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Outline

e (Qverview of neutrino oscillation and double beta decay

e Description of the KamLAND/KamLAND-Zen experiments

e Results from the KamLAND antineutrino analysis

e Results from the 1stphase of KamLAND-Zen
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Brief history of KamLAND

2013
2013
2012

2012

2011

2011

2011

2010
2008
2005

2005

2003
2002

Reactor On-Off antineutrino data

1st phase of KamLAND-Zen completed

Lower limit on OvBR half-life of 136Xe
Observation of 2vB3B decay of 136Xe

KamLAND-Zen begins
Improved geo-neutrino measurements

3-flavor oscillation studies at KamLAND

Measurement of 8B solar neutrino flux at KamLAND

Precision measurement of neutrino oscillation
Evidence for geo-neutrinos at KamLAND

Evidence of spectral distortion

Discovery of reactor neutrino disappearance

KamAND begins 3
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Neutrino Oscillation

. J

n—p+e + U, - UVe+p—n+er
H(L) ~ 32, Ueie” Mit2E|7;)

e

propagation distance = L

weak-production weak-detection

e Weak eigenstates are not the same as the mass eigenstates

e Probability to detect the same weak eigenstate is a non-trivial
function of time or L

P(De — Ve, L) — Zz Ui*e e—im?L/ZE Uez'
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How do we learn about U ?

(1 0 () \ ( C14 0 &ize 'ié\ ( C12 812 D\

U = 0 @ B 0 1 0 s 6 0O
\ 0 S91 (€23 ) \ .5'1;;("':.6 0 C14 ) \ 0 0 1 /
where s;; = sin#;; and ¢;; = cos ;.

KamLAND and solar experiments, e.g SNO, Borexino

Atmospheric neutrino, long baseline accelerator e.g SuperK, MINOS

Short baseline reactor, accelerator e.g Daya Bay, T2K

Future long baseline accelerator experiment ??
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What do we know about neutrino mass ?

e Non-zero neutrino mass splittings: Am2jj=m2-m2; !

e We know Am221 very well from KamLAND and solar-neutrino
experiments

> solar matter-effects give the sign

6
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Some open questions ?

 What is the mass hierarchy ?

Normal  «—— ?—» Inverted '

v'v
— v‘v
/ \
ﬁ &l d‘ i R . Y
== &—,L-) — 4’
\/@ k@—')’) .

 We know |Am2x3| from atmospheric and accelerator neutrino

experiments . . . but not the sign
= o ' ~
\\
M\\\
("",)

e What about the absolute neutrino mass ? &
o *
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Double Beta Decay

J

Mass parabola for isobaric nuclei with even mass number (A)

I A

1 Odd-Odd nuclei
".'

. Even-Even nuclei

Beta decay is not energetically allowed

Figure adapted from: http://www.cobra-experiment.org/double_beta_decay/
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http://www.cobra-experiment.org/double_beta_decay/
http://www.cobra-experiment.org/double_beta_decay/

Double Beta Decay

n P
= =
e Phase space factor
\YY /
v 1 2V 2V |2
T21/ =G |M ‘
v 1/2 \
. / - Nuclear matrix
n D e Decay half-life element
= =

e Simultaneous decay of 2 neutrons in a nucleus
 Second-order weak process, allowed in SM
 Qbservable only if ‘ordinary’ beta decay is inhibited
 Directly observed in 12 nucleli, half lives ~107°-1021 years !

depending on the nuclear system
9
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Neutrinoless Double Beta Decay

\_
* Hypothetical B3 decay mode allowed if neutrinos are Majorana

particles, i.e v, =v;

i
I %

(A,Z)—>=—  Nuclear Process [ =—— (A Z+2)

Phase space factor \ s Nuclear matrix element
1 0 Ov 2 2
= G| M™ | [(mgp)|

T12
Y \

Decay half-life Effective Majorana neutrino mass: mgs =

3

ZUezi m;

1=1

« Mo is not known; estimates vary by factor of ~2 depending on method

 For mgg=50 meV estimated half lives 102° - 1027 years | depending on

the nuclear system
10
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Double Beta Decay - Signature

summed energy spectrum of final state electrons

2.0 -
_ “2VBP
o 1.5
< 3
)
L 1.0-
Z
© ovpp

0.5 -

0.0 4=

0.0 0.2 0.4 0.6 0.8 1.0
E/QﬁB
Assumes BR 0v/2v = 1% and detector

energy resolution is 2%

 Peak at the decay Q-value of the transition
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[ What might we learn ?

