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Outline
+ Motivation: Completing the WIMP Story
4+ Key Building Block: New Forces

+ Search Challenges and Opportunities
— (brief perspective) Low-Mass Direct Detection
— New Forces
— Dark Matter Production
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has been discovered many
times over, but we still don’t
know what it’s made of




A STRONG CANDIDATE: WIMP DM

Simple, familiar particle content

weak force
new matter

DM with thermal freeze-out origin

Simple, predictive cosmology —
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A STRONG CANDIDATE: WIMP DM

Simple, familiar particle content

YWNANNNN4

weak force
main source of tension =~ 4-‘

new matte

— direct detection — naive tree-level scattering
excluded by direct detection

— production of DM and related particles at
colliders

— Heavy thermal wino constrained by indirect
detection



A STRONG CANDIDATE: WIMP DM

Simple, familiar particle content gw  gsw

/ weak force \
new mattey/ \

Next steps in WIMP search are important!

But also time to broaden the lamppost — what uncharted
territory can we reach by loosening assumptions?




A SMALL STEP: HIDDEN SECTOR DM

Simple, familiar particle content

Dark matter could be charged under a new force!
(in keeping with the history of particle physics)

Immediate reward for this assumption:
— dark matter can be stabilized by new charge
— preserve & extend much of the WIMP story

Immediate perils:
— why haven’t we seen the force yet?
maybe because it doesn’t couple very strongly to us



The Portals

If DM is Standard Model neutral,
what kinds of relevant interactions
can it have with SM fields?

Vector Portal @F ;/V @Graat working
example: Compatible

21 112 - -
H;i bl en |h|*| D] with cosmology in
ggs porta simple models,
. . 5 illustrative — focus here
Higgs portalsinslet  Ap[h|“¢ for most of my talk

Neutrino Portal €, (hL)

Any currents ev M ar fV



A SMALL STEP: HIDDEN SECTOR DM

Simple, familiar particle content 9o gsw

Dark matter could be charged ew force

under a new force!

Vector Portal %GY F ,};F o A’wm@wm Y

— expect small couplings  9SM ™ (107° — 10 44



THE VICINITY OF THE WEAK SCALE

SM Matter Dark Matter?
TeV
For decades: look here!
My Generic mass scale for
matter with O(1) coupling
to origin of EWSB
GeV Mproton Pt Mlargee_#
(accidentally close to weak scale)
...but hidden sector matter
weakly coupled to SM could
well be here (similar origins to
electron or proton masses)
MeV Me N~ small # X MW

(derived from weak scale) 9



Light Thermal Dark
Matter

Thermal Relic Targets

107* Consistent with expectation for b C=
" perturbative kin. mixing
i (102 -10-3) X €1-2 100p?
€20X0p Mpw?

oV~
mw?

~ 31026 cm3/s

10



A STRONG CANDIDATE: HIDDEN SECTOR DM

Simple, familiar particle content

new force

new matter

t et DM with thermal freeze-out origin
Simple, predictive cosmology — "EREN |

Motivated (broader) masls range |

|
Me\I/ GeV Te\|/
Thermal DM

Dark/Hidden sector




Three New Search Directions

Light DM
production

Aug 2016

Light DM New force

scattering searches |
- K. Mora

Basic Research Needs for

Dark Matter Small Projects
New Initiatives

oh] 14 Jul 2017
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https://www.osti.gov/biblio/1659757

through electron recolls, Migdal effect, LHe detectors,
advanced materials — has been an exciting and

Sub-GeV Direct Detection

Extension of direct detection to <GeV masses — e.g.

remarkable growth area over the last decade. (I won’t talk
about the experiments because Knut Mora just did)
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Direct Detection and
Light Thermal DM

Thermal and Asymmetric Targets for DM —e Scattering
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Projections from Essig et al 1801.10159

Y including neutrino backgrounds
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@® Small DM-SM coupling
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Direct Detection and
Light Thermal DM

Thermal and Asymmetric Targets for DM - Scattering

1073 Elastic scalar thermal DM will be

T | explored very soon! But many other
. _;/11,“(.{,_[; Y d ﬂe\NS' . 4 | .

10~ e GoO simple models are nearly impossible

107 T00gyrSi___ 1> to reach through elastic scattering!

Projections from Essig et al 1801.10159

Interesting direction: there
T —— "direct-detection-adjacent”
sighals of these models — are
any of them robust?
(But not for this talk...)

Of course, there are other models
outside thermal class that could be

discovered here, too!

My @® Small DM-SM coupling
@ VVelocity-suppression




Direct Detection and
Light Thermal DM

Thermal and Asymmetric Targets for DM - Scattering
g

:z i One lesson: Can be hard

BN to explore physics of DM

10 ‘IOOg—y:Si — semi-relativistic annihilation

10+ _

o Gy 2 3

o g, S X P
X c

with very non-relativistic
(v~10-3 c) halo DM.
Accelerator-based searches
for DM and related particles
are an essential tool to

¢ mall DM-5M courling axnlore this idea broadly.

