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Dark Matter in the Universe

Dark matter (DM) makes up most of the matter component in the Universe,
as suggested by astrophysical and cosmological observations
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Dark Matter

Indirect Detect:i
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Inferred Properties of

o Dark (electrically neutral): no light emitted from it

e Nonbaryonic: BBN & CMB observations

e Long lived: survived from early eras of the Universe to now
o Colorless: otherwise, it would bind with nuclei

e Cold: structure formation theory

e Abundance: more than 80% of all matter in the Universe

Pom ~ 0.3—0.4 GeV/cm?® near the earth
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Dark Matter
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DM Relic Abundance

If DM particles (y) were thermally produced 17 o Mirecze oul, my - 100 GeV, ¢ - 86
in the early Universe, their relic abundance . 10°
. L. . 107
would be determined by the annihilation 102
. 10-9 L
cross section (T, V): 10"
AGRT NS
—27 .31 5 10° %
OB~ 3x107 cm’s e P X
¥ ~ (ov)=3x10" cm"/s 1 10_|
<O-annv> 102 [ |
. ] 107
Observation value Q,h* ~ 0.1 wef o
ylEqumbnum 4108
_ _ 1014 |
=  (0unv) ~3x10726 cm3s7! "o 1 0.1
T (GeV)

Assuming the annihilation process consists of two weak interaction vertices with
the SU(2),, gauge coupling g >~ 0.64, for m,, ~ O(TeV) we have

g4

~ 16n2m}2(
= A very attractive class of DM candidates:
Weakly interacting massive particles (WIMPs)
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Dark Matter
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Experimental Approaches to Dark Matter
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WIMP Scattering off Atomic Nuclei

\ WIMPs and Neiftrons
\ scatter from the
\ Atomic-Nucleus

" & /Photons and Electrons
*/'|/ scatter from the
* 4  Atomic Electrons
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Direct Detection

® Scatterings on nuclei

— detection of nuclear recoil energy

' Tonization:
DMp Ge,Si
',';/ Bolometer:
DMpl . \ [ Te0,GeCaWo,
N2 |/ Scintillation:
Nal(T1),
LXe,CaF,(Eu),

WIMP Nucleus ,%'MP

From galactic halo in laboratory ) )
Elastic WIMP L
C)r— —_— o
scattering ‘

(v~250 km/s) (V=0 km/s) Nucleus ‘,’IBRCC(’”

E(recoil)~20 keV
[Bing-Lin Young, Front. Phys. 12, 121201 (2017)]
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WIMP Velocity Distribution

During the collapse process which formed the Galaxy, WIMP velocities were
“thermalized” by fluctuations in the gravitational potential, and WIMPs have a
Maxwell-Boltzmann velocity distribution in the Galactic rest frame:

)3/2 o _mx‘jZ 5= e—fﬂ/vg 5 ) szT
P V= 0
e T

Foe= (57

~ = 3
# = [FF()d35 =0 52\ = [R2F)d3y = 2
(@ =[vf@dv=0, (%)=[7*f@)d =3
492
ﬁvg
For an isothermal halo, the local value of v,
equals to the rotational speed of the Sun:

Vo = Vo =~ 220 km/s

[Binney & Tremaine, Galactic Dynamics, Chapter 4] Galactic disk and dark halo

2
Yo

—52/p2 1
e " Mdp

Speed distribution: f(¥)dy =

[Credit: ESO/L. Calcada]

Velocity dispersion: +/(i2) = 4/3/2y, >~ 270 km/s
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Dark Matter

Earth Rest Frame

The WIMP velocity distribution f(v) seen -
by an observer on the Earth can be derived WIMP wind
via Galilean transformation g
T Cygnus ~ 220 km/s
V=v+Vy, Vops=Ve +Vg Vo
Velocity distribution: f(v) = f(v+v.y)
Speed distribution: I
V2 V242
bs 4.0 T T T T
fMdv=— exp(——zo) o5 ) EEERR g
f 0 el o g
ve 2vv < E
x 0 sinh 2obs dv Fg 25
VVobs Yo e 20 E
; 15 4
Since vy € Vg, we have (w = 27 /year) = 10 E
0.5 =
Vobs(£) 22 Vg + Vg sin & cos[ w(t — ()] 00

~ 220 km/s+ 15 km/s - cos[w(t — ty)]

100 200 300 400 500 600 700

800
v (km s'l)

= Annual modulation signal peaked on June 2 [Freese et al., PRD 37, 3388 (1988)]
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Nuclear Recoil
Energy conservation:
1 1
2_ 2 2, 2 2
mev = mevx + 2mAvR
Momentum conservation:

X A
v
m,v =m,v, cos 6, +m,vg cos Oy ‘_> O

m, v, sin 6, = m,vg sin Oy

WIMP Nucleus

2m,, v cos Oy

X

= Recoil velocity vg =
m, +my

= Recoil momentum (momentum transfer) qr = muVvg = 2,4V cos g

my, form,>m,

m,my 1
Reduced mass of the yA system yu,p = ——— = -m,, form,=my,
m, +my 2
m,, form, <m,
Forward scattering (g =0) = maximal momentum transfer gg'®™ = 2u, ,v J

Zhao-Huan Yu (SYSU) Direct and Indirect Detection of Dark Matter 10 / 56



Dark el Direct Detection Indirect
000C 0000@000

Nuclear Recoil

Energy conservation:

