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Outlines

 The dark matter in astrophysics perspective

e The dark matter in particle physics perspective
e The WIMP crisis from direct detection
e The DM limits from indirect detection
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e Summary
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Observational evidenc for DM
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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




The success of the Lambda cold dark matter Model

 The standard model of Big Bang cosmology

HISTORY OF THE UNIVERSE

Dark energy
accelerated
expansion

Structure
formation

Cosmic Microwave
PRHIC & Background radiation
is visible

erse

pro 2\ ns \ / S"b\e Un\V

Z ;
= s
= =
= S
O =
2 |lI;
\
=-
-~ S & = 53
< \// S /\ ,"o
74
- LS
<< o
- %
t = Time (seconds, years)
E = Energy (GeV)
Key
Q) vark
=t a > neuirino 0':9 ion * star
g gluon
‘ \YaY/ Z bosons ==
e | electron ~° atom - galaxy
‘aa. meson s
T muon _— o black
> tau D baryon photon “ hole
Particle Data Group, LBNL © 2014 Supported




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)
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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
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 Accelerating expansion of the Universe
(Re)Discovering Dark Energy and the Expanding Universe
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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 |-
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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 | . . .
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Redshift

 Accelerating expansion of the Universe
(Re)Discovering Dark Energy and the Expanding Universe
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The cosmology frontier of Particle Physics



The dark matter in astrophysics/cosmology

3 4 0

e Energy density scalesasp xa ~,othersp oa *,p,. . o d

 Massive, interacting gravitationally

 Neutral, not quite interacting with others, collision-less

e Stable
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e Summary
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The dark matter in particle physics perspective

Standard Model of Elementary Particles

three generations of matter interactions / force carriers
(fermions) (bosons)
| |l Il
SSSSS =2.2 MeV/c2 =1.28 GeV/c? =173.1 GeV/c? =124.97 GeV/c2
"o | , H
. charm gluon higgs
e No body knows what DM Is —J —J ——J
=4.7 MeV/c2 =96 MeV/c2 =4.18 GeV/c?
e Not in Standard Model down I strange I potiom I photon
=(0.511 MeV/c2 =105.66 MeV/c? =1.7768 GeV/c? =01.19 GeV/c2 U)
2
* There are good guesses O
electron muon tau 8 ")
p
v 0 3
Z <1.0 eV/c? <0.17 MeV/c? <18.2 MeV/c2 =80.39 GeV/c2 LIJ O
O 0 i1 o m
o k ' U =1
electron muon tau <L O
H heutrino heutrino heutrino W bOSOﬂ (D E
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Chronicle of particle discoveries
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The menu of the Standard Model
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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?
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The new menu from Supersymmetry

e SUSY model MSSM guided the

phenomenology study for a long time

e Sizable coupling to SM sector
e Collider searches
* Direct searches
* Indirect searches
 Neutralino DM is well-motivated

* A role-model for Weakly Interacting
Massive Particle
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The new menu from Supersymmetry

e SUSY model MSSM guided the
phenomenology study for a long time

e Sizable coupling to SM sector
e Collider searches
 Direct searches
* Indirect searches
 Neutralino DM is well-motivated

* A role-model for Weakly Interacting
Massive Particle
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The menu for dark matter models




The wide ranges of dark matter searches

Dark Sector Candidates, Anomalies, and Search Techniques

e In this talk:

zeV aeV feV peV neV upeV meV eV TeV PeV 30Mg
- - <—|—|—|—I—+—i—|—|—i—f—i—*—*—l—'—*—|—'—*—+—f—f—|—n—|—>
e Skip very small mass: DM is
wave-like rather than particle é__i_,(_—vL, 3
. Ultralight Dark Matter Hidden Sector Dark Matter Black Holes
like > oy . >
Pre-Inflationary Axion Hidden Thermal Relics / WIMPless DM
<> <€ >
. . . Post-Inflationary Axion Asymmetric DM
e Skip very small interaction rate: > — >
DM is accumulated thro.ugh o
thermal leakage of SM fields Al |
€<
Muon g-2
<>
Small-Scale Structure

<€ > <>
Small Experiments: Coherent Field Searches, Direct Detection, Nuclear and Atomic Physics, Accelerators Microlensing

