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Introduction to dark matter
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- galactic rotation curves

Accumulated observational evidences
of a new form of matter:
dark matter (DM)

- bullet clusters




Dark matter

We know several properties, but do not know the identity

- long-lived over the age of the Universe

- feebly-interacting with photon and baryon
- not too hot; otherwise smear out primordial density contrast

- accounts for about 30% of the present energy density
of the Universe Q, h? ~ SQbmyonlfz2 ~ (.12
- coincidence? here!
B ~ baryon
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- cosmic microwave background (CMB) anisotropies



Candidate in the SM?

Standard model (SM) of particle physics
- language: relativistic quantum field theory

- dynamics: spontaneously broken SU3) x SU2) x U(1)
chiral gauge theory
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Candidate in the SM?

Color SU(3): asymptotic freedom
- only color-neutral bound states appear as a free partlcle

W*W

eneration interaction
‘ 9 Jectro A N
electro _!
magnetic l/weak StrO“QI
,=‘l | {
) u(1 SU(2) [TISU(3 ,
‘ gauge boson () [ _f) _1 ( )l\ ’
- Y :’w " |

, |
_mediati_ng 4 ML Fooy \ -_
interactions JPERL ¥
’ 1 - &
\~ - "

not strongly-
interacting




Candidate in the SM?

Heavy particle decays into lighter particles
- conservation law < symmetry

* accidental symmetry: U(l)p Agcp/M: <1
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Neutrino DM

Neutrinos@ @ @ are massless in the SM

p, «x 1/a*
t c.f. matter: Pmat < 1/a° a(t) : scale factor of the Universe

Discovery of neutrino oscillation - Nobel prize 2015

— neutrinos have a tiny mass Pu 4
&c 1/a*
Q h? = m,=10eV
y 94 €V * Z wcﬁ
Qunh? =~ 0.12 §

>

I ~m, a

Neutrino DM becomes non-relativistic at 1/a ~ 60000

- corresponding size of the Universe: 5 Mpc
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Neutrino DM

Free-streaming of neutrino DM smears out
the density contrast below ~ 10 Mpc

c.f. galaxy cluster size: ~ 100kpc galaxy: ~ 10kpc

30 Mpc

- cold dark matter - hot dark matter

SM neutrinos are too hot to account for the whole DM
— beyond SM physics



Pre-LHC: WIMP miracle
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Naturalness

Higgs mass squared is very UV sensitive
not protected by any symmetry

- quantum correction shows quadratic divergence

2 _ 2 2
Mo = My, o+ A(my,

2
A(mi,) = he_ O - -~ (4”)2 A? A 1 naive cutoff
T

- large mass squared from quartic coupling to
a scalar field with a large VEV

Ao |H|* | Z |2 (2) ~ 100 GeV

What about fermion masses? chiral symmetry!

What about vacuum energy (cosmological constant)? homework!
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WIMP

Naturalness » A : electroweak scale

One expects that electoweak-scale new physics
stabilizes the Higgs potential /
explains the origin of the electroweak symmetry breaking

This new physics will provide a new particle with the
electroweak-scale mass as a dark matter candidate

- stabilized by new Z, symmetry

* Weakly interacting massive particle (WIMP)
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WIMP

Z, symmetry allows annihilation

1 HEERR B 1T 111
) . 3R in equilibrium
Y 4 N :-O_B
2SM SMe, 102 | |
annihilation pair-creation 10-5 thereasiig
10-5 <gv>
Thermal freeze-out >~ 10-7 Il
10-8 19 pair-cr n
5 3x107%°cm3/s 109 L&
Quwvph” = 0.1 X o) 10-10 N Y
O onnV - .
2 :_O_ié _|Xannihifgtion
- only depend on the 1 8_ - y | Teme——=
annihilation cross section 10-14 £t i T\l
time——
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WIMP miracle

1
" (102TeV)?

Required annihilation cross section  {G,,V)

a2

2
My 1vp

Naive WIMP annihilation cross section {c,,,v) ~

a : fine-structure constant W e © electroweak scale!

