Relation of our notaion (v,, v.) and regular notation (v,, v,)

Regular notation

Vv, cCosQp —simn@\(V,
Vv, sinp  cosg )\V,

v, =mass eigenstate whose v,
component is larger than v,

Vv, = mass eigenstate whose v,
component is larger than v,

=>» by definition, cos’¢ > sin’.
Can be m,>m, .

m, < m, =» Normal Hierarchy
m, > m, =» Inverted Hierarchy

Our notation
V. cosf -—smO\(v,
v, sinf  cosf )\v,
v_=mass eigenstate whose

mass 1s smaller

v, =mass eigenstate whose
mass 1s larger

=» by definition, m, > m_
Can be cos26<sin?0

cos?6>sin’6 =» Normal Hierarchy
cos?6<sin’6 =» Inverted Hierarchy

111020 suekane @FAPPS 1



What Mass Hierarchy Physically Means

Relation between v, and Vi,

2 . 2 V—
cos’"O>sin"6 = -

v
) 1
cos’ 0 <sin’f = - *

NH & m,>m; & cos?6> sin?6 <>cos26>0 m, >m, ¢><m >> m,,
[H & m,<m; & cos?0<sin’0 <cos26<0 & m (<M, ¢><m >< m,

M_.H. corresponds to the hierarchy of m ,,, m
Vv, o V, < VM ? VM
m

ee um

111020 suekane @ FAPPS
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Transition amplitudes in the sun

Ey—w,c0820,+V AV,

&

26, 26 =
< + >

2(:0 cos26, - ﬁ
) cos26, >

Notice V, cancels out.

111020

% 4 4 % %
e H Hu e
® —Q®
Ey+wysin26,+V, W,S1n2 6,

As always, mass eigenstates and their energy are,

v sin@" \( v,
v, cosO'\v,

cosO’
—sin@’

sin26,

1

2

sin® @’ =

| -
( \(c0s26, = (Vy, /20,))" +sin’ 26,

(cos26, - (Vyy /23,))
Ei =E, +2wm, \/(cos 20, - (V,, | 20,))” +sin® 26,

E' =E, -2, J(cos 26, -(Vy, [20,))” +sin’ 26,

suekane @ FAPPS 3



We know

J\\

6, ~ 34°
Am® ~7.7x107[eV?]
Py ~ 150[g/cm3:

sinZ6'

Heavy neutrino component (v, ) of v,

)

5 sinte < L1 (L5=(p/p,)E[MeV])

2{ (1.5-(p/p,)E[MeV]) +138,

12 = '
o 10Mev If v, (E=10MeV) is

1 __generated near the center
0.8 of the sun, it corresponds
0.6 to the heavier neutrino
04 state.

!

02 V,~V .,

0

0 0.2 0.4 0.6 0.8 1

£/Py



v oscillation 1n the sun

—iE’ . —iE’
{ve(t) =cosO'v e —sinf'v. e
Vi

. _-El Al
() =sin@'v.e™ +cosO'V e ™'

Then as always,

P(ve — VM) = sin’ 20’sin2(AE L)
2
Oscillation length 1n the sun

4 T

A= =
AE" @ J(cos 20, - (V,, ) 20,))” +sin® 26,

<2x10%km << R,

v oscillates many times before escaping from the sun

111020 suekane @FAPPS 5



7(0)~

n,(0)~150g /cm”>  While traveling in the sun,

1.5KeV v experiences density change

HISH : C el e :
oo The density distribution in the sun is

v p(r)~ p, expl—lO.S ;’J; (02<r/R<1)

700,000km

Ldp,
p dr

<0.03<<1

111020

A

log(p/py)

For 1 turn of the oscillation,
the density change rate is small.

=> adiabatic condition
suckane @ FAPPS 6



When produced in the sun, the neutrino is pure

v, state, which 1s a superposition of v,
%

e

sind' cos@ Y, (0)=v, =cosOv_(p,)e”™ —sin@'v (p,)e""

che :ﬁzr While traveling, v_ stays v state, respectively
o |VPo)  v(Po)  (Adiabatic)

Travel At t=T, the neutrino reaches the sun surface.
Surface

v.(0) v (0) l/JV(T) = COS 6’v_(0)e-i¢-(T ) _ Sin@'v, (O) o~ 9+(T)

: l>< l@éo ¢ 1s the phase rotation during the travel
= = T
7| / 0.(T)= [ E.(o(r))ds

1s mass eigenstate in the vacuum

(O ot smo) )

111020 suekane @ FAPPS 7

of the
sun




At the surface of the sun (t=T), the neutrino state is

Y, (T) =cosO'v_ (O)e—iqb_(T) —sinf'v, (O)e—i¢+(T)

= (cos 6'cosf,e ")

+ (cos 6'sinf,e*-1")

