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We’ve made progress in our understanding...
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Normal Matter

4% - Hydrogen & Helium
® 0.5% - Stars

NORMAL MATTER

® 0.3% - Neutrinos

® 0.03% - Heavy Elements



Dark Energy

Not covered in this talk

Cosmological
(i.e., too hard for me to solve!) 8

Constant???
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Coma Cluster

o Zwicky (~1930s) studied the Coma
galaxy cluster

* From measured velocity dispersion of
galaxies, applied virial theorem to
determine total mass of Coma

e This estimate was larger by a factor
of ~500 than the observed luminous
mass




Galaxy Rotation Curves

* Rubin et al. and other studied the
velocity rotation curves in 70s

* Newtonian dynamics expectation

2
mvu G mM [Credit: M. De Leo,Wikipedia]
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e However, the rotation
curves are observed to
be constant (flat) at
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Cosmic Microwave Background

Angular scale
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~26% of the energy in the universe is dark matter

and only ~5 % in normal matter
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Dark Matter

DARK
MATTER

What is dark matter?



Basic questions about dark matter

s it a particle!?

|s it stable?

What is its mass (or dynamical scale)?

One dark matter particle or multiple species!?
Additional dark forces - a dark sector?

Does dark matter have non-gravitational
interactions with normal matter?



Is there any good reason to expect dark
matter to have non-gravitational interactions?



Cosmological Genesis
of Dark Matter

Dark Matter may have been
produced from the hot plasma
during the Big Bang

SM

o

SM

Requires non-gravitational
interactions with normal matter

Historv of the Universe
~10 billion yr
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Thermal Dark Matter Window

mpwm

nonthermal nonthermal

1072V eV ~ 100M,
mp; ~ 10" GeV
<10 keV MeV GeV myz > 100 TeV

Light DM “WIMPs”

Credit: G. Krnjaic



Milky Way

FRW Cosmology M”‘j“’iﬁl f

_S" Observed Light
. . . Emitted Light
* Our universe is expanding ‘?’

Distant Galaxy ’

Distant Galaxy

* Expansion is encoded in the , , S
scale factor a(t) ds® = gy (x)dztdz” = —dt* + a(t)dx

o I 1
Dynamics governed by R, — §Rg'w/ + Ag’LW — SWGTMV

Einstein’s equations

-\ 2
» Freidmann Equation: H? — a _ dnrG
a 3

* Three types of fluids influence the expansion: radiation, matter, and
vacuum energy



Dark matter production via thermal freeze-out

At early times, 1" > m,,, both DM annihilation X SM
and production (inverse annihilation) are

efficient

As temperature drops, T' < m,, , DM B /

production is kinematically disfavored,and DM X SM

begins to annihilate away
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As DM depletes and universe expands, DM 10
annihilation is more and more rare
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Eventually, DM will freeze-out, once annihilation
rate becomes smaller than the Hubble rate
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Estimation of relic density

* Dark matter freeze-out occurs when the
L | H(Ty) = (ov)n,
annihilation rate falls below the expansion rate



Estimation of relic density

e Dark matter freeze-out occurs when the H(T ) _ <O'U>TL
annihilation rate falls below the expansion rate / X

e At early times, universe is radiation dominated

(Friedmann Eq) H2 — 87T'0
3M2
2
-
(Radiation _ 4
Energay density) P = 30 g*T
2
ne g2 LS
X " Mp <O'”U>
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Estimation of relic density

* DM freeze-out occurs when the annihilation H(T ) _ <O'U>TL
rate falls below the expansion rate / X
2
. . . o . 1/2 Tf
e At early times, universe is radiation dominated Ny ~ G
Mp <O'U>

* Once DM freezes out, the comoving density is
constant.

(Comoving density Y.
or “‘yield”) X

(Entropy density)

Va)
|
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Estimation of relic density

* DM freeze-out occurs when the annihilation H(T ) _ <O'U>TL
rate falls below the expansion rate / X
T2
. . . o . 1/2 f
e At early times, universe is radiation dominated Ny ~ G
Mp <O'U>
* Once DM freezes out, the comoving density is V.~ —1/2 1
constant. x ™ 9 Mp <O'?J>Tf
e DM energy density today
(DM energy — M = M Y S
density) )0 X XX 5 X=X freeze-out Ty = _mx
3M% H temp fraction f T
(Critical energy Pe = f

density) ST

» 0 - x| _ 8mm,y Yy S0 Ng_l/g T ¢ S0
by, T BMIHZ N (o0) 1




Estimation of relic density

DM freeze-out occurs when the annihilation H(T ) _ <0v>n
rate falls below the expansion rate / X
2

