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Origin of the
Universe

Unification of
Forces
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/ BES Il

The Origin of Mass BELLE Il
. ’ LHC-ATLAS
Higgs Mechanism /  LHC-CMS
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EIC
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rz4 i Dark Matter

dark matter | dark ‘'madar |

noun Astronomy

(in some cosmological theories) non-luminous material that is postulated
to exist in space and that could take any of several forms including
weakly interacting particles (cold dark matter) or high-energy randomly
moving particles created soon after the Big Bang (hot dark matter).
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B
mainly taken from “A history of dark matter” by G. Bertone, D. Hooper, arXiv:1605.04909

® 1930, Pauli /0] WL “H 7 MR 15
® 1933, Zwicky Coma cluster i)tk ... that dark matter is present in much greater amount than

luminous matter.”’
® ]956, neutrino detected

® 1966, Gershtein and Zeldovich, Neutrino roles in cosmology; 1976 {34 it
® 1970s, Rubin, Ford, Freeman... Jig%% gl 2k

® 1974, Carr, Hawking J§i4J] 2l

e 1977, P. Hut cosmological bounds on the mass of SUSY gravitino

® 1960s-1970s, N-body simulations became possible

e 1978, dark matter annihilation to gamma rays (indirect detection)
e 1980, axion as dark matter

* 1982, &% 5] JJ(MOND)
e 1983, hot DM cannot account for most dark matter
e 1983, SUSY neutralino as dark matter

® 1980s, cold non-baryonic DM widely accepted (WIMPs 1984)
® 1984, using cosmic-ray (anti-protons, positrons) to indirect detect DM (Silk and Srednicki)
® 19835, searching neutrinos from DM annihilation in the Sun (Krauss, Freese, Spergel)

wHtHRH
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e 1984, v-N coherent scattering proposed (Drukier and Stodolsky)
- detected by COHERENT 1n 2019.

e 1985, dark matter-nuclei elastic scattering (Goodman and Witten)

e 1986, 1st expt at Homestake Mine, Germanium 33kg-days

e 1986, Annual modulation measurement proposed (Drukier, Freese and Spergel)
- 1998 DAMA first result

e ]1980s, axion-gamma-gamma coupling expt proposal (2003, ADMX)

e 1990s, liquid noble target proposal

e 1990, DM section firstly appeared in PDG.

e 2003, WMAP first result released. 2004 PDG Q_, h* = 0.111 % 0.006, improved from
Q. =0.3=%0.11m2001.

e Direct detection expts: CDMS, EDELWEISS, CRESST, XENON, LUX, CoGeNT, CDEX,
PandaX, ...

e Indirect detection expts: CAPRICE, AMS, AMS02, HESS, INTEGRAL, PAMELA,
Fermi-LAT, HEAT, ATIC ...

e Neutrino telescope: AMANDA, Super-K, IceCube, ANTARES, JUNO...

wHtHRH
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e 1984, v-N coherent scattering proposed (Drukier and Stodolsky)
- detected by COHERENT 1n 2019.
e 1985, dark matter-nuclei elastic scattering (Goodman and Witten)
e 1986, 1st expt at Homestake Mine, Germanium 33kg-days
e 1986, Annual modulation measurement proposed (Drukier, Freese and Spergel)
- 1998 DAMA first result
e ]1980s, axion-gamma-gamma coupling expt proposal (2003, ADMX)
e 1990s, liquid noble target proposal
e 1990, DM section firstly appeared in PDG.

e 2003, WMAP first result released. 2004 PDG Q_, h* = 0.111 % 0.006, improved from
Q. =0.3=%0.11m2001.

e Direct detection expts: CDMS, EDELWEISS, CRESST, XENON, LUX, CoGeNT, CDEX,
PandaX, ...

e Indirect detection expts: CAPRICE, AMS, AMS02, HESS, INTEGRAL, PAMELA,
Fermi-LAT, HEAT, ATIC ...