D [N s S S S S S e S R S e S

zeV aeV feV peV neV peV meV eV keV MeV GeV TeV PeV 30Mg

Cosmic Visions [arXiv:1707.04591]
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The Weakly Interacting Massive Particle paradigm

o

. I| ll l| l| l| l| II I| l| ll l| l| I| II I| l| l| ll l| ll II I| l| l| l| II I| Il Il l| l| l| l| II |
e DM has an electroweak-scale COUpllﬂg 10 10" 10 100 102 10 10 100 100 10 10 10"

Dark Matter Mass [GeV/c?]
Annihilation

Q-Balls

» DM is a massive elementary particle [ wives
' SuperWIMPs

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)

e X = Dark Sector particles (secluded DM models)
27




The freeze-out of WIMP DM
ﬁ oo Iy

Q-Balls 3
[l o |
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N Y I Y ) s s Y Y Y Y I Y Y O T = 10~ Increasing <o,v> i
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i |
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a = e ey I 1
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My e Neq 3
" . . . 10!
e DM Annihilation cross-section :
4 |Q-ao‘ o J:Lu o JuLuu ‘*J“uv:-oo
<6V> o g : g N mDM x=m/T (time -)
mIz)M 10TeV Jungman et al hep-ph/9506380

This is called WIMP miracle!
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The WIMP DM and freeze-out

e DM relic abundance
e No further UV info needed (started with a thermal distribution

* Electroweak scale annihilation cross-section
» Similar stories in SM (v decoupling, n,/n,, ratio, nuclear elements

e |eads to collider/direct/indirect signal as well
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The WIMP crisis from direct detection

e \Weakly Interacting Massive Particle

DM SM

e The sizable coupling of DM to SM particles
predicts sizable scattering cross-section

Direct detection



The WIMP crisis from direct detection

* Null result from direct 107 B —
. Qf, \\
detection - ___CRESST (Surf)
e Maybe discovery in the 107 -
Y Y — O/V,}( . EDELWEISS (Surf)
COrner? g 10" Kz — NEWS-G
:‘ CRESST-III \ DAMA/Na
. S 10740 \“ DAMIC DAMA/I M
e Neutrino floor and > CDMSic \&\ o8
. . C% 10—42 DarkSide-50 (S2) \ SunerCDMS 1050
bey0nd: directional .. ~ XENONIT(S2) ~— EDELWEISS DEAW
8 107+ A ZERoN 1O LN‘?;
. . — V-1100r o XENO
e The rise of light dark 046 ” — ___— .«
matter (S 10 GeV) -
— Il| | | lllllll | | lllllll | | lllllll | | lllllll | | I
e \\We focus on EW scale 10 0305 1 3 5 10 3050 100 300 1000 3000  10*
(> 10 G eV) WIMP mass [GeV/c?]

— b b o Lk
h ﬂ?"@\%‘m/‘% &S APPEC Committee Report: 2104.07634
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The WIMP crisis from direct detection

e Null result from direct Together with the fact that, we have not seen SUSY either.

detection ATLAS SUSY Searches* - 95% CL Lower Limits

June 2021
Model Signature  [Ldt[fb7'] Mass limit
| ] ™ 1 | |
 Maybe discovery inthe  ** m—————— ————
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The WIMP crisis from direct detection

Toward (Finally!) Ruling Out Z and Higgs Mediated Dark Matter Models
Hooper et al, ArXiv: 1609.09079, JCAP

e SM Higgs and Z mediated scenario
are highly constrained

e Other mediators without DD
suppression is also highly
constrained, e.g. A’

e Unless in the resonant region
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The WIMP crisis from direct detection

e SM Higgs and Z mediated scenario
are highly constrained

, _ /-mediation, V
e Other mediators without DD

suppression is also highly

Dirac

ATETT
2 \

constrained, e.g. A
e Unless in the resonant region
L NV (A
JL, X.P. Wang, F. Yu, 1704.00730, JHEP m, (GeV)
1o \ \ LUX,CDIIVIS—Lite,CRESST—]II y ’
m,= 0.2 mg
6 | LUX,CDMS—LiteI,CRESST—II & M= 0.495 my | B .
10 100 10 102 10 100 101 102 10 ..1.61 . ..1.(.)2 . .1.(.)3 ———p
mk[GeV] mk[GeV] m, (GeV)

Toward (Finally!) Ruling Out Z and Higgs Mediated Dark Matter Models
Hooper et al, ArXiv: 1609.09079, JCAP
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The way-out from direct detection limits

e 1. Very small coupling:

e 1.1 Secluded dark matter (dark sector)

