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Dark matter
Accumulated evidences from observations of the Universe

Known properties
- long-lived over the age of the Universe

- accounting for about 30% of the present energy
density of the Universe Qu,h* ~ 5Qu,.yo,h” ~ 0.12

- feebly-interacting with photon and baryon

- not too hot to smear out primordial density contrast

No SM particle satisfies the properties

— long-standing mystery in cosmology and particle physics



WIMP Miracle

Weakly interacting massive particle: WIMP

Stability: new Z, symmetry e.g., matter parity: U(1),_; — (—=1)°6~D

Abundance: annihilation xx = AA X:WIMP A :SM
- thermal freeze-out: electoweak-scale interaction

- Indirect detection (cosmic ray) experiments
Interaction with SM particles: (sub-) weak scale
- direct detection (nuclei recoil) experiments

Non-relativistic: cold dark matter

Related with electoweak-scale new physics that explains the
origin of the weak scale against Planck scale (hierarchy problem)

- collider experiments



Supersymmetry

Theory is invariant under boson < fermion

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

- control quantum corrections through chiral symmetry

Phenomenological (MSSM) properties

- SUSY breaking — Higgs potential

- electroweak-scale SUSY — hierarchy problem

- provide a dark matter candidate R-parity = (—1)>B-0+2s

- precise grand unification of gauge couplings



No naturalness...

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...

- new theoretical reasoning for WIMP?

- Mini-split SUSY
- sfermions > 100 TeV; gauginos ~ TeV
- 125 GeV Higgs - dark matter

- precise grand unification



What | will discuss

What about others? What if WIMPs are subdominant?

‘ Puzzles for WIMPs in structure formation part 1 \

| - diversity of rotation curves
Q - self-interacting dark matter  6/m = 6(1) cm?/g = 6(1) barn/GeV ,

I e o part2\

q Composite asymmetric dark matter

- naturally realize self-interacting dark matter

- simple model — ultraviolet completion y
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Part 1: Diversity of inner rotation curves

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

< observations show diversity
V. = 80-100 km/s
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Possible solutions

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

The issues may indicate alternatives to CDM (WIMPs)
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- self-interacting dark matter: SIDM ¢ — DM :

o/m = O(1)cm?/g l e e

- reduce the central mass density | .| \ 212 i

. . . . Mé ; \ — =10 cm? g_l §

- ameliorate overprediction in = \,«« v o=50em’ g ]

some galaxies, but naively | R :

underpredict the circular velocity < w2} -
in other galaxies :
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Iso-thermal halo

10

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

NGC 2903 Czoo median, Mggo 1 2x1o12M@ :

. Gas

-_-—-—-—.-

= a‘—_ﬁulgeg

0

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



Diversity in stellar distribution

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

- compact — redistribute SIDM significantly

- extended — unchange SIDM distribution
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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
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Self-interacting dark matter

SM strong dynamics: nucleon elastic-scattering cross section

- diminishing w/ increasing velocity

100, _
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20 - . . .
np—np elastic scattering
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Part 2: 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



17

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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To be answered

e N — N ——

( Origin of the portal operator?

1
ﬁ - If Mo @SM@D and Mo

- high-energy A

OsmOp coexist, asymmetry is not left

—

Asymmetry generation? |

- compatible with, e.g., thermal leptogenesis?

———— ——— ————

e s E— i I ————————— N i R R

Where is dark sector entropy gone? - low-energy
- AN, from the dark sector (e.g., dark pions)

S —— S —— e — E———— S —————— A— e e — E— e — S —— E— R —
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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

7ddLH and X nddLH *

S———— i i —————————— i i R e

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

i

- dark photon decay releases dark sector entropy |

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

e ———— E—

E—— ——— P—— E— ——— N — e ——
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Dark photon parameter plot

I’

y'—ee

=0.3s71 x

m},,

100 MeV

€
10—10

[T T T 1Tl |

== mCollider Experiments

Beam Dump Experiments

DM direc

[ TTTTI T TTTI T TTTIm T Iy T UTTIm T TTTIy T T T T T T T TP T T

A I S O B I S S I B

T RETTIT RN ATIT AR ETIIT AR IR ETIY | MR RII IEAETIT BRI

Yp//Yn/ i 1_;

