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Observational evidence for DM
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The dark matter in astrophysics/cosmology

» DM energy density scalesas p x a™>, @ = (p/p) =0
. —4 I 0
. Radiation: p. x a™, @ = g; Dark energy: p..x a”’, w = — 1

e Massive, interacting gravitationally

 Neutral, not quite interacting with others, collision-less

e Stable

 Local DM energy density ppyy ~ 0.4 GeV cm’
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ALY ER B S BV

e No body knows what DM
IS

e Not in Standard Model

* [here are good guesses

Not neutrinos X
XIJ{E PKU

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

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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J=103L
EEIESYEL =t yiloR
) 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]

2002.12778 [Rept.Prog.Phys.]

1045 1050 1055

1040
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o HBERIETHELREY),

o 5i-F

o l5C+F (Dark photon): FlEEIZ A4

2R EY I ES =Yl a

[\ |

A

o FEtREHIF (Dark scalar): FIEXKF

o A RFEE: Misalignmenttf|#l=E

o MNIEmNAL:

Y NN A
Bt SR T FRAVGR I TR F

)

1 (Ultralight Dark Matter)

M=+ MFEKTBlewds, KETEZEZARIEDM
=, BERTIEIZZfCRYEELT

p==lik

S, FERTIE)ZZERY,

Dark sector
dark matter
dark Higgs(S)

5dark sectorfiF

HE{ERIESE

SM sector
matter
gauge boson
Higgs
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WIMPHRSY) BRRIFRIE %%AM%IJ

e FUBIE S ENEES BBEEEERENGEIMS  (ov) ~— ~3x10%°cm’s™!

miy
Annihilation MRz & 79 WIMP miracle

o
. o
8 o

Increasing <o,v>
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e
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Jungman et al hep-ph/9506380
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o BANBEIEMRZRERE
o FEEUVIEERE URFEHD MR
o FEIIBEARRYENEIHE
o SinERBEAMN LRI

Accelerators

e (v decoupling, np/nn ratio,
nuclear elements) e S—

o ¥E T B/ Biz/NENNZKES
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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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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%

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

* Null result from direct 1072 g T
. N\
detection - Ja, __CRESST (Surf)
e Maybe discovery in the 1075 ey,
Y y — O/v,} . EDELWEISS (Surf)
corner? = 10" \\ _NEWSG
— i DAMA/Na
| § 10740 CRESSTE | \‘\“ <_DAMIC DAMA/ SRR
e Neutrino floor and 3 Ny, “\\ z
beyond: directional .. 7 CENONIT (57 N N EDELWEISS Darkside: S
AT s
— / YEN
. - o _ v-floor N — XENON\T
e The rise of light dark {046 ” — __— .1
matter (S 10 GeV) o
—50 II| | | Illllll | | Illllll | | Illllll | | Illllll | |
e We focus on EW scale 0.1 0305 1 3 5 10 3050 100 300 1000 3000 10*
2
(Z 10 GeV) Extending Dark Matter Search PANDAXEEE@J:B%TEEI@@WMP mass [GeV/c’]
Down to Sub-GeV Mass Range AR R APPEC Committee Report: 2104.07634
BRI A = 2k
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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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The way-out from direct detection limits

e 1. Secluded dark matter (dark sector)

e \Very small coupling to SM sector

Annihilation

SM

<
SM

Dark mediator
with very small coupling to SM

20



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

MAI [GGV]



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

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)-

23



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
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 =" -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
See an extension from Honghao Zhang et al, 2109.11499 05



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!

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

e Collider searches

* Not suppressed by small velocity or small
momentum transfer

* Not suppressed by small dark matter mass

— 107

= 1038

10739

y-neutron

10740

N

Osp

107%

1074 i

107%
10°%
10746

1 0—41 ,

ATLAS \Ereliminary \

s=13 TeV, 29.3-139 fb’!
July 2022

\\

——

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

IIIIIIII| lllllllll ]

ATLAS limits at 95% CL, direct detection limits at 90% CL

T 10

102 10°
m, [GeV]

— Dijet
Dijet, 139 fb'; JHEP 03 (2020) 145
Dijet TLA, 29.3 fb™"; PRL 121 (2018) 081801
Dijet+ISR, 79.8 fb™'; PLB 795 (2019) 56
Boosted dijet+ISR, 36.1 fb™'; PLB 788 (2019) 316
Boosted di-b+ISR, 80.5 fb™'; ATLAS-CONF-2018-052