. . . o . 1/2 Tf

At early times, universe is radiation dominated Ny ~ G
Mp <O'U>

Once DM freezes out, the comoving density is V.~ —1/2 1
constant. x ™ Y Mp <O'U>Tf
DM energy density today Q, ~ 30 1] >0

g:"2 M} (ov) Ho
1/2
1 (50) - (3) (o)
Jx 20/ \ (o)

Compare to measured value from CMB, QX ~ ().27 ; correct abundance obtained if

Q

(ov) ~1pb~3x 107 *°cm?s™!
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SM

What’s here? =l

s

X SM

Some model realizations:

X W, Z X h
X
X W, Z X h f

BSM mediator
(Z’, sfermion, etc. )

<
-

Electroweak DM Higgs portal

24



Weakly Interacting Massive Particle (WIMP)
/ % o

Dark Matter with weak interaction and weak scale mass is
automatically produced with the observed relic abundance

# The “WIMP Miracle”

25

(ov) ~ wﬂajv ~ 1pb x ((107;0))2 (TZDQ
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WIMP Phenomenology

Production at Colliders

—
X SM

Direct
Detection

o

—_—

Indirect Detection
26
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Direct detection of dark matter

Dark Matter particles are
passing through you as you
read this

Occasionally, dark matter may
collide with a nucleus

We can look for anomalous
nuclear recoils in a detector

Incoming
Particle

—

Outgoing
Particle

27

[LZ detector]



WIMP-nucleon cross section [cm?]
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Production of dark matter at colliders

)

29



10 GeV

10 GeV 1 Tev

Fig. from N. Saoulidou
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Indirect detection
of dark matter

WIMP Dark
Matter Particles
Ecm~100GeV

+ a few p/p, d/id

Anti-matter \ -

32
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e.g., Milky Way dwarf
spheroidal satellites

* Promising target for DM
annihilation to gamma-rays

* DM-dominated obijects
* Close in proximity

* Lack of astrophysical
background

Fermi constrains
thermal annihilation
Cross sections

.UMn )R

CVvn 118 ® Com
CVnl O Boo 1
Boo III ®Boo II

0® Wil 1

UMa I
UMi

Dra Her

Leo 11 ®
Leo V

10—21
— 4-year Pass 7 Limit
10-22 ! ~ G-year Pass 8 Limit
-= Median Expected
- 68% Containment
~ 107 95% Containment
w
= 1074
\‘:‘_?’,
= 1075
-
10726}
10727} bb
10* 102 10° 104
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Electroweak WIMPs

* DM is electrically neutral component of SU(2)xU(1) multiplet

_I_
x ~ (1,2, %) — ( >><<0 ) SU(2) doublet - “Higgsino”
(X +x7)
x~ (1,3,0) = %(VO— X") SU(2) triplet - “Wino"
X

 Radiative Mass splitting:

Y <r 300 MeV (Higgsino) Ltw
\160 MeV (Wino)

W+ Wo

* Observed relic density achieved for DM masses of | TeV for doublet and 3
TeV for triplet

34



ATLAS Simulation

Disappearing track
searches for
electroweak DM
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Direct detection of electroweak DM

* Spin-independent nuclear N N e Koo

scattering is suppressed (loop

level + accidental cancellation) W W W

op ~ 107 — 107" cm? A .
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Gamma-ray lines from electroweak DM

* Monochromatic gamma-ray lines
provide a striking signal of DM
annihilation

« H.ES.S., HAWC,VERITAS,
MAGIC, CTA can search for

gamma-ray lines

10-%2
102
* Important constraints already
. . -24 2
exist for thermal Wino 10
107>
. s -26
» These are sensitive to the 10
distribution of dark matter in x I
the Milky WVay, which has 0 =510 15 20 25 30
significant uncertainties M; [TeV]

N [1307.4082,1307.4400]

ZA~ 4 KA
[s/iwo] a 0



Lee-Weinberg bound

 Consider DM lighter than W, Z, boson; then it can only annihilate to SM fermions
through s-channel Z exchange

* |f DM only interacts through weak interactions, we generically require it to be
above the GeV scale; otherwise it is overproduced

38



Evading Lee-Weinberg with light mediators

* |tis possible that dark matter interacts with the SM through light mediators, in
which case the Lee-Weinberg bound must be revisited

