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Introduction Dark matter

Albada et al.
ApJ (1985
Dark matter e
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Dark matter

There is a lot of evidence of dark matter.
m Rotation curves of spiral galaxies
m CMB observations
m Gravitational lensing

m Structure formation of
the universe

m Collision of bullet cluster
Existence of DM is crucial.

Dark Matter

Dark Energy
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m Graviational interaction
N

Non-relativistic (cold) |EESEE_G_
erglow Light
Pattern

375,000 yrs.

Strong candidates:
WIMP, FIMP, SIMP,
axion, sterile neutrino,
primodial black holes
etc T

Revived by recent obser-
vations of gravitational
waves

Inflation

Fluctuations
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Nature of DM

Stable (at least longer than age of universe)
Electrically neutral (may have very small charge)
Occupy 27% of energy density of the universe

Dark Energy
Accelerated Expansion

Development of
Galaxies, Planets, etc.

Dark Ages

1st Stars
about 400 million yrs.

Big Bang Expansion

13.77 billion years
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WIMP production

Evolution of DM number density follows the Boltzmann eq.

dn 2
d—tX +3Hn, = —(ov) (n] — n{*)
change variables L x = %, ny, < Y = %, ['= (ov) ny,

*Fr— T m DM relic is determined by (o).
P increasing {o,jv{)

&E .Y | 7 movcan be expanded by v.
S ] %O’?}:CL—I—[)UQ—I—O(UZL)
-5 i . | 4
g o i Sy a: s-wave, b: p-wave
5 L ] 1010 (e 2
g T y C
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i : (o)

P I TP S L. T O BT (Planck Coll.)

1 3 10 x*:atg/'r 100 300 1000 % <O-/U> N 10_9 [GeV_Q]
~ 107 [cm?’/s]
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WIMP search status

Collider search

. May 2017 ATLAS Preliminary ~ (s=8,13 TeV, 20.3-36.1 fb™
thermal freeze-out (early Univ.) = r
1 1 H ) | === Expected limits — Observed limits All limits at 95% CL
IndlreCt dete(:tlon (HDW) 9 - RK — via 1/ Y 21, ATLAS-CONF-2017-039, arXiv:1403.5294
- —~12001 via 1/ ¥ 21, ariv:1509.07152
Sy B — via lJP/ ¥, 21, ATLAS-CONF-2017-035, arXiv:1407.0350
—_ | —Via WW 2l, arXiv:1403.5294
E£1000[— XK —— via i/ I 21431, ATLAS-CONF-2017-038, arXiv:1509.07152
i —— via WZ 21431, ATLAS-CONF-2017-039, arXiv:1403.5294
- DM ‘;‘vf B via Wh  Ibb+lyy+FE+3l, arXiv:1501.07110
g 800 __%%/ % via T/ L 21, ATLAS-CONF-2017-035
% - 920%? e Vi@ ~IR 3l+4l, arXiv:1509.07152
D 600 mi g g=0smp+mppe T T\ e
© : < o Z ' ?x
— | P A
O 400 i S
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co>go K
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(©]

=

productlon at colliders m( % X

m WIMP DM can experimentally be detectable.

m Collider search: mass degenerate is required.
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WIMP search status

Indirect detection (Gamma-rays from dSphs)
XX — bb
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m A lot of gamma-rays are generated if final state particles are charged.

m mpy S 100 GeV is excluded if thermal WIMP scenarios are assumed.
m (ov) ~ 107% cm’/s for thermal DM
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WIMP search status

Direct detection

1074 E

- p . 10743

B andaX-4T 2021 (this work)
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WIMP Mass (GeV/c?) WIMP mass [GeV/c?]

m Experimental bounds are stronger and stronger.

Wayout
(1) Interactions between DM and SM are very weak? — non-WIMP DM?

