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Preferred candidate so far was
Weakly Interacting Massive Particle (WIMP)

e Weak scale mass: O(1 ~ 100) x proton mass

"« Weak interaction with the SM particles:
about < 10-12 (in cross section) smaller than EM

Byproduct of many BSM theories
for resolving the hierarchy problem
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* Light Dark Matter is being actively considered as a dark sector candidate.
(Both tv a simplified model or UV model)

* Due toits mass, the interactions with electron target are being focused.



Interaction with SM

Dark World beyond WIMP

WIMP may be a theoretical bias.

e Small region

A
| e Qversimplification
allowed region compared to
for DM
World pllap in Korea (1402) Quarks Standard Model
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keV ~ GeV mass of DM

* Light Dark Matter is being actively considered as a dark sector candidate.
(Both tv a simplified model or UV model)

* Due toits mass, the interactions with electron target are being focused.

¥ Unlike WIMP (coherent scattering with nucleus)
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 Light WIMP (non-relativistic) at DM direct detection experiments:
sometimes new devices are proposed.

Kopp, Niro, Schwetz, Zupan, PRD 2009

Roberts, Dzuba, Flambaum, Pospelov, Stadnik, PRD 2016

 Light DM in neutrino experiments: boosted dark matter

”

e Dark sector structure

‘\\

Agashe, Cui, Necib, Thaler, JCAP 2014  Kim, Park, S, PRL 2017

Kopp, Liu, Wang, JHEP 2015

Heurtier, Kim, Park, SS, PRD 2019

e Scattering with energetic background

Yin, 1809.08610 Ema, Sala, Sato, PRL 2019
Cappiello, Ng, Beacom, PRD 2019 Jho, Park, Park, Tseng, 2021

* Production in an astrophysical object providing
large kinetic energy, e.g., SN

DeRocco, Graham, Kasen, Marqgues-Tavares, Rajendran, PRD 2019

Essig, Mardon, Volansky, PRD2012, w/ Manalaysay, Sorensen, PRL 2012

Lee, Lisanti, Mishra-Sharma, Safdi, PRD 2015 + many...
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energetic light DM (BDM)
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* Light DM in neutrino experiments; boosted dark matter
< Agashe, Cui, Necib, Thaler, JCAP 2014  Kim, Park, SS, PRL 2017
[ ]

Light DM produced in low energy accelerators

Nuclear recotl also possible

Dark Matter

Giudice, Kim, Park, SS, PLB 780, 543 (2018)

First proposal on the e-recoil by
energetic light DM (BDM)
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Multi-component Boosted DM (BDM)
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10,000 times smaller than the flux of atmospheric v it mo ~ 100 GeV
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Multi-component BDM

e yo:accumulatea
(GC, Sun, dSphs)

e yoyo- yiyi(current universe) relativistic

% relic y1is non-relativistic

Observe y1 scattering off target with £: > Eu,
(indirect detection of yo)

Flux of y1 ~1.6 x 107 %cm %! x ( (0v)0—1 ) y (100 GeV)

5% 10726 cm3s—1 mo
Assume: NFW /

\V)

Fixed ~ 1 if s-wave annihilation dominates

as-arrialler than the flux of atmospheric v ifMﬁO/éeV

larger if mo =1 GeV




Inelastic BDM (IBDM)
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Kim, Park, S, PRL 119, 161801 (2017)
Giudice, Kim, Park, SS, PLB 780, 543 (2018)



Signals inside a fiducial volume

Fiducial volume

~

\_ _/

x1:light BDM, yo: excited state




Signals inside a fiducial volume

Fiducial volume

~

\_ _/

x1:light BDM, yo: excited state




Signals inside a fiducial volume

Fiducial volume

~

\_ _/

x1:light BDM, yo: excited state




Signals inside a fiducial volume

Fiducial volume

~

R i

S

(f- sighature ~—\

e (quasi-elastic)
e-scattering

e (Quasi-elastic)
N-scattering

\ " DIS . J

x1:light BDM, yo. excited state




Signals inside a fiducial volume

4"

X1
Fiducial volume ’

