFORT

See overview talks by

Jonathan Feng and Sarah Eno iy |, (a1 ‘;‘L. |
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COMPELLED TO MOVE BEYOND WIMPSsS

Basic weak-scale DM scenarios have been
significantly constrained by the LHC, direct &
indirect detection

Existing experimental program will corner
remaining WIMP models over the next few years

What are we missing?

10



FIRST STEPS BEYOND WIMPS

Thermal origin is a simple and compelling
idea for the origin of dark matter

No need to toss out all of the nice and simple
features of WIMPs

Natural first step exploring beyond WIMPs is to
ask what kinds of models realize a thermal
freeze-out origin



FIRST STEPS BEYOND WIMPS

Natural next guess beyond a WIMP is that dark matter
belongs to a genuinely new sector of interactions and matter!




FIRST STEPS BEYOND WIMPS

Dark matter can still have a thermal origin!

Key Ingredient: an interaction




THREE INTERACTION TYPES

Only three sizeable (i.e. not mass suppressed) interactions
allowed by Standard Model symmetries:

Least constrained
for thermal dark matter

Vector Mleng = E Y F . F d1L s Very weakly coupled forces
: . 2 2 exotic rare Higgs decays
nggS MlXIHg €h ‘ h ‘ | ¢| rare meson decays

NeutrinO Mleng € (h L) ?p not-so-sterile neutrinos

All of these can be generated at a radiative level, so it’s
natural for these to be small... 14



DARK SECTORS AND THERMAL FREEZE-OUT

Interaction provides natural freeze-out channel into
Standard Model final states - -

DM SM

Dark/Hidden sector

Thermal DM

Thermal origin “dark sector” dark matter (with mediator)
is viable over the entire MeV-TeV range!



DARK SECTORS IN THE VICINITY OF THE WEAK SCALE

SM Matter Dark Matter?
TeV

GeV

Existing Stable Matter

MeV ille V
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DARK SECTORS IN THE VICINITY OF THE WEAK SCALE

SM Matter Dark Matter?
ToV
For decades: look here!
My Generic mass scale for
matter with O(1) coupling
to origin of EWSB
GeV

MeV ille V
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DARK SECTORS IN THE VICINITY OF THE WEAK SCALE

TeV

GeV

MeV

SM Matter Dark Matter?

For decades: look here!
Generic mass scale for

matter with O(1) coupling
to origin of EWSB

—#F
Mproton By -]\chw“ge6

(accidentally close to weak scale)

...but where do we expect
hidden sector matter — with
only small couplings to SM
matter (generated radiatively)?

me ~ small # x My,

(derived from weak scale) 18



DARK SECTORS IN THE VICINITY OF THE WEAK SCALE

SM Matter Dark Matter?
TeV
Generic mass scale for
matter with O(1) coupling
Mw to origin of EWSB
. g
Where do we expect hidden-
sector matter?
GeV Mproton G Mlargee_#
(accidentally close to weak scale)
(e.g. dark sector scalar
mixing with SM higgs)
MeV me ~ small 7 X My small # x My
(derived from weak scale) 19



DARK SECTORS IN THE VICINITY OF THE WEAK SCALE

SM Matter Dark Matter?

TeV

Generic mass scale for
matter with O(1) coupling
to origin of EWSB

Where do we expect hidden-
sector matter?

GeV Mproton Bt Mlaﬂ“gee_# ~ Mw X 6_#

(accidentally close to weak scale)

(e.g. “hidden valley”
scenario: ~conformal
to weak scale, then
confining)

me ~ small # x My, small # x My
20

(derived from weak scale)
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DARK SECTORS IN THE VICINITY OF THE WEAK SCALE

TeV

GeV

MeV

SM Matter

—F A
Mproton P -]\chw“ge6

(accidentally close to weak scale)

me ~ small # x My,

(derived from weak scale)

Dark Matter?

Generic mass scale for
matter with O(1) coupling
to origin of EWSB

NMW X 6_#

|| Look here for hidden- |

i
t
‘\
|

sector matter!