A1 T B AT

(%) (soowev)

detection
Del Nobile, Kaplinghat, and Yu, JCAP, 2015

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

10’ 10°
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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 /] ¥




Mirror grand unification

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

10: (Q,u,e) 7.
Sy (Hp H))

A

(d,L)
n:(He, H )

Ull

10 : (6'(u’, @) + 4'(d’, )
5 @(d,e), —v)
5,0 (3 (He, H),
S+ (Ay(He, Hy),

large VEV
— vector-like theory

50

- softly broken

22
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Alleviating coincidence

Why Qdmhz ~ Qbaryonhz or AQCD i AQCD’ ?

kinetic mixing € 10°12 10710 1078 107°
1000+

500

just 3 orders

of magnitude h*

Apm/Ap

2baryon

10° 107  10° 10
Mpcur/Mvcur 8 orders of magnitude
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Summary

WIMP miracle may have been gone...

- another WIMP miracle related with GUT?

- mini-split SUSY: origin of electroweak symmetry breaking
and precise gauge couplings

Small-scale puzzles: diversity of inner rotation curves

- SIDM can explain diversity by changing its distribution
according to formed baryon structure (disks)

Velocity-dependent self-scattering cross section is indicated by
small-scale puzzles

Asymmetric composite DM is a plausible framework

- DM stability: dark baryon number

- DM relic abundance: co-genesis



Summary

Simple QCDX QED-like dark sector as a working example

- right-handed neutrino: see-saw mechanisms,
thermal leptogenesis, and generating portal operator

- dark photon decay: releasing dark sector entropy

- kinetic mixing: DM direct detection

SU(5) x SU(4)’ grand unification

- mini-split SUSY: precise SU(5) grand unification
and origins of electroweak and U(1)’ breaking

- DM decay into neutrino and dark pion (— SM electrons)

— SU(5) x SU(5)'/Z, grand unification?

25
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Part X: Baryon acoustic oscillation

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

* LRG

¢ Main _

10%

- baryon acoustic oscillation

wiggles on the horizon scale at
ldecoupling are imprinted on the
matter power spectrum

matter power spectrum

Power spectrum P(k) [(h-'Mpc)?3]

104

observed in galaxy clustering

0.01

k [h Mpe™] Jvlalvenumber [h/MpC]
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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
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- inelastic procésses ~~ - elastic
I scattering

pi .
Am, = 160 MeV |3 E
TQCij = 180MeV 3
I | - ] L, IR
1077 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
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Peak amplitudes are enhanced!: overshooting phenomenon
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Power spectrum

Typical WIMPs - elastic scattering
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-Scalar-DM
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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
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Kinetic decoupling

1/z[1/pc]
- _2 _ O 1
o 1061 ——— 10 I 10
- 10°- | ~
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L .
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m I
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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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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]

B(M)enhanced by a factor of 4.1 and 8.8 (1.5and 2.9)

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

1071
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Thank you for your attention
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Mini-split supersymmetry

Mini-split SUSY: pragmatic SUSY mass spectrum

- sfermions, heavy Higgses > 100 TeV,; 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 ~ TeV; higgsino ~ ??7?: experimental window

- provide a
- precise grand unification of gauge couplings

35
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Dark matter candidate

gravitino ~ 100 TeV, gauginos ~ TeV - anomaly mediation

— (likely) (or higgsino)

Thermal pure wino dark matter
higgsino > 100 TeV

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

perturbative annihilation x°x” — W*W~

+ co-annihilation o5 Qh2=0Q. h? for m. ~3TeV
Y4 dm 4
+ Sommerfeld enhancement
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Part 1: Baryon acoustic oscillation

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

* LRG

¢ Main _

10%

- baryon acoustic oscillation

wiggles on the horizon scale at
ldecoupling are imprinted on the
matter power spectrum

matter power spectrum

Power spectrum P(k) [(h-'Mpc)?3]

104

observed in galaxy clustering

0.01

k [h Mpe™] Jvlalvenumber [h/MpC]
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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
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Inelastic processes with charginos involve
neutralinos in dark acoustic oscillation
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matter power spectrum

Power spectrum

Wino dark matter - inelastic scattering
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Power spectrum

Typical WIMPs - elastic scattering
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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
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Kinetic decoupling

1/z[1/pc]
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damping scale = enhanced (damped) dark acoustic oscillation
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Power spectrum
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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 -
0 T T T PR TLLLLLL
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
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Power spectrum

Wino dark matter - inelastic scattering
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Does the enhanced oscillation impact the boost factor?



