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KamLAND Kamioka Liquid-scintillator Anti-Neutrino Detector

Evidence of neutrino oscillation
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Neutrino Geophysics
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|_|qu|d Scintillator 14. o Terrestrial heat flow
~ 5()() pe. /MeV 1 o 44.2 trillion watts
R ) KamLAND measurement

Radiogenic heat Y DR
Uranium / thorium / others M/\ T
Approx. 21 trillion watts | Primathe

Heat from the time of the Earth’s formation still exists

It is the world largest liquid scintillator detector.
Huge (1200m?3) & Clean (U: 3.5x10'8g/g, Th: 5.2x10°17) ' .



KamLAND

idea to load Xe into LS is from Raju PRL72,1411(1994)
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KamLAND-Zen
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KamLAND-Zen

Zero Neutrino
double beta decay search
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idea to load Xe into LS is from Raju PRL72,1411(1994)




KamLAND-Zen

Zero Neutrino
double beta decay search
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idea to load Xe into LS is from Raju PRL72,1411(1994)

~320kg 90% enriched '3¢Xe installed so far
total 600+ kg in the mine
production reaches 700kg in this year




KamLAND-Zen

Zero Neutrino
double beta decay search
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idea to load Xe into LS is from Raju PRL72,1411(1994)

~320kg 90% enriched '3¢Xe installed so far
total 600+ kg in the mine
production reaches 700kg in this year

Good features of using KamLAND

® running detector
— relatively low cost and quick start

® huge and clean (1200m3, U: 3.5x10'8g/g, Th: 5.2x10-7)
— negligible external gamma

(Xe and mini-balloon need to be clean)

® Xe-LS can be purified, mini-balloon replaceable
if necessary, with relatively low cost
— highly scalable (up to several tons of Xe)

® No escape or invisible energy from B,y
— BG identification relatively easy

® anti-neutrino observation continues
— geo-neutrino w/o japanese reactors



KamLAND-Zen

Zero Neutrino
double beta decay search
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idea to load Xe into LS is from Raju PRL72,1411(1994)
~320kg 90% enriched '3¢Xe installed so far

total 600+ kg in the mine
production reaches 700kg in this year

Good features of using KamLAND

® running detector
— relatively low cost and quick start

® huge and clean (1200m3, U: 3.5x10'8g/g, Th: 5.2x10-7)
— negligible external gamma

(Xe and mini-balloon need to be clean)

® Xe-LS can be purified, mini-balloon replaceable
if necessary, with relatively low cost
— highly scalable (up to several tons of Xe)

® No escape or invisible energy from B,y
— BG identification relatively easy

® anti-neutrino observation continues
— geo-neutrino w/o japanese reactors

Disadvantages toward an ultimate sensitivity
X relatively poor energy resolution
tolerable thanks to slow 2v2p and low BG
x no PB/Y discrimination so far
X delicate balloon film
X limited LS composition (for density matching)4



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 5
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e
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Installation in a clas$s10~400 ¢leS
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Installation in a C‘as +10~400 cledhi
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balloon and corrugated tube deployment balloon went through the black sheet
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lﬁstallato in a clas$s10~400 ¢ledn
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ﬂstallato in a clas
\at theltdp
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mini-balloon inflated with dummy LS and then

replaced with Xe-loaded LS

, . | density tuning finished and tubes to be extracted
anstallation 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
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Energy Calibration
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After a while, excess Radon in the balloon decayed out.

2381; 3.5% 10 6g/g (LS),
232Th: 2.2x10>g/g (LS),

® Vertex, fiducial volume calibration
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Fabrication in the super-clean room
was not clean enough.
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Subject for the next fabrication
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Mass, (a.m.u)

Xe amount by weight measurement

(supplied)-(returned)
- Xe concentration = (2.44 + 0.01) wt%

consistent direct gas chromatography analysis
- Xe concentration = (2.52 £ 0.07) wt%

Uncertainty of the fiducial volume
214Bi vertex uniformity check

V12m / Viota = 0.438 £ 0.005

N1.2m / Niotal = 0.423 £ 0.007(stat) £ 0.004(syst)

