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Recent hints for an unidentified X-ray line signal
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SEZNIEPRESEE

weak interaction distinguishes

o> Ng
i very heavy

not getectable

v \u
AN 2 2 2 4 left-handed © right-handed
El_ E _p _|_m eft-hande right-hande
. . - 1/
fermion  spin 1 A7 s,
neutral ” 6/)\ e
\ anti-
\/ particle
g

Dirac 123

V¢

(iv"0,

m)ip =0

very heavy

w N >4 Components SPanI" (If m:/:O) not detectable

4 — —
V1, VR VL, VR

~—

UV FD

somehow, we haven’t observed

only light neutrinos

Dirac Neutrino

.
h

we haven’t observed because heavy(?)

heavy neutrino can be
naturally introduced

Majorana Neutrino

V=V

. J

22



Straight forward method to verify Majorana nature

Vebeam look for
1632 Z;%p—>€h+n
~3 (%) g ox E?

target
INEEEV), KIRILE—(MeV)Dfesh, N ST —REIFHEREIT< L,

KTEEBEbBHIERE /NS LY,
ZW\BARITEHYI T,

HTDRFEN_ELBERET %, 220=a—hU/DN Tz bX—=h
ILOZERBICESNRIGHIBIRS b,
EA N,Z=¢ A

|4+ 1930 light neutral particle (W.Pauli)
' 1933 neutrino, beta decay theory (E.Fermi)
1935 double beta decay (M.Goeppert-Mayer)
1937 Majorana neutrino (E.Majorana)
1939 neutrino-less double beta decay (W.Farry)

— AhME A %= B
W9 = H A]HEE
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— 5 BHRIR

Ndo rZa—hkKU ./
. 50v2B b AJEE

BERERBIYPRBICHNMDET
Ao+ _a—KMU_/ DIEHL

(Schechter-Valle theorem)

OVBB (5%FWHM)

. (normalized to 10¢)
| Ov2BHEERE, YIASHENEED
\ 2RICHPIT BD T, BEDIEIMEICH
X,/ E EE V78 ~3Z7FCP

1) N N pmpenn TERRERSTE

ooe| /- lromgizetiol). N ; mpp> = [Zm; |Ui]? ]

Skl AN 1
B R — Tijz CorlMor ms?
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solar, reactor, atmospheric, accelerator

Single beta decay Neutrino oscillation

- KamLAND data
- Neutrino oscillation with real reactor distribution

_.
[

ie
=
®
<
o
c
*

—_

KATRIN
3H 18.7 KeV

A
3¢ Ky o
.
\ e
e

e
0

<
2

Survival Probability

oooooooooooo

L , , N . .
<Mg>= = 2 M, U, —(26+04) x 10
REDHR FHERE = (7.6 £0.2) x 107° eV?
<2eviesw) 02eV ([T V
Double beta deca
C05m0|09y Ge, Te, Mo, Cd, Ca, Xe, Se,Y..

