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Zen = Zero neutrino double beta decay experiment
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Majorana neutrino (1937)

real expression of Heavy neutrino can be naturally
included.

lepton number violated

Dirac spinor

very heavy
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Straight forward method to verify Majorana nature

Ve beam Vs look for
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B decay 136Cs

136Xe
B decay
dgggfyg 1930 light neutral particle (W.Pauli)
1933 neutrino, beta decay theory (E.Fermi)
2 47 MeV 1935 double beta decay (M.Goeppert-Mayer)
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- | 937 Majorana neutrino (E.Majorana)
2 11939 neutrino-less double beta decay (W.Farry)
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Entire energy is observed.
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KamLAND-Zen

Zero Neutrino
double beta decay search
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mini balloon fabrication

Qproduced in a class 1 super-clean-room T
(class 1 = less than 1 0.5-micron-particle in cubic feet) -
o
less material — 25 um Nylon6 o
transparency 99.4% @400nm S
strength 19.4 N/cm =
Xe barrier < 220 g/year o
EI'
low radioactivity o}
— specially made no filler film N
=
U : 150 » 2x10-12g/g 12 Nylon belts <=

Th : 59 - 3x10-12g/g connected with
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mini-balloon mﬂated with dummy LS and then
replaced with Xe-loaded LS
| ] | density tuning finished and tubes to be extracted
1stallation completed 6
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Normal data taking has been started on September 24th, 2011.

only two years from the first budgets in FY2009




Energy Calibration

ThOzW electrode w/ 232Th 2~4 wt%
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Data from the initial 3month

2011 10/12~2012 1/2 total livetime 77.6 days 27.4kg-yr exposure of 130Xe

update 2011 10/12~2012 2/9

112.3 days 38.6kg-yr

10% = rate at 2V
=, Data 77.6days U Series | region stable
N e e “2Th Series | 2 90r
e L 210g; cl 77.6days
103 = 85K ¢ % 85
2 g |
- £ 136 Z 80f
% - . Xe 2vBP g
> 102 ¢ ' 2 75,
g = | 1444 External BG| < |
R U1 E L R 1
2 Bl H * ﬁ , ﬁH ﬁ rate at OV
NN - W Bl Hﬂ region stable
1= | - \‘ Wl FHd ljt4 §w-R<12m, 24<E<28MeV
; I ................ ) \ _ ¥ = 9 M
\. S, L, t
1 | I | | | | | N 165
10 1 2 3 4 T
Visible Energy (MeV) e
) /7.6days
2V measurement with the largest mass

peak at OV2[ (@=2.458Mev) !1??
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Measurement of the 2v2p half
DAMA (2002)

T2V 1> 1.0 x10%2 years at 90% CL

I

Liquid Xe TPC + scintillator

Liquid Xe scintillator

Phys.Lett.B546,23(2002)

factor 5 contradiction

EXO-200 (201 1)

T?12=2.11£0.04(stat)£0.2 | (syst) % 10?' years

Phys.Rev.Lett.107,212501(201 1)

T2V12,=2.23£0.017(stat)£0.22(syst) x10?' years

arXiv:1205.5608

update

KamLAND-Zen (2012)
T2,,=2.38+0.02(stat) 0. | 4(syst) x10?' years

Phys.Rev.C85,045504(2012)

Xe loaded liquid scintillator

Events/0.05MeV

T2V12,=2.30+0.02(stat)£0. 1 2(syst) x 102! years

arXiv:1205.6372

update
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Data
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Background situation

Peak fit with OV signal
30

~ —— Data |12days |57 events
~ —— Total 0.25/ton - day
250 PoXe Onupp
- — "Xe2vpp .
% 20— External BG
l% B — - Spallation
I
o DX
2 AN
O -\
m 10r \/
5H
8:2 - = ,2 ._6 SR IR I— -2 ..8.........r....... s el -3

Visible Energy (MeV)

Peak position is different from that of expected Ov.

