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Why particle dark
matter?

@ We have essentially eliminated a SM
explanation; need physics BSM
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Why particle dark
curvature, z_eq ma'l' 'I'e r?
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@ Why not just ordinary (dark) baryons?

@ A: BBN and CMB make independent measurements of the baryon fraction.
Observations only accounted for with non-interacting matter



Why particle dark
curvature, z_eq ma'l' 'I'e r?
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sound speed = baryon to radiation ratio

@ Why not just ordinary (dark) baryons?

@ A: BBN and CMB make independent measurements of the baryon fraction.
Observations only accounted for with non-interacting matter



Why particle dark
matter?

@ Make baryons non-interacting by binding DM into
MaCHOs?

@ A: looked for those and did not find them;
eliminated MACHO range from > 10~ "° Mg

Afshordi, McPonald, Spergel

OBSERVER
SEESA INTENSL GRAVITY
BRIGHTENING BENDS THE LIGHT
OF THE STAR RAYS

OR GALAXY

Gravitational Lensing--how MACHOSs focus light




Why particle dark
matter?

@ Make baryons non-interacting by binding DM into
MaCHOs?

@ A: looked for those and did not find them;
eliminated MACHO range from = 10°My ...

Katzetal, 180711495
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Why particle dark
matter?

A B

@ Why not - m £

modify : § E b b

gravity? : -' £ E g :

o A: Modified v | | 1 1 o e
gravity e o

theories tend o R

to be sick

@ A: Must get the entire range
of observations right, not just
galactic rotation curves



Why particle dark
matter?
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@ A: Must get the entire range
of observations right, not just
galactic rotation curves


http://arxiv.org/abs/astro-ph/0511345
http://arxiv.org/abs/astro-ph/0608407

Why particle dark
matter?

@ By contrast, it Is easy fo explain everything
with particle dark matter

@ From theoretical point of view, theories are
compelling, testable.

@ As the proverb says:




Particle dark matter

@ No shortage of
theories

@ Supersymmetry
@ Extra dimensions
@ Massive neutrino

@ MeV dark matter

@ Scalar dark matter

@ axion

neutrinos  WIMPs ©
neutralino :
KK phwlon
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Particle dark matter

@ No shortage of @ Axions and WIMPs
theories (usually,
supersymmetric)

@ Note however: most
based on a couple of
very popular theories

neutralino =
KK phwlon
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“: | fuzzy COM gravitino
- 1; KK gravilon
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XKCD Version

MV meV/ eV KeVMeV GV Tev  10%s N9 Mg mg g kg TON 10%s  10%ks  10%s 10%%s 10

—BLACK HOLES, RULED OUT BY...—

AXIONS STIE Q BALLS POl.-LEN T? MICRO BUQ%LL

NEUTRINOS NEUTRAUNOS NO'SEE.‘ LﬂJSNG ASTRONOMERS

ELECTRONS PAINTED OBEUSIG GAMMA NEUTRON - SOLAR SYSTEM
WITH SPACE. CAMOUELAGE 8-BALLS MONOU‘g!sS RAYS STARDATA — STABILTY

MAYBE THOSE oRBIT LINES IN SPACE
DIAGRAMS ARE REAL AND VERY” HEAVY

My theory is that dark matter is actually just a thin patina of grime covering the whole universe, and we don't notice
it because we haven't thoroughly cleaned the place in eons.




Dark Matter:
Standard Paradigm

@ Usual picture of dark matter is that it is:
@ single
@ stable
@ (sub-?) weakly interacting

@ neutral



HIDDEN DARK WORLDS
Our thinking has shifted

From a single, stable weakly

interacting particle .....
(WIMP, axion)

Models: Supersymmetric light DM sectors,
Secluded WIMPs, WIMPless DM, Asymmetric DM .....

Production: freeze-in, freeze-out and decay,
symmetric abundance, non-thermal mechanicsms .....

(. &)

b e

...to a hidden world

Standard Model ith mu]tip]e states,

new interactions



PROGRAM

@ Paradigms for DM density

@ freeze-ouf, freeze-in, asymmetric DM,
freeze-out and decay, misalignment,
compact object formation

@ The classic: Supersymmetric Dark Matter

@ Direct and indirect detection basics



PROGRAM

@ Looking beyond the vanilla WIMP

@ motivations, experimental search
techniques

@ Cosmological constraints on particle DM

@ BBN, CMB, formation of structure, stellar
capture, DM self-interactions

@ New Ideas in Dark Matter Direct Detection



Paradigms for Dark
Matter Density

(Thermal freeze-out is only one mechanism for
setting the DM density)



Setting the dark matter
densify

T

Bark <
Matte

@ Relate the observable of
density to the properties of DM

@ Mechanisms to review:

@ thermal DM, freeze-out, freeze-in,
asymmetric abundance, production
through decay

@ Microscopic properties: mass and interactions

@ l.e. a Lagrangian!