+sin0'sinf,e ") )v
—i¢+(T>)

e

—sinf’cos,e %

u

The probability that v, remains v, 1s

—i¢+(T)‘2

P(v,—=v,)= ‘cos 6'cosB e ") +5inf'sinH, e

2 2 - 2 + 2 .
=cos” 0'cos” 6, +sin” 0'sin” 6, + —sin-2A

Since neutrinos are generated at various positions, T has some
variation and cosA¢ term 1s averaged to 0

[P(ve —v,)= %(1 +c0s26, cos 20") ]

(If there i1s no MSW effect:P(ve —v,)= é(l +cos’ 200) )

111020 suekane @ FAPPS




P, (v, —>v,)~ %(1 +0.38(1.5-E,[MeV])/1[(1.5- E,[MeV]) + 13.8)

It IH (c0s26,<0), the relative sign of the potential is reversed
and probability becomes;

P,(v.—>v,)~ %(1 +038(1.5+E,[MeV])/+[(1.5+E,[MeV]) +133)
0.8
MSW
P(Ve — Ve) 0.7 Inverted Hierarc

0.6 — —— Qo MoW

There 1s energy s

dependence. 04 MSW
' Normal Hierarchy

, 0.3
This dependenc:
0.2
depends on the 01
mass hierarchy 'O ]
0.1 1 10 100

E,(MeV)

111020 suekane @FAPPS 9



0.8

0.6

0.4

0.2

MSW
Inverted Hierarchy
| No MSW
MSW
Normal Hierarcny
Observation of v flux
B e 1
0.1 1 10 . 0.9F arXiv:1110.3230v1 [hep-ex] 14 Oct 2011
- =
o 0.8
| =
0.7—
s |
& 0.6
. — —
NH is confirmed g o.5F ] {
.* —
> =
0.4—
by matter effect A .
« 0.3k e ’Be - B i
mo>m, 03 3 me - morexino
. 0.2 =+ "B - SNO LETA + Borexino
e — e "B - SNO + SK
ol 0.1;— MSW-LMA Prediction
= Ll L
10 1 10
E, [MeV]
n:a = Il L . | 0~
111020 suekane @ FAPPS 10




‘ More Mass Hierarch \

Am!, ~8x107eV?, ‘Am;‘ ~25x107eV?
There are still 2 possibilities.

Normal Hierarchy Inverted Hierarchy

my e m,>
7.9x10-% V> i‘
m, >

2.5x103%V?

2.5x103eV?2

)

1112-
| 7.9x10-%V? v
2 “

Illl 1113- [ SATATATATATA; ~

\,E v un A e v un

Mass Hierarchy is important for detectability of v, mass.

If it is IH, < m, > > 50meV and there is a chance to measure it.

So I hope 1t 1s TH.

111020 suekane @FAPPS 11



Reactor Neutrino Experiments so far

Krsnoyarsk

KamLAND
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Reactor Neutrino

)
@ #h/KkE (BWR) R¥FIF
l EFirfEMSe
S ] Fippkos-=
jl _
F=E FEERE
t =1
¥ f Ll o]
cfﬁff k38
%% - R
2 o i L 2
- i - {532 B)
Ve = J Ve E?JN'#U? v ? ﬁ:’}(;fp? m}:r

~6v/fission & ~200MeV/fission

4

~6 %10V /s/reactor/(1GWe)
111020
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Vv, Detection (Chooz)

(E, -0.8MeV)
/- ;/jﬁ?f”w ") n+Gd = Gd +ys( Y E =8MeV)
T

(0 )1 1MeV
v &’w ,/ _
: et Signal Property

prompt.signal
f\1 ~8MeV 8MeV

{\ﬁ 30 us .
Delayed signal s L w 30 s »t

111020 suekane @FAPPS 14



The v.energy spectrum

Reactor v, spec‘rrum (a.u.)

Observed spectrum (a.u. )|

70

20

v, tp—n+e’ cross
section (10-43 cm?)

10
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111020

CHOOZ experiment

P=8.4GW,

Chooz B
Nuclear Power Station
2 x 4200 MWth

&::ﬂ

/

[&]

[L=1km

distance -~ 1.0 km

Dapth
100 nrwe

@ D=300mwe
¢

IIPLIEILET IR

Chooz Underground Neutrino Laboratory
Ardennes, France

M=5ton

suekane @ FAPPS

From atmosheric v
oscillation,
Am? ~10%eV?(in those days)

Then for E, ~4MeV,

same oscillation may
take place at L~1km

16



Chooz result

m® (eVz)

Chooz energy spectrum

all data

1
10

2
10

—t amalysisA T

-3
10

< analysisC

Deficit was not observed.

