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Dirac vs. Majorana

Discovery of neutrino mass requires

right-handed composition.

\_

c

LH electron (e)

LH positron (ett) RH positron (e+r)

~

RH electron (ewR)

Matter particle (Fermion) has at least 4 components.

It is naturally derived from quantum mechanics and special relativity (Dirac equation).
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Dirac neutrino
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If neutrinos are Majorana,
neutrino-less double beta decay (0v2B) can happen.

theoretical history

Ov2p

OVBB (5%FWHM)

(normalized to 10-6)

1930
1933
1935
1937
1939

W.Pauli

light neutral particle (W.Pauli)
B decay theory (E.Fermi)

2v 2B (M.Goeppert-Mayer)
Majorana neutrino (E.Majorana)
OvZ2B (W.H.Furry)

E.Fermi M.Goeppert-Mayer E.Majorana

W.H.Furry

/ NI j i ¥ Larger the mass, easier to
\ iv H
,, \ \\ ou.lso'1.log' 1.10 Observe 0 v ZB Majorana CP
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Total energy is observed.



Single beta decay Neutrino oscillation
< solar, reactor, atmospheric, accelerator
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current limit  future sensitivity om” = (7.20 =7.51)x 107 eV
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Double beta deca
Cosmology Ge, Te, Mo, Cd, Ca, Xe, Se,y...

CMB satellite, galaxy survey, weak gravitational lensing,...

M > 0.06 eV (NO)
M > 0.1 eV (I0)

({\:\2:0727 r{/‘i future precision <mf3f3> = |2 mi IUei‘2 Sil
oot on o 0.03 €V <~01ev 0.01~0.03 eV,

depends on dataset
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NO vs IO

Posterlor dlstrlbutlon
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We chose 136Xe as it can be loaded in LS up to ~3 wt%.

KamLAND-Zen

Zero Neutrino
double beta decay search

e q@m
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\%e"rXe loaded LS in %
a mini-balloon

\)
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] 36Xe

Noble gas

Centrifugal enrichment possible
Qpp=2459 keV

(below 208T| 3198-5001 keV)

90% enriched 36 Xe Iargest
320kg for phase-| amount
380kg for phase-lI SO far

745kg for Zen 800 (started in Jan.2019)

Advantages of using KamLAND

© low cost and quick start

(running detector)
(D BG can be identified
(full active thick shielding)
@ In-situ purification possible
(llquid media)
3 On/Off measurements possible
(xenon is removable)
@ multi-purpose
(geo-neutrino)
(® easily scalable
(mini-balloon)




KamLAND(-Zen) collaboration

Japan
Tohoku University, RCNS
University of Tokyo, Kavli IPMU
Osaka University
Tokushima University

Kyoto University

US
University of California Berkeley
University of Tennessee
Triangle University Nuclear Laboratory
University of Washington
Massachusetts Institute of Technology
Virginia Polytechnic Institute and State Univ
University of Hawaii
Boston University

Netherland
Nikhef, University of Amsterdam

X Second affiliation 1s not listed.

Collaboration meeting @MIT

~50 physicists gradually growing

0



Timeline of KamLAND-Zen
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] 6 MIB production
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MIB installation, characterization

L eak

1/10 BG
2Xx 136Xe, 3x FV

<——— MIB installation, characterization
LS purification ‘
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Xenon installation

Zen 800

745Kg
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AT e MIB extraction, hole inspection
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MIB production
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< We are here
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Status of Zen 800

10<E<23MeV

m.'a-c P

k.2 1.0 <E < 2.3 MeV [B:
H?fﬁt,f e 8 B
- H _.:.'y- .

z|m]

events/day/bin

e ode ole g ‘ x3+‘-3.n12 ‘x2+~3[mz]
KamLAND-Zen 400 o KamLAND-Zen 800 Mini-balloon is
Xenon loading 320-380kg Xenon loading 745kg 10 times cleaner!
2011-2015 January 22, 2019- '

KamLAND-Zen 800 preliminary analysis has been done. (132.7 live-days)

o (Very preliminary) . After Bi-Po rejection
10 I ---------- .| After FV cut (r<157cm) presented at TAUP2019
E e e ............... J—— — obtained limit
% 102 v A— ................. ......... Tl /2 > 4 x 10 VT

