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' Dark Matter?

+ DM makes up 27% of total energy and 85% of matter
Qpmh?~ 0.14 Qg h2~ 0.022 0.0006 < O, h2< 0.0013
(Planck 2018 : Qx= px/3 Mp2 Ho? , Ho = 100h km/s/Mpc, h ~ 0.7)

+ Neutral (does not couple to photon)

+ Cold (smallvelocity dispersion at matter radiation equality)

Neutrinos have a large velocity dispersion and erases structures
smaller than ~T0Mpc and hence are HOT.

« Stable or very long lived

The lifetime should be much loner than the age of the universe, 1077 sec
(detailed constraints depend on the daughter particles)

There are Many Candidates ...



' Stability (not exclusively categorized)

« Stability by Symmetry

The lightest particle charged under a new symmetry is stable.
New Symmetry < New Dark Matter Candidates

ex) Weakly Interacting Massive Particle (WIMP)
ex) Asymmetry Dark Matter (ADM)

« Stability due to very weak coupling

A new particle which couples to other particle very very weakly
can have a long lifetime.

ex) Feebly Interacting Massive Particle (FIMP)

ex) Sterile Neutrino Dark Matter



' Stability (not exclusively categorized)

« \Very Light Particle

[Decay Rate] X mpm" (n>0)

— Very light particles have long lifetimes.

ex) Axion Dark Matter : mpm < O(1-10) ueV

ex) Fuzzy Dark Matter : mpu < 10-22eV

+ Very Heavy Particle
Point-like particles heavier than Mp. are Black Holes !

lcompton ~ Mpm’ < mpu/Mp12 ~ Schwartzchild Radius

They only evaporate by Hawking radiation

TsH ~ Mp12/mpm — T8H ~ Mpm/TeH* ReH?

T > [age of the universe] = mpy >>1038 GeV ~ 10-1°M

ex) Primordial Black Hole (PBH)



+ Mass Range ?

« Lower Limit (Uncertainty principle AxAp > 1)

{ Ap = mpy Av
Dwarf Spheroidal Galaxy (dSphs) : Ax ~ 1 kpc, Av ~ 10 km/s

mpu > 10-22eV

[e.g. Phys.Rev.D91,023519 Martinez-Medina, Robles, Matos]

« Lower Limit (Fermi’s exclusion principle)

For a fermionic dark matter localized spatially, there is an upper limit
on the number of dark matter from the Fermi’s exclusion principle.

Am d> p Ax
Nmax= §R3 J (27(_)39(])}7 — p) ~ ?R3 pF3 pF”mDM(AVZ)UZ

For a dwarf galaxy Av~ 10 km/s , R ~ 1kpc
4
N = Muaio/mpm < ?ﬁ R3 pe3

— mpm > 2keV (Tremaine-Gunn Bound)



+ Mass Range ?

« Upper Limit
DM mass should be much smaller than the mass of the dSphs

mpuy <K 10'Me ~ 1057GeV

PBH DM with mDM > 103Mg is constrained from the CMB constrraint
caused by accretion onto the PBHs:

mpu < 103M@ ~ 1050GeV

4 N

Model Independent Mass Range
10-22eV (2keV) < mpy < 106°GeV




WIMP



+ WIMP abundance

A

DM number in comoving volume

DM SM
\ °
Thermal equilibrium DM>‘<: M
DM < SM
DM +5 SM
DM <5 SM

l Increasing (ov)

* DM is in thermal equilibrium for T > mpp.

* Formpm< T, DM is no more created

* DM s still annihilating for mpm < T for a while...

* DM s also diluted by the cosmic expansion

* DM cannot find each other and stop
annihilating at some point

> mpm/T * DM number in comoving volume is frozen
Boltzmmann Equation :
dnpm . > 9 —mpn /T
o T 3HnpM = —{0v)(nDy — Neg) Neq X €

+ Number density (per comoving) is fixed when :

DM cannot be produced from thermal bath : Tr ~ mpu/20

DM cannot find its partner for annihilation any more : <ov> npm< H

npmy ~ H/<ov> at Tr




+ WIMP abundance

pom/ S =mpy npm /s

s x T3 x g3 :entropy density
Npy < a3

pom/ s is constant in time

In the WIMP scenario
pom/s = mpuH/<ov>s ~ 20/<ov>Mp,

is constant in time.

Qpmh2~ 0.1 & ppm/s ~101°GeV

DM abundance (for s-wave annihilation)

10~ GeV_Q)

(ov)

QDMh2 ~ (0.1 % <

y

+ Abundance depends on the DM mass only through <ov>!