X f

LDgZ, xTFx+grZ, fTH f

X f

oy = BTy (8YF (957 (e y(1GeVY!
m%, PP \0.5/) \0.001/) \100MeV/ \ g

* The lightness of the mediator allows for efficient annihilation even for smallish
couplings to the SM fields; i.e., interaction strengths as large or larger than G

3 [hep-ph/030526 1]



Direct vs. secluded annihilation [0711.4866]

Two characteristic regimes: LD G~ Z;L Y1 x + gf Z//i ff“ f
1. Direct annihilation: M, < Mz 2.“Secluded annihilation: M, > M 7/
>_< f X Z/

N
’ e

X f Y
4
2 2 2 g

m X
(ov) ~ & g]; : (V) ~ 8mrm?
Mz X

Requires sizable portal coupling to Requires only minuscule
deplete DM abundance portal coupling to maintain

kinetic equilibrium
40



The Dark Sector Paradigm

Standard Dark
Model Sector

41



The Dark Sector Paradigm

Standard

Model

\

® Dark matter
® Dark forces
® Other dark particles

42



The Dark Sector Paradigm

Portal
Standard | _ _ -@ - - - Dark
Sector
Mediator
Non-gravitational ® Dark matter
interaction with ® Dark forces

ordinary matter ® Other dark particles
43



yLHN

(1S + NS HTH

B,V

H

Portals

1 .S

----l----

H

Vector Portal

Neutrino portal

Higgs Portal

Portals may mediate non-gravitational interactions
between dark matter and ordinary matter

44



EBM v v 1 Vector Portal
2 v ’\/\J\/@\/\/\/\
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Vector portal dark matter [0711.4866,0810.07 1 3]

* The basic Lagrangian for the model is given by

—

l J. . r L € r 1L -I» ¢ - Y11 7 y — L
LD _iF’”}FW - 1‘/‘,’,,1/” - §Fl,,,l/" -+ 57716- V., V¥ + ZQf(?Al,‘f",*"f + gp VX" x
f

J V,u is the dark photon; X is the dark matter; Four parameters 1My, my, €, 4D

* We can treat the kinetic mixing as an interaction, e.g.,

» €€ Qf “Milli-dark charge”

44,1‘ —> 44,1' - (’:‘/;l‘

2

v
1
q2

* Or we can diagonalize the Lagrangian via ]
‘/; I _> "/ JLe

* This gives the interaction: LD Z Qf €C Vu JFVMf
46



Relic abundance

2 2

E“onm
(ov) ~ D4 X = y2
my, ms

X DM annihilation SM

my — 2377l)<

107°°

observed DM
abundance predicted
along this line

. . . L ]
0.001 0.005 0.010

L L | L L L L | L
0.050 0.100 0.500 1
m, [GeV]

47 [see e.g., 1505.0001 1]



CMB as a probe of the dark sector

* The cosmic microwave
background provides a sensitive
test of DM annihilation around
the epoch of recombination

we=  Planck TT,EE, TE+lowP
WMAPS
-=- CVL
Possible interpretations for:
~—  AMS-02/Fermi/Pamela

* |[f the annihilation products
include energetic photons,
electrons, this will modify
ionization history, leaving

Thermal Relic _|
- =
% fotf < ov > 3
2 X

foit < oV > [em?®/s]
[—
S
S

s 1 L

A PO TV P EPETTIN BT
imprints on the temperature 1 10 100 1000 10000
and polarization anisotropies my [GeV]
L ————— S
[1502.01589]

e Current constraints probe thermal dark matter candidates below about 10 GeV
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A closer look at the CMB bounds

The CMB bounds depend on the particle physics model and DM cosmology

In general, the DM annihilation cross section can be written as

(ov) = a4+ bv® + ...

The first term occurs if annihilation in the s-wave (L=0) is present. In this case, the
CMB bounds will apply and strongly constrain the model

In some models, the s-wave process is not allowed, and the leading term is the p-
wave (L=1) process. In this case the cross section is velocity suppressed.

DM was highly non-relativistic during the recombination epoch, and therefore the
bounds can be evaded if annihilation proceeds in the p-wave

In the dark photon model, p wave annihilation to the SM occurs if DM is a scalar

VRN -Vector mediator has | =1
T ) SM -scalars are spin = 0;
X e 49 -Conservation of | requires L = |



Beam dump search for dark matter

Target Decay Pipe Beam Dump MiniBooNE Detector

p

50m 4 m 487 m

50



Production of the DM beam

Neutral mesons decays

Bremsstrahlung + vector
meson mixing

Direct production

Detection of DM via scattering

Elastic NC nucleon or
electron scattering

N A '
A < :rl

Inelastic NC neutral pion -

. : Deep Inelastic scattering
like scattering

51



MiniBooNE-DM experiment [1807.06137]