-

Ln-rm'ﬂ'l I IIIIIII| I TTTT

Is catching up the previous limit
TV, > 1.07 x 10% yr

J—

llllllllllllllllll Illlllllllll

| 1.5 2 2.5 3 35 4 4.5
Visible Energy (MeV)

-
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Obtained limit vs estimated sensitivity

Zen 800 obtained limit 4x1025 yr (this was rather unlucky)
s estimated sensitivity (median) 8x 102> yr

very preliminary

Comparison with Zen 400

N
)
T T

Zen 400 sensitivity
5.6x102%5 yr
(400, 7477.9 days) @i34+5345)

- 8% | 92% HM i |
- >
Z.en 800 sensitivity
e b 1 8x1025 yr
20

o 30 (800, 132.7 days)
Half life (x107 yr)
presented at TAUP2019

KLZ800 sensitivity already
surpassed KLZ400 sensitivity!

MC trials/Bin
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|
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[EN
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|
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E (a) DS-1+DS-2 — Data U Series
T --- 2T Series

Two possibilities: -
104 213 .4 days - oXeovpp T i;(l’?ri
® Radioactive impurities should be long-lived. : o o

e Cosmogenic spallation nuclei at the underground : = -
should have time-correlation with muons. i A1

([ unexpected [\

1 BG found AN
DT Ay N
. 10 ﬁ 3 4
thousands of millions of Visible Energy (MeV)

All nuclei and decay path in the ENSDF have been surveyed.

http://ie.lbl.gov/databases/ensdfserve.html

Study on time-correlation limits nuclei w/ <100 sec lifetime
should be <0.007 /ton*day (90% CL). — small

Nuclei w/ 100sec~30days are rejected from the study of
energy spectrum w/ close A,Z nuclei. — negligible

Nuclear reactions (&, Y), (&, &Y), (n, Y) have small cross sections
— negligible
Only 4 nuclei w/ more than 30 days and peak around OV remained.
10mAg (T 12=250d), 208Bi(3.68x | 05y), 88Y (107d), 6°Co(5.27y)

c TRIVF—ART ML, BEEREZD SMMAgERE
- 134137Cs & DD 5 (T IF R B R FHEIR & KT 16
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BG from spallatlon 100 days on the surface, 0 day in the mine
B-:135Xe B+EC:!18mSh B-:134|
Spallation products from !36Xe measured 54.7mb,T12=9.14h 13.3mb, T1=5.0h 21.9mb, T12=52.5m
With I GeV Proton equivalent beam ’ :'n:;gsyspe rum:szurface100d;ays:totl’l 10(?days:1.0d?ybiy | s;;gi?gsumzﬂgg
Phys.Rev.C76,064609(2007) § (RMS 1008
e | Z =54 I Y A S
Hxﬁx\?ﬁ J AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA
b
____________________ l_ Visible Energy[MeV]
;_f 100 days on surface, 300 days in the mine
& 4 RMS 02028
N £l 88Y
& L ¢
10" 'ﬁ'{j}r. H \
o 1
102 §i h <
-2-1”’{)1;2'-\3 .456?89 10° Y S S
N-Z Visible Energy[MeV]
GEAfN-M reprolci'l L;ces the ZroducFlon .rate Estimated !/9Ag production rate (aboveground) is
satisfactory well for an order estimation. ~30/day/400kg-'36Xe
Spallation at the underground site is very small. Measured BG rate (underground) is

(G EANT4) consideration with the sensitivity at that time ~3/day/300kg- 136Xe 17



NNy 020 RMERT. FIRFMDIC (T12=19.3%) HEREIC
1. neutron tag 2. shower tag
energy deposition
U CD along muon track )
_ 208
® %) o shower!!
%@ \ —§1000
= 9785 -

0

better n-tagging with oW oW o 1o, e
new electronlcs It doesn’t require neutron tagging
[ 10C rejection : ~99% | and applicable to all data.
{ to be installed fr~iO tuning by A
BB class
3. B/r discrimination using hit timing  { .  lioms o
spread due to multi-vertex of y events ..~
neural net PID .
performance : ~55% 10C reduction ol
(@20% inefficiency) - =
applicable to most ¥, B8+1r BGs, such Softmax output

as 214Bj, 'I'IOmAg, 212Bj-Po pileup, 60Co Hayashida PhD thesis 2019 ;4
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PRC76,064609(2007) 1 A GeV 136Xe beam
Nucl.Phys.A899(2013)116-132 500 A MeV 136Xe beam
KamLAND LS data
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R7Fan 0)7|‘§775\\|3nﬁrt/_~ W