Ov only is rejected at more than 80 level.
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Observed ratio of 13*Cs/37Cs (~0.8) is
consistent with Fukushima-I reactor fallout

cBEFE—DTA/~ILTIRNTHZEITAIE ., OV2BERRTIEIHEDBEICHS
. ZEWVWULAHLUTETULRL,

SN2 ED24Bi [FBEMEEZHIR L TWLW3B,
« 208T| (X /OV2B E—2V KD+ EWVWIXRILF—

[C 8D BT DRIBEICTRS TR,

© (= — )

18



2 DD R EeE:
o KA HY) o RFMAIL T,
o FHRICKDEFREBRE RS2 —A Y EDHENHZ D I1ET,

thousands of millions of

ENSDF D[R F DEREZ SiE,

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

100> UL T DEFEITEEEZ  <0.007 /ton-day (90% CL). — small

100f)~30H DREHEEZFD2EHDIE. AZOIFEWRFZD
TRILF—ART NILZRAEL THIFR — negligible

RIS (0, Y), (0, 0ty), (n, Y) I E B ETEBED /NS LY, — negligible

—

30HLL EDFHRT OV ICEWE—TZ1EDEHDIE. 4 D DEH,
| 'OmAg (T12=250d), 2085i(3.68x I O5y), 88Y( 107d), 6‘)Co(5.27y)
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HOEE U o 13¢Xe Z& KFHIZER [ IR 5
(I1GeVEZTFEZEIHZ)

= S S % Phys.Rev.C76,064609(2007)
I I I *;/E-}

i, i Nl
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i P C ]
| 3 Si
: Al
=] - Mg

N-Z

GEANT4 (34—~ —FHMIC E+DMEZ Do

T TOJRF LIRS VN, (GEANTA4)

100 days on the surface, 0 day in the mine

B-:135Xe B+EC:!!8mSh B-:134
54.7mb, T 2,=9.14h | 3.3mR,T|/2=5.0h %l 9mb, T|»2=52.5m

I energy spectrum : surface 100 days : tot’l 100 days : 1.0 day bil/ | h_sum
; | 1 7 Entries 2000
: : : : i _[RMS 1.098

i
AR

a oy (
T8

e RTINS
I R eI {‘ :‘\' A “{ th o
| i"! | |1 I "‘4'\“;{@‘“““‘"#\. 3 ' h" \ \ \

100 days on surface, 300 days in the mine

Visible Energy[MeV]

-
o
]

Mean 1.506
RMS 0.2028

OmA‘q

Event rate [arb. unit]

5 6
Visible Energy[MeV]

Estimated ''%Ag production rate (aboveground) is
~30/day/400kg-'3¢Xe
Measured BG rate (underground) is
~3/day/300kg-'36Xe
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Events/0.05MeV

Limit on the Ov2p half life

25

20

15

10

H/I%’III|IIII|IIII

\‘
N~
'

—— Data | | 2days

— Total

Total (OvBp upper limit)
6Xe Ovpp

$90% C.L. Upper limit)
Xe 2vpp

208
- Bi
88

_ H0pgm

External BG
— - Spallation

30

best fit (ev) u :gt | [2days i :TDtl | [2days
IIOmAg 100 251~ e Onupp 251~ e Onupp
. - Xe2vpp E o —— Xe2vpp
208Bj |8|> 20— Ay &
88Y 8 % C External BG + %
%0Co 0|2 g
OVZB 0= - =
90%C.L. -
92

ov2B 19

26 28 3

24

Visible Energy (MeV) Visible Energy MeV) .