Thermal Dark Matter

@ Assumption: Dark matter has DM SM
strong enough interactions at
early time that it thermalizes >©<
with SM DM S|

@ Then number densities set by ¢ /E 2 £ (713
Bose-Einstein or Fermi-Dirac | (27)? e P
distributions (@) = lexp((BE - p)/T) + 1]

@ If particles remain in thermal
equilibrium, number densities
become exponentially suppressed



Thermal Dark Matter

@ Assumption: Dark matter has
strong enough interactions at

early time that it thermalizes Re'“*"’;f;'c
with SM p=(7/8)559T"
@ Then number densities set by e i (3/4)®-9T3
Bose-Einstein or Fermi-Dirac (U
distributions Non-relativistic

o If particles remain in thermal ) (m_T)3/2 J—
equilibrium, number densities =
become exponentially suppressed BE=NIT1T



Thermal Dark Matter’

@ Assumption: Dark matter has strong enough
Interactions at early time that it thermalizes

IDL\Y| DAY SM SM
e R
DAY IDL\Y SM SM
T1 T2




Thermal Dark Matter

@ --> dark matter must drop out of thermal
equilibrium (or have a chemical potential)

@ This process is called freeze-out
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Kolb and Turner, The Early Universe, chapters 3 and 5



Back of the envelope
estimates

@ Often helpful in cosmology to know how

things scale
: : e
Friedmann Equation H* = 3 £

(Non-relativistic DM is

. 1 subdominant and scales
A 4
2 ~ T T3
Mpl i as pPx Npng—g )




Boltzmann Eg

@ Evolution of number density described by
Boltzmann Eq. In the absence of
inferactions, it simply describes the dilution
of the number density with the expansion of
the universe.

an
BT 4 =
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o



» | S

Thermal Dark Matter

@ In equations, not words. Boltzmann Eqn:

dTLX 2
—= +3Hnx = —(ox g7 lv]) (nk —nx™)
dY _ _z{olol)s a0
TF="TER Tl H(m) (e Y 7 )

die.Y=constifY =Y_EQ

@ Then Y_EQ drops precipitously, so annihilation
begins

@ Eventually RHS becomes small and Y = const
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Thermal Dark Matter

@ In equations, not words. Boltzmann Eqn:

dTLX 2
—= +3Hnx = —(ox g7 lv]) (nk —nx™)
dY _ _wloul)s o 4o
TF="TER T H(m) (e Y 7 )

@ Relevant threshold is always

Lann = nX<UXX—>ff‘U‘> e

@ Equilibrium distribution maintained when
condition met nx ~ nx“¥



Thermal Dark Matter

@ When myx = T, equilibrium distribution
becomes exponentially suppressed

@ Freeze-out occurs when equilibrium condition
is no longer met T, = nx(oxx_7lv]) 2 H

52 T20
Nx0Oann¥ =~ H(Tt,) ~ 1.66g;
M,

nx ~ (mXTfO)S/Qe_mX/TfO




Thermal Dark Matter

mx/TfO ~ 2()




Chemical Potential
Dark Matter

@ Another way to stop the annihilation is
simply to run out of anti-particles. This is
what happens with baryons in the SM.

Anti-matter Matter

TLXNTS

| L e AU A




Chemical Potential Dark
Matter

Matter Anti-matter Matter Anti-Matter

Visible Dark




Baryon and DM Number

Related?

@ Standard picture: freeze-out of
annihilation; baryon and DM number
unrelated

@ Accidental, or dynamically related?

Experimentally, Qo =~ 582,
Mechanism  "pwm = b
> ™M DM 5 GeV

park Energ
73%
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Bark X o |§
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What Does an ADM
Model Do?

KZ 1308.0338

1. Share an asymmetry between the visible and
dark sectors

2.Decouple transfer mechanism to separately
freeze-in the asymmetries in both sectors

3. Annihilate the symmetric abundance

nx — Ny ~ Ny — Ty > mpy ~ D GeV




Sharing

@ Really 3 basic mechanisms

1. Sphalerons (often EW) -
2.Higher dimension operators (HDO)

3.Decay (different dynamics than HDO but
same Lagrangian)

KZ 1308.0338



Energy

Asymmetric DM

"Integrate out” heavy state
Higher dimension operators:

Xu“dd® X
Tt /

m, ~ 1 GeV

Standard Model
Dark Matter

(Hidden Valley)

Inaccessibility

Luty, Kaplan, KZ
0901.4117



Energy

Asymmetric DM

"Integrate out” heavy state ity e, Kz
) 2 s 0901.4117
Higher dimension operators:
Op 2705
Op_; = LH,, LLE®, QLd°, u°d°d° @i= X, X~
m, ~ 1 GeV

Standard Model
Dark Matter

(Hidden Valley)

Inaccessibility




What Does an ADM
Model Do?