(2) Elastic cross section is suppressed by small DM velocity?
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The pNGB DM model

m Introduce complex scalar field S = (s + iy)/v/2
m Global U(1) symmetry is assumed (invariant under S — €'*S)

2 2 A A
V=—HHP - E5ISP + SHH + sl HPISP + S|

12
_ (’MfSQ + H.c.) < soft breaking mass term

X X
Dark Matter TT~el_ -7
. 200km/s r
|
Recoil Energy : h, oo
Er /'/|\-\
\ N N
m Scattering amplitude cancels between h;, hy mediated diagrams
2 2 2 2 2
. . mp, mp, q (mm - th)
IM ~ 1 e el [ —" > 0
q hq q ho h1"""hs
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Summary so far

m Direct detection experiments set strong bounds on interactions between

DM and SM.

m This implies v, dependent elastic cross section: o o< v

Ex. pNGB DM

m Elastic scattering can be enhanced if boosted.
May be detected by experiments.

n
X

Mechanisms to boost DM

m Semi-annihilations Yy — Yo
= Simle and small uncertanties

m Decay or annihilations of heavier particles

m Collision with high energy cosmic-rays
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Semi-annihilations

B XX = Xk®
Xi: DM particles,  ¢: SM or new unstable particle
One DM particle is in final state.

X\\\\\ //// X
m Simplest case: Yy — Yo RS
x: DM,  ¢: SM particle or new unstable particle o SN
m DM cannot be stabilized by Z, parity. res ¢

= DM is a non-self-conjugate particle if it is assumed to be stable.

m Boltzmann equation

—=+3Hn, = —(0,,v) (n?< — nxn;q)

o - 2 eq2)
<O-XXU> (nx nx
1st term: semi-ann. 2nd term: normal ann.
Note: normal annihilations always exist.
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Relic abundance with semi-ann.
XX — X

O 1.07 x 107

1.07 x 107
. . of Qh® ~ for normal ann.
(Oxxv) + (o) (V)

m does not change much from normal case.

m A bit longer time is needed to reach the freeze-out value Q42

107} 107}
i QX 10—11 B | QX 10—11 L
I N
\ [ . I
>~ 10713} IR (Ul IR Ul
10—15 . . \\ . . 10—15 ) ) \\ ) . 10—15 ! LN . .
20 30 50 70 20 30 50 70 20 30 50 70
x=m,/T x=my/T x=my/T
only (o,yv) only (o, V) mixed

Blue lines: Numerical
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Core formation via self—heating (implication of semi-ann.)

m Collisionless WIMP =- core vs cusp problem

B semi-ann. XX — X¢ gives a momentum to X (Ey ~ bm, /4).
= pressure in centre of DM profile

—> core is formed. X. Chu and C. Garcia-Cely, JCAP (2018) [arXiv:1803.09762]
. .. r _ r Ogelf/ TN
Energy absorption efficiency: &€ ~ == ~ 107% ” Px : ~ / o
A 5 kpe ) \ My /pe 1073 cm? /g
10° I | T r
: : : — =0 10724 =
1 1 1 1 _ 1 ; \'
10° "~ - - oo TTr Ol —10-257 *
: : : et ot=ty L W
1 1 1 1 1 o - G L e
1! 1 I e = 10t —265_ A CMB
_ 10 : r I 5 10 S
§ T
100+ Fo-- - Fo---- N S - >
: : : ! 102857
1 1 1 E Q
JPREE N S W S [ F
| | | | | 10_295 A Y
: : : : : - A
.|0—2I : I . I 10—307 L uuug
102 107" 10° 10" 107 10° 10! 10° 10° 10*
rir m, |[MeV]
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Introduction Semi-annihilations

Self-heating via semi-annihilations
(implication of semi-ann. 2)

m Assumption: elastic scattering Yo — Y@ is inefficient.
=T, #T

my =1 GeV | s my/my=0
me/my =0
(o3 V) =6 x 10726 [em3 /5|

1072

—~ 10—6

ST

10—10

||||II1 |||||I1 ||||II1 T IIII1 ||||II1 ||||II1 |||||I‘ ||||II1 |||||I1 ||||II1 IIIII1 T

10—12

Mo | T R A T R
102 103
T =m, /T

el
10’

m T, x a~ 1 after freeze-out like radiation

m small effect on relic abundance ~30%
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Distinctive signals from
semi-annihilations
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Specific semi-annihilation
m We focus on yy — yv.