1 1 1 x
- 2 _ = 2, = 2 X
2mxv = mevx + 2mAvR
: WIMP Nucleus
Momentum conservation: ¥ A /0’
hY e
— 7’ X
m,v =m,v, cos 6, +m,vg cos Oy ‘_) o Lol
m, v, sin 6, = m,vgsin 6y O\ZER
] ] 2m v cos Or A VR
= Recoil velocity vg =
m, +my
= Recoil momentum (momentum transfer) qr = muVvg = 2,4V cos g
2 202
- . q Wya
= Kinetic energy of the recoiled nucleus Ep = —— = —*“y%cos26y
2m, my

As v ~ 1073, for m, = m, ~ 100 GeV and 6z =0,

X
1
gr=m,v ~100 MeV, FEz= mevz ~ 50 keV
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Event Rate

Event rate per unit time per unit energy interval:

dR _  pe R do 4 Ast'rophy5|c's factors
— =Np— d’v f(v)v Particle physics factors
dEg m, J, dEg

min Detector factors

Nr: target nucleus number
Pe ~0.3—0.4 GeV/cm®: DM mass density around the Earth

(pe/m, is the DM particle number density around the Earth)
0 ,a: DM-nucleus scattering cross section

1/2
m E[h
Minimal velocity v,,;, = A—ZR : determined by the detector threshold
2u’
bt : th
of nuclear recoil energy, Ey
Maximal velocity v,,.,: determined by the DM escape velocity v,

(Vese 2 544 km/s [Smith et al, MNRAS 379, 755])
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Cross Section Dependence on Nucleus Spin

There are two kinds of DM-nucleus scattering

Spin-independent (SI) cross section: 0, o< u?,[ZG, +(A—Z)G,]?

Jy+1
: L. _SD 2 YA A Ar/ )2
Spin-dependent (SD) cross section: o, o< i, 7 (Ssz/w +S54G))

Nucleus properties: mass number A, atomic number Z, spin J,,
. . . A (cA
expectation value of the proton (neutron) spin content in the nucleus S (S;)

Gz(v/) and G): DM effective couplings to the proton and the neutron
e Z~A/2 = criIA o< A’[(G, + G,)/2T
Strong coherent enhancement for heavy nuclei

@ Spins of nucleons tend to cancel out among themselves:

o Si~1/2 (N =p or n) for a nucleus with an odd number of N
° Sz/?z ~ 0 for a nucleus with an even number of N
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Three Levels of Interaction

DM-parton interaction DM-nucleon interaction DM-nucleus interaction

M(xq—xq) M(xN — xN) M(xA— xA)
@ As a variety of target nuclei are used in direct detection experiments, results
are usually compared with each other at the DM-nucleon level

@ The DM-nucleon level is related to the DM-parton level via form factors,
which describe the probabilities of finding partons inside nucleons

@ Relevant partons involve not only valence quarks, but also sea quarks and
gluons
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Zero Momentum Transfer Limit

@ As the momentum transfer is typically much smaller than the underlying
energy scale (e.g., mediator mass), the zero momentum transfer limit is a
good approximation for calculation

@ In this limit, the mediator field can be integrated out, and the interaction
can be described by effective operators in effective field theory

4 4 4 X X X
|
S Q*—0
/'/'\\ N / \
q q q q p,n p,n
. i i
Scalar mediator propagator: ——— = ——
Q2 —m; mg
. _ - _ 818
Lagrangian: Ly =g,S¥x +84509 = Leg=GegX x99, Gesr = 5
s
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Effective Operators for DM-nucleon interactions

Assuming the DM particle is a Dirac fermion y and using Dirac fields p and
n to describe the proton and the neutron, the effective Lagrangian reads

Loty = Z ZGN,ijZFiXNFjN’ I, T7 € {Liys, v*, vys, 0"} J
N=p,n ij

[Bélanger et al., arXiv:0803.2360, Comput.Phys.Commun.]

e Lorentz indices in I and I should be contracted in pair

e Effective couplings Gy ;; have a mass dimension of —2: [Gy;;]=[Mass] ™

e 7xNN and )Zy“xl\_lyuN lead to SI DM-nucleon scattering

° )Zy“ysxl\_l}/u)/sN and )ZU‘”)(I\_IUWN lead to SD DM-nucleon scattering

@ The following operators lead to scattering cross sections o,y o< |Q?|:
ZirsxNiysN, 7xNiysN, 7iysyNN, gy"xNy,ysN, 7r"ysyNy,N

@ For a Majorana fermion y instead, we have yy*y =0 and yo"”y =0,

and hence the related operators vanish
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nggs Portal for Majorana Fermlomc DM

Interactions for a Majorana fermion y, the SM Higgs boson h, and quarks g:
1 _

Lpy D ngh)()( X ER X

m
Loy D —Z thEIq, qg=d,u,s,c,b,t
q

I
|
l
The amplitude for y(p;) +q(k;) = x(p2) + q(ky):

M= igxa(pz)u(pl)@%m% (=% Jakuthy)

Zero momentum transfer | Q2 = (ko — k1)2 -0
. L8y My _ _
M=—-i—— u(pyu(py)ikyulk,)
vmy
U
8y

'Ceff,q = Z GS,quqq: GS,q = q 1
q

2vm J

2
h
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Effective Lagranglan: Scalar Type

Scalar-type effective Lagrangian for a spin-1/2 fermion y:

ZGquxqq = Lsy= Z Gsn I XNN
o

_ S,q N S,q N
GS,N_mN( E: P fq + § P fQ
q=u,d,s 4 q=c,b,t 4

The second term accounts for DM interactions with gluons through loops of

heavy quarks (c, b, and t): fQ = 27( > fN)

q=u,d,s

Form factor f" is the contribution of q to my: (N|m,qqN) = fYmy

fP ~0.020, f(f ~0.026, f'~0.014, f!'~0.036, fP=f"~0.118

[Ellis et al., arXiv:hep-ph/0001005, PLB]
The scalar type induces SI DM-nucleon scattering with a cross section of
n m,m 1, for Dirac fermion
St _ X 2 _ x"''N _ B X
xN_?‘U“XNGSN’ Myn =—"—""— 1_{

m, + my’ 4, for Majorana fermion y
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Z Portal for Majorana Fermlomc DM

Interactions for a Majorana fermion y, the Z boson, and quarks g:

1 _
=8, 2uXY"rsx,  Lom

Loy D
DMZ

£ =l o0 _ o
> ZCWZqu:qY (8y — 8AYs5)q

1 4, 4 1.2 ,, D _
gy =E—§s‘2N, gy __§+35w’ I =5 =& cw = cos Oy, sy =sinOy

—i Q.Q, Q%0 i
Z boson propagator (22——7112 8uv———5— - m2 —5 8uv

Effective Lagrangian in the zero momentum transfer limit:

g,88h
Lot =D A7"Ysx(Gag@ru¥sq + Gavg@yud)s  Gag = 4cxw—mz

q

gxggv

Ar 2

leads to o,y o< |Q2| and can be neglected for direct detection
4CWmZ

Gavg =
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Effectlve Lagranglan' Axial Vector Type

Axial-vector-type effective Lagrangian for a spin-1/2 fermion y:

ZGAqxr TsXAYuYsd = Lan= Z GanZT"rsXNY,YsN
N=p,n

Gan= . GugAY, 24V, = (N|Gr,rsqIN)
q=u,d,s
Form factors AN account the contributions of quarks and anti-quarks to the
nucleon spin vector s, and can be extracted from lepton-proton scattering data:
AP =Al~0.842, Ah=Al~—-0427, AP=Al'~—0.085
[HERMES coll., arXiv:hep-ex/0609039, PRD]

Neutron form factors are related to proton form factors by isospin symmetry

The axial vector type induces SD DM-nucleon scattering:

(o2

3n, 1, for Dirac fermion y
SD _ 2 B B
IN — ‘u’)(NGAN’ = {

4, for Majorana fermion y
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Z Portal for Complex Scalar DM

Interactions for a complex scalar y, the Z boson, and quarks g:

.S
EDM > g}(Zp,(lx a“%) i,
g _
Low > =2, > ar* (st — glrs)a
2cy 7 o
p k ig,(p+k)
Mg (o, + pyi = Q@) I
1 —lg}( P1 D> Qz_m% X X )
.8
Xlz—u(kz)yv(g(i —garsu(ky)
Q-0 . u q P1 D2 Lt
—_— —12 (P1 +Dp2) U(kz)}’u(gv gavsu(ky) BRINN Pl
Cwim z ~q-7
L d
. ) - z
Letig = Z(lx I )(Fy qQvud + Fyn QY uYsq) o
q
q
8,88 2,884 kL k
Fyg=-— . \z/’ VAq = £ A(: NO<|Q2|) q ! 2 q
2CWmZ 2 W 7 v
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Effectlve Lagranglan' Vector Type

#f% Vector-type effective Lagrangian for a complex scalar y:

R - SN R
Log= D Fuolir @ )ar g = Lan= . Funlix*d" )Ny,N
q N=p,n
The relation between Fy y and Fy , reflects the valence quark numbers in N:

Fyp=2F +Fyq, Fyna=Fy,+2F4
The vector type induces SI DM-nucleon scattering: O')S(I MXN N

#% Vector-type effective Lagrangian for a Dirac fermion y:

Lyg= > Gugdr"2@r,a = Lan= Y. GuuAr"aNy,N
q N=p,n

It also induces SI DM-nucleon scattering:

1
ooy = p u?, G2 Gyp=2Gy,+Gyg, Gy,=Gy,+2Gy,
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Effective Operators for DM-quark Interactions

Spin-0 DM

Spin-1/2 DM

—>
S x99 xrtxaru.q 2 xqq, (Gx*0*x)qruq
SD Y rsxarurse, X" xqou.q
7iys xGivsq, 7 xdi _
i Zirs2divsa Hx;fq 754 ¥ diysg
N < Q7 2ivsxdq, xv"xqruysq =
= U = uvpo = Uy, = (1)( a X)qY;LYSq
artrsxdrug, €77 70" 130,09
Spin-3/2 DM Spin-1 DM
>
Sl M rudas T x0arud xp2taq, (x50% x"arug
<D 27 s 20@rursds AP oM 230,04 i(axy = 2320)30""q
@' 2" = 1" 1"ao e €47 (13, 1,)0 o154
AHirsxudivsq, 7% xudirsq 2, x"airsq
7Hrsxudqs XM x.arursq WS s
o A (ix30" xarursq
oun o< Q3| Y rsxadrud, eMP7i(Tuxy — Xy 20 p0d w0 (o5 2
T GG 20O ped (Yt =2 Ysx"NAoma| © . Fu v Xp)d¥od
= _ _ UVPO 50, % K —
" (Fursxy = XvY5 XA pod POy — 234030 pod
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[Zheng, ZHY, Shao, Bi, Li, Zhang, arXiv:1012.2022, NPB;

ZHY, Zheng, Bi, Li, Yao, Zhang, arXiv:1112.6052, NPB]
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Technologies and Detector Material

