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Observational evidence for DM

Galaxy rotation curves
Bullet cluster
Gravitational Lensing
Structure formation
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Observational evidenc for DM

Galaxy rotation curves g B S B e L
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Bullet cluster U Miltermium Simulation
a5 110.077.696:000; particles - /-

"

Gravitational Lensing
Structure formation

Cosmic Microwave
Background

The Millennium Run used more
than 10 billion particles to trace
the evolution of the matter
distribution in a cubic region of
the Universe over 2 billion
light-years on a side.




Observational evidence for DM

e Galaxy rotation curves
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The success of the Lambda cold dark matter Model

 The standard model of Big Bang cosmology

e /\, dark energy; CDM, cold dark matter; Matter, SM particles

Dark Matter

Dark Energy




HISTORY OF THE UNIVERSE
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*This is where we are today. Usmg our own |
|ngenuny, humanity is probing the depths of the
Universe and trying fo unravel its mysteries,
from our tiny, home planet, Earth. The visible
Universe contains billions of galaxies, each
comprising billions of stars. Within our own
Galaxy, hundreds of exoplanets have been

. discovered orbiting other stars.
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The success of the Lambda Cold Dark Matter Model

* The standard model of Big Bang cosmology

e /\, dark energy; CDM, cold dark matter;
Matter, SM particles

. . Baryon matter
density, DM density, lifetime of the Universe ...

e Explain the structure of the CMB

e | arge-scale structure in the distribution of
the galaxies

e The observed abundance of H, D, He and Li

 Accelerating expansion of the Universe
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The success of the Lambda Cold Dark Matter Model

* The standard model of Big Bang cosmology

e /\, dark energy; CDM, cold dark matter;
Matter, SM particles

. . Baryon matter
density, DM density, lifetime of the Universe ...

e Explain the structure of the CMB

e | arge-scale structure in the distribution of
the galaxies

e The observed abundance of H, D, He and Li

 Accelerating expansion of the Universe
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The success of the Lambda Cold Dark Matter Model

Redshift z=0 (t = 13.6 Gyr):

* The standard model of Big Bang cosmology

° A’ dark energy; CDM’ COId dark matter; » 1024x768 * 2048x1536 » 1024x768 » 2048x1536 » 1024x768 2048x1536
Matter, SM particles Redshift z=1.4 (t = 4.7 Gyr):

e O parameter for the Universe: Baryon matter
density, DM density, lifetime of the Universe ...

» 1024x768 * 2048x1536 » 1024x768 » 204x1536 » 1024x768 * 2048x1536

e Explain the structure of the CMB Redshift z=5.7 (t = 1.0 Gyr):

e | arge-scale structure in the distribution of
the galaxies

» 1024x768 * 2048x1536 » 1024x768 » 2048x1536 » 1024x768 * 2048x1536

e The observed abundance of H, D, He and LI

Redshift z=18.3 (t = 0.21 Gyr):

 Accelerating expansion of the Universe
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The success of the Lambda Cold Dark Matter Model

* The standard model of Big Bang cosmology

e /\, dark energy; CDM, cold dark matter;
Matter, SM particles

. . Baryon matter
density, DM density, lifetime of the Universe ...

e Explain the structure of the CMB

e | arge-scale structure in the distribution of
the galaxies
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e The observed abundance of H, D, He and Li

: : : Sorted by Value
 Accelerating expansion of the Universe
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The success of the Lambda Cold Dark Matter Model

* The standard model of Big Bang cosmology 14000 | | , Full Data . . .
—— H=52.65 +- 0.37
o \, dark energy; CDM, cold dark matter; 12000} T 0"
Matter, SM particles ¢ |11
. . Baryon matter

density, DM density, lifetime of the Universe ...