Annihilation

SM

<
SM

Dark mediator
with very small coupling to SM
30




The way-out from direct detection limits

e 1.1 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
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10~ 110~
Q ;10-10 o

| . Secluded -
A %10‘12
v 107 Displaced A’ — ¢~ 10713
é10—14
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The way-out from direct detection limits

e 1.1 Secluded dark matter (dark sector)

e | ooking for mediator X is easier than DM

Dark photon A’ example: invisible

A"— Du, yy

— g, from Uy ->vvy

0.5 1.0 1.5 2.0
m, (GeV)

PF Yin, JL, SH Zhu: 0904.4644 (PRD)

107 —_

10

NAG64: e beam dump, but for invisible final states
BaBar 53 fb-1 (PRL 2017)

10" j -

BESIIT 2011—2018 17/fb . Z

STCF7GeV30/ab - 17 i

107 STCF 4 GeV 30/ab -
STCF 2 (GeV 30/ab

pal 1 L o aauld 1 L s o auld L1l

10~ 107 107 10° 10"

™y (GeV)

- BESIII: 1907.07046 (PRD)



The way-out from direct detection limits

e 2. Suppressed scattering cross-section:

e By velocity or momentum transfer

Scalar

Pseudoscalar

Vector

Anapole

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)




The way-out from direct detection limits

e 3. Coannihilation mechanism

e Y has a close mass with DM

Annihilation
T T EEEEE e Y Is not populated today due to decay

\f X * Charged Y: near degenerate spectrum of SUSY, AMSB;

EW multiplet DM (2n+1, 0) (5m ~ 166 MeV)

May 2020

; 600 i | | | | | | | | | | I | | | | | | | | | | | | | | | | | | | | | | | | |

[ob) i ATLAS Preliminary 8 TeV, 20.3 fb! /e [8, 1] arXivi1403.5294

O] , Soft 2¢ (e[8&, ] arXiv:1911.12606 -

_ —1 . _

~. 500 s=13TeV, 1391 o¢ 7[5, /i] arXiv:1908.08215 ]

5-1\_ - pp — ZZ,RKZ,R’ /— 2)2(1) 2T ha~dron|c (=T arXiv:1911.06660 -
1 i LEP /i excluded

— 400 | Allimits at 95% CL _
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i - Expected limits _ -adl N 1
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The way-out from direct detection limits
e 3. Coannihilation mechanism
Annihilation * Y has a close mass with DM
X e Y 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
Z = yiy, Dy + mpy + Sy yl?2

0
2m

E/Y/ﬂp — 7;(%15;0(2 o Yzﬁuxl) | (YQE/L)@ T Ylﬁxﬁﬂ)-

m)ﬁ=m—6, m)(2=m+5

41 Smith, Weiner: hep-ph/0101138 (PRD)



The way-out from direct detection limits

e 4. Resonant annihilation Scalar Higgs Portal
XENON1T Excluded
Scalar DM (s) with a Higgs portal coupling 0 1
1 59 10 4 1 t o2 2
Aﬁs = —§m88 — ZASS o Z)‘H&‘SQ5 qu < 001 Br(H-inv) G
DM oo N
R 0.001
. h XENONNT .
:>— - - - + 2 diagrams to hh DARW]I:J_’
. 0.0001
L 0.1 1 10 100
L M[GeV]
DM /

Arcadi et al: 2101.02507
40 See also WL Guo, LY Wu et al 2010; B Li, YF Zhou 2015



The way-out from direct detection limits

e 5. Cancellation effect in scattering cross-section

» SM Higgs - Dark scalar mediator cancellation =" -ePecev! foma: 170802253 (FHL

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, — 132 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
mixing dark photon model

The amplitude is suppressed by g2 from pseudo-goldstone nature
43 See an extension from Honghao Zhang et al, 2109.11499



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 recoils can have stringent limits (e.g. XENON1T, PANDAX, CDEX)

/
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!

44 Kopp et al: 0907.3159 (PRD)



Outlines

 The dark matter in astrophysics perspective

e The dark matter in particle physics perspective
* The WIMP crisis from direct detection
e The DM limits from indirect detection
e A WIMP variant from cosmological evolution

e Summary
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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 mOd%S)



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,
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Lower mass bound for thermal DM

e Lower bound from Nett at CMB s
| i Bt e
e Light DM freeze-out after st \. Real
neutrino decoupling at '

I'n ~ 2.3 MeV

° NOrma”y 7}0 ~ mDM/ZO

e DM entropy goes into neutrinos AL —
or e/y, will modify 7, /T, s
0.1 1 10 50
e DM mass 2> 5 MeV, depending s bl
on d.o.1. Boehm et al: 1303.6270 (JCAP)
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The annihilation cross-section expansion

e EXpansion over velocity ) 4
GVNGS_I_GPV +de +...