e Neutrino telescope: AMANDA, Super-K, IceCube, ANTARES, JUNO...

o 2009-, #5525 %=, CDEX, PandaX, DAMPE, LHAASO
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observed

expected
from
_luminous disk

2.0 T T T T T T T T |

26.8%
Dark Matter

68.3% I X-17% Ordinary
Dark Energy Matter

2 10 Sb 560 1000 1560 20‘00 2500

Multipole moment, £
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o WEWRBATME. e Fark) , JFEEFIE;

o bR IE & IE WIS ) JFORL T 5

e Light neutrinos are “hot” relics, decoupled from thermal bath around
MeV.

QI/ 2 ~ ZmV
i 93.14 eV

e Neutrinos are too “hot” to be dark matter, constrained by structure

formation.

Relics bound

thQ 5 0.12 _>Z m, S 10eV  (Cowsik-McClelland limit)
CMB + Large scale structure va S (0.1 —-04)eV
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Weakly Interacting Massive Particles (GeV - 100 TeV scale)

1, Lightest Supersymmetric particle (LSP)
2, Lightest T-odd particle in the little Higgs theory (LTP)
3, Lightest KK particle in extra dimension (LKP)
() KAEmE
an: -a%ﬁﬁ?%ﬁﬂ’ﬁ%“*ﬁ?ﬁﬁ% 115/ N B g R e Ik
ﬁﬁ’ikﬁi%ﬁk?a

Sterile neutrino, Gravitino in R-parity violated SUSY, ... ...
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Canonical Production Mechanism: Thermal relics

e Thermal freeze-out: the relic density connects to the
“annihilation” cross section

DM + DM €<= SM + SM

mil’ 3/2
ned = g <_> o—m/T WS o= ff XX
X 0.01 —r——— — — .
27T

0.001
0.,0001

e Thermal freeze-out while g increasing <o,v>
annihilation rate comparable ;glii”.:
to the Hubble constant. = oo
_ e

IIIIII

1 10 100 1000
x=m.,/T (time =)




WIMPs thermal relics: a rough estimate

© Assume (o av) energy independent at freezing-out

© From H(Ty) = T'(T})

mx Tf
27

3/2
1.66, /g*Tj%/Mpl =g ( ) e—Mx/Ts <G'A'U>

® set at weak scale, g, ~ 100, g = 2, m,, ~ T ~ 100GeV,
(UA’U> ~ 1pb7

e /T g x 1071 = X 24

o Typical freeze-out temperature is

5t LA - NNNTY: Y




WIMPs thermal relics: a rough estimate

® After freeze-out, n, /s per comoving volume is constant.

is the entropy.  (H(7y) = 1.66./.77/My,)
(nx) B ('"'x) 1 H(Ty) _ 75
$ /o s /)5 8r (0av)  Mpi(oav)/g.my

® Today’s abundance of WIMPs x is given by

Q,h* = pyh?/p. = mynd h?/p.

® input sg ~ 3000cm—3, p. ~ 10~%h2GeV cm ™2, g, ~ 100, we

obtain
3 X 10~27cm3s—1

Q. h% ~
X (o Av)

" EALH



“WIMP Miracle”

Qedm = 0.1198 + 0.0026 Cosmology

ov ~ 107 °%m? = Lpb  For the right abundance

® Typical “weak scale” cross section

a2

O'NA2w ~ 1pb

weak

AN

WIMPy DM detection era! & & &

LLHC + Direct Direction + Indirect Detection

WIMP mass range  0(10) GeV $m, < 120 TeV

" EALH



Thermal relics

¢ For homogeneous and isotropic PDFs, the Boltzmann
equation of self-conjugated particles is

1+ 3Hn = 2y = ’
n + n (cav)( ng, n )
dilution creation annihilation

in terms of x=m/T,Y =n/s

dy TGx MMy 5 5
— = — Y“-Y
dx \/45GN xr? (4v)( eq)

" EALH



Thermal relics

® For general case, the dark matter model may include multiple
dark matter candidates.

e Hybrid freeze-out processes:
- self-annihilation; Y
- co-annihilation;

- threshold effects; P
- resonance effects;

- 2t02,21t03,31t02...