Ve
—
N
%—- analysis B
Q)
N
=
o

1] 90% CL Kamiokande (multi-GeV)

. 90% CL Kamiokande (sub+multi-GeV)
1 | I TS T FETEE PN P T T

11 sl ey
0 01 02 03 04 05 06 07 08 09 1
sin"(26)

This 1s the current most strong upper limit of 6,,

10

111020 suekane @FAPPS 17



1]

*1 kton liq. Scint. Detector

KamLAND

KamLAND: .
r-'&"ul

i ——

Kamioka Liquid scintillator
AntiNeutrino Detector

in the Kamiokande cavern
1325 17” fast PMTs
554 20" large area PMTs
*34% photocathode coverage

‘H,O Cerenkov veto counter

18



KamLAND and Rectors
68GWth

number expected, no oscillation

5
o

llllllllllllllllllllllll

N
o

l rl_ﬂ‘_‘_r.'_.\|m|r'—u_..... [

100 200 300 400 500 600 700 800 900 1000
baseline [km)]

<Baseline>~180km

OO

Although there are many reactors,
the baseline 1s almost unique.
~1 Gigantic Reactor @ L~180km

111020 suekane @FAPPS 19




Events/0 425MeV

Results

§
I_lllIIlllllllllIllllllllIIIIIIIIIIIIIIII

[

; o
o
IIIIIIIIIIIII

i
mi

o
S

Survival Probability
o
(=)

— 3-v best-fit oscillation —s—Data-BG-GeoV,
---- 2-v best-fit oscillation

sl v bav e by b s b s s e s aalaaaa g

° .
o to
LI I LI

20 30 40 50 60 70 8 9
IQIEV‘(km/MeV)

100 110

20
15 \\ / 4a
o %
S gD \ / aa
5 = \ / el 2a
W1¥F};Trrhvrth?n+}ﬁr_{
2 Solar KamLAND [_
2 - (b) ) —9%%CL =—95%CL HA 5 g) &
18 r s 9BCL =em9%CL [1
“F —— 9 TI%CL =——99.T3% CLJ
o - H
N> 16 - ( O bestfit @ bestfit _|-g-
2 14F KamLAND-Solar [t
L T Wssece f
= 12F wucL [
~ F WenscLh
NEN 1F * bestfit [
C o —
<1 08¢ :“*"
C e N
06¢[ o
F E
04 o
o Hoallonal bl

70809 1 5101520

KL Solar

Since KL (Vv disappearance)
& Solar (v disappearance)
agrees, CPT 1s OK.

tan’0~044, Am*~75x107eV?

@FAPPS 20



‘3 Flavor (v,, v, v.) case\

Ve ® Ve > vu ® Ve > VT ® Ve >
Transition <mve > A A,
amplitudes v, ® Viay, Vi Ry Vr Q— U 5
14>l< e <m vy > AMr
1% 1%
Ve R Vi > Vi R Vi > L Iy
CPV phase m
% %k
N A im,)

A U, U, Uj;\v, 1 0 0 Ci3 0 S13é ¢, S, 0)\v,

Mixing Vo [=1Uu Uy, Ups|vy =10 ¢p 8y 0 1 0 (-5, ¢, Ofv,
_id

V. U, U, U;s\v; 0 -5, 5 53¢ 0 ¢4 , 0 0 1)\v,

This parametrisation happens to be very useful because angles
can be independently related to the experimental results.

(not always so. Wolfenstain parametrization is not useful here.)
111020 suekane @ FAPPS 21



3 flavor v oscillation

Probability of v oscillations (after some boring calculations)

G’(v — Vv, 42Re Q“ﬁ sm (I) —ZEIm[Qgﬁ]sinZCI)?

i>] i>]

P(v, = v,)=08,,-4 ) Re[Q |sin’ @, +2 ) Im[ Q% |sin2®,

\ / i>] i> ]
)z

Assuming a,p= flavor indices, i,j= mass indices.

AmAL
U ewvuu U, @ =
IE,

Especially for disappearance probability
P(v, =v,)=1-4 YU, U,[ sin’®, = P(v, —>V,)

i>]

.2 2
: Aml.j=mj —m;

111020 suekane @FAPPS 22



Where CP violation may comes from

CP violation in neutrino oscillation

P(vy = vy ) ——=P(v, =y )—"=P(Vy = V)

If P (VaL Vv ﬁL) # P (VaR — V,;R) , CP symmetry violates.

Since P(‘_’a — Vﬁ) — P(Va — vﬁ) = 4EIm(QZﬁ)Sin 20,

i>]

= CPV <= imaginary part of mixing matrix
For B=a, P(v, —=v, )-P(v,—vV, )= 4EIm(an)Sin Pl
i>]

-4y 1m(U,

i>]

—> CPV does not appear in disappearance.

2\ .
U, )stCI)l.j:O

111020 suekane @FAPPS 23



What about CPT?

