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« BDM in multi-component DM scenarios o
Agashe, Cui, Necib, Thaler,

1405.7370

e Other scenarios possible: semi-annihilation, decaying DM
Kopp, Liu, Wang, 1503.02669

?hamamenatogvj L8 same
Bhattacharya et al., 1407.3280

Separate the role of interactions

\ T X1

Gravitational int. Weak (or other scale) int. with SM

Secluded
from the SM X SM

(avoid strong
bounds)

X1 SM

NASA/ESA/JPL-Caltech/Yale/CNRS
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Boosted DM (BDM)

Most of
the relic

10°% :

10-9 YO \

=~10-"
10712,
1071

107"

X0

1)/ A/jo(:.)'/z'zl\
" W 4 w |

x0: heavy, y1:light

SM

X1 SM

W W

Freeze out first Freeze oub later

Belanger, Park, 1112.4491

Assisted freeze-out mechanism
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Boosted DM (BDM)

e yo:Qravitationally WIMP accumulated
(GC, Sun, dSphs)

e yoyo- y1 y1i(current universe) relativistic

X relic y1 1s non-relativistic >

Observe relativistic y1 scattering with target with £ > Eu

(direct detection of yo)

e Directionality information:

.Subtractlon of e.0. GC, Sun. dSphs
major background (v) 1405.7370 1410.2246 1610.03486
1611.09866 1411.6632

e Signal with unique feature




inelastic BOM (iIBDM)

(a) Elastic scattering
I

Y1 : Detector : X1
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Vi | b :
" e/N © e/N |

--—-’—

' Detector
X1

Galactic Center e

V1

Kim, Park, SS, 1612.06867
Giudice, Kim, Park, SS, 1712.07126



inelastic BOM (iIBDM)

(a) Elastic scattering

fo. T T 5777 ===== 1
Y1 : Detector : X1
- —- —
i b I
" e/N O e/N |

--—-’—

' Detector
X1

Galactic Center e

|
| |
— :
yl | [
| |
| |
I |
| displaced
.. .. e/N ' il 4
Similar feature in wji/ E e/N / (in)visible ! or
aStrO-ph/O702587 -------------------------- P rOmP&
0903.1037 |
1309.0825 Kim, Park, SS, 1612.06867

1312.1363 1403.6826 Giudice, Kim, Park, SS, 1712.07126
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v-induced xs
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Strategy of signal probe

Background ceBDM BDM

Surface v exp.

(Very) rare

Underground v exp. v-scatterin .
S P J v-induced xS
. Directionality of Particle
Signals? . . .
the scattering identitication
Berger, Cui, Zhao, 1410.2246 Kim. Park, SS. 1612.06867
Necib, Moon et al., 1610.03486 + 1712.07126 with Giudice

Kong, Mohlabeng, Park, 1411.6632 + 1810.xxxxx with Machado
(Ma\:jbe) zero-blkg

+ 1611.09866 with Alhazmi
achievable
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Strategy of signal probe

Background ceBDM

IBDM

Surface v exp.

+ (Very) rare

+ Cosmic-rays | cosmic-ray induced

Processes

Underground v exp.

v-scattering

(Very) rare
v-induced xs

/"'

\.

ICARUS, MicroBooNE, SBND

ProtoDUNE, NOVA, ...

\
(SBNP at Fermilab)

O(1m) (+ overburden)

/

Cosmic-ray backgrounds
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Strategy of signal probe

Background ceBDM BDM
+ (Very) rare
Surface v exp. + Cosmic-rays | cosmic-ray induced
Drocesses
. (Very) rare
Underground v exp. v-scattering induced s
Signals? Directionality of Particle
o | the scattering identification
+

Earth shielding

Kong, Kim, Park, 8S, 1804.07302
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Earth shielding

cosMIC u
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Earth shielding

Collect upward-going signal
only when the source is at
the opposite side

{From the sun: half h

From the GC:
\_ SBNP: 0.66, ProtoDUNE: O.Gg)

