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OUTLINE

Light Dark Matter Motivations & Theory

Light Dark Matter Experiments



THE DARK SECTOR
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DARK SECTOR SCIENCE

What new particles and forces comprise
dark matter?

Where did dark matter come from?



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 Motivates new physics near the weak: dark matter could be part
of this

e Broad vicinity of weak-scale is already known to be interesting
— familiar matter resides here!

For me, this is the most compelling mass scale to understand and
explore, with WIMPs as the canonical weak-scale dark matter candidate

e Strong CP, 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
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Powerful sensitivity over broad range of mass!



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?



FIRST STEPS BEYOND WIMPS

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

Vicinity of the weak-scale remains well-motivated

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

* Thermal Origin
e Standard Model-like Mass
e Standard Model forces
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FIRST STEPS BEYOND WIMPS

* Thermal Origin
e Standard Model-like Mass
e Standard Model-like forces

“WIMP-like” dark matter, just not charged under
SU(2) weak. Interacts via some other mediator —
hidden (or dark) sector dark matter!

What are the options?



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... 13



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) 17



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) 18



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
19

(derived from weak scale)

MeV



DARK SECTORS IN THE VICINITY OF THE WEAK SCALE
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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



DEFINING NEW FRONTIERS

Over the last few years, a strong science case for moving
beyond WIMPs has been established

Workshop and Community Report:
arXiv: 1707.04591

Light hidden-sector dark matter

a key area of focus

Dark Sector Candidates, Anomalies, and Search Techniques

US Cosmic Visions: New Ideas in Dark Matter 2017 :
Community Report

Marco Battaglieri (SAC co-chair),! Alberto Belloni (Coordinator),? Aaron Chou (WG2
Convener),? Priscilla Cushman (Coordinator),! Bertrand Echenard (WG3 Convener),®
Rouven Essig (WG1 Convener),% Juan Estrada (WG1 Convener),® Jonathan L. Feng
(WG4 Convener),” Brenna Flaugher (Coordinator),® Patrick J. Fox (WG4 Convener),3
Peter Graham (WG2 Convener),® Carter Hall (Coordinator),? Roni Harnik (SAC
member),® JoAnne Hewett (Coordinator),”® Joseph Incandela (Coordinator),'® Eder
Izaguirre (WG3 Convener),"! Daniel McKinsey (WG1 Convener),'? Matthew Pyle (SAC
member),'? Natalie Roe (Coordinator),'® Gray Rybka (SAC member),!* Pierre Sikivie
(SAC member),’ Tim M.P. Tait (SAC member),” Natalia Toro (SAC co-chair),? 16
Richard Van De Water (SAC member),'” Neal Weiner (SAC member),'® Kathryn