~

4
L 4
L 4
L 4
L 4
L4
3
4
L 4
L 4
L 4
L4
X2 i
"
-
-
'f
L d

R i

S

(/- sighature ~—\

e (quasi-elastic)
e-scattering

e (Quasi-elastic)
N-scattering

\ " DIS . J

x1:light BDM, yo: excited state




Signals inside a fiducial volume

4"

X1
Fiducial volume ’

e A
/,*V » et U
Xl _..-~"prompt or \. Secondary
* displaced signature
* Primary

S

(f- sighature ~—\

e (quasi-elastic)
e-scattering

e (Quasi-elastic)
N-scattering

\ " DIS . J

x1:light BDM, yo. excited state




Signals inside a fiducial volume

X1 =
Fiducial volume L '
(o - 7
X?v'/. . oo .. e For IBDM, two signatures
" x1 e | can be separated beyond
., ..o promptor \ Secondary J| g position and angular
* displaced signature esolutions.
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e : | _
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e_Sca’[’[ering Iarger than what is
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New method in eBDM search: darkstrahlung

Fiducial volume
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Kim, Park, SS, PRD2019, arXiv:1903.05087

2nd signature in
the elastic scattering

e Different from
WIMP = vy

 NLO but O(10-20%)
of LO possible

(impossible for beam
produced DM)

» Efficient for large Ngg
(cosmogenic BSM signal)
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MeV scale e-recoll

oy BDM
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* Various direct detection experiments can have good enough sensitivities:

e.d., In a dark photon scenario: yi2) - €

* Experimental details (position/angle/energy resolutions) are crucial in
determining the sensitivities.



COSINE-100 result

COSINE-100, PRL 2019

Based on theoretical study
Giudice, Kim, Park, SS, PLB 780, 543 (2018)

2200L of liquid scintillator

(~ 2 ton)
106kg array of 8 ultra-pure Nal(Tl) crystals

Immersed Iin an active veto detector

Observed: 21 events, Background expected: 16.4 + 2.1
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keV scale e-recoil: XENON1T 2020

Events/(t-y-keV)

0.65 ton-year /6 = 2(stat) events exceeding background expectation
120 T T T T T
100} I XKENONTT, 2006.09721 l 1« Background? Tritium, Ar37 decays
B0F l T BT II - (most probable?)
60 ] 1 [Il Il I |1I
" | |« Solar axion, neutrino MDM ~3¢ ?
“[ T I83;1 data
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keV scale e-recoil: XENON1T 2020

0.65 ton-year

120 T T T T T
ol XENON1T, 2006.09721 |
Ego_ll Illllll_
i:>> I I |
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O 40[ l -
M
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/6 = 2(stat) events exceeding background expectation

Background? Tritium, Ar37 decays
(most probable?)

Solar axion, neutrino MDM ~3¢ ?

Dark Matter recoil?

(""'

- No nuclear recoil signals 2=

7% B
B

- Too high energy e-recoil for WIM
or WIMP-like light DM




keV scale e-recoil: XENON1T 2020

0.65 ton-year /6 = 2(stat) events exceeding background expectation
120 T T T T T
100} I XKENONTT, 2006.09721 l 1« Background? Tritium, Ar37 decays
% BOf l , T II { (most probable?)
S oo ] Hllll | ] [
5 | |« Solar axion, neutrino MDM ~3¢ ?
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I 183R1 data
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7 keV - No nuclear recoil signals SRt O

- Too high energy e-recoil for WIMP
or WIMP-like light DM

Fast-moving Light DM




keV scale e-recoil: XENON1T 2020

0.65 ton-year /6 = 2(stat) events exceeding background expectation
120 T T T T T
100} I XKENONTT, 2006.09721 l 1« Background? Tritium, Ar37 decays
% B0 l , ] _— IT { (most probable?)
< oo | llllll L1
5 | |« Solar axion, neutrino MDM ~3¢ ?
20 —— By -
I ISBRl data
0 I I i i I
2_..'.-.. S e L — .
° af ettt eng e Dark Matter recoil? P -
0 5 10 15 20 25 30 o B A
«— Energy [keV] "

7 keV - No nuclear recoll signals e

- Too high energy e-recoil for WIMP
or WIMP-like light DM

Fast-moving Light DM

0
Qel 0, Light DM absorption

* Inelastic (exothermic) DM



Parameter fit of XENON1T 2020

Not so simple task

* Large number of events: large cross section with the material of Earth
(deflected and loose energy)

* A narrow range of 2 keV < Er < 7 keV is preferred.