More generically, from s-wave unitarity, mypp S 340 TeV

Electroweak-scale new physics
- naturalness

- DM candidate (WIMP)



Electro-weak scale SUSY

Theory is invariant under boson < fermion

Theoretical properties
- non-trivially extend space-time (Poincaré) symmetry

- control quantum corrections through chiral symmetry

Minimal supersymmetric standard model (MSSM)

- SUSY breaking — electroweak symmetry breaking

t: =
) ) ,,—~\\ 'lt \‘
h h
A(mg,) = = - --+ =-A F-- + R __ .
/

2 2
Yt ) m;
~ G In <m2> * electroweak-scale m;
naturalness
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MSSM and R parlty

SM particles
R -parity even

( 1)3(B L)+2s

SUSY partnergi

{| R-parity odd

-

Igauge boson \ ‘
O‘.~‘ ".5 )

|gaugino \ '

®®®

\_

[Higgsino|
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DM in the MSSM

Lightest supersymmetric particle (LSP)
- stable due to R-parity

Neutralino LSP: bino, wino @ Higgsinos @ @

- DM (WIMP) candidates

- correct relic abundance < specific SUSY spectrum

* special considerations are sometimes needed

- co-annihilation - Sommerfeld enhancement
- forbidden - bound-state formation
- resonant

* sneutrinos Vo Vu. Vv tare a good DM candidate at first sight
but excluded by dlrect detectlon experiments (below)
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WIMP search

- direct detection

- collider
- Indirect detection
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Direct detection

- face-on view of MW - edge-on view

235 km/s

- Galactic
plane

B Ty
S A50001y

30km/s
(around the Sun)

30p96Q In

180°

Solar system moves around the Galactic plane
< DM wind blows to the Earth



Direct detection

DM scattering with a nucleus
DM number density around the Sun

33 100 GeV - - nucleus
npy ~ 3 X 1077 /em ><
mMpm
Low event rate: ~ 0.3/kg/year X “DM-N X 100 GeV
10—45 cm? MpM

2
Small recoil energy: ~ 1keV x  —2M v
100 GeV 200km/s

Locate a high-sensitivity detector in a low-background
environment such as a mine
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Direct detection
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Null detections — tight constraints (covering part
of the SUSY parameter space)

22



23

Indirect detection

DM annihilation in the late-time Universe

Galactic Longitude

Target: high-density region
S such as Galactic center
and dwarf galaxy

- dwarf galaxy

R . - diffusion of charged
§e e S particles— only local
region contributes

30,000 )y

180°




annihilation cross section
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Indirect detection
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Collider
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Post-LHC: brainstorming
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No naturalness so far...

LHC discovery of 125 GeV Higgs and null-detection of top partners

- something wrong in the hierarchy problem and postulated
solutions (including but not only electroweak-scale SUSY)

WIMP is no more as a miracle as we expected...
( - top-down: new theoretical reasoning for WIMP? )

- bottom-up: structure formation of the Universe?

27



28

Grand unification

U(1)y charge is quantized in multiples of 1/6
t miraculously free from quantum anomaly

Abelian group can have any charge
Low-energy new physics is

()
& referred for a better unification
Embed the SM gauge group o 5
in a non-Abelian gauge group E 50§ UG
- ] Tl - PRt
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Mini-split supersymmetry

Mini-split SUSY: pragmatic SUSY mass spectrum

- sfermions, heavy Higgses, gravitino > 100 TeV

- 125 GeV Higgs although the little hierarchy problem
(electroweak scale v.s. SUSY breaking scale) unanswered

- N0 experimental (e.g., flavor) or
cosmological (e.g., gravitino) problem

- gauginos ~ 1 TeV; higgsino ~ ??7: experimental window
- provide a

- precise grand unification of gauge couplings
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Dark matter candidate

gravitino ~ 100 TeV, gauginos ~ 1 TeV - anomaly mediation

— (likely) wino (or higgsino) dark matter

Thermal pure wino dark matter
higgsino > 100 TeV

neutralino (x”) and charginos (x*) Am, ~ 160 MeV

perturbative annihilation 1"z’ — W*W~
+ co-annihilation QK= QR for m~ 3TeV

X
+ Sommerfeld enhancement
- no free parameter left

- accompanied by slightly heavier charged component
(EWIMP or electroweakino)



Indirect detection

CTA sensitivities
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*Galactic center has
a large uncertainty
in the DM profile



No naturalness so far...

LHC discovery of 125 GeV Higgs and null-detection of top partners

- something wrong in the hierarchy problem and postulated
solutions (including but not only electroweak-scale SUSY)

WIMP is no more as a miracle as we expected...

- top-down: new theoretical reasoning for WIMP?

