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Murayama-san as a guru

Not frequent interaction

- Murayama-san was super busy
as a director of IPMU

Student still needs a thesis subject

- Murayama-san’s suggestion “Start with this”
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- my master study started from 2009-

- | was negative about studying dark matter physics for a while

- people studied dark matter as a by-product
of their new-physics models at that time

- you know what people study nowadays



Murayama-san as a guru

Moreover

- there are experts in IPMU about two phenomenologies
discussed in the paper
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- simulation of self-interacting dark matter
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Murayama-san as a guru

Dancing in the palm

- self-interacting dark matter
In view of diversity problem
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- relation between Sommerfeld enhancement and self-
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Murayama-san as a guru

Lecture notes

- extremely useful (even for my own teaching)

221A Lecture Notes

Landau Levels

A Precise Counting of the Degeneracy

This appendix is only for the mathematically inclined, and you can skip it
entirely if not interested. The degeneracy of the ground states can be studied
exactly if the system is not an open plane but rather a compact Riemann
surface. We set e = ¢ = h = 1 to simplify notation. Then the conclusion
from Section 3.2 is that the number of states is approximately N =~ i@,
where ® = BrR? is the total magnetic flux.

Let us reformulate the problem of solving for the ground state wave func-
tions so that it can be generalized to Riemann surfaces. We can regard the
electromagnetism with a background magnetic field in two-dimensions as a
complex line bundle over a complex plane. The gauge connection in the
symmetric gauge is

B
A = —(—ydx + xdy)

2
 Bli(z—2)dz+dz  z+Z-i(dz—dz), B, _ .
- 5( 5 s+t 5 )= Z( izdz + izdz).

(A.6)

Using a “complexified” gauge transformation, i.e., extending the structure
group from U(1) to GL(1,C), we can transform the gauge connection to
A=A+ (0+0)A,
B

with the gauge parameter A = —i%?z. Namely, A, = —i%z, A; = 0.
Note that this gauge transformation changes the inner product of the wave
functions to [ dadyi*ie B?*/2 because GL(1,C) is not unitary. Then the
ground state equation in this gauge is simply (0+ A;)y = 0¢» = 0. Therefore,
the question is to find a complete set of holomorphic functions. As seen

221A Lecture Notes

Supplemental Material on Harmonic Oscillator

Let us see how one can calculate expectation values of operators using the
coherent states. Note that any operator made up of x and p can be rewritten
in terms of @ and af. Furthermore an operator can be brought to the form
that all annihilation operators are moved to the left, and creation operators
to the right using their commutation relations. Therefore we can cast any
operators to the form O = a"a'™ without a loss of generality.* Then its
expectation value can be calculated as

WlOl) = (Pla"a™[y)
-/ Cirf<w!a”|f>e‘f*f<f\am!¢>

2
= [Eppmtpe i)

2
= [T i pe s, (19)

Therefore, the combination |(f|y)|?e~/"/ can be viewed as the probability
density on the phase space, where the operator a”a!™ is simply brought to
the numbers f"f*™.

This observation allows us to “view” a state as a probability density on
the phase space. First of all, the classical motion is along a zero-thickness
circle on the phase space. It is always at a point at a given moment, and
the point moves along the circle as time evolves. This is shown as the first
picture in Fig. 1. Note that the time corresponds to the phase, while the
energy to the number.

*The operators of the form a!™a™ are said to be “normal ordered.” Maybe I should
call those in the order we use here “abnormally ordered.”
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Dark matter

Dark matter

- evident from cosmological observations

- cosmic microwave background (CMB)...

- essential to form galaxies in the Universe

- one of the biggest mysteries ' '.  g . , |

- astronomy, cosmology,
particle physics...

bullet cluster



Weakly interactive massive particles

Attractive features of WIMPs

- thermal freeze-out (annihilation in the early Universe)

3x107%*°cm’/s - weak-scale annihilation

Qh% =0.1 X _
(6,00 V) cross section (GanV) = 1pb X c

- well motivated by hierarchy problem ey

and TeV-scale new physics

- various search strategies

- direct detection

- Indirect detection

- collider



Thermal freeze-out

In a textbook 1 BLURRLLL BRIl R RN
‘ 0_12 in equilibrium
’;ldm + 3I_Indm - = <6V>(nc%m o ”5;2) 8_3
1074 increasin
| 10-5 g
DM DM 10-6 <ov>
H >~ 10" X palr-1v:reat|
| ;:8:2 S—_ 1 -
10 —__pxanniBilatior
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’ . 10-1= N
Y 4 N 10—13
”SM SM ~~ 10—14 | llllllll AT EEN L
annihilation pair-creation 1 10t 10 10°

time——

m /T
Underlying assumption
- detailed balance (T-invariance)

