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Cosmic Dawn
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Cosmic Dawn

Big Bang Nucleosynthesis (21cm absorption)
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Planck 2015

Temperature anisotropy
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Baryon Acoustic Oscillations

Photon
Pressure

[nfall Potential
Well

W. Hu, http://background.uchicago.edu/~whu/index.html
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Baryon Acoustic Oscillations

Photon
Pressure

[nfall Potential

Well

How does this picture change with
non-gravitational dark matter interactions?

W. Hu, http://background.uchicago.edu/~whu/index.html
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Energy Injection

dE B dE _ 62 2 2 {00)
(5 dv)dep ~ 1) (q dv)mj = F)(1+ 2) e A7

Example: s-wave annihilation
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Padmanabhan and Finkbeiner (2005)

see also Galli+ (2009, 2013), Finkbeiner (2011), Slatyer (2016)



Energy Injection

dE B dE B (ov)
(5 dv)dep ~ 1) (q dv)mj = F)(1+ 2) e A7
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CMB Annihilation Limits

, S-wave annihilation
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~20% improvement over Planck 2015

For decay, see Poulin+ (2017), Slatyer and Wu (2017)
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Direct Detection

10722 —

CMB complementarity: oo

* access high cross sections
above direct detection ceilings =

* access wide range of dark s |
matter masses S0
(down to keV range)

e independent of local halo o

properties

neutrino background

- ]
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standard WIMP scenario o s T 5 10
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Emken and Kouvaris (2018)
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Elastic Scattering
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Elastic Scattering
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Elastic Scattering
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H, He nuclei
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Non-Relativistic EF T

Fan et al. (2010), Fitzpatrick et al. (2013), Anand et al. (2014), Dent et al. (2015)

Observables O ~ }?7L|a|ﬂ
. DM and nucleon spins
e  Momentum transfer (MT) |q] ~ |U](1 — cos 6)

e  Perpendicular velocity v (U,q) — U -7=0



Non-Relativistic EF T

Fan et al. (2010), Fitzpatrick et al. (2013), Anand et al. (2014), Dent et al. (2015)

Observables O ~ }5L|a|i|5
. DM and nucleon spins

e  Momentum transfer (MT) |q] ~ |#](1 — cos 6)*/?

e Perpendicular velocity vH(0,d) — T--7=0

oy (V) = 00v2(o‘+5) X (v-dependent correction for He)



Non-Relativistic EF T

Fan et al. (2010), Fitzpatrick et al. (2013), Anand et al. (2014), Dent et al. (2015)
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DM response nuclear response




Non-Relativistic EF T

Fan et al. (2010), Fitzpatrick et al. (2013), Anand et al. (2014), Dent et al. (2015)

- p
Observables O ~ }Ul|o‘|cﬂ
e DM and nucleon spins
e  Momentum transfer (MT) |q] ~ |¥](1 — cos6)'/?

e Perpendicular velocity v-(0,) — T--7=0

omT (V) :@mﬂ(o‘ﬂga X @v—dependent correction for Heﬂ

DM response nuclear response

CMB is sensitive to rate of momentum transfer
(and rate of heat transfer).

rate ~ (cross section)/mass x (hnumber density of target) x (reduced mass)



Rate of Momentum Transfer

oymT(v) = ogv”

10° —{ with oo at its 95% C.L. upper limit

MT rate / expansion rate
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Rate of Momentum Transfer
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Rate of Momentum Transfer
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Rate of Momentum Transfer
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Rate of Momentum Transfer
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Interactions via heavy mediators
(early-time scattering)
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Sl scattering
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Large Scale Structure
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Work in progress:
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Interactions via light mediators
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Interactions via light mediators
(late-time scattering)
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Interactions via light mediators
(late-time scattering)

DM DM DM with electric/magnetic

\/ dipole moment
2

O‘MTNU_

mediator mass « momentum transfer
: DM with Coulomb-like

/\ interaction
OMT "~ U_4

baryon baryon



Bulk Velocity

oy (v) = ogv”

KB+ (PRD 2018)



Bulk Velocity

oy (v) = ogv”

e Expect small (large) cross sections at early (late) times,
but reconsider relative velocity
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Bulk Velocity

oy (v) = ogv”

e Expect small (large) cross sections at early (late) times,
but reconsider relative velocity
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Bulk Velocity

oy (v) = ogv”

e Expect small (large) cross sections at early (late) times,
but reconsider relative velocity
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Bulk Velocity

oy (v) = ogv”

e Expect small (large) cross sections at early (late) times,
but reconsider relative velocity
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DM-H cross section [cm?]

—_
-
|
N
O

10—41_
10—42_
n = —4
10_43 RN RN LR LR LR
107° 104 10~3 102 10~1 10Y
DM mass |GeV]

KB+ (PRD 2018)



DM-H cross section [cm?]

—_

=
S
-

[S—
|

TN

p—

—_

=
N
(N

—_
T
N

_ &

T

1

10~

T
103 1072

DM mass |GeV]

KB+ (PRD 2018)



—_

=
S
-

N
—

—_
-

W
DO

—_
-

neglect bulk velocity

DM-H cross section [cm?]

bulk velocity
Is important!

103 1072

DM mass |GeV]

KB+ (PRD 2018)



—_

=
S
-

=
.
—41 _
g1
© .
é - bulk velocity
0 T Is important!
8 -
S 42 : -~
— 1073 neglect bulk velocity ¢ el
= :
- i
] n = —4
10_43 | IIIIIIII | IIIIIIII | IIIIIIII | IIIIIIII | Tl

1079 10~ 103 1072 10~1 10Y
DM mass [GeV

How do late-time interactions
affect other cosmological observables? KB+ (PRD 2018)



EDGES Absorption Signal

Experiment to Detect the Global Epoch of Reionization Signature
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Experiment to Detect the Global Epoch of Reionization Signature
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EDGES Absorption Signal

Experiment to Detect the Global Epoch of Reionization Signature
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EDGES Absorption Signal

Experiment to Detect the Global Epoch of Reionization Signature
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EDGES Absorption Signal

Experiment to Detect the Global Epoch of Reionization Signature
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Implication for EDGES
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Fractional Case
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Fractional Case
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Fractional Case
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Fractional Case
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DM Millicharge: Viable Parameter Space
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Summary and Outlook

Cosmological observables provide a unique and rich foundation for
complementary searches of particle dark matter interactions.

Galaxy surveys
21cm power spectrum

Next generation Intensity mapping
CMB experiments