+ WIMP Miracle!

f N
DM abundance (for s-wave annihilation)

1079 GeV 2
(ov)

\, J

QDMh2 ~ 0.1 x (

+ Typical Annihilation Cross section :

DM SM

T a2

DM <0oV>~
Mmpmy?

DM SM

+ Observed Dark Matter Density can be explained for

mpu ~ 0O(100)GeV - O(1) TeV and a ~ 10-2

— WIMP is interrelated to Big Picture of the Beyond the Standard Model !



' Mass Range of WIMP

« Lower Limit on WIMP mass

Dark matter freezes-out from the thermal bath at around
Tr~ Mpu/0O(10)

for <ov> ~ 109GeV-2.

Freeze-out should complete before the neutrino decoupling and BBN
Mpm > O(10)MeV

v Ifmpum< O(1)MeV, H is larger for a given T, and (n/p) becomes larger
— 4He abundance is increased compared with Hydrogen abundance.

+ If freeze-out after the neutrino decoupling at T ~ TMeV, the DM annihilation
increases or decreases effective number of the neutrino depending on the
branching ratio.



' Mass Range of WIMP

' Upper Limit on WIMP mass

The heavier the DM is, the larger couplings are required.

T a2

<oV> ~ ~ 10-°GeV-2

Mmpm?

— Unitarity Limit on WIMP mass (1990 Griest & Kamionkowski )

.
Each partial wave cross section is limited from above
16m(2¢ 4+ 1
O ¢Vrel S ( T )
5 Urel ( spineless case for simplicity)
— Mpm < 300 TeV
\,

WIMP mass range : O(10)MeV < Mwimp < 300TeV




« Thermal WIMP beyond the unitarity limit ?

+ What if dark matter annihilates as extended objets with geometric cross sections,
g~ mR2? (1990 Griest & Kamionkowski )

4 N
Lmax~Mpm VR
Lyviax Laiax At 2€+ 1
S0y < ST e

SM consistent with unitarity limit !
particles - <

For R >> 1/(Mpm v), we may have

thermal relic dark matter much
heavier than O(7100)TeV !

Model Building is complicated though...

SM

particles see e.g. Harigaya, MI, Kaneta, Nakano, Suzuki

JHEP 1608 (2016) 151



Asymmetric Dark Matter
(ADM)



v Asymmetric Dark Matter (ADM)

ﬁaryon-DM coincidence ? \

Qpm : Dy 5:1

close with each other...
\ ex) neutrino-DM : Qpm : Qv (Em,=0.06eV) = 200 : 1 /

+ DM mass density is given by

Qpm < Mpm Npm

— mpmis independent of mp,». npm should be adjusted appropriately.

« Ifit were not for Baryogenesis, baryon should have annihilated...

Qpm : Qp(no-asymmetry)= 1:10-

Qyp (with asymmetry) =0.02 (n/10-9)
n=(ns-ng)/ny

Baryon-DM coincidence = conspiracy between npy and Baryogenesis ?



v Asymmetric Dark Matter (ADM)

\_

is naturally explained for mpm ~ mp,n

/If npu is also given by the baryon asymmetry, i.e. npy=nxny,

Qp/ Qpm = 0O(1)

— Asymmetric Dark Matter

~

[e.g. 1990 Barr Chivukula, Farhi].

J

Concrete Set Up [1805.0687 Kamada, Kobayashi, Nakano MI]

+ Baryogenesis = Leptogenesis
1 - _
EN—SM = §MRNRNR + yNHLNR + h.c.
( Ng : right-handed neutrino, Mg > 1070 GeV )

+ Dark Sector Shares the B-L symmetry with the SM via
1
M

Osm: Neutral (other than B-L) consisting of SM fields.

ODOSM -+ h.c.

£B—L portal —

Opwm: Neutral (other than B-L) consisting of DM fields.



v Asymmetric Dark Matter (ADM)

T ~Ms 1 Leptogenesis

B-L asymmetry in SM + Dark sector

Nsm=Asmner Nom=Apmner (Asm+Apm=1)

o~ |
M+ (Ms/Mp,)1/(2n-1)
Nsm = Asm NB-L Nom = Apm NB-L
Tew~T00GEY ~ [F7r =" rrsesssmsrses s

ns=Agns-L NL=ALns.L Nom = Apm Ns-L
( As/Asm=30/97) '

/ns =nsny = Npu=(Apm/Ag)ns = (Apm/Asm) (Asm/Ag) ns \
Qpm = (mpm/mp) (Apm/Asm) (Asm/Ag) Qp
\ mpm =5mp (30/97 ) (Asm/Apm) x (Qpm/5Q8) /

In ADM model, DM abundance is determined by mpm for a given B asymmetry!



