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Dark Matter Particle Mass (GeV/c?)

Low-mass (CRESST-III)

- 23.6 g CaW0O4 (~15mK)
- NR threshold of 30.1 eVnr.

- Phonon and Scintillation signal

WIMP-nucleon oy; [cm?]
)
|

WIMP mass [GeV/c?]

High-mass (XENONI1T)

~1.3t LXe TPC

NR threshold of ~4 keVnr

Scintillation(S1) and lonization(S2)signal

ER threshold of

1

» S1-S2: ~1 keVee
» S2-only: 186 eVee



Bremsstrahlung and Migdal effect JHEP 03,194 (2018) 5

Bremsstrahlung X Migdal effect

X-ray P

" Bremsstrahlung

lonization electron

Auger electron

When a particle elastically scatters off xenon nucleus, the nucleus undergoes sudden momentum change
with respect to the orbital atomic electrons, resulting in the polarization of the recoiling atom and the
shaking of atomic electrons

These phenomena can lead to irreducible emission of Bremsstrahlung photon, as well as excitations and
ionizations of atomic electrons (Migdal effect).

ER signals through the new detection channels significantly enhance the sensitivity to masses
previously insensitive through the standard NR searches.
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EDELWEISS (Germanium): "Searching for low-mass dark matter particles with a massive Ge bolometer operated
above-ground”, arXiv:1901.03588

CDEX-1B (Germanium): “Constraints on Spin-Independent Nucleus Scattering with sub-GeV Weakly Interacting
Massive Particle Dark Matter from the CDEX-1B Experiment at the China Jin-Ping Laboratory” arXiv:1905.00354

LUX (Xenon): “Results of a Search for Sub-GeV Dark Matter Using 2013 LUX Data”, arXiv:1811.1124

XENONIT (Xenon): "A Search for Light Dark Matter Interactions Enhanced by the Migdal effect or
Bremsstrahlung in XENONT1T”, arXiv:1907.12771

SENSEI (Si): “SENSELI: Direct-Detection Results on sub-GeV Dark Matter from a New Skipper-CCD”,
arXiv:2004.11378

CDEX-1B EDELWEISS-SURF LUX XENONIT SENSEI
CCD (Si)

Detect Ge (charge-only) Ge (heat-only) LXe TPC LXe TPC

etector No ER/NR discri. (above ground) (S1-52) (S1-52, S2-only) (charge-only, 135 K)

Size 939 ¢ 3344 118 kg ~1.3 ton ~29

0.03 kg day S1-S2: 1 ton year
Exposure 737.1 kg day (1-day blind, 13,775 kg day - ronyea ~20 g day
: S2-only: 22 ton day
5-days unblind)
-S2: ~ e TN

Threshold 160 eVee 60 eVee -1 keVee Slsemmel lerte Ol CHES RN

S2-only: 186 eVee (1,2,3,4 e-)
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CDEX-1B EDELWEISS-SURF XENONIT SENSEI
CCD (Si)
Detector Ge (charge-only) Ge (heat-only) LXe TPC LXe TPC
No ER/NR discri. (above ground) (S1-S2) (S1-S2, S2-only)  (charge-only,
135 K)
Size 939 g 3349 118 kg ~1.3 ton 29
0.03 kg day S1-S2: 1 ton year
E 737.1 kg d 13,775 kg d ~20gd
xposure g day (above ground) g day S2-only: 22 ton day g cay
S1-S2: ~1 keVee O(1) eVee
Threshold 160 eV 60 eV ~1 keV
reshe evee evee evee S2-only: 186 eVee (1,234 e-)
n=2,3 only n=3 only n=3,4 only n=3,4 only
n=1: negligible n=1,2: negligible n=1,2: negligible n=1,2: negligible
(too tightly bound) (too tightly bound) (too tightly bound) (too tightly bound)
E n4neglec:tedsmcetheyareeasny ...... n=5neg|ec:tedsmcethe ........................ E
. .affected by Ge band structure due to : : surrounding atoms in the liquid . _
Analysis = L : : e - SEHHANER
= :the small binding energy :may influence the ionization .
B SPECNUM e
- RIS ATcE DETEIFIsolated atom assumptionDH EEFEINTWVWD HITER -
s AT TOREISEER IS 12(2011.09496 E B R)
. Because of the smaller gap for electron excitations, we find that the rate for .
- the Migdal effect is much higher in semiconductors than in atomic targets. -
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CDEX-1B EDELWEISS-SURF XENONIT SENSEI