- kinetic equilibrium (distribution function is proportional to
thermal distribution)
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Kinetic equilibrium

Elastic scattering DM DM
- does not change the number of DM particles,\ /

but redistribute energy among DM particles

- if frequent, kinetic equilibrium is achieved

) PN
how to quantify it" ,? SM

Our approach <«

- Fokker-Planck approximation (momentum
transfer per collision << typical momentum of
DM); diffusion in momentum space

1 0 of . . |

ECel[f] = 5 [}’ <mT0_[5 +(p — mu)f)] T - temperature of plasma
u - bulk velocity of plasma

do - momentum transfer rate

0
Fea1 % £ J4k (=)

1 A3k
y

omT =~ | (2n)° t - Mandelstam variable



Kinetic decoupling

(Gamow criterion

- If y >> H, Kkinetic equilibrium is justified

- in a large class of WIMPs, kinetic decoupling happens
after chemical decoupling (or freeze-out)

- exceptions

Impact of kinetic decoupling (background level)

- by assuming Maxwell distribution of DM, from the Fokker-Planck
equation, we derived the temperature evolution equation

Ty, +2HT, =—2y(Ty, —T)
-ify>H, T, =Tx1/a
-if y << H, Ty, 1/a?

- temperature evolution is important for strongly-velocity dependent
(say, Sommerfeld enhanced) annihilation cross section

11
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Kinetic decoupling

Imprint of kinetic decoupling (perturbation level)

- since Fokker-Planck equation is linear to phase space
distribution, it is straightforward (but lengthy) to derive
perturbation evolution equations, by using eigenfunction
of Fokker-Planck operator in momentum space

. 1.
§=—0—_h, (2.50)
,_a 2 2/ 2
0 = —60—k“c +k (CX5—|—7T) +fyoa(9Tp —9), (2.51)
a
' 2o\ *? (21 ATy, 2Ty ,; .
5=-2"—k (—0> <—f03 +f11) + =20 + = =2 (h +65)) — 2000, (2.52)
a My 1 3 My 3 M
a 5 (2Ty\*? 1 d(a?c?) 5Ty o 1 /5Tw0 o)
o= 9%y O (20 _ s (220 _ 2 g2 (220 _ 2]
" PR (mx) Ju a’ dr 3 My X 2 \ 3 m, X
T 1 1 T
—270a [77 - (—0 - ci) 5] + 2v0a (—0 — 1) xomn (2.53)
My My T0 My Y0
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- in synchronous gauge (notation of Ma and Bertschinger, 1995); also

iIn conformal Newtonian gauge; gauge equivalence is established

- only lower orders of Boltzmann hierarchy
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Small-scale matter power spectrum

Dark acoustic oscillation

- because of plasma pressure

' Non-Interacting DM ——— '
108 -Vector-DM —— .
i -Scalar-DM °

!

10-10 ] , , ]
10 100

Wavenumber k [h/Mpc]

- oscillation scale is given by the Hubble horizon at the
Kinetic decoupling
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Dark acoustic oscillation

L T T T LI B B R R |

Damped oscillation

- often attributed to plasma
pressure preventing DM patrticles
from clustering

P(k) [(Mpc/h)®]

Non-Interacting DM ——
. . T -8 L _ - - N
- but CDM clustering in radiation 0 Sl DM - m/"

domination is just logarithmic T ———

Wavenumber k [h/Mpc]

Historical digression

- while studying imprints of
charged massive particles on 3
CMB, we by accident found < 105} - CMB

undamped dark acoustic
oscillation at very small scales

10
10710 | mCh_1O11 GeV
Ch_101zG eV ——
h=10"" GeV
standard cCbM ——

- first encounter with Tomo-
san’s strong opinion “We have
to identify why”

P(k)/P(k)standard CDM 1
o
- 01 O
i
%




Sudden kinetic decoupling

CHAMPS'y

- sudden kinetic decoupling
through e+ annihilation

damped oscillation

- Is so-called Landau damping
(phase mixing); finite duration
of kinetic decoupling mixes
different phases of oscillations