(57T, 2v2B tail, solar v [F5 1d 5

>~ FLUKA X35

140

rate [/day/kton]

104
¥ I1o3

5 10 15 20 25 30 35 40 45 50 55

2.35 < E < 2.70 MeV (ROI)
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100 ‘ ;10
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~65% with 1.2 day veto
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nuclei rate_all
82Rb 0.069
88Y 0.141
90Nb 0.086
96Tc 0.063
98Rh 0.080
[JoJolx\s 0.223
104Ag REONRZ:
107In 0 1l 28
108In 0.236
110In 0.549
ol 0.114
0.244
0.360
0.774
1.008

TS5 D/NS LY

e

FTERFMREF*

rate ROl Ti/2 (s)

0.011
© 1@
0.010
GO &
0.011
0.075
0.020
OO
0.101
8.1 818
0.024
0.036
0.027
OIS
0.078

7.638e+01
9.215e+06
5.256e+04
3.698e+05
5.232e+02
7.488e+04
4.152e+03
1.944e+03
3.480e+03
1.764e+04
1.080e+03
4.002e+02
2.094e+02
1.926e+03
9.480e+02

EHEET DN

1.426
0.045
0.124
0.574
0.504
0950
2.374
1.622
1.590
0.427
0.178
0. &0k
0.518
Ol 4
0.319
0288

0.185
0.014
0.014
0.057
0.048
0101815
0.343
B 178
0.256
0.146
0.037
OO 7/
0.072
Len| el
0.043
OO |

479.063 2.385

2.160e+02
5.201e+06
3.480e+02
3.720e+03
1.146e+03
4.896e+03
2.178e+02
3.608e+05
4.450e+04
8.262e+03
3.150e+03
2.365e+04
2.406e+03
9.840e+01
2.172e+02
1.753e+03



I FH = F > TREFE veto 23EIR  (BEE+5%x2020)

. 51
On-time 10 10 § Neutron multiplicity >10
Off-time Long-lived total /q\‘m Neutron mulnphcny 5

Subtracted . 10* a\ —
smaren | F BT A / \a —~—
"B E L -
;l i - L‘} 9 210 ?j ~ Neutron multlphclty l
e 'r'%, ‘;1—‘,{” (Fitting result)
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logl10(1-LHratio) distribution (3D)
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Likelihood % EX{E L 100,000 D BFE = 2
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single ended — differential
ZFOTMR—K (MIT)

16ch 7O K% 1 ik

3EBHMN9 ARMAFE
(BB &company + MIT)

KEHSEMEA +IEXREH

~

—10

Voltage [mV]

I
b
S

—30

-

Digital Baseline Recovery

Overshoot from PMT
AC coupling

-
Y

~~
j—

—— Calibrated Waveform
—— Software DBLR

0.2 0.3 0.4 0.5 0.6 0.7
Timestamp [ms] —"//)

RFSoC &ﬁm
J7—ALD 7 ERESR (FRL)

N (ZCU111)

Cbleeder circuit tuning against overshoob

- Vnote: <O12mVrms =

: < 65-T00MHz

L-gain for muon

- 2b0MS/s, 16bit

- Vin: -7.5V - +0.5V
- Vnoise: <1.2mVrms
- BW: < 65-100MHz

Crosstalk: < 60dB

VME P1

1GS/S 12b|t

RFSoC

VME P2

(TTL input)

[ ]

D Internal CLK (50MHz) External CLK (50MHz)

power supply

pu

power supply

P

SFP+

RJ45

RJ45
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v, Flux (x 10° cm2s!)
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WFEE D /Y KREAY]D AT 40meV P KETEID20meVDREE IF RS 2/\5
A — T EEBRNH D EHOERETIICHERT, EELBEALINEETH 3,

MR T [ R imitt THEER DR T EERAE S . FERICK 2R FEERH ERE
IC78 5,

REMDI136XeFirtic L B/\y T Z o> K& day order @ veto BNAETH
D, T 2—AVEZOFEFRENEINREMEER LD TH 5,

RETEIAZR TIEFETONRBEBICINZA T, FHEFIELMEZNET DIFKETHDOEE
FEEEZFHFE - LTEA UTERED/\Y REZBAY D IADEE (40meV) DEIR %=
EEI:EI-g_o
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Stay tuned!
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