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

<mBB> - |2 mi |Uei‘2 Sil
<02~07¢eVv 005 eV? <02-~04ev(001~0.03 eV



— T A\V e — i D‘B‘ N
B N— % i NTILA b —
—BN—5 Hﬂiﬁ T D e Z2— N U RRHENS
|KK7b4’A| J N I T—58E 7 kg - F ERREE - WIEE - fHREED 3 DDERD
. 60 ! | EoTW3
i 7 T12=2.23404 03 x | 0% £F 103
S 2 EEER I 1 T T TITl
5 hio t mpp =320130 meV  mwomzumn R | |
Ml > -
i H Mod Phys.Latt.A21, 1547 (2006) E) . |
2000 2020 2(::;9% ;o\fo 2080 2100 ISy 7 73 '7 > |\ 75‘{ % < @EE 75“/\\% = L ..
Conclusion S KKZL1LA .
The seesaw with Occam’s razor o — =] — Q. :
. | J\ — I\
I wﬂm%;ﬂu I CP violation in neutrino oscillation S — 7 >( 9 % E§ J IZE L(— \S/
¢m===)  Universe’s baryon asymmetry L/ TC IEE(@E’\] %EE\IJ
The normal hierarchy is excluded and
it is consistent with the inverted hierarchy !!! -l 02
ool = T 4002 mgg =47t meV
It predicts . ;_H ; neutrino20 1 2ERREEIC T 4
rem Phys.Rev.D86, 013002 (2012) N\l el ARSI S ——
560
Normal hierarch R
- l\ 5593 Inverted hierarcgy SK@j(/)_?\,:l — l\ U /Eﬁjﬂu cj:\ EB%E
—_— ‘ s
558 1REREE . .
e | | (20~60meV) X 7z (FHEIR (60meVEL b)) &
= ]
SK, | DUIFE,  (neutrino2014 T LHER)
MINOS C EREE
- Xrin (BB B)—Xrin (B BETE)=1 2 10 -
5546 50 100 150 200 250 300 350 : E‘: :
IIIIIIIII cPs . ﬁf -
Il cmB ; - -
B A | >m,=0.32+0.11 eV ¥
B CMB+BAO +H, ] - -
5 .CMB+BAO+H0+SPTCL_§ (31—&-,{—% ‘: /":'E—")
. ' arXiv:1212.6267 - -
> 4 Apl782,74 (2014) PLANCK
3 : L | L 11111 I| |
2 3
. mep =26~ 145 meV 10 10
00 05 10 15 20 2m,, [meV]

26



@ SODFHEH CIIBERTERAELRZ2—N /EBEZREBITI2HDHH 5,
® - N /IRETHLHEREBEZFSHDHH S,
|
WORDD>THEAREZETEL,

Q@ EhLimDRBREZHFLURKIT. EIRBEZHIITIENEE,
O BEEBRESEMTCAT—IE U 54 — % EF

@ OV2BHEEMNELL THMEDODEW OV T NI BHITE,
O BEEBEZH/IN—TIREHEE,
CFEEH, —a—NURBEFBELES — Sa—hU/EFATYY
- Za—KNU /YIS FEELCNIE — HEAECELEBERES
O ZBMICL. BLREBAET %,
Ik v &8l B4 v ER, KGvEH, BEYBERERGE

@ OVv2BREMNEKREINICKRS,
O =EBEAE
O @ ToEE — BTHNBROREUER. SSYEDER RiffoLkkt
O rovrollE — HEYEORR FifioZikkE
O FHHEIPLBHIEEL DHEAET — SSYEOR. YIS FCPUAELREIC



comparison of double beta decay nuclei

Rodin et al., Nucl. Phys. A793 (2007)213-215

Nucleas | 77}5(50meV) T7, measured (year)| Not ‘A‘(]?)};I)ldance iivgl;;e
BCa—*Ti (4.272119) x10%° 0.19 4271  max. Q. fast2v
6Ge—75Se 0.86x10?%7 (1.5+0.1) x10%! 7.8 2039 semiconductor
82Se—32Kr 2.44x1026 (0.92+0.07) x102Y 9.2 2995
%67 r—"°Mo 0.98x10%7 (2.0+0.3) x10% 2.8 3351
10Mo—199Ru | 2.37x102%¢ (7.1+£0.4) x10'8 9.6 3034 fast 2v
H6Cd—16Sn | 2.86x102%° (3.0+£0.2) x10% 7.5 2805
28Te—128Xe | 4.53x10%7 (2.5+0.3) x10%4 31.7 867
B0Te—130Xe | 2.16x102%° (0.9+0.1) x10?! 34.5 2529 large nat. abundance
DoXetBa. . 4551020 L (2.3£0.1) 107! 8.9 2476 slow 2v, rare gas
BONd—O0Sm | 2.23x107% (7.8+0.6) %108 5.6 3367 Ov, fast2v

Ov BB (5%FWHM)