 The binding energy of electrons in Xe is not negligible.

(for Er ~ keV) 120 . .
100 F l
/ % oo ]” I|” . ] ] [ Life is nof‘easy
> 1] I .

More difficult < oo P lllllj | |1[ for any of us.
than MeV case g 401 l |

T

O_ |

0 é 1IO Energl}IIS keV] 210 2|5 30



Parameter fit of XENON1T 2020

Alhazmi, Kim, Kong, Mohlabeng, — /
Park, SS, JHEP 05, 055 (2021), 100 - e
arXiv: 2006.16252 z ;
nergy of ol
the tmcoming BDM
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Parameter fit of XENON1T 2020

Alhazmi, Kim, Kong, Mohlabeng, e /
Park, 8S, JHEP 05, 055 (2021), 100+ .’
arXiv: 2006.16252 z f
nergy of ol
the tncoming BDM
< i
' o 1= _
k = i ——— EMaX= 2 keV
] B ————— E/M3= 10 keV
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f /// -------------- =0.05¢
00107 /',,.""' Eq') ————— vi =09c
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First approximation eff
81g = F 14C 1eN t /\

e, tot' €XP

Total exposure time
x1 - e (Fiducial) scattering ‘\_/

cross section Number of effective target electrons

tn the fiducial volume



Parameter fit of XENON1T 2020

Alhazmi, Kim, Kong, Mohlabeng,

Park, 8S, JHEP 05, 055 (2021), 100 -
arXiv: 2006.16252
* N 10 -
the tncoming BDM :
%‘ I
k N
- - Ey=me
LLI L
0.100° —
=
0.010 ,//,'j_,.—"' o
T <
0.001 ** T
0.001  0.010 0.100
2
[max _ 2m€p1 . my [MeV]
T T - 2 2
S my -+ me + QmeEl

————— V1

— E/MX=2keV
—— E,M3X=10 keV

E,MaX= 50 keV

=0.05c¢c
=09c

100

 The maximum Egr of electrons scattered by BDM > 2 keV (non-shaded).
This is model independently given as above.

e FE1220keVis preferred (depending on m1).



Parameter fit of XENON1T 2020

Alhazmi, Kim, Kong, Mohlabeng,

Park, 8S, JHEP 05, 055 (2021), 100; /,/’
arxiv: 2006.16252 f z

Energy of :
: : 10 -
the incoming BDM E
= i
k =, s - EMaX=2keV B
Wy F1=me E,MaxX= 10 keV

01 OO ? / Ermaxz 50 keV
r ,/ "4'

_ 1 0010, e
by ~ T
<n€>0-1€ 0.001 ¢"" Ll L el L w rn ool ;
\ 0.001 0.010 0.100 1 10 100
Mean e-number density my [MeV]
along the y1 propagation line, \--—-V Mass of BDM

e The values of (fiducial) cross section o1, giving Nsig = 100 are shown,

assuming N =18 (will be discussed later). N, = 4.59 x 10" Ne™
for 1 ton of liquid Xe

To avoid the Earth attenuation, the mean free path =z (1000 km) is preferred.

(at least larger than the depth of XENON1T ~ 1.6 km)



Parameter fit of XENON1T 2020

Alhazmi, Kim, Kong, Mohlabeng,
Park, 8S, JHEP 05, 055 (2021),
arXiv: 2006.16252

Energy of
the tmcoming BDM
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100 -
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= i
© q-
— - B4 =mg
Ll.l L
0100* /
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space (» 0.1c is also preferred).

Ermax= 2 keV
E,MaX~ 10 keV
Ermax= 50 keV

10 100

\“‘——‘? MaSS O;C BDM

e The velocity of BDM, v+, can be close to ¢ in a wide range of parameter

* Shade regions and the black lines are model independent while the orange
lines are applied for conventional BDM (but readily applicable).



