Dark Matter Overview

Rouven Essig

Yang Institute for Theoretical Physics

l

Stony Brook
University

MC4BSM, SLAC, 5/12/2017



Dark Matter

overwhelming evidence for New Physics

Dark Energy

Planck

4.8% | / \
Light

. Neutrinos
0.005% 0.0034%



Overwhelming Evidence, for example:

observed

expected
from
luminous disk

—
-~ .
-
o —

R (kpc)

M33 rotation curve
(fig. 1)




Overwhelming Evidence, for example:

B /\CDM w/ cold, collisionless DM
' explains observations on scales
~10 kpc* and larger

Positing the existence of particle
DM is a conservative assumption
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Lower bound on
dark matter

h h

de Broglie wavelength: A~ — ~ — ~ 1 kpc
p  mu

dwarf galaxies cannot form for lower dark matter masses
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recent bound, using Lyman-« forest: m, > 29 x 10722
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Armengaud, Baur, Marsh, Palanque-Delabrouille,Yeche



The Dark Matter Landscape
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Lower bound on fermionic DM

Fermi repulsion would create too-large
cores in dwarf galaxies for m, < 70 eV

Tremaine, Gunn 1979
Randall, Scholtz, Unwin 2016
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The Dark Matter Landscape
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bosonic DM

e.g. QCD axion, other pseudoscalars, scalars, vectors

* high phase-space density
* detect coherent effect of entire field (cf. gravitational wave detectors)
* e.g. ADMX, CASPEr, ...



The Dark Matter Landscape

mproton MPla.nck 100 M@
1022 eV 1keV 10%eV 1028 eV 1008 eV

-~ .

Primordial Black Holes? Carr Hawldng 1374



The Dark Matter Landscape

Mproton Mpianck 100 Mg
1022 gV 1keV 10%eV 1028 eV 10%8 eV
Primordial Black Holes? Carr, Hawking 1974

Carr 1975

Did LIGO detect Dark Matter?

Bird et.al. 1603.00464
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The Dark Matter Landscape
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D B e I B

sterile neutrinos at ~few keV

search for X-rays from:

Vs —> Vg + 7
ms
E,=—2
T2

Shrock 1974; Pal & Wolfenstein 1981
Abazajian, Fuller & Tucker 2001



X-ray data: evidence for ~7 keV V!
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Bulbul et.al. 2014

this was followed by several other claims of detection...



Anomalies and constraints near /7 keV
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Anomalies and constraints near /7 keV

Hitomi (30)
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seen w/ XMM-Newton (clusters, M3 1, Perseus, MW-GC), Chandra
(Perseus, deep field), SUZAKU X-ray space telescope (Perseus, etc)
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So what does it mean!
* Vs !
* Atomic lines (e.g. K,Ar, CX)?
But should have seen large partner lines...

* follow-up observations necessary, e.g.:

* Micro-X, XQC (sounding rocket, ~2017/8)

* Astro-H2 (Hitomi follow-up) (~2021)
* Stay tuned!



The Dark Matter Landscape
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thermal DM

~1 keV to 100 TeV

mpwm %, 1 keV mpm < 100 TeV

otherwise, no structure

. otherwise, too much dark matter
smaller than dwarf galaxies



The Dark Matter Landscape
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But many other possible models, including asymmetric,
freeze-in, SIMP, ELDER, Cannibal, Forbidden, ...

Kaplan, Luty, Zurek; Hall, Jedamzik, March-Russell, West; Falkowski, Ruderman, Volansky; Hochberg, Kuflik,Volansky,
Woacker; +Murayama; Kuflik, Lorier, Perelstein, Tsai; Farina, Pappadopulo, Ruderman, Trevisan; D'Agnolo, Ruderman



1 keV 1 MeV 1 GeV 1 TeV

Dark sectors WIMPs

(DM + new mediators)
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Searching for WIMPs

Status summary

DM

/ SM
Indirect

Constraints!

