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Introduction Dark matter

Albada et al.
Dark matter ApJ (1985)
. . ©PLANCK Coll.
There is a lot of evidence of dark matter. OHUBBLESITE
©MPA

m Rotation curves of spiral galaxies 0 .
[ NGC 3198 ]

m CMB observations

m Gravitational lensing

Ver (km/s)

m Structure formation of
the universe

m Collision of bullet cluster
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1
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Existence of DM is crucial. g 1M 20m i

Dark Matter

Dark Energy
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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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Nature of DM

Stable (at least longer than age of universe)
Electrically neutral (may have very small charge)

Graviational interaction

N | . . |d Dark Energy
on-relativistic (co Accelerated Expansion
Afterglow Light
Pattern Dark Ages Development of
375,000 yrs. Galaxies, Planets, etc.

O
O
m Occupy 27% of energy density of the universe
O
O

Strong candidates:
WIMP (thermal DM),

axion, FIMP, SIMP,
sterile neutrino, ‘_
primordial black holes |
etc

Inflation

1st Stars
about 400 million yrs.

Big Bang Expansion

13.77 billion years
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WIMP (Weakly Interacting I\/Iasswe Particle)
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m WIMP is thermalized with SM particles in early universe
m To get 2,h% = 0.12, roughly o ~ 1pb ~ 107%°cm3 /s ~ 1073%cm?
m Almost independent on DM mass

m Mass range: 10 MeV — 100 TeV

Takashi Toma (Kanazawa U.) Seminar@IJCLab 19th September 2023

7/51



NA(oe[IedleMl \WIMP (thermal dark matter)

Status of direct detection experiments
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m L/ gives the strongest bound above 10 GeV DM mass at present.
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Future sensitivity of direct detection experiments
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m Experiments will reach the neutrino floor in 20 years.
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Indirect detection
DM annihilations (or decays)
XX — hih]‘, WW, ZZ, f?
m Gamma-rays are produced at the end

m Constraints from dSphs
(less visible matter and more DM)

=0 3
LeoV_Leoll oM i\

P il eo IV, O / \ UMa >
o 177821 e0 Lplil T Boo I |V v \ '

~ O Willman 1

m O(50) dSphs have been
found so far.

B DM models are
constrained.
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Indirect detection
m Present bounds and future prospects (yy — bb)
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Summary so far
m DM exists, and WIMP (thermal DM) is a strong DM candidate.

m Direct detection experiments set the strong bounds on WIMP.

X X

Wayout U

m v, dependent cross section (v, ~ 1077) i b by

Ex.1 pNGB DM (iM o v?) /'/\_\
N N
Ex.2 Fermion DM with Pseudo-scalar int. Y Y

L = axysx T

| a
= These could be detected if boosted. /'\,.\

Takashi Toma (Kanazawa U.) Seminar@IJCLab 19th September 2023 12 /51



Mechanisms to boost DM

m Semi-annihilations xx — X¢ (v, = O(0.1 — 1))
= Simple and small uncertanties

Other processes to boost DM
m Decay or annihilations of heavier particles (non-minimal dark sector)
X2X2 — X1X1 (mX2 > le)

m Collision with high energy cosmic-rays

boosted DM
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Example of model building

m Semi-annihilation yxy — vy
Ex. Zs symmetric model with radiative neutrino masses

XL | Xr n Y
SU@) | 1|1 2 1
U(1)y 0| 0 | 1/2 0 New particles
7 1| 1 1 1
L number | 1/3 | 1/3 || =2/3 | —2/3
X
! i )
o N AL
_<_x_<_ \ 7 N s
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Semi-annihilations

Semi-annihilations
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Semi-annihilations

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

m Simplest case: yx — Yo
x: DM,  ¢: SM particle or new unstable particle

m Simple Z parity does not work to stabilize DM.
= DM is a non self-conjugate particle.

m Boltzmann equation

X X

—2 +3Hn, = — (o) (n7 — n%)

—(0 V) (ni — nxn;q)

1st term: normal ann. 2nd term: semi-ann.
Note: normal annihilations also exist.
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Relic abundance with semi-ann.
XX — X
10—10 10—10

QOh? ~ 2 . of Qh* ~ for normal ann.
(Oxx) + (T V) (0 0)

m Calculation does not change much compared to normal ann.

m A bit longer time is needed to reach the observed value Qh? = 0.12.