From arXiv:1203.5250v3

10~ 1073 1072 107" 1
mmin [eV]

 |f observed: learn neutrinos are Majorana fermions, maybe the
nierarchy, constrains absolute mass scale

« If not observed: stringent limits help make the most of future
neutrino data
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KamLAND/KamLAND-Zen Collaborations

-
- > 1
S\ ""‘,-r_s M
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KamLAND-Zen collaboration is a subset of KamLAND
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Kamioka Observatory

® | ocated under Mt. Ikenoyama, ~2700 m.w.e. overburden
e ‘Easy’ access

e Surrounded by Japanese commercial nuclear reactors:

- (Typical) flux-weighted average [F"_eaCtorS I EIe] (LT Japan)

baseline ~ 180km | ol N |
This was key to KamLAND’s success ) ~ L.

E
Am2 ~ =
et

3MeV

—5 2
Y ox im0 eV
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KamLAND Facility

N\

e Under ground:

™ Mt. kenoyama

Control room

Nitrogen plant

LS purfication (2)

——r

® Above ground: operations center, computing farm
|16

LS purfication

Clean room

Tl

it i

-~

—_——

(1)
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KamLAND Detector

calibration access port 2=0.5m

/ stainless-steel tank @=18m

0 ID PMT array (1375 17”7 + 554 20" PMTs)

/

Mineral oil (non-scintillatin

1k-ton
liquid
scintillator
CnH1.9n

20m

_ Thin (135um) EVOH/Nylon balloon
filled with liquid scintillator 2=13.0 m

Balloon support ropes

\ 4 \
« 20m S Water Cerenkov OD, 225 20” PMTs

|7
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KamLAND-Zen Addition

e |dea to mount a volume of Xe-loaded LS in the center of KamLAND,
really started to take shape in 2009

e Several advantages:

» KamLAND-LS provides ultra-pure active shield

» Mature detector, expertise and analysis tools

> Potential to achieve large OvBB target mass quickly

> Possible to continue antineutrino program at KamLAND
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KamLAND-Zen Experiment

J

 Mini-balloon ©=3.08 m installed into center of
KamLAND LS, 25um thick nylon film

238 2x10-12g/g
232Th 5x10-12g/g
40K 6x10-12g/g

Xe leakage <0.26kg/yr

(300kg of 136Xe)

Component

Chemical formula

e Filled with 13 tons of Xe-loaded LS

Fraction

Decane

Pseudocumene

PPO

C10Hog
CoHi2
Ci15H11NO

82% (by volume)
18%(by volume)
2.7 g/1

Dissolved Xe

90.93+0.05% 136Xe
8.894+0.01% 134Xe

2.5% by weight

 KL-Zen is only ~1.4% of KamLAND volume: reactor, geoneutrino,
supernova watch . . . continue in remaining KamLAND LS

19

Thursday, July 11, 2013



KamLAND-Zen Experiment

\.
e Inner-balloon fabricated in class 1 cleanroom near Sendai Spring 2011

* (Great Eastern Japan Earthquake occurred (3/11/11)

Test balloon at Kamioka Practice installation at swimming pool

Step 1 Step 2 | step 3 -
Installation Inflation .. | Replacement

Figure courtesy of A. Gando ‘First Results of Neutrinoless double beta decay Search
with KamLAND-Zen’, PhD Thesis, Tohoku University 2012

 Mini balloon was installed and filled in August 2011 - KamLAND-Zen
began !

20
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KamLAND/KamLAND-Zen Data taking

e Scintillation light observed by array of ~1800 PMTs

e PMT waveforms digitized and saved for offline analysis if
programmable trigger conditions are met (~300GB/day)

e PMT charge and hit time extracted from waveforms
e Events tagged as muons/point-like

e Muon track, event position and energy reconstruction based on
PMT charge and hit-time distributions