Elastic nuclear scattering
Ge

\ | 10% energy Ge, Si
Tonization ———

\

Liquid Xe Target m) Heat — AlO LiF

100% energy
slowest
cryogenics

Light ———\

1% energy \
fastest

no surface effects

Cawo,, BGO

Nal, Xe

[From M. Lindner’s talk (2016)]
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Technologies and Detector Material

Detection metods: Crystals (Nal, Ge, Si), Tracking:
Cryogenic Detectors, Liquid Noble Gases DRIFT, DMTPC
MIMAC,
NEWAGE
CoGeNT, CDEX, }S;;)P};i(\i];gl\lqsss
Texono, Malbek, ™ S.upgrh'eated
Ionization ———— Liquids:
DAMIC COUPP —~PICO
PICASS
SIMPLE
XENON, LUX/LZ,
ArDM, PandaX m) Heat —» CRESST-I

’ ’ CUORE
Darkside, DARWIN [

nght —

DEAP3600, CLEAN, DAMA,
KIMS, XMASS, DM-Ice,
ANAIS, SABRE

CRESST

[From M. Lindner’s talk (2016)]
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Upper: Xenon gas
Lower: Liquid Xenon

UV scintillation photons recorded by
photomultiplier tube (PMT) arrays
on top and bottom

e Primary scintillation (S1):
Scintillation light promptly emitted
from the interaction vertex olft;mg

Lo Particl

@ Secondary scintillation (S2): e

. . . Incoming
lonization electrons emitted from el

the interaction are drifted to the

surface and into the gas, where they
emit proportional scintillation light

Experiments: XENON, LUX, PandaX
[From A. Cottle's talk (2017)]
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PandaX Il Real Data' S1 versus S2

@ S1 and S2: characterized by numbers of photoelectrons (PEs) in PMTs

@ The y background, which produces electron recoil (ER) events, can be
distinguished from nuclear recoil (NR) events using the S2-to-S1 ratio

3

B 25
2
|53
(5]
=]
5]
5]
N 2
>
%
~
3
«Q
S 1.5
2
2
2
)
)
i

0.5

Zhao-Huan Yu (SYSU)

~

.

_... . .

o _® .

B ° .
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:" . o

| ".ol.'--.\."
= I

/

/\

TR T T

ER calibration median

NR calibration median

99.99% NR acceptance

| | 1 | T | |
5 10 15 20 25 30 35 40 45
S1x.y.z corrected [PE] [PandaX-Il coll., arXiv:1607.07400, PRL]
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Backgrounds
Background suppression: 100 .
Underground Labs n-flux: £,>10 MeV
Deep underground
WIPP -9 cm-2-s-1
i i 5 (E,)~200 GeV | 6x10-2cm2s
Shielded environments 1693 Vangvane\. Soudan “
L‘; IceCube (:E]fm-“i
o Cosmogenic backgrounds: - | amioka
£ 104 E
. = (E,)~250 GeV 1x10-9 cm2-s-!
e Cosmic rays and secondary £ Bouloy \ o
z 3
reactions .&E) 3 Sanford
g 10° 5 Andes E
o Activation products in shields Z Baksan®y Frejus
and detectors . i
{E,)~350 GeV 1x10-11 ¢m2-s-1
@ Radiogenic backgrounds:
o External natural radioactivity: 10! -

T T T T
0 2000 4000 6000 8000

walls, structures of site, radon Depth, meters water equivalent
o Internal radioactivity: [From P. Cushman’s talk (2014)]

shield and construction materials, detector contamination in manufacture,

naturally occurring radio-isotopes in target material
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~2400 m

~9000 m

Phase | S —
6 m(H) X 6 m(W) X 40 m(L)

Screening Facifties

[Yue et al., arXiv:1602.02462]

Experiments: CDEX, PandaX

Zhao-Huan Yu (SYSU) Direct and Indirect Detection of Dark Matter 28 / 56



Exclusion Limits for S| Scattering
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v Assuming isospin conservation (Gp = G,) for S| scattering, we can treat
protons and neutrons as the same species, “nucleons”

— -38 -2
O —_
c
c
S 107 10 £
Q o)
& o
g 1072 10° 3
= G
(]
S o-ta|Toote s S
g 107* "Be v e, 107% @
= oy Y [8}
g IIIIIE V- S
c g c
T 4n-46 . _10 o
210 " 10705
L . =
g . g
= kY =
< 10_48 . e --‘.-v' 10_12§
a ."--.----"'\'\-e‘r‘\; a\’\dDSNB (=]
AtmosP
10-%0
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10 100 1000
2
Dark Matter Mass [GeV/c7] [From J. Cooley's talk (2017)]
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Exclusion Limits for S| Scattering

v Assuming isospin conservation (Gp = G,) for S| scattering, we can treat
protons and neutrons as the same species, “nucleons”

& 1078 1072 =
5 =
= c
c
S 107 107 2
2 @
(]

@ Lower threshol o
2 1042 . 106 @
8 Lighter target o)
5 o
g " fomay, parkSide=0 . g
g 107* "Be v e, 107% @

° “appnunune [&)
3 B vy pandaX= 2
c (] I
L 106 % ‘ 1070 5
£ % Fewer backgrounds 5
= “‘ More exposure =
< 108 s, Heavier target ,.xe22" 1072 <
© * wus® N
o) *tnna b ;T;‘agp‘heﬂc and a

107%0
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10 100 1000

Dark Matter Mass [GeV/c?]