Visible Energy (MeV)

disfavors 2%8Bj

'1mAs provides good fitting

simultaneous fit and 90% CL upper limit for 0v2p

o 32.2<E<3.0 MeV ??EBi,Xz/d.o.f=32.6/31
cés 3; A" o £=32.21311 88y 36 ()
: 2 1 t, !
o SPHeEII EREr" Vil il i ol LI CEE CEE EEERE bbbl ok fub. Jabaials ittt tatetatats fueie
A Tt T4y pih

O* [ I | [ | [ | I |”§* [

0 20 40 60 80 100 120

(x? at 2.2~3.0MeV)
¢ 78days|x* 112days
simul. fit 12.4 11.6
Ov+HomAg 16.5 13.1
0v+208; 15.8 22.7 /\
Ov+88Y 16.7 222 /\
Ov+°Co 65.0 829 X
Ov only 64.5 85.0 X

BG is likely to be '''mAg

o

stable in time, but no strong discrimination yet

TV, > 5.7%10% years at 90% C.L. (78days)

factor 5 improvement from DAMA

T > 6.2x10%* years (KL-Zen | 12days)

(ref. current best is 16%10%* years from EXO-200)

(R)QRPA (CCM SRQ)
Phys.Rev.C79,055501(2009)

(mgp) <0.26~0.54 eV @90%C.l_
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Limits on Majoron emitting double-beta decays

104 - 238 .
- —— Data U Series . .
- Total 220y Series Good S/N ratio in the 2v2f region and
------- Total (OvPP upper limit) --- 2'°Bj . gt . 136
10°E 50 OvER 5 high statistics even with slow '°°Xe decay
> - (90% C L. upper limit) ---->®Bi
O - 136 88
2 )| . Xe 2vpp 113( .
V) 10 ? "\_ Ag o« o o o
S P T eemat 86| (GOOd sensitivity on Majoron modes
- o : — - Spallation :
Z N \ t /
8 1() ;_," I‘.‘ ‘
A f k (classically) Nambu-Goldstone boson
e b relevant for the spontaneous symmetry
= | breaking of Lepton number
gl
10! =+
1
Uu
dL . N L dR up d° ur,
> L > < | >
W . WR er, +
R €r, eR | ey,
7 Spectral Index o
v e VBB (n=1)
N RN 5 — - Ovppy (n=2)
T - ) 4 VBB (n=3)
W €r, A= 3 2 n—1 — 2vPB (n=5) R
. . dr"3, "\ p /ﬁ:-.} f\',x‘\\ \ - OVBBY Y (n=T) dr,
d; ur, riﬁwt //\ o \\ ‘ Majoron emission
< | S X \
light Majorana neutrino exchange ; ) y \\
:: ,..~'!// 4 . N \\\ 3
:“:::}-—I{“-‘T"’ 1 1 | I I 1 [l T.\:a\ \‘L. 4
0 1 2 3
Visible Energy (MeV) 19
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10% ¢

3 —e— Data 90% C.L. upper limit
— 2vPp + background OvBp for Ov2Bx° (one Majoron emission)
10°E- 7 — 2V (=5) —- ovggx (=)
Sty === OVBBY” (n=2)
~ ":,‘ -- Total background 0, 0n ]. 2 2
SN e b= [(gee) | | MG
S 102k e = === OVBBXX (n=T) /
8 E
= i \ ; for Ov2Bx°x° (two Majoron emission)
5 103, '
Q = RS ! * + [ | 1 4 2
> — 4t
L s B W2 = [(gee)|* |M]
B . '..o""‘-z :}s: * T ]_ / 2 g ee G
15 /"/ VEN t
VO o
4 [ G=a- [(Qps—€1— 62;"Hpk€kf(€k)d€k
10—1 | | | | | | | | I‘. ‘P \I | | | | | | | | | | ’f"
1 2 3 4 k
Visible Energy (MeV) Spectral in de){
Model Decay Mode NG boson L n “ Matrix Element Results from this measurement
T1/2 (yr) (Gee)
IB .. 0uBBx) L R L. Mg - Mgz [12,13] >26x10% <, <(08-1.6)x107°
IC 0v35y" yes 0 ] Mp — Mgt [12,13] > 2.6 x 10%* < (0.8 —1.6) x 107>
ID 0v38x°x° no 0 3 Mp,> — Map,e [8] > 4.5 x 10% <0.68  “classical
IE 0vB38x°x° yes 0 3 Mp.2 — Mg,z [8] > 4.5 x 10%? <068 ”
L N L S N0, . .......... 2., L. Mg ~ Mar [12, 131 . > 2.6 X107 | <. <(0.8-1.6)x107"
IIC Ol/ﬁ/BXO 'aY ) N A ro1l 4™~ 1n23 N 013
1D 0vB6x"X° ‘“ordinary” Majoron-emitting mode (n=1) 68
IIE 0vB8x° "’ 4 < 1|2
> Z.0X < .0-1.0)X
o Ti2>2.6x10% years | >~ (gee) <(0.8-1,6)x10° [
“bulk” 0v56x° bulk field 0 2 - > 1.0 x 10%* -