__

small # x My
21



DARK SECTORS IN THE VICINITY OF THE WEAK SCALE

SM Matter Dark Matter?
TeV

Moving beyond WIMPs, the broad vicinity of
the weak scale is still an excellent place to
focus on:

GeV  An important scale!

e Familiar stable matter resides here!

e Thermal DM works well here!

MeV . T :

(derived from weak scale) 20



A NEW FRONTIER

Extend sensitivity to “WIMP-like” Dark Matter in
the sub-GeV Range? (light dark matter, LDM)

In a broader context, this frontier is one of two main
pushes to generalize traditional dark matter

scenarios, WIMPs & the QCD axion

23



DEFINING NEW FRONTIERS

Over the last few years, a strong science case for movin
beyond WIMPs & axions has been put forth, and
concepts for new small experiments have been propose

See for example the U. Maryland Workshop
US Cosmic Visions: New Ideas in Dark Matter

https://indico.fnal.gov/conferenceDisplay.py?confld=13702
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US Cosmic Visions: New Ideas in Dark Matter 2017 :
Community Report
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Noemée Bastidon,™ James Battat,™ Stephen Benson,™ Asher Berlin * Mark Bird, ™ Nikita
Blinov.” Kimberly K. Boddy,™ Mariangela Bondl * Walter M. Bonlvento,™ Mark
Boulay,™ James Boyee,” * Maxime Brodeur,™ Leah Broussard,™ Ransy Budaik,* Philip
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Robeet Cooper,™ Michael Crisler,™* Paolo Crivelll,* Francesco D'Eramo, " ** Donsenico
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Patrick DeNiverville,* Stephen Derenzo,” Antonia Di Crescenzo, ™ " Emanuele Di
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Delca-Wagner,' Schastian Ellis,* Anthony Chigho Eeeribe,** ™ Glennys Farrar,'*
Francese Ferror,™ Enectali Figuorca-Foliciano, ™ Alessandra Filippd,® Giullans Florillo
Bartosz Fornal,* Arne Freyborger,™ Clsudia Frugivele,® Cristian Galbinti,™ Iftak
Galon,” Susan Gardner,™ Andrew Geraci,™ Gilles Gerbier,™ Mathew Graham,” Edda
Gschwendtner,” Christophor Hoarty,™ ™ Jaret Heise,™ Reyco Henming,™ Richard J
Hill,"* David Hitlin® Yonit Hochberg,™ ™ Jasom Hogan,* Masurik Holtrop,™ Ziging
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w
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DEFINING NEW FRONTIERS

See Figure 1 of arXiv: 1707.04591
Dark Sector Candidates, Anomalies, and Search Techniques
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A NEW FRONTIER

Extend sensitivity to “WIMP-like” Dark Matter in
the sub-GeV Range? (light dark matter, LDM)

Need experiments that can explore the MeV-GeV “WIMP”-like

scenarios, analogous to the Direct Detection, LEP, and LHC
efforts to test WIMPs in the GeV-TeV range.

What are the experimental ingredients of a robust
effort?

Look to the 30-yr WIMP effort for lessons.
Many similarities and a few critical differences...
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WIMP & THERMAL LDM EXPERIMENTAL EFFORT:
PHENOMENOLOGY SIMILARITIES

+ other modes

Experimental strategies similar to WIMP program, but new challenges
and opportunities arise from the lower mass scales
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WIMP & THERMAL LDM EXPERIMENTAL EFFORT:
BASIC MODEL SIMILARITIES

Phenomenology of WIMP scenarios carries over to MeV-
GeV WIMP-like scenarios:

Dark Matter Current Different Low-Energy Phenomenology!

| Mass terms Jh scattering M oc| scattering o :Annilhilation oV X CMB-viablc?;
'Fermion DM - Oirect Annihilation
Majorana UQ), WryH s W G- v* ' p-wave x v° Y
' U(1)p-inv. WyH 1 1 s-wave o v" N
(1)p-inv. & /U(1)p Uiy Wy 1 (inelastic) |kin. forbidden “| kin. forbidden Y
rgct Annihilation '

U(1)p-inv. 1 1 p-wave x v° Y
b 1)p-inv. & /U(1)pf¢18" ¢ — dud*oéL| v° (inelastic) | kin. forbidden | kin. forbidden ’ ‘ Y

Just like neutralino WIMP candidates

Just like sneutrino or Dirac neutrino WIMP candidate
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WIMP & THERMAL LDM EX
DIRECT DETECTION

PERIMENTAL EFFORT:
SIMILARITIES

Key Thermal Targets Span Large Range.