* S-wave
e P-wave (L=1) * The value of velocities at different time
e D-wave (L=2), due to extra chiral e Freeze-out: V2 ~ (.25

suppression

e Today: v ~ 107 7¢

49



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
A —
£ Excluded by CMB -
c 1072 3 -
> Fermi/HESS e—etf fEb
,_l,Eu_ 10—25 AMS /PAMELA positron fraction _ — WHW-
ot ——— ‘ Thermal cross-section = 77
I 10—26 _- — ‘ - .\ ----------------------------- -: g8
/g\ AMS anti-proton excess vy
~ : Fermi Galactic center excess . |—— hh
102" +——— - —— ] - — ] T
101 102 103 104

m,, [GeV] Planck 2018



How to escape CMB constraints?
e 1. Annihilation to neutrinos (2DM — v): f. = 0

C

10—19

Q IceCube-EHE

’/

~-\———I, ”
-
p—

===
-
=
==
==
o —
-

-
- -—
o \‘—-—”'

- o a0 g 0 I 0 e e 10
Arguelles et al: 1912.09486 my (GeV)



How to escape CMB constraints?

e 2. 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)
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How to escape CMB constraints?

e 2+. Linear v suppression

e How about cross-section linear in v? (ov V)

e For iIndirect detection

eDwarfs, v~ 10 km/s ~ 3 x 10-°

e Detectable in Cluster and Galaxy, not in Dwarfs

J Kopp, JL, T Slatyer, XP Wang, W Xue: 1609.02147 (JHEP)
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e Cross-section linear in v

DM

e |If mmp = mx , then the two-body phase space

DM — X -

Linear v to escape CMB limits

- X

i 1
dPSz = —V

* In practice, not exact degenerate

-
(0v)=4 — | dPS,|M|*

Mpyy

87T

e For s-wave annihilation, this gives

1 e Symmetry reason
(oV) & —0opVv
-  Custodial symmetry: dark SU(2) A <0
vector DM
A >0

e Chiral symmetry: dark pion DM
e Supersymmetry: NMSSM setup 1901.02018

J Kopp, JL, T Slatyer, XP Wang, W Xue: 1609.02147 (JHEP)
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Other indirect limits
e CMB limits only works for DM mass < 10 GeV

e |ndirect limits from AMS-02, DAMPE, Fermi-LAT

10_235 = B napetennd R B PR R LB 1 _' T
a / :
10-24 9 7 —
- b ' :
Vp) T -
10735 | g
g ____________ g
= 10 = e —
@
10—27 [ .
AMS
10_28 1 1 1|1||1| ] L 1 vl ] [ N O
1 10 102 103

m, [GeV]
55 Leane et al: 1805.10305 (PRD)



The WIMP lIimits from indirect detection
e WIMP mass 2 10 GeV is still viable

10_22 : s R I
= Qwimp = Qpm

10—23 i
n
m> 10724
-
- GeV-Scale Thermal WIMPs: Not Even Slightly Dead
B =25 |
g Leane et al: 1805.10305 (PRD)

10—26 e

Overabundance
10—27 Y. 17 BT B | : I ! I . I

I B U T TE N (LR T
my [ GeV]



Outlines

 The dark matter in astrophysics perspective

e The dark matter in particle physics perspective
* The WIMP crisis from direct detection
 The DM limits from indirect detection
e A WIMP variant from cosmological evolution

e Sum mary Dark matter transient annihilations in the early Universe

Katsuya Hashino, Jia Liu, Xiao-Ping Wang, and Ke-Pan Xie
ArXiv: 2109.07479

of



DM properties and cosmological evolution

e DM evolution can be deeply affected by the
thermal history of the Universe Last el 1

[Your Name]

[Instructor Name]

DM properties at freeze-out may be (Course Nmber

[Date]

different from today T s

[Research papers that use MLA format do not include a cover page unless requested by

your instructor. Instead, start with the information shown. Do not bold the title or use all capital

e DM mass, stabillity, interaction couplings, s, Captliz the st an st wond fth e anall pinialvord,  yous pe
d eC ay a n d a n n i h i I a't i O n C h a n n e I S : r a-t e S includes a subtitle, separate it from the title by a colon and space, as shown. For more specific

guidance on capitalization, see the MLA Handbook for Writers of Research Papers, 7th Edition
(MLA 7™ Edition).]