Gbottom-up: structure formation of the Universe? )
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Structure formation of the Universe

- provided the DM properties
- surveys are projected

Cold dark matter (CDM) hypothesis
t - null thermal velocity; only gravitationally interacting

Particle physics candidates
- finite (sizable) thermal velocity; interacting in many ways

* Properties of dark matter are imprinted in the structure of
the Universe as deviations from the CDM prediction

- Imprints of dark matter properties are not fully understood

- for typical WIMPs, deviations appear at scales

- impact indirect detection?



Small-scale structure

Possible discrepancies from the CDM (WIMPs) prediction on
galactic (sub-Mpc) scales (small-scale issues)

Issues may be attributed to incomplete understanding of
complex astrophysical processes (subgrid physics)

Issues may indicate alternatives to CDM (WIMPs)
- beyond WIMP?
- Warm dark matter (WDM) m ~ lkeV

- Self-interacting dark matter (SIDM) o/m ~ 1 cm?/g
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Missing satellite problem

N-body (DM-only) simulations in the ACDM model —
a MW-size halo hosts a ©(10)times larger number of subhalos

than that of observed dwarf spheroidal galaxies
| | | T T
ACDM satellites

——%—— Local Group dwarfs]

km/s

100 =

circ)

cumulative number of subhalos
N(>V

10 ;%\ —
(maximum) circular velocity: ) _
., GM(<7) | o\ | -
circ — ” | \ \\*
L | | N\ =
10 20 30 40 50 6070
Vmax = nax (Vcirc(r)> Ve (km/s)

r

maximal circular velocity of subhalo



Missing satellite problem w/ WDM

25T T T
M. = 8.0E+11 M un
2 keV M, = 1.4E+12 Mo
- M, = 2.5E+12 Mo,
2.0¢ Classical + DR5/fon,  ®

0 -5 -10 -15

WDM reduces a predicted number
of satellite galaxies

Should not go below

the observed number

Lovell 2013

Allowed

Polisensky & Ricotti 2011

Maccio & Fontanot 2010

Ruled Out

10
m, [keV]
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Cusp vs core problem

N-body (DM-only) simulations in the ACDM model —
common DM profile independent of a halo size: NFW profile
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Cusp vs core problem w/ SIDM
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Too-big-to-fail problem

N-body (DM-only) simulations in the ACDM model —
~ 10 missing galaxies are the biggest subhalos in simulations
to big to fail to be detected

50 ' —
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40
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.
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.
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- MW-like halos



Too-big-to-fail problem w/ WDM

Schneider, Anderhalden, Maccio,
and Diemand, MNRAS, 2014

V.re [km/s]

WDM reduces a predicted number of
bigger subhalos than observed satellites
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Lyman-a forest constraints on WDM

WDM suppresses clumping of
neutral hydrogen probed by
Lyman-a forest in high-z
guasar spectra

— MypMm 2 3-3keV

Likelihood
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Summary

Dark matter cannot be explained in the standard model
infers physics beyond the standard model

WIMP is well-motivated in synergy with naturalness problem

under intensive investigation

No naturalness from LHC

WIMP miracle may have been gone...
- new theoretical reasoning for WIMP dark matter?

- beyond WIMP dark matter from small-scale issues?
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Thank you for your attention
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Discussion

More on...

Coincidence problem?

- asymmetric dark matter

Thermal freeze-out?

- semi-annihilation

Structure formation of WIMPs
- wino dark matter
Small-scale issues?

- diversity problem and self-interacting dark matter

44



Coincidence problem
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Composite asymmetric dark matter

Why is a dark matter particle long-lived?
- new accidental U(1), (like U(1)gzfor proton)

- decay operator: non-renormalizable Agcp /M. <1

- B’ number asymmetry - cogenesis

Portal operator

. * when no particle charged
A =—0\0p :
portal == p g~ SMETD n+4 dim. under both gauge groups

Osm ) : SM (D) gauge neutral, but U(1);_, (U(1),) charged

— at high energy (temperature) , Y3 ;) < YVap
Yop ~ Yap My~ Aocp = O(1) GeV = Qquh® = 5Qu,  h* ~0.12

- close to SM QCD dynamical scale
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Thermal history
SM 4J-> dark

Y AB-L)|" Y AB’

portal operator decoupled T ~ M*(M*/Mpl)lf(Zn—l)

UDp_r Yam-1) UDp Yap
sphaleron process decoupled

T ~ 100 GeV
Ul x U1); Yrg Yar
QCD’ phase transition

QCD phase transition I'~ Aqepy

T ~ Aocp pair annihilation of nucleon’s
pair annihilation of nucleons = Qrh? AgcpYap
into pions