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 .
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halo mass Mlh—Me]

B(M)enhanced by a factor of 4.1 and 8.8 (1.5and 2.9)

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

1071
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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!
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Minimal halo mass

What determines the minimal halo mass?

- primordial density perturbation: P(k) oc k™ ?

- dark matter properties

- free-streaming: smoothes the primordial density contrast

- decoupling from primordial plasma: until then dark matter

IS iInvolved in
Crossing symmetry:
usually lasts even after
) ¢ freeze-out (decoupling of inelastic process)

4 5
g

s
l’SM SM s\
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Dark matter candidate

gravitino ~ 100 TeV, gauginos ~ TeV - anomaly mediation

— (likely) (or higgsino)

Thermal pure wino dark matter
higgsino > 100 TeV

perturbative annihilation 1yt - WHw-

+ co-annihilation S Q2 =Q. h? for m ~3TeV
+ Sommerfeld enhancement

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

— good target of indirect detection experiments



Indi

rect detection experiments

High-energy cosmic rays: anti-particles; gamma-ray

- target ap

- statistica

proach: galactic center; dwarf galaxies

approach: diffuse background

- cross-correlations w/ large-scale structure data
will enjoy statistical improvement in near future

Uncertainty: dark matte distribution - J factor

- density profile of a dark matter halo (9)coarse graining

- flux multi

- (sub) halo mass function up to the smallest halos

plier/boost factor: (p?)/{p)* > 1

-{p) up to the smallest halos: c-M relation
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Elastic processes

Fokker-Planck approximation:
expanding the collision term w.r.t. ¢/p < 1

d/p™m
| mponi L
@< oM OPDM;

o,
OPDM:

Clfom] = mpwm - (PDMi — mDMui)fDM)

differential cross
section

d’ PTP eq
T 6mDMT Z /

thermal momentum squared X p momentum transfer squared q2

T . temperature
u' (x): bulk velocity
of thermal bath plasma
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Elastic processes for neutral wino

Elastic scattering is subdominant!

- /"W = y"W= : related with perturbative annihilation
inefficient after T ~ my,

- 'L = 4°L (L =v, e) : loop suppressed
100 , ., ,T°

Vela = 8 3 Sloop PFMw
T m)(

1 4 —
8loop = =5 | 28 — 0 — ®?) - arctan R P ) (2 — 3+ w)ln a))
oop ™ 372 4 —w 0,

_ 2 2
w = mW/m)(

inefficient after T ~ 1 GeV




Relevant processes for charged wino

x* is in kinetic equilibrium with primordial plasma 7, e, v, 7, ...

3/2 ,
JpAP) & g+ \ m,T =P 2m, T u: bulk velocity

x* and " are in chemical equilibrium through inelastic processes

-)(i—>)(0+7ri . decay 5 ) 3
~ f]TGFl Vudl 3 M+
FdCC ~Y Am)( 1 - 2

T m

- y*L' - ¥°L : inelastic scattering
8GF. (- ,
o, =2——T (Am + 6Am, T+ 12T )
3 4 4

inela

55



Relevant processes for neutral wino

Inelastic processes keep y' in kinetic equilibrium and are dominant

- P+ 7t > y*, 4°L - y*L' : conversion approximation
Amx, I'< <, /m)(T

1 Am,
EC)(O,inela ~ g)(i(rdec + 1ﬂinela) ]}i _]}0 EXp | —

T

For x°, interaction rates are suppressed by exp <—Am)(/ r )
- efficient until 7~ Am, /20
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Cosmological background

