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Introduction DM direct detection

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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Wayout

Uy dependent cross section (UX ~ 10—3)

Ex.1 pNG DM (iM o v2)

X X
\\\\r’,,,
Ex.2 Fermionic DM with Pseudo-scalar int. ' by, ho
L = aXxsx |
/\-\
N N
m Challenging to explore with standard way
of direct detection experiments
X X
= These DM could be searched if boosted. \:/
Semi-annihilation: yxy — v i a
New signal of DM //'\_\
N N
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Mechanisms to boost DM

m Semi-annihilations xx — X¢ (v, = O(0.1 — 1))
= Simple and small uncertainties
Other processes to boost DM

m SIMP: xxx — XX
m Decay or annihilations of heavier particles (non-minimal dark sector)

X2X2 — X1X1 (me > le)

m Collision with high energy cosmic-rays

boosted DM
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Boosted dark matter signals
from semi-annihilations
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SIS ICEICENEIAIESEGFEIIN  Signals from the Sun

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 from Galactic centre are smaller.
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Boosted dark matter signals DUNE experiment

DUNE (Deep Underground Neutrino Experiment)
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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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Boosted dark matter signals DUNE experiment

DUNE (Deep Underground Neutrino Experiment)

from the Sun
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m Precise reconstruction
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DUNE Coll., [arXiv:2002.03005]
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Boosted dark matter signals DUNE experiment

DUNE (Deep Underground Neutrino Experiment)

from the Sun

XV

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

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

m 2026: DUNE physics eta 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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Boosted dark matter signals DUNE experiment

DUNE (Deep Underground Neutrino Experiment)

from the Sun
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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: slimmed version of DUNE will run

m 2035: DUNE full spec (40kt)

m 2027: Hyper-K

= DUNE has no advantage for v mass ordering, CP violation etc.
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Boosted dark matter signals DUNE experiment

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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Setup for boosted dark matter

Elastic

Deep Inelastic

Resonant

k k'

} hadrons

N } hadrons

N"—q(//
p

m [here are 3 processes.

m (Quasi)-elastic scattering is dominant for our case (xx — vX)
9
0<Q° S Zm?v ~ (2 GeV)?
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Setup for boosted dark matter

We parametrize the cross section as

ClO'XN o opS ( ?2 2>n ’F(QQ)‘Q

dQ?  4m3|py|? \m3 vl
1
m F(Q%) =
@) (1+Q2/M3)

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

We consider three cases.
n = 0 (constant)

n =1 (Q* dependent)
n =2 (Q* dependent)
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Energy reconstruction

Boosted DM signal

m For elastic scattering YN — YN, costy =
energy and angle are kinematically fixed.

EX + mN\/EN — My
px‘ En+my

m DM energy can be reconstructed from observed values 0 and Ey

Neutrino signal

v+ N e /u 4 et B — 1sinf; (1 + cosy) +sinby (14 cos b))

2 sin 6,

Ey
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Background (atmospheric neutrinos)
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m We use v, HAKKM flux at Homestake (close to DUNE detector).
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Boosted dark matter signals Results

Results
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Boosted dark matter signals Results

Results
Benchmark parameter sets
model m,, [GeV] | o¢ [cm?] # of v events # of x events
NCC = 54/2070 | NNC = 98/994
BP1 | SD (n =1 6 1.2 x 10742 | “eimy b
(n=1) 8 NCC =18/47 | N, =113/372
[ NSC = 1/2070 | NNC = 18/994
BP2 | SD (n =2 30 5.0 x 10746 | Y v
(n=2) 0 NCC =0/0 | N, =405/2117

m Assumption: 40kton liquid argon, 10 years exposure

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

m A large number of BDM signal events for BP2
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Energy reconstruction for BP1

Boosted DM signal Neutrino signal
fg 100 [ T T T T | T T T T ] fg 100 [ T T | T T T T | _
8 - . S - .
2 90F ™ Vam DKE = 7 f — Vam bkg 3
qé %0 ;_ — v signal | _; = %0 ;_ — v signal | _;
3 - V.m DKg + 7 signal . E - —— V., bkg + v signal 3
E T0F BP1 5 E °F BP1 E
“ 60 m, =6GeV =~ oo - m, =6 GeV | =
- 0, = 1.2x10™ cm? = - 0, = 1.2x10™" cm? =
50 — 501 —
40 = 40 =
30 —~ 30 =
20F- = 20F- =
- = - = - _I_I_|_I_|_|_|_E
10—~ — | — 10 I_l_'_ —
oF — — = 0 - o T e
5 10 15 0 5 10 15
E, [GeV] E, [GeV]

m L, =75GeVand E, = 4.5 GeV

m A large number of atmospheric neutrino bkg at low energy
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Energy reconstruction for BP2

