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BR-decay

fx"r‘i 71

Two modes:

l. 2vpBp-decay

e (A Z)— (A, Z+2)+2e + 20,
« SM process: T, ~101° -10%4yr

OVBB decay

(A, Z) — (A, Z +2) + 2¢
« BSM, L-violating
 Majorana neutrino

* |f observed:

—~->Necessarily implies Majorana-v
(black-box theorem)
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Experimental considerations

R

« Experimental sensitivity:
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1. Energy resolution 0.90 1.00 1.10
2. Isotope choice Ke/Q
3. Background levels 1.0
4. Detection efficiency
5. EXxposure
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Steven R. Elliot and Petr Vogel. - Annu. Rev. Nucl. Part. Sci.52(2002)



Experimental considerations

* Experimental sensitivity
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1. Energy resolution L i
2. Isotope choice Fi= =
3. Background levels . - 96§r ]SONd EB(Z“‘Bn = 3.27 MeV 7
4. Detection efficienc Tz 30 82com mMo i
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5. Exposure A 307 ).. , %
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i.  High Q-value B D O &
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ii. Ease of enrichment 8 o o o = i -

iii. High isotopic abundance e 0. DD 0 ]

iv. Large target mass O_IllllllmldlllldIIIIIIIIIIIIlI_
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Matsuda Sayuri, Doctoral thesis (2014)
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KamLAND-Zen

e Rock

B Stainless steel tank
(18 m diameter)
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KZ collaboration, PoS NEUTEL2017
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* Noble gas
e Centrifugal enrichment (to 90% !)

- Above most 238U and 232Th low-E backgrounds
- Below 2%8T[ (3198-5001 keV)

Advantages
|.  Full active thick shielding
Il. In-situ purification
Ill. Great scalability
IV. Diverse physics targets
* O0vPBp, v-osc., geo-v, astro-v, ...

90% enriched 3%Xe (3 wt%)
* Phase-l - 320kg

* Phase-Il = 380kg

e Zen-800 > 745kg (NEW!)




Phase-l| @

504 kg-yr exposure
/2 > 1.07 x 10* yr
(mpgg) < (61 — 165) meV

« Firstto reach T, >10% yr
 First to reach Mgg < 100 meV !

* Muon spallation products (e.g. °C,12B) : iCa 71 NG
and 2vBf currently dominant BG - . l Cf?
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Detector status Coben0asE B’

"g B — 2018/09/16
3 i —— 2017/03/24
% B — 2015/08/05
. . IS - —— 2013/10/23
¢ DecreaS|ng PMT ga|n5: C_EU 0.8- — 2012/12/21
. . . . S - 2011/10/13
* Charge distributions shift to lower Q 2 06
 # masked PMTs 0.4
* Energy resolution worsens 02
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Nlnw-gain
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Masked PMT: S
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A solution: new gain estimation

Higher charge events should remain visible above threshold

Find a way to fit 2 p.e. (or >2 p.e.) peaks

Similar to standard approach:

1. Collect charge histograms for each PMT
2. Fitthe >1 p.e. peaks

3. Extract the gain

But: very different considerations!
* What model?
* Data selection?

Events/bin

CableA 0000

CableA_ 0000

Entries 46018

1 600_ Mean 1.109

Std Dev 0.4826

1400 %2/ ndf 39.84 /20

: Constant 1547 + 12.8

1 200__ Mean 1.071+ 0.005

: Sigma 0.4513 + 0.0089
1000
800F
600
400§
200§

0 111 | 1111 I 1111 I 1111 | 1111 1
0 0.5 1 1.5 2 25 3

charge [p.e.]