[8]Phys.Lett.B372,8,(1996), [12]Phys.Rev.C79,055501(2009), [13]Nucl.Phys.A818,139(2009)
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Excluded region for the ordinary Majoron emitting decay (n=1)

PRD62,023004(2000) remaining allowed gap before KamLAND-Zen
SN1987A PRD67,073015(2003)  re .
PRD64,095005(2001) : :
eochemical 128Te
< 4x1077 <8ee> < 9x107 5 PRL69,2341(1992)
<gee>
; PRC78,054606(2008)
or ~ 100
) 5 NEMO-3 **’Mo
2x105 < {gee) (geep <3.5-8.5x10 Phys.At.Nucl.74,312(2011)
{(gee) <0.8-1.6x10° KamLAND-Zen 13°Xe
. =~ - arXiv:1205.6372
I I O O O T N O Y T | I A I N 1 111 N RN 1171
10”7 10 107 104 103
(gee)

KamLAND-Zen excludes the gap region of 2x10~ to 9x107, and entire
region above 4x107 is excluded in combination with the SN1987A limit.

N

“Ordinary Majoron emitting-decay” is much slower than

“light Majorana neutrino (>20meV) exchange”
21
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KamLAND-Zen® < 1 /\)L & DEg<

1999
2002

2005
2006

2008
2009
2010

2011.8
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Upper Limits on Ov3p Decay

Nucleus Experiment Exposure | T, limit (yr) <mgp>
(kg-yr) @ 90% C.L. (eV)

48Ca — #Ti ELEGANT VI 0.025 > 5.8 x 1022 <3.5-22

6Ge — 76Se Heidelberg-Moscow 355 > 1.9 x 102 < 0.35%

82Se — 32Kr NEMO-3 6.3 > 1.5 x 1022 <1.5-3.1
%7Zr — Mo NEMO-3 0.031 >9.2 x 1021 <7.2-19.5

100Mo — 100Ru NEMO-3 6.3 > 2.7 x 1022 <0.8-1.2

H6Cd — 116§n Solotvina 0.14 >1.7 x 1023 <1.5-1.7

128Te—128X e (Geo chemical) - > 7.7 x 1024 <1.1-1.5
130Te—130X e CUORICINO 19.75 > 2.8 x 1024 <0.30-0.71
136X e — 136Ba KamLAND-Zen 38.5 > 6.2 x 10%4 <0.26-0.54
EX0O-200 32.5 > 1.6 x 10 <0.14-0.38

150Nd — 150Sm NEMO-3 0.093 > 1.8 x 1022 <4.0-6.3

*pbut claim of signal by part of the Heidelberg-Moscow group (KKDC claim)
TV, = 2334031 x 1025 yr <mpp>=(0.18-043 eV @ 20 C.L. (QRPA model)

Sensitivities of running experiments are close to KKDC signal
—> 76Ge (GERDA), 3°Te (CUORE), 136Xe (EXO, KamLAND-Zen)
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UK + e =% Ar + 1, (10.72%)
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5 Blg QueSthn8: Prof. McDonough in Neutrino 2008
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