- plays a role in CMB spectrum though subdominant

108

v/H

16

- e+ annihilation

mCh_1O GeV
B mCh—10 GeV

mCh—1 0 GeV

- CMB

mCh‘m “GeV ——

1079 10‘8

compared to Silk damping (by Komatsu-san)

Historical digression

- second encounter with Tomo-san’s strong opinion
“We have to develop analytical understanding”




Analytic understanding

In the end of the day

- done with analytic continuation, proper choice of integration path,
and steepest descent approximation

We are interested in the resultant late time density perturbations and thus let us take
T — o0 in egs. (3.16) and (3.17). Then f; and fy become functions of k. In general we
need to rely on numerical methods to evaluate the integrals in egs. (3.16) and (3.17). On
the other hand, if the momentum transfer rate per Hubble time follows a simple scaling law

(corresponding to eq. (2.2)),

n+4
YoaT = (E> : (3.20)
T

we can analytically evaluate the integrals with the help of the steepest descent method as
done in ref. [26]. There n is set to be 0, but we can generalize the result to an arbitrary value

of n as
47 1/2 4+nm 4+n3m
~ —R I — — I — — 3.21
fi (5+nq> exp ( )[COS( 5+n4>—l—qcos( 5—|—n4>]’ (3.21)
where R and I are respectively defined as the real and imaginary parts of
5+n 44nm
R+ =2 ' — 3.22
T 4+nlep(Z5+n2>’ (3-22)

with

(3.23)

1 (de> (44n)/(5+n)
q = — — .

2\V3

- confirm no Landau damping in the instantaneous limit
of kinetic decoupling



Overshooting

18

N
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Electroweakino dark matter

One multiplet before electroweak symmetry breaking

- neutral component (dark matter) is associated with
slightly heavier charged components

- kinetic decoupling of dark matter is determined by
iInelastic scattering to/from charged components
rather than elastic scattering

- electroweakino dark matter evades direct-

detection experiments since inelastic scattering is
kinematically not accessible

Take wino dark matter as an example

neutralino (x°) and charginos (¥7) Am, ~ 160 MeV

- supersymmetric partner of weak gauge boson

- natural dark matter candidates in split-susy scenarios;
anomaly mediation by Murayama-san!

20



Imprints on matter power spectrum

Sudden kinetic decoupling

I
- around T ~ Am, /20 ~ 8 MeV o
- sharp T-dependence igz :
because of Boltzmann factor = |,
w
1077 oy Amy, = 160 eV | E
lo_ij:E3TeV TQCH: 180MeV =
=9 [ i Lo | ! LA ] L L L]
10 103 102 107! 10°
Overshooting in matter power T [GeV]
124 __. w/o free-streamin ) |
SpeCtrum wjfree—strteamingg |'|I ,'ll 3
107 :: :I:
' i
- enhancement around pc scale - A
. fi fh
- not only Landau damping 3] AR
. _ ; ~ Tl :||H|”n
but free-streaming damping 1 AN RERT T i
also suppress smaller-scale | = foV ]
clustering of 1~/ VU iR
0!  10° 10
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Enhance late-time annihilation rate

Enhance formation of
Earth-size halos

- twice more compared to CDM

- also sub-halos in a halo

Boost factor

- DM particles in sub-halos have
bigger annihilation rate than those
in diffuse opponents even if total

number IS the same

- results in enhancement of (1+B)

- important for indirect detection
experiments concerning galaxies

and galaxy clusters

L.ndNgp/dInm [arb. unit]

1071

10—4 L L L L L L L
10-12 10=° 10® 103 10° 103 106 10°

10y

w/ mass cut

—— wino |
CDM |

M. =101 M

cut = _
-

m [Mo]

T I
CDM (z=0)
| —— Wino (z=0)
I CDM (z=2)
r—— Wino (z=2)

.
.
.
.
.
.
.
.
.
.
.
.
.®
.
.
-----
______
e
.
P
.
.®
.
.

.*
.
.