- synchronous gauge

S A A U |
ds* = a* (—d’[z + (0;; + hl-j)dxldxf> , hj;=kikh+ (k- . — —5l-j) n

d3
- evolution of number density 7, = 8;4 (2;))3 Jy

. a . d
n)(o + 3—71)(0 = — n)(i — 327’1)(1 ( ~ O) |

A

- total wino number conservation - chemical equilibrium

d’p
2t

- evolution of temperature ~ 3m, T n, = 84

i ———

—— :

a Am,

0+ 2ET%0 R a|| &,+(I'gec + Linera)€Xp = + 28, el (T — T%o)
—_ _

- effective reaction rate
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Cosmological perturbations

d’p

(2m)’

%y

- evolution of density perturbation n,0, = g)(j

n.o a n.o

. 1 . ’;l)(o d n)(i . 1 .
5)(04‘@%04‘5]1:— — + 3— (5)(0—5)(1)— 5)(J_r+HT+5h (%O)
X X

- total wino number conservation

Am ST
X :
T 5T’ 5T=7, 9T=lk'u

- chemical equilibrium

5)(1 ~ 5)(0 +

d3
- evolution of velocity perturbation m,n, 0, = g)(J P (ik - p)of,

X Ax (27)3
— —

. Ay

9)(0 + 56))(0 ~ a‘gf—“(rdec +1 inela)eXp - T (QT - 9){ 0)
L — — —_—

- the same effective reaction rate
as for temperature evolution
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Overshooting phenomenon

Seen when kinetic decoupling proceeds rapidly

1 d(T/H)
T/H dt

> H around kinetic decoupling I'/H ~ 1

Discovered for Coulomb scattering of charged massive particle
(CHAMP) with electrons T « exp (—m,/T) Ty ~ m,/20

Analytic approximation can be derived for ['/H = (T/Td)n
Extension with fudge factors for k > k4

52 ’
% 4z k k A
> ~ C — EXPp S11
5Cdm n kdamp 2\/§kkd \/gkkd

damping -enhancement Ckd

n -
kdamp = Cdamp_\/gkkd ’ kkd =
T Tkd




Evolution of adiabatic perturbation

0

k=480 h/Mpc Scp
% Y
- My=6 keV X \1 \t
- a=4.7x107° “ “
m,=1 GeV 6,/k(x10)
'=r
107 54

/\

30— — 30
- k=80 h/Mpc
20 - 20+
10 10
0
- my=6 keV .
-10 ; a,=4.7x1 072 VL
_og. M=1GeV _o0"
r=ro I
_307 L L _307
1077 107°
\_ i J\_
ORI 20. ‘ AN S
58 T o
=2 1 15
= 0 E —~ il \
o + ' E
cos T 10
c s 3 05
= =0 Q- :
Cs8 < -05 ’\/ \/
© al :
38< % 10 NS V
c Q9 101
= v O

10°

wave number k [h/Mpc]
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Free-streaming

Dark matter thermal motion is neglected

- pressure, sound speed, ...

Higher multipoles in the Boltzmann hierarchy are truncated

- anisotropic inertia, entropy perturbation, ...

k2
Free-streaming is taken into account as 0, = 0, X exp ( )

2kfs(7)2
6T,y [* d7 6T, Te
kfgl = kd J' ‘ ~ kd deln < q) , Tx — I.OSde
Smyo J, a(t))] ag S, Tx
- long after the matter radiation equality
4r
k.~ 3.5/pc > 1/7,4~0.11/pc My = —Potia

3
M~ 1.0x 107" Mg < My ~ 1.1 x 107 My pp, =ﬁp){0<i>
3 TN Ky



matter power spectrum

normalized to that in cold dark matter

Neutrino diffusion

129 w/o neutrino diffusion (baseline)
----- w/ neutrino diffusion
10 A analytic expression ,
. A | ! }
LB
E |
N |
S 6- | %
N°>< | |
'l | |
4 - :
24§ B i
. — l R
10_1 100 101

wavenumber [1/pc] kipc 1]

Neutrino diffusion is not important for the ratio 8./,
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matter power spectrum w/o neutrino diffusion
normalized to that w/ neutrino diffusion
2/5

Neutrino diffusion

Cold dark matter w/ and w/o neutrino diffusion

(w/ v diff)2

(w/o v diff)

6

—  numerical
Hu & Sugiyama

"10-2  10-*  10° 1ot
wavenumber [1/pc] lpc™]

Neutrino diffusion changes the power spectrum up to 30%
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Navarro-Frenk-White (NFW) profile: P =

64

Halo profile

Ps
(r/ry)(1 + rlr,)?