Feebly Interacting Massive Particle
(FIMP)



v FIMP

Assume DM has feeble interactions to the thermal bath through
dimensionless coupling.

ex) A DM
thermal >< <ov>~A2/T?2

‘ 3
+ The abundance of the FIMP is given by nom/ T

: !
Npom+ 3H npy = < oV > Ny, 2 /—Increasing I'om

Initial condition @ T > mpm : npy =0

+ DM abundance is fixed at mpu/T = O(1) O(1) mpw/T
(Freeze-in mechanism)

DM abundance : Y =npm/s ~ A2(Mp./mpm)
mpmY ~ 10-10GeV — Qpuh2~ 0.1(A/1073)2
[09 Hall, Jedamzik, March-Russell, West ]

Tiny coupling of O(710-13) reproduces the observed dark matter density !



Sterile Neutrino Dark Matter



« Sterile Neutrino Dark Matter

Add a sterile neutrino vsneutrino mixing with active neutrinos vg:

L = uvavs+msvsvs / 2+ h.c.

mixing mass
ms > active neutrino masses
M << [ Higgs expectation value]

vs does not contribute to the active neutrino mass : u2/ms < m,

' The sterile neutrinos are mainly produced via the neutrino oscillation

thermal
bath oscillation [ vg :7-Pgos
Vv —_—

a
Vs : Pg-os

/ Pa—s = sin? 20essin2(ms2/Tt) ~ (sin? 20.¢)/2 \
"‘6
HS+ms2(pu2 -2 V(T, nup )?

Sin2 20 ~

V(T, [.lL) ~ -100 GF2 T4p +GeT3 nL.
\ Lepton asymmetry below the EWSB scaly

[1807.07938 Boyarsky et. al.]




« Sterile Neutrino Dark Matter

/' The sterile neutrinos are mainly produced via the neutrino oscillation

thermal

bath oscillation ¢ y, :71-Pgys
Vg —— X rs ~ GF TSSinZ 295
VS . Pa—bs

Production rate

Fig from [1807.07938 Boyarsky et. al.]

107° 1106
10-7 — K ) _ ; l10-7 nL< 106 Qpyh2 ~ 0.1
10 T\ T ' 108/ (non-resonant production)
107 . ['93Dodelson, Widrow]
10710 % . /10-10
Ng 1071 - % i 107"
= 10-128 | 8% RN l10-12
ol | e T g o M>10° Qowmh?~0.1
-y Non.tng, | g I Jo-14 (resonant production)
(o ’5 | ‘{tiOn? | 107 [’99 Shi, Fuller ]
0.5 1 5 10 ‘ 50
ms [keV]

nL ~ 10-3: The upper limit on nLin vMSM model
Tremaine-Gunn bound due to the late time decay of N, 3

['05 Asaka, Shaposhnikov ]

Warm dark matter constraint



Axion and scalar field Dark Matter



' ScalaField Dark Matter = Coherent oscillation of the scalar field

A P(xy,zt) A o(xy,2zt)
y

v

time variation time variation

X X
spatial fluctuation coherent oscillation
— DM momentum — DM withv=0 and cold

V(p) = mpm2¢p2/2

(DM energy density is set by the amplitude of the oscillationw
pPom = Mpm? | @o |2
o where th illation star mic tem
x | 5 ere the oscillation starts at a cosmic temperature Tosc. D




' Scala Field Dark Matter

+«/ DM Equation of motion

('[')+3H(i)=-mDM2(p
Hubble friction

+ DM starts coherent oscillation at
H~T2/MpL~mpm — Tosc ~ ( mpm Mp)1/2

Tosc ~ 0.3 keV (mpm/10-22 eV)1/2

' [Initial condition with ¢o# 0 is set during inflation (misalignment mechanism)

. o 1A—9 mpm /2 Po 2
pDM/S mpp? (POZ/Tosc3 10 GeV (m) (1017 GoV

( QDM h2 ~ 0.1 & (po ~ 1017.5 GeV( 10-22 eV/mDM)1/4 \

Fuzzy Dark Matter [ 00 Hu, Barkana, Gruzinov]