Complicated Boltzmann equation.

!

" EALH
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(1) WHEIEHL: monojet/mono-photon/mono-Z + missing ET

q q
— X — X
q X q X
Monophoton + MET Monojet + MET

(2) multi-jets/leptons + missing ET

(3) Particle invisible decays

8 EHTR 24 [V
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%0 - A A2 o T R A A 7 A A B 2k

Wi
INTEGRAL, Fermi-LAT, PAMELA. AMSO02.
DAMPE, HESS, CTA, LHAASO, ---

Neutrino telescopes
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From N-body simulations and rotation curves

103;-

LA BN
---------------------
ol ]
a
v
v
~
~
~
23
L4
L3
L3
L J

NFW

= | | | NFW profile
5 102F @ oN. 00w Tttt Einasto _
; pNFW (1) = =
5 10l | (r/rs)(1 £ 7/1,)?
B‘ ________________ “‘\‘\ .
I S 1 Einasto profile
O - > -
Q 3 L \“‘ 2
1071 po ~ 0.3 GeV /em® 1 pEn(r) = ps exp [—; ((r/rs)? — 1)]
r | kpc]
1307.4082
DM density profile
5 LA 27 [V
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WIMPs and Neutrons
scatter from the
Atomic Nucl&us

Photons and Electrons
scatter from the
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1q]? p2v2(1 — cos 6)
ER pu— p—
2mpn my

EW%: NTarget - Ny - 04NV - Time Gt FNGE S By

< (1 — 50)KeV

o
in]

BifE:  counts/kg/keV/date

dR 1 po ["=° do 3
= t)d
dE, my mx/,u dErUf@(v’ Ja'v

o

min

Vmin = \/ myE,/(2u?) minimal velocity to create recoil )
po ~ 0.3GeV/ecm®  local DM density
fo (U, 1) velocity distribution

b3 Y. RO, FHi %
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fo(v,t): DM velocity distribution in earth frame.

f@“ﬁtyz

Maxwellian velocity distri

fea1(¥) = <

.fgal("_;‘l‘ "7@ + ’U@(t))

pution in dark halo frame

r

a2 /.2
Ne /% v < vese

0 V > Vesc

\

with vg ~ 220 km/s, vesc >~ 550 km/s, vg = 30 km/s

Annual Modulation

WIM? wind

Galactic Halo

June

December

" EALH
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In the NR Iimit, the DM-nucleus interactions:
YYNN = dm,mn1l, 1N
X s XNV 5N = 16mymn Sy, - Sy

e HiELX: S®S, VeV

coherent interactions: o x [Zfp+ (A= 2)fn)°
fo=1fn = 0o A* (A* enhancement)

fp # fn isospin-violating dark matter

o EipiER: ARATRT

couple to the nucleus with spin (unpaired proton and/or neutron )




3

elastic scattering inelastic scattering
Y+ N —x+N X+N—=>x"+N
1 (mNEr )
Umin — | 5X
‘/ZWUVE% H
Elastic Inelastic

f(v)
f(v)

Vo Vesc

" EALH
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Evolution of the WIMP—-Nucleon o

WIMP
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Dark Matter Candidates Zoo

e BSM theory with natural DM candidate;
¢ Alternative DM product mechanisms (freeze in, non-thermal...)

e DM and neutrino mass correlated (sterile neutrino, “scotogenic”
neutrino mass, ...)

e Baryogenesis and darkogenesis (Asymmetric DM, ... )

* Phenomenology motivated (inelastic DM, isospin-violating DM,
resonant DM, ...)