BWweEmnh

73 L,

¥ He

2v BGIEIRILF—DREEDHIS.8
FElCHFLTEMT B0, 2vH
NHEE 1B,

o (normalized to 1\0%)
SR ) ¢ 201 [
1.5; : o — | -
0.90 :.c;;); 1.10

1/ 2v BB Ov BB (5%FWHM)
0.5 - (normalized to 1) (normali;ed to 10-2)
0.0 K | | ~[ /l\ l

0.0 0.2 0.4 0 0.8 1.0

TY% |T? whna<, TxL%—
SIREEIC T ZBHEND B\,
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low U,

high resolution

Ge Cryogenics

IGEX
HM ¢

GERDAzm
Majorana

RICINO

ICUGRE]

\2813—
V
half lives

m
~100meV—>102°~1026y 10~100kg

~60meV—>1026~104"y 100~1000kg B I G

~20meV—>1027~1028y 1000~ kg

~—

|

SNO

XMASS-II

tracking

N “mag. field
High-Q
NEMO+3
MOO tagging
|Super-
MT EX6-500

no tagging yet
2011-
5ton

KamLAND

9



& distillation

1% photo-coverage 2381 35X 10_18g/ 2

with

325 177and 55420 >2Th 52X 10-Vg/g

photo-tubes —
R I G BEIR IR
WMIGIEROAFITELTWS

~500p.e./MeV



KamLAND-Zen

Zero neutrino

double beta decay search

4 LI

: ___/ \}l/ = |7q nf_LfZF/}EWﬁ

e R

~320kg 90% RAIAE:

8 136Xe ZE A

IRE380kg. fFk600kg~1000kglc iR

AR EHFDIRWNW

Za—hkU/H
NITTHEER
DEZICEED

. i
£ N\

g B RN

3 / \

s 041 / \,

3 \
= / Ay
a -

- /
0.2 N

T EBHH

2.46 MeV

' 015 l 1
(Ty+ T,)Qpg

KamLANDZES X U v k

@ HZEtOEE
— MWWICE I A b THRUEICFARIEE
@ E XN D/EF (1200m3, U: 3.5x108 g/g, Th: 5.2x10°17)
— ﬂ%ﬁ@ﬁ&%ﬁﬁ?ﬁ‘f’nﬁﬂ I 78 57380
Xe EZZNIL—2ICIEEBEEDNE)
o (uZ\%H% FEOR N T) XegFkiEY Y FL—5 Dftk.
ZIN)L—> DIREHNE R
— ILRKEBS s> DXeld H XL ATEE)
® L, rzmoIIEN
— )\ 77 Z0 Y REININHEHINICES
@ x=2—hNY/EAZILITTES

— RFFELFRORBEOMIK -2 — )/ FT—F
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AERHIZNIL—VBE

QISR T A== )= )L—LTDIEZE

(C

ass 1 =057

/]

B 19.4 N/cm

Xe EBE < 220 g/year
(R
- FIERI|EUEEE 7 1)L LA
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Th : 59 » 3x10-12g/g

TR : 180 > B olo] R E B
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Measurement of the 2v2p half

DAMA (2002) wm#*Fe/vyoFL—%
T2V2> 1.0 x10%2 years at 90% CL

\\\ms%@%@

R/ VTPC+ VY VFL—4

EXO-200 (201 1)

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

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

T?V12,=2.23+0.017(stat)£0.22(syst) x10?' years
Phys.Rev.Lett.109,032505(2012)

T2V, ,=2.172+0.017(stat)+0.060(syst) x 102! years

arXiv:1306.6106

KamLAND-Zen (2012) st vesnayr7L—%
T2V12=2.38+0.02(stat)%0.14(syst) x10?%' years

Phys.Rev.C85,045504(2012)

update

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

Phys.Rev.C86,021601 (R)(2012)

update

Events/0.05MeV

Counts/50
s

Phys.Lett.B546,23(2002)

counts /50 keV

10 g
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10?
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£140

D X
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= f
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l- I,.\A\
5 Z?{\\ ..= S *
7 AR TN G i
0 ;‘4\ h 4\‘ o ey ) !
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Background situation

Peak fit with O v signal
30

- —— Data 112days 157 events
- Toul 0.25/ton-da
25 - 130xe Onupp / y
- — Xe2vpp n.d
% 20— External BG
l% B — - Spallation
S N
o DX
= S\
O -\
m  10f \/
5
8:2 - e — ,2 ._6 SRS — .-...2.’.1..8.........;..‘.... e i -3

Visible Energy (MeV)

Peak position is different from that of expected Ov.