KZ 1308.0338

1. Share an asymmetry between the visible and
dark sectors

2.Decouple transfer mechanism to separately
freeze-in the asymmetries in both sectors

3. Annihilate the symmetric abundance

nx — Ny ~ Ny — Ty > mpy ~ D GeV




Late time dark matter
production

@ The dark matter may not have strong enough
inferactions to thermalize with the SM

@ Two other well-known ways for dark matter
to be produced:

@ “Freeze-in"

@ Freeze-out and decay



Freeze-in

@ DM not part of thermal bath to start
@ Production is IR (low temp) dominated

@ --> no sensitivity to initial conditions

@ SM thermal bath; no DM production

Hall et al, 0911.1120



Freeze-in

@ Production through low temp interactions




Freeze-in

@ Naive dimensional analysis says IR dominated:

Boltzmann Eq:

dY iR B N : g | dav)
dr H(m) S > RE LT
(Y = g Tt/ T)




Freeze-in

Hall et al, 0911.1120




Freeze-in

@ Naive dimensional analysis says IR dominated:

Freeze—in (Qpph?=0.11)

Hambye et al 1112.0493

ne~sn~ T3 L d i, —= NDA!



Freeze-out and decay

@ Most common example: gravitino DM

4 )

\_ J

@ Freeze-out of parent, which then decays

@ Simple relationship between parent relic
density

TMSWIMP 0
WIMP

Qswivp =

TMWIMP



Mis-alignment
mechanism

@ Oscillating field in a quadratic potential
behaves like cold DM

Bose Einstein condensate = CDM! (Ex: axion)



Summary: paradigms for
DM relic density

@ thermal freeze-out is the most commonly
considered paradigm for seftting the DM
density, but it is not the only way, e.g.

@ chemical potential (ADM)
@ freeze-out and decay
@ freeze-in

@ mis-alignment mechanism (oscillating scalar
field)



XKCD Version
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My theory is that dark matter is actually just a thin patina of grime covering the whole universe, and we don't notice
it because we haven't thoroughly cleaned the place in eons.




Remove EM from SM

@ What size nuclei do I synthesize?

@ Reactions increasingly exothermic (set aside
small-N bottlenecks)

@ Simple synthesis freeze-out exercise for a
nucleus of size N

AN

— NO'NTLNUN — NO'QNQ/SG_&

dt

Geometric Cross Section (Constant) Coulomb Barrier
saturation density



Remove EM from SM

@ Take BBN temp at 0.1 MeV (due to deuterium
bottleneck)

@ Solve equation

@ With Coulomb barrier

@ Without Coulomb barrier
d_N

— NO'NTLNUN — NO'QNQ/SG_

dt

Geometric Cross Section (Constant) Coulomb Barrier
saturation density



Compound Nucleus
Model

@ Like Clay Putty: two
nuclei fuse together

@ Excited state settles
to ground state by
emitting fragments or
force mediators

Gresham, Lou, KZ 1707.02316



PROGRAM

@ Paradigms for DM density

@ freeze-ouf, freeze-in, asymmetric DM,
freeze-out and decay, misalignment,
compact object formation

@ The classic: Supersymmetric Dark Matter

@ Direct and indirect detection basics



PROGRAM

@ Looking beyond the vanilla WIMP

@ motivations, experimental search
techniques

@ Cosmological constraints on particle DM

@ BBN, CMB, formation of structure, stellar
capture, DM self-interactions

@ New Ideas in Dark Matter Direct Detection



Standard
SUSY Dark Matter

(let's back up and talk about the most studied case)



Models of Dark Matter

@ The classic

@ SUSY
@ has all the ingredients

@ and they are present for other reasons

@ DM (sort of) free



DM Paradigm:
recap

@ Usual picture of dark matter is that it is:
@ single
@ stable
@ (sub-?) weakly interacting

@ neutral



Stability

@ To make candidate absolutely stable, need a
symmetry in the theory

@ In SM:
@ p: stable by baryon number (global symm)
@ e-: electric charge (gauge symm)

@ nus: lepton number (global symm)



Stability

@ SUSY has built in symmetry to stabilize one
of the SUSY particles

@ Each SM particle has a superpartner that
differs in spin by 1/2 from SM particle

fermionic superpartners tfo

scalar superpartners
@ SM scalar and gauge bosons

to SM fermions
HI2esino N (actually, require two
Higgses in SUSY)

gauge gauginos

L -

sleptons bosons




Stability

@ Why is one of these states stable? R-parity
@ Symmetry which appears in UV completions
@ For proton stability; DM stability by-product

@ Because, scalars in . SUSY allow to write down
additional interactions

X > i S <
5)\"'9"“L7;Lj€k + ML O dpital " L A
1




Stability

™ > e .
“NIR L Liey + N9 LQ dy + p" Ly H,

2

TN SR e
§X’wkmdjdk

@ Preserve gauge symmetries of Standard
Model

@ Violate baryon and lepton numbef; induce
proton decay




Stability

@ Introduce new symmetry (= R-parity) to
forbid those interactions

[ o

@ All SM particles carry R-parity +1

lepton:  s=1/2, L=l
quark: s=1/2, B=1/3
gauge boson, s=1, B=L=0

@ All super-partners carry R-parity -1

slepton:  s=0, L=l
squark: s=0, B=1/3
gaugino, s=1,/2 B=L=0

_> Lightest super-partner is stable




Neutral

@ Gauge bosons mix
e cos By  sin Oy B
4 )\ —sinfuyiiicos O WO
@ Their superpartners the gauginos also mix