4
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Strategy of signal probe

Background cBDM BOM
+ (Very) ra
Surface v exp. + Cosmic-rays CoWed
processes

(Very) rare

Underground v exp. v-scattering vinduced xS
| Directionality of Particle
Signals? . . L
v-scattering identification
n Unique event

topology
Kim, Park, SS,
DUNE experimentalists,
1803.03264

Earth shielding

Kong, Kim, Park, 8S, 1804.07302
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~ 10 energetic (> 500 MeV) cosmic u events/ms = 4x1011/yr/detector

(ProtoDUNE)
. V' Sneaking-in can be included
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< 0.1% reconstructed as u
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Hardly emitted photon

 Atrack pops-up there > E
with unclear kink feature

V  efaking u*
(« e-faking y rate: 7%)




IBDM bkg: sneaking-in u

~ 10 energetic (> 500 MeV) cosmic u events/ms = 4x1011/yr/detector

(ProtoDUNE)

=

neak T
/ .
--------- 19-in 4= e,\oo\““%g < 1%
< 01% T, /
\3
l’lnf‘o

Pedicabed amat-jsi,s
needed

V' Sneaking-in can be included
INn the events failed to be

reconstructed as u

V' Hardly emitted photon

 Atrack pops-up there > E
with unclear kink feature

V  efaking u*
(« e-faking y rate: 7%)

(crazy upper Limik)

Npe~100

Y 0.06%
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Strategy of signal probe

Signal probe cBDM BDM
Surface v exp. + Earth shielding| + Unigue topology
Underground v exp. Directionalit.y of | Palrycle.
the scattering identification
Detector type
LArTPC (DUNE, SBNP, ...) > Better PID, resolutions

Cherenkov (SK, HK/KNO, ...) > Larger volume



Conclusions

e Underground experiments proper to search BDM signals

Signal type eBDM iBDM
| DUNE
e-scattering SK, HK/KNO 1 put comparable
p-scattering DUNE DUNE

e Search possible in surface experiments: ProtoDUNE, SBNP

l

 More analysis will be in DUNE TDR Proposal may be
accepted



Dark photon parameter reach

eBDM at surface experiments

X—=invisible X—eter

BaBar NA48 .

-3
10 ]0—3 |

w 10-43
m) =5 MeV 10-4 m, = 50 MeV
£ y1 =100 Y1 =40

‘Tl' my > 2m, my < 2m

10-5 § —— PD-total —— PD-total
. -=+= SBNP-total -=+= SBNP-total
0.01 0.02 0.05 0.1 0.2 0.01 0.02 0.05 0.1 0.2

my [GeV] my [GeV]

1 yr exposure, i.e., 0.69 yr (ProtoDUNE) and 0.66 yr (SBNP)

An order of magnitude stronger coverage (model dependent) possible



Search of BDM signals

V Flux of X (V\xc)z X 1/(“’\){0)2
X0X0 - y1 X1

e Detector resolutions

Mo ‘ Flux of y
(ov)g ~ 107%% cm? /s

Large volume v experiments
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Search of BDM signals

V Flux of X (V\xc)z X 1/(“’\){0)2
X0X0 - y1 X1

e Detector resolutions

Mo ‘ Flux of y1

(ov)g ~ 107%% cm? /s

Large volume v experiments

22 .5kt

k’ 40kt
K SK, 1711.05278 /)




BDM at ProtoDUNE

Prototype of DUNE far detector

Constructed at CERN with initial operation plan in 2018

Huge active volume: 720t

Originally installed to test beam and cosmic-ray response
(installed on the ground)

New phgsios search?