- One of native semi-annihilation processes
- May correlate with generation of small neutrino masses

m Energy of the produced particles

O 3
By = L (v =10.6), E, = L

m Possible to detect both

particles (monochromatic)

1

- Energy difference: 5m,

- Same flux for y and v oA

m |f detected, this strongly
implies that DM is a Dirac
fermion with spin 1/2.
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Distinctive signals from semi-ann. Specific channel

Signals from the Sun

)%DUNE

XX — XV B, = 3m Earth
4 SK/HK

X dq))Z/V B [ ann dN)_(/V

4 M

X

m A number of DM particles are accumulated in the centre of the Sun.
m Semi-annihilation occurs.

m Two different signals may be searched at large volume neutrino
detectors.

m Signals from Galactic centre = Produced flux is smaller
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Semi-annihilation from the Sun

m Number of DM particles accumulated in the Sun
dN,

It — FCapt — 2Fann — Fevap

m Capture rate
v? + V2

R 00
Leapt = % Z o; / dramring(r) / dvdnv? fo (v) == P (v, Vesc)
X i 0 0

(V)

where 7 = all the elements in the Sun

Rg
For mX > my, FCapt ~ 47Tf@ E mZO-Z (IZ NA dT47TT2n¢<T)U§SC>

AW
x><x> XXX /

B XX X)?)%C
27
Sun Sun
Capture Annihilation  Evaporation
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Semi-annihilation from the Sun

m Number of DM particles accumulated in the Sun

dN
d—tX — FCapt — 2Fann — Fevap
T Cann 9
m Annihilation rate: ', = TNX
<O-XXU> m 3/2 54 —1
where Cly, = ( X ) 1.7 % 1075 s
) (10_9 GeV™2 /) \100 GeV
X p \
X
Sun /Sun Sun
Capture Annihilation  Evaporation
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Semi-annihilation from the Sun

m Evaporation rate: Some DM particles scatter with nuclei in the Sun

and get enough energy to escape from the Sun.

m Neglecting 'evap (my 2 a few GeV), the solution is
[ann = L cap tanh? ! tiT Lcapt

2 T )
)_1/2, Age of the Sun t ~ 4.5 Gyr

Where T = (FcaptCann

m Equilibrium can easily be reached.

X p \\
6}@% ) XX ﬁ A
Sun

- XX XX
Pl
Sun

Capture Annihilation  Evaporation

Sun
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Distinctive signals from semi-ann. Specific channel

Semi-annihilation from the Sun
m Capture rate without v depndence

Canpe 2 2.0 % 107 57

osD ) 100 GeV
1042 cm? My

Capture rate with v> dependence
Canpe 2 5.1 % 107 57

osD ) 100 GeV
1042 ¢m? My

Spin Independent DM capture rate in the Sun Spin Dependent DM capture rate in the Sun
1030 [ 1 X T ] 1029 \ T

10%8 - vo = 250 km/sec

10% + Vese = 550 km/sec

1027 -
s ——

1026 L

1027 L

1025 L
vo = 250 km/sec

Capture rate I'cop/0, in 1/secspb
Capture rate I'capi/0, in 1/secspb

1026 - Vesc = 550 km/sec ol
1025 | | I I 1023 | | | | |
1 10 100 1000 10# 1 10 100 1000 104
DM mass Mpy; GeV DM mass Mpy; in GeV
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Signals of
boosted dark matter and neutrino
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Distinctive signals from semi-ann. Signals

v + x tlux if it is nicely reconstructed

1071 :

HKKMI11 v, oo
atm-v, + semi-ann.
semi-ann. v = = = -

D o semi-ann. Y = - - -
A 1077 SK v, —a— -
. ; IceCube v, |
|
= T
2 1077 ¢ A 3
O | r
— I ‘l 1 ~
s TR
g 107 3 ! A | \\ ;
SN R N
[ ! 1 1
| I ‘l 1
1072 L P RN |
10° 101 102
E [GeV]

m m, =50 GeV and osp = 3 x 107*! cm? (non-re

m AFE/FE = 25% is assumed
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Distinctive signals from semi-ann. Signals

DUNE (Deep Underground Neutrino Experiment)

Sanford
Underground | ’ Fermilab
Research g . .-
Facility ile _voczzzIEEEC W
I o A e e NEUTRINO
PR A S b A S PARTICLE  PRODUGTION SIS
eV T e DETEGTOR DTN
RO )

m [ wo detectors: near and far detectors.