13

R



New PMT response function

R

 Ideal PMT response

E.H. Bellamy et al. (1993)

Photocathode response

Dynode amplification
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New PMT response function

R

* |deal PMT response + BG:

S?‘G(IE(Q) — [Sideat (q;)B(q - {f,)dqf

wh(q)aexp (—aq

*Two types of background:

1. Pedestal (electronic noise)
2. Discrete noise (thermoemission, etc.)

E.H. Bellamy et al. (1993)

Taken care of by

HW discriminator + BL subtraction
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Counts

Results
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h_Charge_PMT_0576_clone

Low galn Entries 11123

C Mean 0.8656
» Std Dev 0.6725
- X2 I ndf 148.1/193
N Prob 0.993
- Q, 0.3647 +0.0034
E 0y 0.1694 +0.0085
] w 0.1544 +0.0108
i a 0.005618 + 0.000936
N " (1.900 +/- 0.100) p.e.

— T'I-I-F-I-]I.l I T J_

J-.JlnlllulII|IIIJlIIII|IJIJIIIIl|IIIJ

Charge [p.e.]

Counts

300

250

200

150

100

50/

High gain

h_Charge_PMT_0110_clone
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_____

Entries 17345
Mean 2.084
Std Dev 1.298
¥2 I ndf 195.7 /193
Prob 0.4313
Q, 1.089 +0.005
04 0.4001 +0.0061
w 0.02916 +0.00878
a 0.2839 +0.1527
H (1.450 +/-0.100) p.e.

mebuasuiiide
Charge [p.e.]
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Prospects

R

. Taking p > 0.01 as criterion: y Frorgodéata: 0.049 S 0.048
o . ) ° O: . 4 .
25/_0 of masked PMTs retrievable . n-Capture: 0.061 > 0.060
« # active PMTs 1629 -1691

* 2% E-res. Improvement

* Theoretically, ~3% improvement in E-res. —~ 10% ROv/2v improvement
2500
S ? B -—Old gain
v _ -
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©30L 133 1500
E T]: 2:161 =0-061 L _ 0-105
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100 500~
5E- i }
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1 1.2 1.4 1.6 1.8 2 22 2.4 2.6 28 3 1 1.2 1.4 1.
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In summary

» OvpBp-decay research forms an important framework for studying v’s
» Observation necessarily implies Majorana-v!
» Important complement for understanding mass hierarchy

« KamLAND-Zen stands at the forefront of Ovf3-studies
« Most stringent limits as of yet from Phase I+ll

« 800-phase ongoing as of Jan. 2019 with 40 meV target sensitivity

Tlo/yg > 1.07 x 10%° yr
(mpg) < (61 —165) meV

« Improving E-res. necessary to counter 2vBp intrinsic BG going forward
Currently E-res. is decreasing! € increasing # masked PMTs (~250 at present)

New gain estimation may recover ~25% of masked PMTs
-2 ~2%-5% improvement E-res.
- ~10% decrease in relative intrinsic BG!

Implementation in energy fitter in progress
Further improvements to energy fitter under investigation

Haruhiko Miyake
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Neutrino Masses

1. Dirac neutrino scheme
Add right-chiral neutrinos
020]:)

mass —mvv =—m (V_RVL +ﬁyﬁ) —

Copy + paste SM massive fermion case

2. Majorana scheme

Can we conjure mass without separate v,?

Yes! Provided v, and v are not independent

—mTUgr v + H.c.

| 1 — - —
LM = —5m vY v + He. \

vt=Cwv/!

1. Constructable from 2-comp. spinor
2. Lorentzinvariant
3. Solutions to EOM satisfy rel. mom.

21
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Neutrino Masses

R

1. Dirac neutrino scheme
Add right-chiral neutrinos
020]:)

mass —mUrvV=—m (V_RVL +EVR) = —MVUVRV], + H.c.

Copy + paste SM massive fermion case

2. Majorana scheme

Can we conjure mass without separate v,? Majoranas are their
own antiparticles!

Yes! Provided v, and v are not independent

C
_ 1 — V=VvL+V
M = ) m uf vy, + H.c. L

==INAass

vV =V

vt=Cwv/!

22



Neutrino Masses

R

1. Dirac neutrino scheme

Add right-chiral neutrinos
—cbirae — T \® vp + he.

Copy + paste SM massive fermion case

2. Majorana scheme

Can we conjure mass without separate vy?

Yes! Provided v, and v are not independent
Majorana
_*Cm

— Er;g r.r(f—'r;?ﬁ'r L' + he.,

vt=Cwv/!