Distance (Mpc)

6000 -

e Explain the structure of the CMB

e |arge-scale structure in the distribution of 4000 -
the galaxies

2000 -

e The observed abundance of H, D, He and Li

0 | | | | | | | |
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8

Redshift

 Accelerating expansion of the Universe
(Re)Discovering Dark Energy and the Expanding Universe

D1 Credit: 2016, Adam Dempsey. CIERA, Northwestern University



The success of the Lambda Cold Dark Matter Model

z < 0.5
4500 | I | |

. —— H=64.23+-0.94, q=-0.43+-0.13
* The standard model of Big Bang cosmology - - H=56.98+-0.53

4000 |- T -

e A\, dark energy; CDM, cold dark matter; 3500 |-
Matter, SM particles

3000 -

N

o1

(@)

)
I

. . Baryon matter
density, DM density, lifetime of the Universe ...

Distance (Mpc)

N

)

)

)
I

e Explain the structure of the CMB

1500 -

e |arge-scale structure in the distribution of 1000
the galaxies L
e The observed abundance of H, D, He and Li 0 | . . .
0.0 0.1 0.2 0.3 0.4 0.5

Redshift

 Accelerating expansion of the Universe
(Re)Discovering Dark Energy and the Expanding Universe

55 Credit: 2016, Adam Dempsey. CIERA, Northwestern University



The dark matter in astrophysics/cosmology

3 4 0

e Energy density scalesas p «xa -, othersp. xa *,p.. X a

e Massive, interacting gravitationally

 Neutral, not quite interacting with others, collision-less

e Stable

o Local DM energy density ppy ~ 0.4 GeV cm’
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The dark matter distribution

e Astrophysicist knows the distribution of DM by simulation

2
L (1 + £
* Navarro-Frenk-White profile: s ( s )

e R is the “scale radius”, {p,, R, } varies from halo to halo

R — -
max R. + R R
M = d7rr? dr = 4mpy R3 |1 ° S > 1
/0 7r* p(r) dr PO | n( R, ) R TR

e Integrated mass:

o Virial radius R ;.: R ;. = cR, with c called “concentration parameter”

e Typical c: Milky Way 10~15, others 4~40 for various size of halos

. _ - Rvir I
e [otal mass within Rvir. M — / Ar? p(r)dr = 4npyR? |In(1 + ¢) 1 i
0 - ©-




The dark matter distribution

e Astrophysicist knows the
distribution of DM by N-body
simulation

e Navarro-Frenk-White profile:
Po

T T 2
R—s(l Rs)

log (p/po)

p(r) =

e Other competing profile:
Einasto

20

Density profiles

| — NEF'W profile
10 - == Einasto (a = 0.15)

105 10~ 103 102 101 10° 10?
log (r/Rs)



RV RE 2514 |0) =R

e Astrophysicist knows the
distribution of DM by N-body

simulation M [M,)]
| 10‘18 | 1916 | 10‘14 | 10‘12 | 10‘10 | 1(I)8 | 196 | 194
100 } . . j
: : - Cosmic Cluster Galactic 5
e Navarro-Frenk-White profile: | coM_
10:- Unknown small
0 5 ‘\ scale behavior
p(r) = - R A
¢ RLS(I i RLS) 5/ 1 ;r?F’.r??!i.r??."?‘.r.(?if‘f‘.‘!'."?‘.ti‘?.’?? ................................................ ‘\ ...............................
' Elinear(analytic) R :
. Baryon 5 i
A ti 2 21y
* CDM: very good for large 1 Oscillations - ih
scale, but problems at | ADME £ Ly WOM(BKkew
. T T
galactic scale 0.01 01 o [Mpc—llo] 100 10
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e Astrophysicist knows the
distribution of DM by simulation

—
o
(o)

 Navarro-Frenk-White profile:

—
o
oo

Po

—_—
o
~

e CDM: very good for large scale,
but problems at galactic scale

Dark Matter Density (M@/kpc3)

—
(@)
(@))

e Core-Cusp problem of cold

Radius (kpc)
dark matter
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ALY ER B S BV

Standard Model of Elementary Particles

three generations of matter interactions / force carriers
(fermions) (bosons)

