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The Standard Model
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Our Solar System
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Early history of DM

We therefore have the means of estimating the mass of theldark mattefl in the

universe. As matters stand at present, it appears at once that this mass cannot
be excessive. If it were otherwise, the average mass as derived from binary stars

would have been very much lower than what has been found for the effective mass.

Kapteyn (1922)
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Evidence 1: Galaxy rotation curves
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Total mass of the local group: Mwy-M31 infall

The Andromeda Galaxy, M31

The Triangulum

The Milky Way ’
-

Small Magellanic Large ‘Hage”m-(
NGC 6822 el Cloud.

Kahn, Woltjer (1959)




Evidence 2: X-rays from clusters

Chandra

https://www.chandra.harvard.edu/xray_astro/dark_matter/




Evidence 3: gravitational lensing
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Evidence 4: Bullet cluster

1E0657-56

N \J

M(total):M(gas):M(stars)=70:10:1




Evidence 5: N-body simulation and DM structure
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AL 25 BR J.P. Dierich etal, 1207.8089, Nature
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DM map from DES
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Evidence 6: BBN and CMB
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Types of matter and ghostly neutrinos stars
less than 0.3% 0.4%

energy in the cosmos

free hydrogen
heavy elements and helium
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dark energy

dark matter
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Primordial Black holes (PBH)
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WIMP, SuperWIMP, Freeze-out (in)
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Sterile neutrino
&P F R VERERRINT B2 —

Q PRFHR% . LSND, MiniBooNE 5
FHIIER-RYEAITTR Leptogenesis ||

g
B
‘ i

O BEYIERIF , warm dark matter Y
O The 3.5 keV X-ray line Sl Sl el
WL
Wi
DB A IS ENLMIARUESE3.5 keV S iFiE
s 0.090 F I’,-"' -------- \‘\\I I MOS data |
E = 0.085|
? §O.O8O-A
§ é 0.32 Eidig,
8
é 0.30f | | | .
33 3.4 3.5 3.6 3.7 3.8
1 2 5 10 50 Eline [keV]
Dark matter mass Mpy [keV] C. Desser, et al (2020) Science.

A. Boyarsky, et al, 1402.4119

_Feng Zhou ITP-CAS 19




____
Axion and Axion-like-particles (ALP)
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Fuzzy DM

Fuzzy DM gEffR/NRIESSKIRZ A B —LL a)RR
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DM may interact with SM particles (weakly)

DM SM SM DM
DM
Dlrect searches Indirect searches Collider searches

L“ Udin viauel

(mass ~ GeV - TeV)

Germanium

h
~\a /evcoil energy
V AT0

oo T (tens of keV)

£

Connecting the three type of detections may not be straightforward
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DM indirect detections

Advantages
Soaenaigy plotans s B Probe DM annihilation, test the WIMP scenario
Quarks X S
s S B Tiny signals enhanced by huge volume of the DM halo

I/I

A m’:,’;,” *@ _nm.on, B Many observables: CR leptons, hadrons, photons in multi-
wave lengths. Both energy spectra and morphology

gosamao rays
: - Neutrimos . .
* —@ ; . B Already place stringent constraints on DM

" I.eolons

Antiprotons

sopusymmetrc @) 1, Pg j| Difficulties
S 4% B Hard to distinguish DM “signal” from “background”

B Information lost of charged CRs (after propagation)
— spectrum change du to E-dependent propagation,
— convection, re-acceleration, E-loss
— anisotropic source -->almost isotropic signals
P Significant uncertainties in theoretical predictions

'\?““‘“n — models of CR propagation,
— distributions of ISM,
— interaction cross sections,
— Solar modulation

Diffusion model

Galactic disk







Introduction: propagation of CRs in the Galaxy
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i-Selar.modulation
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Li & &
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Solar systeﬁ

1 1
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Nuclear charge

Source of CRs: SNRs, PWNe, AGNs, DM ...