2
— Qbaryonh X AQCDY AB v
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Simple model
Model setup: QCD X QED-like hidden sector u’' @ d' d
- dark nucleons as DM p’' ~u'u'd’ n' ~ u'd'd

( Right-handed neutrinos N w/ soft breaking mass M,
and scalar down quark H; w/ mass My, U(l)p_;,p — (—1)>E-14F

|
- thermal leptogenesis =& B — L asymmetry

e

- see-saw mechanism — active neutrino mass

w'd'd' LH and X nddLH

——— i — e i i e e

Kinetic mixing between SM and dark photons £ g
and U(1)’ breaking scalar H* 2 "

i

- dark photon decay releases dark sector entropy |

& - direct detection: SM and dark protons scattering Y,/Y, 7 |

e ———— E—

E—— ——— — E— ——— — E— e ——
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Dark photon parameter plot
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detection
Del Nobile, Kaplinghat, and Yu, JCAP, 2015

- chance to see QCD-like
asymmetric dark matter
In near-future

10’ 10°

10°

Ibe, AK, Kobayashi, and Nakano, JHEP 2018
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Origin of kinetic mixing

Grand unifications in both SM and dark sectors SU(5) x SU(4)’

* mass splitting
md/ < AQCD/ < me/
. dark nucleon decay
My, > my. . portal operator

6':(w,u) 4:(d.,e) 4:(d,e)
4, : (H-.,H") - U(1)’ breaking
- portal operator

- particles we introduce so far except for e’ form SU(4)" multiplets

Higher dimensional operator

1
Z mix ™ WTT (F GUT,WZGUT> It (F (%T/ZGUT) >. adjoint scalar
pl

10710 (2 U5\ g g
1016 GeV 1010GeV /] ¥




Supersymmetric realization

Dark sector SU4) 6': (u,u) 4':(d,e) 4':(d,e)
4, : (H.,H') 4},:(H,H™)
Portal superpotential  w . _2N 77 g
My My “
d -
N g N l/_t/d,d/LHu

/

1
dark nucleon decay into neutrino = =<
, 26 3
n -0+ 72107 sec 102 GeV

Mp

10° GeV

172
hidden sparticle mass M. > 10° GeV ( ) - split SUSY!
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Mirror grand unification

Dream SU(5) x SU4)' — SU(5) x SU(5)'1Z,

10 : (O, u,e)
Sy (Hp H))

5:(d.L)
(HC,

Ull

10": (6'(u’, @) + 4'(d',
5 @(d,e), —v)
5y, (A (He HE

))

5}—] (4 (HlaHd )

large VEV
— vector-like theory

- Softly broken
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Why Qdmhz ~ Qbaryonhz or AQCD i AQCD’ ?

just 3 orders
of magnitude

53

Alleviating coincidence

Apm/Ap

1000,

 Mpgur<10°GeV
500

100
50

107°

'

107

107

Mpcut/MvGuT

1078

8 orders of magnitude



Thermal freeze-out
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WIMP freeze-out

Boltzmann equation for WIMP freeze-out
npy + 3Hnpy = — <O-annv>(nI2)M — ”8(1]\42)
- adiabatic evolution - annihilation - part-creation

npy & 1/a° (6,,nV) - thermally averaged cross section

T 3/2
n = gpm <m];1: ) exp(—mpy/T) : equilibrium number density
w/ # of spin d.o.f being gpm

Derived under two assumptions:

Tinvariance & | M . |* = | M, |* W/ spin and momentum flipped

— detailed balance: (r.h.s) = 0 for npy = ”8611\/1

o Jom = exp(—E/T) T :SM temperature

DM
pm(T)
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(In)elastic proceses

DM DM inelastic (chemical) process

- change number

- exchange energy w/ SM particles

’ 5

4 g
4 ) 2

SM SME crossing symmetry for WIMP —
- elastic process < inelastic process

elastic (kinetic) process

A 3

- unchange number
- exchange energy w/ SM particles

Efficient elastic process — kinetic equilibrium
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Kinetic equilibration rate

Fokker-Planck approximation: T : temperature
expanding the collision term w.rt. ¢ <p u” . bulk velocity
of thermal plasma - TP

0 o
Cl/oml = mpy g (mDMT =

F (Ppm — mDMu)fDM>
OPpMm O0PpM

1 J d°prp 0 do
y = f3a £ J dt(—t)—v
6mDMT Z (271')3 TP TP —4p2, dt

STP 5
x p? X q

- thermal momentum squared - momentum transfer squared

Kinetic equilibrium is usually a valid assumption y/H > 1
exception: resonant annihilation