21
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Detector Response

 Ultimately analysis is done in terms of visible energy

 Real energy of particles must be converted to visible or
reconstructed energy

 Energy scale model accounts for particle- and energy dependent

effects:
> Scintillator quenching effects via first order Birk’s model

> Energy loss by Cherenkov emission

 Detector energy resolution

22
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Energy scale model

Euis _ (1 1 R dNgy
B 1+R 1+kg(dE/dx) 1+ R dE

23
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Energy scale model

Emjs 1 1 R dNCh
— A >< . I .
1+ R 1+kp(dE/dz) 1+ R dE

Overall linear response of detector

Scintillator nonlinearity from quenching

Fraction of visible energy (photo electrons) from Cherenkov effects

E.is distribution obtained by smearing E,;; with gaussian resolution

24
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Reactor On/Off Antineutrino Dataset

e Fukushima nuclear accident triggered a regulatory shutdown of
entire Japanese nuclear industry for safety review

e Dataset includes full 10 year history of KamLAND, with this new
low-flux period

< 2991 days livetime >
Mar 9 2002 Nov 20 2012
Al ™M < O © N 0] (o)) o A QV ™
o o (@) o o o o ) — 5 — —
R & & & SR & & 2« N &
C—0
Period 1 Period 2 Period 3
1486 live days 1154 live days 351 live days

25
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Antineutrino Measurement

¢ Antineutrinos detected via inverse beta decay reaction

. De+p—>e++n

(&)
\: (AT ~ 2005
. ‘/\‘\/npxnp — dry
éb E, =22MeV
~

n
O
gl s

Ey, ~ E.+ + 0.8MeV

e Basic antineutrino selection cuts:

Cut Name Selection

Prompt energy 0.9 < E,(MeV)<8.5

1.8 < E4(MeV)<2.6

Delayed energy 4.4 < E4(MeV)<5.6

Prompt-Delayed spatial separation ]ﬁp — Ry|(m)<2.0
Prompt-Delayed time separation 0.5 < (tqg — tp)(1 s)<1000.0

26
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What do we measure ?

. J

SKL(E,t) —

{ 78, £i(08i(B) x P(#. — 0, Li, E) + B(E,1) } @ D(E, 1)

27
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What do we measure ?
SKL (E, t) —

{ 78 Y, £i)8i(B) x P(#. — 0, Li, E) + B(E.1) } @ D(B,1)

e Depends on reactors

e Physics of interest

e Backgrounds

e (Convolve with detection effects
= Cross section

= detector response

28
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Reactor contribution

{ 558 2, fis(08;(B) x P(. — v, Ly, E) + B(E, 1) |

Parameter Determination

L; base line of reactor 7 -
F; number of fissions in reactor i thermal power output
fi.; fission fraction due to fuel isotope 7 fuel composition, reactor burnup

S; V. spectrum per fission of isotope j ... long story ...

e >00.9% of fissions come from 235U(56%), 238U (8%),239Pu (30%), & 241Pu (6%)

® \We use shape of “improved S;” but normalize to cross-section per fission of each
reactor is adjusted to reproduce the Bugey4 measurement (1.4 % uncertainty)
29
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Backgrounds
SKL (E, t) —

{ S 29, £ii(05,(B) x P9 — 7, Li, E) + B(ELt) | @ D(B,t)

e Accidental coincidences
¢ alpha-n processes: 13(](047]&)16()
e (Geo-neutrinos
e Others:
» Spallation products (°Li/8He)

» Atmospheric neutrinos and fast neutrons

30
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Backgrounds: Accidentals

® Mostly caused by low energy radioactivity on big balloon (prompt) and 208T|-y
(delayed)

e (Controls:
- Fiducial volume cut (Rp <6m,Rq<6m)
- liquid scintillator purification 2007~2009

- Joint PDF P(Eq,Rp,Rd4,dRp-q,dTp-q) is different for accidental and signal-like
pairs, use this to construct likelihood selection (a.k.a Lcut)

Period 1+2: Simple spherical cut Period 3: Also veto volume around Zen balloon

Chimney
e i I
/

/AR T\

T

5B & 5 5 &)\

- Photomultiplier Tubes

L~ Buffer Oil
fiducial

g ) pP|| _ Fiducial Volume
(12 m diameter)

1
Xe-LS 13 ton Y47 [

volume

i~ Outer Balloon

\\\\\‘I‘i frlrfllill b’l
LS 1 kton S (13 m diameter)

\\ Inner Balloon
(3.08 m diameter)

o !
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Backgrounds: alpha-n

130(3\.n_3.\\

160*0\

v/et —e”

(AT) ~ 200us

¢ Dominant a-source: 219Po (daughter of 222Rn)

e Mimics inverse [3 decay:

32
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Backgrounds: alpha-n

Simulated prompt a-n spectrum

T 07k
E’ e quenched recoil protons
% 0.5 /
= = : - i
T 04f inelastic scattering on 12C
03 160 excited states
0.2
. /\
0- ERe Dl [ A e S i ot s s /\
0 1 2 3 E

E (MeV)

e simulation tested with 210Po-13C calibration source

e 210Pp rate reduced 20-fold by liquid scintillator purification in
2007~2009
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Backgrounds: Geo-neutrinos

Expected inverse 3 decay spectrum

e anti-neutrinos expected from
decays of 232Th, 238U in the earth

Counts/MeV (a.u)

-
L
-

® eXpeCted geO'nGUtran rate |S Very 1 é ' 1211 ' 1212; . 1214' . 12161 . 12]8[ . ':;' : '312':' '3'4' . 136
model dependent, only spectrum E . (MeV)

shape is used in the analysis

‘.

e geo-neutrinos are an interesting ‘signal’ in their own right . . .
more later

34
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Backgrounds: Spallation

Atp>25,
e ILi/8He produced by cosmic rays AR;>3m

» Delayed neutron beta emitter (Tt ~200 ms)

» Veto pairs within 2s of muon and 3m
cylinder of well tracked muons

e Fast neutrons produced by untagged muons in the OD, contribution
estimated by GEANT4 simulation

e Atmospheric neutrino contribution estimated with NUANCE
simulation

35
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4 N
Background Summary
- y,
TABLE I: Estimated backgrounds for 7. in the energy range between 0.9 MeV and 8.5 MeV after event selection cuts.
Background Period 1 Period 2 Period 3 All Periods
(1486 days) (1154 days) (351 days) (2991 days)
1 Accidental 76.1+ 0.1 447 40.1 47 +0.1 1255+ 0.1
2 Li/°He 179+ 14 112+ 1.1 25 +£05 316+ 1.9
; { C(a, n)"°Og.s., elastic scattering 160.4 + 16.4 16.5 + 3.8 23 £10 179.0 £ 21.1
BC(a,n)'%0gs., ?C(n,n/)?C* 44MeVy) 69+ 07 07402 0.10 4 0.04 774+ 09
A { B3C(a, n)'®0*, 1stes. (6.05MeV ete) 146+ 2.9 17405 0.21 +0.09 165+ 3.5
SC(a,n)'°0O*,2nd es. (6.13 MeV ) 344+ 0.7 04+0.1 0.05 + 0.02 39+ 0.8
5  Fast neutron and atmospheric neutrino < 7.7 <59 < 1.7 < 15.3
Total 2792 £22.1 752 4+17.6 99 +2.1 364.1 +30.5
 (Geo-neutrino constrained by spectrum
Candidates expected from reactors (no oscillation) 3564 +/- 145
Candidates expected from background (ex. geo-nu) 364.1 +/- 30.5
Candidates observed 2611
36
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4 )
Antineutrino Analysis
\ J
e Qscillation framework
4 )
P3V = cos? 015 P2 +sin? 0,5 .
2
ﬁfe’/ — 1 — sin® 2649,/ sin? (A?Z%iwlj) :
.2
. 9 B sin”“ 201+
i 20121 = (cos 2012 — A/Am3,)% + sin’ 26015
Am3s, = Ama, \/(Cos 2015 — A/Am32,)2 + sin® 2015
\ J
e Likelihood for unbinned maximum likelihood analysis
X2 — X?ate((9127 6137 Am%l) NBG1—>57 N[gjejoha Oél_>4)
—21In Lshape(9127 9137 Am%p NBG1—>57 N[gfoh’ Oél_>4)
+X]23G(NBG1—>5) + ngst(Oé1—>4)
2 2
FXosei (012, 013, Amy,) «__This term used to incorporate
constraints from other experiments .
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Systematic Error Summary

Detector-related (%)

Reactor-related (%)