10—39

1040t

—
o
s

10744

GeV-10 TeV Thermal WIMPs

";,c«\".l NS Soudan CONS. 20
SuoerCOMS Scuden Low Threehokd

ACCONG 4 Go Low Thesahold £2011)
~r A
\

k=
5
g 10—43 L
:
=
3
J

(Viclet oval) Magnetic DM )
- | (Blue oval) Extra dimensions wT | 10... 12

t

WIMP-nucleon cross section [pb]

(Red crcle) SUSY MSSM
A MSSM: Pure Higgsing W ond
10_49 - _ MSSM: A funns , M ] 10—13
B MSSM: Bino-stop coannihiatior
W MSSM: Bino-sguark coanndhilatio
10-%° 0-14
1 10 100 1000 1

WIMP Mass [GeV/c”]

29



WIMP & THERMAL LDM EXPERIMENTAL EFFORT:

DIRECT DETECTION SIMILARITIES
Key Thermal Targets Span Large Range.
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Similar to WIMPs: thermal LDM motivates large
range of direct detection cross-section 30



DIRECT DETECTION CHALLENGES & OPPORTUNITIES

Basic difficulty: non-relativistic scattering of sub-GeV particles deposits
eV-keV of energy

electron scattering has easiest to

detect energy deposition See arXiv: 1707.04591
. NR

Range of technologies proposed to o i S o

detect very low energy deposition -

of LDM scattering — . e e




DIRECT DETECTION CHALLENGES & OPPORTUNITIES

See arXiv: 1707.04591
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Excellent ideas for experiments to provide new sensitivity to

LDM parameter space over the next 10 years
(many of them discussed in Matt Pyle’s talk)



WIMP & THERMAL LDM EXPERIMENTAL EFFORT:
RADICALLY DIFFERENT STORY FOR ACCELERATORS

TeV-scale electro-weak states were not easily accessible to
accelerators when WIMP effort started!

Decades of development of mid- to high-energy accelerator
infrastructure and impressively powerful particle detector
technology has now taken place...

Whereas sub-GeV weakly coupled particles readily
accessible to accelerators
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ACCELERATOR EXP. CHALLENGES & OPPORTUNITIES

Easy to produce light dark matter

Collider production Fixed-Target production

S
P AYS)

The challenge is isolating the production signature
in a low background manner

But this is a well studied problem at this point!
(see talk by Natalia Toro)



ACCELERATOR EXP. CHALLENGES & OPPORTUNITIES
10—35.
Thermal Relic Targets & Current Constraints
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* Accelerators probe DM interactions at the same momentum scales
governing freeze-out: much tighter set of coupling vs. mass milestones

35



ACCELERATOR EXPERIMENTS HAVE CORNERED THERMAL LDM

Assuming thermal abundance to fix €

Pseudo—Dirac Thermal DM Majorana Thermal DM

10F 4 10F
mA-=3 mpMm mA-=3 mpMm /i'\]J
X
AV
i ~ {TeV Landau pole

4

1 | | \\\\\i\o | | 102 | | 103
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Remaining 1-3 orders of magnitude represent some of the

best motivated parameter space. An amazing opportunity!
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ACCELERATOR EXP. CHALLENGES & OPPORTUNITIES

See arXiv: 1707.04591
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Excellent prospects for experiments to provide milestone

sensitivity to LDM parameter space over the next 10 years
(many of them discussed in Natalia Toro’s talk)



POWERFUL COMPLEMENTARITY

See arXiv: 1707.04591

Hidden-sector Dark Matter: Anomalies,
Production Mechanisms, and Detection Strategies
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CONCLUSIONS

The search for dark matter is sharpening into a broad

and robust effort, building on the achievements of the
WIMP and QCD axion program

I’'m more confident than ever that this will allow us
to discover the fundamental physics of dark matter

Best of luck to all of you!



