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• Introduction

Have we seen
Dark Matter yet?

95% of the cosmic 
matter/energy is a 
mystery.



1783 J. Michell light can be affected by gravity

1844 F. Bessel the observed motion of Sirius and Procyon ~ dark stars

1846 U. L. Verrier the anomalous precession of the perihelion of Mercury ~ dark planet

1877 A. Secchi research on a nebulae ~ unseen matter scattered in space ~ dark clouds

End of 19th 
century Lord Kelvin estimated the quantity of unseen matter in the galaxy & presented the 

upper limit on the density of matter

H. Poincare “matiere obscure (French)”

1922 J. Kapteyn a quantitative model to address the possible existence of dark matter

1932 J. Oort analyzed and derived the value of the unseen matter’s local density 

1933 F. Zwicky Studied the Coma cluster ~ high mass density needed to maintain the 
velocity dispersion of the galaxies ~ “dark matter”

1970 V. Rubin & 
K. Ford

The rotational velocities of the spiral galaxies are independent of the 
distance away from galactic center ~ no “Keplerian decline”

An Odyssey of Searching for Dark Matter‭ ( ‬DM ‭) ‬



SNe Ia

LSS

CMB

Concordance region:

Cosmological scale Galaxy cluster scale Galactic scaleObservations 
support Dark 
Matter at

☞

☝



Dark matter cannot be the 
particle in the standard 
model, which has to be:

Dark Matter: 26.8%

Massive

WIMP

Non baryonic

No charge (electric or color)

Stable (τ > 1026 s, τuniverse ~ 1017 s)

Axion
Sterile neutrino
. . . . . .



How to observe dark matter?

4 H. Baer and X. Tata

amongst themselves, leading to the so-called “concor-
dance” model for the universe, the ΛCDM model.
(Here, Λ stands for Einstein’s cosmological constant,
which may be the source of the DE). In the ΛCDM
model, the universe is composed of about 70% DE, 25%
DM, 4% baryons with a tiny fraction of neutrinos and
radiation. The measured abundance of CDM in our
universe[ 5],

ΩCDMh2 = 0.111+0.011
−0.015 (2σ), (1)

where ΩCDM = ρCDM/ρc, with ρCDM the CDM mass
density, ρc the critical closure density and h is the scaled
Hubble parameter, serves as a severe constraint on all
particle physics theories that include a dark matter can-
didate. Since DM may well consist of more than one
component, strictly speaking the relic density serves as
an upper bound ΩXh2 ≤ 0.122 on the density of any
single component X . We now turn to a discussion of
some of the particle physics candidates for the DM par-
ticle X .

3. DM candidates

While the evidence for the existence of DM in the
universe is now very convincing, and while the density
of dark matter in the universe is becoming precisely
known, the identity of the dark matter particle(s) is
a complete mystery. None of the particles in the Stan-
dard Model have the right properties to make up CDM.
Many candidates, however, have been proposed in the
theoretical literature. To appreciate the variety of can-
didate particles proposed, we list a number of possibil-
ities. The range of masses and interaction strengths of
many of these candidates is shown in Fig. 2.• Neutrinos: Massive neutrinos are weakly inter-

acting neutral massive particles and so are nat-
ural candidates for the DM in the universe[ 6].
It is now known that the usual active neutrinos
are so light that they could not give rise to the
observed structure in the Universe because these
would move faster than the typical galactic escape
velocity, and so cannot cause the clumping that
large scale structure simulations require. They
are usually referred to as hot DM, or HDM, and
are likely to be a subdominant component of the
DM in the Universe. There are, however, pro-
posals for much heavier, cold dark matter gauge
singlet neutrinos that are not part of the Stan-
dard Model[ 8].

• Planck mass black hole remnants: It is possible
many tiny black holes (BHs) were produced in the
early universe. Ordinarily, these BHs would de-
cay via Hawking radiation. However, it has been
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Figure 2. Dark matter candidates in the mass versus in-
teraction strength plane, taken from Ref.[ 7].

suggested that once they reach the Planck mass,
quantum gravity effects forbid further radiation,
making them stable, and hence good CDM can-
didates[ 9].

• Q-balls: These objects are topological solitons
that occur in quantum field theory[ 10, 11].

• Wimpzillas: These very massive beasts were pro-
posed to show that viable DM candidates could
have masses far beyond the weak scale[ 12].

• Axions: The symmetries of the QCD Lagrangian
allow the term – L ∋ θQCD

32π2 FµνF̃µν– which gives
rise to CP violation in the strong interactions.
However, measurements of the neutron electric

dipole moment (EDM) require θQCD
<∼ 10−10.