Parameter fit of XENON1T 2020

Alhazmi, Kim, Kong

Xe

Atomic number

o4

Atomic weight (amu)

131.3

Atomic radius (pm)

108

Proton/electrons

o4

Neutrons

77/
o

Shell structure

34.6 keV

. Mohlabeng,

EmaX=2keV [
E,MaX= 10 keV
Ermax= 50 keV

100

Mass of BDM



Parameter fit of XENON1T 2020

. Mohlabeng,

Alhazmi, Kim, Kong

Neutrons

Xe 7 7 ) EMmaX=2keV [E
| > Y | E,MaX= 10 keV
Atomic number : iy |
54 5 e
. % © I _

Atomic weight (amu) Shell structure

131.3 , w
Atomic radius (pm) ’ 12.7‘ <V Y R . e ‘

108

Proton/electrons

100

54 5 é‘(—.é kel - Mass of BDM

e The value of N2 =18 is used from naively considering the 3 outermost shells
(5p,5s,4d).

 The largest binding energy = 76 €V ~17% of the energy resolution (450 eV):
Induce = 5% uncertainty in estimating 2-3 keV energy deposition.



Parameter fit of XENON1T 2020

Mohlabeng,

Alhazmi, Kim, Kong,

EMmaX=2keV [E
E,MaX= 10 keV
E,MaX= 50 keV

Atomic weight (amu) Shell structu

131 3 2 ‘ ISTHIS.'.I.‘;EhESTWIIBAN
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OB TN - ~
Proton/electrons o g \\ . ,/

. >

2 2% \\\__ —
54 o 346 keV > Mass of BDM

)
4 \\
.
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e The value of N2 =18 is used from naively considering the 3 outermost shells
(5p,5s,4d).

 The largest binding energy = 76 €V ~17% of the energy resolution (450 eV):
Induce = 5% uncertainty in estimating 2-3 keV energy deposition.



Parameter fit of XENON1T 2020

. Mohlabeng

Alhazmi, Kim, Kong

Neutrons

7 7 E,Max_ 2 keV

. max _
Atomic number Energy levels ‘ Er =10 keV
54 5 | _ - E,MaX= 50 keV

Atomic weight (amu) Shell structure

1 3 1 a 3 ‘ | = | ‘ » L e 5 T
e mtis o o . ISTHIS THEBEST YOU.CAN

108 s ~ « Do? 4 1 100
Proton/electrons L \\\ - - o

54 \_ | —
" All electrons tn binding potential

>

Mass of BDM

* Atomic lonization Form Factor: Likelihood that a given momentum
transfer results in a particular Eg.

Essig, Mardon, Volansky, PRD2012 Lee, Lisanti, Mishra-Sharma, Safdi, PRD 2015

* The incoming light BDM is relativistic & the electron velocities in the

inner shell can be large: Relativistic approach needed (for large g).
Roberts, Dzuba, Flambaum, Pospelov, Stadnik, PRD 2016 Work in progress with Alhazmi, Kim, Kong, Mohlabeng, Park,



Dependence on mediators

mediator DM
V F
V S
A S
P F
P S
S F
S S

E; [MGV]

EmaX=2keV [
E,MaX= 10 keV
Ermax= 50 keV

100 -
10+
1 .
:E1=me ig
00107 ="
e 3
popilet o
0.001 0.010 0.100
my [MeV]

10 100

The scales of mass and coupling parameters preferred by the excess
depend on the type of the mediators.

We analyze the shape of the spectrum for various types of mediators
(vector:V, pseudoscalar: P, scalar: S) and DM (fermion: F, scalar: S).

Three reference parameter regions are chosen.



Dependence on mediators

mediator DM 100 -
\% F 10+ -
< i
v S % 1? ,/’ Ermax=2kev E
A S L|:|_ I E1 =Me i - Ermax: 10 KeV
P F 0.100 7 / ErmaX= 50 keV
P S 0010, e
S F e £
0001k e T 3
S S 0.001 0.010 0.100 1 10 100

my [MeV]
The scales of mass and coupling parameters preferred by the excess

depend on the type of the mediators.