Am2, Energyscale [1.8/[18 w.-spectra[32]  10.6///0.6

Rate  Fiducial volume |1.8|/|2.5| vUe-spectra [24] 1.4/1.4

Energy scale 1.1//{1.3| Reactor power 2.1//|2.1

Lz (Eg) eff. 0.7///0.8| Fuel composition [1.0///1.0

Cross section 0.2(/|0.2| Long-lived nucle1 |0.3///0.4

Total 2.3//13.0/ Total 2.7//12.8
period 1|/|period 2+3

38
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Oscillation Parameters

20
o 15 E
x
< 10
5
22 [ w
c Q
2 B 99% C.L. = 09% C.L. O
§ 18 - B 99.73% CL. =—99.73% CL. * E
: % best-fit @ best-fit S
‘?o 16 : Snla? =
= S O B 95% C.L. L 5
e - 99% C.L. A :
c:-;i 1.2 . 9MBRCL. [ i f
E 1 :— O best-fit E’ :
<08F TR S e
06 | 1B
e ] 913 constrained| -
0'2_ . i FEETE FTEE palassaly ll-rv—rll:l'illli‘ll
010203040506070809 1 930 1520
2
tan® 0,, Ax
. : 2 % 2 i)
Data combination Ams, tan” 012 sin” 613

KamLAND
KamLAND + solar

7547 s
% it

KamLAND + solar + 613 7.537 '

0481 T s
D437 o o2

0.029
0. 436+o 025

0.010% 502
0.023 00 ¢

0.002
0.023" 5505

*(x 105 eV/2)
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[ Visualization of Survival Probability

1_
i -
2 08
i .
_g 2
S 06
m e
< B & /7~ T I
>
= 04
E -
ZE t '
0.2
| — 3-v best-fit oscillation —e— Data - BG - Geo Vv,
) I PP I IR I I T S A
20 30 40 50 60 70 80 90 100

L/E_ (km/MeV)
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Prompt Energy Spectrum

100 — —
2 80F (a) Y T
= C ' / —— Period 1
k) 60:— :/ Period 2
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T E _+_ Z0.02F
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06 | \
0.04 = TR\ 1,
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> - N 004
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=> - + £0.02f
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- Q -
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0.08 A\ Best-fit Geo v, 0
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F : |
002 | 1 .
O:IIII:\[iS.:I‘I | T._|+‘I'II |||1||m |.-|g:|;_|,|,,
0 1 2 3 5 6
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Period 1
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Period 3, reactor “off”
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[ (Geoneutrino measurement ]

* Fit yields an estimate for the geoneutrino flux

Prompt spectrum Best-fit number of geo-nu
= 25 :
S (b
= 100:— e _( )
§ 80 | e
D 60 // Selection efficiency 20 _
= R e e e DL P # -
- . —e— Data - BG ; best-fit reactor V., [l Reference geo ¥, N
40 - - U contribution 15
Th contribution Nx i
20 < i
Of o- \
180 = —o— KamLAND data *'=* Best-fit reactor Vv, B
Accidental B
160 | i
% o b SE N\
p>
N 120 N
E | O | | | | | | | | | :I | | | | | | | | | |
g 1% R 0 50 100 150 200 250
g 80 : (. )0 N N
ol B Best-fit geo V y H Ih - i
4 e S (Th/U mass ratio fixed to 3.9)
40 p 1 — Best-fit reactor v_ + BG
20 | e vrvivre + best-fit geo v,
0 }‘v L Y i | 1 | 1 1 Ll l

1’ 12 14 16 18 2 22 24 26

E, (MeV) Best-fit (Nu+NTh): 116 +28.57
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Antineutrino flux variation at KamLAND

(a) 0.9-2.6 MeV
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( Antineutrino flux variation at KamLAND )

Integrate the rate at different times to get the point

(b) 2.6-8.5 MeV
1

Period | > < Period 2 » Period3 | —~ |
S )
< 0.9
3 0.8
"g o 0.7
< >
Z L 0.6
g N
2 205
O <
- & 0.4
Q ‘.
E 0.3 —o— KamILLAND data hm Fﬂg 0.3
a7 0.2 Expected reactor V, + backgrounds + geo V. B 0.2
. == Expected reactor V, + backgrounds A
0.1 Expected reactor V, = 0.1
0 1 1 1 1 1 1 O 0
2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 0.1020304050.60.70809 1
Year Expected Rate (events/day)
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( Antineutrino flux variation at KamLAND )

Integrate the rate at different times to get the point

(b) 2.6-8.5 MeV
1

Period 1 > < f— Period 2 ¥ Periodd | o |
0.9 < 0.9
~ 0.8 3 0.8
507 o 0.7
< >
2 06 206
=
0 05 205
2 04 & 0.4
Q )
E 0.3 —o— KamLAND data Q>) 0.3
a7 0.2 Expected reactor V, + backgrounds + geo V. B 0.2
. == Expected reactor V, + backgrounds A
0.1 Expected reactor V, = 0.1
0 1 1 1 1 1 1 O 0
2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 0.1020304050.60.70809 1

Year Expected Rate (events/day)
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KamLAND-Zen: 1st phase data set

* First phase data set: Oct 12 2011 - June 14 2012

 Divided into 2 periods: DS1, DS2, filtration
hardware introduced in Feb. 2012, plumbing
remained inside Xe-LS afterwards

 Dataset summary

TABLE I: Two data sets used in this °°Xe Ov/33 decay analysis.