K*—m+invis Jy—

107

I lllllll

108

T T T

MB Electron
+ Timing

—+ Timing Detection
-------- Nucleon

g

Y= ezon(mx/mv)“ (m,=3m,, oy =0.5)
Cl

Relic
Density

| llllllll | 1 1 1 1111

1073 102 10"
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LDMX experiment [1807.01730]

(OI' K ) tagger  target  tracker ECAL 40X :

HCAL

53



V' Mediator, my = 3m,, ap =0.5
107

MiniBooNE
108 BABAR
» XENON10/100
- 10
N
é? 1010
\ ______
< 107 H
S 10° '.‘
S :
™ ]
W 10_13 “ ) /, |'
I \\ et \‘ SuperCDMS
> -4 \ ,,,/ —+ \  SNOLAB
E \ 77 Missing Momentum \\ =
10_10 e ‘:“: f" ”’/’ \\-’,,
10-16 s Scalar Elastic DM
10° 10’ 102 10°
m, [MeV]

[1808.05219]
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Visible dark photon decays Vo€ 4
1.00 |- 7
050i ee
o | hadrons -
0.20 T

_ 010 . :
S gos LT o
j TT
0.02 i
0.01 i
Oil Oi2 | OESI - .liO 2i0 SKO - 1(;0
my (GeV)
[0903.0363]
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Decay Length ct

Dark photon lifetime 102 0.1 !
1072 1072
y 1073 10~
€ 4 -
V y 10 10
1075 107

=
ok
o

&

» Prompt (<10 um)
- Displaced (<1 cm)

1 _g| Displaced (>1 cm) _8
FV ~ ezgmv — CTy ~ 5 10 = Invisible (>100 cm) 10
ceamy - Invisible (>100 m)
10—9 L ] L 10—9
1072 0.1 1
my GeV)
* Depending on lifetime, one can search for [1008.0636]

a bump in the invariant mass distribution
or a displaced vertex/long-lived particle
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SHiP Experiment

SPS Proton Target SHIP detector
Beam

V' — visible

p

Hidden Sector
decay volume I|

Spectrometer
- Particle ID

Target/

400 GeV protons from CERN SPS il
4 E 20 POT

Large detector volume, close to the target

v, deteclor

clive muon shield

Hadron absorber mitigates background from strongly interacting particles
Active muon shielding to magnetically deflect muons away from SHiP detector
Evacuated decay volume to minimize interaction of residual muons and neutrinos

Goal is to achieve near zero background experiment

57 http://ship.web.cern.ch/ship/



SHiP sensitivity to dark photons

58

Visibly Decaying A’
(8—2)‘1 > Sor
(g=2), + 20
o I BaBar, NA48/2, PHENIX
El141
SHiP,
Orsay, U70 bremsstrahlung
SHiP,
N QCD
Charm, Nu-Cal >
E137,LSND
SN SHiP,
mesons
L e | |
o) ‘
1 10 102 103
my (MeV)

[1504.04855]




Many other new ideas to search for dark sectors!

US/Eastern « Englis

iICal export More

U.S. Cosmic Visions: New Ideas in Dark Matter

23-25 March 2017 Stamp Student Union, University of Maryland, College Park m

US/Eastern timezone

A workshop focusing on potential new small-scale projects in the U.S. Dark Matter search
Overview program will be held at the University of Maryland, College Park March 23-25, 2017.

Scientific Programme

Timetable
Contribution List Dates: from March 23, 2017 08:00 to March 25, 2017 13:04
Author index Timezone: US/Eastern

Location: Stamp Student Union, University of Maryland, College Park
University of Maryland
Registration Form College Park MD 20742 USA

Registration

Chairs: Cushman, Priscilla
Flaugher, Brenna
Hall, Carter
Hewett, JoAnne
Roe, Natalie
Prof. Incandela, Joseph
Belloni, Alberto
Material: Instructions for remote participation
Travel, accommodations, and logistics

Additional The following is the request by the DoE HEP office:
infna- 59

List of registrants




Mass scale of dark matter

(not to scale)

QCD axion WDM limit unitarity limit
1022 gy clossievindow Lo/ GeV 100wv My 10 M,

1 e e —

“Ultralight” DM “"Light” DM WIMP  Composite DM Primordial

(Q-balls, nuggets, etc)
non-thermal dark sectors black holes

bosonic fields sterile v
can be thermal

Credit:T. Lin, 1904.07915
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