- ,




' Axion Dark Matter

' Axion couples to the @-term of QCD to solve the strong CP problem.
)

Axion : pseudo scalar field a
Arrange models so that the axion couples to gluons via

L= 9 (g 89\ qawvge &
off = 303 i " gluons

\_ W,

+ The axion is a goldstone boson (like ) associated with spontaneous
breaking of the Peccei-Quinn symmetry, and hence, almost massless !

fa > 102GeV ~ PQ breaking scale

+ The axion obtains a scalar potential due to the strong dynamics of QCD

4 V(a) ~ f,2 m;2cos(a/fa) 4 Axion mass

frmag
i

fa mg

<> fa
\/\/\/ f=93MeV, m, = 135MeV




' Axion Dark Matter

' Axion obtains its potential at T < O(7)GeV.
- Tosc ~ 0(1) GeV

T > Nacp T < Aqco
t v(a) t V(a) ~ .2 m2 cos(a/f.)
fa
O <+—>
R \/\/\/ .
0 a 0 a

rTypicaIIy, the initial amplitude : ap = O(fa) .

2 1.19
2,02 ~02x (L __Ja__ Aqen
a — U. fa 1012 GeV 400 MeV [’86 Tu rner]

- _J

/' Dark Matter Density can be naturally explained for
fa~102GeV (Mg~ 10pueV)

(For a larger fa, we need ao/fa < 1)



Primordial Black Hole



< Primordial Black Hole

The density fluctuations of & = (p - Paverage)/Paverage = O(1) collapse.

/NSNS s5=0(1)
| 2 | i
® ©® O Collapsedobjects

When the spatial size of the over-dense region is about the Horizon scale ~ H-1
H-1

+—>

/NSNS 6=0(1)

2R
2 @& @ Collapsed objects : Mass ~ 4m/3 p H3

Schwarzschild Radius of : 2 Gy Mass ~ H' ~ Object Size !
6 = O(1) of a spatial size ~ H-7 = Black Hole




< Primordial Black Hole

/' Mass of the PBH formed at H ~ T2/Mp,

2
Mgy ~ 411/3 p H3 ~ 0.066 Mo ( G;V)

' Energy fraction at the formation

6 R rY o
~1/3

https://ned.ipac.caltech.edu/level5/Sept03/Peacock/Peacock6 2.html

Energy fraction at the formation

(Abundance )

QDM = (1+ ZProduction) ﬁ*ﬂy ~ 105B*( T/GEV) ~ 105ﬁ*( 0.066M@/MBH )1/2
. Qpm~0.3 = B ~ 106 §(M) ~0.07

_J

[For details, see. e.g. 1801.05235, Sasaki, Suyama, Tanaka, Yokoyamal




< Primordial Black Hole

(" a )

t the large scales, the fluctuations are fixed to reproduce the CMB anisotropy
6(CMB, galaxy cluster) ~ 4(AT/T)cms ~ 104

at H-' ~ CMB, galaxy cluster sizes...

We prepare large fluctuation at very small structure scale !

6(PBH) ~ 0.1 at H-' << CMB, galaxy cluster sizes

['67 Zel'dovich&Novikov, ‘71 Hawking]

\_ _J
initial condition of 6(k)
4 AV
0.1 /—-\ Cosmic
104 u/ .
Galactic
k=2n/L
> PBH g
Cosmic  Galactic @ PBH Inflation
+ Large scale Small scale —

In inflation theory, large fluctuation
is achieved for flat potential !



' Dark Matter Models

Stability Abundance Mass Range
WIMP Symmetr Annihilation cross 10MeV - 300TeV
y y section (or Beyond)
ADM Symmetry Baryon asymmetry O(1)GeV
Mass
FIMP Very Weak Coupling Interaction strength > O(1)keV

Very Weak Coupling / Mass / mixing angle

Sterilev : 2keV ~ 100keV
Approximate Symmetry  Lepton asymmetry
Fuzzy DM Verycllght.&Weak Initial amplitude S 10-22eV
oupling Mass
Aixion DM very I'ght.& Weak Axion decay constant ~ peV
Coupling
PBH DM Heavy Enough Black Density fluctuation 100219 M

Hole Mass

Dark Matter self-Interaction of o/m ~ barn/GeV ~ cm2/g leaves
visible impacts on the structure of (dwarf) galaxies.



Neutrino Signals ?



' Neutrino Signals in WIMP scenario

+ The WIMP annihilates into the Standard Model Particles

+ The final states of the annihilation often involve lots of neutrinos !