Shell n=2,3 only n=3 only n=3,4 only n=3,4 only S 4m AR

Edet = Egm + OnrER Edet = Egm +ER Eger = Epm Egee = Eppyp
' Egm = E, +En,-AE

éTUDI*)IJ:\’—“—(Edet)b“%%1)f—:'{’C‘?E?EbT:c‘:ﬂiE

YOI [ EE B
DM | oS, (14114802 /) Quenching effectsonthe  5GeVLITOMassT 2GeVI FdmassT | FH T

0.4
Messous 95

H | - Baudis P, h [ f ¥
- o | hearenergyseae Tor g NROTRILF—  F NROIRILF—
- CoGeNT 07 %551 - nuclear recoils in Ge s - Jsfr —y
E" F—TRIM t . cryogenic detectors have BRIEDRBRVWERTE L/ BRIEDBVWEREL
£l Q . been shown to be very  : THELR . TS |
;C,Mj/"/% e small : ;

(i)

1 10
Recoil Energy (keV)
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Bremsstrahlung X Migdal effect

X-ray P

" Bremsstrahlung

lonization electron

Auger electron

- Migdal%h & (Bt Blonization electron, x-ray/Auger electron + NROETHDIXRILF—EBENZFIF—m TR B,
LXe TPCOiHFE. EIRFICER+NRAIE I DIGEDHEHEEETTILFEIEIL LD >THWER, NRERIZZER SO L X
MY ZXERUTREWN?)

» LUX/XENON1T T, NROFSNERTE 2HEDHRFEZIT>TVWEDTOK

- MigdalBRNEZ1BE. AIZIEXe+DRICFEFKIF T SADERTZHF VO TV, ZDIFE. BEBL ARV
PO EERD?
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CDEX EDELWEISS
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EPJ-C 77 (2017) 12 12

Water tank
- 700 t of pure water

Cherenkov Muon Veto K

- 84 8-inch PMTs (R5912)

External calibration

- *'AmBe (NR)
- Neutron generator (NR)

Cryostat and support
structure for TPC

TPC

- 248 3-inch PMTs (R11410-21,
QE~34%@178nm)

- LXe mass: 3.2 t(total), 2.0t
(active)

SS= Cryogenics, and

| purification

Internal calibration

8mMKr (ER),
220Rn (ER)

DAQ and
slow control

Xenon storage
(ReStoX),
handling and
Kr distillation



LXe TPCD EN{EIRIE 13

WikF £/ RS prrrerryT - EEEK (S1)F. RISATERS N, EFOPMT Tt
N LB TIREE)

- BEEEFIF. BHICKDCXeNEN>TRY T K
- BFIR—EHIXe+1M AV EBHEEG LTSI ZR4E

- GXeFXRTUWHBEWCEFIF. LDHBVWEFIC KD GXens|
SRHONT, HhI=IE(S2)%Z R

- RIBRDOIRTTAIEBERH A BE
S _ramm/us - X/Yfii&: top PMT arraycDS20kw Xy —>

aleisi

'-T_

- v - Z{IE: EFDORY 7 ISR = At (s1, s2)
AR (S2/S1)y.e > (S2/ST)WIMP, neutron
BT RS [E D iET) R F 1% Bk

. N; ...._.S.?.E‘iff_xb {ohizotion =) Proporﬁoml o
o ¢ dif,  scintillation — = AR
5 recombiraton - e | g R L T
acceleration (‘52) i T MR G s e T |
excitation de-excitakion n qas phase \H: |
Eo y b Nex P scintillation i so0-43 gl O
) m | o =y : g
9 52 S oepE L BERB
& ol JRF Rk
heat e A

S1(J%1E%) [PE]