Detection

DM oM GC excess is interesting
(won'’t review)
DM / DM
Direct .
, Constraints!

Detection
SM SM
SM / DM

Colliders Constraints!

SM DM



Indirect detection constraints
from dwarf galaxies probe WIMPs
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Direct detection: limits
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Direct detection: projections
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What cross sections do we expect for a WIMP?

Lo
TN




Probing VWIMPs
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ruled out
long ago...



Probing VWIMPs
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(also expect SUSY
models here)



Probing VWIMPs
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WIMPs remain motivated... but...

* no convincing evidence for WIMPs (yet)
* no new physics at LHC (yet)

* several known production mechanisms besides

thermal freeze-out

e “small-scale crisis”’ of cold DM

Theory community has recently largely focused on beyond WIMPs



ACDM crisis on galactic scales (<10-100 kpc):

¢ COI’e VS CUSP e.g. Navarro et al. 1997
* Diversity of rotation curves Oman ecal, 2015
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° M iSSing Sa—te”ites e.g. Klypin et al. 1999; Moore et.al. 1999
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Core - CUSP PrObIem an old problem,

e.g. Navarro et al. 1997
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e DM-only simulations predict p(r) oc 1/r Kamada, Kaplinghat, Pace, Yu

 Dwarf and LSB galaxies prefer p(r) o< 7°



Core - CUSP PrObIem an old problem,

e.g. Navarro et al. 1997
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. . . Tulin,Yu
e DM-only simulations predict p(r) oc 1/r Kamada, Kaplinghat, Pace, Yu

 Dwarf and LSB galaxies prefer p(r) o< 7°

* ACDM + baryons may explain this
e SIDM works too! Allows heat transfer from outer to inner halo
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Diversity problem

M UGC5721
DMO sims: LG-MR + EAGLE-HR,

— V=89 kms ' +10% [113]

IIIII

Hydro sims: LG-MR + EAGLE-HR,

Y UGC 11707
DMO sims: LG-MR + EAGLE-HR,

ma:

ma:

A LSBF583-1

DMO sims: LG-MR + EAGLE-HR,

IIIII

Hydro sims: LG-MR + EAGLE-HR, | |// /®
- V,..=88kms ' +10% [120] '

| ® IC2574

— V=80 km s™' +10% [149]

DMO sims: LG-MR + EAGLE-HR,

Hydro sims: LG-MR + EAGLE-HR,

lllll

4

6 8 10 12 O
Radius
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hydrodynamical simulations of ACDM shown with colored bands

Oman et.al., 2015

Example: four dwarf
irregular galaxies w/
similar vmax (i.e. similar
total halo mass), but
diverse rotation curves
in inner halo



Diversity problem
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DMO sims: LG-MR + EAGLE-HR,
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ma:
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hydrodynamical simulations of ACDM shown with colored bands

4 6 8 10 12 14

Oman et.al., 2015

Example: four dwarf
irregular galaxies w/
similar vmax (i.e. similar
total halo mass), but
diverse rotation curves
in inner halo

IN /\CDM, Vmax

essentially fixes
the profile shape



Diversity problem

Oman et.al., 2015
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Example: four dwarf
irregular galaxies w/
similar vmax (i.e. similar
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Baryonic effects? But SIDM also seems to resolve problem!

Kamada, Kaplinghat, Pace, Yu



1 keV 1 MeV 1 GeV 1 TeV

Dark sectors WIMPs
(DM + new mediators)

much activity in last few years!



|6 Community summary of opportunities

Dark Sectors 2016 Workshop: Community Report
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https://indico.fnal.gov/conferenceDisplay.py?confld=13702
U.S. Cosmic Visions: New Ideas in Dark Matter

23-25 March 2017 Stamp Student Union

US/Eastern timezone

Covervew

Scientific Programme DOE Office of High Energy Physics (HEP) is interested in
Timetable identifying new, small projects for dark matter searches in
Contribution List areas of parameter space [...] not currently [...] explored.
Author index (cost < $10 million)

white paper to appear in O(1) month



Dark Matter w/ new mediators

X X

e.g. dark photon
mediator

X X

self-interactions could
help resolve “small-scale crisis™



Can search for mediators directly
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First results from
HPS engineering run
presented last week!