10~* 10! 102 10° 108

M [Mo]

107 104



Summary

Murayama-san as a guru

- | have to learn how to propose projects
with good prospects to students

- also how to provide good chances and environments

- | wish Murayama-san further success
Kinetic equilibration

- assumed in standard freeze-out

- Fokker-Planck approach to reduce
collision term in a tractable form

- leaves dark acoustic oscillations in density perturbation

- not necessarily damped; overshooting

23



Thank you

24



matter power spectrum

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

25

Baryon acoustic oscillation

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

10%

104

* LRG

¢ Main _

0.01

- baryon acoustic oscillation

wiggles on the horizon scale at

ldecoupling are imprinted on the

matter power spectrum

observed in galaxy clustering

k [h Mpc~!] \7vla1venumber [h/MpC]



Part 1: (Mini-) split supersymmetry

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

- something wrong in naturalness and postulated solutions
(including but not only TeV-scale SUSY)

Mini-split SUSY: pragmatic SUSY mass spectrum

- sfermions, heavy Higgses > 100 TeV; gravitino > 100 TeV

- 125 GeV Higgs althoug

- no experimental (e.g., f

N naturalness unanswered

avor) or

cosmological (e.g., gravitino) problem

- gauginos ~ TeV; higgsino ~ ??7?: experimental window

- provide a

R-parity = (—1)>B-D+2s

- precise grand unification of gauge couplings

20
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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 (") and charginos (x*) Am, ~ 160 MeV

perturbative annihilation )(OJ(O — WTW~-

+ co-annihilation S OR=0Q, h?for m ~3TeV
+ Sommerfeld enhancement
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Elastic processes for neutral wino

Elastic scattering is subdominant!

- ¥'W* - x°W* : related with perturbative annihilation

inefficient after T ~ my,

- °L - ¥°L (L =v, e) : loop suppressed

100 T®
Vela = 8—— 3 gloop Iim‘é}V

—arctan <\/— ) » (2 -3+ »)n a))>

gloop 71'2 <2(8 w — a)2)

22
a)—mW/m)(

inefficient after T ~ 1 GeV



Relevant processes for charged wino

X~ is in kinetic equilibrium with primordial plasma 7, e, v, «, ...

3/2 ,
f ( ) n)(i 2T (p — mxu)
P g+ \ m,T =P 2m, T u: bulk velocity

x* and " are in chemical equilibrium through inelastic processes

-x* = "+ 7" : decay

202 2 2

G#z|V m:s
rdecmf” A1 Vi Amiy[1——
T Am?

- ¥*L' - 4°L : inelastic scattering
8GF, o (. ,
=2—T (Am + 6Am, T+ 12T >
3 X 74

I’

inela

29



Relevant processes for neutral wino

Inelastic processes keep y' in kinetic equilibrium and are dominant

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

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

T

For x°, interaction rates are suppressed by exp (—AmZ/T )
- efficient until T~ Am, /20

30
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Cosmological background

- synchronous gauge

S A A A 1
ds® = a’ (—drz + (51:]- + hlj)dx’dxf> : hij = k; jh + (k- . — —51-]-) n

d3
- evolution of number density n, = gx[ (2;)’3]}

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

A

- total wino number conservation - chemical equilibrium

d3
- evolution of temperature  3m, T n, = g%J (27:;3 p°f,
( - - - =
. 7) Am,
TZO T 2;T)(O ~d g)(i(rdec T 1—‘inela)exp (_T> + zgj(oyela (T - T)(O>
o -

- effective reaction rate
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Cosmological perturbations

d’p

(27)?

o,

- evolution of density perturbation n,0, = g%J

n.o d n.o

. 1 . I;l)(o C.l n)(i . 1 .
5)(04‘@%04‘5}2:— — + 3— (5)(0—5)(1)— 5)(J_r+(9T+5h (%O)
X X

- total wino number conservation

Am ST
X .
T 5T, 5T:7’ (9T=lk°ll

- chemical equilibrium

5)(1 ~ 5)(0 +

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

X Ax (27)3
— —

. Ay

9)(0 + ZQXO ~ a‘g)(i(rdec + 1ﬂinela)exp ( T ) <9T B 6))( 0)
\ _ e ——

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

Seen when kinetic decoupling proceeds rapidly

1 d(I'/H)
I'/H dt

> H around kinetic decoupling I'/H ~ 1

Discovered for Coulomb scattering of charged massive particle
(CHAMP) with electrons T' « exp (-m,/T) Tyq~ m,/20

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

52 ’
/0 4r k k . 5 k
—— R Cy——eXp sin
5Cdm n kdamp 2\/5 kkd \/§ kkd

n ~-damping -enhancement _ Ckd
kdamp — CdamP;\/gkkd ) kkd o Zd




34

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 9, = o, X exp ( )

2kfs(7)2
6T,4 [ dr 6T, T
kfgl = kd J' ¢ ~ kd deln ( q> s Tx =— I.OSde
Smy ) a(T) agg S, Ts
- long after the matter radiation equality
4
k. ~ 3.5/pc > 174~ 0.11/pc My = —==Pr0%iq