14

Waveform & Hit-Pattern

LXe TPC
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W T T T T T
— :_ Detection 4
~ 1 '-.
6 jo-45 > |1 —
S 2 0.6 1=
S Rl s
g 10746 S " B
i S 1 1=
A 1047 jon Q0.4 7
= S N e |
I " D — e Y.
Z ol L T B 02l -
R S e . .
10! 102 00 %00 20 30 40 50 60 70
R WIMP mass [GeV/c?] Nuclear recoil energy [keV ]

6GeV

»  XENONTIT set the most stringent upper limit on SI WIMP-nucleon cross sections > 6 GeV

» However, the sensitivity to low-mass WIMP is quite limited because of 3-fold PMT requirement for S1
(threshold~ 4 keVnr)

Electric recoil (ER) signals induced by Bremsstrahlung or Migdal effect enable us to
lower the energy threshold
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Light / Charge Yield for LXe TPC

25— R : ,. 15— : e
=== XENONIT this result (82 V cm~!) :
== XENONI00 (530 Vecm ™)
i v Aprile 2005 (0 Vem™ 1)
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| [ [ LUX (CH3T, 105 Vem ™)
i A LUX (12Xe, 180V cm™") —
<8 <8 PIXeY (P7Ar, 200 Vem™ ) |
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Error bars are stat. + sys. '|M
L
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1
>
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Q
& 301
i > 10% efficiency 0L
L I..I...i L | T R | ] L I..I...i L PR L
0.1 03 06 1 3 6 10 20 0.1 03 06 1 3 10 20
Energy [keVe] Energy [keVec]

\___ B B S
- Threshold (S1-S2): PMTIZXt 9 % 3-fold coincidence requir

- ERESIMEZD &S cianlE, Thresholdid4 keVnr -> TkeVee |
- Charge-only analysis (S2-only) A gEIC R IE. S 5(C1 keVee -> 0.186 keVee |

For charge yield, there is a

0.186 keVee ('%'Xe)
measurement from LUX
Phys. Rev. D 96, 112011

le- produces ~30 PEs.
Photo-detection eff ~ 10%

ement?‘f&'&i: keV for NRE=



Signal Spectrum: LXe TPC e ot al, JHEPO3(2018194 17
dR '
dER dEEM dUDM B
lonization (ER)

0.1 GeV -3.4 -1.8 1.8
ng o n=4|‘ 51 q021 n=a 36 ol 36
o c 3 -6.8 -54 i 5.4
8 101; E -85 107t E =72 107 -7.2
> : ] -10.2 E - -9.0 E -9.0
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: S2-on y§ -17.0 f S2-onlys? -16.2 : -16.2
107 ) 103 02 B L e -18.0 10 210_1 o - -18.0

ENR [keVnr]

ENR [keVnr]

» The contribution of n=5 is neglected since the surrounding atoms in the liquid may influence the ionization
spectrum. The inner electrons n < 2 are too tightly bound to give an appreciable signal.

»  WIMP masses below 2 GeV, nuclear recoil energy is almost negligible, so only the ionization signal is

Therefore, the only contribution from n = 3 and 4 also considered.

considered.

» Above 2GeV, both NR and ER signals are produced simultaneously at the same position

We don’t know detector response for such interactions at all.
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- 0.1 GeV/c* WIMP (Migdal)
- 0.1 GeV/c* WIMP (BREM)
~— 1.0 GeV/c* WIMP (Migdal)
— 1.0 GeV/c2 WIMP (BREM)

—_
S
)

—
(e)
=

‘‘‘‘‘‘
~a.
o

10f

~~
~..
~

Rate [events/tonne/year/keV]

|
== S1-S2 data
== S2-only data | 0

0.1

Effective exposure [tonne-years]

n=3,4 only 0.01

0.1 05

| | |
1.0 20 3.0 5.0

Electronic recoil energy [keV]

S]&SZ

Significant BG reduction is possible based on S2/S1
and fiducialization with position reconstruction in 3d.