DS-1 DS-2 Total
livetime (days) 112.3 101.1 2134
fiducial Xe-LS mass (ton) 8.04 5.55 -
Xe concentration (wt%) 2.44 248 -
136X e mass (kg) 179 125 -

136X e exposure (kg-yr) 549 34.6 89.5
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KamLAND-Zen: Energy Calibration

« ThO2W source (298Tl) source deployed close to outer
edge of inner-balloon

1500

“(a) T (y) Source geometry
% B I 4 ThO2W rods
2 B 3mm] N /
10001~ 10mm v
o’ B 15mm ] II Lead
< B capsule
) B 3mm
= 500 +++++ o |\|;4/.8lmm
> B ' 15mm !
> B -
m B ++—0—

():“*'+ ~ s T e e
2 2.5 3 3.5 4
Visible Energy (MeV)

Energy resolution Xe-LS 0¢e/E = (6.6+/0.3) %/~E
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KamLAND-Zen: Energy Calibration
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« 214Bj tagged by coincidence with 214Po
alpha (daughter of 222Rn)

* Fit to 214Bi and 208T| data to determine
energy scale parameters

Stability monitored with spallation neutron
capture gammas

2 3
Visible Energy (MeV)
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KamLAND-Zen: Event Selection

* Fiducial volume cut to reject background from mini-balloon and
filtration hardware

DS2 (filtration plumbing):
DS1: R<1.35m R<1.35m , dRube >0.2m,
anozzIe>1 2m

* Fiducial volume cut optimized to reduce background for Onubb
analysis
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KamLAND-Zen: Event Selection

* Fiducial volume cut to reject background from mini-balloon

 Coincidence cuts:
> Veto events within 2ms after muon candidates
> Veto event pairs (E1,T1), (E2,T2) with (T2-T1< 3ms) and
0.35<E2< 1.5 MeV (214Bi-Po, 212Bi-Po cut)
> Veto event pairs (E1,T1), (E2,T2) with (T2-T1< 1ms) and E1 >
1.5 MeV (antineutrino cut)

« After fiducial volume cut bb selection efficiency: 99.8 +/- 0.2 %
« Dead time from cuts: <0.2 %
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KamLAND-Zen: Remaining backgrounds

* Residual background from mini balloon

- Events on mini balloon reconstructing inside fid. volume due to
vertex resolution

- Between 1.2 MeV <E < 2.0 MeV IB activity dominated by 134Cs,
consistent with fallout from Fukushima reactor incident

- Between 2.2 MeV < E < 3.0 MeV IB activity is dominated by 214Bi
decays

* Spallation backgrounds

- 10C and "C estimated from previous KamLAND data

- Not much previous data on Xe spallation products. We can place
limits on short lived Xe-products using post-muon data

- Longer lived spallation products estimated to be negligible from
simulation
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KamLAND-Zen: Internal Xe-LS Backgrounds

* Residual 232Th (212Bi-Po) and 238U (214Bi-Po) in Xe-LS assuming
equilibrium:

238U 1.3+/- 0.2 x10-16g/g

232Th 1.8+/- 0.1 x10-5g/g

» Searched Table of Isotopes for long-lived isotopes
leading to decays in the ROI for OvBB search

208Bj (EC) T=5.31x10%yr Q=2.88 MeV
88Y(EC) =154 d Q=3.62 MeV
60Co (B") T=7.61 yr Q=2.82 MeV
110mAg () =360 d Q=3.01 MeV
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KamLAND-Zen: Data Analysis

 Binned maximum likelihood fit to the energy spectrum of
candidates (energy-likelihood)

 Time-likelihood to constrain some backgrounds in OvBB
ROI by their decay lifetime

 Penalty-likelihood to account for other constraints on some
fit parameters, e.g energy scale model