We analyze the shape of the spectrum for various types of mediators

(vector:V, pseudoscalar: P, scalar: S) and DM (fermion: F, scalar: S).
(I) El ~myp > Me, 104 > Me

Three reference parameter regions are chosen. ) E1 = my > me, m; <me



Dependence on mediators

mediator DM 102(
% F 10y
S I
v S % 17 el e | E,M3X= 2 keV E
A S L|:|_ I E1 =Me i - Ermax: 10 KeV
P F 01 OO 7 / ErmaX= 50 keV
P S 0010, e
S F >t ”””” <
0.001 b2 L
S S 0.001 0.010 0.100 1 10 100

my [MeV]
The scales of mass and coupling parameters preferred by the excess

depend on the type of the mediators.

We analyze the shape of the spectrum for various types of mediators

(vector:V, pseudoscalar: P, scalar: S) and DM (fermion: F, scalar: S).
(I) El ~myp > Me, 104 > Me

Three reference parameter regions are chosen. W) E1 & m1 > me, m; < me
(i) E1 > me > mq, m; < me
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Dependence on mediators
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dO’le

T 1)\ 2 : :
o (gjge) | y ‘2 without detector resolution
dE,.  8w\(s,m2,m?)(2meFE, + m?)? and efficiency

Case [ Mediator | Dark matter Lint WQ

VE |V, X1 (9e e + gy x17"x1)Vi  [8me {me(2E7 — 2E1 B, + E7) — (mg + mi)E, }

VS Vi Y1 (gY ev*e + gl p10"p1 + h.c.)V, 8me {QmEEI(El — FE,) — mer}

PF a X1 (igeer’e +igixav’x1)a 4m31§3 DM form
PS a P1 (igcev’e+igeomip™p)a 8memiE, :
SF ¢ X1 (gZee + gixax1)o dme(Er + 2me)(2mi + mE;) factor (in g)
SS ¢ P1 (gfee + ggmip* )¢ 8memi(Er + 2me)

L dole  mem? . doie Mem o do1e meE?
VF (i) ox ——— (i) x L (il x L
dE, my, dE, (2meE, +my,) dE, (2meE, +m3))

VF

— My = 1.002]’)’11

—— mg = 1.002m; = 10 MeV, my = 15 MeV
= 10 MeV, my =30 keV
—— mp = 10°my; = 10 MeV, my = 30 keV

3

Dashed: with detector
', resolution & efficiencies

8

10
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Dependence on mediators
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1 2\2 , :
dote (gjge) | y ‘2 without detector resolution
dE,.  8w\(s,m2,m?)(2meFE, + m?)? and efficiency
Case [ Mediator | Dark matter Lint WZ
VF | V, X1 (ge'e'w e + 9 X1 X))V [8me {me(2E7 — 2E\E; + E7) — (mZ + mi)E, }
VS Vi Y1 (gY vy e+g 10 o1 +hc)V 8Mme {2meE1(E1 — E,) —mer}
PF a X1 (zgee’y e +igix17°x1)a Am?2E? DM form
PS a P1 (igley’e + igimip*p)a 8memiE, :
SF ¢ X1 (g2ee + g2x1x1)d dme(Ey + 2me)(2m? + m.E,) factor (in q)
ss | o o1 (9%%e + g2m1p" @) 8mem3(Er + 2m.)
. doy mem?  doy Mem? doq meE?
VE 0 55 < 0 a5, * @, o2z WaE < Gois, v
r my, (2meEy +my,) (2me B, + mi,)?
VF — mo= 1.002m; = 10 MeV, my = 15 MeV
— mgy = 1.002m; = 10 MeV, my = 30 keV
—— mgy = 10°m; = 10 MeV, my = 30 keV

\‘? Highly relativistic

5 keV = mV = 50 keV
preferred.

i Dashed: with detector
', resolution & efficiencies

4 6 8 10
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Dependence on mediators
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Dependence on mediators
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Events/(t-y-keV)

1/O_Ie ’ do—l e/dEr

Fit to the excess
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Fit to the excess
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Events/(t-y-keV)