[All text—including titles, quotations, notes, and list of works cited—uses double line

T. Cohen et al, 0808.3994

M. Baker, J. Kopp et al, 1608.07 578, 1712, 03962, 1811.03101 A ;p?:izizoizs)text and note text use a half-inch first-line indent. The list of W;riiscit;d ges:
Kobakhidze and Schmidt et al, 1712.05170, 1910.01433 \

Hektor et al, 1801.06184

L. Bian and Y.L. Tang, 1810.03172 rere 3 .,
L. Bian and X. Liu, 1811.03279 Word, WPS F A~ E“Fr W ENATS

- Heurtier et al, 191202620 WYSIWYG, “What You See Is What You Get”
H. Murayama et al, 2012.15284

B. Batell et al, 2109.04476
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A WIMP variant: DM with transient annihilations

: : 0 1 > T¢,
* 1. Massive gauge boson has a varying m%,/(T)={ ; ( . )n .
: : MHr o — KM, | = <
mass in the early universe AL T my ?
o 2. Ifitis the DM-SM mediator, and the — T
mass variation happens near DM
freeze-out, what happens? N
%
L, = 1, lp lF, F/,LLI/ A’ JH oo R
d_¢(z _mip)w_i N + €€ ©em %
e . . S A,
Transient secluded: (yy — A’A’) My = m,,
(yy — A'g) My = 2m,, — my, m=0 ma (T)=0
i - — low T (today) Ty high T
Transient resonant: (yy — ff) my = 2m,, . T (GeV)
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Features for DM with transient annihilations

* Transient secluded annihilation only
happens in the early universe

e is forbidden today w \N\'\N\‘\’\ A

e No Iindirect constraints

py — AA

1: ! ! ! T T ! ! ! T T T ! ' ' ""'_
5 n=2, vk =100 =
. A B - - i
o e /%
= w A’
% 1074, g4 312 2
L 2 2 —
(oVvyp) & ~(1=r%)"" (1 =12/2)
_ 167m;;
107> _
i \\’ : | — mA//ml//
- Y- — — Analytic (ma0=3my)"
10740 R —— Numeric (ma0=3 my)
' 10 107 10°

my, [GCV] o0



Features for DM with transient annihilations

1/ _ ;3 f * Transient resonant annihilation only happens in the early
wy —> A" — ff .
universe
A’ C .
e No Indirect constraints
e Collider and direct detection constraints are evaded
d / e Can be soon tested in the future
1072 —————— — _
- Transient resonant | Xres E 1078 \
Yy i
z v = : : LHCb / CMS| [ATLAS (/1)
-4 : : ] =44 |4 N @
10 With C.E. effects 1077 \ (u ) 4
— N Y — 10_45 | CMS (l+l_) ________ -
107°¢ . Without C.E/effects - 11 W
= : \ E _ X\ENON _______________
> \ Q 46 e e
i 10” \‘ ;a) 10 =% g St 'Y‘&ﬁd‘&XA‘T
E 10747 - /
- % my=20 GeV, ma o=60 GeV, " ] : —_— — ]
10—105_ m'ﬁ 6_39 ma- o CV, “\ 3 E QDMhzzOIIZ "Y" ’4 \ M v
=2, e=18x107 go=3ee, V=100, | 10748 VW=
.Q.DMh2 =0.12 “\ . : ﬂ §) i
~12 | | | - I ﬂﬁO ]
X - ‘Transient resonant: n=2, gg= 3€e, mp+ =3 my, \/? =100
2.2 2 2 10° E— | e | e |
ee“(2+r)x 1 2 3
(oV jr;s . &d \/r(rz — d)xe—(r-Dx 10 10 10

48/ 2mm, Ty 61 my[GeV]



Summary
e WIMP DM has significant coupling to SM model

* Direct detection sets strong limits, but there are at least six ways to
escape the limits

e Indirect detection sets strong limits, less way to escape the limits.
But it leaves open for DM mass 2> 10 GeV

e GeV-Scale Thermal WIMPs: Not Even Slightly Dead

e A variant of WIMP model from cosmic evolution: transient annihilation
DM, evading DD, collider and indirect searches but can be tested soon

Thank you!
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