High B/C ratio: CRs trapped in the Galaxy for millions of years! (C+ H> B+X)
Random magnetic fields: CRs move randomly in the Galaxy
Diffusion approximation: CR diffusion halo: R,~20 kpc, Z,~1-5 kpc with isotropic D,

Diffusion model

Galactic disk




Cosmic-ray transportation equation

l diffusion ]'[ convection E-loss
p. N y. )
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fragmentation decay | | source

Sources of CRs Uncertainties
Primary sources from SNR, pulsars . pistribution of primary sources

Primary sources from WIMP « Parameters in the diffusion equatior
Secondary source from CR fragmenta}iofoss sections for nuclei fragmentat
Processes in Propagation . Distribution of B field

« Diffusion (random B field) + Distribution of gas

Convection (galactic wind) Approaches

* Reacceleration (.turlc.)ulence) « Semi-analytical:two-zone diffusion r
* Energy loss: Ionization, IC, Synchrotrop, Nymerical solution using realistic

bremsstrahlung , | astrophysical data.
« Fragmentation (inelastic scattering) GALPROP/Dragon code
« Radioactive decay (unstable species)

Solar modulation 77




AMS 02

FHIF B F R E (PAMELA, AMS-02)

AMS results on the Positron Fraction
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Dark Matter model is based on J. Kopp, Phys. Rev. D 88, 076013 (2013).
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Plastic Scintillator Detector
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Stringent constraints on DM interpretations

CMB . Galactic Center
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pulsar interpretations: challenges from the HAWC data

HAWC show upexpected slow diffusion of electrons from Geminga and PSR B065
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CR antiprotons

3 .
Ear £l CR antiprotons
1 0 B Pulsars unlikely to contribute
_ 47 AMS02 (2016) s uisars - y _
.y ;:3% 3-100 B Cooling is less important compared with
S T < T
o 3 - 61 go that for electron
" Lp ! . B SNRs still possible sources , but strongly
E’é 21 ' % Joso s &% correlated with proton spectrum.
& 1 : 0000, P Ele B More sensitive to propagation parameters
19 °00 = .
f° oo, and DM profile
T T
10 10° 10’
|Rigidity| [GV]
AMS-02 data roughly consistent with the background
103 : . : , .
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e‘ ]075 ; —— PAMELA2014
105 — TFiducial o —o— ANMS-02
] Uncertainty from: === Cross-sections - e
Propagation - MAX
I Primary slopes i
Solar modulation 10'6_1 TR ol : wa‘z )
107° 1 5 10 50 100 10 Enerdy[GeV] 10
Kinetic energy T [GeV] H.B.Jin, Y.L.Wu, YFZ, 1504.04601, PRD



33
Possible excesses and DM interpretations

10 TeV DM?

Conventional, qq | Conventional, qq

—~ PAMELA2014 |~ PAMELA2014

M
107 __iAMS"’z e P | 4 Awsa2
E background [- — background i}*
: —— DM+background ; E —— DM+background yﬁ'
& : ---DM ;1 :---DM t{
e e :
o - 2g) ",— , |
?/I/ High energy
107 A

excess ?

| 1 \

10° 10

L1l -6 Lol Lol h"lllllllll
10 N ?
10 ! i':onergy[Gel\(;]

H.B.Jin, Y.L.Wu, YFZ arXiv:1504.04601, PRD

Low energy excess: 40-50 GeV DM to 2b, thermal cross section, consistent with GC
High energy excess: 10 TeV DM annihilation into 2W, 2b, boost factor ~10-100

Giesen, 1504.04276; Ibe 1504.05554;
Hamaguchi, 1404.05937; Lin, 1504.07230
Chen, 1504.07848; Chen,1505.00134
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antiproton “excess”: low-energy region

a 40 excess ?

