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Not ordinary Matter: WM. it Snaivons

(CMB) (BBN, CMB)

Not MOND:

Not light Neutrinos: y & 0.02
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Dark Matter was made inthe EU -

T ~ MeV T =~ eV

’)':‘,;3" i .":b":ﬁ"l\\-/,w I Nt aTaVavaVaV o Ve Ve Va W,
Free Electrons Earliest Tme
] Y G e \/ Scatter Ught/ '\Asnble with LlM

1. The EU Is very hot

T >>M

Quantum
Fluctuations

2. E = Mc? ensures*

Nudear Fusion Ends

Neuftral Hydrogen Forms
Modem Universe

Nudear Fusion Begins

-

0 10-2 s 1 s 0.01s 3 min 380,000 yrs 13.8 Billion yrs
Age of the Universe

Radius of the Visible Universe

abundant

production
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Dark Matter probes the EU

. - 2
-
-~
. ° m’*
» 2
Hydrogen Atom Light Nuclel Dark States
Cosmic Microwave Big Bang Nucleosynthesis DM Genesis
Radiation H and He abundance t <1 sec.
t = 300 000 years t= 1 sec.
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Matter has structure
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|s Dark Matter complex?
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Freezeout In the EU
N
X/ \e+

I'pm = (0Vrel.) npm > H(T)

0.12
(0Vre1.) [25TeV]?

QDM h2 ~

Zeldovich, Lee, Weinberg, Steigman, Turner,...
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WIMP Freezeout

0.12

() h? ~~
oM (00re ) [25TeV]?

Equilibrium

10

1

sz/T Steigman, Dasgupta, Beacom
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Cartoon Overview of Approach

TeV ann.

\‘x %'
X
; %‘
uncharted 2
territory

thermal relic

Dark Matter Annihilation (ovyel. )

Dark Matter Mass
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Unstable DM Bound States



Cross-
Section area

Process | Diagram

arge | small
velocity | velocity

et e — Yy

e e” — P* — vy

ete” — P* = Pn

=y

Assuming Parapositronium (J=0)
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Effect on the Freezeout

ZOOm 1n on !

freeze—out |
@z=25
tree—level

Sommerteld

thermal

distribution bound states

1—‘ann — 10_5 MDM

100 1000 104
7 = MDM/T Smirnov, Beacom

arXiv: 1904.11503
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Maximal WIMP Mass

(OV)j=o saturates
perturbative
Unitarity

50 100 150 200 250

M DM [TeV] Smirnov, Beacom

arXiv: 1904.11503
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New DM Signals

A) DM Bound State forms: 10-20
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arXiv: 1904.11503
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Example: DM Spectroscopy (SU(2) 5-plet) '
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Beyond WIMPs
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Charged DM ?

Juri Smirnov, smirnov.9@osu.edu, CCAPP @ OSU; HiDDeN, July/07/20
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The allowed Parameter Space

/eak~Cross sections

5 10 15 20
log m_ [GeV]

J. Beacom et al. 2007
Juri Smirnov, smirnov.9@osu.edu, CCAPP @ OSU; HiDDeN, July/07/20
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Color-Charged Dark Matter Model

(SU3)e, SU(2)L,U(1)y)
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ldea: Chromocatalysis




Chromo-catalysis in Cosmology
Temperature T in GeV
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Z= Mg / T arXiv: 1801.01135, 1811.08418
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Abundances Today
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Meteorites bounds?

10 30 100
Mg in TeV

arXiv: 1801.01135, 1811.08418
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Direct Dectection & Chromopolarizability

£ efl 2 ‘RE [HoH, BT j [ ?{l
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Rearrangement Annihilation

Indirect detection

Z
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arXiv: 1801.01135
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Mining Dark Matter

Element N SIMP / N N at M SIMP = 10 TeV Formation
Studied Bound Expectation? Mechanism
He space — 10~ 1 BBN

| Be Earth ) [26 No BBN |
\
\
\
\

Oxygen water 20 No accumulation ‘
10167 accumulation ‘
Iron Earth 3 10167 accumulation ‘
Meteorites 10197 capture ‘
Table 2: Ezxperimental bounds on the density of Strongly Interacting Massive Particles with

non-exotic electric charges, compared to the expected abundance of our hybrid, roughly estimated
assuming that it binds in nucler (otherwise they sink).