Why this parameter is so much smaller than its
natural value of ∼ 1 is referred to as the strong
CP problem. The most compelling solution
to the strong CP problem – the Peccei-Quinn-
Weinberg-Wilczek solution[ 13] – effectively re-
places the parameter θQCD by a quantum field,
and the potential energy allows the field to re-
lax to near zero strength. However, a remnant
of this procedure is that a physical pseudoscalar
boson – the axion a – remains in the spectrum.
The axion is an excellent candidate for CDM in
the universe[ 14]. Its favored mass range is ma ∼
10−5 − 10−3 eV, where the lower bound gives too
high a relic density, and the upper bound comes



What is the real nature of Dark Matter︖

Beyond the SM

DARK MATTER

DM?



What is the real nature of Dark Matter︖

Beyond the SM

DARK MATTER

?



What is the real nature of Dark Matter︖

Beyond the SM

DARK MATTER

?



What is the real nature of Dark Matter︖

Beyond the SM

DARK MATTER

??



DM DM

SM SM

Direct
detection

DM SM

DM SM

Indirect
detection

SM DM

SM DM

Collider
detection

DM DM

DM DM

Astrophysical
probes

Search for Dark Matter: 

ΩDM:ΩOM ~ 5:1

Relic abundance
ΩDMh2 = 0.1196±0.0031

Some interaction beyond gravitation  



Search for Dark Matter: 

Direct detection:
(underground experiments)

Indirect detection:
(cosmic-ray experiments)

Collider searches:  (LHC)

Space Station
AMS-02



��	�����
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CMDS-II 

DAMA, Xenon 

������� 
 

~2400m



DM SM

DM SM

• Indirect Searches for Dark Matter



PAMELA Fermi

ATIC
Balloon

Satellite

Space Station AMS-02Cosmic Ray Experiments 





 

e+ and e++e- excesses

      

Fermi:       Phys.Rev.Lett. 102 (2009) 181101   
         Online on May 4, 2009
                      arXiv:0905.0025 [astro-ph.HE]
                             
ATIC:           Nature 456 (2008) 362 

PAMELA:  Nature 458 (2009) 607
           arXiv:0810.4995 [astro-ph]

>200 

☞ Anomalies 
Dark Matter ?

New theory of DM on arXiv every day! 

Pulsars ...?
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(9430 e+ collected)

(errors statistical only,
 larger at high energy) 

Solar activity 
below 10 GeV

background

It can discriminate



(9430 e+ collected)

(errors statistical only,
 larger at high energy) 

Steep e+ excess above 10 GeV with very large flux☞

Solar activity 
below 10 GeV

background

It can discriminate



 Consistent with
 the background



An e++e- excess
300-800 GeV

It cannot discriminate
e+ and e-



Fermi’s result:  PRL102(09)181101 
arXiv:0905.0025 [astro-ph.HE]

It cannot discriminate
e+ and e-

Fermi Data
4 million events

conflict with 
ATIC



2011/5/19「奮進號」
（Endeavour）太空梭
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AMS is an International Collaboration 
16 Countries, 60 Institutes and 600 Physicists, 17 years 

The detectors were built all over the world  
and assembled at CERN, near Geneva, Switzerland 

中山⼤学，广州 ! "



AMS02
4/3/2013

4x105 e+ collected

Fermi with earth Mag.F.
PRL108,011103(2002)AMS-02:PRL110,141102(2013)

AMS02 consistent 
with PAMELA 
but not Fermi



PRL(9/19/2014)



PRL(9/19/2014)

PRL(9/19/2014)

PRL(4/3/2013)



PRL(9/19/2014)

Recent&Development&�
PRL113, 221102 (2014)
Nov. 28, 2014



(AMS-02: 290,000 antiprotons selected)

AMS days at CERN: anti-proton on April 15-17, 2015 (S. Ting)

PRL117 (2016) 091103 (Aug. 26, 2016)



(AMS-02: 290,000 antiprotons selected)

AMS days at CERN: anti-proton on April 15-17, 2015 (S. Ting)

H.B.Jin,Y.L.Wu,Y.F.Zhou 
arXiv:1404.04604 [hep-ph]

AMS-02 data  
Consistent with
the background

-

PRL117 (2016) 091103 (Aug. 26, 2016)



Six conditions for the evidence of Dark Matter! (S.Ting)



AMS-2: six conditions for Dark Matter with five seen!

?



AMS-2: six conditions for Dark Matter with five seen!

5. The rate at
which it falls
beyond the
turning point.?



AMS-2: six conditions for Dark Matter with five seen!

It would be 
observed in 

2024!

2016

丁肇中
Talk  at CERN 
on Dec. 8, 2016

?

中國
``悟空’’衛星



Possible interpretations: e+ and e++e- excesses

Astrophysics:  nearby pulsars ......