Fit to the excess
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Fit to the excess
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Fit to the excess

Region (1) Region (1) Region (%i1)

YBDM ~ 1 ~ 1 >1

VF v/ (flat) (falling) (falling)

VS v/ (flat) (falling) (falling)

AF v/ (flat) (falling) (falling)

PF | ¢/(rising) ¢/ (rising) X(-)

PS | ¢/(rising) (rising-and-falling) ' (rising-and-falling)

SF v/ (flat) (falling) (rising-and-falling)

SS v/ (flat) (falling) (falling)

" One can find mass spectra to reproduce XENON1T excess and
satisfy the conditions of the associated regions.

. . A certain range of mediator mass may not reproduce the XENON1T
EeXCess.

e X:ltis generally hard to find a mass spectrum to explain the excess.



Further discussions
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Further discussions

Bounds from accelerators, astrophysical and cosmological observations?

- If the coupling constant and the mass parameter
have effective dependence upon environmental
conditions of astrophysical objects such as
temperature and matter density, the limits can be
relaxed by several orders of magnitude.

- Some regions can be probed in future accelerators.
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Nuclear scattering can occur when E1 increases over 6(10 MeV).

(reference parameters do not induce nuclear scattering due to kinematics)



Further discussions

Bounds from accelerators, astrophysical and cosmological observations?

- If the coupling constant and the mass parameter

have effective dependence upon environmental
conditions of astrophysical objects such as

temperature and matter density, the limits can be

relaxed by several orders of magnitude.
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- Some regions can be probed in future accelerators.
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Nuclear scattering can occur when E1 increases over 6(10 MeV).

(reference parameters do not induce nucl

- Complimentary searches are possible.

Kim, Machado, Park, SS, JHEP 2007, 057 (2020)
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Conclusions

Light dark matter is being considered as a promising example of dark
sector beyond WIMP.

Due to kinematics, there are tons of experimental program searching for
its electron recoil signals: mostly Er ~ @(eV) for non-relativistic light DM.

Energetic light dark matter boosted in the universe (not just BDM) can
leave high energy (> keV) electron recoil signals in DM direct detection
experiments: Byproduct of the existing or planned experiments, e.qg.,
COSINE-100.

Dedicated analysis for the case with keV scale electron recoil needs
more careful considerations of the binding potential of the electrons:
XENONA1T.

Future direct detection experiments can give more hints to light DM!



Backup

Case | Mediator | Dark matter Lint m2
VF Vy X1 (9 evtetgy xiv*x1)Vu | 8me{mc(2E{ —2E\ E, + E})—(mZ+m3})E, }
VS Vi V1 (ggéfy“e-l-gggo’{a“cpl +h.c.)V, 8me {2meEr(E1—E,)—m3E,}
_ _ 8me {me(2E? —2E1 E,+ E?)+(m2+m?)E
AF A, X1 (g2er vPe+gix17 v x1) Au tme(2E; —2E0E+ )+ ( DE:S
2...2
+32m2m? (2 Ecme 4 9Bume 4 1>
m 4 My
PF a X1 (igtey’e+iglx1v°x1)a 4mZE?
PS 1 (igley’e+igimipipr)a 8m.mIE,
SF ) X1 (92ee+gdx1x1)9 dme(Er+2me)(2m2+m E,)
SS ¢ o1 (92ee+gomipipr)d 8mem3 (E,+2m.)
obs 2
b 1 (E™ — Ey)
Freal B By = —— e |- P 2B (12)
OresV 2T Otes

where E° is the smeared recoil energy which is what is observed in the experiment. Note
that the recoil energy of the targets in the experimental results including that of the recent
XENONIT is technically this E°P in our notation. Hence we need to show the fitting
result in terms of E°", not the un-smeared recoiling energy E,. Then the differential
distribution of the observed recoil energy is given by

do(Ep™)

dEebs

ETI'nax
= for(E°™) /0 dE, freos(E?, E,)

(4.3)




Backup: iBDM fit

150}

Events/(t-y-keV)