— ) . . —_ . . .

°The SIMP thermonuclear energy content Mc* could be artificially released through QO annihilations, and
. / . . . )
is about 10% times larger than the world fossil energy reserve, 1023 J.

Juri Smirnov, smirnov.9@osu.edu, CCAPP @ OSU; HiDDeN, July/07/20



Nuclear Searches

A. “Stuck” isomers can be de-
excited by the hybrids

B. Life-time measurements or near

1 gm.year 1804

by detectors search for the signal

Mx[GeV]

FIG. 3. Projections for limits on per-nucleon cross-section
for DM that interacts strongly with nuclei that correspond to
1 gram year exposure for **°™Ta

arXiv: 1907.00011, M. Pospelov, S. Rajendran, and H. Ramani

Juri Smirnov, smirnov.9@osu.edu, CCAPP @ OSU; HiDDeN, July/07/20
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Number Changing Interactions
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Inspiration: QCD at low Energies

> e
24072 f2
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_ 42

E. Witten (1983
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http://inspirehep.net/record/13234

Smirnov, Beacom

Freezeout In the EU

I'pm = (03520

QDM h2 ~ (

I'pm = (0320

MeV )
MDM

2
rel.

rel.) WM > H (T)

rel.

0.12

<03—>2’03e1.> [3MeV]5

> npMnNsM > H(T)

O h? (MeV)?’ 0.12
(

mpwm
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Electrophilic Co-SIMP

Juri Smirnov, smirnov.9@osu.edu, CCAPP @ OSU; HiDDeN, July/07/20
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Monoenergetic Recoill

MDM = 250 keV
(0 32Vl ?) = 4 X 10" GeV ™

3t
++++§ +‘+ ”
+ + il ++**#i*++HH*+H
0 M*}* iy ot o et bt P

i

100 150 200
Energy [keV]

arXiv: 2002.04038; J. Smirnov, J. Beacom
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XENONIT Signal

Co—SIMP process
MDM ~ 45 keV

(O'32Vr612) ~5 % 101% GeV™ T

. SR1 data
' By background model

S 10 15 20 25 30
Energy [keV]

v2 on arXiv today: arXiv: 2002.04038v2; J. Smirnov, J. Beacom

Juri Smirnov, smirnov.9@osu.edu, CCAPP @ OSU; HiDDeN, July/07/20



Look right here effect

Co—SIMP process
MDM ~ 45 keV

(0'32Vr312> ~5x%x 1010 GeV—> }

Smirnov, Beacom

10 15 20 25 30
Energy [keV]

Given XENONI1T mass and exposure:

+50 events = Mpn ~ 30 — 50 keV
= Fp~2—06keV

Juri Smirnov, smirnov.9@osu.edu, CCAPP @ OSU; HiDDeN, July/07/20
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Implications

Juri Smirnov, smirnov.9@osu.edu, CCAPP @ OSU; HiDDeN, July/07/20
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Scattering off Electrons

1019
1018
1017
1016
1015
1014
1013
1012
1011
1010
10
10°
10’
10°
10°
10*
10°

M, DM [MGV]

arxXiv: 2002.04038:; J. Smirnov, J. Beacom

Detectors with lower energy thresholds < eV
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consequences

A. New target for low energy recoils at 30 - 50 keV

B. Modified Signal shape in Argon due to atomic structure

C. Richer light sector possible: UV completion needed to
check consistency with BBN

D. New collider signatures expected (UV models)

Juri Smirnov, smirnov.9@osu.edu, CCAPP @ OSU; HiDDeN, July/07/20
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New Directions for
Thermal Dark Matter
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' Questions for UV completions

A. Emerging
Showers?Hadronic and
Electromagnetic

B. Opacity of materials

C. Loop coefficients

-> Work In progress with:  Bel

Zhou and John Beacom

Juri Smirnov, smirnov.9@osu.edu, CCAPP @ OSU; HiDDeN, July/07/20
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