¢ N O bOdy kn OWS W h at D I\/I mass =2.2 MeV/c2 =1.28 GeV/c2 =173.1 GeV/c2 0 7 =124.97 GeV/c?
24 2/3 0

charge @ %s C t 0
'.L Yo / Yo / 1
up ' charm I top '
0

i S spin | Y2 0 H

higgs
 Not in Standard Model il | il |
down strange bottom photon
* [here are good guesses gJ gJ gJ %
=(0.511 MeV/c2 =105.66 MeV/c2 =1.7768 GeV/c? =01.19 GeV/c2
4 ; %
S @ |5
electron muon Z boson 8 %
V) m ©
Z <1.0 eV/c? <0.17 MeV/c? <18.2 MeV/c? =80.39 GeV/c? 8
O o +1 LU
- | Ve 11, w O
- o | = P
Not neutrinos X e electron muon tau W boson | <©
30 neutrino eutrino eutrino ¢
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ALY ER B S BV

Standard Model of Elementary Particles

three generations of matter interactions / force carriers

e No body knows what DM

(fermions)

(bosons)

mass =2.2 MeV/c? =1.28 GeV/c? =173.1 GeV/c? 0 =124.97 GeV/c?
. charge = %5 0 0
I S spin | % 1 ‘ 0 H
x | charm I l gluon higgs

@ NOt in Standard Model =4.7 MeV/c2 =96 MeV/c2 =418 GeV/c?
Yo / Yo / Yo / 1
down strange bottom photon
* [here are good guesses gJ gJ gJ

Not neutrinos X

x
LEPTONS X

electron I muon I '
15 | 1
electron muon tau
1 neutrino heutrino heutrino

1 0
: a

Z boson

=80.39 GeV/c?
W

W boson

<1.0 eV/c2 <0.17 MeV/c2 <18.2 MeV/c2

GAUGE BOSONS

VECTOR BOSONS
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1904.07915, TASI lecture
QCD axion WDM limit unitarity limit

1022 eV e pays GeV 10Ty My 10 Mg
T - } Tt

““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

o [R¥JEE)E (Primordial Black Hole, PBH)
o BRRIRENEIREYI R (Ultralight Dark Matter)

o« BB BB EFRAMBHRERF (Weakly Interacting Massive Particle, WIMP)
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Galaxy evoluie”

First stars . -

Solar System

Datk ages : 4 | formation

B'\g Ba“g | -

o RINEH . e I e
o So KA
o NTERENR/IHIR T .

Solar System

SR AT AV R B I

. . Galaxies form & History of
ﬁ . . , around black holes the Universe
IS 0 - | » with primordial
( .o _ . black holes

Primordial (
black holes First stars

380 000 years  300-500 million years Billions of years
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) 7’35%%175 107> 10710 107 ?/MQ 10° 1010 101 1020
o SeRENM

o IMTEREX/NRIRF R AT
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o fRHI: evaporation (red),
lensing (magenta), dynamical
effects (green), gravitational
waves (black), accretion (light
blue), CMB distortions (orange), G I . .
large-scale structure (dark blue) 05 100 105 109 10"
and background effects (grey). M (g]
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o BEEoHELREMIE (Ultralight Dark Matter)

e QCDHiF. XMI+F. IEEF. BHABINFSFS. ..

o IAMNEI: %0 Misalignment

35



B RN R R o

o BEEoHELREMIE (Ultralight Dark Matter)

+ QCDHHF, XMF, BAFEE.. I s

o IAMNEI: %0 Misalignment

e i+ 3Hd+m:a=0

36



842K o B BE Y B AR

o LR ENEIEEYIfE (Ultralight Dark Matter)
« QCDHiF, XM+, BBt FHF...
o IAEALH]: BTN Misalignment

e i+ 3Hda+m*a =0
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Say [GeV 1]
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atom nucleus

anti-matter
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Top quark Tau neutrino _ Higgs _
The heaviest fermion The last discovered neutrino It gives mas_ses to other pa_rtlcles
3rd gen up-type quark 3rd gen neutrino The heaviest scalar particle

e \We always hold a menu

e \What about next?