[
-
-

N
-

mo = 10 MeV, my =15 MeV, ap =0.5

iBDM | mp = 1.005m; = 1.0048m; |
oc=26x10"cm?, e=49x 107"

eBDM | myp = 1.002m,
oc=36x10"cm?, e=33x10"*

15 20 25 30



Backup: various BDM scenarios

WI I\M > 0(1 o0 M‘W\/S)

In promising theories beyond WIMP

 Anti-DM from DM-induced nucleon decay in the Sun
Huang, Zhao, 1312.0011

e Solar reflection: light DM scattered with hot solar nuclei or electrons
An, Pospelov, Pradler, Ritz, 1708.03642 Emken, Kouvaris, Nielsen, 1709.06573

* Energetic cosmic-ray induced light DM

Bringmann, Pospelov, 1810.10543 Yin, 1809.08610 Ema, Sala, Sato, 1811.00520
Cappiello, Beacom, 1906.11283 Cappiello, Ng, Beacom, 1810.07705

 Boosted Dark Matter: DM boosted by the dark sector structure
from 2014 (NOt from scattering with the energetic SM particles)



Backup: COHERENT

Channel E, cut t cut
COHERENT-CsI | Nucleus scattering 14 keV< E, <26 keV t < 1.5 us
COHERENT-LAr | Nucleus scattering E, > 21 keV t < 1.5 us
. t < 0.1 ps (Tight WP
CCM Nucleus scattering E, > 50 keV us (Tig )
t < 0.4 ps (Loose WP)
JSNS? Electron scattering E, > 30 MeV t <0.25 ps
-5
10 i —— Current Csl
. 1 —— Ar 20 ton-yr
1073 — Lpwmx
NAG64 P
1077 - et
] //
] 4
10-8 p ) Experiment [E(;:ir;]l [5 :)_T] Target Detector: mass, distance, angle, E'?
Lo COHERENT [~ oy CsI[Naj: 14.6 kg, 19.3 m, 90°, 6.5 keV
10-9 . e [15, 17, 18] ? ®  LAr: 24 kg (0.61 ton), 28.4 m, 137°, 20 keV
] JSNS? [19-21] 3 38x102 Hg Gd-LS: 17 ton, 24 m, 29°, 2.6 MeV
“10 | CCM [22-24] | 0.8 1.0x10%2 W LAr: 7 ton, 20 m, 90°, 25 keV
10 E
1o
1012 4 =7
10_13- — T ——T —
10t 102 103

M’ [MeV]



Backup: expected pattern

XENONTAT or LZ

ionized ;E—egie‘@é"_ e ge—‘

e e e

lDrift field

e

e Simultaneous charging of PMTs
(some of them saturated)

e |dentification of a lengthy track

~. ¢ Track/energy
\ reconstruction
from likelihood
analysis with
unsaturated PMTs

Saturated PMTs



Backup: expected pattern

XENONTAT or LZ

e . — - e
e /’ff €. e~
e” \e T _ Nem N _
e e

e e~ €

Some vertical
component

Drift field

e Simultaneous charging of PMTs
(some of them saturated)

e |dentification of a lengthy track

~. ¢ Track/energy
\ reconstruction
from likelihood
analysis with
unsaturated PMTs

Saturated PMTs

e Additional flickering pattern
from secondary collisions?



Backup: expected pattern

Characteristic feature in Bragg peak

Two 511keV y-rays

Region isolated from primary vertex



Backup: Possible backgrounds?

.s1.Me

o

Neutrino Flux [cm?

* Displaced vertex: No = Promising!

* Elastic/prompt decay: solar neutrino? Energy cut!