Direct and Indirect Detection of Dark Matter

[From J. Cooley's talk (2017)]
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Dark Matter

Exclusion Limits for SD Scattering

@ For SD scattering, specific detection material usually has very different
sensitivities to WIMP-proton and WIMP-neutron cross sections

@ As there is no coherent enhancement for SD scattering, the sensitivity is
lower than the Sl case by several orders of magnitude

107%g

-

S,
&
3

10737 [

—
£
S,
s &
"gm'” 8
51039 g
S g
S Z
=%
a 1040 =
s =
B
@10 P T R
10! 10? 103
WIMP mass [GeV/c?] WIMP mass [GeV/c?]
[PICO coll., arXiv:1702.07666, PRL] [XENONLT coll., arXiv:1902.03234, PRL]
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DAMA/LIBRA Annual Modulation “Signal”

Dark Matter

®9 Highly radio-pure scintillating Nal(TI) crystals at Gran Sasso, Italy
) Annual modulation signal observed over 14 cycles at 9.30 significance

No background/signal discrimination

900)
9000
9009
=

» o
O O
i P
9 e v v v 5 o
§\)(‘ 5\)(\ 2 6 keV 5\)(\ 5\)(\ b\)(\ §\)<‘

'DAMA/LIBRA =250 kg {1.04 oy —————————

©
o
o

o A A b Nﬁ&
W R

Residuals (cpd/kg/keV)
o
N

.,lig..

-0.02
—0.04 | | | | | |
—0.06 L L I S NS ? Lo . \
3500 4000 4500 5000 5500
Time (day)

[Bernabei et al., arXiv:1308.5109, EPJC]
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DAMA/LIBRA Annual Modulation “Signal”

®» Highly radio-pure scintillating Nal(TI) crystals at Gran Sasso, Italy
©) Annual modulation signal observed over 14 cycles at 9.30 significance

2 No background/signal discrimination

107

e R :
XENON100 (2012)

K \ A \DAMANa — observed limit (90% CL)

10" Expected limit of this run:

£ 16 expected

+2 o expected

2

WIMP-Nucleon Cross Section [cm”]

3

E

3

s

6 78910 20 30 40 50 100 200 300 400 1000
WIMP Mass [GeV/c’]

[XENON100 coll., arXiv:1207.5988, PRL]
€ Favored regions excluded by other direct detection experiments
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Other Sources for DAMA/LIBRA Signal

Dark Matter

2 The DAMA/LIBRA signal might be composed of neutrons liberated in the
material surrounding the detector by two sources [Davis, arXiv:1407.1052, PRL]
@ Atmospheric muons: flux depends on the temperature of the
atmosphere, peaked on June 21st
@ Solar neutrinos: flux depends on the distance between the Earth and
the Sun, peaked on January 4th

0.06F
== Best-fit Neutrino+Muon Signal -+ Component Neutrino Signal
- - Component Muon Signal DAMA Data (2 - 6 keV)

’ M S v

T T
Amplitudes of the neutrino and muon components
Y N
0.04f ... A SN N

Residuals

1 1
1000 1500 2000

L
500
Days since January 2003

=7 Objection: Klinger & Kudryavtsev, “muon-induced neutrons do not explain
the DAMA data,” arXiv:1503.07225, PRL
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SABRE: Sodium iodide with Active Background REjection

@ Complementary tests in both hemispheres: one part in Gran Sasso (ltaly)
and one part in Stawell (Australia)

@ Developing low background scintillating Nal(TI) crystals that exceed the
radio-purity of DAMA/LIBRA

@ A well-shielded active veto to reduce internal and external backgrounds

Ultra-high purity Active veto
Nal(Tl) detector |+ detector
40K
B- 89.3%
EC Q=13MeV
10.7%
1.46 MeV y “Ca

“OAr
40K >40Ar, ~11% branch ratio
¢ 3 keV K shell X-ray, Auger e
¢ Background at ~3 keV if y escapes

1.46MeV y can be detected by a veto.
40K background can be rejected.
[From E. Barberio’s talk]
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Low Mass Region

10
S
F g DAMA
r L CDEXAIA 2016
109 ¢
2 CRESST-II 2016
N
< 104
7% -
© C CDEX-10
r (This Work)
i D
10-42 E_ \ peI‘CO
E Yy,
C PrOJected %) 5
C \{100 eV, 0.1 keVied'kg 'day™, 10 kg-year ) 44
- \.—________—_-—
10-43 | i | 1 ! 1 | 1
2 4 6 8 10

m, ( GeV/c) [CDEX-10, arXiv:1802.09016, PRL]
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Near Future Prospect

1072
1074

1076

10710

K
sse®110712
\

Dark Matter-nucleon cross section [pb]

Dark Matter-nucleon cross section [cm?]