Z?V a?V feIV peIV neIV W‘?V mIeV eIV k'lav MIeV va T?V PE;V 30Mq Zurek (SAC member),'®12 Eric Adelberger,' Andrei Afanasev,'® Derbin Alexander,?
“TT T T T T T R_l_> James Alexander,?! Vasile Cristian Antochi,??> David Mark Asner,?® Howard Baer,?
m—— > Dipanwita Banerjee,? Elisabetjca Baracchini,?® Phillip Barbeau,?” Joshua Balrr‘ow,28
< > € < ° Noemie Bastidon,?® James Battat,?* Stephen Benson,?! Asher Berlin,” Mark Bird,*? Nikita
Ultralight Dark Matter Hidden Sector Dark Matter Black Holes Blinov,® Kimberly K. Boddy,*® Mariangela Bondi,?* Walter M. Bonivento,®® Mark
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Boulay,?0 James Boyce,?"3! Maxime Brodeur,*® Leah Broussard,* Ranny Budnik,*® Philip
Bunting,'? Marc Caffee,*! Sabato Stefano Caiazza,*? Sheldon Campbell,” Tongtong Cao,*3
Gianpaolo Carosi,** Massimo Carpinelli,*> %% Gianluca Cavoto,?? Andrea Celentano,' Jae
Hyeok Chang,® Swapan Chattopadhyay,>*” Alvaro Chavarria,*® Chien-Yi Chen,* 16
Kenneth Clark,*® John Clarke,'? Owen Colegrove,'? Jonathon Coleman,® David Cooke,?
Robert Cooper,®? Michael Crisler,?33 Paolo Crivelli,?® Francesco D’Eramo,>** Domenico
D’Urso,* 46 Eric Dahl,?® William Dawson,** Marzio De Napoli,>* Raffaclla De Vita,*
Patrick DeNiverville,” Stephen Derenzo,'® Antonia Di Crescenzo,’®?” Emanuele Di
Marco,?® Keith R. Dienes,”? Milind Diwan,'! Dongwi Handiipondola Dongwi,* Alex
Drlica-Wagner,? Sebastian Ellis,®® Anthony Chigbo Ezeribe,5!:2 Glennys Farrar,!8
Francesc Ferrer,®® Enectali Figueroa-Feliciano, Alessandra Filippi,®® Giuliana Fiorillo,
Bartosz Fornal,%” Arne Freyberger,® Claudia Frugiuele,?’ Cristian Galbiati,%® Iftah
Galon,” Susan Gardner,% Andrew Geraci,® Gilles Gerbier,”! Mathew Graham,’ Edda
Gschwendtner,” Christopher Hearty,” ™ Jaret Heise,” Reyco Henning,”® Richard J.
Hill,'6'3 David Hitlin,®> Yonit Hochberg,?":"" Jason Hogan,® Maurik Holtrop,” Ziqing
Hong,?* Todd Hossbach,?* T. B. Humensky,” Philip Ilten,*® Kent Irwin,®° John Jaros,’
Robert Johnson,?® Matthew Jones,*! Yonatan Kahn,®® Narbe Kalantarians,®' Manoj
Kaplinghat,” Rakshya Khatiwada,'# Simon Knapen,'®1? Michael Kohl,**3! Chris
Kouvaris,®? Jonathan Kozaczuk,®® Gordan Krnjaic,® Valery Kubarovsky,3! Eric Kuflik,2\'""
Alexander Kusenko, 88 Rafael Lang,*' Kyle Leach,® Tongyan Lin,'*!'3 Mariangela
Lisanti,®® Jing Liu,%” Kun Liu,'” Ming Liu,'” Dinesh Loomba,®® Joseph Lykken,® Katherine
Mack,® Jeremiah Mans,* Humphrey Maris,”® Thomas Markiewicz,? Luca Marsicano,! C.
J. Martoff,”! Giovanni Mazzitelli,?® Christopher McCabe,*? Samuel D. McDermott,® Art
McDonald,” Bryan McKinnon,”® Dongming Mei,®” Tom Melia,'®8 Gerald A. Miller,'4
Kentaro Miuchi,®* Sahara Mohammed Prem Nazeer,*® Omar Moreno,® Vasiliy Morozov,3!
Frederic Mouton,®! Holger Mueller,'? Alexander Murphy,”® Russell Neilson,”® Tim



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...

23



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

24



THERMAL LDM MODELS

Low-energy phenomenology depends on
DM spin (fermion or scalar)
e Mass structure (U(1)p—preserving, U(1)p—breaking, or both)

charged, elastic axially coupled inelastic
elastic

Particle Tvpe Dark Matter current  Different Low-Energy Phenomenology!
Model Mass terms J5 scattering o o« |Annilhilation ov oc|CMB-viable?
Fermion DM - Dlirect Annihilation v
Majoran UQ), Wk s W v* p-wave o v° Y
Dig U(1)p-inv. Wy 1 s-wave o v" N
Pse\ido-Dyggac (1)p-inv. & /U(1)p R 27, in. forbidden “| kin. forbidden Y
Scaldr DM \QiNct Annihilation
Compex U(1)p-inv. " 0" — 0" d" 1 p-wave o v° Y
Pse\dd-complex -inv. & /U(1)p| ¢r0" b — ¢8" L | kin. forbidden | kin. forbidden ° Y

Like neutralino WIMP

Like sneutrino or Dirac neutrino WIMP 75




Dark-Matter-Electron
Scattering

4+ Use the abundance
and higher charge of dark
matter particles to your
advantage!

4 Dark matter transfers more kinetic
energy when it scatters off light electron
vs. heavy nucleus”

4+ Challenge: electron
recoils are usually the 8
background for
direct detection!