CPT violation in neutrino oscillation
P(Vy =V | == P(Vy = Vg ) ——P(v

P(vaL — VaL) = P(VaR — VaR)

Especially when f=a

P(vaL — VaL) = P(VaR — VaR)

If disappearance of v and Vv is different, =2 C/Vf/

In the v oscillation formalism so far, CPT symmetry is assumed.
=>» If CPTV is found, we have to change our theory.
=> Comparison of v disappeance arfd v disappearance 1s important

111020 suekane @FAPPS 24



Correspondence between experimental results
and 3 flavor mixing angles; 60,,, 6,5, 0,,

What have observed:

sin” 20,, ~1(Atmos, K2K, MINOS)
sin” 26,, <0.15(CHOOZ)
@Am* =80x107eV?, sin°26,, ~0.8(Solar, KamLAND)

@‘Amz‘ =25x107eV? ,{

What is the relation with 6,,, 0,5, 6;,, 0?

We define Am’, =8.0x107eV?, !Am;! =2.5%x10"eV?

Then ‘Amgl‘ = ‘Amlz2 + Am;‘ ~ ‘Am;‘ =25x107eV?

Since ‘Amgl‘ << ‘Am;‘ oscillations at two L/Es are well separated

=> [t makes things simpler.
111020 suekane @ FAPPS 25



Correspondence between experimental results
and 3 flavor mixing angles

For Chooz limit
P(v, =v,)
- 1 - 4(‘U62‘2‘Uel‘2 Sin2 (I)21 + ‘Ue3‘2‘Uel‘2 Sil’lz (I)31 + ‘U€3‘2‘U€2‘2 Sin2 (I)32)

For Chooz E/L sin’®,, ~sin” ®,, ~O(1) and, ®, ~0
Then,
2(

From experimental result, sin”26,; <0.15

2

P@23(Ve %ve)~1—4

Ue3

Uel

+U,

2 . 2 . 2 . 2
)sm D, =1-s1n"20,,s1n" P,

111020 suekane @FAPPS 26



Relation between experimental results
and 3 flavor mixing angles

Similarly, for accelerator and atmospheric results,
P@23 (VM — Yy )
~1- 4‘UM3‘2(‘UM1‘2 + ‘Uﬂz‘z)sin2 D, =1-4clysa (o, + 5533, ) sin” @,
Because s, <0.04 we ignore it:

- 2 « 2
P@23(VM — vu) ~1-sin"260,,sin" @,

From accelerator and atmospheric experiment,

sin” 20, ~ 1

111020 suekane @FAPPS 27



Relation between experimental results
and 3 flavor mixing angles

For solar and KamLAND experiment,
P(Ve — ‘_/6)
= 1 - 4(‘Ue2‘2‘Uel‘2 Sin2 (1)21 + ‘Ue3‘2‘Uel‘2 Sin2 (1)31 + ‘U€3‘2‘U€2‘2 Sin2 (I)?)Z)

\/’

at @, ~0(1), ®,and P, quickly oscillate and averaged to 1/2

P,(v, = v,)~1-sin*26,,sin°®,, +O(s};)

from data, |sin°260,, ~0.8

111020 suekane @FAPPS 28



Our current knowledge

Global analysis before 6,5
(T. Schwetz, et al., New J. Phys. 10 (2008) 113011 [arXiv:0808.2016])

5in°26,, > 0.88(30), |Amy;| ~2407%1} x 107 eV
sin’20,, =0.846* >, Am., ~7.65%2 x107 eV’
sin”26,, <0.21(30), (or =0.17 if T2K most probable value is correct)

-/\\

(08 0.5 Sl3ei5\
U ~1-04 06 0.7
04 -06 0.7
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Our current knowledge

Unfortunatelly transition amplitudes can not be
determined because we do not know absolute mass.

If we assume m;>m,>m;~0

Ve o Ve Vi o Vu Ve Vs
m,,~SmeV m,,~30meV m_~30meV

Ve o Vu Ve o Vi Vi o Vo
A, ~(30s;¢°+3)meV A, ~(30s;¢%-3)meV A ,~20meV

111020 suekane @FAPPS 30




Our current knowledge tor quarks
(Sometimes it 1s instructive to look aside)

Exactly same discussions can be applied to quarks.
For quarks we can determine T.A. since we know quark masses.

Quark transition amplitudes from CKM & m,

d d' s’ N s’ b' m b'
10MeV O0MeV 4200MeV
d s d' m b' s m b'
20MeV (8-141)MeV 170MeV

For this case these amplitudes are understood to be
caused by the Higgs potential.

111020 31




Quark oscillation

Quarks are oscillating. You just don't notice it.
Let's take light quarks only for simplicity

d' m d' s’ . s d' . s

10MeV 90MeV 20MeV
as always d'<s' oscillation takes place.

tan26 = gg%eg 05 = 0=13
) e
2x20MeV m, =5MeV, m, =95MeV
\<H
(90-20)MeV ot b e

w Am 45MeV 7
Too quick to observe. You can only see the averaged results.
This 1s essential difference from v-oscillations.