(:Os’ rs) < (C = T/ Ty M = Mzoo) — L = Mc If(c)’

fley=In(14+c¢)—c/(1+c)

c-M relation

- normalization does not matter

- case 1: power law - more sensitive to the smallest halos

A4§m)

0200 — 780 (

1012

M /h

~0.08 i 12
1+0.2 200
10 Mg/h

- case 2: flattening toward smaller halos

A4ﬂﬂ)
Mg/h

)

¢; = {37.5153, —1.5093, 1.636 x 1072,
3.66 x 1074, —2.89237 x 107>, 5.32 x 1077}



Subhalo mass function

Cold dark matter subhalo mass function:

_q 107°M
dnguy _ i mn A : J dmm Mgy =0.1
dm M \M/) 10-5M dm

(a, A) = (1.9, 0.0318)

(2.0, 0.0145) - more sensitive to the smallest halos

Wino subhalo mass function:

dnsub dnsub y (dn/d In M))(
dm  dm "~ (dnldIn M)y, |ps

and M, =0

dan

dm

sub

(for comparison,

asitisand m ;, =M 4~ 1.1X 10_4M®)

65



Subhalo mass function

- Pro dlnv

3 - dn
Modified Press-Schechter: ——~ = —">f()———~

2

2 )
fw)=A “qv (1+ (gv™)7) exp< 7 > .U -

7 2 " D(2)o(M)
Cllinsoidal coll | - growth factor
Ipsoidal collapse: A =0.3222, p=03,¢g =1 D) = 1
oo 3
Smooth-k filter: ¢*(M) = J dIn kﬁP(k)Wz(k; M)
0 T

4r
3

- match to simulation results for matter power spectrum
with dark acoustic oscillation

W(k; M) = (1 + (kRP)™, M= —p, o(R)?®,  f=48,¢=330
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Subhalo mass function

,0;(0 dlnv

3 dn
Modified Press-Schechter: ——~ = —=f()——

2 2 5
) = A4 222 (1+<qv2>-1’)exp< d ) y=—F

e 2 D(2)a(M)
o - growth factor
Ellipsoidal collapse: A = 0.3222, p = 0.3, g = 0.707 D(0) = 1

(Real-space) top-hat filter: ¢*(M) = J dlnk—P(k)Wz(k M)

Wik: M) = 3(sm(kR)(; I;c)lj cos(kR)) M= ?Pm oR




Estimated boost factor

Without B,

103 -
107 -
107 4 =
T, SRRRRRRTTEEE
-1 case 1, a=2
107+ - |
; REEEE case 2, a=1.9 - flattemng c-M
] —-- case 2, a=2
1072 | | | I
10° 10’ 10° 1011 1013 015

M[h™Mo ]




Estimated boost factor

Smooth- k filter:

Enhanced by a factor of 4.1 and 8.8 (1.5 and2.9)
with « = 1.9 and 2.0 in case 1 (2) when compared to m,;, = M4

(Real-space) top-hat filter:
54 and 12.5(1.7and 3.5)

Without B,

Smooth- k filter:
2.8 and 7.5 (1.2and 2.5)

(Real-space) top-hat filter:
3.2 and 10.3(1.2and 2.7)
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Indirect detection

CTA sensitivities
10-23

S Y I I

‘-—-
- Eam
- - - — —|= =
-—-_
—-_

—

--------
----------
-------

10727 L ;
- expected mean -
- Draco 50h i

10728 = Triangulum—II 50h | 5
- GC Burkert 100h 3
i GC Einasto 100h ]

10—29 I I N B | | | I N T I |

| 10
M DM [TGV]



Detectability of small-size clump

S/N = 3 with Npgg = 100, Ty =30 yr,and v, = 1 wk'