57



Kinetic equilibration for beyond WIMP

Inelastic process has nothing to do with elastic process

>

3—2 process: QA % Entropy conservation
AA [M

Semi-annihilation: QA %
S
S
A
AA TP >,

Solve co-evolution
equations
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Co-evolution equations

X X X X X o efficient self-scattering
\ / \ / \ // n
4
> ) > | * f, = g exp(—E,/T,)
v Ny X N e N o
- DM -TP
Co-evolution equations: r,=T,

\ 4

n,+3Hn, = — n(CemV) [n - J (T, Tyn (T )]
X 4 By »7% 72| Boltzmann equation

. T, i T, ? n,(T,) for WIMP freeze-out
T)( T BHT)( g -\ — <AE 1an>T o Ty=T,

OF og | n, (T,

- adiabatic cooling X [n - n, (T )Z (T T¢)]
relativistic: o7 = 37, - T,x1l/a -heating through semi-annihilation
non-relativistic: of =3/2T, = T,  1/a*

07 = (E2) — (E,)?
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Freeze-out

in equilibrium | =1 GeV

me/Mmy =0

X inverse process | T, =T,
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\ % |X semi-annihilation
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______ S —T
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(semiveet) = 6 x 107*em?/s 1, 3() 9 difference from

x 1/a

~1 - mass deficit converted

into the kinetic energy
— self-heating T,x1/a
DM
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Galactic-scale structure formation

109 &

P/ Pepw

101

k [h Mpc™]
Self-heating ceases when self-scattering becomes inefficient s

Warmness (WDM) is related with self-scattering (SIDM)
3/4

1/ —3/8
mwdm m)( Tself T)(
~ 3 max | 1, —
5.3keV 1 GeV T T
asy

cq




Structure formation of WIMPs

62



matter power spectrum

Power spectrum P(k) [(h-'Mpc)3]
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Baryon acoustic oscillation

Baryons are involved in plasma acoustic oscillation
until decoupling (recombination)

10%

104

* LRG

¢ Main _

L1 N

0.01

0.1

- baryon acoustic oscillation

wiggles on the horizon scale at

ldecoupling are imprinted on the

matter power spectrum

observed in galaxy clustering

k [h Mpe'] Wavenumber
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Dark acoustic oscillation

WIMPs (weakly interacting massive particles) are
in thermal equilibrium in the early Universe

Crossing symmetry:

elastic scattering usually lasts even after

) ¢ freeze-out (decoupling of annihilation)

l’ ~S
l’SM SM \\
D T EEEE—

Dark matter is involved in plasma acoustic oscillation
until kinetic decoupling -

horizon scale at decoupling < smallest (proto) halos
— may impact indirect detection signals



reaction rates normalized to

the

ubble expansion rate
I'/H

Kinetic decoupling of wino DM
1/7[1/pc]
1072 Wwyg—l

109 101
T i IARRNE

LI I I

I I o

Xi_)XO_I_ﬂ_i

I
||
¥
| »
1 x" + v, (e)
I
I
I
|
|

- inelastic procésses ~~ - elastic
I scattering

pi .
Am, = 160 MeV |3 E
TQCij = 180MeV 3
I | - ] L, IR
1072 102 107! 10°

I''TH=4 & 1/74~0.11/

T [GeV] — bt

Inelastic processes with charginos involve
neutralinos in dark acoustic oscillation
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matter power spectrum

Power spectrum

Wino dark matter - inelastic scattering

I
-ICTS' 127 ___ w/o free-streaming l\l !7?
S —— w/ free-streaming i :I
N : i
- 10 - 1 :|
'cg :I' ::' )

1
ge. 8 - Aodidhe
o AR I -
3 s LT P
c O 6- \ .I:”i:::' oscillati
'_: N3 s I
T ° . { it
= i
®) 'i:II
fd X 11
3 2] i
') 0 |
N ) Y\
[ | - 1
§ 1071 10°
2 wavenumber [1/pc] kipc™]

ustic
N

Peak amplitudes are enhanced!: overshooting phenomenon
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Power spectrum

Typical WIMPs - elastic scattering

y 10° P~ -
= O
O -2

| -
D 10
o N
® Q€
- 3] 4
%’ B8 107 Moy = 6.4 x 10% M
o ® — '
Q_C_OU ’2 10'6 | _
L o :
o _ - dark acoustic
= - Non-Interacting DM ——— —
g "5 10'8 - Vector-DM ——— OISCI||atIOn