PIE charts of the energy fraction of the final states

DM DM~ Wy~ +Wy* DM DM~ b+b DM DM g+g DM DM~ y+y

@@ QEDX 0@7
N

d+pD d+pD

14

\4

Ey+e/Et0t = 0401 (0419) Ey+e/Etot = 0462 (0454) Ey+e/Etot = 0464 (0458) Ey+e/Et0t = 0989 (0943)
EpsdlEy +o = 0.170 (0.175) Epia/Ey e =0.159 (0.198) Epia/Ey +o = 0262 (0.287) Ep1a/Ey 40 =0.001 (0.007)
DM DM~ e; " +e.* DM DM~ eg™+eg* DM DM— p;~+p.t DM DM—- 7, +1;.*

dv’ ¢ r @ﬁy

Vv

Ey1o/Eior = 0.996 (0.948) Ey1e/Eior = 1.000 (0.998) Eyyo/Eor = 0.402 (0.396) EytelEior = 0.320 (0.318)
Ep:a/Ey +e = 0.000 (0.002) Epra/E, 1o = 0.000 (0.000) Ep.a/Ey +e = 0.000 (0.006) Eprd/Ey 1o = 0.001 (0.007)
inner chart : 200GeV DM [PPPC 4 DM ID :Cirelli et. al.]

outer chart : 5TeV DM



' Neutrino Signals in WIMP scenario

+ The WIMP annihilates into the Standard Model Particles

+ The final states of the annihilation often involve lots of neutrinos !

+ The neutrino signals require larger detectors compared with other channels.

+ The large atmospheric neutrino background compared with e.g. y-ray signals.

E2 dN/dE [MeV cm@ s1sr1]

[ (isotropic y-ray )/ (atmosphericv) ~ 104at E~ 1TeV ]

Isotropic y-ray [1410.3696]

107
E . —B— EGRET - Sreekumar et al. 1998 3
f’% — % EGRET- Strong et al. 2004 1
1 0_2 E)er;r;:ol_‘ﬁz rIr(i)F;zI;\resolved sources (Ib\>20)?
E ! [ ] Galactic foreground modeling uncertainty
C *WH” ]
10° E- =
F % HEAO-1- Gruberetal. 1999 =
B HEAO-A4 (MED) - Kinzer et al. 1997 T
10 E~ —*—— Nagoya balloon - Fukada et al. 1975 =
E —*—— ASCA - Gendreau et al. 1995 E
[ —%—— SMM-Watanabe etal. 1997 'S
5 RXTE - Revnivtsev et al. 2003 X
10 E — =+ BAT-Ajeloetal 2008
F INTEGRAL - Churazov et al. 2007 =
[ — ¢ COMPTEL - Weidenspointner et al. 2000 TOta| EG B ]
10% L~ TR B R R RTT BT RTTT AR B AR R SRS E T TTTT ST EETAT R AT EETE R
10° 102 107 1 10 10 10° 10* 10° 10°

Energy [MeV]

E?> ® [GeV cm™ sec! sr!]
— — —_ — —_ [ —
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' Neutrino Signals in WIMP scenario

95% <o v>Ut [em®/s]

95% <o v>Ut [cm®/s]

+ The WIMP annihilates into the Standard Model Particles

+ The final states of the annihilation often involve lots of neutrinos !

+ The neutrino signals require larger detectors compared with other channels.
+ The large atmospheric neutrino background compared with e.g. y-ray signals.

[ (isotropic y-ray ) / (atompospehricv) ~ 104atE~ 1TeV ]

y-ray from dSphs [1601.06590]

2
©

2
&
I

]
S
8

10”
All dSphs % F WW: AldSphs p constraints from v flux
3§1° 107" A — T o
i Annihilation channel
2 vy Kravtsov (46sc<60°)
83 10—19 —_—— bQ ) NFW (ABGc < 35°)
102 —— W'W Moore  (a6sc<20)

2
2

2
&
IS

]
S
3

7 - H, median = === MAGIC Segue 1

: 10°% :
m— Feormi-LAT+MAGIC Segue 1 m—— Feormi-LAT+MAGIC Segue 1
-+ H, median - === MAGIC Segue 1 1ol Homedian - === MAGIC Segue 1
H, 68% containment == = Formj-LAT H, 68% containment == = Formj-LAT
H, 95% containment —. —. Thermal relic cross section 102 H, 95% containment — . —. Thermal relic cross section
T T BT B T I n
107 10° 10* 10° 107 10° 10* 10°
mpy [GeV]) mpy [GeV])
7 %107 2 1027 Ll Ll Ll A
/ % 2 3 4
All dSphs 5 All dSphs 7/ 1 10 10 10 10
/ _ 10722 / 2
% ’ My [GeV/c?]
o . .
Vip-23
£ [18 Frankiewicz ]
o
)

The neutrino signals are not very
e promising to test the WIMP models
E oo — formpm< 10TeV ...