North Dakota

m Massive liquid argon
(fldUClal VOlume 40kt) . = e SANFORD UNDERGROUND

RESEARCH FACILITY Wisconsin

South Dakota

m Precise reconstruction
of particle’s trajectories

with LArTPC

\Y;

lllinois

DUNE Coll., [arXiv:2002.03005]
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Distinctive signals from semi-ann. Signals

DUNE (Deep Underground Neutrino Experiment)

from the Sun

X:iv

Sanford ¥

Undergrou.ﬂd | ’ Fermilab
Research =SS

n : o )
e ozzEZEEECC e \
v e T NEUTRINO /
Y e PARTICLE PRODUGTION ha ANSS
gV e e DETECTOR T
RO )

m [ wo detectors: near and far detectors.

North Dakota

m Massive liquid argon
(fldUClal VOlume 40kt) . = e SANFORD UNDERGROUND

RESEARCH FACILITY Wisconsin

South Dakota

m Precise reconstruction
of particle’s trajectories

with LArTPC

\Y;

lllinois

DUNE Coll., [arXiv:2002.03005]
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Distinctive signals from semi-ann. Signals

DUNE (Deep Underground Neutrino Experiment)

from the Sun

XV

. . DUNE Coll., [arXiv:2002.03005]
Timeline of far detector modules

m 2025: DUNE physics deta taking with atmospheric neutrinos
(fiducial mass 20kt)

m 2026: DUNE physics deta taking with beam starts (fiducial mass 20kt)
m 2027: add third fiducial module (20kt + 10kt = 30kt)
m 2029: add fourth fiducial module (30kt + 10kt = 40kt)
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Expected number of signal events at DUNE

Nsig — texp Np CD)Z 5-SD

m Number of protons
N, ~ 10°* (LAr 40kt)

m Scattering cross section
xp — Xp (Boosted DM)

Naive estimate:
osp ~ osp(0.6/1073)°
= 3.0 X 105(73[)

103
102 |

101

Ngig [yr™']

100

107"+

102

Excluded by PICO-60/IceCube

101

m Benchmark: Ny, > 10 [yr]
s N, > O(10) if my, < 100 GeV
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Energy spectrum

m Energy of scattered proton E), is kinematically determined.

Ey+m,)*+ E: —m;
mpSEpSmp< X p) X X

(Ey +my)? — EZ +m?
5 17
Since by = L = my, < B, S =

Maximum energy is almost independent of m,, if m, 2 10 GeV

m Whole energy spectrum can identify DM mass = model dependent

m m, can be seen if m, < 10 GeV \X\ Y
but one should care about Es @ P
gamma-ray constraint from xxy — qq
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Distinctive signals from semi-ann. Signals

Neutrino
m Neutrino can also be searched by DUNE, SK/HK and IceCube etc.

Hyper-Kamiokande Collaboration

m For boosted DM, difficult to emit Cherenkov light (v,* = 0.88¢)

v, > 0.75¢ is required so that Cherenkov radiation is emitted.
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Distinctive signals from semi-ann. Model building

Model building

m Velocity-dependent elastic scattering xp — xp
1

Anapole int. £ D F)‘(’yu%(?nyW —  ogp, Oy X U’
. N
SPint. £D e (xx) (Pysp) —  ogp o< v
1

PPint. £ -5 (XV5x) (Pysp)  —  osp ox v

m Semi-annihilation yxy — Yv

Ex. Zs symmetric model with radiative neutrino masses

X 1%

(H) (H)
X Xe | 0 | ¢ 0 N
SU@2) | 1| 1| 2 1 P AT
- X-= 0 7 l < 0
Uy | 010 | 1/2] 0 "y Yo "
Zs 1| 1 1 1 | : \
Lnumber | 1/3 | 1/3 | —=2/3 | —2/3| X Y v X Y
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Summary

Semi-annihilation yxy — XV induces a characteristic signals.

These signals can be searched by large volume neutrino detectors.

Rough estimation has been done.

Future works
Detailed simulations with GENIE

Construct concrete models
- velocity-dependent cross section
- semi-annihilation yx — yv
- model dependent constraints
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