-Scalar-DM
10'10 R T B ] ] ] ] R T B | [
10 100

Wavenumber k [h/Mpc]

Peak amplitudes are damped
- Landau damping known for baryon acoustic oscilllation

Oscillation phase is averaged over the finite duration of decoupling



reaction rates normalized to

68

Kinetic decoupling

1/z[1/pc]
- _2 _ O 1
o 1061 ——— 10 I 10
- 10°- | ~
- - |
L .
g 100
m I
65 102 3 I | -
o= 10t e - sudden decoUpImg - gradual
E 100 due to the Bqlitzmann decoupling
I 1 ¢ -
D 10 : EHrv—dec :: 2MeV Suppregosll\/?en E
=10, Toci= 180MeV =
10_3§mX:I3TeV ‘ Q:: §
107~ 10~ 10~ 10°

sudden (gradual) decoupling — horizon scale at decoupling << (~)
damping scale = enhanced (damped) dark acoustic oscillation
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Power spectrum
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Free-streaming after decoupling dominates damping
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Boost factor

Wino (or generically electroweakino) dark matter

- annihilation into gauge bosons are non-perturbatively enhanced
toward lower velocity (Sommerfeld enhancement)

— good target of indirect detection experiments

Boost factor: L(M) = (1+B(M))L(M) - total luminosity

L(M) - contribution from coarse-grained distribution squared (p)?

(pH1{p)*>>1 (p) - e.g. Navarro-Frenk-White (NFW) profile

B(M) - we estimate a subhalo contribution by using a halo model
with extrapolations toward small scales
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Boost factor

We adopt a halo model approach to estimate the boost factor
with extrapolations

BOM) = — JM s 1 I
(M) = ion ) m ™ ( b)) Ly b (1)

min

m_... minimal halo mass

Hierarchical structure: B = B L=L

sub sub

Coarse-grained luminosity L

- Navarro-Frenk-White (NFW) profile c¢-M relation
power-law or flattened?
Subhalo mass function: dn,,/dm  power-law index a = 1.9-2.0

(dn/dn M),
X
(dnld 1In M)egy |p

for wino dark matter




boost factor

Estimated boost factor

103 -
107 - J— g
g 101 - m—t -
@ T T
100 7
| — casel,a=19 -power law c-M
10-1 ] case 1, a=2
IR case 2, a=1.9 - flattened c-M
] =—-= case 2, a=2
10_2 | | | |
10° 10’ 10° 101! 1013 101°

halo mass Mh—M,]

Boost factor depends on power-law index of the subhalo mass
function a and the ¢-M relation

/2



Power spectrum

Wino dark matter - inelastic scattering
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Powers at the pc scale are enhanced!: overshooting phenomenon
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halo mass function normalized
to that in cold dark matter

(dn/dM)x/(dn/dM)cdm

Estimated boost factor

2.5
— smooth-k
/\/\ top-hat

2.0 -
1.5 - - enhanced oscillatic
1.0 +
> ¢ - damped

R arr_lpe_

’ oscillation
0.0 4 .

DN

10-11 10-9 10-7 ,'16—5 103
halo mass Mlh—Me]

1071

Enhanced by a factor of 4.1 and 8.8 (1.5 and2.9)

with a = 1.9 and 2.0 in case 1 (2)
when compared to damped oscillation
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Indirect detection

1000 g S =
; Fe'rm'LX(RCSLenS+CFHTLenS)§
100 & < Enhanced abundance of
: /// 7 Earth mass halos is not
10 & ///// O e Tevel ; < taken into account:
A N =
Néf 1 & ///// _ //f% E .
- // //// /ma -Poost factor uncertainty
0.1 E ///////%////%
el 277 U | ssTike survey
0.01 Lk T ) %;f
X o -

100 20 500 10002000T thermal wino

. m, ~ 3TeV
Wino DM mass [GeV] ~

Cross-correlation of gamma-ray background w/ large-scale structure
(e.g., weak lensing) will enjoy statistical improvement in near future!