Ov only is rejected at more than 8o level.



T TEAHEY)

I37CS I34CS 214B; 2087

134Cs + 137Cs. faIIout

\)

Sendai

(R/1.54m)’

balloon edge

. ‘;fr-{';:;a'h;

2

Visiblg Energy (MeV)

I, EWVWUAHLU TETULRLY,
SZ)N)L=2 ED24Bi IFEMAEZHIFRL TWS,

« 208T] (£, /OV2B E— 7 £ D+ ABWIT RILE—ICH BT HRITEICHR S A,

2.6MeV 3T D E— 7 (37

o 2 anly (PSS
wAR DR RN
| s .-v“ ’. l*:' *E '%"-"— }?%
R 2 i -
¢ i fmEsESE T IR
[ Nl
. " -,

3000k <

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

cBEFE— DT AT IRNTHBDEIVALIE . OV2BIEERTIEFH I DMERBEICERS

(2= 00— 8
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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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Limit on the Ov2p half life

- ?j‘f;‘l | 12days best fit (ev)| > | 12days ¥ — = | 12days
R —— Total (Ovpp upper limit) I IOmAg 100 2F o “F o
P PXeovpp 2008i 18| 2 o 2 o
- $3960);%) S'EBUPPCI‘ limit) 88Y 8 2 L External BG + 2 b - External BG
- — € 2V — =) QS
T 20f e “Co 0|Z | :
R g L ovap of= " .
o 15/ External BG 5H
E == Spallation 90%C.L. = ‘ L
g 9, 2a 26 28 3 . N .
[_E 10 Visible Energy (MeV) Visible Energy (MeV)
HmAg IFR<E Do 208Bj (FF7RLY,
5
................. - 22,2 <E <3.0MeV ??(S)Bi . Xzz/d.o.fz 32.6/31
e gyt , N T R é“ 3; oo UAgy/dof=32.2/311 88y 34 ()
95 2.4 2.6 2.8 3 z 2% + i $++ '
Visible Energy (MeV) s i Jr Jddinds H +
Exi@ﬁgtOVZB@J:BE (90%CL) - 3% |V*|+| +|+'| |++’+|<+»|+«’|+‘| L1 |ﬁr+|++| +1L :+<|
0 20 40 60 80 100 120
Day
(%2 at 2.2~3.0MeV) FEEELZ > LR FRDOXFIIC IFRERE
_ 2 12807 — BISEFROBIMT— 5 Tld & 0 BARRICIROFHE % BH
/=
. 131 DAMAD S 5 fEDE
ENSDF 7" — v+MAg : _
g R—Z D% TV, >62%x104 4 (112H)
= ) ov+203; 227 /\
BRTIN
szmon | Y 222 /\ (RYQRPA (CCM SRC)
2 Phys.Rev.C79,055501(2009)
M. BGiEm | Ov+5°Co 82.9 X
Ov only 85.0 X

BGci IIOmAg '5 ij\o

{mgp) <0.26~0.54 eV @90% C.L.
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KamLAND-Ze

N stat

U

S 89.

bkg-yr

Phys.Rev.Lett, 110, 062502 (2013)