Quark oscillation: an example

How [‘L’ - —= K +v ] decay takes place from this view.

—I'md?

cos O+ e ™' 'sin" 6
ﬂ e M cosB

[

]

\bs K

cosf

o
osilaon ]

W T ﬂ e ™" sin6
pure d generation of s' |sin@ 0059(6"""” —€'im“’)
mixing
I'(t — Kv
( ) =tan’ 6 ~0.05 We call this 6 as Cabbibo angle; 0.
(T — 7v)

This 1s the physics behind the Cabbibo angle.



Near Future & Beyond

4 still
unknowns

Available
information

111020

-y

(1) sin?26,,
(2)Mass Hierarchy (m;>m, or m;>m,?)

(3)0,, degeneracy (6,;> 7t/2 or 0,,< /2 7)

(4) CP violating 0

(1) v,=>v, (accelerator)

(2) v,=>V, (accelerator)

(3) Matter effect (accelerator)
(4) v,=>v, (accelerator)

(5) v,=>v, (reactor)

(6) Solar, Atmospheric

suekane @ FAPPS
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Complete set of neutrino oscillation formulas

(For anti neutrinos 0 = -

e
52, sin” 26,
—0.0551n20,; sin20,, sin 20, sin 0
7T
D, = 5
VM sin” 20,
Ve
cy,sin” 20, + %sin 40,,sin20,,s1n0,, cos O
JU
D, =—
2
vV
u

You can calculate any
oscillations @ oscillation
maximums by this set.

cy,sin” 20,
+0.05s1n20,, sin20,, sin 20, sin 0

s2,sin” 26,, — %sin 40,,sin20,,sin0,; cos 0

Ve

%cfz sin” 26,; + isin 46,,sin46,,sinf,, cos d

111020

suekane @ FAPPS
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111020

613

suekane @ FAPPS

36



Importance of 6,. measurement

Future v experiments strongly depends on 6,
=» Precise measurement of 8, is very important.

Parameter Measurement Method

Scp [P(v, = Vv.)-Pi(V, = V,)]., ~0.15in26,,sind

6,, degeneracy [PA(VM — ve) + PA(\_/M — Ve)]@A ~ 2sin’ 0, sin”20),,

23

Mass Hierarchy [PA(VM —v,;L)+P,(v, — ve;L’)] N sgn(Am223)(L’ — L)sin® 26,,
P(v, =V

"’)@Alz ~1-0.5sin’ 26?13(sin2 A,, +tan’0,, sin’ A32)

111020 suekane @FAPPS 37




“ Reactor & Accelerator 6,; measurement “

@ Am’L om { E~MeV, L~1km Reactor Experiments
4E 2

E~GeV, L=100~1000km; Accelerator experiments

VM vV

P(v, = v,) =sin’0,sin*26,,
—0.045 - sin26,,51n0 +0.045 - sin20,,sin0

Accelerator \ /

Measurements P . +P _ =sin"20,
T2K, NOvA :

Reactor measurements
DoubleChooz, RENO, Dayabay

111020 suekane @FAPPS 38

P(vu — vt) = c0s°0,,sin” 20,



H.A .Tanaka (2011LP conference)

Super Kamiokande
“far”_ d_e'gecfto‘r (FD)

S R R d
~~‘,; ‘:c Pag’ |
% o+ R

~500 collaborators from
58 institutions, 12 nations

Intense ~600 MeV v, beam for
neutrino oscillation studies

e High sensitivity search for 613

* Precision measurement of 623, Am2o3

see “T2K Experiment”
arXiv:1106.1238 submitted to NIM A

The XXV International Symposium on Lepton Phaton Interactions at High Energies
Thursday, August 25, 2011




T2K Indication of V. — Ve appearance

Signals : Single-electron events by osc. v, CCQE

e
V,--> »'e——»(y

P

2011.7

< —4— Data
! [ Osc.v,CC
3+ ] vu+VFCC
. [ v, CC
B NC
(MC w/ sin°2e,,=0.1)

0
0 1000 2000 3000
Revotistructed v energy (Me\jekane@FAPPS

6 v, =V, appearance
were observed.
BKG=1.5+(0.3events.

0=0, 0,,=n/4
For Normal Hiererchy
sin“26,;=0.11(best fit),
=0.03-0.28(90%CL)

For Inverted Hierarchy
sin?26,,=0.14(best fit),
=0.04-0.34(90%CL)
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An 1ssue of accelerator 6,; measurement;
6,; degenearcy

P(v — v_)=sin’0,.sin’*20,, —0.045 - sin26,.sind
u e 23 13 13

sin26,, is measured by v, v, disappearance by accelerator,
but there are 2 possibilities of sin“0, if sin“20,, is not 1 or 0.