Higgs

Higgs Higgs

23
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Black-box theorem

d U

—>— ﬁ\—_
G

s G
d U

- Suppose there is a global symmetry prohibiting a Majorana
mass term

- Only possible symmetry is discrete phase transformation
- This would imply that at the same time:

©d — Pu + e =0

P = Pd — Pu T Pe

oy # 0

R

< A7+ Ve
ALY
> > 2
e S
>
2801/ >
e ,’
> > -
d u /,,q_ 7\
< W B
Ve
(b)
1
M e T —_— T
‘Cmézs = _5 Mee (_VeL Ct Ver, + Ver, C Vel )
Ve, — €% Ve, v # 0
e—>ei"cﬂe, u_>€isouu7 d_>€i90dd, WP — eiPw TP

verYerW, = ¢, —9e—ow =0

— = v — — Pu T Pe
uL " dL W, = sou—sod—sowo} v =T e T

Fundamentals of Neutrino Physics and Astrophysics — A. Giunti (2007)




M (©v)

J.J. Gdmez-Cadenas and Justo Martin-Albo (2017)
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R&D for KamLANDZ2-Zen and future

O winston cone O HQE-PMT

\x1.8]|

succeeded with
prototype

O New LAB-LS

LAB (Linear Alkylbenzene)

HaC(CHy), Yy (CH2hCHs
| ™S

Purification succeeded x1.4
with charcoal

O denser xenon

—
s

"

—
o
T

o
T

L]
—

3—>12% .
@30m depth
0 OAOS (;1 0.15 OAZ 025 03 035 04 0A45

Xe partial pressure(MPa)

principle confirmed

b
T

Xe solubility (wt%)

O scintillator film

:

O imaging

tag a in the film

\ 214B;j

\ .
214Po\reduction

N

welding succeeded,
requires fluor

replacement

0 J
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7 =10,500ph/MeV
PolyEthylene Naphthalate (PEN) | CLy ® # APE’N=4§5r/1me
U,Th < 3 ppt

welding easier & strong enough

Light intensity

wavelength[nm]

requires Bis-MSB in LS

t-1, -1
N = Aexp(- ——} + Bexp(- <} + N,-,

HuTime J[Tlnsec] N
T~27 nsec, much slower
ke SanrLai e Test PEN balloon in UV light

PSD possible

K
a&
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Timeline

1] R
SRXTEIG 1|5 installation, xenon installat =,

40{’;—'}"‘5‘9] «——Filtration 5 of
»_.I_' I l-.‘_ - o 1 -
12 - Xenon extraction i,
= =S < Fire
b vim:Emgcg:«&\n :
Xenon installation i S
400 phase2 :
14
“'"'*”]ﬂ"'?g

MIB
production

Visilile Energy (MeY)

~ Calibration, xenon extraction, MIB extraction

nn refurbishment

MIB production
16 MIB installation, characterization

TR ————— —MIB extraction, hole inspection

Leak

MIB production
KamLAND-Zen 800

<«——— MIB installation, characterization
LS purification

Xenon installation

745kg

We are here
accumulated about 1 month data
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Schedule

installation of new electronics

2019 Kam

2020

2021

2022

2023

2024

2025

2026

2027

2028

ND-Zen 800

planned during Zen 800

/

Purchase enriched Xenon(200kg)
. &Installation of MoGURAZ 2
Environmental and Clean room Tabrication

peripheral preparation Clean air system installation
Purification system upgrade

Light concentrator production
Large balloon production

amLAND upgrade

No o@ation

Kam D2 start [Mini-balloon installation

Geo- trino
obse@ation

Purchase HQE-PMT

LS drain

Expansion of entrance

PMT replacement/mirror attachment
Large balloon installation
Refurbishment of N2 system

New LS production

LS filling

Development of calibration system

Xenon installation

KamLAND2-Zen start

Inv tion of
Majorgha nature
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Expected charge
..‘}'.j'f}'(.”_l.f_ [{J,_l'J ‘ .;.,_”g e 2