44



o ZEETNER: HEIIFR

o HFERFHEYISR

o BXIFREEMFAVIEIEMN S WIMPHEY)

[
vk A £ % & A
SRS FRE X mIgErFR=EoE
I B F B FITFRIE NeutralinoBS 1 R & iEE
FBIFR{EFF NG —HIMSSM
& % E RM
Ef % "M

40



f

o WIMPREYI AR ERE B ANIER
EF

o EHIEIRMISLIS SM + DM > SM + DM
o [B)FEFNIZLLE DM + DM > SM + SM

o IFIEA,SLEE SM + SM > DM + DM

Outgoing
Particle
>
Incoming
Particle
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top PMT array

Xenon gas
liquid xenon

Outgoing
Particle
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Particle
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pbottom PMT array

* DM + SM > DM + SM, Be¥) it 1= £ s HES% 15
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e DM + DM > SM + SM
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e SM + SM > DM pair
+ SM ATLAS

miss _
~ ET = 564 GeV Candidate in signal region of H-xX
~ with two VBF jets (m;=3.6 TeV)
d - 280862 + 22841760F
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MFRIENF: FIRRES

Q-Balls

([
e DM is a massive elementary particle i

Il ll l| I| l| II II I| l| ll l| I| Il II Il l| l| ll II I| Il I| I| l| l| II I| Il Il l| I| l| II II |
107 10" 10 1070 1072 10 10* 10’ 10  10® 10" 10"

* DM has an electroweak-scale coupling Dark Matter Mass [GeV/c']
Annihilation

1llas

e DM starts with thermal distribution

e Relic abundance is determined by freeze-out
mechanism

e DM Annihilation into

e X = Standard Model particles (direct coupling)
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SuperWIMPs
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Dark Matter Mass [GeV/c?]
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ARz E 7 WIMP miracle
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e (v decoupling, np/nn ratio,
nuclear elements)
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Accelerators

t = Time (seconds,

E = Energy (GeV)
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The WIMP crisis from direct detection

Toward (Finally!) Ruling Out Z and Higgs Mediated Dark Matter Models

* SM Higgs and Z mediated scenario Hooper et al, ArXiv: 1609.09079, JCAP

are highly constrained

100 \ | | NN | |
: +h DD (: \\\\ Z-mediation,V | 1 \\ Z-mediation, AV
e Other mediators without 10N -, \\\\\ Qb 012 -

suppression is also highly %, T\

" ) ?(
constrained, e.g. A S
‘ ”\\ )
e Unless in the resonant region 10°° oo
] A —4 e
10 10’ 102 10° 104 10 10’ 102 10° 104
JL, X.P. Wang, F. Yu, 1704.00730, JHEP M (GeV) M (GeV)
10°% , '
. LUX,CDMS-Lite, CRESST-II /‘ 107
ediation, PS
100
101\ A_Dirac 9,12 =0.12
S “Majorana T
< Q '
10_2:
10-3 & vFloor sensitivity
m,= 0.2 mg
P LUX,CDMS-Lite, CRESST-II P m,= 0.495 m . L
1()100 0 e 10100 0 102 10 . “1.(1)1 . A...1.(.)2 . .1.(.)3 R .1.04 10 . 101 . .1‘62 R .1.(.)3 R .1.04
mk[GeV] mg[GeV] m, (GeV) m, (GeV)
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PULES

The way-out from direct detection limits

e 1. Secluded dark matter (dark sector)

e \Very small coupling to SM sector

Annihilation

Dark mediator

with very small coupling to SM

e > 10~/ to thermalize dark sector

Pospelov, Ritz, Voloshin, 0711.4866 [PLB]
Arkani-Hamed, Finkbeiner, Slatyer, Weiner, 0810.0713 [PRD]
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The way-out from direct detection limits

e 1. Secluded dark matter (dark sector)

e | ooking for mediator X is easier than DM
Bauer et al: 1803.05466 (JHEP)