Dark Matter + Dark Photon
0% SM

X SM

can obtain observed relic abundance via freeze-out

(also via freeze-in, asymmetric, SIMP...)



Dark Matter + Dark Photon
0% SM

X SM

fixes cross section, O



Produce Dark Matter at a beam dump
e.g.@SLAC’s EI37

Bjorken et.al.
Batell, RE, Surujon
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Produce Dark Matter at a beam dump
e.g.@SLAC’s EI37

Bjorken et.al.
Batell, RE, Surujon

Electron
Beam Target Dirt Detector

see also e.g. Batell, Pospelov, Ritz; Deniverville, Pospelov, Ritz; Deniverville, McKeen, Ritz; Aguilar-Arevalo et.al ;
Krnjaic, Izaguirre, Schuster, Toro (several); Diamond, Schuster; etc.



New experiments can probe several “thermal” targets!

All Experiments (Kinetic Mixing + Elastically Coupled DM)
LHC
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Conventional wisdom: no sensitivity below ~GeV
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But DM-electron scattering can probe < GeV

conduction

band
gap
O

valence

noble liquids semiconductors

RE, Mardon,Volansky

RE, Manalaysay, Mardon, Sorensen,Volansky

RE, Fernandez-Serra, Mardon, Soto, Volansky, Yu
Derenzo, RE, Massari, Soto, Yu

RE,Volansky, Yu

Graham, Kaplan, Rajendran, Walters

Lee, Lisanti, Mishra-Sharma, Safdi
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An exciting new detector: SENSEI

Fermilab LDRD:Tiffenberg (Pl), Bebek, Guardincerri, Haro, Holland, RE, Mardon,Volansky, Yu
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Figure credit: J. Tiffenberg



An exciting new detector: SENSEI

Fermilab LDRD:Tiffenberg (Pl), Bebek, Guardincerri, Haro, Holland, RE, Mardon,Volansky, Yu

silicon CCDs e

.%w —
N KT

: | P ——
ﬁ e —————
/ | —Y——_
- of = 1’ —— Y
y—rt/, = e\
/
e & ——

— =250
\\\;A
\ '3
R il S 4
el
2
| ~a
T2
o>
L
oS ;;
-
| ety <> -
— &S F]
| B S.%1% o
=l
i » s>
- >
s S
s s
.
as
; e
i

conduction

valence band
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Recently demonstrated
sensitivity to single electrons!



SENSEI can probe “thermal” targets

10—35
1 gram

107 operating soon

we're developing
proposal for
~100 gram

expected background
<1 event

*fermion must be asymmetric DM



o, [cm?]

SE

10—30
10—31
10—32

10—33

10-4
10~
10736
10-7
10738
1073
10~

10—41 L L | o - oo
1 10 102 103 104 103

NSEI can probe “freeze-in" target

ma <K 1 keV

(Oe enhanced at low q)

uniquely probed
by DD!




Many new direct-detection ideas in last few years!
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Many new direct-detection ideas in last few years!

Photon emission
Chemical-bond breaking
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Summary

Goal: uncover the identity of dark matter!
Many possibilities for DM... must search broadly

Small-scale crisis: suggestive of self-interactions +
non-trivial dark sector (more work needed!)

WIMPs remain important, but attention is shifting

more and more to beyond-WIMP candidates

A new frontier has emerged: 1022 eV — 1 GeV;
close collaboration between theory & experiment

promise enormous progress in targeting well-
motivated candidates in next few years



