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e No body knows what DM
IS

e Not in Standard Model

* [here are good guesses

Not neutrinos X
XI{E

x

LEPTONS X

Standard Model of Elementary Particles

interactions / force carriers
(bosons)

three generations of matter
(fermions)

mass =2.2 MeV/c? =1.28 GeV/c? =173.1 GeV/c? 0 =124.97 GeV/c?
charge @ %s 0 0
spin = % 11 ‘ 0 H
x | charm I l gluon higgs

=4.7 MeV/c? =96 MeV/c? =4.18 GeV/c?
Yo Yo Yo 1

/ / /

down ' strange I bottom ' photon

=(0.511 MeV/c? =105.66 MeV/c? =1.7768 GeV/c? =91.19 GeV/c?

electron I muon I '
15 | 1
electron muon tau
heutrino 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
102 eV Sew keV GeV 10Tev My 10 M5

T i f bt

““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 BRIREHELREYIR (Ultralight Dark Matter)

« BFSMHEEFRNER=NF (WIMP)

¢ ... [R#) 258 (Primordial Black Hole, PBH)

in) RZEREYIR. (Asymmetric) NI FRAEY) RS
St :

(Freeze-

HEP at a cross-road: explore all directions!
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QCD axion
=27 classic window
o MBERHENAREYR (Ultralight Dark Matter) 10 eV 10°- 10"V kCV

o BEREHEBYRRETE[1072%, 10°] eV, UEZHIRSHNTREFE; 4_| B +
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 BERS . SMEE (S, A)
afai( <
n Frequenc
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SREN: BFENS. BRERS. BXFHENE. .

11



f

MR RIWLII S Ex el fu D EEAR B 5 YRR

o BERIREHBIE BT (Ultralight Dark Matter): #8328 6 IS4 5

s ZEIRSHINCFE; HEFRXRUSBMIHNESEREET; RZMESREEX

%

&
APHH ZEEBR FAFPIEIC -7 FHEIRE T BB AN EnRRE KRS LR -7 FRUEMN
An, Huang, JL, Xue 2010.15836 (PRL) An, Ge, Guo, Huang, JL, Lu, ArXiv:2207.05767

pULES 19



* {8

1C MIXINEG

Kinet

NJ 1T

A R R SR UMM = Ex PR AL D EEAR BY: S 5IR R FRIR X

2R EHEREM R (Ultralight Dark Matter): #8432 0S¢ FHE4) R

104
107°

1070
10~7
1078
10~
10—10
10—11
10—12
10—13
10—14
10—15
10—16
10—17
10—18

o ZHIRZIINNENZE; HEEREXUSEMTHNE =BT,
mHz Hz kHz MHz GHz THz eV keV

139(1) A S

10—2 MAG

10-3

COBE/FIRAS
v — X

PPPM heating
j@)f DM

Pathfinder

(& <.
2 e
80/0 0}

‘o

DPDM
(Arias et al.)

MuDHI
Tokyo-1

LAMPOST”
FUNK

prDM Hell g
eionisation (Witte et al.)
(Caputo et al.) ‘

SNHHJYO wd-ansod

Y,

Dark
photon

DM

avnae LDINHS 05

Ry
O/‘?(, 62) ll)o

CAPP —
HAYSTAC

SENSEI
SuperCDMS
XENON

Black hole
superradiance

RRL! LAY BURALLLL DURLL DAL LU DAL EUNALLLY BURALL! DRLLL BURALLLL NUALLL DALY UL WRLLLL AL NURLLL UL EUBALLLL NURRALL EURALL BRI

AT A6 A% AR A% A2 A% A0 .9 % T 6 5% A& 3 2 AN 2Dt
107407107407 107407 107407 407107407107 107 407107107107 107107 10740710740

Dark photon mass [eV]

g;umﬂ T AR ISRRTITT ST AT SSNTTT ST MM T S i

7/

RSz S REtE R

o R 2ef5% EREYCF-JEFHVER1E

qu
>
<
e
S
S
i

5

An, Ge, Guo, Huang, JL, Lu, ArXiv:2207.05767

https://cajohare.qgithub.io/AxionLimits/docs/dp.html
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e FUBIE S ENEES BBEEEERENGEIMS  (ov) ~— ~3x10%°cm’s™!

miy
Annihilation MRz & 79 WIMP miracle
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Jungman et al hep-ph/9506380
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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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The WIMP crisis from direct detection

e \Weakly Interacting Massive Particle

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

IR S|

£5%

PULES

ES

DM

DM

=2}

CDEX: Ge, 1g&;
DEX PANDAX: Xe,

=k SN N v

=
=

——
—l

=
==

Direct detection
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The WIMP crisis from direct detection

e Null regult from direct 107 B <o
detection - ‘ __CRESST (Surf)
. . 10—36
 Maybe discovery In the — CELAEISS (S
COrner? g 10" — NEWS-G
g 10740 ‘ \ IMQMA[/)IE\/HC DAMA/I AL
* Neutrino floor and 3 \‘\\ =z
. . 10 \ uper a8
beyond: directional .. p CENONIT (57 N N L WSS - %
e —44 / 00 L
. . U 0 = v-floor — : — XENON XENON\T
* The rise of light dark 146 —_—
matter (S 10 GeV) o E
- Il| | | lllllll | | lllllll | | lllllll | | lllllll | | L L L1l
e \\e focus on EW scale 10 0305 1 3 5 10 3050 100 300 1000 3000 10
(> 10 G eV) WIMP mass [GeV/c’]

APPEC Committee Report: 2104.07634
X1 {E 20
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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

21



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)

X (=



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)
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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)-

25



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
pULES See also WL Guo, LY Wu et al 2010; B Li, YF Zhou 2015 56