J S [ e

'g‘lze
Dark photon A’ example: visible . 10-S
€F,B’MU'A,—>f+f_ ‘ A/—>//t+m_6
124 ' 10~ i . l10-7
e > AuTp o
DM DM §10_
10~ 110~
Q ;10-10 o

| . Secluded -
A %10‘12
v 107 Displaced A’ — ¢~ 10713
é10—14
1073} ;10_15
: ]10-16

SM SM T e L

YUﬁt: MAI [GGV]



The way-out from direct detection limits

e 1. Secluded dark matter (dark sector)

e | ooking for mediator X is easier than DM
Dark photon A’ example: invisible A" — DM + DM, vv

1072

DM DM

ol . l‘
- - / v
_ - - 10 —J—
10° ¢ 7 -
A o | o |
: 10° BESIII 20112018 17/fb |
10* | T IR T Gev B0 T
Y B sroraow s T
" | — g, from Uy ->vvy
10-5 4 | 4 ! 4 ! . | . | A L el L 1 3l L 1 3l ST
0.5 1.0 1.5 2.0 2.5 3.0 103 102 10™ 10° 10"
SM SM m, (GeV) my (GeV)
PF Yin, JL, SH Zhu: 0904.4644 (PRD) BESIIl: 1907.07046 (PRD)
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The way-out from direct detection limits

e 2. Suppressed scattering cross-section:

e By velocity or momentum transfer

Scalar

Pseudoscalar

Vector

Anapole

PULES

Case for Fermionic DM
Kumar & Marfatia:1305.1611 (PRD)

Name Interaction Structure Os1 suppression OSD suppression s-wave’?
F1 XXqq 1 q°v? (SM) No
F2 X~°Xqq q° (DM) g°v? (SM); ¢° (DM) Yes
F3 XXaqv°q 0 q° (SM) No
F4 X~°Xqv°q 0 q° (SM); ¢° (DM) Yes
F5 X~y* X qvuq 1 g°v? (SM) Yes

(vanishes for Majorana X)) q° (SM); ¢* or v-2 (DM)

F6 Xy*~° Xqv.q v*+? (SM or DM) q° (SM) No
F7 XA Xqvu°q ¢°v™? (SM); ¢* (DM) v? (SM) Yes
(vanishes for Majorana X)) v-2 or ¢* (DM)

F8 X'y X qvur°q ¢°v—* (SM) 1 o mj/mk

F9 Xo* Xqo,.q q°> (SM); ¢? or v? (DM) 1 Yes
(vanishes for Majorana X) q°v+? (SM)

F10 X" ~v°* Xqouq q° (SM) v=? (SM) Yes

(vanishes for Majorana X)

q° or v2 (DM)




PULES

The way-out from direct detection limits

e 3. Coannihilation mechanism

Annihilation e Y has a close mass with DM

--------- > X e YV Is not populated today due to decay

e Charged Y: near degenerate spectrum of SUSY,
AMSB

e Neutral Y: Inelastic Dark Matter

Fermionic DM with kinetic mixing A’ mediator

R EEEELEE

Direct Detection

/

Z = yiy, Dy + mpy + Sy yl?2
X _ o 5
VY = 1(X10 X2 — X0 uX1) - o
m)ﬁ=m—6; m)(2=m+5
Smith, Weiner: hep-ph/0101138 (PRD)

O
S

Mpy S My

(X20 X2 — X10uX1)-
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The way-out from direct detection limits

e 4. Resonant annihilation Scalar Higgs Portal
XENON1T Excluded
® N 1
2mp\ R Ny
Scalar DM (s) with a Higgs portal coupling 0 1
1 1 1
AL, = —-m2s® — “\;8* — —Apes@' ps” :
Ls 9''"s 47° A Hss® ¢ 2 Br(H->inv)
0.01 ;
DM ]; """"""""""""" W
N\ ‘\\
N 0.001 N
N XENONNT .
N h ' L.
N\ . -~ -
, > — - - - + 2 dlagrams to hh DARWIN
’ 0.0001
L7 0.1 1 10 100
7
’ M[GeV]
DM f o
Arcadi et al: 2101.02507
E See also WL Guo, LY Wu et al 2010; B Li, YF Zhou 2015
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The way-out from direct detection limits

e 5. Cancellation effect in scattering cross-section

» SM Higgs - Dark scalar mediator cancellation ©/°s Heoedew foma: 175502255 (FRL)

