Signals of boosted dark matter and neutrinos
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Abstract

m DM direct detection experiments impose strong bounds.
= v or p dependent cross section (ex. pNG DM)

10—32

= Difficult to search by standard way AN
1073 2
Could be searched if DM is boosted.
m DM boost mechanism 5 w0 lel Ee oy
' thi ' . NS %) M= R gnggl?le\/dESISS Daskside:50
semi-annihilation: yxy — v . ‘\ R
1076 ———
107 \Z

m Discuss sensitivity at DUNE 0 e e
WIMP mass [GeV/c’]

from the Sun
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Standard model

Standard Model of Elementary Particles

three generations of matter
(fermions)

mass | =2.4 MeV/c? =1.275 GeV/c* =172.44 GeV/c? 0 =125.09 GeV/c? .
@I @I-@I @] @
up charm top gluon ' Higgs
~4.8 MeV/c? ~95 MeV/c? ~4.18 GeV/c? 0
‘OO ® |l @
down strange bottom photon
20.511 MeV/c? 2105.67 MeV/c? =1.7768 GeV/c? 291.19 GeV/c?
- @I @@ | @
electron muon tau Z boson
<2.2 eV/c? <1.7 MeV/c? <15.5 MeV/c? ~80.39 GeV/c?
(1)/2 ve (1)/2 VIJ. (1)/2 VT jl W
electron muon tau W boson
neutrino neutrino neutrino

e m No neutrino masses
Unsatisfied

points m No dark matter candidate

m Baryon asymmetry
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Consistent with many
experiments

Deviation in VW boson
mass? (2022)

m Quantum gravity

m Why 3 generations of
fermions? etc
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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 v

-{

NGC 3198

m CMB observations

m Gravitational lensing

Ver (km/s)

m Structure formation of
the universe

m Collision of bullet cluster

OJIlllLlIIIIIIIIIIIIII 1
30 40 50

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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Introduction Dark matter

Rotation curves of spiral galaxies

m One example of experimental evidence
m Actual rotation speed at a position far from the centre of the galaxy is

faster than theory.

Remote Universe

Nearby Universe

200 llll[lTlljllllllfll“ﬁ!1l

NGC 3198

150

100

Vi (km/s)

50
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Radius (kpc)
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Rotation curves of spiral galaxies

m Can be explained if unknown extra gravitational source exists
= Dark matter

m Dark matter encompasses wide shpere including the galaxy
= Dark matter halo

Milky Way

N,
N
Solar system _ ff - W
' \’ «..8.5kpc ':‘27000 light-years | Q\C/ A //
« 30 kpc = 0.1 million light-years \ )J//@
Dark matter halo | (\\’{%S”/,)
N7
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https://www.eso.org/public/news/eso1217/

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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Thermal dark matter (WIMPs)
0

. I ITI_]ITI_ ] , l]‘l]Tl] T —I' II_IT'Hq
Production " iieeastig (s dvD
i i
X SV S N
8\ - -
5 & )
o S S N =
N z
@ -5~ T =
X SM p ;
> _QOP v bl o Ly dul W R
Annihilation 1 3 10 leg/'l' 100 300 1000
dn
X _ 2 . eq2
praly 3Hn, = —(ov) (ny —n{*)
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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Collider search

m Ex. SU(2) singlet DM

(DM relic cannot efficiently be reduced.)
— mass degeneracy < 5% X' SM

m LHC bound for SUSY
March 2022 - [t g A7 g - ux9, bino LSP
< SR LT
- - Y emal e 1 S - . it at 955 N
2 ~ ATLASPreliminary 27203t e s 1 @ - ATLAS Preliminary ~ A'lmisat o cL .
B -1 €1e : : - B - serve N
S ool 13Tev.139M o begl axvioososzs ] . s00[ &~ 13TeV.203-139 1 1 - Obsoned o
— - + - ~0 ~ Peld i -~ -~ — ~—~ | arxiv: . , AUNn .
<13>< PP _)ZL, RZL, m E8X 24, Am ",7(W) telen CONf 2022-006 - S B arXiv:1911.12606, Run 2 soft 2¢ a
N | L 2t hadronic =T arXiv:1911.06660 | t -