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

XM= See an extension from Honghao Zhang et al, 2109.11499 27




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™";
—~~ 10 > = 13 T V, 293'1 39 fb = Bgisted dijet+ISR, 36.1 fb";P(LB 788 (2019) 316 — 10 1 - A A fi-- ] Dijet+ISR, 79.8 fb'; PLB 795 (2019) 56
- = Boosted di-b+ISR, 80.5 fb™'; ATLAS-CONF-2018-052 _— —_ O C Boosted dijet+ISR, 36.1 fb™'; PLB 788 (2019) 316
O JUly 2022 i - - _39 bt D Boosted di-b+ISR, 80.5 fb™'; ATLAS-CONF-2018-052
S L A39 — tf resonance O 10 geuly =
10 ~— D filresonanced = ff resonance
- \\ 36.1fo™"; EPJC 78 (2018) 565 ) XENON1T MIGD B
D s O _40 Emiss 3¢ 36.1b™"; EPJC 78 (2018) 565
C 40 bb resonance =2 10 Tt — bb resonance
= 10_ 139 fo JHEP 03 (2020) 145 139 fo'; JHEP 03 (2020) 145
SN

— B4 X

f— E_rplss_'_x \?; 10—41 ?

()] ss ;
D o ET +jet, 139 fb'; PRD 103 (2021) 112006 ET**+jet, 139 fo''; PRD 103 (2021) 112006
5 1 O_ 41 | _ ET%4y, 139 fo; JHEP 02 (2021) 226 © _49 \ ET**+y, 139 fb™'; JHEP 02 (2021) 226
= Er *+V(had), 36.1 fb™'; JHEP 10 (2018) 180 1 O DarkSide-50 Diiet ET**+V(had), 36.1 fb™'; JHEP 10 (2018) 180
5 ET°°+Z(Il), 139 fb'; PLB 829 (2022) 137066 ;)._7 J ET *+2Z(Il), 139 fb™'; PLB 829 (2022) 137066
42 1~ XENON1T 10743 — XENON1T
1 O PRL 122 (2019) 141301 PRL 121 (2018) 111302
! b onance] — LUX 1044 — PandaX
1 0_43 PRL 118 (2017) 251302 PRL 127 (2021) 261802

— DarkSide-50

PRL 121 (2018) 081307

— XENON1T MIGD

PRL 123 (2019) 241803

10°%
107*°
1074
107%

107%

Vector mediator, Dirac DM
9,= 0.25, g, = 0, g = 1

ATLAS limits at 95% CL_ direct detection limits at 90% CL ATLAS limits at 95% CL, direct detection limits at 90% CL
IMITS % , Al % AR | MY | PR |
N 1 f y 3 3 3 al N f 1 y 3 3 a3 al N 1 N y 3 3 a3 al 3
5 3 1 10 107 10
1 10 10 10
GeV m, [GeV]
SUE m, [GeV] 30

Axial-vector mediator, Dirac DM
g, = 0.25, g, = 0, g = 1

10°%

_I'I'ITI111] IIIIlmI |||||I11| IIIIII|'|| LILILLLL
||||||||| llllll,lll 1 1111

IIIIIIII| lllllllll ]
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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 models) 39



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 (=

33



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
AMS anti-proton excess vy
Fermi Galactic center excess I — hh

102 103 10*
Xl {£ m,, [GeV] Planck 2018



1 Z 18]35 5C 50 PRl

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% [ R 1
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 »F
= 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) 35




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)
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Summary
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Outlines
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e DM evolution can be deeply affected by the

PULES

DM properties and cosmological evolution

A d o =

Insert Draw Design Layout References

thermal history of the Universe

e DM properties at freeze-out may be
different from today

e DM mass, stabillity, interaction couplings,
decay and annihilation channels, rates
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Variant: transient annihilations

e |fitis the DM-SM mediator, and the
mass variation happens near DM
freeze-out, what happens?

_ 1 /
Lo=1 (@) —my)p—-F F* +eeA,Jk

4 |94 M €11

V(D) = p2|® | + Ay |

e [oday, m, is much larger than mpy,

PULES

ma' (0) = myg

>

O

O | 2mom

0

7,

©

= MpMm

m=0 ma' (T)=0
low T (today) Ty high T
T (GeV)

K. Hashino, JL, X.P. Wang, K.P. Xie 2109.07479 PRD
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Variant: transient annihilations

e The annihilation channels divided into
two categories:

Transient secluded: (yy — A’A’) my = m,
(py — A'p) My = 2ml// — My,
Transient resonant: (yy — ff) my = 2m,.

pLE:

ma' (0) = myg

>

O

O | 2mom

0

7,

©

= MpMm

m=0 ma' (T)=0
low T (today) Ty high T
T (GeV)

K. Hashino, JL, X.P. Wang, K.P. Xie 2109.07479 PRD
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Transient annihilation
py — A= ff

A/

r=mydmy,
1074
107
. =
* Relic abundance S
10° 3
2 : \
y=1 A g 8aMpl (r2 B 4)1;nz<‘1/” 10 * my=20 GeV, mp 0=60 GeV, \\
<"V 5 am, " - n=2,e=18x107%, go=3ee, Vk =100\
2 \ :
10-12: ‘QDMh, —0,-12, | ‘\_.
1 10’ 102
X

XIJ £ K. Hashino, JL, X.P. Wang, K.P. Xie 2109.07479 PRD 44
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Transient

* Transient resonant
annihilation only happens
IN the early universe

e No Indirect constraints

e Collider and direct
detection constraints
are evaded

e Can be soon tested in
the future

]

@\

ogrlcm
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Transient resonant: n=2, g4= 3€e, mp =3 my, ﬁ =100
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