10" F—— T 7 T 7T T | T
| | I RS A
o I
— lﬁI I {\“Q Oo\k' ’QO
1 Il > O/ &
107" F 5 I L && Ne —
EP I I ’é@
7 I l >
E) | | QQ\‘%
-2 B | |
5 107 | ! . _
§ I I Ei ’
B I . e et A ___ﬂ_______________._Hm-_-»--»-«——tij
_3 — ///// I ////// —
£10 A . £ (8 kpe)
O — 7 / . —
< ~4 L 09 SR 'R _
10 ° ~ ‘ | /,
= IS lA X
g /s S S
1] ’/, A S
-5 N _
10 - — S, EGkpo
1()‘6 AN T T A T T /| o
10" 10" 10" 10" 10 100® 107 10° 107

Dark Matter Clump Mass [M, ] M. g ™ 10_7 M o

Detection of dark matter clump encounter with the Earth or
a pulsar in pulsar timing array data



Constraints from galaxy clusters

Halo shape - ellipticity

- galaxy cluster MS 2137-23
(e=0.18@r=70 kpc)

(estimate) 0/m<0.02 cm?2/g

(simulation/l.o.s. effect)
o/m<1 cm?2/g

Bullet cluster - transparency
- 1TE0657-558

(offset) 0/m<1.25 cm?/g
(massloss) 0/m<0.7 cm?/g

- an ensemble (72)
(offset) 6/m<0.47 cm?/g

Kpc/h

kpc/h

20

0/m=0.5-jO Qm2/g

40

‘*, - f ‘!!,!!;
T

20F

O_

-40ﬁ i—o/m=1 cm2/g

20 40 -40 20 O

-40 -20 O
kKpc/h kpe/h

20 40
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Small scale crisis |

When N-body simulations in the ACDM model and observations are
compared, problems appear at (sub-)galactic scales: small scale crisis

| | | | |
ACDM satellites

100 |= _
\ % Local Group dwarfs-
\\;bﬂna&

missing satellite problem

N-body (DM-only) simulations

in the ACDM model —

Milky Way-size halos host
times larger number of

)
<
5
S
I
%
3

= 208 km/s

N ( > Vci1r'c

}—\
-
T T T 17
/
/
/
/
/

cumulative number of subhalos

subhalos than that of observed e
dwarf spheroidal galaxies 1 1 N
e
. L NI
- | | | T\ -
. . . 10 20 30 40 50 6070
(maximum) circular velocity V. (km/s)
GM(<r) maximal circular velocity
2 _ — :
Vcirc (T) — r VmaX m?“X{‘/CII‘C(T)} of subhalo




Small scale crisis Il

cusp vs core problem

74

N-body (DM-only) simulations in the ACDM model —
common DM profile independent of halo size: NFW profile

xXTr

(84

Observations infer cored profile
in the inner region rather than
cuspy NFW profile

NFW profile:

Ps

ppM(T)

o /re(1+7/r)?

T .I T I T T | .
oL iInner profile:
-2.. % N':’:?:'»Q ]
- £ L "
O % --=-14
-c o A ﬁliﬁf‘fﬂ '?”y
O B e atlllic o+
% 2
Q -4 . _|
3 fa=0 (isothermal)
o) |
Q [ e NFW (< 110 km 3—1)
g —————— ISO halos
m e
E o IC 2574 ® DDO 154 i
B O NGC 2366 ¢ DDO 53
- Vv Ho | A M81dwB
-5 I O Ho . .
10 O ned normalized radius
1 1 I| | | | | 11 1 I| | | | | 1111
10-2 10-! /Z 100

R/RO.S

field dwarf spheroidal galaxies

~109 Msun

iIsothermal profile:

0

PDM (7”') — PDM

1 (r < rg)
(ro/7)? (r > 10)




Small scale crisis Il

too big to fail problem

50

MW-like halos

| 0.95 x10" M

| 2.19 x10" M, Jl 1.99 x10" M

40

.......