@ neutral and charged states -- neutralinos
and charginos

@ diagonalize mass matrix to obtain mass
eigenstates



Neutral

@ Mass matrix:
B 1% H, H,

M, 0 — M Cosﬁsin@w Mz sin (3sin 0y,

My = 0 My My COSﬁCOSQW — Mz sin 3 cos 0y,

— Mz cos Bsin Oy, Mz cos 3 cos Oy, 0 =
Mz sin Bsin 6y, —Mzsin 8 cos 0y, — 1 0

@ Soft parameters, M, and M,. Free in SUSY.

@ In SM, one Higgs works b/c can write field
and conjugate Lgsy = uy,Qo — dysQd* — ey.Lo*

@ Not so in SUSY: Warssm = uy,QH, — JdeHd — ey.LHy

(v
tanﬂ e UZ e ’UCZZ — ’02 — (246 GGV)2
Ud



Weakly-interacting

@ Sneutrino, also being neutral, is a good DM
candidate.... except for direct detection(!)

()|neutrino) = |sneutrino) Gauge interaction: L J

@ Its couplings are fixed by gauge infteractions

@ Scatters off nucleons through Z boson

& R

@ Lets compute the rate




Direct detection basics

@ Two types of interactions: spin-dependent,
spin-independent

@ Spin-independent couples to charge of
nucleus --> coherent interactions

@ Examples of spin-independent interaction:
Higgs (& &




irect Detection Reach

CF1 Snowmass report, 1310.8327
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(Violet oval) Magnetic DM

(Blue oval) Extra dimensions

(Red circle) SUSY MSSM

A MSSM: Pure Higgsino

© MSSM: A funnel

@ MSSM: Bino-stop coannihilation
Y MSSM: Bino-squark coannihilation
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Kinematics of scattering

i 2 [ o i [ smxvi4+mx
Px 5 0 S mxvU

py” P
Py = ( Nt ) W pk = ( 2 )
Dy Dy
b = Ef ﬁz :ﬁf
e __omNmx
— 2unv = |pr| = vV2mNER Ul = LR

v~ 300 km/s ~ 10" %c = Eg ~ 100 keV  for 50 GeV target



Apply to scattering
through Z boson

m%Mm%V (pr+(A_Z)fn)2

ON —

Am(mpar + my)? i
: Zf i A fn :
= o, Gt A= D) 1o
Hiy b
Maxwell-Boltzmann e 1 U U
J distribution: (Vg )3/2
do MNON

1) g e A I



Apply to scattering
through Z boson

SuperCDMS Soudan CDMS-lite
SuperCDMS Soudan Low Threshold
LXENON 10 S2 (2013)
4+ CDMS-Il Ge Low Threshold (2011)
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Can evade constraint by mixing in sterile 7 , V. This state
does not couple to Z. But is not present in minimal model



What about neutralino?

@ 2 component fermion x  Majorana fermion
@ Possible operators, four Fermi, V-A structure:
Osr = (Xx7.x)(@"q) =0
Osp = (X7u75x) (77" 759)

Oyel dep. = (XM ¥sx)(@7"q)

@ SI vanishes identically; others are SD or
velocity suppressed



What about neutralino?

@ Actually, a little worse.
@ Bino and Wino do not couple to Z

@ Higgsino does, but in the limit that bino and
Wino decouple, SD coupling via the Z
vanishes

MSSM

Zua* = 120’
0.1

osp (X p — xp) =4 x 107" pb (




Higgs Scattering

@ So neutralino is safe from
Z-pole scattering

@ It scatters predominantly
through Higgs boson

@ Higgs boson coupling fo
nucleon comes
predominantly through a
loop

fp,n = Z fp,’n, yq | 2 P, yq

9
T ' TG
Ao L
Shifman, Vainshtein, Zakharov, ?
Phys.Lett. B78 (1978) 443

q=u,d,s



Higgs Scattering

@ Scattering cross-section depends on DM
coupling to Higgs; structure of Higgs boson
sector.

@ MSSM has two Higgses, H,, and H,

: (Y
@ Ratio of vevs tanpg = U—“
d
May,c,t — Yu,c,tVu md s.b — Yd,s,bUd

U,Z L v?l = 92 = (246 GeV)2

@ Cross-section: - - ~
i 8.3“‘:>1< 1042 cm? (Zd) (tanﬂ) (100 GeV> |

30 mg

0.4



Higgs scattering cross-
section
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(Green ovals) Asymmetric DM
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(Blue oval) Extra dimensions
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A MSSM: Pure Higgsino

@ MSSM: A funnel

@ MSSM: Bino-stop coannihilation
Y MSSM: Bino-squark coannihilation
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Are there ways around?