#events/bin

h_Charge PMT 0576 clone
. . . h_Charge PMT_0005_clone
LOW g ailn Entries 67747 H | g h g aln Entries 209780
Mean 0.6184 10°
c [ Mean 1.76
1 Sid Dev 0.4223 ﬁ1 4 - Std Dev 1.109
¥/ ndf 538.5/239 E L ¥2 | ndf 1133/ 476
Q, 0.371 £0.001 g i (e} 1.109 +0.002
o o, 0.1508 + 0.0022 ﬁ.l ol o, 0.4373 +0.0026
. w 0.3162 + 0.0043 i w 0.1504 +0.0027
I o 0.005897 + 0.000618 B o 0.02638 + 0.00350
I u (1.000 +/- 0.200) p.e. 1__ u (1.000 +/- 0.200) p.e.
0.8
0.6
0.4}
0.2
0 U ileth 1 0 g b b b by 0 |-H~'|-.]-|-1:|=i=|'-';r=;-f1:I-Ldﬂ\:l'-r-{"‘F-?":FF aedchd ool Lo
0 05 1 15 2 25 3 35 4 45 5 0 1 2 3 4 5 6 7 8 9 10

Charge [p.e.] Charge [p.e.]




Data selection procedure el

* Expected charge u very hard to constrain
e Can use only use in-situ data

* Light and charge yield not controlable...

40 h_NormCharge_PMT_0004

P L K Entries 135512

) & a5 1t = (1.639 +/- 0.009) p.e. e 1068

* Two options: £ 'l G=(05034+-0.147) suver 1301
3 3

1. Very careful event type selection + occupancy

«  Sufficient run-by-run statistics close to PMTs (4°K, 298Tl) 15~
. Incidence angle selection “
. 1 from occupancy: = —In(Pho_nit) 00:;. . |

8
Normalized charge [p.e.]

2. Estimate u from distance to PMTs and light attenuation factors:

ngpected

ngpected _ 151 COS (92) e—Li/)\

_E : observed
I’L’i _ Qm ) i —

i
~expected _
m Zn Qn ¢ 31




(Q.n)-mapping

h_Charge PMT_0005
Entries 28844
. . . . oy . - B Mean 2.048
* Charge distributions for gain fitting selected & 500~ Std Dov 262
from projection ranges in (Q,1)-maps w | 2/ nal 336.1 /163
L , = - Prob 7.865e-10
e Central projection value varied from 1.0 p.e. to 2.5 p.e. ‘;«400- o 083 0,005
* Width varied from 0.05 p.e. to 0.3 p.e. S t ° 0.4325 + 0.0056
Q - w 0.1237 +0.0063
* Ngnries > 10.000 counts © - o 0.02168 = 0.00895
300 B ‘J n (1.450 +/- 0.050) p.e.
3 ] I
s % ERd 200
10 100
1 0.t:I:tﬂ:|:1:!:i:l:1:':i:!:t-.l:t:l-.l:-:'-.lzi-.l:t'r.J-.i:i:i-.;: Tttt d abd ot o
o 1 2 3 4 5 6 7 8 9 10
10 Charge [p.e.]

observed charge [p.e.]



(Q.n)-mapping

h_Charge PMT_0005
Entries 28844
. . . . oy . - B Mean 2.048
* Charge distributions for gain fitting selected & 500~ Std Dov 262
from projection ranges in (Q,1)-maps w | 2/ nal 336.1 /163
L , = - Prob 7.865e-10
e Central projection value varied from 1.0 p.e. to 2.5 p.e. ‘;«400- o 083 0,005
* Width varied from 0.05 p.e. to 0.3 p.e. S t ° 0.4325 + 0.0056
Q - w 0.1237 +0.0063
* Ngnries > 10.000 counts © - o 0.02168 = 0.00895
300 B ‘J n (1.450 +/- 0.050) p.e.
3 ] I
s % ERd 200
10 100
1 0.t:I:tﬂ:|:1:!:i:l:1:':i:!:t-.l:t:l-.l:-:'-.lzi-.l:t'r.J-.i:i:i-.;: Tttt d abd ot o
o 1 2 3 4 5 6 7 8 9 10
10 Charge [p.e.]

observed charge [p.e.]