Small-scale issues
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Diversity of inner rotation curves

Collisionless dark matter prediction: inner circular velocity is
almost uniquely determined by outer circular velocity

< observations show diversity

V= 80-100km/s unique prediction

100 IS related with the

sol concentration-mass
sl relation
40 |

> B UGC5721 Y UGC 11707

= DMO sims: LG-MR + EAGLE-HR, DMO sims: LG-MR + EAGLE-HR,

O - 20 — V. =89kms +10%[113] [ — v, =101 km s £10% [73]

Q |UJ Hydro sims: LG-MR + EAGLE-HR, Hydro sims: LG-MR + EAGLE-HR,

(¢)) S - V,..=89kms ' +10% [113] — V,=101km s +10% [73]

>

w lﬁ‘ O | | |

< — 1

> wF 80t

o >° 80

=

O i 1 . "
00 -joverpredict the circular
40t — T = velocity by a factor of

+ DMO sims: LG-MR + EAGLE-HR, DMO sims: LG-MR + EAGLE-HR, .
20 + — V. —88kms ! +10%[120] || — V,.,=80 kms ' +10%[149] || ~U 2 ( AU 4 N maSS)
Hydro sims: LG-MR + EAGLE-HR, Hydro sims: LG-MR + EAGLE-HR,

™ Vox=88kms ' +£10% [120] — V._..=80kms ! +10% [149]

0 2 4 6 8 10 12 0 2 4 6 8 10 12 14
Radius |kpc]



Possible solutions

The issues may be attributed to incomplete understanding
of complex astrophysical processes (subgrid physics)

The issues may indicate alternatives to CDM (WIMPs)

/8

" " ]-OO - 1 1 1 I I I B B | 1 1 1 L=
- self-interacting dark matter: SIDM ¢ — DM :
o/m = O(1)cm?/g l e e
- reduce the central mass density | .| \ —E
. . . . mé ; \ — =10 cm? g_l §
- ameliorate overprediction in = \)ﬂ e o=30em’g ! -
some galaxies, but naively £ RS :
underpredict the circular velocity < w2} \ -

in other galaxies : 0

_ Mhalo ~ 10 M@

102 H H P 1(')3 ] Iio4

Radius [pc]



Iso-thermal halo

79

Self-scattering leads to thermalization of DM halos at r < r,
where self-scattering happens at least one time until now

48
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SIDM-only simulation

-  CDM

0=0.1 cm” g_l

—  0=0.5cm’ g_l

oc=1cm’g*

100

temperature < Vvelocity Dispersion [km /5]
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10 _
MhalO e 1() M@ — 0':]_0 Cm2 g 1
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Key observation

Iso-thermal — Boltzmann distribution

pom(T) = ppaexp(—¢(T)/o?) . .
- iInner profile is exponentially

A¢ = 4G (ppm +@baryon)  sensitive to baryon distribution

Baryons form complex objects, which show a large diversity

— SIDM particles, redistributed according to
formed baryonic objects, can show a diversity

* do not rely on unconstrained subgrid astrophysical processes
take into account observed baryon distribution



circular velocity (km/s)
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Impacts in observed galaxies

x Hereafter o/m = 3cm?/g

- = DN DN
O U O u
OOOO

o)
o

O 5 10 15 20 25 30
Radius (kpc)

- Observed stellar disk
makes SIDM inner
circular velocity ~ 3
times higher

— reproducing flat

circular velocity at
10-20 kpc
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Diversity in stellar distribution

Similar outer circular velocity and stellar mass,
but different stellar distribution

Vcir (km/s)

- compact — redistribute SIDM significantly

- extended — unchange SIDM distribution

250 .
200 |
150 |
100 |

50

NGC 6503, copo:median, Mogg:2. 5><10”M@

UGC 128, cooo:median, Mog:3.8x10" "My -

M. = 0.83 x 100 M #———— M. = 0.57 x 10"* M
compact stellar dlsk§

extended stellar dISk _

Radius (kpc)

Radius (kpc)
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Self-interacting dark matter

SIDM cross section indicated by small-scale puzzles

SIDM ~SM n-p/ 10

- cores in dwarf
galaxies

— o/m 2 lem?/g

ters
- cores in galaxy

clusters

= o/m ~ 0.lcm?/g

10

5¢ ]
% 2 SIDM :
o1 bullet clus
s —
05 Vo

B - MW-size galaxy
0.2+ Fwarf/low-surface ]

brightness galaxies galaxy cl

0.1 - > R . I ]
10 100 1000  SI

Vrel

(km/s)

DM ~SM n-p/10



Self-interacting dark matter

SM strong dynamics: nucleon elastic-scattering cross section

- diminishing w/ increasing velocity

100, _
50 |

20 - . . .
np—np elastic scattering

10/
5

o/m (cm?/g)

2
1

10 100 1000 10*
Vrel (km/ S)



Others
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Long-lived over the age of the Universe

86

Weak-scale DM particle, mdm = 100 GeV decays even through the
gravitational interaction =7 ~ 167 mpl/mDM ~ 10yT (e

To stabilize the DM patrticle...