.
art

sitee

Veire [km/s]

NI SO
Foaniyt o L .
SORE W .
Al e i L.
L 5. LR | .. g .1
T T T

|| 1.32x10% M,

Veire [km/s]

circular velocity of subhalos

radius
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N-body (DM-only) simulations in ACDM model —
~10 subhalos with deepest potential wells in Milky Way-size halos
do not host observed counterparts (dwarf spheroidal galaxies)




Concentration-mass relation

/6

Why is a simulated rotation curve (almost) DEFINITE for a given Vmax?
Two parameters for the NFW profile

B D
pom (1) = r/ry(l+ r/rs)?

halo concentration

109,40 Cu00

A relation between two parameters usually given as
the CONCENTRATION-MASS RELATION

1n0.90540.11 12 3 —1 —0.101
C200 — 10 ( -200/10 h M@)

1.2 | I [ I | | |

O
o0

0.6 — —e— Planck NS
............... WMAP 1 SN ™
— —— WMAP5 BN
----- WMAP 3 ™
0.4 T R T R T B T I
10 11 12 13 14 15
09,5 Myee [h™' Mg] halo mass

small
intrinsic scatter

C200 — 7“200/7°s A
-
_ 3

Moo (< 1rog0) = 5 PMT200




Dark matter self-interaction

Self-Interacting Dark Matter: Qﬁ %

‘| ' /A(j;%/%’jﬂiiiiiﬁs

—_
S
=~

</ linear

0) [Mpc]

*  SDSS DR7 (Reid et al. 2010)
LyA (McDonald et al. 2006)

—;— ACT CMB Lensing (Das et al. 2011) \\\\$ O: CrOSS SeCtion

o—  ACT Clusters (Sehgal et al. 2011)

\ . .
of || [ S L v: relative velocity

(Tinker et al. 2011)

| * ACT+WI‘\/IAPspectrum(thiswork)‘ | \\\ p: dark matter maSS denSIty
103 102 10~ 10°

k [Mpe'] m: dark matter mass

ovp/m

Pk,z
3,

power spectrum of density perturbations

wave number

SIDM structure formation starts with
the same linear (initial) matter power spectra as CDM,
but self-interactions become




SIDM halo - velocity dispersion

SIDM-only simulation

S
00

SIDM halos are
THERMALIZED (isothermal)
INn Inner region r < ry,
where the self-scattering is
efficient ovp(ri)tage/m
tage=5 Gyr(galaxy cluster)

10 Gyr (galaxy)

M~
=p

M~
DO

If r1 > rmax, the gravo-thermo
instability is significant

‘/circ(rmax) — Vmax

Velocity Dispersion [km/s] <> temperature
o~ =
- W

o
Q0

Mhaio=1010 Msun — =10 cm? g_l
361~ oc=50cm’g ! 7
i i i | |
100 500 1000 1500 2000 2500 3000

Radius |pc]



SIDM halo - mass density

SIDM-only simulation

\

core formation

As o/m increases,
central density decreases

)

Inverted at some point
« gravo-thermo instability 102
< core-collapse

NFW profile
INn outer region

Mhalo = 1010 Msun

10° 10°
Radius [pc]

o/m = 0.5-5 cm?2/g may solve the inner mass deficit problem




Demonstration with stellar disks

10— —m ™ ——————————————
- Vinax=70 kmi/s
— 80; observed diversity
- observed diversity & 4|
exceeds intrinsic < [
diversity of DM halos 3 *° -~
20 d
O:'x'
120}
- compact disk can 100!
make SIDM inner £ go! _
circular velocity < g0l m CDM more:
. (M) - _ -
higher than the CDM = | W SIDM.Ry=2
. ~ 407 B SIDM,R4=3 -
prediction . B SIDM,R¢=6 |
[ : : : SIDM only
0 higher inner circular velocity . |
0 2 4 6 8 1

x Hereafter o/m = 3 cm?/g

80

compact disk
A

Radius (kpc)



circular velocity

Viir (kKm/s)

N
o

100"-|-"|---|"-|---|'--|--' 100--'|---|-"|-'|"-|-"|
| 1C 2574,G0:-1.50) Moo 9% 10"°Mg | [ 1C 2574, Go001-2.50) Maoo:1.5%10" M
I<}H_I _ - 80F I i
{ =
{4 O % 60F 5 -
O € \ ';ii!!’
> X . »" 4
= - /"
- E >~ 40f //" -
“~ - i ',’ ] et N.\.~
..... - O I Pty e TSesll
= [ ’ "
. O 20_ // /‘ .
_____________________ R’ d e
L ‘ ’,-;—'V‘:’—;:" ——
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Intrinsic scatter

