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Thermal dark matter (WIMPs)
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m WIMP is thermalized with SM particles in early universe
2 __ —26 3 -36 2
m To get Q2 h° = 0.12, roughly o ~ 1pb ~ 107cm’/s ~ 10™"cm
m Almost independent on DM mass
m Mass range: 10 MeV — 100 TeV
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Introduction Thermal dark matter

Status of direct detection experiments

1072
OQ}» e M . Dark Matter
34 ( CRESST (Surf) 200km/s
N Recoil Energy
Er
1¢g=e 7S

o EDELWEISS (Surf)
-38
g 10 \ NEWS-G T
[— Research F clty
o CRESST-III Dahio ) ’3! %3
s 107 \ DAMIC DAMA/ — o
8 CDMSIite Q\‘ / oome- 10
O —42 DarkSide-50 (S7
v 10 N\ . SuperCDMS \Si de-50
75 XENONIT (S2) % EDELWEISS 3600 Darks
2 DEAP" <
O —44 = LU
H ]. O LU;(—ZERLIN (¥4
~ . N Xperimen t
O = v-floor — =
10—46 »
10748
10—50 III | | Illllll | | llIlllI | | Illllll | | IIllllI | | |

0.1 0305 1 35 10 30 50 100 300 1000 3000  10*

WIMP mass [GeV/c?]
m L/ gives the strongest bound above 10 GeV DM mass at present.
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Uy dependent cross section (UX ~ 10—3)

hih
Ex.1 pNG DM (0 oc v}) v
/V/\\
N N
Ex.2 Fermionic DM with Pseudo-scalar int.
L =ayx o X v
XX V) . .
\|/
- Challenging to explore with standard way :a
of direct detection experiments i
= Could be searched if it is accelerated. N N

= We consider DM accelerated by semi-annihilaton vy — Yv
Exotic DM signals
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Boosted DM and neutrino signals EESIOEISRTgelii EReII])

Signals from the Sun
dd,

m DM particles are accumulated in centre of the Sun.

Famq dN)Z/V

m Semi-annihilation occurs, and boosted DM and neutrino are produced.

m These can be searched at large volume neutrino detectors (SK, HK,

lceCube, DUNE etc).
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e3¢t MLV IFN (WIS RGP  Signals from the Sun

Detection of boosted DM
m Boosted DM (v, = 0.6) is difficult to produce Cherenkov radiation.

v, > 0.75 is required to produce Cherenkov radiation.

Hyper-Kamiokande Collaboration

= We focus on DUNE.
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Boosted DM and neutrino signals DUNE experiment

DUNE (Deep Underground Neutrino Experiment)

from the Sun
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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
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DUNE Coll., [arXiv:2002.03005]
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Boosted DM and neutrino signals DUNE experiment

DUNE (Deep Underground Neutrino Experiment)

from the Sun
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' ' DUNE Coll., [arXiv:2002.
Timeline of far detector modules = Delayed UNE 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) < 2027: Hyper-K data taking

= DUNE has no advantage for v mass ordering, CP violation etc.

But boosted DM could be detectable only by DUNE.
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Setup for boosted dark matter

We parametrize the cross section as

doyn 008 Q?

dQ*>  Amy|p, [’ <Q%
1

(1+Q2/M3)’

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

) 1@

" F(Q) =

(): transfer momentum

n = 0 (constant o, x)

n =1 (Q° dependent o, y) %

n =2 (Q" dependent o, )
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Energy reconstruction

For boosted DM signal E, + mN\/EN — my
cos Oy = D]
X

m Elastic scatering is dominant.

= Energy and angle are kinematically fixed.
m DM energy can be reconstructed from observed values 0 and Ey

Ex+mpy

For neutrino signal

mrv+N—e /u” +jet E,

1sind; (1 + cos ) +siné, (1 + cos Qj)E
S (

2 sin 6,
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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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http://www-rccn.icrr.u-tokyo.ac.jp/mhonda/public/

Boosted DM and neutrino signals Results

Results

Benchmark parameter sets

model m,, [GeV] | o¢ [cm?] # of v events # of x events
NCC " 5472070 | NNC  — 98/994
BP1 | SD (n =1 6 | 12x 10742 | e stm
(n=1) 8 NCC =18/47 | N, =113/372
NGO 172070 | NNC = 18/994
BP2 D — 2 30 [-.O 10_4() atm v atm v
5D (n =2) 0 NCC =0/0 | N, =405/2117

m Assumption: V = 40kton liquid argon, T’ = 10 years exposure

m We use GENIE (neutrino event generator).

m 4th and 5th columns: Expected events / Total events

(detector threshold and resolutions)

m Large number of BDM signal events NV, for BP2 (n = 2)
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Energy reconstruction for BP1

Boosted DM signal Neutrino signal
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m L, =75GeVand E, = 4.5 GeV

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

Boosted DM signal Neutrino signal
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m L, =375 GeVand £, = 22.5 GeV
m Large number of BDM events (left) due to do,y/dQ* < Q*

m No neutrino signal due to small cross section (right)
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Parameter space (n = 0)
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m Completely excluded by direct detection experiments as expected.
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Boosted DM and neutrino signals Results

Parameter space (n = 1)
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m No substantial direct detection constraints.

m Sensitivities can be comparable if DM mass is lower than 10 GeV.
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Boosted DM and neutrino signals Results

Parameter space (n = 2)
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m Much higher sensitivity for boosted DM (right)
But large hierarchy with neutrino sensitivity

m Neutrinos cannot be observed at the same time at DUNE
= combining with Hyper-Kamiokande?
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Summary
Direct detection experiments impose the strong bound on (minimal)
thermal DM models.

v suppressed cross section naturally evades the bound.
Such kind of DM can be searched if it is boosted somehow.

YX — VX induces two distinctive signals, which can be searched by
DUNE, or combining DUNE and SK/HK/IceCube.
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Back Up

Backup
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Back Up

DM annihilation rate at the Sun

m Capture rate for n = 0, 1 cases

oy ~ 00(Q%/Qp)"
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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 Resonant Deep Inelastic

k Kk’ k k'

N ) ) N N - } hadrons N ‘)_q(/'/ ( } hadrons
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

Number of expected signal events (Y + N — X + N)
d*®,
db,dS)

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

[] NX — NNT/UXN dEXdQ

Exposure time: 1" = 10 yr

d“®, [ ann 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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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.
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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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Back Up

Example of model building
Velocity-dependent scattering YN — vV

1
Anapole int. L D F)ZW%C%XFW — 0 x v
. L -
SPint. L£D F< XX) (Nv:N) —  ogp X V°
. 1 -
PPint. LD F( XV5X) (N%N) —  ogp XV
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Back Up

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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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: xyxx — xX
m Decay or annihilations of heavier particles (non-minimal dark sector)

X2X2 — X1X1 (me > le)

m Collision with high energy cosmic-rays

m Vacuum decay /
¥)

boosted DM
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Future works

m Application to new annihilation processes such as SIMP
4 3Hn = —(03.007) (0 — n’ne) X
- Typical mass scale: MeV ~ GeV

- Boosted DM signals from yxx — 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

Takashi Toma (Kanazawa U.) Moriond 2024 @ La Thuile 30th March 2024 18/18



	Introduction
	Thermal dark matter

	Boosted DM and neutrino signals
	Signals from the Sun
	DUNE experiment
	Setup
	Results

	Summary
	Back Up