1++/1-5sin’26,,
2

For example, for sin“26,,>0.95 =» 0.49< sin’6,;<0.61.

« 2
sin“ 0,, =

This is called 6,, degeneracy and it will become problematic when
measuring the mass hierarchy by accelerator experiments.
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Complementarity of Reactor-Accelerator
0,3 measurement

6,, degeneracy .

0.50+0.11 . . :
PAC(VM — ve) = >sin”20,; = 0.045sin26,,8ind
(1 ¥ 0.00017L[km]) N -~ y
Matter effect Sin®26,;=0.95
0.1 . . , . o dependece
—_ 023>T/4 | O3<T/4 |
5 AM$H>0, | s |
-oé 0.08 | Am§2<0§ | —
9 L=300km
O 0.06 by <r .............................................
O by Ya
< .
— Accelerat )
9 | Measurement
Tj.
5 0.02 >
o £
0 g % i i
188 012 0.15 o0.18
111020 suckahZ@EAPPS 42
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“ Recent T2K indication “

sin%20,,=0.95
0-24 1 2 I I I l
Am 2>0, 923>Tl'/4 — :
02 -~ AM5<0, Opp>/4 —— L. i
AM52>0, Oo3<n/4 ——
/-1,— —0.-15 A%&&,B%ﬂl‘-r .';'.'".";:*f """ s ——
-~ Am 2>0, 923=7T/4, =0 :
5 —
P -l == = LY L
0.04 - : | Coustesy of Dr. O.Yasuda, "]
" ® i I o i i i i > —
0 ==0.05 51 0.1= 0.15 0.2 :Vj 0.25 ,j, 0.3
\ ) sin2291 3 | }

T2K result (0.03<sin?*26,,<0.28) is obtained by fixing 6=0 and 6,,=mn/4.

If all parameters are set free, it corresponds to 0.017<sin’26,,<~0.5
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Reactor P(V V
Near Detector Far Detector
<500m ~1.5km

Cancel uncertainty of neutrino flux and detection efficiency
by comparing near & far detector

Sensitivity(1st generation) sin®26,;=0.01~0.03
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Reactor 013 Neutrino Experiments

C'hooz,_VFra’ ‘

e 3 R e e B it

_-="RENO, Koré; ﬂgj

&

hiria ()

data taking started




Thanks to T. Lasserre; see also talks
Double Chooz @parallel by P. Pfahler

Near lab:

410m, 120 mwe . Farlab:

~500 v’s/day oo 1050m, 300mwe =
§ ~70 v’s/day

.~

Chooz reactors A+B:
» 8.5 GW

M. Lindner, MPIK TAUP 2011 21

thermal

111020 suekane @FAPPS
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Thanks to Y. Wang; see also talks
@parallel by K. Heeger and Z. Wang

* Near-far relative meas. to cancel
correlated syst. errors: 2 near + 1 far
* Multiple neutrino detector modules
at each site =» cross check and reduce
un-correlated syst. errors
— Gd-loaded liquid scintillator
— Stainless steel tank+ 2 nested acrylic

vessel + reflectors
* Multiple muon-veto to reduce
bkgd-related syst. errors
— 4-layer RPC +2-layer water Cerenkov

!
1 = +
a B 4

Civil construction
* Tunnel length: ~ 3100m

* Three experimental halls
* One assembly hall

* Water purification hall

M. Lindner, MPIK TAUP 2011 12
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Near Detector 20 "

‘i.-.,l‘ll _70m high /Reactors |
>—‘\k m = -_A:_:—z?f—‘:% :
< /, "

—— i
Ap—

100m

"V KNRC

Korea Neutrino Research Center

\

17 PN s A .
_YongGwang Nuclear Power Plant

Reactors
in Korea

FarDetector ~ ¥
Thanks to Soo-Bong Kim AREEIeeior

111020 suekane @FAPPS
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An exciting time is just around the corner ....

Huber et al., heo-ph/0907.1896
sin® 2643 sensitivity limit (NH, 90% CL)

GLOBES 2009 a bit old
1072
 —
S A
e " e
€ |7 e e =T
-
= - -
§ o Double Chooz
w o’
é‘_) 10—1 "l ----- T2K
i S —— RENO
= ¢
@ ; Daya Bay
’
‘ NOvVA: v+V
'
s CHOOZ+ m == NOvVA:vonly
10° Solar excluded ) )
2010 2012 2014 2016 2018

Year

Results: within a few years
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CPV-0

suekane @ FAPPS
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3 :

P(vu — ve) =sin’0,,sin’20),, —0.45sin26),;sind

Change
sign u

\/
P (VM — Ve) =sin’0,,sin°20,, + 0.45sin206,,5inS

_P-P 0045

— — = Sino
P+P sin°0,,sin20,,

A

ve
P needs 3x more luminosity to obtain same statistics as P,

since cross section of ¥y + A 1s smallerthany+ A and v

1s produced fewer than v.
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FIG. 1. Schematic view of the Hyper-Kamiokande detector.