H, 95% containment . —. Thermal relic cross section

ol ol 0l

e Fermi-LAT+MAGIC Segue 1

H, 68% containment == — Formj-LAT

H, 95% containment — . — . Thermal relic cross section 10
pond ol il

10 10° 107 10°

10* 10° 10* 10°
Mgy [GeV]) mpy [GeV])



' Neutrino Signals in WIMP scenario

+ The neutrino signals from the center of the SUN !

+ Dark Matter are captured by the SUN via scattering with the Nuclei in the SUN.

EEE— Accumulated DM annihilates into the SM at the

SM core of the SUN.
|
x SM — Only v can reach the Earth!

+ Total number of DM in the SUN Npm :

a dNpwm A

At - I\caupt - CannN[Q)M

DM

DM

Lea
—>» Npy = C pt tanh (t\/FcaptCann)

- J




' Neutrino Signals in WIMP scenario

Fca
NDM = C pt tanh (t\/FcaptCann)

Mostly through He, O, Fe

+ Capture rate at the SUN Mostly through H
3
L5%0. 10 [ ppas 100 GeV\? (270 52\ " gy + 1200 oy Cirelli. PPPC
capt — sec 0.3 (C}ri\g/ MDM ’USH pb . [ ireiil, V]

Osi, Osp : Spin independent and dependent DM-nucleon cross section

+ Annihilation rate at the SUN

C :<O'?)> (GNMDMp@)3/2 ~ 2'10_51 o (Y (mDM)?)/Q
o 3T, sec Ipb/ \300km/s ) \ TeV

po =151 g/cms3: the core mass density of the SUN
To = 15.5 K: the core temperature of the SUN

o : annihilation cross section of dark matter




dN,/d log x

' Neutrino Signals in WIMP scenario

' Forthe age of the SUN ~ 4.5 Gyr, t VI capt Cann > 1 for owme ~ 1 pb .

Fca t 1 2 1
NDM ~ P Fann = _CannNDM ~ _Fcapt
Cann 2 2
« Flux from DM annihilation in the SUN
F~ 102°/cm2 X [capt
_ DM annihilation channel
Ve, MDM = 1000 GeV Vus MDM = 1000 GeV v, MDM = 1000 GeV
1 Lg 1 e
- - - - M
107! E 107! T s | T | B e T
B A e N | R (e I T q
AN S o) - === c
02 T A S 102F = b
107 ¢ 107 ¢ - = = = %4
| = LS NS T o AN S W e Z
h
10—4\\ Il Il Lttt [N 3\ 10_4 Il Il Ll Il Il Ll L
103 102 107! 1 103 1072 107! 1
x=E/Mpy T Y

x=E/Mpy

EX) v spectrum at the detection per one annihilation (crossing vertically the Earth) [Cirelli, PPPC V]



' Neutrino Signals in WIMP scenario

' 90%CL limits on the Nucelon-DM scattering cross section from
the DM annihilation in the SUN [Icecube 1612.05949]

w : 10 1073° Cube (2011.2014) : ~——— 10 Hard
=== |ceCube (2011-2014
N w== |ceCube (2011-2014) .. Super-K (1996-2012) I

w e Super-K (1996-2012) = = Antares (2007-2012)
107401 . == Antares (2007-2012) {10

[pb]
[pb]

Soft

m, [GeV]

532 days of lifetime, Ev > 100GeV IceCube, Ev > 10GeV DeepCore
up-going muon tracks by v,’s.

Assuming the WIMP cross section o ~ 1pb, the DM capture and the DM annihilation
has come to an equilibrium, and the neutrino flux puts constraints not on the
annihilation cross section but on the Nucelon-DM scattering cross section.

The v signals from the SUN play crucial roles to search for dark matter
with the spin-dependent nucleon-DM scattering!



+ Neutrino Signals in ADM scenario

+ ADM models require a large annihilation cross section

Npm/S Small Annihilation Cross Section Npm/S Large Annihilation Cross Section

A A
Thermal equilibrium Thermal equilibrium

Symmetric Component
Asymmetric Component

i Asymmetric Component
Symmetric Component

> A
> >

mpm/T mpw/T

Annihilation of the symmetric component of DM should be very efficient !