Particle physics: Dark Matter (DM)

Dark matter decay:  DM        2 or 3 SMs

M ≥ 1 TeV, τ ≥ 1026 s

Dark matter annihilation:  DM DM         SM SM

Note:  



a Kaluza-Klein mass of 620 GeV





Phys.Lett. B675, 77 (2009)
C.H.Chen, C.Q.Geng, D.Zhuridov, JCAP 0910, 001 (2009) [0906.1646 [hep-ph]], 
Neutrino Masses, Leptogenesis and Decaying Dark Matter

 C.Q.Geng, D.Huang, L.H.Tsai, PRD89, 055021 (2014) [1312.0366 [hep-ph]], 
Imprint of Multicomponent Dark Matter on AMS-02

 C.Q.Geng, D.Huang, C.Lai, PRD91, (2015) [1411.3813 [astro-ph]], 
Revisiting Multicomponent Dark Matter with New AMS-02 Data



Background:

Secondary e-(e+) produced in propagation, modeled by GALPROP

The total e- and e+ fluxes are:

DM source terms:

Two$Component+Decaying+DM�

Half%
Density�

ρ(x):	DM	density	distribu3on,	here	we	use	isothermal	profile τi:	DM	life3me Mi:	DM	Mass

DM decay processes:

model-dependent

κ: the uncertainty in primary e- normalization 

e- (e+) diffusion eq. and 
solved numerically by
GALPROP

κ



Fermionic Decaying DM model:
New Particles: 1 scalar doublet η; 
                          2 neutral leptons Nk

+ SM
New particles are odd under Z2 symmetry

3-body DM decays:

C.H.Chen, C.Q.Geng, D.Zhuridov,
 PLB675(09)77 [0901.2681 [hep-ph]] 

A minimal model



Fermi

PPB ATIC
PAMELA

HEAT

MED  propagation

ATIC and PAMELA can be fitted well simultaneously☞



Fermi

PPB ATIC
PAMELA

HEAT

MED  propagation

ATIC and PAMELA can be fitted well simultaneously
BUT Fermi and PAMELA canNOT

☞



A dark matter model with realistic 
neutrino masses and leptogenesis:

Chen, CQG and Zhuridov, JCAP 10, 001 (2009)
                                                  arXiv:0906.1646 [hep-ph]

Neutrino
masses:

Leptogenesis:

+ SM



DM decays:

Fermi

ATIC
HESS

PAMELA

HEAT

☞ Fit Fermi and PAMELA well if the muon effect is large



Multi-component Dark Matter

Observa3ons:
1.	The	excess	of	total	e++e- flux	by	Fermi-LAT	extends	to	1	TeV,	
				at	least	one	DM	cutoff	should	be	larger	than	1	TeV;

CQG,Huang,Tsai,PRD89(2014)055021
CQG,Huang,Lai, PRD91(2015)095006

AMS$02'Positron'Frac2on'Spectrum� Femi%LAT))e++e- ))Spectrum�



Multi-component Dark Matter

Observa3ons:
1.	The	excess	of	total	e++e- flux	by	Fermi-LAT	extends	to	1	TeV,	
				at	least	one	DM	cutoff	should	be	larger	than	1	TeV;

CQG,Huang,Tsai,PRD89(2014)055021
CQG,Huang,Lai, PRD91(2015)095006

2.	The	substructure	at	around	100	GeV	could	result	from	some	
				addi3onal	lighter	DM.		

AMS$02'Positron'Frac2on'Spectrum� Femi%LAT))e++e- ))Spectrum�



We only open the µ two-body decay for DM1 and mainly the τ one for DM2

CQG,Huang,Tsai,PRD89(2014)055021

electron=e
positron=p

68 data points:
AMS-02: 42
Fermi-LAT: 26

M1=3030 GeV, M2=416 GeV (MY=300 GeV); Ec1=1500 GeV, Ec2=100 GeV

(E > 10 GeV)



We only open the µ two-body decay for DM1 and mainly the τ one for DM2

CQG,Huang,Tsai,PRD89(2014)055021

electron=e
positron=p

68 data points:
AMS-02: 42
Fermi-LAT: 26

M1=3030 GeV, M2=416 GeV (MY=300 GeV); Ec1=1500 GeV, Ec2=100 GeV

(E > 10 GeV)

Only DM1



CQG, D.Huang, C.Lai, PRD91 (2015) 095006 
``Revisiting Multicomponent Dark Matter with New AMS-02 Data”

EcL of DML (416 GeV) is fixed to be 100 GeV 
with MY=300 GeV

140 data points:
e+ fraction: 42+1
e+ flux: 48
e- flux: 49
(E > 10 GeV)

AMS-02
PRL110, 141102 (2013)
PRL113, 121101 (2014)
PRL113, 121102 (2014) 