¢ \arious mediator DM (Higgs portal, U(1)" portal, neutrino portal ,...)
¢ Various interactions DM (form factor, momentum dependent, ...)
e Multiple dark matter, mirror dark matter

¢ Hidden dark matter, self-interacting DM, composite DM, ...

1 LN )
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SM + active neutrino, e.g., 4th generation
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‘) BRI . Singlet scalar DM

e SM + Real singlet scalar with Z2 odd symmetry

1 1
Z)\X4 — §mc2)x2 — MW H'H

1
L, = 58“’)(0;,)(—

1609.03551

10~
—42
10
\ N ’
X \ X AN ’ h
\ N\ ’ o
\ S ’ -
\ S Y4 QE) 10 44 o WA —
\ N ’ ~ = _ -
A h N 2 2 — e
- X B} e
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4 ’ \ _ grount
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Y4 4 N\ 0
X ., X , N h 10 peut\®
¢ ’ AN L (b)
10_50 | | |
1 10 100 1000 10%

Higgs portal singlet scalar dark matter
mp (GeV)
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SUSY LSP: neutralino

)

® Supersymmetry: A possible solution to the “hierarchy problem
® Each SM particle has its own superpartner and vice versa

® R-parity

R=(—1)3B-D+2s - gM:4 SUSY: —

o the lightest supersymmetric is stable: DM candidate!

Standard particles SUSY particles

Lo

Higas S

o)

\)JQ
qu

@ Force particles Squarks () Slepton () SUSY force particles

2 _')

= T2

&<

(1 204

w5 LATH a 41 [V/4




SUSY LSP: neutralino

@ the neutralino x, a linear combination of {B, W3, H?, H2}
was/is the leading candidate of DM

® neutralino annihilation

x + x — ff, Higgs, gauge bosons
X1 = a1B + aaWs + azH{ + a HS

|, = 1 (e.g.90%)  bino-like, wino-like, higgsino-like

Winos

Binos

Binos

w/ relic density
upper and lower limit

w/ relic density
upper bound

Higgsinos
Higgsinos

light Higgs mass, relic density, LEP and flavour, direct and indirect detections and LHC constraints

taken from pMSSM scan 1707.00426




SUSY LSP: Sneutrino/Gravitino

Sneutrino

e LH Sneutrino as DM candidate, ruled out by direct detection.
e SM+ RH neutrino for neutrino mass generation.

e RH Sneutrino + LH Sneutrino mixing state as DM candidate.

Gravitino

e Superpartner of Graviton.

e Non-thermal relics, produced from scattering from primordial thermal
bath after inflation or decay by neutralino after freeze-out.

e highly suppressed coupling, hard to be detected. R-parity violated SUSY,
it decays into neutrino +photon with long lifetime.

axinos, singlino, ...

it LA - Y Y




keV Sterile Neutrino

e Connected to the origin of neutrino mass — Seesaw mechanism.
e Neutrino oscillation — active neutrinos are massive. (BSM)

e Tiny neutrino mass: seesaw mechanism (SM+Right-handed Np)

0 AJT WUﬂnT
MI/ p— D — — D
( Mp Mg ) " Mp

e The sterile neutrino: Vg = COS ON Rr + sin 0 Uy

e produced by oscillations, the abundance of v, : non-thermal relics

Q.h? ~ 0.1

Phys. Rept. 481.1

sin? 26 ( Mg )1-8
10—8 \3keV
e The lifetime:

1()keV) 5 ( 108 )

T3y ~ 1()24years( 02

ms

e detection signals are mono-energetic X-rays: E, = mg/2

wHtHRH




Non-thermal relics: Freeze-in Mechanism

Hall, Jedamzik, March-Russell and West 0911.1120

e Feebly interacting massive particle (FIMP)

- never attains thermal equilibrium

wHtHRH

10~°

10712 )

10715 ¢
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Decaying dark matter

® The lifetime is longer than universe’s age

® To explain the PAMELA’s/AMS 02 positron/electron data,
decaying dark matter: ~ 102° sec lifetime

® Good candidate: Gravitino with R-parity violation in SUSY.