90
80
70
. . . . ~ 60
Intrinsic diversity of DM halos e
should be taken into accountto  &,| //; ;
explain the observed diversity 530011 ﬁ — ot o
20 i % — VmaX:S7lr7nls<;n o1 ﬁ:1+0% 6s] |
¢ Oh+2011 DG1
A Oh+2011 DG2 g
? ® IC2574
0 | | I I

0 2 4 6 8 10 12 14

80
60

40

Radius [kpc]
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More samples

Massive spiral galaxies, GENERALLY, make SIDM halos
VIOLATE the concentration-mass relation

1000
B Minimal
500 \/ Moderate
O Maximal

100
50

Polc (M@/pCZ)

expectation from the
concentration-mass relation >

20 50 100 200
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Simple model

Model setup: QCDXQED-like hidden sector

- dark nucleons as DM
p/ ~ u/u/d/ n/ ~ u/d/d/
* discussion applies to
iIsospin quartet DM

- small quark mass term

. ) —/ ! 77
L s = MU' +myd'd

— dark pions
gt ~uwd a°~uuw-dd

x- ~du

SUG), | U UDg_p
u’ 3 2/3 1/3
u 3 —2/3 —1/3
d 3 -3
d 3 1/3 —1/3

* naturalness — chiral theory
- SM copy
— harmful neutrino’s
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Generation and transfer of asymmetry

U(l)B—L+B’ N (_1)3(B—L+B’)

Right-handed neutrinos N w/ soft breaking mass M,

- thermal leptogenesis = B — L asymmetry T ~ M, > 10°GeV

- see- - - - o N v
see-saw mechanism — active neutrino mass y,LHN — v LHLH
R
- generation of the portal operator - M
2o (25 ()
9
Scalar down quark Hi w/ mass My, 0-1eV : 107 GeV
Higd H.dN SUB)p| U)p i UM)p_p4p
H. 1 Hy. 3 | —1/3 i =2/3
g uwddN yyLHN =
Ml%'c N U)p_1+p
. yN l/_t/CTd_/LH x Héu/d/ Hgd,N
My Mg 1
- — u'ddLH

* decoupling after leptogenesis M ~ Mj M3



Entropy transfer

/ € 'Ly m}/’ S
U(1)" breaking scalar H* Ly =ZF " +—-AA"

Dark pions annihilate/decay into dark photon m, < m,

€ 2 m.,
e = 03571 !
1010 100 MeV

- decay after neutrino decoupling T~ 1 MeV « ~ Is

- I

— transferred entropy heating only e and 7
— lowerboundon T, _
- decay before neutrino decoupling
— thermalized dark photon heating only ¢ and y

— lower bound on m,,
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DM direct detection

p'~x~ P interaction
€

- DM direct detection — upper bound on €

1 _
- DM mass: u'ddLH— mpy ~ 8.5GeV
MI%Q;MR

- Y, /Y, freezes out at decoupling of conversion processes
Y, /Y, =e™ ™" 7 12030 < dark pion decoupling

My = My = O0myy) — mz =0 (mu’/d’AQCD’) - Y, /Y, ~1

cf.m,—m,~12MeV m,~140MeV for reference

* if m, < B, dark nucleosynthesis proceeds

- impacting DM direct detection
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Charge of breaking scalar

U(1), charge determines n’-¢ mixing

SU4)

SUQ)p | U(l)p EU(I)B—L+B’
¢ 1 | -1 0

— Yukawa interactions eu'd " wd

- entropy transfer through 7T'-e mixing
+ Higgs portal | €'|* | H|’

- DM direct detection through Higgs portal?
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SUSY mass spectrum

Mini-split SUSY mass spectrum:

sfermions, heavy Higgses > 100 TeV; gravitino > 100 TeV
- 125 GeV Higgs although naturalness unanswered

gauginos ~ TeV; higgsino ~TeV
- precise SU(5) grand unification
- LSP and LSP’ abundance: small enough

- LSP — LSP’ or vice versa long before big bang nucleosynthesis

2 2
> o 102 1010 10° GeV
T ~ S
2 Miign s




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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