Current work (by Haruhiko Miyake) >/

* Implement new gain estimation in energy estimator

weight by charge distribution

* Event Energy found through MLE

weight by timing distribution

/

L = H (Pihit P?:Charge Pﬁtime) > H Pﬁno—hit

i€hit / i€no-hit
hit probability for a PMT actually hit \

* Includes no-hit probabilities

no-hit probability for a PMT actually no-hit
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Current work (by Haruhiko Miyake)

R

* Implement new gain estimation in energy estimator

* Event Energy found through MLE

* Includes no-hit probabilities

* Currently assume detection
inefficiency (¢,) =0forn =2

* Not sufficient for low-gain PMTs!
—> Fit g(u) for all PMTs

€ n . detection Inefficiency for n p.e.

Poonit = Py +e1 P+ e3Py + e3Py + -+




Current work (by Haruhiko Miyake) >/

Good tube, gain = 1.03

cable_10 Low-gain tube, gain = no value (failed to estimate)
»2 1 ndf 12.34/32
1 e_1 0.2442 = 0.0242 cable_80
0.9 B\ e2  23410-08 = 9.169e-05 1 00550 oo
T E e 3 0.072 = 0.0921 - 955 1*-; 07081
0.8 - e 4 0.07522 = 0.1011 09F 0.6013 « 0.009633
2 07 N °_5 3.42e-10 = 0.6184 08F 0.4572 = 0.01592
= T °_6 1.706e-09 = 0.1274 =~ = 0.7785 = 0.02751
T (o ) e_7 0.9 +0.817 = 0.7 = . 6.661e-07 + 0.6054
e - ! < 06F R 0.7072 = 0.1817
% 0.5 Frromm g P L L ;;,2(3*” ,u,?e*” ..8 T E %{;
= ohit = € P eqpe M + e +te = S et
e 04F hit = € 1 275 T =3 0.5 - .{.#3“#%
. - 1
S VR : = , ,
g 0.3 - p R o ple e
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 0.2 f_ no-hit — € +€1,Uf» +€QT + e +€? 71
E e e _54*-}_&:9_#:{: 0.1 i_ ...................................................................................................................................
0 1 1 1 1 | | 1 1 1 ] 1 1 1 1 | 1 1 1 I ] 1 1 1 "!1 | — | | | | |
0 1 2 3 4 5 0 EN
0 1 2 3 4 5
w(Expected PE)[p.e.] w(Expected PE)[p.c.]
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Current work (by Haruhiko Miyake)

K
v&

* Implement new gain estimation in energy estimator

* Event Energy found through MLE

Includes no-hit probabilities

Currently assume detection
inefficiency (¢,) =0forn =2

Not sufficient for low-gain PMTs!
- Fit g,(u) for all PMTs

Inclusion of € (u) -fit improves
E-res. in low-E region

But not in higher-E region

Work in progress:

* Apply differential weights for
signal events compared to background

Performance Summary

New (1274 ch)

New (1110 ch)

Old (1110 ch)

137Cs (661 keV) 9.75+/-0.05% 10.19+/-0.06 % 10.44 +/-0.05 %
€0Co (2505 keV) | 594 +/- 0.05 % 6.63+/-002% @ 5.17+/-0.01 %
h 1.7 <Expected Q< 1.8
. heav h 19
) heavy h 10 ; y Entries 2680
107 L Mean 1.499
) “l Eniries 1666486 101 : S:df ::fv 24951:-6;
; N T oo
E 102 ;_ jj“”f_n'“’""”'“'_" 1’111 g E ]ﬁ 0.1 0.8625 = 0.0000
L F g ki sigl 0.4477 = 0.0083
NS S [( e A , | 10
b o |
—400 =300 =200 -100 0 100 200 300 400 SRR . 1B . .
Hit Timing[ns] 10 0 2 4 6 8 10
37

Observed Q[p-e.]



