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Fermilab today

Opwm =~ 2y, (0V) yoxo—x1x: determines the DM relic density
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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 targek

(ndirect 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
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inelastic BOM (iIBDM)

(a) Elastic scattering

fo_. "~ - 7= ========= 1
 Detector |

X1
V1

X1

X1
V1

Similar feature in wf/
hep-ph/0101138
astro-ph/0702587

0903.1037 1309.0825
1312.1363 1403.6826

Galactic Center N

Kim, Park, SS, 1612.06867
Giudice, Kim, Park, SS, 1712.07126
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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 /)
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V Flux of ya (V\)(c:)z X 1/(“’\){6)2
XO0X0 = X1 X1

Y Detector resolutions

1t size OK

NFW

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




Search of BDM signals

v Flux of X1 (V\){O)z X 1/(“‘\){0)2

XO0X0 - Y1 xi
Y Detector resolutions
1t size OK
E;h/\ Mo = Ex1 Flux of X1 ‘/‘
0O(0.1) GeV O(10 % cm s 1) NFW
(ov)g ~ 107%% cm? /s

-~ DM direct detection

“\\

S —

* Nucleon elastic scattering:

coherent scattering (not energetic)
Cherry, Frandsen, Shoemaker, 1501.03166

o Electron scattering: energetic
Giudice, Kim, Park, SS, 1712.07126 /
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BDM at XENON1T: energetic e-recoll

Travel length [¢cm]
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 Prompt e-scattering = 10 MeV (Solar v cut-out )
Exotic signal
* Displaced multi-track (iBDM)

All the PMTs are saturated??? (like cosmic muon)

ijbe nok (dependiv\g on the direction of n)
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BDM at XENON1T: energetic e-recoll

v Prompt e-scattering = 10 MeV (Solar v cut-out )

Exotic signal

* Displaced multi-track (iBDM)

Liquid Xe
eee €
ee' g‘e‘
ionized e‘f o
e e=
e -

Array of scattering points of recoiling e

Free e T at each point (by recoiling e)

PMTs in the central region may be still
saturated

Series of flickering of some PMTs
around the saturated ones by an

interval of ~10ns

(Not saturated because of energy
deposit)



BDM at XENON1T: energetic e-recoll

 Prompt e-scattering = 10 MeV (Solar v cut-out )

Exotic signal

V' Displaced multi-track (iBDM)

Pebector resolubkions are meor&anﬁ

Characteristic feature in Bragg peak

Two 511keV y-rays

Region isolated from primary vertex

Tracks pop-up inside the fiducial vol.
(same for prompt scattering)
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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
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Background: sneaking-in u

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

=

Pedicabed amat-jsi,s
needed

Nee~100:;

conkrollable

V' Sneaking-in can be included in
the events failed to be
reconstructed as u

(at most 3% without taggers)
v Hardly emitted photon

* Atrack pops-up there > Ey with
unclear kink feature

V' e-faking u*
(« e-faking y rate: 7%)

Y 0.06%



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
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~ 2 0
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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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Benchmark model parameters (dark photon)

X—ete X—=Invisible

1073

1073

1074

1074 m = 50 MeV my =5 MeV
Y1 =40 3 Y1 = 100
my < 2m 16-5 ‘T: my > 2m
om = 5 MeV s —— 6m=2MeV
om = 10 MeV —— 6m =3 MeV

0.01 0.02 0.05 0.1 0.2 0.01 0.02 0.05 0.1 0.2
my [GeV] my [GeV]

zero-background assumption

Solid: Ein = 30 MeV Dashed: B = 45 MeV  Dotted: Ein = 20 MeV

A order of magnitude improvement



Conclusions

e-recoiling BDM (+ iBDM): extraordinary signals in
Direct Detection experiments

(complementary search not covered by v experiments)

ProtoDUNE (720t): first new physics study with iBDM
(unigue signal feature)

eBDM at surface neutrino detectors Kong, Kim, Park, S, 1804.07302
(ProtoDUNE and Short-Baseline Neutrino programs)

Proton scattering with more neutrino experiments
Kim, Machado, Park, 88, Work in progress



Back up

x0: heavy, y1:light
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 BDM: multi-component DM with different int. j
yo: only with y1
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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
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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