23
10 3 T T T I LLALLRLLL IR AL IR AL B N R BN R
= ---  Limit dSphs bb, Akermann (2015) 4 - - H -1
i . B
—24 —-- Limit dSphs b, Albert (2016) ' i
10 = - — = 7 ]
5 > -4
e T i 910 = E
210 E- ls - 1
E T [~ ]
2 | Eesoeesey IL B N
& B N
= -2 " ) . _
L10  E--- £
=
~ - ¢ ¢ pbar/p AMS-02 =1
(B: - = Best Fit (¢ =0)
10-27 | - Y =5 — Best Fit with 10,20 |} _|
E —— Limit CR bb with systematic uncertainty 3 10 = —-- Tertiary =
B 1-30 bb DM detection 4 - 3 — DM =
B H = e TN o
- ~ -
10‘23 - .nlz L |||n||3 L Hun|4 vl b il il
10 10 10 10 Te—5

v (GeV] Cuoco, et al, 1610.03071
. . ~ Cui,etal, 1610.03840
Reduce to 2.20 (global 1.10) after including uncertainties in hadronic cross sections

1071

R0, [GVm 75T 5]
3

10 50 100 500 1000 ie: NPT,

1 1

Ll
102

mou [GeV] Reinert, Winker, 1712.00002

u ITP-CAS 34




____
heavy CR anti-nuclei
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production threshold: 17m, (antideuteron), 31m,
(antihelium)




heavy anti-nuclel

Spectra feature of secondary anti-nuclei

m Highly boosted after production
production threshold: 17m, (antideuteron), 31m; (antihelium)
low binding energy - less energy loss
leave a low-energy window (<GeV) for exotic contributions

fast falling of primary CRs ~E-27

leave a high-energy window (>100 GeV

exotic contributions 610 Secondary
Major source of uncertainties ' high-energy J
m DM profiles (NFW, Einasto, Isothermal, .. '

(72}
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§ ] WMo ow

B CR propagation models (MIN, MED, MA> & ¢

g 107
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_______ heavy DM
———— m=5,10, 20TeV
Wino DM

m = 500GeV

BESS limit

B Models for anti-nuclei formation
— potential models
— coalescence models
— thermal models

llllll 1 1 IIIIII’]
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Kinetic Energy per Nucleon [GeV/n]
Aramaki, etal, 1505.07785




Formation of heavy nuclei: the coalescence model

The coalescence condition:
relative momenta must be small enough

The coalescence model: A=2 case ,
Main features

ki T ks — krl| = \/(AIZV — (AE)? < pp, Emphase-space model, no
dynamics

B extremely simple (only one
parameter po), but describe with
the data very well

W coalescence rate ~ pp3A-D),
uncertainty in po can be

ant¥neutron amplified

» k.

j
Z
d3N &N, EN\Y L L L
P
model prediction (assuming no correAIatlons)

dNg B @ mg 1 dNj7 dN—

the coalescence parameters Bp




Formation of heavy anti-nuclei: the coalescence model

Determination of p? for anti-deuteron
The coalescence model )
Fitting py to data on d production

B no dynamics (phase-space mo B

Herwig++ (tuned)

B only one parameter pg CLEO, ALEPH, ZEUS Het
B coalescence rate ~ py@A-D ALICE (pp) ey et 17 Tev
The case of anti-deuteron 25US (e et | ayg quy
3
- _ ALEPH (Z decay) R~ AT 191.19 GeV %
ks — kall = /(AR — (AE) <55, s
ISR (pp) e A 53 GeV
Energy spectrum of anti-deuteror | Basar (e P 110,58 GeV
e PYTHIA 6/8
dN; Pg mg 1 dN; dN; CLEO (T decay) il - Herwig++ 9.46 GeV
dT> 6 m-m- — dT- dT- 50 100 10 200 250
d Mty \/]‘,é2 + 2ded " P Coalescence momentum po [MeV]

. . Aramaki, etal, 1505.07785
The case of anti-helium

B Use the relation between nuclpii = (py°/ps) Py = 1.28 py = 0.246 £ 0.038 GeV.

