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OUTLINE

This is intended to be a non-technical introduction to sub-GeV
thermal dark matter & hidden sectors

e [he WIMP paradigm & thermal dark matter
e Beyond WIMPs
® Thermal sub-GeV hidden sector dark matter

e Comments on thermal freeze-out/in parameter space w.r.t.
direct detection experiments

See 2017 Cosmic Visions (1707.04591) report for many good
references



DARK MATTER
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We know there is new physics
in the form of dark matter! 73% EhEhoy 23R

But what is it?




A STRONG CANDIDATE: WIMP DM

Simple, familiar particle content

new matter

Simple, predictive cosmology

Motivated mass range
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A THERMAL ORIGIN

HISTORY OF THE UNIVERSE

Cosmic Microwave s"‘)d\{fﬂ
Background radiation formation
is vis

visible

Particle Data Group, LBNL © 2015 Supported by DOE

A big lesson of 20th century cosmology — The Universe
evolved from an era of hot thermodynamic equilibrium in an
expanding space-time!



A THERMAL ORIGIN

HISTORY OF THE UNIVERSE A

Dark energy
accelerated
expansion

Cosmic Microwave Structure
Background radiation formation

Accelerators 'L is visible

{ verse
Size of visible U

t = Time (seconds, yeors)

E = Emergy of pholoas [vnits GeV =~ 1.6 x 10710 joudes)

-~
newirno - ion
Dosons
e

photon

Particle Data Group, LBNL © 2015 Supported by DOE

Dark Matter interaction with familiar
matter would (very) likely bring DM
into thermodynamic equilibrium




A THERMAL ORIGIN

HISTORY OF THE UNIVERSE

Simple and predictive Boltzmann
equation governs evolution of
number density “n”

dt €q

* (equilibrium

number density)

Dilution from \

expanding Universe Particle interactions
provide thermal contact



A THERMAL ORIGIN

HISTORY OF THE UNIVERSE

Simple and predictive Boltzmann
equation governs evolution of
number density “n”

o _3Hn - (0AV) (’”‘2 - )

dt “4

As Universe cools below DM
mass, density decreases as e™/T

Eventually dark matter particles
can’t find each other to annihilate

— n{oav) = H

freeze-out occurs



A THERMAL ORIGIN

Near freeze-out:

o/ T2
N ~ (772/XTf )3/ 2 o~ MX /Ty — /
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A DM abundance (determined by interaction!) is
left over to the present day



WIMPS AND A THERMAL ORIGIN

Larger Cross-section
=X = later freeze-out
> = lower density
i Correct DM density for:
E o (au)— 3 > 1026 cm3/s
o 1
10:, (20 eV )=

1 10 100 1000
x=m/T (time -)

and mass in the vicinity of the weak-scale
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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?
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LOGICAL NEXT STEP BEYOND WIMPS?

Simple, familiar particle content

new matter

Simple, predictive cosmology

Motivated mass range

|
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WIMP

What attractive features can remain?




LESSONS FROM DATA

Simple, familiar particle content

weak force
new matter

The ingredient most at odds with data underlying WIMPs is
that interactions are mediated by W /Z bosons.



LESSONS FROM DATA

Simple, familiar particle content

new force?
new matter

The ingredient most at odds with data underlying WIMPs is
that interactions are mediated by W /Z bosons.

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



NEW FORCES INTERACTING WITH THE STANDARD
MODEL

Simple, familiar particle content

new force
new matter

Standard Model symmetries allow two
types of (dim. 4) interactions with new
force carriers at low—energy

Vector Mixing = EY FY Ly
Higgs Mixing €1, ‘h‘2‘¢‘2

+ a few other closely related possibilities...(see 1707.04591)



NEW FORCES INTERACTING WITH THE STANDARD
MODEL

Simple, familiar particle content

new force
new matter

Standard Model symmetries allow two

interactions with new force carriers at

low-energy Most compatible with

cosmology & simple dark
Vector Mixing %EY F ;z/y MY «— matter models, and
illustrates much of the

. ‘ h‘Q ‘ ¢‘2 essential physics

Higgs Mixing will be focus of many talks

Increasingly constrained by LHC

(though other scalar couplings less constrained)



NEW FORCES INTERACTING WITH THE STANDARD
MODEL

Simple, familiar particle content

new force
new matter

Standard Model symmetries allow two f
interactions with new force carriers at

low-energy " ,
Vector Mixing 5 €y F Y F’ 224 :::
A/ ’\A/\M@MMN y

T ey
am ~ (107" — 10" “)e
Mediator particle with naturally I ( )

small (loop-level) Standard Model
couplings...would have missed such
physics without dedicated search!