C.Lai, D.Huang, CQG, Mod. Phys. Lett. A30, 1550188 (2015)
``Multicomponent Dark Matter in the Light of New AMS-02 Data”

93 data points:
e+ fraction: 43
e++ e- T.flux: 50
(E > 10 GeV)

AMS-02
PRL110, 141102 (2013)
PRL113, 221102 (2014) EcL of DML (416 GeV) is fixed to be 100 GeV with MY=300 GeV





DM DM

SM SM

• Direct Detections for Dark Matter

Need large detector mass (kg -> ton)

Rate < 1 event/day/kg of detector

Need low background
Deep underground sites
Radio-purity of  components
Active/passive shielding 

Recoil energy : O(1~10) keV

Need low recoil energy threshold



Measure the recoil energy deposited by the interaction of a 
WIMP particle with a nucleus in the detector



 ��

Current'Status'and'Future'Goal'�

Seminar'@'ITP6CAS�

Credit:'Uwe'Oberlack'@'Darwin'2015�

Neutrino Floor



Seminar(@(ITP-CAS� ���

Recent(Development(�
LUX2016� PandaX,II�





Positive signals 		DAMA:	Annual	Modula3on
		CoGent,	CDMS-Si:	Excess	in	events

SuperCDMS,	CDMSlite,	Xenon10(100),	
CRESST-II,	LUX,	CDEX,	PandaX	

Negative limits 



Positive signals 		DAMA:	Annual	Modula3on
		CoGent,	CDMS-Si:	Excess	in	events

SuperCDMS,	CDMSlite,	Xenon10(100),	
CRESST-II,	LUX,	CDEX,	PandaX	

Possible Solutions (before LUX2013) 

 Isospin Violation:  Tuning the couplings between n and p  
                              the sensitivities to Ge and Xe are maximally reduced

Exothermic DM: Nuclear recoiling through the down-scattering 
                         the sensitivity to light  nucleus is enhanced

Light Mediator: Momentum dependent interactions, 
                         the nuclear recoil energy spectra are changed with the light nuclei favored

Negative limits 

After LUX2013, a single mechanism above CANNOT reconcile the CDMS-Si 
anomaly with other upper limits, but the combination can do the job



After new datasets from LUX2015 and SuperCDMS in 2015, 
we would like to know if the solutions are still valid.

CQG, D.Huang, C.H.Lee and Q.Wang,
``Direct Detection of Exothermic Dark Matter with Light Mediator’’

JCAP 1608 (2016) 009 [arXiv: 1605.05098] 

Exothermic interaction + Light Mediator  
                                         (+ Isospin Violation)

Generalized Effective Operator
     (spin-independent)

Isospin Violation Light Mediator

SI DM-nucleus Differential Cross Section 

Differential Recoil Event Rate
Local&DM&Density�

Exothermic+
Sca.ering�

Down%
Sca)ering�

Before
PandaX-II
LUX2016

Two Majorana Fermionic WIMP DMs



Observables
Total Rate

Detector'
Efficiency�

Detector'
Resolu1on�

 Total Recoil Events

Conventional Model 
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Isospin Violation + Exothermic Interaction

Ge-phobic: ξ=-0.8 Xe-phobic: ξ=-0.7

• Only Xe-phobic models work
• Gap becomes maximal at δ~-200 keV
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Isospin Violation + Exothermic Interaction

Ge-phobic: ξ=-0.8 Xe-phobic: ξ=-0.7

• Only Xe-phobic models work
• Gap becomes maximal at δ~-200 keV
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Isospin Violation + Light Mediator Xe-phobic: ξ=-0.7
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This mechanism cannot work under LUX2015, which 
excludes the whole CDMS-Si 90% region of interest



Exothermic Interaction + Light Mediator Isospin conserved: ξ=1.0
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Isospin Violation +Exothermic Interaction + Light Mediator Xe-phobic: ξ=-0.7
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Isospin Violation +Exothermic Interaction + Light Mediator Xe-phobic: ξ=-0.7



Summary

e+ (e++e-) excesses in cosmic rays in the energy range of 10-450 
(10 - 1000) GeV have been observed by PAMELA and AMS-02 
(ATIC and Fermi), with a possible substructure around 100 GeV 
identified, which can be explained by DM with multi-components.

To understand the real nature of Dark Matter
More future data from various direct and indirect 
searches are needed.

☞

26.8% of the Universe: Dark Matter, which has been only
seen from large scale structures with gravitational effects.

There exist some controversies between positive signals (DAMA, 
CoGent, CDMS-Si) and negative limits (SuperCDMS, CDMSlite, 
Xenon, CRESST-II, LUX, CDEX, PandaX) from direct DM searches. 
The tension between CDMS-Si and other null experiments would be 
reduced for Xe-phobic exothermic interactions with isospin v. + light 
mediator. 
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