FV uncertainty —> 5.2% dominant error

Xe amount in the fiducial volume
125+7 kg of 136Xe in the FV



Well, let’s see the initial result.

note that

1.5 __-".:5 -.."-.._ O T l..... T 1

_ . 0.90 1.00 1.10

K_/Q
Factor 5 contradiction

b in the previous experiments | Q=2458MeV

/>1020AMA) vs 2.1 1102 years (EXO- 200) PN |

I i I e T
0.0 0.2 0.4 0.6 0.3/1.0

This peak, if found, is a big discovery.
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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
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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
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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)
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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)

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

KamLAND-Zen agrees with EXO-200.

life

£140

Counts/50
2

iy
>
<o

x®
(=]

=2
=]

350 r
r 45
40f
300 35
> _F
230F
B = f
250 €25
=208
% r § 15
=200[- : oo
& AN
2] : L?{ , - = l_ ‘\- ‘\}..
E150 AT e =t
o C 1000 1500 2000 2500
< reconstructed energy y (keV)

el

+
2000 2500
reconstructed energyff} (keV)

1000

4 —
10 =4 Data

Visible Energy (MeV)

13



Measurement of the 2v2p half

Liquid Xe scintillator

DAMA (2002)

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

I

Liquid Xe TPC + scintillator

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

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

arXiv:1205.6372

update

Phys.Lett.B546,23(2002)
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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
=
o DX
2 kN
O -\
m 10r \/
51
8:2 - = ,2 ._6 SN RS E— -2 ..8.........r....... e T -3

Visible Energy (MeV)

Peak position is different from that of expected Ov.

Ov only is rejected at more than 80 level.



Radioactive Impurities

137Cs  134Cs 214Bj 208T] 134Cs + 137Cs fallout

2 ~ Sendai
| (balloon fabrication)

o 2

= | =

= = 1| Fukushima-|
& balloon edge | | ‘L’,-,j;-x PP reactor

J || p " - 8
"""""" }I T n R_12m Kamioka | -

ol 1 ‘} I_ A.rLI # L (det’ecffovr)“..'f.‘_';*»\-:}_
Visiblg Energy (MeV)

Observed ratio of 13*Cs/37Cs (~0.8) is
consistent with Fukushima-I reactor fallout

« Cesium is fromd Fukushima-I| reactor fallout. It is not very serious for Ov2B search.
It doesn’t ledch out, fortunately.

« 214Bi on the’mini-balloon is limiting the fiducial volume.

« 208T| js ngt serious. It appears far above 0v23 peak.

What is the peak around 2.o0MeV?
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Two possibilities:
® Radioactive impurities should be long-lived.

e Cosmogenic spallation nuclei at the underground
should have time-correlation with muons.

thousands of millions of

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/ <I00 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.
110mAg (T2=250d), 28Bi(3.68x | 0%y), 88Y(107d), ©°Co(5.27y)
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BG from spallation

Spallation products from '3¢Xe measured

with | GeV proton equivalent beam
Phys.Rev.C76,064609(2007)

] 0y ial
(]
-

22 -1 0 2 3 45 6 7 8 9
N-Z

GEANT4 reproduces the production rate
satisfactory well for an order estimation.

Spallation in the underground is very small.
(GEANT4)
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BG from spallation 100 days on the surface, 0 day in the mine

B_:|35Xe B+EC:| |8me B_: 134
Spallation products from '3¢Xe measured ~ 54.7mb,Tip=9.14h 13.3mb, T12=5.0h 21.9mb,T1=52.5m

b . energy spectrum : surface 100 days : total 100 days : 1.0 day bi h_sum
with | GeV proton equivalent beam e i
Phys.Rev.C76,064609(2007) 5 | (RMs 1008
w

Visible Energy[MeV]

100 days on surface, 300 days in the mine

5-10" Mean 1.506
g RMS 0.2028
'é 102 €38V

s | 110

8 m

< 10 /;l A‘q

c f

& /

O

530 1 2'-‘3 .4 56 7 8 9 10°, 2 3 2 5 '[' v]s
N-Z Visible Energy[Me
GEA;\IT“ reprolcll L;ces e |z|roduc'.uon rate Estimated ''%Ag production rate (aboveground) is
satisfactory well for an order estimation. ~30/day/400kg-'36Xe
Spallation in the underground is very small. Measured BG rate (underground) is