E All limits at 95% CL LEP fin excluded 7] < | arXiv:1908.08215, Run 2 2£0J ]
400 [ —— Observed limits ] e | mmm CONF-2022-006, Run 2 2¢, Am ~ m(W) J
[ == Expected limits ] 400 — LEP fip excluded =]
B 7 - aSUSY10=(25£0.6)x 10 N
| _ [ (teng, p[TeV], M, [TeV]) 7]
300 I — 300 __ (60, 0.5, 0.5) _—

- ] (60, 3.0, 1.0)
- ] B E (60, 1.0, 1.0) B
- | B (5, 30,1.0 N
- _ : B= (5, 1.0, 1.0) \ :
200 ] 200 — \ N
B 1 - Q N
= - B N\ ]
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Introduction Thermal dark matter

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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Introduction Thermal dark matter

Indirect detection
m Present bounds and future prospects (yy — bb)

10'24 = 1 111 I I I T T T T I I I | '|/[ T |:
- XX — bb ]

- \—\.E-S-S
@ 107} (Einast©)
™ B .
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Introduction Thermal dark matter

Direct detection

10—32
O& LUX (M) . Dark Matter
34 */I@ CRESST (Surf) 200km/s
o Recoil Energy
Er
10—36 (I,@
Yo
=i EDELWEISS (Surf)
—38
g 10 NEWS-G
;’ CRESST-III i ) )3! %2
o 107 \ DAMIC DAMA/ 5 J
8 CDMSlite \‘ / COS\N\? :
Q 42 DarkSide-50 (S2)
vn 10 \ SuperCDMS .kg\de‘sk‘ =
2 XENONIT (S2) ~—<X— EDELWEISS DEAP-3600 Darks
S 10 ¥ = o0 LUX
(5.—)1 1 O XEN LUX ZEPLIN (2
OD xperimen
= v-floor S =
107 sk —
- \Z
0—50 III | | IIIIIII | | lllllll | | IIIIIII | | IIIIlII | |

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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Introduction Thermal dark matter

Future sensitivity of direct detection experiments

Cross Section [cm?]

10—39
10—40
1 0—41
10—42
1 0—43
10—44
1 0—45
10—46
1 0—47

1 0—48

10—50

E

e
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E  CRESST\\N NEWS-G

— \\\ T-REX_—~ DAMIC-M

? uperCDMS (Si1)

—  SuperCDMS (Ge) \

E \
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= \
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E

:|||| Ll Lol Lol Lol L1111l
0.1 0305 1 3 5 10 30 50 100 300 1000 3000

WIMP mass [GeV/c?]
m Experiments will reach the neutrino floor in 20 years.
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Wayout

: X X
m v, dependent cross section (v, ~ 1077) TSl T
Ex.1 pNG DM (1M 1})2() i hi. ho
e
Ex.2 Fermionic DM with Pseudo-scalar int. N N

L = axysX

m Challenging to explore with standard way T~

of direct detection experiments

= These DM could be detected if boosted. e
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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

Takashi Toma (Kanazawa U.) Seminar @ University of Oslo 3rd April 2024 17 /41



Introduction Boost mechanisms

Example model for semi-ann.

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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n
Example model for o,y o< v
Velocity-dependent scattering YN — vV

1
Anapole int. £ D EX%%&/XFW - v
. 1 - )
SPint. LD e (xx) (N5N) —  Ogp X U
(Scalar—pseudoscalar int.)
. 1 = A
PPint. LD A2 (XV5X) (N%N) —  Ogp X U

(Pseudoscalar—pseudoscalar int.)
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Signals of boosted dark matter and neutrinos

Signals of
boosted dark matter and neutrinos
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Signals of boosted dark matter and neutrinos EESIFGEIERTZeli T RSy

Signals from the Sun

X dq)x/y Famq dN)Z/V

m DM particles are accumulated in centre of the Sun.