— This is achieved DM is a composite state of dark strong dynamics !
oV ~ 41/ mpy2

Composite ADM model is highly motivated !



+ Neutrino Signals in ADM scenario

« The simplest model = Mirror Copy of QCD (= dark QCD) with dark QED.
[1805.0687 Kamada, Kobayashi, Nakano MI]

wn
-
/N
w

)D

B-L

UMb

Qr

dB—L

2/3

!

—4B-L

2/3

Q>

dB—L

1/3

Q2

Wl W | Il W

—4B-L

1/3

We need at least two-flavors to allow dark QED along with B-L .

/ Dark QCD eventually exhibits confinement at O(1-10) GeV. \

Dark Matter = Dark protons and Dark neutrons !
P Qi@Q1Q2, 7 x Qi@Q1Q2, 1 x Q10Q2Q,
Dark baryons annihilates into Dark pions
0 x Q1Q1 — Q2Q2, T x Q1Q2, 7T x Q2Qs
\ Dark pions annihilate/decay into dark photons /

n' o Q1Q2Q2 .

(Asm/Apm) =237/(22Ne) @ mpu =8GeV (2/Nk)
[1411.4014 Fukuda, Matsumoto, Mukhopadhyay ]



+ Neutrino Signals in ADM scenario

+ Dark Sector Shares B-L symmetry with the SM via

1
Mn

*

OpOgpy + h.c.

EB—L portal —

= MLE(Q1Q2Q2)LH

Dark neutron operator

+ Dark Neutron decays into anti-neutrinos !

[ Dark neutron ] — [ dark neutral pion] + v

M ® 710GeV\?®
~ 10* u
4 bee (109 GeV) ( mpwm )

The main mode is given by <H>=v.

[1411.4014 Fukuda, Matsumoto, Mukhopadhyay ]

Composite ADM leads to a monochromatic anti-neutrino signal !



+ Neutrino Signals in ADM scenario

full-sky averaged neutrino flux

Through going muon spectrum
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Constraint on the dark matter lifetime
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SK, 1679.6 live days, ABGc = 30°

['09 Covi, Grefe, Ibarra, Tran ]
Tom( DM = X +v ) > 1023 sec for mpy ~ 10GeV.

(SK 90%CL constraints on the neutrino flux)
M«> 108-85GeV

~ Lower limits on the right-handed neutrino mass
in the leptogenesis (theoretically M« < Mg).

In the ADM models, anti-neutrino signals in O(1)GeV
play important role !



« Sterile Neutrino

1071}

Fig from [1807.07938 Boyarsky et. al.]

1107
******** -7
~
T— N T 1 0
“““““ KATRIN statistical limit 1
__________ -8
— N\ - 10
\
3 N
3 ATHENA NI3(L 107°
> sensitivity TN
8 H \\\\ thermal overproduction 10
NS -
& AN 10
2 838! ~
g 83! -1
= 0 & 10
82
_________ £ g -12
__________ Lymal ceTN 10
toroduction” " (ther e
production wTEeel s TR Seses
inconsistentwith BBN 1 TTteeal % 1 0_1 3
RE

10—15

M 14 Dwarfs (90%
H14 M31 (90%)

1

6.6 6.8 7.0 72 74
mg [keV]

' Sterile Neutrino lifetime

1.5 x 10 (m >5><92
Ty 3, =~ 1. sec
s—3 10ke

¢

5
1.8 x 10'%sec (1(;7122 ) x 62

Tv,—vy

Constraints from Non-observation of X-ray

«/ 3.5keV X-ray line signal ?

XMM-Newton & Chandra observed
3.5 keV X-ray signals

Sterile DM @ (7keV, 62~ 10-10) ?

Situation is still controversial...

Future X-ray telescopes with high
energy resolution will confirm/refute.



m (keV)

« Sterile Neutrino

' keV s search by tritium B-decay
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[Mertens et al JCAP02(2015)020 ]

20 - excluded by astrophysical observations
18- L HEE
16F- i
z N =8.3x10'8- "
14E integral .~
12F- !
10}~ _
8F Y N=83x10" . N=83x10"®
6 - \ differential = differential
afF-
C N=83x10"° "~
2:_ differential Tl T e
0 BE piial FERETREETED I: ------------ =rgaat-= .
1070 10 10°® 107 10°

KATRIN spectrometer

T, source detector

p. (without E field)

M. 47

https://www.katrin.kit.edu/79.php

« Anupgraded KATRIN detector with
N= 8.3 x 1018 B-decays
(Full KATRIN source strength)

02 ~ 107 can be tested

« For (Full KATRIN source strength) x 100
02 ~ 10-°can be reachable?