Due to the factor 1 /M), suppression, gravitino has very long
lifetime to be dark matter.

o candidate in some GUT theories, suppressed by the 1/AguT
scale.

wHtHRH




Asymmetric Dark Matter

® DM density arises from DM matter-antimatter asymmetry;
® The fact Q4m ~ 2baryon;
® Baryogenesis:

ny — N

M = ~ 6 x 10~ 10
LS

® Assume there is conservation for SM global number g and
hidden charge Q,

qny,_z = —Qng,. g

® from Qp X MpMp, DM X MpMNDM, the masses are related;

® Possible to unify the origin of the baryon and Dark matter
abundance.

wHtHRH




Self Interacting Dark Matter (SIDM)

e To affect the macroscopic properties of dark matter halo.

Ux)(p)(V/mx w
HO
N 2
> <ﬂ> ~ 1.3 ( cm” | gham
!t m g g GeV
Ly

Strong interacting dark sector

e Self interacting DM helps to suppress the central density of
dark matter halo, and affect the formation of sub-halos the
way favored by the observations.

wHtHRH




A ESF (Effective Field Theory)

~

scale

Name| Operator |Coefficient
D1 XX14 mq/M?
D2 X7°xqq | img/M:
D3 Xxqy’q | img/M:
D4 | xV°xqvq | mg/M?
D5 | X7Y*XqVuq 1/M?
D6 | XV“¥xqv.g | 1/M?
D7 | xv*xqwy’q | 1/M?
D8 |xv*v xqvu°q| 1/M?
D9 | xo*xGouwq | 1/M?

D10 |X0uwY’Xqouq| i/M?
D11 | xxG.G* | as/4M3
D12 )275xGWG’“’ io [AM3
D13 | xxGuG* | ias/AM?
D14 )2')/5xGWé’“’ as/4M3
D15 X" xFuw M
D16 )Za,w'y‘r’ XFuv D
M1 Xxdq mq/2M}
M2 XV°xdq | imge/2M;

HY% tHAH

Name| Operator |Coefficient
M3 XXqv°q | img/2M?
M4 | x7v°x@v%q | mg/2M3
M5 | Xv*°xqvug | 1/2M?
M6 (XS xqvuv’e| 1/2M?
M7 | xxGuwG* | as/8M3
M8 | xv°xGuwG* | ias/8M2
M9 | xxGuwG* | ias/8M3
M10 | Xv°xGG* | as/8M3
C1 x'xaq mg/M?
C2 | x'x@v’q | img/M?
C3 | x'ouxar'q | 1/M?
C4 | x'0uxar*vPq | 1/M?
C5 XTxG,wG’“’ as/4M?
C6 xTxGWG”“’ ics /AM?
R1 x*qq mg/2M?
R2 X2q7°q img/2M?
R3 | x*GLG" | a/8M?
R4 | x2GwG* | ias/8M?2

Mediatoﬁs

DM
SM Y

¢ The mediator is integrated

out.

e few parameters: DM mass,
effective scale

EFT approach is useful for
complementary analysis for
various detection ways.

o[V
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(E ATLAS 90% CL B DAMA/LIBRA, 30

-30 _ -1 @8 CRESST I, 20
210 4 D1: %0 Is=8TeV, 20.3%"  — S GeNT, 99% CL

» D5: %y "x@y 4 ~C1: @ CDMS, 1o
10732 D11:7%xG G‘“ C5: . x?;q G 3 GDMS, 20 1502.01518
¢ + Coix'x CDMS, low mass
uf - truncated coupling = 1 — I)_(UX 2% % %%W; %II_.
- o : — Aenon %
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CMS 8TeV D11

WIMP-nucleon cross section [c
S
&

—

1
NN
NN

16 spin- mdependentI I I
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Simplified model