New symmetry

Proton , IS long-lived « baryon number conservation
conservation law < symmetry though the Noether’s theorem

Light particle

A keV-scale particle decays through the weak interaction
— (marginal) 7 ~ 647T3/(G mDM) ~ 10M yr

A keV-scale particle decays through the gravitational interaction
— 7~ 10%°yr
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Classification of DM candidates as a temporal summary

WIMP symmetry
(neutralino) (R-parity)

light FIMP
(light gravitino,
moduli)

light + feeble
Interaction




New symmetry

Minimal phenomenological approach:
introducing a new Zs-symmetry under which

the SM particles are even, while a DM patrticle is odd

Interaction strength is not constrained

Baryon number conservation
was understood

as an accidental symmetry

a half century after the discovery

Quantum gravity violates any global
symmetry?

i

’ electronwdiscovery

(1897, Thomson)
 [proton discovery
(1919,

utherford)

i |[Electroweak theory
t (1961, Grashow)

L (1967, Weinberg)

} (1968, Salam)

38



Summary of thermal history of WIMPs

Kinetic late
Universe decoupling  Universe
o i — ala .“ sl L omcis ,\

CDM




Long-lived over the age of the Universe

90

Weak-scale DM particle, mdm = 100 GeV decays even through the
gravitational interaction =7 ~ 167 mpl/mDM ~ 10yT (e

To stabilize the DM patrticle...

New symmetry

Proton , IS long-lived « baryon number conservation
conservation law < symmetry though the Noether’s theorem

--..
||
.....
L]
L |
L]
N
L

— (marginal) 7 ~ 64717 /(Gamdy) ~ 10M yr

. A keV-scale particle decays through the weak interaction .



Light particle

Light particles are by collider experiments
unless they are

dLight particle

@bly Interacting Massive Particle (FII\D

Gauge-mediated SUSY breaking (GMSB)
masses of sparticles: msusy ~ (a/4m)F/Myeq ~ 1 TeV

VE ~ Myed < VE ~ 10° GeV
— gravitino mass: 13 /9 ~ F'/my ~ 10eV
Coupling: mSUgy/F ~ 1/(107 GGV)

Moduli field, which determines the size or shape of the extra-
dimension space in the superstring theory, is also a typical example.

91



Feeble interaction

— DM particles decouple from SM particles in the very early
Universe: T" > mgm

— DM particles are not thermalized throughout the thermal
history of the Universe

A variety of production mechanisms o

Early decoupling Non-thermal production :

Coherent oscillation as a Bose-Einstein condensate

92
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SM

early thermal | T ~ Mam late
Universe decoupling [\ Universe
g /ﬁ /” eV-scale mass I
start to free-stream at — becomes non-relativistic only
the speed of light around the matter-radiation equalit

\_

cannot account for the whole DM

=) [HDM

| o




Thermal history of non-thermal produce DM

early T ~mgm late
Universe /\ Universe

never in thermal equilibrium
with SM particles

The DM mass can be larger than the early decoupling case

HDW/ /CDM




Classification of DM candidates as a temporal summary

candidate

WIMP
(neutralino)

light gravitino

sterile neutrino

moduli, QCD
axion

stability

symmetry
(R-parity)

light + feeble
interaction

(R-parity)

light + feeble
interaction

light + feeble
interaction

production
interaction mechanism
(warmness)

thermal freeze-out
(cold)

early decoupling

feeble (hot)

non-thermal
(hot/warm/cold)

coherent
oscillation
(cold)

5



Coherent oscillation as a Bose-Einstein condensate

Bosonic DM can have a large occupation number in one state
— a coherent (classical) condensate follows the equation of
motion of the field<

QDM in a form of a field) CDM

1. an initial field value is displaced
from the origin, for instance, by
inflation dynamics: ¢ = ¢o

2. start to oscillate around the origin
at H ~ Mg

3. energy density redshifts as
matter: rs o (1 +2)°

@ial field value should be e|aborated>

1/2 bo g \—1/4
Quh? = 0.6 x (1) ()
oh” = 0.6y 1011 GeV J» \100
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