@ Velocity-suppression

mpw



ORGANIZING THE PHYSICS

(VECTOR MEDIATORS AS AN EXAMPLE — MOST MODELS WORK SIMILARLY)

DM and Mediator Production

S
X B 2
A s 7
& % Mediator decays o
X O to DM
g Visible decays Mediator decays visibly
N negligible DM can be produced near
8 threshola
(+DM from off-shell A”)
>

Dark matter mass

Search for both the mediator Al
ﬁ
and DM itself!



DARK PHOTON PRODUCTION

Kinetic mixing etfectively gives matter of electric
charge ge an A’ coupling « gee

= Wherever there are photons
(and sufficient phase space), there are dark photons
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Visible Dark Photons

1 0_8 E141

favored

PHENIX

NA48/2

DES KLOE BaBaf
APEX =

< Test ]

‘ ]

T \\‘
KLOE

10um

1

ma [GeV]

10~

Natural parameter
space has wide
range of production
rates & lifetimes

8



Visible “Dark Photons”

Orsay

u70

1

ma [GeV]

10~

_|_

Me

Mixing in Grand
Unified Theories

sub-GeV mass scale
compatible with
radiative Higgs
mixing or hidden
valley

19



Visible “Dark Photons”

10—41“

10—5 BaBar o5 =

1070 | |k

1077

"W i For part of DM-A’ mass

-8 !

107" “range where this process
. - controls freeze-out,

107 provides a lower limit on
0 - mediator coupling vs mass!

10~ *

100 M LA
107 107 107" 1

ma [GeV]

at low mass, other reactions dominate: see e.g. https://arxiv.org/abs/2011.01240) 20



https://arxiv.org/abs/2011.01240

Small Bumps

Look for tiny resonance

10~ Ty
KL :
KLOE  HADES KLOE /% |
-5 aBar
107 s x4 |
1 0—6 L
1 0—7 _
THCh Belle-ll
MMAPS 5ab™!
1 0_8 = E141 ~
. HPS
1077 E
f LHCb
1 0—1 0 _
Orsay/E137/CHARM/U70 ]
Pre-2021 |
10—11 o . Y ]
1072 1072 107" 1
ma [GeV]

on very high-statistics
background

10

Entries /0.2 [MeV]

35 36 37 38 39 40 41 42 43 44 45
m(e'e) [MeV]

Echenard, Essig, Zhong
1 4171510

This approach has
closed dark photon
window for g-2
anomaly!

2l



Turning Weakness into Strength

1074

" Belle—ll
(HCb o

ass cut) =
500 A’ at 8OMeV =
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Collider-auxiliary LLP detectors

Take advantage of boost and large interaction rates at LHC
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Dark Matter Production

X
w
%

from mediator decay or via off-shell mediator

Dark Matter interacts very weakly and in these
models is comparable in mass to light SM particles
— how do we know when we've produced it?

25



Dark Matter Beams

Already set powerful constraints!

Target Decay Pipe Beam Dump MiniBooNE Detector

D —x

Bel  Air
arXiv:1807.06137 ‘
Produce ark | ook r
matter in dump (relativistic)

scattering In

P s Y

>.%'7éx detector
+... X

0

26



Dark Matter Beams

107

Beam Dump Sensitivity

ap=0.5, myp=3 m,

MiniBooNE-DM

T

DM Mass (MeV)

108

2K



Dark Matter Beams

Beam Dump Sensitivity

ap=0.5, myp=3 m,

MiniBooNE-DM

T 10 102 10
DM Mass (MeV)

At given vy, yields are minimized for large ap and mass
ratio, so take them near model limits — Near-worst-case
sensitivity: ap=0.5, , my/ma=3




Dark Matter Beams
Beam Dump Sensitivity _— T
Models with smaller
dp or my/ma live here
\O . /

Near-resonance
models live here

ap=0.5, myp=3 m,

MiniBooNE-DM

T 10 42 10
DM Mass (MeV)

At given vy, yields are minimized for large ap and mass
ratio, so take them near model limits — Near-worst-case
sensitivity: ap=0.5, , my/ma=3




Dark

Matter Beams

Beam Dump Sensitivity

ap=0.5, my=3 my

-—
-

1071 1022 to 1023 particles on target

1 /

L T

DM Mass (MeV)

Yield scales as (small interaction)? x
(beam intensity) x (detector size)
Hard to scale up!