® Use binding energy: e = [ E°% | ED pP = 0.357 + 0.059 GeV.
B Use Exp. data ( e.g. ALICE, but energy scale Is too high)
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AMS-02 antihelium-3 candidate events

AMS-02 (2016)

[oaa]

[ Levels |

> Y

Momentum = 40.3 2.9 GeV/c

Charge =-2
Mass = 2.96+0.33 GeV/c?
Velocity = 0.9973+0.0005 c
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AMS-02 antihelium-4 candidate events

anti-*He track in Y-Z bending plane
[ [ | 1
| \ | | ) -
I r—— _— /
m
\ Charge = -2.05 * 0.05
\ Momentum = 32.6%2.5 GeV/c
Velocity = 0.9930%0.0007 ¢
- Mass = 3.81%+ 0.29 GeV/c?
-ﬂ
=
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The case of anti-helium

The coalescence model: A=3 case (antijhelium)

ki T
HAti-proton  gnti-nautron
Py ?
o » k.
Definitions of p0 k
B minimal circle
dcirc — l1l2l3 < p?

\/(ll + ZQ + lg)(—ll + l2 + lg)(ll — 12 + lg)(ll + l2 — l3)

B absolute difference for each relative momenta

ki — kil < pos, (i # J).
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Coalescence momentum of anti-Helium

Indirect approaches

B Use the relation between nuclpgy = (p5°/pg) po = 1.28 py = 0.246 + 0.038 GeV.
pis = A/ By /EP py = 0.357 +0.059 GeV.

M Use Exp. data ( e.g. ALICE, STAR)

B Use binding energy:

Direct approaches
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10_3 E E ’ -
107 E - Iil E
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Significant uncertainties arise when extrapolating to low energies

ALICE data is for E.,=7 TeV, to high for CR anti-helium production
Ecn =7 TeV I .
- - collider production
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energy scale relevant to CR anti-helium production
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Predicted secondary backgrounds
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Theoretical assumptions commonly adopted

 Velocity distribution of halo DM (Maxwellian-Boltzmann ?
Eddington’ s formula)

Smooth local DM energy density (rho=0.2-0.7 GeV/cm* 3)

Form factors (Helm etc.)

Contact interactions (heavy mediator, no g”2 and v-dependences)
Elastic scatterings

Isospin-conserving interactions (for SI cross-section)
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DM local velocity distribution
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Two frontiers of dark matter direct detection experiments

WIMP—-nucleon cross section [cm?]
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DAMA vs. COSINE

Drukier, Freese, Spergel PRD86 10 g

Freese et al. PRD8S < F o NAAD (2000-2009)
E C eesssssss DAMA-Na Savage et al (3o, 2009)
o L mmeeaa. DAMA-I Savage et al (36, 2009)
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8

[ COSINE-100 90% expected (16)
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The Xenon-1T experiment

(LXe TPC)
time
GXe
drift time
Lxe (depth)
Incoming particles: ¥

nuclear recoils (NR)
(WIMPs, neutrons)

electronic recoils (ER)
(gamma, beta, axions and

ALPs!)

S2

S1




.
Response of the LXe

e Total number of quantum for given Ty s Tonization (n )

N, = N.y + N; = Bino(Ty /W, L)

work function W = 13.8 eV. Ey Scintillation (n, )
e The Linderhard factor
_ kg(e)
1+ kg(e)

e Number of ion

N; = Bino(N,, 1/(1 4+ (Nex/N;)))
Nea: — Nq — Nz

e Number of electrons and photons

N, = Bino(N;,1 —r)
N, = Ney + N; — N,




.
S1 and S2 signals

Thomas-Imel box model for recombination factor r

In(1 4+ N;s/4)
NZ§/4
averaged signal numbers

(r) =1~

(N)) _ L {r) + {New/N)
T W 1+ (Nex/N;) ’
(N L 1-(r)

TN W 1+ (Nex/N;)

signals are converted into PEs at PMTs
gain factors for S1 and S2: g, (x,v,z) and g,(x,y)
gain factors for spatially corrected signals: ¢cS1 and ¢S2,,: g; and g>




S1/S2 signals and recoil energy
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Nuclear vs. electronic recoill

220 Rn generator
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| I |
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80

Xenon-1T, arXiv:1906.04717




Xenon-1T one-tone year results: nuclear recoll

ROI (4.9—40.9 keVnr)

Il ER M Surface Neutron I AC B WIMP
8000

~

4000 Electronic recoil

2000

CSZb [PE]
o
S

400p. Nuclear recoil ]

2 00 .. .