2 .2 2 2
X = Xenergy T Xtime T Xpenalty
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KamLAND-Zen: Fit Model

233

Ovp3i

40K

222R,_210p},
228,208 p},
282Th-228T} (228 Ac)
Backgrounds #%U-**Rn (***Pa)

Signal

134CS 137CS

9
129mTe,95Nb,9OY,89Sr
110mAg760 CO,88Y,208B1
1OC
11C

Detector response (Energy scale) A, kg, R
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KamLAND-Zen: Fit Model

233

Ovp3i

40K

222R,_210p},
228,208 p},
282Th-228T} (228 Ac)
Backgrounds #%U-**Rn (***Pa)

Signal

134 187Cg Possible fallout products

129mTe,95Nb,9OY,89Sr
110mAg,60 CO,88Y,208B1
1OC

11C

Detector response (Energy scale) A, kg, R
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KamLAND-Zen: Fit Model

Signal

2v00
Ovp3i

Backgrounds

40K

222R,-210p}
2287} 208 P,
23271228, (228 Ac)
2381J.222Rp (234Pa)

134CS 137CS

9
129mTe,95Nb,9OY,89Sr
110mAg’60 CO,88Y,208Bi
1OC
11C

Detector response (Energy scale)

A, kg, R
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Possible backgrounds in
OvBB ROI from ENDSF
database search
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e
KamLAND-Zen: Fit Model
\§
9 . .
Signal Vo Constrained in model
Ov 33
40K
214Bi-Po coincidences 222, 2101, IB contribution from balloon
212Bj-Po coincidences 223Th-*"°Pb study
232Th_228Th (228AC)
Backgrounds #%U-***Rn (***Pa)

IB contribution from balloon
study

134CS,1S7CS
129mTe,95Nb,90Y,8QSI‘
110mAg,6OCO,88Y,208Bi
10 Spallation studies at
110 KamLAND

Detector response (Energy scale)

A, kg, R

Calibration, 214Bi study
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KamLAND-Zen: Fit Model

Signal

2v00
OvpBi

Backgrounds

40K

222R - 210P1
2287} 208 P,
23271228, (228 Ac)

238 U_222 Rn (234Pa)

1340 1370 <=

129mTe,95Nb,90Y,89Sr
110mAg760 CO,88Y,208B1
1OC

110

Detector response (Energy scale)

A, kg, R
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Unconstrained in
model

contribution in Xe-LS
unconstrained
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KamLAND-Zen: Fit Model

260

01%616;

40K

222R,_210p},
228,208 pt,
282Th-228T} (228 Ac)
Backgrounds 238U-***Rn (**Pa)

Signal

134CS,1S7CS
129mTe,95Nb,9OY,89SI‘
110mAg GOCO 88Y 208Bi
10 Rates in DS1 and DS2 are
11 independent in fit

No assumption about
filtration is made in fit

Detector response (Energy scale) A, kg, R
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KamLAND-Zen: Fit Result

Candidate spectrum +
Best-fit decomposition for DS1 and DS2
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KamLAND-Zen: Double beta decay results

e Two neutrino mode:
DS-1 DS-2

2v33 Rate (ton-day)™! 82.9 £ 1.1 (stat) & 3.4 (syst) 80.2 & 1.8 (stat) & 3.3 (syst)

Tt/, = 2.30 £ 0.03 (stat) & 0.09 (syst) x 10* yr

e Neutrino-less mode
DS-1 DS-2

N (0v33) (90% C.L upper limit) <16 <8.7

TPy > 1.9 x 10% yr (90% C.L)

 Expected sensitivity from MC of ensemble of experiments is
1.0 x 1025y,

« 12% chance to get limit greater than one reported
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KamLAND-Zen: Systematic Error

DS1 DS2

Fid. vol. 3.9% 4.1%
Xe-concentration 0.34% 0.37%
Xe-enrichment 0.05% 0.05%
energy scale 0.3% 0.3%
detection efficiency 0.2% 0.2%
Total 3.9% 4.1%

* Fid. vol. systematic error estimated from difference between nominal
fiducial volume and fraction of 214Bi tagged events that pass fid. vol.
cuts
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EXO-200

 The EXO-200 experiment also searches from OvBf3 of 136Xe
 EXO results:

T2V12=2.23 +/- 0.017 (stat) +/- 0.22 (syst) x 1021 yr

PRL 107 212501 (2012)