1 10 100 1000

Dark Matter Mass [GeV/c’] [From A. Cottle’s talk (2017)]
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Neutrino Backgrounds

Direct detection experiments will be sensitive to coherent neutrino-nucleus
scattering (CNS) due to astrophysical neutrinos [Billard et al., arXiv:1307.5458, PRD]

@ Solar neutrinos

—10°
) . ; ™~ WIMP signal: m, = 6 GeV/c’, o, = 4.4x10"“cm?
@ pp neutrinos: I — PP\~\ — — - Total NS background
p+p—oD+et+, & 10 e L Weak neutrino-election
[0} —
e 7Be neutrinos: o PP
— . (e}
e”+7Be—"Li+ v, £ = R
. [0} V-
e pep neutrinos: 3 10 —
p+e +p—-D+v, E, —
o 8B neutrinos: @qpt— e
5B - 8Be" +et + v, = ———
i — 1 keV threshold atmospheric™N
o Hep neutrinos: 1041— 100 evt/ton/year on Ge detector
3 4 + Cooccl sl ol
e+p e+et+v,

-3 -2 -1 2
10 10 10 1 Recoil é(n)ergy [ke\}P

@ Atmospheric neutrinos
[From J. Billard’s talk (2016)]

Cosmic-ray collisions in the atmosphere

o Diffuse supernova neutrino background (DSNB)
All supernova explosions in the past history of the Universe
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Going beyond the Neutrino Floor

Possible ways to reduce the impact of neutrino backgrounds:

@ Reduction of systematic uncertainties on neutrino fluxes

o Utilization of different target nuclei [Ruppin et al., arXiv:1408.3581, PRD]

@ Measurement of annual modulation [Davis, arXiv:1412.1475, JCAP]

@ Measurement of nuclear recoil direction [O'Hare, et al., arXiv:1505.08061, PRD]

\

V,.solar motion «

" Scattered Negative lon
\ WIMP S Time Projection Chamber

N
\

cs, |
D> @D > ‘

Recoil )

S \Iectron /

Drift Direction ~
-

Electric Field DRIFT experiment

Diurnal modulation [From J. Spooner’s talk (2010)]
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Indlrect Detectlon

Indirect detection looks for stable products (y rays, cosmic rays, neutrinos)
from dark matter annihilation or decay (if DM is not totally stable) in space

Low-energy photons Positrons

©
e

Electrons

Quarks

Medium-energy
gamma rays

J\/\/\"» Neutrinos

eptons

Antlprotons

Bosons ,\/WV\/\/\/Wmtons

Decay process m—)
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[e]e] Iele]e

Dark Matter Source Function

Particle number per unit time per unit volume per unit energy interval of a
stable species (v, e*, v, p, p, -++) produced from DM annihilation or decay:

Astrophysics
factors

(Annihilation) Qann(x,E)—< amn o p3(x )ZF( )

(_) Particle physics
‘\dE /J;

(Decay) Qe.(x,E) =
TyMy factors

p(x): DM mass density at the source position x
(dN/dE);: number per unit energy interval from a single event in the channel i

(TannV)or: thermal average of the total annihilation cross section multiplied
by the relative velocity between the two incoming DM particles

F; =(0m")i/{TamV)io: branching fraction of the annihilation channel i
7, =1/T,: mean lifetime of the DM particle
B; =T;/T,: branching ratio of the decay channel i
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Dark Matter

10

DM pair annihilation or decay into e*e™, ' g 3
‘LL+‘U/_, T+T_, qu W+W_, ZOZO, hOhO _ 100?’E 3
107 J
U %10'2 E ]
y-ray emission from final state z 00 ]
radiation or particle decays 102 :
107 | |

‘07610'2

o Cut-off energy:

m, for DM annihilation < Spial

= Elliptical

m, /2 for DM decay Ineguir

@ More promising to look at
DM-dominated regions:
3¢ Galactic Center

Sculptor ! Canis Major 1
Dwarf '

3£ Galactic halo <)
3£ dwarf galaxies

3¢ clusters of galaxies Local Group of galaxies
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@ The space experiment Fermi-LAT

= om
LeoV_ Leo Il >

Boo: S
CVn

searched for y-ray emission from
dwarf spheroidal satellite
galaxies of the Milky Way and
found no significant signal

@ Based on the 6-year data, upper
limits on DM annihilation cross
section are given

Leo |
Sextans:

Leo IV

Boo Il

Cvn i

/

\Umi
|

UMa

Willman 1

Draco

Seque 3

~/ Pisces Il

Segue 2

1072
= 4-year Pass 7 Limit = 4-year Pass 7 Limit
-2l — f:}\(vl,.( r?wr.u;m 1 -2 — z;\cl/»vv P;s I.ml..(
== Median Expected == Median Expected
2 68% Containment 68% Containment
~107"H  95% Containment 95% Containment 3
‘L
= 1072 4
R Ul 4
&
1072 o
07} b 3 107 3
10! 10° 10° 10* 10! 10% 10%
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DM Mass (GeV/c?)

Direct and Indirect Detection of Dark Matter

[Fermi-LAT coll., 1503.02641, PRL] DM Mass (GeV/c?)
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D Matter Direct Detection

GeV Excess at the Galactic Center?

Total Flux Residual Model (x3)

Since 2009, several groups
reported an excess of
continuous spectrum y-rays
in the Fermi-LAT data

after subtracting well-known
astrophysical backgrounds,
locating in the Galactic
Center (GC) region and
peaking at a few GeV

0.316 - 1.0 GeV

1.0-3.16 GeV

Left: raw y-ray maps
Right: residual maps after
subtracting the Galactic
diffuse model, 20 cm
template, point sources,
and isotropic template

12.0

3.16 - 10 GeV

2.5° 0°  -2.5°
[Daylan et al., 1402.6703, PDU]
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Interpretation with Dark Matter Annihilation

