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Majorana neutrino and Double beta decay

T N V=Vv 7 .

From Physics World

1935, Goeppert-Mayer 1937, Majorana 1939, Furry
Two-Neutrino double beta decay Majorana Neutrino Neutrinoless double beta decay
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1930, Pauli 1933, Fermi 136 136 — —

|dea of neutrino Beta decay theory 54X€ - 56Ba + Ze + (ZU)
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Detection of double beta decay

* Measure energies of emitted electrons
* Electron tracks are a huge plus

* Daughter nuclei identification
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Measuring the DBD half-life

* Precision measurement of DBD is a major first e Searching for possible shape distortion for new
step for any NLDBD experiment BSM physics

* Understand better the background for more rare T

searches
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Detector techniques
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DBD half-life with PandaX-4T

MO

phonon

AMoRE
CUPID

KamLAND-Zen

SNO+
CANDLES
JUNO-BB

photon

Ke Han, SJTU

Giuliani, TAUP 2021

GERDA T,, > 1.8x10%y
Phys. Rev. Lett. 125, 252502 (2020)

KamLAND-Zen 400 T,, >1.07x10*°y
Phys. Rev. Lett. 117, 082503 (2016)

EXO-200 >3.5x10%y
Phys. Rev. Lett. 123, 161802 (20/1

MAJORANA dem. T, >2.7x10%y
Phys. Rev. C 100, 025501

CUORE T, >2.2x10%y
arXiv:1907.09376

CUPID-0 Ty, >4.7x10%y

L. Pagnanini, this conference

B. Welliver, this conference

CUPID-Mo
NEMO-3 T,, > 1.1x10%y
Phys. Rev. D 92, 072011 (2015)




The big four

CUORE/CUPID
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CJPL: Deepest underground lab

* Deepest (6800 m.w.e): < 0.2 muons/m?/day

* Horizontal access with ~¥9 km long tunnel: large truck

can drive in.

* National key science research facility for dark matter

searches, neutrino physics, and astroparticle physics, etc.
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CJPL-II: much enlarged underground lab space
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Expected DBD experiments at CJPL-II

PandaX CUPID-China CDEX NvDEXx
Xe TPC Bolometer HPGe lon TPC

DBD half-life with PandaX-4T Ke Han, SJITU 10



PandaX Collaboration

* Particle and Astrophysical Xenon Experiment; started in 2009; now ~80 authors
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PandaX detectors

WIMP searches
(DBD as well)

PandaX-l: 120kg LXe PandaX-Il: 500kg LXe PandaX—T: 4 ton

(2009 — 2014) (2014 — 2018) (2019-)
PHYSICAL
REVIEW
LETTERS

PandaX-lll: 100kg - 1 ton
PRL 117, 121303 (2016) HPXe for DBD (future)
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NLDBD searches at XENON1T

e Data between 2300 and 2600 keV

e T>1.2x10%yr

Lower limit at 90% CL from profiled likelihood
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Ambitious natural LXe TPC can achieve competitive NLDBD sensitivity

109

107 LZ (projection)

1073 »
10~ 1073 1072 107! 10°

Miightest [eV/c?]

The multi-physics game is on T Wolf, Neutrino2022
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Distillation
Tower

Water Shielding Tank
®: 10m
H: 13m
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Electronics and
DAQ System

- e

Cryogenics and
Circulation System

s suf
i1 W

Ke Han, SJTU

Clean Room Xenon Gas Storage System

Xenon Emergency
Recuperation System

Dual-Phase Liquid/Gas
Xenon Time Projection ®
Chamber (TPC)

PandaX-4T @ CJPL-II
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PandaX-4T Commissioning onsite

Electronics and DAQ

Ke Han, SJTU



Stable data taking during commissioning runs: 94.9 days for DBD analysis

(D-®: Commissioning data taking subset

| 1500 22 6, _® ,_ ©
€ 1400[ [+ 164keV s
g 1300f 2PN §+H+:
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A: HV training
B: Circulation pump replacement

* Nov. 28, 2020 to Apr. 16, 2021
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External calibration sources for high energy detector

12
HHm

response: 23?Th (loops), 12’Cs, and ®°Co (DD tunnel)

DD tunnel

DBD half-life with PandaX-4T Ke Han, SJITU 21



Extending DM detector response to MeV range

* MeV gamma events are mostly multiple-scattering events;

while signals (DBD) are mostly single site (SS)
* Identifying Multi-Site (MS) events with PMT waveforms

e Width of waveforms dominated by Z (electron diffusion)
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Data-driven diffusion width as input for simulation

FWHM mean vs dt vs qS2

0.21099°exp(0.00005* (-x))+0.35229+sqrt((0.00928" exp(0.00007*(-x))-0.01355)"y)
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e Pulse width of SS events are calculated from data

* Used for simualtion of waveforms after Geant4 output
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Validation with calibration data

4000 — 232Th Data MS+SS
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PMT pulse saturation and desaturation