HIDDEN SECTOR DARK MATTER

Simple, familiar particle content

new force
new matter

Dark Matter charged under a new force

Provides a familiar and simple explanation for dark matter
stability (i.e. lightest charged particle is stable!)

Mediator mixing gives interaction with Standard Model



(THERMAL) HIDDEN SECTOR DM

Simple, familiar particle content

new force
new matter

Simple, predictive cosmology ??

Mass range ??



WHAT ABOUT THERMAL ABUNDANCE?

o — y/(mDM)2 B 1/(20TeV)2

mpy ~ /Y X 20 TeV << TeV

Very weakly coupled thermal dark matter should
have a mass below the TeV-scale to obtain measured
relic density

(Direct) Thermal freeze-out works just fine down to ~MeV!



ULTRA-SMALL COUPLING & NEW
POSSIBILITIES

[f coupling is large enough for DM to thermalize, then
detailed balance results

—
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ULTRA-SMALL COUPLING & NEW
POSSIBILITIES

If coupling is large enough for DM to thermalize, then
detailed balance results

—

X e
>~AL/L<
X e

P —

But if coupling is too small for thermalization to occur, then
DM is still produced through occasional SM reactions



ULTRA-SMALL COUPLING & NEW

POSSIBILITIES

“FREEZE-IN” THROUGH A VECTOR MEDIATOR

A

Yowm

v e

Works well above ~MeV

Freeze-Out

Freeze-In
(ee — xx) Can work below ~MeV
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(THERMAL) HIDDEN SECTOR DM

Simple, familiar particle content

new force
new matter

Simple, predictive cosmology

Mass range ??

DM with thermal freeze-out/in origin




THE VICINITY OF THE WEAK SCALE

SM Matter Dark Matter?
TeV i
For decades: look here!
My Generic mass scale for
matter with O(1) coupling
to origin of EWSB
GeV Mproton P Mlargee_#
| ...but where do we expect
(accidentally close to weak scale) _ :
hidden sector matter — with
only small couplings to SM
matter (generated radiatively)?
MeV me ~ small # x My,

(derived from weak scale) 25



THE VICINITY OF THE WEAK SCALE

SM Matter Dark Matter?
Generic mass scale for
matter with O(1) coupling
My to origin of EWSB
: g
Where do we expect hidden-
sector matter?
GeV Mproton P Mlargee_# Vi MW >< 6_#
(accidentally close to weak scale) :
(e.g. “hidden valley”
scenario: ~conformal
to weak scale, then
confining)
(e.g. dark sector scalar
mixing with SM higgs)
me ~ small # x My, small # x My
MeV :

(derived from weak scale)



THE VICINITY OF THE WEAK SCALE

M Matte Dark Matter?
TeV
Moving beyond WIMPs, the broad vicinity of
the weak scale is still an excellent place to
focus on:

 An important scale!

GeV
 Below the weak scale is natural for very
weakly coupled new physics

e Thermal DM works well here!

MeV

(derived from weak scale) 20



A STRONG CANDIDATE: (THERMAL) HIDDEN
SECTOR DM

Simple, familiar particle content

new force
new matter

DM with thermal freeze-out/in origin

Simple, predictive cosmology—

SR g g S —
-
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MOtivatEd (broader) masls range | I -
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Thermal DM

Dark/Hidden sector




PREDICTIONS

Early universe thermal freeze-out cross-section bounded by
DM abundance

2 X

ov ~ ap€ a X — X (velocity factors)

N

g . : ; But we can’t do this without precisely
Want to use annihilation cross-section to infer coupling : :
) choosing a dark matter current! This
strength, as a function of mass

will fix the velocity (and spin) factors

We need to consider the spin & interaction structure (i.e.
the form of the dark matter current) for thermal dark
matter framework to become quantitatively predictive



PREDICTIVE MODELS

For a given choice of spin & parity, form of the current is determined by
Lorentz invariance. Structure of mass terms also important.

Dark Matter Current

Mass terms

b

Different Low-Energy Phenomenology!

scattering M o

scattering o &

Annilhilation ov

CMB-viable?