Boosted DM signal Neutrino signal
fg 300 T T T T | T T T T | T T T T | T T T S 100_ T T T | T T T T T T T T | _]
5 N ] S o -
LE B — Vam bkg ] LE 90 — Vam bkg —
= 250 — v signal - % %0 E_ — v signal _é
ig B V,m DKg + % signal ] E g — V,, bkg + Vv signal g
£ 200 BP2 1 57 BP2 E
Z L m, =30 GeV 1 2 kb m, =30 GeV =
-46 2 60 — X -46 —]
B 0, =5.0x10"" cm ] - 0, =5.0x10"" cm? -
150 — 50— —
: . 40F- 3
100[— _ = s
N 7] 30 — =
50 4 % E
B ] 10 _I_I—I_I_ —
B ; | |_! | _EI=; ] 0 C P T R R R, . | _!M
%0 30 40 50 60 0 10 20 30 40
E, [GeV] E, [GeV]

m L, =375 GeVand £, = 22.5 GeV
m A large number of BDM events (left) due to do,n/dQ* < Q*

m No neutrino signal due to small cross section (right)
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Boosted dark matter signals Results

Accompanied neutrinos

m Even if DUNE has no sensitivity for v, it can be searched by 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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Parameter space 1

oo [cm?]

10_38 ‘ L W— |

10—40 B \

10722 [T ot eeasanseeae,

10—44 | \ \
10746 L \ N

107 | hRIN

10~

.....

N--
-

ST (n=0) DARWIN

{ceCube (VD)

-~
-
o e o o=

m,, [GeV]

m DUNE sensitivity for constant o,y (n =

m Significance: § =

Nsig

oo [cm?]

10737 .
10-38
1039
o0 |
10-41
10—42
-

10~ L

LZ (future)

\/ Niig + Nojg + 024

5syst :

m,, [GeV]

0% (solid lines)

20% (dotted lines)

m Completely excluded by direct detection experiments as expected.
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Boosted dark matter signals Results

Parameter space 2
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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 than 10 GeV.
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Boosted dark matter signals Results

Parameter space 3

10747 .

oo [cm?]
oo [cm?]

- DUNE (x) |
10747 L E

IceCube (vv ]

. . . R . . . . . . L 10_48 . . N . . . . . . L
4 10! 102 4 10t 102

m,, [GeV] my [GeV]
m DUNE sensitivity for Q* dependent o,y (n = 2)
m Much higher sensitivity for BDM

10~

m But neutrinos cannot be observed at the same time
= combining with Hyper-Kamiokande?
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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.

XX — VX induces interesting signals, which can be searched by DUNE,
or combination of DUNE and SK/HK/IceCube.

Q* (or vi) dependent cross sections are needed for BDM detection.
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Future works

m Application to new annihilation processes such as SIMP

X

- — +3Hn = —<03é202> (n3 — nQneq)

- Typical mass scale: MeV ~ GeV
- Boosted DM signals from xyxx — xX

- can be a smoking gun signature of SIMP
Dark star

m Need to consider very dense compact objects (dark star)

= enhancement of point source of boosted dark matter
M ~ 0.1Mg, v ~1km
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Back Up

Backup
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Semi-annihilation at the Sun

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

(Fann — C@/Q)
OxN ™~ 00(Q%/Qp)"
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Threshold and resolution for DUNE

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

p < 400 MeV: 10 %

50 MeV g
P ¢ p > 400 MeV: 5+ 30/+/E/GeV %
n 50 MeV 40/\/E[GeV % i

m Precise angular resolution (DUNE)

cf: 3° at SK and HK, 30° at lceCube

m [ hese are taken into account in event selection.

What is dark matter? @ YITP 7th March 2024 25 /25

Takashi Toma (Kanazawa U.)




Setup for boosted dark matter

Number of expected signal events (Y + N — X + N)

PP,

- NX:NNT/UXN

dE, dS)

dE,

d)

m Number of nucleons: Ny = 2.41 x 10°* (40kt fiducial volume)

Exposure time: 1" = 10 yr

d*®, Ty
dEdQ  4rds

DM flux:

O'XN

E,=bm, /4

_ Co
N 8776%

O'XN

E,=bm, /4

Distance between the Sun and Earth: d = 1.5 x 10" cm

Takashi Toma (Kanazawa U.)

What is dark matter? @ YITP

7th March 2024

25 /25



Back Up

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

X
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