26
ZA ~320|<g 90% I i i .I . the world best [imit
| @  |enriched '*Xe o-eeeme oo A ot -0 1 T 2 > 1 9% 1020 yrs (KL-Zen)
installed so far ) % 1l > 3.4%x 102 yrs (combined)
O
D 107 LS -
Hg N S . <m55> < 120 ~ 250 meV
7 ‘‘‘‘ - ; = | KK-claim refuted at
. 2l 1< 2 -
97.5% CL
S/ m N @)
24 | | Lol | | L 11
101024 1025 1026
i . T, P°Xe (yr)
2. BG identified as 1MOmAg
*[os1 DS2 3 Xe on-off measurement demonstrated
- ;:;Angf 232 L DS3 155 (s
B iy b Xz:lo' y N degassed data
= 02 LT g 2 v 2 Breduced
= - 2 :
ES B ol 11omAg BG remains . .
Qs + ------------ I ---------------------------------- $ / 4. purification done,
= o -
> 1 s 10° T T,
= ol %tv/%% '::QH DAQ resumed with the
! 1 h Hl increased mass of ~380kg
i S
% 0 oo TS0 00 L e 2.5N3 55 as

visible energy [MeV]
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HSR D=

"

Nucleus Experiment Eggz;lge T;;I/;(:IO/IZH(E ([)zr) <(l:31{37ﬁ)>
8Ca — 8Ti ELEGANT VI 0.025 > 5.8 x 1022 <3.5-22
76Ge — 76Se GERDA 21.6 >2.1x%x10% |<0.19-0.30%

76Ge combined > 3.0 x 1025 <0.16-0.25
82Se — 82Kr NEMO-3 4.2 > 3.2 x 102 <08-14
967r — %Mo NEMO-3 0.031 > 9.2 x 1021 <9.3-13.7
100V o — 100Ry NEMO-3 31.2 >1.0x10% <04-0.7
116Cd — 116Spn Solotvina 0.14 >1.7 x 1023 <1.2-2.2
128Te—128X e (Geo chemical) - > 7.7 x 10%4 <0.7-1.2
130Te—130X e CUORICINO 19.75 >2.8 x 1024 <0.44-0.81
136X e — 136Ba KamLAND-Zen 89.5 > 1.9 x 1025 <0.16-0.33
EXO0O-200 32.5 > 1.6 x 1025 <0.18-0.36
136X e combined >34 x 10 <0.12-0.25
150Nd — 150Sm NEMO-3 0.093 > 1.8 x 1022 <4.0-6.3
N —T D—EHERIBEE LR (KK & Lo L) 1257 > 11> 107
TOVy, =223%31 x 105 yr  <mp>=0.18-0.43 eV @ 26 C.L. (QRPA model)

42



EXO-200 @ wipp (2010~)

lonization + scintillation

500 500
450 ¢ 1 450

400 | B ~570 keV

350 1 1 350

300 1 300 \ %

1 250

lonization
%]
h
o

1 200

150 ¢ 1 150
100 r 1 100
50 50
0 : 0
X 0 200 400 600 800 1000 1200
15000 T | | \ \
10000 -
5000 q
0 | 1 1 | |
0 200 400 600 800 1000 1200
PMT charge
X and Y grids
drift direction
cathode APD plane

liquid Xenon 200 kg (80% enrichment)

sensitivity ~150 meV
(2 years)

external 298T| ¥ limited

lonization alone
o/E=1.8% @ Qpgp

lonization + scintillation
o/E=1.4% @ Qpgp

~1.5m

HFE7000
cooling/shielding fluid
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log,o(Counts per 14 keV)

log,o(Counts per 14 keV)

EXO-200 (2014)

~Nature 510, 229-234 (20

)

14

6 4
4 5 A
*% 4 HO
8 3° A
2 I
1 _
2 g T — = 4 4
E 0 TERIRRRTRRTTRRTER ) A XN -, . - 3
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0 ittt R R R R b P il P =
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6
®oo0 o ° —3
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° L ° °
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"I e,
2g T T B R .
- - 11 RS [ ) 2,100 2,200 2,300 2,400 2,500 2,600 2,700 3
I b ey ~ , ¢ i Energy (keV) _‘___
. ST R S0 r his ;
1 e 1y _ ,
1 A .“ ._"'_ "I] II hgr "I sl
ok 1 helud Ul gl \ ]
. e hedl il N |
e !
ol = e o -
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Energy (keV)