— tt resonance

36.1fb™"; EPJC 78 (2018) 565

— bb resonance
139 ﬂ?"; JHEP 03 (2020) 145
— BTy X

E™°+jet, 139 fo™'; PRD 103 (2021) 112006
4y, 139 fb™'; JHEP 02 (2021) 226

**+V(had), 36.1 fb™'; JHEP 10 (2018) 180
ET®*+Z(Il), 139 fo''; PLB 829 (2022) 137066

— XENON1T

PRL 122 (2019) 141301

— LUX

PRL 118 (2017) 251302

e Future: Collider + Direct detection searches

e 15 years data from LHC

e All the way down to neutrino floor

S 10_37 — T T " ; 3
ATLASPretimine - x

L. 100 13 Te\. 20 -1

C - -

o 10°° uly 202

@ t resonance

S =N XENON1T MIGD |

2 107 ET+X

3; 10741 —=

© 10

10743

1074
10°%
107*°
1074
107%

_I'I'ITI111] IIIIlmI |||||I11| IIIIII|'|| LILILLLL

:

N\

DarkSide-50

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

ATLAS limits at 95% CL, direct detection limits at 90% CL
N 1 " A | N PR TR SR AN A A W | N PR TR N N A A |

| |||||||| 1 lllll,lll 1 1111

1

10

102

10°
m, [GeV]

— Dijet
Dijet, 139 fb™'; JHEP 03 (2020) 145
Dijet TLA, 29.3 fb™'; PRL 121 (2018) 081801

Dijet+ISR, 79.8 fb™'; PLB 795 (2019) 56
Boosted dijet+ISR, 36.1 fo'; PLB 788 (2019) 316

Boosted di-b+ISR, 80.5 fb™'; ATLAS-CONF-2018-052

— tt resonance

36.1 fb™'; EPJC 78 (2018) 565

— bb resonance

139 fb™'; JHEP 03 (2020) 145
miss

E?fssﬂ'et, 139 fb'; PRD 103 (2021) 112006
4y, 139 fb™'; JHEP 02 (2021) 226

**+V(had), 36.1 fb'; JHEP 10 (2018) 180

ss+Z(Il), 139 fo'; PLB 829 (2022) 137066

— XENON1T

PRL 121 (2018) 111302

— PandaX

PRL 127 (2021) 261802

— DarkSide-50

PRL 121 (2018) 081307

— XENON1T MIGD

PRL 123 (2019) 241803
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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)
30



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,

31



Lower mass bound for thermal DM

e | ower bound from Nesfat CMB

e Light 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.

= = Dirac

= = == Complex -
N — — = Majorana
Real

e

Boehm et al: 1303.6270 (JCAP)

50
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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
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



1 Z 18]35 5 PR &l

e CMB limits only works for DM mass < 10 GeV

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

10~23 ¢

~~~~~ .
b 2 E
=
Fermi -
Lol T T
10 102 10
my, [GeV]

10723 ¢

Leane et al: 1805.10305 (PRD)

\NY)

R40: NFW (annihilation)

I LI IIIIII T T -_ 10_26- — : : .
~ . —— DAMPE 5.0 yr: stat+sys :
. [ DAMPE 5.0 yr: stat :
= g 9 = _ FT | —-= Fermi P8 5.8 yr: stat+sys st ]
- o 95% Containment X .’\\_
b 5 68% Containment 4 WA
T > 10727 MW/ \I
2 s v
3 E E 1A AR ‘
~~~~~ U IS / e <k
e S K — e e o e ———— - - - = VAW I \/-;
E N /- .
- e & = \ ARV -/
= 3 a W/ A ’ \/ J
g 1072t Aa A AFLS
¥ ; Vrncl T g
. L (i -
L i J \ \/
- = o N\’ y
? I /
AMS >
1 b il 1||||||2 ] L1 1111 3 10—29__
my, [GeV] my (GeV)
/o' T =< 7A kw2
'lE‘P jt%i&—ﬂﬁ"]?ﬁﬁﬂlg
=t _ . .
E|| &y B=E I AE:2112.08860 (Science Bulletin) 34