» However, detection efficiency is limited by the S1
requirement (3-fold PMT coincidence)

» BG models are already established for the main
analysis already published. Phys. Rev. Lett.121, 111302

» Re-interpretation of the main analysis, and treat
the ER region as our signal region

» Energy threshold is 1 keVee

S2-only

4

1e- produces ~30 PEs. If we do not require any Sls, it
enables to recover detection efficiency significantly

Energy threshold is 0.186 keVee

It is very difficult to construct well-established background
models without S1 information

30% of the data was unblinded for choosing regions of
interest (ROIs) in S2 and event selections.
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S1& 32 S2 only S2 [PE]
' _ » 150 200 500 1000 2000 3000
I@ 10 ! U 01 Gevie2 ! ! !
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< ! _— eV/ic? |
g0 — oo
g 1L E Background_|
: g ! ¢ 4 4 S2-only data
MIGD (0.3 GeV/e?) 2 107! /
00l ) { ==+ MIGD (0.5 GeVrc?) | b= = n
| — MIGD (1.0 GeV/c?) | L ¢
1001 BN ER model 2. 10 7
i DM search data ‘ % 3
| l I I ' 10~ | | | |
B II. E B ER 68% cred. region ' é; M 4 5 10 20 50 70
ol B DM search da i Number of electrons

Rate[events/PE]

ZRTWS

500 1000 2000

cSIZb [PE]

25

70 100

S1 & S2 Analysis

- S2-onlyfEtr TlE—EFEE L TW3BBG(Pb214)IdZ>5I\WTWBH, EAR
HICIET—7 22T FIIEER>T, OV PNICHIBEZS| < D

- single-electron®b B X TW3H, BGHERDzHEXRM (T IL>5electron

- BMEZ T3 e TENIE. 100kgiREDILXe TPCTHIT/nTEBZ
2#ER (low mass WIMPIZRH L) 2852 ENTEDS

S2-only Analysis

Threshold ~1 keVee ~0.186 keVee
BG model Yes No
Sensitivity to Low Mass WIMP Not Good Good!
Discovery potential Yes! No (fF3EMICEYes?)
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— CRESSTII
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|
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|
II. Spin-dependent
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.....

|
| |
III. Spin-dependent
(neutron-only)

*
=
---------

CRESST-Li (neutron)
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— CRESST-O (neutron) === S1-S2 data (XENON1
—— CDMSLite (neutron) === S2-only data (XENONIT)
| |

|
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Earth-Shielding Effect

21

DM particle may be stopped or scatter multiple times when passing through Earth’s atmosphere, mantle, and

core before reaching the detector (Earth-shielding effect)

If the DM-matter interaction is sufficiently strong, the sensitivity for detecting such DM particles in terrestrial

detectors, especially in underground laboratory, can be reduced or even lost totally.
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Low Energy ER excess? 2

Low Energy ER excessidMigdalz R TWAD T ?
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SUMMARY 23

» Direct dark matter detection experiments based on LXe are leading the search for GeV-TeV
scale DM, but have limited sensitivity to sub-GeV WIMPs because of the small momentum
transfer of WIMP-nucleus elastic scattering.

» However, there is an irreducible contribution of inelastic signals that accompanies the
elastic scattering, which leads to emission of photon and the excitations / ionizations of
atomic electrons.

Bremsstrahlung and Migdal Effect

» XENONIT is currently leading the searches both in low & high mass regions!
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SUMMARY

» Direct dark matter detection experiments based on LXe are leading the search for GeV-TeV
scale DM, but have limited sensitivity to sub-GeV WIMPs because of the small momentum
transfer of WIMP-nucleus elastic scattering.

»

DM-nucleon cross-section [cm?]
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» However, there is an irreducible contribution of inelastic signals that accompanies the
elastic scattering, which leads to emission of photon and the excitations / ionizations of
atomic electrons.

162
10-36
10-38
1040
1042
10~
1046

10748

4 S2-only Migdal

Current Results

S2-only NR

0.1 0.3 1 3 10 30 100 300 1000
Dark matter particle mass [GeV/c?]

Bremsstrahlung and Migdal Effect

XENONITT is currently leading the searches both in low & high mass regions!
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- Let’s observe it with dedicated experiments!