2 2 ) \
Vo= —SLIHP = T2 ISP + ST + Aas|H| S + TS|

/2
. - Vot = Ps S? + h.c. symmetry : § < §*

-
~
e el 4

S=(,+s i)()/\/z Pseudoscalar DM

CP-even scalar mixing (s, h) — (hy, h,)

. my = 2
/ /\\ f L D —(hqcos + hysin ) Z Tfff 754 (m}%l sin Oh, — m,i COS 9h2>

f 2VS

2

2 2 2
m m e
) h h bt h h
Agq(t) o< sin 6 cos 6 2 1 ~ sin 0 cos 0 2 L1~ ~ ()
t —m? t —m? m? m?
ho h1 h1 ho

See JL, XP Wang and F Yu 1704.00730 (JHEP),

for cancellation between A’ - Z boson in kinetic : : 5 .
mixing dark photon model The amplitude is suppressed by g2 from pseudo-goldstone nature

pulES See an extension from Honghao Zhang et al, 2109.11499 78




The way-out from direct detection limits

e 6. Leptophilic models
e Only couples to electrons, couples to nucleons at 1-loop

e For light DM, e-DM recolils can have stringent limits (e.g. XENON1T, PANDAX, CDEX, LZ)

/
N, p,

NLETAY
RWAS . RWVES . RWNS U evias @ ewrs :; : (a - ) ~ 10717 :10719: 1
N

WAS = e kicked out
WES = e to higher energy level
WNS = nucleus recaoll

The probability to find a high p electron
in the wave function is highly suppressed!

SULES Kopp et al: 0907.3159 (PRD)
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The complementarity between direct detection and collider searches

* Collider searches e Future: Collider + Direct detection searches

* Not suppressed by small velocity or small
momentum transfer

e 15 years data from LHC

e Not suppressed by small dark matter mass * All the way down to neutrino floor

— 107

————r —— T ;—D”e’[ ,_|-|0—37 — — , S - Dii
ATLAS rellmlnary - Dijet, 139 fb'; JHEP 03 (2020) 145 NE . - T = et
S - 1 Dijet TLA, 29.3 fo": PRL 121 (2018) 081801 S 38 ATLAS . O = B‘ie:’;f:fg;?SJf'gEP;’:L(ﬁgﬁo()ﬁg) 081801
— - = -~ Dijet+ISR, 79.8 fb™'; PLB 795 (2019) 56 — jet TLA, 29.3fb™";
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- = Boosted di-b+ISR, 80.5 fb™'; ATLAS-CONF-2018-052 _— —_ O C Boosted dijet+ISR, 36.1 fb™'; PLB 788 (2019) 316
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PULES

The Indirect detection limits from DM annihilation

o

Q-Balls

M v

SuperWIMPs
l| II II I| l| ll II l| Il II Il l| l| ll ll ll Il l| l| l| l| II I| ll ll l| l| II II II I| l| ll l|l

1llas

10 100" 10 10 1072 10 10* 10’ 101 10 10  10Y
Dark Matter Mass [GeV/c?]

e DM starts with thermal distribution
* DM has electroweak-scale coupling

 Relic abundance is determined by freeze-out
mechanism

e DM Annihilation into

The entropy of DM goes into
e X = Standard Model particles (direct coupling) } SM sector most of the time!