1072+ . .
Blue lines: Numerical

A

<
l
>~ 10~13}

10—15

50 70
T =m, /T
Takashi Toma (Kanazawa U.)

Seminar@IJCLab 19th September 2023 17 /51




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
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Semi-annihilations Review

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

Ll | T | T R A T R
10’ 102 103
T =m, /T

m T, < a™ ! after freeze-out (similar to radiation)

m ~30% effect on relic abundance calculation
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Distinctive signals from
semi-annihilations
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SEUIREIGIGIEIAGI  Distinctive signals

Specific semi-annihilation process

m We focus on yy — vY.
- Both final state particles are monochromatic
- May correlate with generation of small neutrino masses

m Energy of the produced particles

D 3
Ey=-m, (v, =0.6), E, = L

4
m Possible to detect both

particles (monochromatic)

1

- Energy difference: 5m,

- Same flux for y and v

m |f detected, this strongly
implies that DM is a Dirac
fermion with spin 1/2.
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SEUIREIGIGIEIAGI  Distinctive signals

Signals from the Sun

X
dq))‘(/u B I“amq dN)_(/V
X ) i dE., And2dE,,
“‘---,______~’DUNE
X
XX — XV B, = im, Earth

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

m Two kinds of signals can be searched at large volume neutrino detectors

(SK, HK, DUNE etc).

m Signals produced at Galactic centre is smaller.
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SEUIREIGIGIEIAGI  Distinctive 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
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SN R N
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1072 L P RN |
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m m, =50 GeV and osp = 3 x 107*! cm? (non-re

m AFE/FE = 25% is assumed
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Semi-annihilation at 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 at the Sun

m Number of DM particles accumulated in the Sun

dN
d—tX — FCapt — 2Fann — Fevap
TR (:Zinll 9
m Annihilation rate: ', = TNX
(TxxV) m 3/2 54 —1
here C,yyy = ( X ) 1.7 % 10
e (10—9 Gev—2) \100 GeV )

~ XX XX
Pl
Sun

Capture Annihilation  Evaporation

X p \
Q%% ) XX ﬁ A
Sun

Sun
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Semi-annihilation at 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 'cvap (my 2 4 GeV), the solution is

Fca t t>T Fca
Fann — 2pt t&ﬂhz <—> — bt

T 2
where 7 = (FcaptCam)_l/Q, Age of the Sun t ~ 4.5 Gyr

m Equilibrium can easily be reached.

ST N
x><x> XXX /

B XX X)i?((
27
Sun Sun
Capture Annihilation  Evaporation
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Semi-annihilation at the Sun

m Capture rate for const. and Q° (momentum transfer) dependent cases

(CG) — Fcath) 1030 ,

1029
1028
1027
. 10%
,lﬂ 1025
QSD 1024
1023
102 L SI(n=0) ==-- ‘..
;SD TL:O === = ~
102 L SI(n=1) — -
- SD(n=1) —— S
2 2\n 20
OuN ~ O 10
o~ oo @/ )" 107 S 10° 10! 102 103
m, |GeV]
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Semi-annihilations Distinctive 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

lllinois

DUNE Coll., [arXiv:2002.03005]
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Semi-annihilations Distinctive 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

lllinois

DUNE Coll., [arXiv:2002.03005]
19th September 2023 29 /51

Takashi Toma (Kanazawa U.) Seminar@IJCLab



SOEERTITIEISONIN  Distinctive 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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Semi-annihilations Distinctive signals