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

C

—19 :
10 m
=
=
b
{4l 1
>
10—21 ;
Z /Q\;\:‘O
o /\ N
™ —22 e
= 10 e
S g
=102 _
4
[} i |
10—25 _
10- L s e s e e s |

- 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)
36
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DM properties and cosmological evolution

e DM evolution can be deeply affected by the

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

T. Cohen et al, 0808.3994

M. Baker, J. Kopp et al, 1608.07578, 1712.03962, 1811.03101
Kobakhidze and Schmidt et al, 1712.05170, 1910.01433
Hektor et al, 1801.06184

L. Bian and Y.L. Tang, 1810.03172

L. Bian and X. Liu, 1811.03279

L. Heurtier et al, 1912.02828

H. Murayama et al, 2012.15284

B. Batell et al, 2109.04476
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Variant: transient annihilations

* |fitis the DM-SM mediator, and the — T
mass variation happens near DM
freeze-out, what happens? -
_ 1 : O | 2MoM
Lq=1 (i) —my) ) — ZF/;VF,W +eeA Jb,  w
©
= mpm
V@) =pi|@"+ 4@
m=0 ma' (T)=0
low T (today) Ty high T
e Today, m,.Iis much larger than mpy, T (GeV)

K. Hashino, JL, X.P. Wang, K.P. Xie 2109.074/9 PRD ag



Variant: transient annihilations

 The annihilation channels divided into my (0) = mo
two categories:

>
)
Ol Zmom

Transient secluded: (yy — A’A’) my = m, 7
(©

(py — A'p) my = 2m,, — my, e )" S (N,
Transient resonant: (yy — ff) my = 2m,.
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 4



Transient annihilation
py — A= ff

A/

r=my/m,
1072
10~
* Relic abundance o 0
2 >~ 1078
3
02y 84Mp1 l—n
Yol ~ S« 247 (rg—4) " k71"
5 nm,, 10 * my=20 GeV, mp =60 GeV,
= \
- n=2,e=1.8x10", gg=3ee, Vk =100}
O v T ;
10—12E QDMh.zzo.'j‘z. L S WS D
' 10’ 102
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Transient annihilation

* Transient resonant 107 o T
annihilation only happens LHCb)\ [|CMS| |ATLAS (/1)

1 th | . (u ) GW
IN the early universe OMS (/1)

10744

10—45 ‘ .
* No indirect constraints (g 10-46 1\ (IR e
> ST i S
e Collider and direct 2 107
detection constraints 1048
are evaded '

10~49

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

* Can be soon tested in 107800 o -
the future 10 10 10
IIlw[GCV]
K. Hashino, JL, X.P. Wang, K.P. Xie 2109.07479 PRD 4o
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Summary

7 TV 5 H 000 BR

o [EEERNAIRRSI, FTE

=

o HFR AT PIEIENEE

e WIMPREY) PR BY a0 Fep -

47

N T

]

il F 1t AR

J

BRFMAS S BB BER

= 2 0(10) GeV

=

HA 57 B9 B3 A HREE A

Thank you!
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Backup slides
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Transient annihilation

e [ransient annihilation NM
n

. . / /
e is forbidden today wy — A'A
e No indirect/direct detection constraints r = mA,/ n,,
A/
15
1 7
107" A
OV Arqpr ~ 1 — r 1 — I /2
(o0an) % o (1=7) (1= 272) 7
. -2
en 1077 ¢ :
- e Relic abundance Y = npy, /s
3| dY g Mpl'hy,
10 3§ _ T\ 15 o (crv)(Yz—Yezq)
-~ ‘W — — Analytic (Mao=3my) e . mom
10_4'/ - | N - — Num)érlc ém//i 8_3 m:z; Y‘l(x = 00) ~ dx ng p12 y <6V>
' 10 102 10° Tt A
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Transient

wy — A —

A/

i

e Annihilation cross-section

(oV

I;@S ~

7

giee (2 + r*)x

48 27Tml//FA/

\/ r(r’ — 4)xe_(’" —2)x

(ov) [em?/s]

107%

10-%

107%°

1 0—28

1 0—30

1 0—32

10734

annihilation

_ Y —1f

- Numeric

= Analytic[d]

= Analytic[Ax]

* my=20 GeV, ma =60 GeV,

n=2, e=1.8x1073, gg=3ee, Vk =100
20 40 60 80 100

X
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