Fermion DM - Llirect Annihilation

Majorana U, G- v v? p-wave o v° Y
Dirac U(1)p-inv. WyH 1 1 s-wave o< v" N
Pseudo-Dirac (1)p-inv. & /U(1)p R 27 1 (inelastic) |kin. forbidden “| kin. forbidden Y
Scalar DM — Dirgct Annihilation

Complex U(1) p-inv. ¢* 0" — 00" " 1 1 p-wave x v° Y
Pseudo-complex U (1) p-inv. & /U(1)pll¢.0" ¢ — ¢ud" 61| v* (inelastic) | kin. forbidden | kin. forbidden ° Y
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PREDICTIVE MODELS

For a given choice of spin & parity, form of the current is determined by
Lorentz invariance. Structure of mass terms also important.

Dark Matter Current Different Low-Energy Phenomenology!

| Mass terms Jh scattering M o<| scattering o :Annilhilation ov ajCMB—viablc?
Fermion DM - Ljirect Annihilation
Majorana UQ), WryH s W g-v v* v p-wave x v° | Y
' U(1)p-inv. WyH 1 1 s-wave o< v" N
(1)p-inv. & /U(1)p el 27 1 (inelastic) |kin. forbidden *| kin. forbidden | Y
rpct Annihilation ' ‘
U(1) p-inv. ¢ 0" — 00" 0" 1 1 p-wave X v° Y
1)1)-inv. & /U)ol 600" du — ¢ ér | v* (inelastic) | kin. forbidden | kin. forbidden ° Y

Just like neutralino WIMP candidates

Just like sneutrino or Dirac neutrino WIMP candidate

Obvious similarity to WIMP phenomenology! i



COUPLING “PREDICTIONS”’

Thermal Relic Targets

32



COUPLING “PREDICTIONS”’

Thermal Relic Targets

Theoretical prior:
..coupling from 1- or 2-loop

quantum corrections

33



COUPLING “PREDICTIONS”’

Thermal Relic Targets

= Theoretical prior:

£ 10-8 coupling from 1- or 2-loop
><

S

quantum corrections

~ 10—10
S
w12
1 X
% 10—14 “\“@ W
X
16 \:\Q“\e
10— s S IS S B S \ I N O | \ R S B |
10 10? 10°

m, [MeV]

Similarly, predictions from freeze-in can be obtained
(see talks by J. Shelton and N. Blinov)

34



DIRECT DETECTION RATE “PREDICTIONS”

Thermal and Asymmetric Targets for DM ¢ Scattering Ear|y universe thermal freeze-
107 :
out cross-section bounded by

1077 DM abundance
]0—39. I
_|_
]0—4'.. X A, 6
1043
10795 X
e
o 1074
]0—49. m2
- x locity fact
10-51. ov ~ ape-a X — X (velocity factors)
My

1077
Dark matter halo is non-relativistic!

(102c)=

Xsec predictions spread over tens

of decades (much like for WIMPs!)

10°
® Small DM-SM coupling
@ \Velocity-suppression

1077

]0—57.

]0—59.

1 10 102
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DIRECT DETECTION RATE “PREDICTIONS”

]0-39. o  a

Thermal and Asymmetric Targets for DM ¢ Scattering
-35.
A)_l_ree 10 Ef} COMS Soudan COMS-e
_ F TM'“ ' ,'”f_".‘rf .f.,ar Low Threshokd
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, o g\

I (Green ovals) Asymmetric LS

(Viclet oval) Magnetic DM TN ) e .
(Blue oval) Extra dimensions -12
™ (Red dircle) SUSY MSSM waw 110
-

A MSS5M: Pure Higgsino

L @ MSSM: A funne \ =

o MSSM: Bino-stop coannihilatior
W MSSM: Bino-sguark coanndhilation

-14
1 10 100 1000 1050
WIMP Mass [GeV/c?]

WIMP-nucleon cross section [pb]

Similar to WIMPs: thermal LDM
motivates large range of direct
detection cross-section
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CONCLUSIONS

* Thermal dark matter is ssmple & predictive.
We should explore this idea to the best of our abilities!

e Hidden sector thermal dark matter 1s a natural
generalization of WIMPs — offers good motivations to
explore sub-GeV mass scales

* Simple models of freeze-out/in can offer guidance in the
rate vs mass parameter space — direct detection rates
down to the neutrino floor are motivated by thermal

DM.
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