Tongyan Lin

*Exciting ideas for low-threshold nuclear detection too! 2s



Dark-Matter-Electron
Scattering

New dedicated experiments aim to see
electron recoils at lower energy than
typical backgrounds (radiogenic, etc)

e.g. SENSEI:
1-100g detector made from low-noise
skipper CCDs
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DM Mass (MeV)
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Dark-Matter-Electron
Scattering: Limitations

10—35.

10—37. B

10—39. B

<

10—41. B

107 Dark matter halo is
10745 non-relativistic!

— 10747 (10 el =

5 1074 Xsec predictions

® 105 spread over tens of

© ol decades, much like
s for WIMPs!
10757 ® Small DM-SM coupling
10—59.,

® \/elocity-suppression

1 0 g0
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Dark-Matter Production I

4+ Remedy: make relativistic dark matter! In
fact, there are already powerful constraints on

such production from experiments >30 years
ago "

Hill
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+ Similarly, accelerator neutrino experiments are
also Dark Matter factories o




Dark-Matter Production 1

Beam Dump Sensitivity

D gs
10—4 B LHC
1073 L LEP
O ~
gsm? go? Mpm?/ Myed?
=y/mpm?

Production«cgsm? —

iInfer worst-case y
sensitivity from
physical upper

limits on gp and 10-157 Yield scales as y? x (beam

MDPM/MMed 107 intensity) x (detector size) x ...

Detection«x 1
|
anothery ng'q .t.(.)f.c ?!?, 9,'0'

y (interaction strength)
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Dark-Matter Production II

+ To beat this scaling, must detect dark matter

production via kinematics of visible final states

— gives signal yieldxy; low irreducible background

g Missing Mass (e"e™ colliders)

= full kinematic reconstruction

~
¥

BaBar @ SLAC

Belle I

~

-

Missing Energy/Momentum
(e fixed target)
= partial kinematic reconstruction

~

lower mass

31



Dark-Matter Production II

+ To beat this scaling, must detect dark matter
production via kinematics of visible final states

— gives signal yieldxy; low irreducible background

g Missing Mass (e"e™ colliders) A

= full kinematic reconstruction

€

32



Dark-Matter Production II

+ To beat this scaling, must detect dark matter
production via kinematics of visible final states

Colliders: -
Rate ~ y% /Ecm?
()
5
5.
Fixed target: =
Rate ~ y Neme?/mpm? ;Tg
(add’l form factor = -1
penalty @ high g 1812 need ~10'° electrons

masses) | 0

DM Mass (MeV) 33




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

npm (MGV) mpm (M@V)

Remaining 1-3 orders of magnitude represent some of the

best motivated parameter space. An amazing opportunity!
34



Dark-Matter Production II

+ To beat this scaling, must detect dark matter
production via kinematics of visible final states

— need signal yieldxy and low background

4 . I )
Missing Mass (e"e" colliders) Missing Energy/Momentum
= full kinematic reconstruction (e fixed target)
NG a = partial kinematic reconstruction
€e
- /
et ~ 1|A

~0.1 — 10 GeV Dark Matter MeV-GeV Dark Matter




Kinematics of New-Particle
Production in Electron Beams

~

Low-energy nucleus typically not
measurable

E(A? = Ebeam E(e) < Ebeam

E = beam energy

\_

Eso=E

pr(A’) ~ pr(e) ~ my

€ softand wide—angle/

Most of beam energy carried away by invisible particles
Recoll electron kinematics opposite of typical bremsstrahlungs



Kinematics of New-Particle

Production in Electron Beams
4 B N\
y DM E(AyzEbeam E(e) < Ebeam
Ml pr(d)~pre) s B

Nucleus
\_ /
recoil distributions, 4 GeV ¢~ on 10% X, target —|NOT TO SCALE
1 Electron R?COH Energy Distributions, £, > 50 MeV Electron |Py| Distributions, 50 MeV < E, < 1.2 GeV, p;>0
a few evients 1076 events!! I

ey \

ma = 10-1500 MeV

Event Fraction/ S McV

Event Fraction

region
E.<1.2 GeV

h)
500

0 100 200 300 400
Electron |P7| [MeV]
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How to Identify These Events?