A bit more about
neutralino couplings

@ Supersymmetry relates SM couplings to
SUSY particle couplings

@ This fixes the interactions that can occur ...



A bit about neutralino
couplings

@ ... and what interactions cannot occur

@ Higgs does not interact with a “pure” state

4 2

\_ Y,

@ Must have bino-Higgsino or Higgsino-wino
mix



WIMP annihilation
processes

@ Bottom diagrams often dominate if DM is
largely wino or largely Higgsino



Escaping direct detection

constraints
X
o So even if direct detection B
constraints are escaped by
making neutralino pure ... g

K

@ there may be strong AV q i}

indirect detection 3 é
N
p i &)

constraints

@ Photons from annihilation in ij
galaxy today constrain pure
wino or Higgsino DM



Escaping direct detection
constraints

@ Make neutralino a pure state
-- wino, Higgsino, or bino

° HESS Einasto
o Fermi-LAT Einasto

@ Wino and Higgsino: strong
indirect detection
constraints

—_—
N4
£
(&)
~
—_
-
(&)
2
n
o
~
=
!
g
A

@ Photons from annihilation in
galaxy today constrain pure
wino or Higgsino DM




Escaping direct detection
constraints

@ Make neutralino a pure state
-- wino, Higgsino, or bino

@ Wino and Higgsino: strong
indirect detection
constraints

@ Photons from annihilation in
galaxy today constrain pure
wino or Higgsino DM

Ovanesyan, Stewart, Slatyer



Relic density of wino or
Higgsino

Gk iy Gk
(2, eV T

3 x 107%° cm? /s ~

Thermal wino or Higgsino DM is heavy!



Pure bino DM escapes

@ While wino and Higgsino may be constrained
by indirect detection, bino escapes

@ But, even bino has Higgsino component set by i

@ Require p > M; ~myr  to get rid of
Higgsino component

@ Same parameter enters info Z boson mass

e

\

J

> Must tune parameters



How much param space
escapes?

XENON 1T reach (~2017)

PISO[OI9A0
overclosed

XENONIT SI

XENONIT SD

Cheung, Hall, Pinner, Ruderman



When Should We Start
Looking Elsewhere?

@ Cannot Kill neutralino DM via direct
detection, but paradigm does become
increasingly ftuned

@ Somewhat below Higgs pole -- Neutrino
background?

@ Well-motivated candidates that are much
less costly to probe

@ We will talk about alternative models later



“"Massive’ Dark Matter

@ Typically means heavier than
a keV

1000 10

10 1CC

@ Relativistic and non-
relativistic matter form
structure differently

— . -My 1.25keV

1

—
=
<
B
-y
’.:d‘
~—
oL

. mx—0.75kev
My 0.90keV

— mx:0.25kev

107%0.01 0.1

@ Relativistic matter free- e
streams out of gravitational BRI o s
wells (hard to trap) -- allows
us to constrain neutrinos

@ Dark matter needs to clump



Astrophysical and
Cosmological Constraints
on the Dark Matter

(The DM sector is not as unconstrained as you
thought)



Check Cosmology

@ What are good things to look for?

@ We have a lot of information about the DM
sector from the time of BBN (t+ = 1 sec)
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1. BBN

@ Late-decaying or
annihilating DM can
ionize nuclei and

change the predictions
of BBN

@ BBN occurs at T ~ 1
MeV or t ~ 1 sec

@ Particularly relevant ) "
for decay to gravitinos S

2, =100GeV

or for MeV mass (or 7le.sogbaon
lighter) DM




2. CMB epoch

@ CMB multipoles + LSS are consistent with
baryon-photon fluid plus non-interacting

matter
Angular Scale
?0
larteng . 1T Cross Power f
radiation Spectrum
equality --> _ T e Baryon density
oF s CH
X ; NBAR
measurement e 3 Acea
=
1 3000
of mafr’rer 3 |
density T

sound speed = baryon to photon ratio



2. CMB epoch

@ DM interactions with baryo-photon fluid would
damage agreement with observations of CMB

Rutherford scattering:

& ~ e =\

McDermott, Yu, KZ

@ This constrains DM milli-charge



3. DM Annihilations and
CMB epoch

@ A high rate of DM annihilations would inject
lonizing photons into the CMB

@ Epoch of *re*combination, not de-combination

DL\

DM

Direct Final State
photons Radiation

Finkbeiner, Padmanabhan, Slatyer 0906.1197 1000 1500 2000



3. DM Annihilations and
CMB epoch

@ Powerful constraint on ionizing radiation
injection rate = annihilation rate

| e |
1
wn
"
(@)
R
s
>
e}
~~
—

Ruled out by WMAP5

Planck
forecast

100
DM Mass [GeV]

1 XDM u*w 2500 GeV, BF = 2300
2 u'w 1500 GeV, BF = 1100

3 XDM u*u 2500 GeV, BF = 1000
4 XDM e*e” 1000 GeV, BF = 300
5 XDM 4:4:1 1000 GeV, BF =420
6 e'e 700 GeV, BF = 220

7 utw 1500 GeV, BF =560

8 XDM 1:1:2 1500 GeV, BF =400
9 XDM u*u 400 GeV, BF =110
10 w'u 250 GeV, BF = 81

11 W*W" 200 GeV, BF =66

12 XDM e*e” 150 GeV, BF = 16
13 e*e" 100 GeV, BF =10

Finkbeiner, Padmanabhan, Slatyer 0906.1197



4. Large Scale Structure

@ Dark matter halos are not exactly spherical!

@ If DM had strong self-interactions, the
resulting halo would be approx spherical



4. Large Scale Structure

@ Places constraint on DM self-interactions

@ Require one scattering o
or fewer per DM 1072
) 10~
particle over the age 10-4
> 10-5
of the halo ° e
> ~ 10~ B g
1078 £ -7 .
1079 | ¥
& \ 10_1?0 31072 1071 109 101

my |[GeV]

Feng et al, 0905.3039

=

nxO'XXv < Thalo



4. Astrophysical objects

@ If DM interacts with nucleons in ﬁ ._
obJ'ect It can sca’r’rer, lose Kﬁ ¢ £ R0
energy and become trapped Vi

= F i
3 ¥ F
‘ '’ -~
bl ' of

@ DM slowly thermalizes with
object and sinks to center



Annihilation Inside

@ Equilibrium achieved when capture and
annihilation balance N = (C — AN? = (

@ As long as capture and annihilation rate is
large enough, this is achieved

AN? = Ctanh®(tn/75) e = VCA
@ Capture rate prop to scattering ratfe

270km/s\ [ 1GeV
© ~ 1. 1025 g1 PDM
¢ 5107 (Q3C%V/an3 v MpM

OH OHe
8 [(10—40 cm2) Smpn/ma) + 1.1 (16 x 1040 cm2> Smow/ mHe)]

Gould, ApJ 388, 338 (1991)



Collection Inside

@ What if annihilation does not occur? (ADM)

@ Then only collection occurs N = (C't

(ot (o)

@ Not very much mass, but if x-sect large
enough, may have impact ~ 10°" GeV /M

@ Scalar DM may form black hole; fermion DM
may alter stellar evolution



Black Hole Formation

@ When collected DM a) self-gravitates AND b)
exceeds Chrandrasekhar number, then form a
black hole

M\ 1 ?
pl) ~ 1.5 x 1034( 00 Gev)

m

m

100 GeV px OXB ;
Ny ~ 2.3 x 104 v ovial s oTs e
s (B9 () (e ()

@ Black hole would
eat neutron star

J0437-4715

t=6.69x10° Years
T=2.1x10° K
p,=0.3 GeViem’

McDermott, Yu, KZ 1103.5472



Stellar Constraints

@ Disrupt main @ Heat neutron stars
sequence evolution

no ADM

Py = 10 Ge\f’*cm m, =9 GeV
Py = = 10° GeVacm m, = = 10 GeV
pk - 10* GeV/ cm® m = 10 GeV

= 10-‘ GeV/em® m, = 10 GeV

— 10° GeV/cm® m,, = 10 GeV

3.75

Taoso et al, 1005.5711 Baryakhtar et al, 1704.01577



Dark Matter Model
Dynamics

(Looking beyond the vanilla WIMP paradigm)



DM Paradigm:
recap

@ Usual picture of dark matter is that it is:
@ single
@ stable
@ (sub-?) weakly interacting

@ neutral

Supersymmetry and axions fit the bill.



Hidden Dark Worlds

Our thinking has shifted

From a single, stable weakly

interacting particle ...
vlvlv (WIMP, axion)
E m T Models: Supersymmetric light DM sectors,
| T | “ Secluded WIMPs, WIMPless DM, Asymmetric DM

Production: freeze-in, freeze-out and decay,
asymmeftric abundance, non-thermal mechanisms

..to a hidden world
Standard Model

new interactions

ith multiple states,



Our Thinking Has
Shifted: Why?

@ Perhaps overly influenced by only a couple
of paradigms? Overly single minded focus?




Broad Range of Models

Supersymmetric

Baryogenesis

Non-Abelian

Hidden Charged

Dark Disk

Atomic

Nuggets



Broad Range of Models

Supersymmetric
Hooper, KZ 2008, Feng and Kumar 2008
Arkani-Hamed, Weiner 2008
Baumgart, Cheung et al 2009 ..
Baryogenesis

Buckley & Randall 2010, Cheung & KZ 2011
Fileviez-Perez & Wise 2010, 2013 ...

Non-Abelian
Kribs, Roy, Terning, KZ 2009 ...