(Secluded X — SM + SM)

e X = Dark Sector particles (secluded DM models) 83



Lower mass bound for thermal DM

e | ower bound from Netfat CMB

e L ight DM freeze-out after
neutrino decoupling at

I'n ~ 2.3 MeV
® NOrma”y 7}0 ~/ mDM/ZO

* DM entropy goes into neutrinos
or e/y, will modify 7, /T,

e DM mass 2 5 MeV, depending
on d.o.f.

X (=
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Annihilation constraints from CMB

* The annihilation: DM + DM — SM + SM - “

* The rate DM energy density converted into EM energy
dppm
2

o feii - the efficiency with which the energy released in DM
annihilation is absorbed by the primordial plasma

10—22

£ 1073 —

g Excluded by CMB o
% 10_24 = o -
v Fermi/HESS e—etf f;b

- AMS /PAMELA positron fraction _ — WHW—
- ) Thermal cross-section . — 7970

< '_‘_\_ ___________________________ 1 gg
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Fermi Galactic center excess I — hh
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e CMB limits only works for DM mass < 10 GeV

e Indirect limits from AMS-02, DAMPE(IEZ T ), Fermi-LAT

\~ ) _ et
10-23 : | I 10—23 | T 10-26 | R4.O' N!:W l(ar)nllhllla’luclm) -
: ~ [ —— DAMPE 5.0 yr: stat+sys :
, [ DAMPE 5.0 yr: stat :
10—24 [ 10—24 | 9 //‘ - 7"\ | —-- Fermi P8 5.8 yr: stat+sys bt
iy 95% Containment X .’\\_
i g4 E 68% Containment - ] I! ‘
N 7 u T > 107% [ RN [ A
Pl ; A5 T Al
----- " ———— = ) \ A
- = ---- e L e e 2 v Wiliss
S bZ ¢ Soloma e E . \ PN \J ;
3 = g S § 10-28 | A ‘ Y \ -/
> B AN
10 & 4 10777 L N P
= NS i |
Fermi AMS *
10-28 L e _28 L el e
1 10 107 10 . 1 10 102 103 1ot | T
my [GeV] my, [GeV] my (GeV)
Leane et al: 1805.10305 (PRD N . .
IfE ( ) 1&8== T &2: 2112.08860 (Science Bulletin) 36




How to escape CMB constraints?
o Annihilation to neutrinos 2DM — Dv): f. = 0

c

10—19

10—20

Q IceCube-EHE

s

10—22

(cm’/s)

e Bt
S

~

10—24

10—25

10—26

T [ T T T T e T
pUlES Arguelles et al: 1912.09486 m, (GeV)
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How to escape CMB constraints?

e P-wave annihilation or no annihilation (asymmetric DM)
but no indirect detection signal

2 4
* Expansion over velocity OV ~ O T Gpv T OqV T ...
e S-wave e The value of velocities at different time
* P-wave (L=1) e Freeze-out: v> ~ 0.25
e D-wave (L=2), due to extra chiral ) _5
Suppressign e CMB: v° ~ eV/mDM ~ 1()

e | inear v dependence?

e Today: v ~ 107~7¢
e Final state phase space suppression
(Mpnv ~ My) from symmetry reason

J Kopp, JL, T Slatyer, XP Wang, W Xue: 1609.02147 (JHEP)
88
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e Darkness in the Universe (Credit DMUK)

e https://youtu.be/xcZjpAaZREo
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https://youtu.be/xcZjpAaZREo
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Backup slides

92



FRAFY) P HY 0] _R

o ARFY)FTERIMIEXT
TERYIE L RS

135¢(3)g
87494 5 (Tko)

s(T=MeV*t) = (244 x 7/846 x 7/8) 2513 = 432" 3

o INEEYNEAYYield

ny (T =MeV)  135((3)g 43
sv(T =MeV™)  8mg.s(Tt) 22

ny (T = MeV) = s(T = MeV+)

Y, =

T o)
g*,S(Tfo) 2eV

Qxh2 ~ (.12 X

log(abundance)

-—_—

Freezeout of
non-relativistic particle

Freeze-1n

Meg

m/T (time)
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