28



Dark-Matter Production II

4+ To beat this scaling, must detect O(1) fraction of
dark matter production reactions — only possible
via kKinematics of visible final states

Missing Mass & Momentum

10-15. Competitive with ~1072 electrons on target

T 10 102 10
DM Mass (MeV)

29



Dark-Matter Production II

4+ To beat this scaling, must detect O(1) fraction of
dark matter production reactions — only possible
via kKinematics of visible final states

Missing Mass & Momentum

10-15. Competitive with ~1072 electrons on target

T 10 102 10
DM Mass (MeV)

29



Dark-Matter Production II

4+ To beat this scaling, must detect O(1) fraction of
dark matter production reactions — only possible
via kKinematics of visible final states

. Missing Mass and Momentum
10~

1079:

i\ -10
< 107"+

&

\>< 10—11 ..

S

— 107'%"

Game-changing with 1014-1016
electrons on target
1 1 10°
DM Mass (MeV)
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Dark-Matter Production II

4+ To beat this scaling, must detect O(1) fraction of
dark matter production reactions — only possible
via kKinematics of visible final states

. Missing Mass and Momentum
10~

1079:

i\ -10
< 107"+

&

\>< 10—11 ..

S

— 107'%"

Game-changing with 1014-1016
electrons on target
1 1 10°
DM Mass (MeV)
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I.‘

h )4 Kinematics

Typically dark matter carries most of the
energy, while recoil electron carries little €

l-

recoil electron N

o
DM
DM

. ' Ordinary Nucleus

% DaI‘ Mattel‘ Scatterlng \ /
S W production

2 ' Recoil

ﬁ:? 5 @ Taqai Tracker

= agging X7 s
.E o Tracker // €
-+ Pl \

3 €

&

: il

= 107 1

S 0.25 0.5 0.75 1.0 Target DM
;E Recoil Energy/Beam Energy

Tracker design similar to HPS experiment
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3N P4 Kinematics

a4 recoil electron N

o
DM
DM

Typically dark matter carries most of the
energy, while recoil electron carries little €

17

ST PV —

_ ' Ordinary Nucleus
: Dark Matter gcattering \_ /
W production
-y ; Recaoil
Ny : Tracker
B (® Tagging X
0 i Tracker Pt

10-2
0

Recoil Energy / |

Event fraction (log scale)

These are fractions — not scaled to
relative event rates!




H')4 Using Total Energy

Further filter events by measuring total energy of visible products
Recoil  Calorimeter

B® Taggng e

T Tra?ker / € Etotal — Erecoil << Ebeam
€ L - R

DM Note: transverse
separations can be much

VS. |
Recoil  Calorimeter smaller than shown!
Tagging _''ox<er U
s TraEker // f Et0t8.| - El’eCOiH‘Ey
e
6—F> """"" ’/O ~ Ebeam
) -

Trigger on low energy deposition = ~400 Hz of DM-like events from
~25 MHz of bunches. 32



B A 7 ° ° ®
3L P4 Finding Rare Reactions
Low-energy events due to rare photon reactions (photonuclear or
conversion to muons) that transfer energy to hadrons or muons

see 1912.05535
(JHEP)

Recoil Calorimeter

Tagging Traxker
Tragker



https://arxiv.org/abs/1912.05535

\ Y 4

31104 Finding Rare Reactions

Low-energy events due to rare photon reactions (photonuclear or
conversion to muons) that transfer energy to hadrons or muons

e
(JHEP)

Calorimeter

Recaoil
Tagging Tra/c\ker
Tragker
6_

Granular ECal rejects | | e
such events based on| [/ =5
distinctive features, S
e.g. tracks, “wide” or
“long” showers

Machine
Learning

Tt d
x ¥



https://arxiv.org/abs/1912.05535

3hH' )4 A Final Handle

Built into LDMX is the idea that it should be more than a
counting experiment.

A key final measurement is the “transverse momentum”
(perpendicular to beam) of the recoil electron

, _ LDMX prellmlnary
. PN bkg |:] EN bkg
— m,=0.001---- m,=0.01 =
m,=0.1 m, =1 O(x10)

-t — —
Q Qo QO
n w o~

*f :  Gives confidence in signal, and
. an estimate of mass scale for
dark matter physics!

Events /4 x 10" EoT

20 40 60 500
Reconlep [MeV]
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Towards Precision Dark Matter Science

Very real possibility of studying the physics of the dark sector
— especially with multi-experiment program.

Missing Momentum
Recl Cakrmaler
~B» @ Tagging | racke” -

RS L o EED : - Dark Matter and
Targot oAt en T ® force-carrier mass
- Effective charges of
Dark Matter and
ordinary matter

Beam Dump

i

Mediator Search

\
\
|

Low-Threshold

Direct Detection
n N - Abundance
T « Cosmological
lifetime
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Conclusions

4+ The identity of dark matter is a stark open question in
fundamental physics

4+ Hidden sector DM modestly extends WIMP dark
matter, offers sharp science case to explore new
physics at familiar scales with unprecedented
precision

+ Powerful discovery potential for several
complementary experimental approaches

4+ Motivates new experiments underground, at colliders,
and at fixed-target facilities
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