Hidden Charged
Pospelov & Ritz 2007, Feng et al 2009 ..

Dark Disk
Fan, Katz, Randall, Reece 2013 ...

Atomic Kaplan et al 2009 ..

Nuggets
Wise, Zhang 2014 ...



Broad Range of Models

pure glue, light flavors, heavy flavors,
quirky asymmetric dark matter, Strongly
Interacting Massive Particle (SIMP),
Wess-Zumino-Witten SIMP

MeV DM, WIMPless, Anomalies: PAMELA,
ATIC, Fermi I, Fermi II, Fermi II1I, DAMA,
CDMS, Cogent

Darkogenesis, Xogenesis, Hylogenesis,
Cladogenesis, ADM from Leptogenesis,
Dark Affleck-Dine

Dark photons, Freeze-in, WIMPless
miracle

Mirror Matter, Atomic Matter, Self-
Interacting Dark Matter, Magentic, Dark
Anapole and EDMs

Dark Disk — Killing the Dinosaurs



Broad Range of Models

+ I

Standard Model *

Supersymmetric
SUT
Baryogenesis
g ATLAS
? ~ s=13TeV,36.1 1" ;
8 —m,=20GeV  -e- Observed 4
: ey R /S Weak Non-Abelian
£ Hidden Charged
Light
Dark Disk
Atomic

Nuggefts
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E141

Orsay/E137/CHARM/U70
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APEX

Belle-Il

| MMAPS LHCb .
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Weak
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Broad Range of Models

+ I
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Experimental
Implications of Dark
Sectors and Forces



Exp. Implications of
Dark Sectors ...

@ ... with dark forces
@ Direct Detection
@ Intensity experiments

@ DM self-scattering and halo shapes



Direct Detection

@ Mediates _large_ scattering cross-sections




Connection to Intfensity
Experiments

@ Dark sectors may be more efficiently
produced in low energy intensity experiments

@ Once above mass scale of mediafglr,

production x-sect scales as , ~ %

@ Low energy, very intense beams generated
increased sensitivity

@ Prefer beam energy sitting on mass of
mediator E ~ myy,



Connection to Intfensity
Experiments

@ Dark sectors may be more efficiently
produced in low energy intensity experiments

Cosmic Visions, 1707.04591



Translate to Direct
Detection Bounds

Pseudo—Dirac DM (Kinetic Mixing

Belle 11

Cosmic Visions, 1707.04591



Translate to Direct
Detection Bounds

My, TN A7, (ey gy

N _— e X A X X
A
Eﬁ >wm<
N
X A X X

7
DM relic abundance =~ DM self-scattering



DM Interactions and DM
Halos

Dave, Spergel, Steinhardf, Wandelt

@ Dark matter self-
Interactions randomize
momenta and isotropize
halos

@ Lead to lower density dark
matter halo cores

@ Dark matter halos (including
baryon poor dwarf galaxies)
seem to have cores rather
than cusps (still controversy
as to cause)



Implies Dark Forces!

@ Very big scattering cross-sections

oc/mx ~ 0.1 cm?/g~0.2x107?* cm?/ GeV

@ Fits well with new models of DM!

2/ m 2 /10 MeV \
~ 5% 10723 cm? (—O‘X) ( % )
TF TAE01) \T0Cet M

@ Range of dynamics much bigger than
previously thought




DM self-scattering is
generic in hidden sector

Symmetric dark matter

0.01
my (GeV)




Translate to Direct
Detection Bounds

Pseudo—Dirac Thermal DM
(small splitting)

mpm (MeV)

Cosmic Visions, 1707.04591



Connection to Direct
Detection

Can now take
constraints from heavy
photon searches + halo

shapes to map tfo
direct detection
experiments

Constrained by halo shapes

\

2 2 9 2 2 9
Gy Gnbin T TN Gy
s, 1 Oclice 1

7TmA, 7T’TTLA, Constrained by intensity experiments



Map Iinto Direct
Detection Plane

0.010 0.100
m, [GeV]

Lin, Yo, KZ1111.0293
Projected maximum sensitivity of direct detection experiment

0.010 0.100
m, [GeV]