I., I..:.l I... .I i :I. . I: o .I
03 10 20 30 40 50 60 70
cS1 [PE] Xenon-1T, arXiv:1805.12562
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Xenon-1T electronic excess ?
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Background: .
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Xenon-1T, arXiv:2006.09721 Energy [keV]
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Signals vs. Backgrounds
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Excess between 1-7 keV
285 events observed

VS.

232 events expected (from best-fit)

Would be a 3.30 fluctuation

(naive estimate — we use likelihood ratio tests for main analysis)




____
Tritium background (H,/HT) ?

(a) Tritium

1aof — wym, ' | ~.»u4 O Tritium favored at 3.2 sigma 159 events/t.yr
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Probing DM-proton scattering through DM annihilation

v v
VA/X X
W N
Capture
%

Earth

AMS-02

not to scale

Anihilation > Scattering
O DM-nucleus scattering lead to DM

capture
O caoture and annihilation reach

N X — Ccap + C’sel’f]\] X Cann
C t
Nx = “P tanh —
X Cann 7-
Observables

O direct escape: neutrinos

O through mediators: electrons/positrons
Constraints

0 <10 cm? @ 100 GeV (2x>2t) Super-K
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.
DM-proton scattering in the Universe: CMB

Consequence of DM-proton scattering 400000 yrs ago
O Distortion of CMB spectrum
O Suppression of small sale structure (drag force)

Constraints: 0 < 1027 cm?2 @ 1 keV

11 T T
1077 ¢ LUX - - This work
. 10_14 _(mmm XENON 1T (without Helium Scattering) |
" (-17||Wem CRESST-I —  This work
O, p CRESST v-cleus (with Helium Scattering)
= 1072 L xC E
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= 1072 5
2. 10-%2 N S S S S S —
_60 . @ 10 o AR -1 == Planck 2015, spin-independent (this work) B
= 107 8 )3 I 1 : | — Planck 2015, spin-dependent (this work) ]
T': 10—38 O 10_ e ~=  Spectral distortions (Ali-Haimoud et al, 2015) [
5.1 _41 i : : Planck 2013 (Dvorkin et al, 2014) i
n' 10 107291 S - : i
m E 3 : Planck 2013 + Ly-o (Dvorkin et al, 2014) ]
10 i | | ===+ COBE + 2dF (Chen et al, 2002) ]
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my [GeV] particle mass my

Gluscevic & Boddy, arXiv:1712.07133

.ng Zhou ITP-CAS 63




DM-proton scattering in the Universe: Structure formation

DM-proton scattering damp structure perturbation
Distribution of dwarf satellite galaxies is modified
0 < 6x1030cm?2 @ 10 keV, (<10-27cm2 @ 10 GeV)
The upper limits scale with DM mass as m/4 for m

<<1 GeV
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DM-proton scattering in galaxies: Gas cooling

DM above KeV has a temperature higher

than the coldest atomic gas
N T My e \?
T,~mvi~10 K(MGV) (10_3) :

DM-proton scattering heat the gas and
change its cooling rate

0 < 10-@3-25¢m? for a large mass range
10-23 eV -- 1010 eV from dwarf galaxy
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Wadeker & Farrar, arXiv:1903.12;



CR-DM scattering: CR spectrum distortion

CRs will hit halo DM before escape if

§
E
i ~ 2% 1073 em? My '
O1—int x 1077 em (keV> 10 GeV

CRs will loss most of the energy if

Xp E 0—1
Oloss ™ 2 X 10_26 (10 GeV) Cm2 )

Constraints
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CR-DM inelastic scattering: gamma-ray production

Inelastic process : xp> XA > xp Y

CR propagation in the extended halo 07 P =—
dN g ] oyp = 1072 cm?
0 — v [D( )v (a;. t E’ )] + Q($ t E ) C"g 10’6§¢+ _____ ¢ Fermi IGRB
dE, S
: : =107
Lorimer profile of sources $
= -84 == my =2m, s
Q(R,t,Ey) = Qo E,** R*® exp(—R/1.528kpc) f(t), & om0,
e (5) A T T I
Results depend on the diffusion B, (GeV)
coefficient o Dy L 1 e
0 < 1026cm?2 @100 MeV ] e
- Spin-Dependent Scattering, fn = fp o Spin-Dependent Scattering, f, =0 5 10 +H++ °e # Fermi
. T ; ..‘. .
102 ot —my :gg% JREXT *
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S el R VIR TTIM T
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Direct detection: the future ?