(GEANT4) ~3/day/300kg-'3¢Xe 7



Events/0.05MeV

Limit on the Ov2p half life
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Events/0.05MeV

Limit on the ov2p half life
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Events/0.05MeV

Limit on the Ov2p half life
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stable in time, but no strong discrimination yet
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Events/0.05MeV

Limit on the Ov2p half life
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[8]Phys.Lett.B372,8,(1996), [12]Phys.Rev.C79,055501(2009), [13]Nucl.Phys.A818,139(2009)



3 —e— Data 90% C.L. upper limit
— 2vPp + background OvBp for Ov2Bx° (one Majoron emission)
10°E- 7 — 2V (=5) —- ovggx (=)
L = OvBBy (n=2)
— O ---- Total background ovBBY(v0) (e —1 ‘ < > ‘ 2 | | 2
Ve *°) (n=3) /\4
RN L e 1/2 — \Yee G
2 102 | ‘.'¢"\ OVBBX X (n 7)
8 E
= - \ ; for Ov2Bx°° (two Majoron emission)
5 10 B, '
D] = ot - ~ ¥ *+ | ] 1 4 2
> g )
e R = |(gee)|* [M]
P A, ! T 1/2 — Gee G
1 ;— /// “ ".:\_\ [ 3
VTN o
4 [ G=a- [(Qps—€1— 62;"Hpk€kf(€k)d€k
10—1 | | | | | | | | I‘. ‘P \I | | | | | | | | | | ’f"
1 2 3 4 ot 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 1 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 ”
B ... 0vB8x]. . ..., L 2., Lo Mg — Mg [12,13] . >2.6x10" <. <(08-16)x107°
IIC Ol/ﬁﬁxo A ~ AT rol i 1023 N 013
1D 0vB6x"X° ‘“ordinary” Majoron-emitting mode (n=1) 68

M 0BT Ty, > 2.6x10% years > gy < (0.8-1,6)x10°

“bulk” 0vB36x° bulk field 0 2 _

> 1.0 x 10%*
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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
(gee) < 4x107 i (8ee? <9x10° /g PRL69,2341(1992)
; PRC78,054606(2008)
or ~ 100
_ 5 NEMO-3 **’Mo
2x105 < {gee) (geep <3.5-8.5x10 Phys.At.Nucl.74,312(2011)
I I O O O T N O Y T | I A I N 1 111 N RN 1171
10”7 10 10~ 104 103

(gee)
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KamLAND-Zen excludes the gap region of 2x10~ to 9x107, and entire
region above 4x107 is excluded in combination with the SN1987A limit.
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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”
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are expected to be removed by purification of
Xenon extraction/distillation/adsorption to be
applied from this week. (~100days more data)
LS is replaced with new purified one.

TARGET: more than factor 100 reduction

For 21*Bi on the balloon,

drastic improvement requires reproduction of
mini-balloon (to be done with increased
amount of Xenon),

but optimization of fiducial volume cut is
also effective.
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are expected to be removed by purification of
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drastic improvement requires reproduction of
mini-balloon (to be done with increased
amount of Xenon),

but optimization of fiducial volume cut is
also effective.

For 1°C from spallation,
80+% reduction w/o significant efficiency drop
is achieved so far (not applied here yet).
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LS is replaced with new purified one.

TARGET: more than factor 100 reduction

For 21*Bi on the balloon,

drastic improvement requires reproduction of
mini-balloon (to be done with increased
amount of Xenon),

but optimization of fiducial volume cut is
also effective.

For 1°C from spallation,
80+% reduction w/o significant efficiency drop
is achieved so far (not applied here yet).