Detection
ODO®O00¢

DM annihilation into bb DM annihilation into Tt~

m, ~30—40 GeV m, ~9 GeV
— _ —27 31
(TannV) ~1072° cm® s~ (0amV) ~5x107% cm?s
V.
KRA, gNFW (y = 1.26) KRA, gNFW (y = 1.26)
105 ——— o 102
Lo Xiin/dof =144 1 r BR = 100% Ni/dof =34
= 70 ]
r - 1 F BR.=0% _ 1
L 5 a, i L ¢ ;o4 i
r DA 1 r RY ) 1
o § - & i}ﬁf\{
o0 I 1 w r § 209/ ! 1
S 1 % EY )
< — o~ 1.
2 a * T > 5 ° G
& g -1 & £ -1
102k w0 a0t 10 | ol P —
F E, [Gev] B L E, [GeV] B
L Mow = 37.8 GeV ] [ Moy = 8 GeV ]
r (o v) =210 10" cm’s™ | r , (o V) =6.96x 107 cms™* ]
ORI T S

Mpwm [GeV]
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Mpwm [GeV]
[Cirelli et al., arXiv:1407.2173, JCAP]
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y rays from DM: Line Spectrum

DM particles should not have electric charge
and thus not directly couple to photons

y

DM particles may couple to photons via
high order loop diagrams

U

Highly suppressed: branching fraction may X
be only ~10™*—1071

X
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y rays from DM: Lme Spectrum

DM particles should not have electric charge

and thus not directly couple to photons X 7
U

DM particles may couple to photons via

high order loop diagrams
!

Highly suppressed: branching fraction may X ~y

be only ~10™*—1071

For nonrelativistic DM particles in space, the photons
produced in y y — vy would be mono-energetic

1

A y-ray line at energy ~m,

(“smoking gun” for DM particles)
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atter

A y-ray Line Signal at the Galactic Center?

@ Using the 3.7-year Fermi-LAT vy-ray data, several analyses showed that there
might be evidence of a monochromatic y-ray line at energy ~ 130 GeV,
originating from the Galactic center region (about 3 —40)

@ It may be explained by DM annihilation with (o,,,v) ~107% cm?®s™*

Reg3 (ULTRACLEAN), E, =129.6 GeV

10| Signal coun(s‘: 53.4 (4.260) ‘8(1.5 - 208.5 CeV‘ i Residual map
) p-value=0.85, y2,=14.3/21 % 25
=r ] 20
or ] = 1815
£ 5l i 5
g L " 4 . 3l i
oxr ° . .‘ 05
or ] 451 | Jo0
10 7 05
5 . 7 -90 -1.0
0 e b "-‘, . ! 180 90 0 -90 -180
z uof I 1 I3 E [Su & Finkbeiner, 1206.1616]
=1
s 0 IHII[ R S phyidtisy
Z0f E
© L L L
100 150 200 .
B (Gev] [Weniger, 1204.2797, JCAP]
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Ferml LAT Official Results: Not Conflrmed with More Data

@ 3.7-year data

The most significant fit occurred at E, =133 GeV and had a local
significance of 3.30, translating to a global significance of 1.60

60 (c) P7_REP_CLEAN R3 2D E_=133.0 GeV
ngg=17.8 evts n, =276.2 evts
S =330  Tyy=276

Events /5.0 GeV
IS S

n
=]

3.7 years

E VWS

=)

. " L
MRS SARREIAE LA P +T 'T|++T+T T+

Resid. (o)

Abonso
T

60 80 100 120 140 160 180 200 220
Energy (GeV)

[Fermi-LAT Coll., 1305.5597, PRD]
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In ect Detecti

Ferml LAT Official Results:

@ 3.7-year data

OO0000@0

Not Conflrmed with More Data

The most significant fit occurred at E, =133 GeV and had a local
significance of 3.30, translating to a global significance of 1.60

@ 5.8-year data

The local significance has dropped to 0.720

70 T

. e 4 4y T
$ ol ©  P7_REP_CLEANR32DE -1330GeV ] > '“Of P8 CLEANR358yr  E, =133.0GeV E
=t ngy = 17.8 evts ny,=276.2 evis 3 & 1208 Lo =2.47 3
w S0F o 330 I _276 3 o 100f Ne=73evts (0.7 o)
@ 40F focal = Bhg = 4 2 soc Ny =700 £30 evts
o 30 4 5 e0f E
I E 3 5 E E
20 3.7 years § ¢ “¢ E
10F- 5 % 2= 3
0E: Ew N = = =
& 4F 1 & ,
> L =
2 0 +++'+l1" +I+I+ + ++'T+ + #+quﬂ g 0” }
- + +4 Fe A I AR - }
-4k 4 c
60 80 100 120 140 160 180 200 220 40 60 80 100 120 140 160 180 200 220

[Fermi-LAT Coll.
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, 1305.5597, PRD]
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[Fermi-LAT Coll.,

Energy (GeV)
1506.00013, PRD]

47 / 56



Dark Matter D 3 Indirect Detection
0000 5 000000 )O®00000000

Neutrinos from DM

. Dark matter
v Dark matter may be captured and (

accumulated at the core of the Sun {}
(or the Earth @ ), producing high energy
neutrinos that could freely go out

Change Rate of the number of DM
particles in the Sun: particles @

de ) The Sun o)
d = C@(O.)(H7 O')(He) _AQ(O-arm)NX Neutrinos produced from
t decays of annihilation

products may be detected.
Capture rate C, depends on DM scattering on Hydrogen and Helium
Annihilation rate Ay = (0,,,V) / Ve depends on DM annihilation as well as the
effective volume of the solar core

The age of the Sun is long enough (~ 4.6 billion years) to make the capture
and annihilation processes reach equilibrium: dN, /dt =0
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IceCube: South Pole Neutrino Observatory