1.6x102° yrs (32.5 kg-yr)
— 1.1x102%> yrs (123.7 kg-yr)

(0) lenpisay

(0) [enpisey

PRL 109, 032505 (2012)
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1 o range (3.1, 18)
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The GERDA Detector

@Gran Sasso

clean room

water tank:
590 m? high purity water
neutron moderator/absorber
muon Cherenkov veto

‘I_‘.I - “‘-E _ S e

r

cryostat with
internal Cu shield

L&‘\_‘\ N

naked Ge detectors:
3 strings with 9 coax detectors
1 string with 5 BEGe’s

| N 1 -
- ‘ i l ‘-x | P
‘l—l N\ B

very clean liquid Ar

plastic scintillator veto

background reduction:
* material selection
* screening (y, Rn, ...)
* graded shielding

- deep underground

- veto systems
- water
- operation in LiAr
- naked Ge
* source = detector
* pulse shape analysis

" T |

7 N\J

model by A. Lindner

46



GERDA R&D project (also Majorana)

Background suppression techniques:

Discrimination of Multi Site Events (MSE) (e.g. Compton bgd.) from
Single Site Events (SSE) (e.g. OvpB) by: liquid argon scintillation
anti-coincidence (LArGe)

rate [Hz]
i~ 232Th (298T]) source

Liquid Argon

Y

GERDA | . X
data o:' T e e 50005800 \

T [F_.;]_)// \\ ‘

0.6 | .
(40,000 scintillation o Qg w/o anticonicidence
photons/MeV) ll

0.4 W

0.3

«20 cm diameter test setup

Suppression factor (~20) “2 with LAr anticonicidence
limited by escape from setup ‘M@J WWWMJ

| 1 1 | 1 1 1 | | | 1 1 1 |
1600 1800 2000 2200 2400 2600




GE

counts/keV

DA (2013)

PRL 111, 122503 (2013)

w
|

\V)
|

0 1

pumn

GERDA 13-07

! L
2025 2030 2035 2040

2045

2050 2060

1930 keV 4
2039 keV

IO&

(@)
I | I | I | I

1900 1950 2000 2050

———————————————— background interpolation- -

I I|"I“1 ke i

2100

2.1x102%°> yrs (21.6 kg-yr)

3.0x102% yrs (past combined)
HEDWWNDTET

Foino
. 2190keVy |8

2204 keV

214Bi

2150 2200
energy [keV]

— <mgag> <0.16~0.25 eV

48



CUORE @ Gran Sasso

K

i
— ‘

19 towers

088 detectors
741 kg of TeO2
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[ Incident particle

(Energy == AT)
Crystal absorber

CV =1944(V\I/n)(TT YK AE =E J k CVT2

D
AE ~keV @ 2 MeV (~10 mK ~ 1 kg)
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NEXT @Canfranc
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Fit to Energy Spectrum for 2vp[5

DAMA (2002) Liquid Xe scintillator

Counts/50keV

T2V2> 1.0 x1022 yr at 90% C.L.
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v
T2v42 = 2.30 £ 0.02(stat) + 0.12(syst) x1021 yr

T?V12=2.165 *+ 0.016(stat) + 0.059(syst) x 102" yrl«— consistent with EXO-200
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156X e Ovpp Decay Half-life

combined result (Phase 1 + 2)
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6L | — EX0-200(2014)
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)

KamLAND-Zen
Phase 1 T2 > 1.9 x 10%° yr

Phase 2  T%42>1.3 x 1022 yr

Combined T4, > 2.6 x 1025 yr

QRPA NME model i
J. Phys. G 39 124006 (2012)

(mpp) <0.14-0.28 eV
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D 3 1& )
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Limits on !13¢Xe half-life and effective neutrino mass are improved
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