3
My~ 1.0x 107" Mg < My ~ 1.1 x 107 My p, =ﬁp){0<i)
S 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
N — | REREE™
10_1 100 101

wavenumber [1/pc] kipc ]

Neutrino diffusion is not important for the ratio 5)?0/

52

cdm

35



matter power spectrum w/o neutrino diffusion

Neutrino diffusion

Cold dark matter w/ and w/o neutrino diffusion

-
O
“ I
é |
S 1.00 A —
o
= 0.95 -
— o
5 E
© > 0.90- |
C 2% i
- 2 :

~- 0.85 A |
= ¢ |
T - !

2£ 0.80 |
= 23 i

|

"9 0.75 A i
ke, i |
Q i —— numerical
= o707 | Hu & Sugiyama
© N I R B ————
g 1072 101 100 101
2 wavenumber [1/pc] Klpc™l

Neutrino diffusion changes the power spectrum up to 30%

36
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Part 3: 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)?

pH{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 dm s 1 L g I
(M) = ion ) m ™ ( b)) Ly b (M)

min

m_... minimal halo mass

Hierarchical structure: B=B,,;, L =L

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/d1n M),
X
(dn/d 1In M)egy |pe

for wino dark matter
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Halo profile

Navarro-Frenk-White (NFW) profile: P =

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

(: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

_ 200
Ca00 = 780 ( 102 My /h

~0.08 i 12
1+0.2 200
105 M /h

- case 2: flattening toward smaller halos

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



Subhalo mass function

Cold dark matter subhalo mass function:

10~2M

dnsub _ i ﬂ - A J dmm dnSUb = 0.1
dn 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 o (dn/dlnM))(
dm  dm ~ (dn/dIn M)y, |ps

and Myin = 0

dan

dm

sub

(for comparison,

as it is and m,;, = My~ 1.1 X 107* M)

40



Subhalo mass function

Modified Press-Schechter dn Fr f(v) dlnv
- : = fu
dinM M din M

> > 5
flw)=A “qv (1+ (gvH)7) exp( q12/ > .U s

n - D()o(M)
Cllinsoidal col | - growth factor
ipsoidal collapse: A =0.3222, p=03,¢g=1 D) = 1
o0 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, (R,  f=48,¢=330

41
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Subhalo mass function

Modified Press-Schechter: an__ Pr0 fw) dlny
dinM M dln M

_ 2qv° 2\— qv’ = °
fvy=A . (1+ (gv*)7) exp< > > U= D(2)o(M)

- growth factor

Ellipsoidal collapse: A =0.3222, p = 0.3, g = 0.707 D) = 1

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

Wik: M) = 3(s1n(kR)(; I;c)l;i cos(kR)) M= ?Pm oR




Estimated boost factor

Smooth- k filter:

Enhanced by a factor of 4.1 and 8.8 (1.5 and 2.9)
with « = 1.9 and 2.0 in case 1 (2) when compared to m,,;, = M4

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

Without B,

Smooth- « 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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boost factor

Estimated boost factor

103 i
102 - —— e —
g 101 - m—t -
A ‘—_—-—-’ -------------------------------
100 e
| — case1,a=19 -power law c-M
10-1 ] case 1, a=2
 AEEEER case 2, a=1.9 - flattened c-M
] —-= case 2, a=2
10_2 1 1 1 1
10° 10’ 10° 1011 1013 101>

halo mass Mih—M,]

Boost factor depends on power-law index of the subhalo mass

function a and the c-M relation
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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 +
o ¢ - damped

/" - dampe

’ oscillation
0.0 L4 .

DN

10-11 109 10-7 ,'16—5 103
halo mass Mh—'M,]

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 E T T '
= Fermix(RCSLenS+CFHTLenSH
100 L < Enhanced abundance of
- /// 1 Earth mass halos is not
10 ¢ ///// O e Tevel ; < taken into account:
A N -
; // D /M,’g -boost factor uncertainty
0.1 E ///////Z/”%////%
0.01 Lk T ) ‘a;:{f
q o -

100 20 500 10002000T thermal wino

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

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



Indirect detection

CTA sensitivities
10-23
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Detectability of small-size clump

S/N = 3 with Npgg = 100, Ty =30 yr,and v, = 1 wk'
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Detection of dark matter clump encounter with the Earth or
a pulsar in pulsar timing array data