52
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Hypet-K(SGOktFV)Ii Syre v + 3.5yra v/1.66MW
— — —_—

—h

CPV sensitivities

d[n]
o

o LI L L L L L B

s Hyper-K (560kt FV) / 1.5yrs v + 3.5yrs v/1.66MW

O T~IK |
0.02 004 O. 06 0.08 0 1 0 12
Sin2204,

'
—

FIG. 22. Allowed regions for inverted hierarchy. See caption of Fig. 21

40 Hyper-K (580kt FV) / 1.5yrs v + 3.5yre v /1.66MW
3 = — 5=90° 1

C (8]
-4 30_'_ — o
S 5=0 2c
% 3 Normal Hierarchy 3G
5 20F
E f_ IIlllllllllll:lllllllll:lllll
@ C
p 10:_¥ 0.05 - 0.1 0.15

3 SinZ20,,

E. 1 1 | s das s baa s basaa boaaa bas s laaay

% 0.05 0.1
sin22013

FIG. 23. 1o error of 4 as a function of sin® 263 for the normal hierarchy case.

FIG. 24. Sensitivity to CP violation. Blue, green, and red lines correspond to 1, 2, and 3 o exclusion of

sin 4 = 0, respectively.
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111020

Mass Hierarchy

(my>m; or m;>m,?)

suekane @ FAPPS
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With High energy v,

< 2 - 2
sin” 6,,81n" 20,

PAC(VM %ve) =

(170.00017 L[ km])

/ Matter effect

Mass Hierarchy (like solar neutrino case)
L dependence =» Mass Hierarchy

A

0.1

sin” 8,;sin26,,

0.1

sin” 0,;51n26,,

111020

y

s : | H

My <,
sind <0
_______________________________________

(’”3 > 7,

lsinéz() .
2K E

> +0.04551n26,;51n0

[my <m,
1si116 =0

IH

_________________________________________

my >,
sind <0

NH

suekane @ FAPPS
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neutrino

Cosmic-ray measurement at HK

6 dependence = L dependence

vV 14

12 - 1.2 T
- ———— 0.5, leverted herarchy) L — an=0.8 Inveried Nerarchy
H 1 e, leverted hersrchy C o agm0.5, Inveried Nerarchy
4 115+ [— e M0, normal Merarchy | | 15F — e=0.4, normal hlerarchy
- e W06, normal Merarchy NH L .—— normal hierarchry
{NH- | E===INHIl|  |===
11 Multi-GeV v_-like 1
detector C ® N %?L () Multi-GeV anti-v -like
o IH =
TH —Froe—— | = ]
i+ =T ] . He 5%+ ,_}__k{_
- I __E._.l - :I I I k=
0.5 0.95F
og:lllllllIlllllllllll'lllllllllllllllllll ol'\:llllllIllllllllllllllllllllllllllllllll
-1 -08-06-04-02 0 02 04 06 08 1 -1 08060402 0 0204 06 08 1
cos © cos ©

FIG. 35. Expected event rate changes in (a) sub-GeV single-ring e-like, (b) multi-GeV wv,-like, and (c)
multi-GeV 7,-like event samples. The vertical axis shows the ratio of oscillated e-like event rate to the
non-oscillated one. Mass hierarchy is normal for dashed lines and inverted for solid lines. Colors show
sin® fa3 values as 0.4 (black), 0.5 (green), and 0.6 (red). Points with error bars represent null oscillation

expectations with expected statistical errors for 5.6 Megaton-years exposure or 10 years of Hyper-K.
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neutrino

Z,
m

50
45 El!ormal mases hierarchy Hyper-K 10 years
H 405— - 2 7 Py -
5 sin“6,,=0.6
35 23
detector 20~ :

“>< - 2 —

a 255— S1n 823—_9-_5_____4
20F- —
)

10

£

ciu|||||[|||||||||||||||||||
0.06 0.08 O.Jinzg.912 0.14 0.16 0.18

FIG. 38. Expected significance for the mass hierarchy determination.

hierarchy is the case and x? for the wrong assumption; Ay?

50:

45:_" d mass h hy Hyper-llﬂyaurar =
405— . o

st

30F"

St I
20 —
15;—/
10E /
52—/’
o'l'l|||||||||||||I|11|1111111|

0.06 0.08 0'4"2891 0.14 0.16 0.18

13

In the left panel, normal mass

= x2,;.(inverted) — x2,;,(normal) is shown for

various true values of sin” 2613. The right panel is for the inverted hierarchy case. Each colors show the case

of sin® fa3 = 0.4 (black), 0.5

(red), and 0.6 (green), and the blue horizontal lines show 3a(Ax? = 9.2).