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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Signals of boosted dark matter and neutrinos EESIFGEIERTZeli T RSy

DM annihilation rate at the Sun

m Annihilation rate I',,,, = C /2 for n = 0,1 cases

oy ~ 00(Q%/Q7)"

102

1030

1028

1026

10%

10%

1020

102 101

m, |GeV]
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Signals of boosted dark matter and neutrinos EESIEGEISRTZels R TRSII)

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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Signals of boosted dark matter and neutrinos DUNE experiment

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]
3rd April 2024 24 /41
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Signals of boosted dark matter and neutrinos DUNE experiment

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

' ' 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.

Takashi Toma (Kanazawa U.)
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Signals of boosted dark matter and neutrinos 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

Takashi Toma (Kanazawa U.) Seminar @ University of Oslo 3rd April 2024


http://www.genie-mc.org/

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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Setup for boosted dark matter

Elastic

Resonant Deep Inelastic

k k'

} hadrons N M } 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)?

Takashi Toma (Kanazawa U.)
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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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Setup
Setup for boosted dark matter
Number of signal events (X + N — X + V)
2D,

dE,dS)

m Number of nucleons: Ny = 2.41 x 10

[] 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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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

m v+ N — e/ + et B — 1sind; (1+ cosfy) +sin by (1 + Cosﬁj)E

2 sin 6, ¢
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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 1 994 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 _§
[ bxbeco oy, 7 2070 via CC int. for v signal
EI I | | 1 1 L| IL | ~I(”I | 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/

Signals of boosted dark matter and neutrinos Results

Results

Takashi Toma (Kanazawa U.) Seminar @ University of Oslo 3rd April 2024 33/41



Signals of boosted dark matter and neutrinos 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)

Takashi Toma (Kanazawa U.)
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Energy reconstruction for BP1

Boosted DM signal Neutrino signal
fg 100 [ T T T T | T T T T 1 fg 100 L T T | T T T T | _
8 C ] S C ]
LE 90 ;— — Vam bkg —g LE 90 :— — Vam bkg —E
qé %0 f— —— v signal | _g = %0 f— —— v signal | —é
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 — 50 —
40F- = 40F- -
30 - 301 -
20E- = 20/ =
- = L = - =
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 Large number of atmospheric neutrino bkg at low energy

Takashi Toma (Kanazawa U.) Seminar @ University of Oslo 3rd April 2024 35/41



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 - —— V., bkg + v signal 3
£ 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 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)

10738 — , — 10757
............... L eSS e ;
o0 | '\\ DUNE (x) | 10738 |
AN
10_42 \\ 10—39
_ [ PN T Ic-e-Cu;.beJVD) s 10-40 i
= * = 5
= 10_44 [ \ \\ = [
g ‘\ \\ g 10_41
10746 | ' . ' ?
, AR . 17 107 ¢ ,
10748 | RN - Tt~ S~ AB_GQ _____ 7 1043 7 LZ (future) ,
4 10* 102 4 10* 102
m,, [GeV] my [GeV]
c g Nsig T
m Significance: S = . Ogyst - 0% (solid lines)
\/kag + Nsng + 53y3t 20% (dotted |ines)

m Completely excluded by direct detection experiments as expected.
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Signals of boosted dark matter and neutrinos Results

Parameter space (n

10—42 .

10743

1074 |

oo [cm?]

10—45

1046 ;

IceCube (vD) +

o [T
4 10!
m,, [GeV]

102

oo [cm?]

1074 ¢

10~

1074

10—44

m,, [GeV]

m No substantial direct detection constraints.

m Sensitivities can be comparable if DM mass is lower than 10 GeV.
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Signals of boosted dark matter and neutrinos 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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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
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