DUNE (Deep Underground Neutrino Experiment)

from the Sun

X:iv

Sanford ®

Undergrou.ﬂd Fermilab
Research. W . - S
Facility n iles v.’_‘_‘_l_‘—:';f;i:-_%%-éf”f’?a == \
T —“{i};:v’;::’"" \
VS et roob P i , \
P e o NEUTRINO W
R g SO S PARTICLE  PRODUCTION P~3
eV T e Y DETECTOR e

I— UNDERGROUND
PARTICGLE
DETECTOR

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

More cost is needed than initially expected. (2 billion = 3 billion dollars)
m 2029: slimed version of DUNE will run

m 2035: DUNE full spec (40kt)

m 2027: Hyper-K

= No advantage of DUNE for v mass ordering, CP violation etc.
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Threshold and resolution for DUNE

Detector threshold Energy /momentum resolution Angular resolution
e 30 MeV 5 % 1°
T 100 MeV 5 % 1°
et [~ 30 MeV 2+15/y/E/GeV % 1°

p < 400 MeV: 10 %

50 MeV 5°
P ’ p > 400 MeV: 5 + 30//E/GeV %
n 50 MeV 40/v/E/GeV % 5°
m Precise angular resolution
cf: 3° at SK and HK, 30° at lceCube
m [ hese are taken into account in simulation.
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SEUIREIGIGIEIAGI  Distinctive signals

Simulation tool

m GENIE (neutrino event generator)

- Detailed experimental simulation

(DUNE, SK etc) can be done.

- Boosted DM can also be implemented.

UNIVERSAL NEUTRINO GENERATOR
& GLOBAL FIT

2000010000 - - - - - 50.000
1000180400
neutron 2112 - - - - - 0.897
Ar3s 1000180390
chi_dm 2000010000 - - - - - 50.000 P = (0.014,0.003,1.000)
neutron 2112 - - - - - = o
neutron 2112
HadrBlob 2000000002
NucBindE 2000000101

| Err flag [bits:15->0] : ©000EOEEOEEOEEOOO
| Err mask [bits:15->0] : 1111111111111111 Is unphysical:

4.88517e-38 cm”2 | dsig(Q2;E)/dQ2
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http://www.genie-mc.org/

Setup for boosted dark matter

Elastic Resonant

m [here are 3 processes.

Deep Inelastic

k/

} hadrons

m (Quasi)-elastic scattering is dominant for our case (xx — vX)

9
0<Q@*< Zm?v ~ (2 GeV)?

Takashi Toma (Kanazawa U.) Seminar@IJCLab
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Setup for boosted dark matter

We consider the following cross section (parametrization)

dO'XN _ oS ( ?2 2)n ‘F(QZ)‘Q

dQ)? 4m%v Dy |? \mayg

m Parameters: |p,| = 2m, and o (reference cross section)

m Related to scattering cross section for direct detection

2n
O-XN —
n+1 (mx + mN>

g n =0
1

(constant)
(Q* dependent)
n =2 (Q* dependent)

2 A
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Diinczya iy el
Setup for boosted dark matter
Number of signal events (Y + N — X + N)
2D,

dE, dS)

m Number of nucleons: Ny = 2.41 x 10

[] NX — NNT/UXN dEXdQ

Exposure time: 1" = 10 yr

*d,  Taw Co

— 5 XN = > OxN
db,dS)  4Ard B, —5m. /4 dmd?,

DM flux:

E,=bm, /4

Distance between the Sun and Earth: d = 1.5 x 10" cm
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Boosted dark matter signal (energy resonctruction)

For elastic scattering YN — x IV, energy and angle are kinematically fixed.