Near Future TARGET sensitivity : “40meV
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increased Xenon amount and cleaner balloon

maybe pressurize for higher concentration
(ref posters 50-2)
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i et aﬁ S is achieved so far (not applied here yet).
volume ' . T Near Future TARGET sensitivity : ~40meV
Bt 10
L ES,' ;. increased Xenon amount and cleaner balloon
g AT maybe pressurize for higher concentration
_ s L 10 (ref posters 50-2) A
mini- TR A M
alloon % EICT R Future TARGET sensitivity : “20meV
L For 2v2[ reduction, 4
o L Lt 1 LS replacement, light collector attachment &=
o 1. 2 3 4 5 6 7 8 9 10 .

x2+y? [7] are planned. ---> KamLAND2-Zen
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Purification

Strategy

June to September, 201

vaCcuu

add purified

PC for density
adjustment

s

m extraction

confirm 119MAg
remains in LS

'I new 136Xe ‘i L1 \\ 7
cold oil ch:.;\rcoal E smtergd getter
trap filter metal filter N>
|2 ﬁ ]
‘ a 3.nm particle a distillation a pa_rtlcle a
filter (PTFE) XMASS proto. filter
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vacuum extraction
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.« fo . new 136Xe ‘
Purification

St rategy cold oil ch:.;]rcoal E sintergd getter
trap filter metal filter N>
June to September, 20] ]

|2 ﬁ
‘ a 3nm particle a distillation a particle
filter (PTFE) XMASS proto. filter

new purified LS

réplace with new
purified Xe-LS

‘* Y
replace with
new purified LS

P

confirm 10mAg confirm whole 19MAg
remains in LS drained

%} new Xe-LS
/

1/100 reduction of
radioactive impuritie253

add purified
PC for density
adjustment
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Future Prospects continued

physics milestones
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Future Prospects continued

physics milestones
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Future Prospects continued

physics milestones
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Future Prospects continued

physics milestones

s BN
> F 1 ,/" o
g i ] KamLAND-Zen initial 112 days
y | [ |imeerainty| {mpg) <0.26~0.54 eV @90%cL.
£ L KKDC claim /4| rom NME BB @ ‘ \; |
v I =3 v KamLAND-Zen ~100 days more data
.;: R&D for
—1 = higher Xe
10 to start e e Q- N 5 :
- KamLAND-Zen after purification 1 £ ; concentration
C aiming at 100 times BG reduction |
\ Arte - KamLAND-Zen 700+kg with cleaner mini-balloon
VerLed — N S g
R - KamLAND2-Zen with brighter LS and light coliector
—, [
— o o '
: 0—2 . [~ Oe(2.6Mev)~2.5% R&D for imaging device
% Super-KamLAND-Zen to discrirninate B /y
s 144Ce
== ; Nal
——— IsoDA
— water or LS CdWO4
10 Xenon-LS ~-
-3, -2 , —1 LS et =
10 ~ 10 ~ 10 Z norma : TR
M / €V : various possibilities
min also precise anti-neutrino physics as a low radioactive

background environmenba



summary

e KamLAND-Zen has started rather quickly and provided initial results from 78 days
of data and then updated with 112 days of data (38.6 kg-yr exposure of 13¢Xe)
* precise measurement of the 2v2B half-life

T2V1,=2.30£0.02(stat)£0.12(syst) x10?' years

- lower limit of the Ov2pB half-life
TV, > 6.2%10%* years at 90% C.L. corresponding to (mgp,) <0.26~0.54 eV at 90% C.L.

* the most stringent limit on the Majoron coupling constants
covering the gap of the excluded region from NEMO-3 and SN1987A

(geey < (0.8-1.6)x1075at 90% C.L.

“ordinary” Majoron-emission is not dominant anymore
with respect to the light Majorana neutrino exchange in the inverted hierarchy scheme

e KamLAND-Zen demonstrated a validity of using the low radioactivity environment
of neutrino detector for a rare phenomena study.

® Backgrounds are better understood and effective purification is about to start
aiming at a factor 100 reduction of radioactive impurities.
Sensitivity will be drastically improved after the purification.
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KamLAND-Zen collaboration

Research Center for Neutrino Science, Tohoku University

Kavli IPMU, University of Tokyo
Osaka University

University of California, Berkeley and LBNL

Colorado State University
University of Tennessee

TUNL
University of Washington

NIKHEF and University of Amsterdam
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Thank youvery much for your attention.
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