* PMT bases suffer serious saturation for MeV range events. F e e
* Match the rising slope of the saturated to the non-saturated = 200l e
templates in the same events—> True charge collected % E
* For events in the energy range of 1 to 3 MeV, the average b
correction factor is ~3.0 for the top PMT array o
Sampling point
400 - ' ' ' =]
m : — Saturated S2 1 >900 PE
Q- 300F —— Desaturated S2
O n —— Reference interval 1
e : .
2200 . . -
= L Minimizing ’
g’ 100 - reduced y? -
< N 1 Unsaturated WFs (50-500 PE)
0 R e v 1  astemplates
0 1 2 7/ 8
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Validation with bench tests and improvement of PMT bases

e Desaturation algorithm validated with a bench measurement

* PMTs illuminated by high intensity photons with S2 timing profiles

* Newly designed PMT bases can improvement the linear dynamic

range by >30

= 0
< -
-5000 |—
-10000 |—
B I 2 full, 3408.8PE * 1.0
-15000 |—
- 2 1/10, 451.5PE * 1.0
- e y/1 full, 2121.7PE * 0.6
B v11/10, 632.4PE * 6.5
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Samples[4ns]
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Data-driven detector response and correction

* Gaseous ™mKr feed into the TPC = uniformly distributed 41.5 keV events = 3D detector response
e S1(3D) and S2 (2D) signals are corrected respectively; E-lifetime correction done for S2 before this

* Also validated with higher energy peaks (164 keV and even 2615 keV)

*
S2
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Position reconstruction improvement with desaturation
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Energy reconstruction

PDE: photon detection efficiency for S1
* Energy reconstruction: E=13.7 eV x (S1/PDE + S2,/(EEE x SEG,))

EEE: electron extraction efficiency
* High energy peak positions off by ¥10% with inputs from DM analysis . .
SEG,,: single-electron gain for S2,

* Further tune S1 and S2, vs. energy and position = deviations of peak
positions to the percent level.

Calibration data
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Background peaks
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e Resolution of background data: 1.9% at 2615 keV; 3.0% at 236 keV

e Resolutions from different peaks as input for simulated spectrum
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Signal Efficiencies

e SS efficiency: 97.4% for DBD events > 440 keV e (Very mild) Data quality cut efficiencies: (99.4

: 0.4)%
* DBD events generated with DECAYO package and

went through PandaX-4T simulation and data * 51,52, 51/52: remove non-electron recoil and

: : alpha events
processing chain. P

e Top and bottom S1 charge asymmetry vs. drift

®» 220F Eusss time: reject accidental coincidence events and
c 5 L
3 200E « | events originating from the gate electrode.
O 180F - |

160 B T T  Calculated by region

w0eE T Encrgy 440-2800keV - .

100 ERTRRR N N SS: 9544804 _— * Calculated from 9.6 days of physics data; validated

100 [ T MS+8S: 9795896 . .. with full data

80 SS/(SS+MS) ratio: 0.9744 ...

0] S R — — I— * Validated with 164 and 236 keV peaks
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Energy [keV]

DBD half-life with PandaX-4T Ke Han, SJITU 31



Fiducial Volume: emphasis on systematics, not statistics

Compare the number of events of 83™Kr and 22°Rn
with geometric volume; the non-linearity between

the two <0.5% defines the cut in R direction

—— Before desaturation
— After desaturation

Counts

Z direction: smaller background rate

Outer (dashed) region for cross-validation
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Background components

* Grouped detector components into three categories: top
bottom and side, based on weight and relative
contribution to background counts in the ROI

* Input values based on HPGe assay results and high energy

alpha events

Detector part Contamination Expected counts
238U 334 4+ 127
Top 232y 397 + 131
%0Co 322 + 137
0K 206 + 155
238U 143 + 52
232y 240 + 120
Bottom 60 g 161 =+ 97
OK 90 £ 85
238U 469 + 697
Side 232Th 777 + 945
%0Co 1227 + 938
0K 1498 + 822
LXe 222Rn 8951 + 186
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Simultaneous binned likelihood fit in four regions

Nr Nuin obs Npkes
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136X e fit results: 17468+243; 2.27 + 0.03(stat.) + 0.09(syst.) x 1021 year half-life

Cross check with RooFit likelihood fit
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Background results
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Cross validation in the outer region
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Systematic uncertainties

systematic source Uncertainty [%]

..............................

Quality cut 039 | =B .................... S— s
FV cut 0.99 -
SS cut 1.75

L Xe density 0.13

Wl e SRR e Haselschwardt....§ .............