EX +my [Exy —my
m cosOy =
’px‘ En +mpy
m Energy reconstruction from observed 0y and Ey
N ¢200———7F—FF+—"———FT—+—7
= C ]
2 180F Vaum DKE =
5 = % signal E
E 10 — V,,, Dkg +  signal ]
................ 2 b 3
= - BP2 .
“ 120F- m,=20GeV
100:_ O, = 7x10”° cm? B
S0 =
Benchmark point 60f- E
n = 9 40F- =
20E T E
my — 20 GeV, = | —— ——— T
) qS 20 25 30 35

oo ="7x 107" ecm

t
<
@)
¢
S
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Background (atmospheric neutrinos)

-1

e — k. e
S o o o
~ w o

i

E?> ® [GeV cm™ sec! sr]
S

[S—
-
o>

107

108

107

EI L I L I | L L I | L I | L | L l | IE
- s dZCDatm
vy 1 Nymy=NyT [ o dE,dS)
= = t N N7/ 1~
; %‘ﬂ . = " dE,dQ
- ] i
= ,_fL AN = .
: . T 1 Expected number of bkg events in
3 3 10 years
[ N ]
; n IS:FSEZ-\Ifalniokandc LIV v, J_'—‘f—( g . . .
o o 1 245 via NC int. for x signal
= AMANDA-II vu‘unfoldi::; 3 =
E iI;I?ANRI?;;-\[’Iu\"l forward folding I E (Va tm _l_ N % Va tm _l_ N )
? ° Suplcr-—Kamiokunde LIV v, '_l _§
[ micmany, 4 510 via CC int. for v signal
EI I | | 1 1 L| IL | ~I(HI | I L1 1 1 I I I | | I I | | | IE (Vatm —l_ N % 6//J[/ —l_ ])
1 0 1 3 4 5
LogIO(Ev/GeV)

m We use v, HAKKM flux at Homestake (close to DUNE detector).
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http://www-rccn.icrr.u-tokyo.ac.jp/mhonda/public/

Distinctive signals
Neutrino cross section

m Default implementation in GENIE

* #ﬂzi?(fogg%Ngé aoffggégog&%%‘* (2019) ¢,  CCFR (1997 Seligman Thesis)
—_ T2K, PAD 98, 012004 Ezowg v IHEP-JINR, ZP C70, 39 (1996) -
> 16 MINERVA, PRD 95, 072009 (2017) O CDHS, ZP C35, 443 (1987) >
[} [ 4 T2K, PRD 93, 072002 (2016) A BNL, PRD 25, 617 (1982) O
o [ 4 T2K(CH), PRD 90, 052010 (2014) = GGM-SPS, PL 104B, 235 (1981) &)
14 | A ArgoNeuT, PRD 89, 112003 (2014) ¢ ANL, PRD 19, 2521 (1979) g
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m In the energy range from MeV to O(100) GeV, many physical processes
(non-perturbative QCD, nuclear models, hadronization etc) are
Important.
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SEUIREIGIGIEIAGI  Distinctive signals

Angular distribution

p—
)
™

I
— atm-V background

= BDM 7=1.25
v signal y=1.25
== BDM + Vv signal y=1.25

<
Number of Events
=

—_—
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XXX >
XX

Sun
XX — XV
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............ 10

I I m, =10 GeV
L e
cos9
m Atmospheric neutrinos (black line) are uniform.
m Easy to distinguish the signals and v,;,, background.
m But we need to distinguish two signals.
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Semi-annihilations Distinctive signals

Accompanied neutrinos

m Accompanied neutrinos can also be searched by DUNE, SK/HK and
lceCube etc.

Hyper-Kamiokande Collaboration

m The boosted DM (v, = 0.6) is difficult to produce Cherenkov light.

v, > 0.75 is required to produce Cherenkov radiation.
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Distinctive signals
Neutrino energy reconstruction

S 30_ T T T T T T T T | ]
§ : - Vatm bkg :
ok ; ]
5 25 v signal —
_qg - — V., Dkg + vsignal
E 20 BP2 —
z m, =20GeV ]
- 0, =7x10"" cm?
15— —]
10— -
5:_ | _:
B I _
_ _ . 1 . 11 ! ! ! [ N
lV-I—N%@/,u + Jet % 10 20 30
E, [GeV]
~ 1sind; (1 + cos ) +sin 6y (1 + cos 0;)
N EV — . Eg
2 sin 0,

m Benchmark point: n =2, m, =20 GeV, oj=7X 10~ ¢m?
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Semi-annihilations Results