IcCECUB

SOUTH POLE NEUTRING DISSERVATORY

50 m

IceCube
Laboratory

Data from every sensor is
collected here and sent by,
satellite to the IceCube data

86 strings

warehouse at UW-Madison ¢ |
| ! DeepCore

Digital Optical
Module (DOM)
5,160 DOMs deployed
inthe ice
IceCube

bedrock
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Searches for Neutrinos from DM Annihilation within the Sun

@ No signal detected in searches for neutrinos with energies of GeV —TeV
from DM annihilation at the solar core

@ Assuming equilibrium in the capture and annihilation processes, the
constraints can be converted to those on the DM scattering cross section

10»36

10° Hard
m= |ceCube (2011-2014)

"""" Super-K (1996-2012)
= = Antares (2007-2012)

10°%7

[pb]

Soft

m, [GeV]

[lceCube Coll, 1612.05949, EPJC]
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Cosmic Rays from DM

@ After produced in sources, Galactic cosmic rays diffuse in the interstellar
space, suffering from several propagation effects before they arrive at the
Earth: diffusion, energy losses, convection, reacceleration, spallation, ---

@ Unlike y rays and neutrinos, cosmic rays
typically do not contain direction e
information of their sources O ol

Spallation

B disintegration

Ec/n

\ o+
B @z
-

L=3-10 kpe

h=0.1 kpe | [(Hes) o

-

Diffusion on magnetic inhomogeneities

Acceleration by shock wave,

RS R

[Maurin et al., astro-ph/0212111]
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Cosmlc Ray Propagatlon Equation

The propagation equation for Galactic cosmic rays is

Y

3t =Qx,p)+ V- (D, VY =VP) +

1/)

PP ap

a7, Y 1/)
-=[pw-%v- V)w]————

p T T
Y =(x,p,t): cosmic ray density per momentum interval
Q(x,p): cosmic ray source term D, : spatial diffusion coefficient
D,, : diffusion coefficient in the momentum space for reacceleration

V. : convection velocity p =dp/dt: momentum loss rate

T¢: fragmentation time scale T, : radioactive decay time scale

Numerical tools
@ GALPROP: https://galprop.stanford.edu
@ DRAGON: https://github.com/cosmicrays/DRAGON
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Dark Matter

Cosmic-ray Positron Excess

@ In 2008, the PAMELA experiment found an unexpected increase in the
cosmic-ray positron fraction with E 2 10 GeV

@ In 2013, the AMS-02 experiment confirmed such a positron excess

[ Y P L) L T RN T T T
03l ] i ° AMS-02 )
1 L ° PAMELA B
:0.2 1 A Fermi
% ’ + c r % T
z £
s el hi tH
g f . ) 15 - Aé‘fﬁ# it
it * 5 7 L
£ 1 &8 r ° ouou g B
é Tvsz - J—‘cu %Yﬁ 4
3 x hosop (of. 19 : °"“l& W :
o0al * AMS ]
v CAPRICE94
A HEAT94495 + 4
* TS93
Omﬁ\lsesra&?ﬁngwsﬁs | PR | Ll L
001 = NERTTTE R 1 10 10°
101 1 10 102
Energy (GeV) e energy [GeV]
[PAMELA Coll., 0810.4995, Nature] [AMS Coll., PRL 110, 141102 (2013)]
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Interpretation: Dark Matter vs Pulsar

Interpretation with Galactic Interpretation with the
DM annihilation into 777~ nearby pulsar Geminga
o= Ams. L A R B
100 dm---- HEAT94+95 ~—=— 4 100 - SR OV — E
total HEATO00 q F ~——— HEATO00 ——— Bkg
. PAMELA —— ] ~—— PAMELA  — — Geminga
. AMS-02 —— |
A L |
+
) g
S0tk - E
] L R 3 z |
L - G oy ]
102 Lt i ol 102 Ll Y AR
10° 10° 102 103 10° 10’ 102 10°
E (GeV) E (GeV)
[Yuan, Bi, et al., 1304.1482, APP] [Yin, ZHY, Yuan, Bi, 1304.4128, PRD]
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First Result from DAMPE
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@ In November 2017, DAMPE (1&%) collaboration released their first
measurement of the cosmic-ray spectrum of electrons and positrons

@ This measurement found a spectral break at ~ 0.9 TeV

_"I T T T T T T T T """I_
250 _%é 3
b
P
< 200f {}% ]
& i Hha, ]
- L L)1) ]
% [ %}?ésé s ]
3 o iy '
(,, [ it ]
e w m % ]
x r I 0 14
2 100 . DAMPE (this work) T ]
x F H.E.S.S. (2008) TR 1
L [ H.E.S.S. (2009) f ‘+ ]
50~  —=— AMS-02 (2014) . . .
[ —— Fermi-LAT (2017) "* ]
0_ N sl il ]
10 100 1,000 10,000
Energy (GeV)

[DAMPE Coll., 1711.10981, Nature]
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Summary

o Dark matter connects our knowledge of the Universe from the largest to
the smallest scales

@ Although several anomalous observations have been found in direct and
indirect searches, there is no absolutely solid DM detection signal so far

o DM detection sensitivities are being
improved quickly; it is very promising
to detect robust DM signals in the near
future

Cosmology
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Summary

o Dark matter connects our knowledge of the Universe from the largest to
the smallest scales

@ Although several anomalous observations have been found in direct and
indirect searches, there is no absolutely solid DM detection signal so far

o DM detection sensitivities are being
improved quickly; it is very promising
to detect robust DM signals in the near
future

Cosmology

Thank you!
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