Y J'WLM __________________________ Intcgml 440-1100 keV
T ;
W AAAAAAAAAA 99@4..99@9 AAAAAA _—

Counts

10

Pb214 spectrum correction 2.03 55 l | . ‘%91)14
Bin size 0.05 13E e
Xe136 abundance 1.92 5 1122: :
Energy range 1.23 S 115 E
Region difference 1.58 ° 11351— =
resolution 0.58 1Y% % <o S N S W —
shift MC spectrum 0.26 P Regykevi

total 4.05
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Systematic uncertainties

systematic source Uncertainty [%]
Quality cut 0.39
FV cut 0.99
SS cut 1.75
L Xe density 0.13
Pb214 spectrum correction 2.03
Bin size 0.05
Xe136 abundance 1.92
Energy range 1.23
Region difference 1.58
resolution 0.58
shift MC spectrum 0.26
total 4.05
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Mass (amu)

136

» 136Xe |A: 8.79% if ionization efficiencies

not corrected; 9.03% if corrected with
NIST values

* Taken nominal value 8.86% as input and

difference to our measurement as

uncertainties
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Final results

136Xe DBD half-life measured by PandaX-4T: 2.27 + 0.03(stat.) + 0.09(syst.) x 10%! year

Comparable precision with leading results

First such measurement from a DM detector with natural xenon

440 keV — 2800 keV range is the widest ROI

}—+—{ PandaX-4T
4 EX0-200

KamLAND-ZEN
NEXT

20 22 24 26 28 30 3.2
Half-life (102! year)
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PandaX-4T for more neutrino physics

g o0 NLDBD-ES g 120
§ 80;_ ,t\l% 100:
* Double beta decay to excited states of daughter nuclei : ol
. . . 50%— L
* Dual-electron + Gamma emission: clearer signature wob *r
30:— 40r
o 136Xe—>135Ba* to be discovered; half-life measurement z i
would help understand the nuclear physics of DBD A A
0O 20 40 60 80 100120140160 180200 0 10 20 30 40 50 60 70
X-axis (mm) X-axis (mm)
" 760 keV
‘ 818 keV

W Enac879 keV
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—— Materials — 2vECEC
PandaX-4T for more neutrino physics e

=== Interpolation Blinded region

— 85Kr — 136Xe — Fit [ ] 125|
a -

100
* (Neutrinoless) Double electron capture (DEC) is an equivalent 2nd-

order weak process

102

Rate

(keV-1t-1 yr-1)

107

 XENONIT recently reported the first observation of DEC of 1?4Xe:

. b
very nice bonus feature for natural xenon detectors

Residual

 Neutrinoless DEC can be enhanced if mass difference between

25 50 75 100 125 150 175 200
Energy (keV)
intial and intermediate states. (Admittedly still very long half-life)

XENONIT
124x e 124Te 124Te

e 2
o y @
— —
X-ray
9 | S
e’ e e “

Ke Han, SJITU
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Comparison with other LXe TPC

Bkg rate Energy FV mass (kg) Sensitivity/Limit
(/keV/ton/y) resolution (90% CL, year)

PandaX-Il ~200 4.2% 403.1 days 2.4 x1023
PandaX-4T 9 1.9% 649.7 £ 6.5 94.9 days > 1024
XENONI1T ~20 0.8% 741 +9 202.7 days 1.2 x 1024
XENONNT ~2 0.8% 1128 1000 days 2.1 x102%
LZ ~0.1 1% 967 1000 days 1.06 x 1026
DARWIN ~0.004 0.8% 5000 10 years 2.4 x 10%7
1035
Upgrade of PandaX-4T with improved PMT bases is planned 5IPandaX-4T ) J
10° 3
* Better energy resolution 3 % IPandaX: 300 Tonyear
g o |
e Better SS/MS discrimination :
Inverted Normal
10° Hierarchy Hierarchy

10” 10° 10" 10° 10" 10° 10" 10°
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Major advantages of natural xenon measurement

* Fiducialization (and MS/SS discrimination) to suppress background.
* Robust determination of background throughout the FV

* Extremely versatile physics program (DM/neutrino/exotics)

—> A very appealing interim solution.

Moving forward, monglithic is key

LXe mass (kg) | Diameter or length (cm)

5000 130
150 40
5 13
2.5MeVy
attenuation length
8.5cm=—
Skg 150kg

DBD half-life with PandaX-4T

The current estimate of the nEXO sensifivity
relies only on materials already testad for radioactivity
and on hand (although not necessarilixin sufficient amount)

Neutrino 2018, Jun 2018 EXO-200 and nEXO - Gratta

Ke Han, SJTU\
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Possible isotope seperation/enrichment

A separation of even/odd nucleus would already have huge advantage (beam on-off experiment)

* SI/SD dark matter interaction, combating neutrino floor

* Significant boost in NLDBD i
[
[
Xe Xenon isotope pattern
0.35 0.33 7.10 98.1115.13 78.90_100 38.78 32.91
0.10 0.09 1.91 26.40 4.07 21.23&6.91 10.44 8.86
100 I 26.91
o I \O
2 2y
s ! 2
B [ &
: l E
= o
Q I ©
= 0y
S 1 =S
s [ S
I pa—_
| I i
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H m/z 1 )
www.webelements.com
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