BDM at ProtoDUNE

Prototype of DUNE far detector

Constructed at CERN with initial operation plan in 2018

Huge active volume: 720t

« Originally installed to test beam and cosmic-ray response
(installed on the ground)

BDM: first physics study

New phgsios search?
Yes! 1803.03264



Model independent reach

Nsig = 0+ F - A - texp - Ne

g scattering cross section between y; and (target) electron
F: flux of incoming (boosted) y;

A: acceptance (decay-length dependent)

Lexp: €Xposure time

> Controllable

N, : total number of target electrons



Model independent reach

Nsigzoé‘T'A'texp'Ne

* 0z scattering cross section between y; and (target) electron
* F:flux of incoming (boosted) y;

" A:acceptance (decay-length dependent)

" lexp: €Xposure time

> Controllable

= N,:total number of target electrons

/' - function of mean det::mj length of re A
~ 2 0
o 10 3 1 mx 4 710 MeV V5
lotab = —2 ~ 16.2 — ( ) 10
2,1ab | e ( € ) : (912) : 30 MeV om 8 10

- function of detector geomelry: event generation

\_ (cumui.a&ivei.v Lso&cwpi,c flux of 1) J




Model independent reach

Slg _. @ texp 8

O.ﬁ:nd or oVis

* 0z scattering cross section between y; and (target) electron

= F:flux of incoming (boosted) y; wikh SLSV\OJ. @.ﬂ:iﬂiﬁv\tj
" A:acceptance (decay-length dependent)

" lexp: €Xposure time

> Controllable

= N,:total number of target electrons

,/, - function of mean det::aj length of re A
2

lytap = —> ~ 16.2 — ( ) 10

2,lab = | e ( € ) : (912) : 30 MeV om 8 10

- function of detector geomelry: event generation

\_ (cumui.a&ivei.v Lso&cwpi,c flux of 1) j




Sensitivity: prompt decay/elastic scattering
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Sensitivity: prompt decay/elastic scattering

— zero-bpackqground assumption

(90% C.L.)
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Back up

x0: heavy, y1:light

K.-' U(l)'/Z2

X0
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\’A X K" UQI),,/Z,z
1

X1

e Conventional WIMP model

SM

SM

e.g., SM
ero&)w heavv
neutrine: Light
pho&ow EM Uk,

 BDM: multi-component DM with different int. j
yo: only with y1

)(‘I:With SM



Back up

x0: heavy, y1:light
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Back up

x0: heavy, y1:light

Most of /\( U(1) /2. Ay ua)' /2%, .
the relic | X0~ X1 SM
\35.0,; X1 SM
s s
Freeze out first Freeze oub later
0% —
10-9: Yo\
1010 \ Belanger, Park, 1112.4491
_— -
101, Assisted freeze-out mechanism
078, T non-relativistic relic y1
1074 T = = = = Yo> Y




Back up

écmz)

WIMP-nucleon cross section
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Back up

Elastic scattering

my, =2 MeV, v, =20, my > 2m,

102 3
107}
107
' om =0
g —— XenonlT ly
106/ . - -~ XenonlT 5y
——— DEAP3600 1y
----- DEAP3600 5y
N - LZ Sy
10" ~— 2 1
10 10 10
my [GeV]

Ee > 10 MeV cut

Comparison with iBDM

107
10}
107}
XenonlT ly, ém =0
- = XenonlT ly, ém =2 MeV
106! ——— DEAP3600 1y, ém=0
- - - DEAP3600 1y, 6m=2 MeV
- DEAP3600 1y, single signal
om =2 MeV
107 L
10° 10 10!
my [GeV]

 An order of magnitude stronger bounds!




Back up

XenoniT

Ton size

Good angular/
position resolutions

Less backgrouna
(prompt/elastic)

Lower energy range

Smwaller wi, and £
ﬁisgtwr:eci vertex
?osﬁwciis&mvarj amatvsis

Borexino
(solar v)

100 ton size

Bad angular/position
resolutions

More background
(prompt/elastic)

Higher energy range
0.2MeV

Larger mi and £

COSINE-100, CUORE
(array-type)

Sub-ton size

Better in identifying
displaced vertices

No background
(small size)

Lower energy range

"Long” displaced
verkex