Higgs portal

Z' portal

Neutrino portal

dark photon

Top/lepton/...-
philic

Axion-like portal

X-portal
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Simplified model: Higgs portal

...... HH...
1 1 1 1
Ly = Lsy — 7 W, WH + §u%/V,LV“ - F\V(VMV“V + 5 Ay V.VFHTH,
1 1A
EX=ESM+—Y(75¢—MX) — —hx (cos@%x—l—sin@ii%x)HTH,
2 2 A,

_ A _ _
Ly = Lsm+ Y (z@ — u¢) Y — % (costpw + sin9¢z'fy5¢) HYH, 1512.06458
Y
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Simplified model: Z prime portal

L = Z,[(9z:q7"q + 9z57*¥59) + (9pXY*X + 95XV V5X)]

" EALH

Operator Structure DM-nucleon Cross Section
01 @vaumx SI, MI B e 1202.2894
O2  @Y'aXVu5X SI, MD ~ v?
O3 @v*¥59XVuX SD, MD ~ v?
Os  @y"vsqxwysx ~ SD, MI 39215955 (8% My

ﬂ-Mél (MN+MX)2




Simplified model: U(1)’-portal

e Massive dark photon L D ecA /; JH + e'Al;J H

X
X f x
>W\< A;L
Ay i
X f f
s — channel t — channel
o, See 2005.01515,

X g 2105.04565 for
] y review on dark
X : photon

annihilation

e There is a rotation way of dark U(1) and SM U(1) to lead the
fOHOWing interaction. g :) €e , U )? }///t )( milli-charged Dark Matter
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Simplified model: Neutrino portal

e Seesaw mechanism - origin of neutrino mass and mixing
e Leptogenesis - baryon asymmetry in the Universe
e mediator between dark sector and the SM

e Provide connection between the origins of DM and Baryonic matter.
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Computing Package

MicrOMEGAS https://lapth.cnrs.fr/micromegas/

relic density indirect rates

DarkSUSY https://darksusy.hepforge.org/
DarkSUSY

DarkSUSY is a flexible and modular Fortran package to calculate observables for a variety of dark matter
candidates. It is written by Joakim Edsjd, Torsten Bringmann, Paolo Gondolo, Piero Ullio and Lars Bergstréom,
with further significant code contributions by (in alphabetical order) Ted Baltz, Francesca Calore, Gintaras Duda,
Mia Schelke and Pat Scott. On these pages you will find general information about DarkSUSY and you can also

download the package.

MadDM https://launchpad.net/maddm

MadDM v.3.1 is a numerical tool to compute dark matter relic abundance, dark
matter nucleus scattering rates and dark matter indirect detection predictions in a
generic model. The code is based on the existing MadGraph 5 architecture and as
such is easily integrable into any MadGraph collider study. A simple Python interface
offers a level of user-friendliness characteristic of MadGraph 5 without sacrificing

functionality.
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Decoding the particle dark matter

Full theory

Higgs 138, PHEIFIDIE,

BEfiliR. -’%‘ﬁi?é.?r IRHDEE T

53CPIa)El, RIF4):

astrophysics
/cosmology

direct
detection

e relic abundance
e structure formation
¢ stellar cooling

@ nuclei recoil

' ® electron recoil
e annual modulation

Lagrangian

Interactions

Indirect
detection

cosmic rays
gamma rays
anti-matter excess
stellar capture

Simplified model
EFT operators

collider
signature

* jets/leptons/
photons+ missing ET

¢ Particle invisible
decay
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DM candidates: A Ten-point test  [arXiv:0711.4996]

1. Does it match the appropriate relic density?

2. Is it cold?

3. Is it neutral?

4. Is it consistent with BBN?

5. Does it leave stellar evolution unchanged?

6. Is it compatible with constraints on self-interactions?
/. Is it consistent with direct DM searches?

8. Is it compatible with gamma-ray constraints?

9. Is it compatible with other astrophysical bounds?
10. Can it be probed experimentally?
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