Results

Takashi Toma (Kanazawa U.) Seminar@IJCLab 19th September 2023 43 /51




Results

Benchmark parameter sets

model m, [GeV] | oo [cm?] # of v events # of x events
. | NS, =510/510 | NI, = 35/245
BPl SD (TI — 1) 10 30 % 10_43 dt.u(1‘1€‘ J /‘) atm v ‘)/ J
N~ = 56/56 N, = 14/40
| NS, =510/510 | NS, = 46/245
BP2 SI n — 2 20 70 % 10_5() dt.m‘l/‘ atm v
(n=2) NCC =20/20 | N, = 774/2396

m Assumption: 40kton liquid argon, 10 years exposure

m 4th and 5th columns: Observed events / Expected events
(detector threshold and resolutions)

m A large number of BDM signal events for BP2
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Energy distribution 1

Number of Events

20 [ T T T T T T T T | T T T T ] ﬁ 50 [ T T T T T T T T T | T T T T _
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6 = —— 1y signal s 405 v signal =
- — Vum bkg +  signal ] E - — Vv, bkg + v signal 3
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2 m, = 10 Gi\! - Z 30 m,=10GeV
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m Energy reconstruction for BP1

m Atmospheric neutrino bkg at low energy
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Semi-annihilations Results

Energy distribution 2

Number of Events

200 L L 1 =« 30 I
- — g — ]
180 Vam DK — L%) - — Vam Dkg N
- ——  signal 1 o« 25— v signal -
160 : - ° - : 5
- — Vv, bkg+xsignal 1 & - — V,, bkg + vsignal
140/~ 4 € F .
- BP2 1 = 20— BP2 —
120~ m,=20Gev J 4 [ m,=20GeV 7
I 0, = 7x10*" cm? e Gy =7x107" cm?
0 = ;
60— - e E
40;_ | _; 5:_ || _:
200 = - [ .
: A e IO o i S or—a .l | -
45 20 25 30 35 0 10 20 30
E, [GeV] E, [GeV]
m Energy reconstruction for BP2
m Atmospheric neutrino bkg at low energy
m A large number of BDM events on the left plot
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Semi-annihilations Results

Parameter space 1

10—38 ‘ S
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10—36 .
10737
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1039 7
010
10~41
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10—44 :

LZ (future)

m DUNE sensitivity for constant o,y (n = 0)

lNJéig

m Significance: S =

Takashi Toma (Kanazawa U.)
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m Completely excluded by direct detection experiments as expected.
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Semi-annihilations Results

Parameter space 2

10—44 i 10—41 :
s s
4 10! 102 4 10! 102
m,, [GeV] m,, [GeV]
m DUNE sensitivity for Q* dependent o,y (n = 1)
m No substantial direct detection constraints.
m Sensitivities can be comparable if DM mass is lower.
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Semi-annihilations Results

Parameter space 3

10747 .
= =
O, E ©,
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m DUNE sensitivity for Q* dependent o,y (n = 2)
m Sensitivity for BDM can be much higher.
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Summary and future works

Summary

Direct detection experiments impose the strong bound on (minimal)
thermal dark matter scenarios.

Non-minimal extension of dark sector may induce semi-annihilations.

YX — XV induces distinctive signals, which can be searched by DUNE,
but not by SK/HK and lceCube.

Q? (or vi) suppressed cross sections are needed for BDM detection.

Future works
Concrete model building

Application to multi-component DM, 3—2 or 4—2 processes

. 3
Dark matter paricles are boosted: £, = —m,, or 2m,
2
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Future works 2

m Consider very dense compact object (dark star)

= enhancement of point source of boosted dark matter

p+
\'> \_@7 e o
Y <«
Y
Dark star Y Neutron star  Dark star
cf: neutron stars: M ~ Mg, r ~20km
M ~ 0.1Mg, r ~1km
m [ his can be signal of boosted dark matter from 3—2 or 4—2 processes,
or maybe from semi-ann. too.
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