Cut-out gives combined constraints of beam dump + supernova + g-2



Direct Detection
Prospects

2,
Lo
.y

N ot e
~~~ DAMIC-1K, S1, _—e—,——

N i s o

my =3 my

timescale: short/medium/long—term (solid/dashed/dotted)

Cosmic Visions, 1707.04591



What about
benchmarks?

@ Two examples: Freeze-in

. Freeze—in ({2pph?=0.11)
Production Process

0.01 1
mpm (GGV)

Hambye et al 1112.0493



What about
benchmarks?

@ Two examples: Asymmeftric Dark Matter

Annihilation Process

minimum <ov>

.............. QIP=0.41, T=1 o)

100.00

Lin, Yu, KZ 1111.0293



Electron scattering

@ Use atomic ionization or excitation energies to
get signal and extend searches down o 1 MeV?

uperCDMS Soudan CDMS-lite
SuperCDMS Soudan Low Threshold
XENON 10 S2 (2013)
CDMS-Il Ge Low Threshold (2011

T
\ ‘\
\ .

\
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@)
A
o

L S S e T S
238 3
£ & & A

\
\

(Green ovals) Asymmetric DM ‘ N
(Violet oval) Magnetic DM
(Blue oval) Extra dimensions
(Red circle) SUSY MSSM
A MSSM: Pure Higgsino
@ MSSM: A funnel
@ MSSM: Bino-stop coannihilation
k- naegM: Bino-squark coannihilation

~
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=
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=
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Nuclear Recoils

@ Kinematic penalty when DM mass drops
below nucleus mass

2

Er= ¢ Jrosee — 201030

2mN

FEp 2 eV & mx =300 MeV

even though Ekin > 300 eV

Y



Next up: electron

@ More bang for the buck if DM lighter than

1 GeV

2

s Tt

— (riacee 21064
2M,

@ Allows to extract all of DM Kkinetic energy
for DM MeV and heavier

Ep = eV & my =1 MeV

Y



lectron excitation
erimental proposals

ADM Benchmark

N ot e
~~~ DAMIC-1K, S1, _—e—,——

N i s o

my =3 my

timescale: short/medium/long—term (solid/dashed/dotted)

Cosmic Visions, 1707.04591



Electron excitation
experimental proposals

@ Superconductors and

Fpom=1

Dirac materials — ey A
examples of small gap

=solid/dashed/dotted lines

A~ 0.3 meV

@ Utilize Fermi velocity
when mX < me

o= QQ |f(7 q_)
2meI o

Cosmic Visions, 1707.04591



Utilizing Coherent
Modes

@ When the momentum transfer becomes small
enough, coherent modes become visible

@ Sub-MeV DM <—> sub-keV momentum
transfer <—> q = inverse angstrom <—> inter-
particle spacing in typical materials

@ Coherent modes — phonons — acoustic and
optical — rotons, maxons

Superconductors: 1604.06800 Dirac or Wey| Materials: 1708.08929

Polar Materials: 1612.06598 Superfluid Helium: 1604.08206



Utilizing Coherent
Modes

@ Material is Energy deposition
characterized by the
dispersion

@ Amplitude of
response ="' Dynamic
Structure Factor”

Momentum Transfer



Utilizing Coherent
Modes

@ Different materials have
different kinds of coherent
modes

@ All materials have acoustic
phonons

@ Superfluid helium also has
rotons and maxons

@ Materials with more complex
crystal structures have optical
phonons



Utilizing Coherent
Modes

@ Different materials have
different kinds of coherent
modes

@ All materials have acoustic
phonons

@ Superfluid helium also has
rotons and maxons

@ Materials with more complex
crystal structures have optical
phonons



Characterizing Dark
Matter Scattering

R= X200 [aof) [ @F@PSa.w
A ! !

eeeeeeeeeeeeeeeeeeee

DM velocity distribution cross. el

@ e.g. Nuclear recoils:
2
S(4:0) = 4%/ Fx (@8 (- 5 )
@ e.g. Single acoustic phonon

S(q,w) = ———58(w — csq)

2rrnHe Cs

Material response



Characterizing Dark
Matter Scattering

R= X200 [af(v) | #dF(@PS(w)
e A I !

cross-section

@ e.g. Single optical phonon:
2

S(q,w) ~ . O(w — wWpi)

2mTwph

@ e.g. Two phonons:

7m15{/ 3 g

6072 w7/2

S(q,w) ~



Kinematic Matching




Reach

Superfluid Helium: Schutz, KZ 1604.08206

Sensitivity to DM via a Massless Mediator

-k  =b
o

.x:
&
-
2
w

---- Analytic

— Numeric

Multiple Acoustic Phonon



Reach

Polar Materials: Lin, Knapen, Pyle, KZ 1612.06598

BBN
Stellar bounds

Xenonl0

Dark photon mediator AlyO3
ma < keV - Al,O3 (mod)

B Z T X QF P

Single Optical Phonon, Single Acoustic Phonon



Reach

Hidden photon dark matter

— 1 kg-yr, Ge

<n€ Uabs Urel > Y — - Stellar constraints

W

: 47 1}
. \«(\'f‘ T
multi-phonon

excitation
=N\ /
A\

\/ e excitation




Pseudoscalar dark matter

<neo-absvrel>fy - - Xenon100

W

White dwarf
AL L kg-yr




Summary

@ We have some good ideas about the DM
sector. A couple of directions have become
very well developed: SUSY and axions

@ New ideas and corresponding search
strategies have developed.

@ Important to keep searches and ideas as
broad and inclusive as possible



Summary

@ Dark Matter has not shown itself yet, but we

continue to probe from all sides!

SUSY light
Hidden
Valley

Secluded
WIMPless
ADM
freeze-in
freeze-out
and decay
non-
thermal