TV2>1.6 X 1025yr (90% CL)  pre 109 032505 (2012)

Recent update:

T2V12=2.172 +/- 0.017 (stat) +/- 0.060 (syst) x 1021 yr
http://arxiv.org/abs/1306.6106
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http://arxiv.org/abs/1306.6106
http://arxiv.org/abs/1306.6106

Combination of KL-Zen and EXO

 Combined analysis of KLZ and EXO 0vBB data:

T/ > 3.4 x10%yr (90% C.L)

 EXxpected sensitivity of combined experiment: 1.6 x 1025yr.
7% chance to get limit greater than one reported

 Using a range of available nuclear matrix elements
mass limit:

(mgg) < (120 — 250) meV

64

Thursday, July 11, 2013



4 )
Comparison with KKDC Claim
\ J
e Combined EXO-200 and KLZ
10°° result is inconsistent with KKDC

T,, °Ge (yr)

KK 68% C.L.

90% C.L.

EXO-200

l 90% C.L.

~ KamLAND-Zen W l90% CL.

| Combined

T, n Boxe (yr)

PRL 110 062502 (2013)

I |1|O26

claim in 76Ge at 97.5% CL even
for best-case NME

NME is a major caveat in
comparison of half life limits in

If we treat spread in NME
calculations as statistical error
then EXO-200 and KLZ result is
inconsistent with KKDC claim in
76Ge at 95.6% CL
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Conclusion

« KamLAND-Zen was a very effective modification of the KamLAND
detector

« Capitalized on existing infrastructure, to quickly realize competitive
double beta decay search

e (Combined half-life lower limit on T2 of 136Xe in tension with KKDC
claim for available NME calculations

« KamLAND-Zen has potential to improve significantly if 119mAg can be
removed !

« KamLAND antineutrino program continues in parallel ... new low-flux
data points due to protracted shutdown of Japanese reactors
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Dedication

Stuart Freedman

Fondly remembered collaborator, mentor, and friend
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(Events in OvBB ROI)-(known backgrounds)
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Assuming filtration has no
effect "O"Aqg is preferred
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- 1 dN
Ems — A % ( 1 | R Ch)

1+ R 1+kg(dE/dz) 1+ R dE
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Spallation Backgrounds

® Cosmogenic production of °C and !C

® '9C and !C can be vetoed by muon-neutron-f3 triple
coincidence but this is not pursued for now

Isotope Event rate (ton day)™ 1

Spallation product from **C °

e (2.11 £0.44) x 10~
e 1.11 4+ 0.28

Spallation products from xenon with lifetime < 100 s
1.2 MeV < E < 2.0 MeV <03
2.2 MeV < FE < 3.0 MeV < 0.02

® Not much previous data on Xe spallation products. Limits
above estimated from KLZ data
® longer lived spallation products estimated to be

negligible from Geant4 simulation
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Reactor contribution: fission fractions fi

Comparison of simplified and detailed fjj calculation
2

| @ 56 cores, detailed simulation
7 impractical

EQC

A

e Simplified semi-empirical
model parametrized by

- thermal power output

Relative difference (%)
-

| - - Initial cycle ks - fuel burnup
= Second cycle '
— After third cycle

e, ) Mo R e e A LG 6l B i DA - initial fuel composition
i1 2 8 4 "5 '8 T 8
Neutrino energy (MeV) e Relative difference < 1% for
NIM A 569 (2006) 837-844 most cores
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Reactor contribution: spectra per fission

. - (a) Reactor V. spectra NS
E“ ES)}Er(?s(;‘s\rst)?.criil?fngt/;;bitrary units) 1 8 e 235 U , 239 P u, 241 P u ta ke N f rom
W 29, Schreckenbach et al.
SR % .(CJ = (b) /
: \ “"Pu
s b e 238 taken from calculation by Vogel
s ¥ .
o — @ { AT
§ ° = t‘»‘.zj- -. R
- F W7 N\ e New method of estimating the
g \ antineutrino spectrum per fission
N e Consistent shape with older method
Sk s S T
% 1 7 8 9 10

e ~3% higher flux normalization

® To get around this the cross-section per fission of each reactor is adjusted to
reproduce the Bugey4 measurement (1.4 % uncertainty)
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Test of approaches at Bugey reactor experiment

(measured/model-predicted) e* spectrum
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