E

Target
4+ Electron beam impinging on target

DM




How to Identify These Events?

Recaoll
Tragker

£ >J<
Target \‘DM

4+ Electron beam impinging on target

4+ Measure recoiling low-energy-fraction electron & its pr
— Forward tracking in (small) B-field

39



How to Identify These Events?

Recoil Calorimeter

Tracker

/" 6
f J<

—=DM

Target

4+ Electron beam impinging on target ~one at a time
4+ Measure recoiling low-energy-fraction electron & its pr

— Forward tracking in (small) B-field

+ Reject events with visible particles carrying remaining

energy
— Deep, highly segmented calorimeter

40



How to Identify These Events?

Recaoll

Tagging T"?E.ker

Tracker
ATEREE <
| |

Calorimeter

Il

Target

7
=

\

—=DM

4+ Electron beam impinging on target

4+ Measure recoiling low-energy-fraction electron & its pr
— Forward tracking in (small) B-field

+ Reject events with visible particles carrying remaining

energy

— Deep, highly segmented calorimeter

+ Positively identify high-energy incident electron
— (High-B-field) tracking upstream of target

41



Backgrounds!

Incoming trivial

outgoing  relative rate
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Backgrounds!

Incoming trivial

outgoing  relative rate

\ 4

€

e
+hard ~y

\ 4

Current focus: design
studies for “Phase I”’ with

\ 4

v — hadrons

+ —
4 104 electrons > YT HEp
. , Yp—Tn
Yn — nnn
Studies are approaching

|0'* events with no background.
Accurate simulation of rare
brocesses is the biggest challenge.

v backgrounds (irreducible) << [0-'®

., increasingly rare
photo-nuclear
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Backgrounds!

Electron |Pr| Distributions, 50 MeV < E, < 1.2 GeV, pz >0

Designing for zero background

without cutting on recoil pt— if

unexpected events are seen, it serves
as additional kinematic discriminator
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Targets for Thermal Relic DM

LDMX Sensitivity

10—4 i LHC |
1075 - LEP | &~ /
= >
-6 | | & / ,
10 ’15 // &/
10~7 | Phase I: 4 10!* @ 4 GeV [~ X
10-8 0.1-0.3 X target 118 'S )y

|~ Belle Il missing

mass search —

10-13 223 Ho D g ﬁf)r:plementary
14 < s> Phase II: 10'® @ 8 GeV Igh-mass
18_15 / 2 0.1-0.3 Xy target sensitivity
10-16% L[] L T
1 10 102 10°
m, [MeV |

‘|Unique potential to reach all thermal DM milestones
at masses below ~100 MeV
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CONCLUSIONS

WIMPs and WIMP-like dark matter near the weak-
scale (MeV-TeV) remains well-motivated and
important to test

Large scale direct detection continues to define &
push the boundaries above the GeV mass range

Existing and new small-scale accelerator experiments
will test a broad range of scenarios below the GeV
mass range
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DASEL Beamline @ SLAC

Low-current but “continuous” multi-GeV beam needed for
LDMX can be delivered parasitically!

DASEL
Beamline

DASEL Kicker

End Station A

Existing

SLAC Linac

— existing LCLS
— existing ESA
— DASEL proposal

49



DASEL Beamline @ SLAC

Low-current but “continuous” multi-GeV beam needed for
LDMX can be delivered parasitically!

A multi-GeV, CW electron beam Experimental Facilities
parasitic to LCLS-II « Small upgrades to ESA systems

DASEL Beamline connecting to ESA line

Laser system to fill “unused”
Y « 3 dipoles & 14 quads (all refurbished)

buckets with electrons for DASEL

‘l‘ DASEL v

FEL and DASEL Beam Kickers 0T 7 N 70N TN 11T
bunches from RF gun > ESA

LCLS-Il SCRF Linac

I\ / ‘ ‘ > BSY dump
// ‘ ‘ > Soft X-Ray FEL
‘ ‘ > Hard X-Ray FEL

DASEL kicker/septum system /
downstream of FEL kickers to FEL Kicler

eliminate interference - i
. I [
« Based on LCLS-II design S M e

«— ' “21ns
. 150 ns ~600 ns ’ 50
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LCLS-Il beamlines

FEL Kicker
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