Further improvement by using TOF of e?



« Constraints on Axion (No neutrino...)

« Axion mass: mg ~ fﬁfmﬁ fr=93MeV, m; = 135MeV
. . -~ gi %
' Axion coupling to y L yp faFWF

/' Axion mixes with mowith a mixing angle ~ fu/fq

Constraint from Horizontal Branch Supernovae Constraint (1987a)

The axion enhances the energy loss rate ~a
of the stars in Horizontal Branch of globular LY
clusters via the Primakoff conversion :

14 N

He2+ E joss by axion < E 1oss by neutrino
[arXiv:1008.0636]

( Tsn ~ 30MeV, mean free path > 10km )

Eloss > 10 g-1 erg 5-1 ( THBcore ~ 10k8V)
[arXiv:1110.2895]

fa > 107GeV fa > 108GeV

These constraints are consistent with observed dark matter density
which favors fa ~ 1012GeV

2 1.19
Quh? =~ 0.2 x (2 Jo _Aqop_
o T fa 1012 GeV 400 MeV




« Constraints on Primordial Black Hole (No neutrino...)

BH Evaporation

HSC M31 constrdint (95%] limit)
[1701.02151 Njikura et. al. ] Gas accretion onto
T I T R PBH affects CMB.
Mprn \g]

Constraints from
microlensing

[PBH magnifies star lights]

Constraints from
femtolensing

[PBH modulates energy spectrum
of the gamma-ray burst]

Allowed mass range of PBH dark matter : Mpy = 10-(1412M



v Summary

Annihilation cross

10MeV - 300TeV

annihilation in the

Symmetry section (or Beyond) SUN
Baryon asymmetry dark neutron
Symmetry Mass 0(1)GeV decay intov
Very W.eak Interaction strength >O0(1)keV (?)  Model dependent
Coupling
Very Weak P
X Mass / mixing angle B-decay
Coupll.ng / Lepton asymmetry LGS B spectrum ?
Approximate
Very light :&Weak Initial amplitude S 10-22eV ?
Coupling Mass
Very light j&Weak Axion decay constant ~ ueV g
Coupling
Heavy Enough Density fluctuation

Black Hole

Mass

10-14-12Mg




v Summary

v There are lots of dark matter candidates.

+ Neutrino singles are important channels to narrow down
the candidates for dark matter !

+ With the advent of larger neutrino detectors, the neutrino signals
become more important.

« Other channels such as charged cosmic rays, y-rays, optical lights,
radio signals, gravitational waves, and direct detection

experiments etc are also important.

Let us unveil the nature of dark matter by using everything in our power !
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Unitarity Limit on WIMP mass (1990 Griest & Kamionkowski )

( Spineless case for simplicity )

Since we are interested in rather strongly interacting case, we may
assume that the reaction rates are dominated by 2-body interactions.

Unitarity : $T§=1
(

S=1+iTey+iTpr 2 <i|TefTeli>+<i|TriTr|i>=2Im<i|Te|i>

<f|T|i> = 2m4 64(ps- pi) M+i
2¢<i| TeTs|i > = Otot VrerN1n2 X 2114 §4(0)

— OtotViel =2/ XIm Mte);; (n;=ny=s12)

\_ J




Unitarity Limit on WIMP mass (1990 Griest & Kamionkowski )

( Spineless case for simplicity )

Since we are interested in rather strongly interacting case, we may
assume that the reaction rates are dominated by 2-body interactions.

Partial wave decomposition :

Msi=16m X (21+ 1) a; Pi(cosO)

Oecl Vrel = Z|Ocl! Vrel = 16T Vyer /s X X1 (21 + 1) |Ger |2
_}
OR Vrel = Z1OR! Vyer =32 B¢ /s X Z; (21 + 1) |ar |2 GD,
\ /Z/Vrel
By US|ng O'ell< o.totl, Y= Vyer! (1'2Vrelﬂf|aRI|2)1/2

S

Viet /2X | Qei1]2 + B ari|2 <Im aeii = Br|ari|? < 1/(2Vrel)

Unitarity limit on reaction cross section :
O.RVreI < 16 "zl (2I+ 1) /(S Vrel)