[ — PP TABLE II. _SB neutrino scattering cross sections. The scattering cross sections for *B solar neutrinos
ZA/J,_\ ----- pep incident on electrons are given for different values of the minimum accepted kinetic energy T'mi,. The
e hep neutrinos are assumed to be pure electron neutrinos (v,.) or muon neutrinos (v,) when they reach the
— - S o . .
: 7Be_384.3keV I?art};. :he crc?ss shectxons were. cal:ulatec}i] for sx.n O-Wz; 0.23. ”f‘he gl(;al.ntltle; F,.vze 2and F“Vu are the frac
— | R 7Be_861 3keV tional changes in the cross section for a change in sin’6y equal to 0.01 [see Eq. (22)].
% L -.= 8B T min 0"": Ue-v”
P . —— 13N (MeV) (10~* cm?) Fe., (107% cm?) Few,
B Y 150 0.0 6.08 107 0.029 1.04 < 10? —0.040
N I TR Lt == 17F 1.0 5.09% 10 0.029 8.39x 10’ —0.046
H B dsnbflux_8 2.0 4.15x 10; 0.028 6.63% 10: —0.052
L ! 3.0 3.27X 10 0.028 5.10x 10 —0.056
. . ' = dsnbflux_5 4.0 2.48 X 10? 0.028 3.79x 10! —0.060
: 'y . == dsnbflux_3 5.0 1.80% 10? 0.028 2.71x 10! —0.063
- H T TL AL ALT o2 —— AtmNu_e 6.0 1.23x 10? 0.027 1.83x 10! —0.065
I EE A B AumAuebar 50 fyriohrs 0027 Sren 10 06t
1 =0 ’ - e X .64 X X 16 X —0.
ST -y rree X l Gl S 9.0 2.44x10' 0.027 3.53% 10° —0.069
i X : == AtmNu_mubar 10.0 1.10x 10* 0.027 1.58 10° —0.070
! . ! 11.0 3.93x10° 0.027 5.64 107! —0.070
; C 12.0 9.88 10! 0.027 1.41x107! —0.071
. ' 13.0 1.36x 107! 0.027 1.94x 1072 —0.071
- 'y 13.5 3.60x 102 0.027 5.13x 1073 —0.071
- ' ! 14.0 7.4 <10~} 0.027 1.0 x10~° —0.071
1 : 1
] =
[ 1 [ 1 LA I I

Rev. Mod. Phys., Vol. 59, No. 2, April 1987

-1 : i
10 10 Neutrin1oOEnergy [Me\}]0

1307.5458
0.1 events at LZ-5y with Ee > 10 MeV cut



Backup: Detector comparison

XenoniT

Ton size

Good angular/
position resolutions

Less backgrouna
(prompt/elastic)

Lower energy range

Borexino
(solar v)

COSINE-100, CUORE

(array-type)

Swaaller w1 and £

‘bispi&ced verbtex

?asﬁmdéscoverv anad.vsis

100 ton size

Bad angular/position
resolutions

More background
(prompt/elastic)

Higher energy range
0.2MeV

Sub-ton size

Better in identifying
displaced vertices

No backgrounad
(small size)

Lower energy range

Larger w and £,

“Long” disptaaed

verkex



Backup: DM experiments

Kim, Machado, Park, SS, JHEP 2007, 057 (2020)

Dark Matter | Target Volume [t] Depth Ewn Resolution PID Run Ref
efs.
Experiments | Material  Active Fiducial  [m] [keV] Position [cm] Angular [°] Energy (%] Time
DarkSide LAr 46.4 36.9 3,800
o(1) ~0.1-1 - <10 - 2013- [112]
—50 DP-TPC kg kg mwe.
DarkSide LAr 3,800 goal:
23 20 o(1) ~0.1-1 - <10 - [79]
—20k DP-TPC m.w.e. 2021~
LXe 3,600 2016
XENONIT 2.0 1.3 o(1) ~0.1-1 - - - (113, 114]
DP-TPC m.w.e. -2018
LXe 3,600 goal:
XENONnT 5.9 ~4 o(1) ~01-1 - - - [113]
DP-TPC m.w.e. 2020~
DEAP SP LAr
3.26 2.2 2,000 O(10) <10 - ~ 10 — 20 - 2016- [99-101]
-3600 S1 only
DEAP SP LAr
150 50 2000  O(10) 15 - - - - [99]
—50T S1 only
LUX- LXe goal:
7 56 1500 O(1) ~0.1-1 - 2.5 MeV: 2 - [115, 116]
ZEPLIN DP-TPC 2020~




Backup: constraints & comparisons
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NAG4, arXiv:1912.11389

Events/(t.y.keV)
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