o= (K=E)

0 BREBRASuprfluid helium) : BF3&L

O WEHERER ( chemical-Bond breaking ) : DFEfR . GIATEE

QO oFBIESKE(spin-flip avalanches) ( magnetic bubble chambers, Zeemanz{ih, )
FTHN

QO CCD #HNg§ (SENSEI, DAMIC-1K)

Q ZFRPEEMENE (CYGNUS HD-10 )

Superfluid Helium Photon emission

Chemical-bond breaking

NR
1 keV 1 MeV 1 GeV
| | | . DMmass
I | I (scattering)
meV 1eV 1 keV
] | | . DMmass
' | ! (absorption)
ER
Superconductors Semiconductors Noble liquids

Scintillators 2o aroBattaglieri , et al, arXiv:1707.04591
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M RN SESS _E RN B Y5

HEEREEEFELZ (UHECR)  kBFEHPHRS8EHIINESS ( supernova, AGN )
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Q WNREBFEHZEEE 7% B2 (TTHE "’R" KLILE)

O FHEINEVIEREZZHT GZK gl : 1020 eV
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Xu, Xia, YFZ, 2009.00353
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CR primary: all electron flux

Fermi-LAT, AMS-02, CALET, DAMPE, HESS. not in full agreement
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The origin of a sharp electron structure

B Burst-like sources ( astrophysical sources): spectrum-shrinking
PWNe, SNRs

B Continuous sources ( DM-like sources): spectrum-broadening
— Point-like sources

Mini-spikes around IMBH Bertone, etal, astro-ph/0509565

Ultra Compact mini halos (UCMH), Scott, Sivertsson 0908.4082

Dissipative DM, Agrawal, Randall 1706.04195
— Extended sources

DM subhalos (suggested by N-body simulations)
Smooth Galactic DM halo

Discrete nearby sources may reveal themselves through structures in CRE flux
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1) Spectrum broadening (for continuous sources)

Continuous sources inevitably expand

Injection spectrum

Q(r,E) =~ Qoé(E —Ey)s® (r) -
Spectrum broadening

_ QuE? e
f(rE) = 73 /200r3(B) P (_7‘3(—E))

E3®(E) [GeV’m2s'sr']

Width determines distance !

L Continuous
| point source

(Mini-spike)

-
o
N

----Background
—r=0.1kpc
—r=0.2 kpc
—r=0.3 kpc

E [GeV]

before after

B . <1800
T [ ) F
:I: | |—r=0.1kpc g; E
43 w1700
S | |---r=0.5kpc :
é r=1.0 kpc g
g 1] )
Tu

" |—68% C.L.

--95% C.L.

r < 0.3 kpc

107
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X.J.Huang, W.H.Zhang, Y.L.Wu, YFZ, arXiv:1712.00005 i




_____ .
Sources of backgrounds for electronic recaoil

No. Component Expected Events Fitted Events
i 214 pp (3450, 8530) 7480 + 160
ii SO Kr 890 + 150 773 £ 80
iii Materials 323 (fixed) 323 (fixed)
iv 136X e 2120 £ 210 2150 &+ 120
% Solar neutrino 220.7 = 6.6 220.8 + 4.7
vi 133Xe 3900 + 410 4009 + 85
vii 13imy o 23760 £ 640 24270 £ 150
1251 (K) 79 + 33 67 + 12
viii 12T (L) 15.3 + 6.5 13.1 + 2.3
1257 (M) 34+ 1.5 2.94 + 0.50
ix SImKy 2500 £ 250 2671 + 53
124Xe (KK) 125 + 50 113 + 24
X 124Xe (KL) 38 + 15 34.0 +£ 7.3
124Xe (LL) 2.8 + 1.1 2.56 + 0.55




Cosmic rays (aurora borealis )
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