Sensitivity very much depend on 6,; degeneracy

111020

suekane @ FAPPS
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‘ Mass Hierarchy Determination by Reactor \

Reactor Neutrino KamLAND

Reactor Neutrino S

recise 0
/ \ Chooz, PaloVerde
R DoubleChooz, RENO, Dayabay Am212 6,,

Arbitrary
Arbitrary

N N /A
/ K\\ Reactor Neutrino Oscillation / / \ /NX\\
[ AN 5in226,,=0.1 assunjed

0 2 4 6 8 /\/ \
Evis (MeV) ‘ 0 / 4 6 8
1 A PN Evis (MeV)
\ 7 \
.~ NN |
=
/l\ 0.6 — Ngfmal Hierarchy M
M L
~ 04 Inverted Hierarchy
0.2

Reactor Neutrina Snectriim

No experiment yet

TL=JUKIIT

V/4
Reactor Neutrino Spectrum
No experiment yet l
N\

Am?
////Q\\ L(km) / \

N Very precise 6,,
// \\ Mass Hierarchy wa °°°§§

1 21UZ(3) . suekane @ FAPPS 0 2 4 6 58 8

5 6 1 8 Evis (MeV)

Arbitrary

Evis (MeV)




‘ Mass Hierarchy by Reactor 50km
/

Principle

Petcov et al., Phys. Lett. B 533, 94 (2002)
S.Choubey et al., Phys. Rev. D 68,113006 (2003)
J. Learned et al., hep-ex/062022

L.Zhan et al., hep-ex/0807.3203

M Batygov et al., hep-ex/0810.2508

2 4 6

Ripple o sin” 2013(sin2 A, +tan’0,, sin’ A32)

It is essential that 6,, is not maximum (tan’6,,~0.4)
Fourier Analysis => Power Spectrum Peaks at @ = \Amil , ‘Amé‘
The smaller peak 1s ‘Amiz‘ and larger peak 1s ‘Amil

b4

A
A32
A3»1 0 .
Power » : Normal Hierarchy
\ ) : Inverted Hierarchy
W
111020 i » sueckane@FAPPS 59




J Learned et al. arXive-0612022

all .,

R SV Note: this method does
ittt & Geieraed b e pontion not use the matter effect.

of the small shoulder on the main peak.

Simulation of power spectrum

If sin?26,;=0.05, 3kton x24GW x5yr ,
Mass Hierarchy can be determined with 10 significance.

(L.Zhan et al.=> Mass Hierarchy could be determined if sin*26,;>0.005.)

More studies are necessary to estimate actual sensitivity
111020 suekane @ FAPPS 60
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6,, degeneracy

suekane @ FAPPS
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Combination Reactor-Accelerator Meas.

Accelerator 20 061

S1n =V.

Measurement ¢ 23

sin”6,,=0.39

P(v e ve) .\
favored

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14
111020 suekane @ FAPPS

c 2
sin” 20,

Reactor-0,;
Measurement
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0v2[ decays

(Is v=v?)

The quark structure of the 7°-meson (mass eigenstate) is
7’ =ui+dd
Anti-particle state of the 7%-meson is,
7’ =au+dd

Because quark structure 1s the same,

7’ =
ﬂsuperposition of neutrino and antineutrino i1s mass eigenstate )
Y, =V+V
The anti-particle state of v, 1,
Y, =vV+v=1,

\T he particle and antiparticle state can be interpreted as same particlej

111020 suekane @FAPPS 63



Majorana neutrino and neutrino-less double beta decays

Now we know that neutrinos have small but finite masses.

,l]JV = _iqu}v
It this transition amplitude come from Higgs coupling,
like quarks and charged leptons, the coupling is unnaturally
small compared with other fermion masses

Theorists do not like it.
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Majorana neutrino and neutrino-less double beta decays

Dirac equation can be re-written as

. . l]JL = _im}/ol.UR
= —im = 1. ,
v Yol {I/}R =—Imy,y,

This means there 1s LL <& R transition

1% 1%
L R
O R

m,

However, v, does not exist in the standard model.

Theorists do not like it, either.
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Majorana neutrino and neutrino-less double beta decays

In the standard model, only the v, & V, exist and both perform
weak interaction.

If the following transition amplitude exists for some reason,

, o v, =—iMv,
The equation of motion 1s , .
V,=—IMv,

111020 suekane @FAPPS 66



Majorana neutrino and neutrino-less double beta decays

Dirac equation Majorana equation
{eL = —imy,eg {VL =—iMy,v,
€r = —UMYy€; Ve =—iMyv,

Analogy from

We know this l Then the mass eigenstates are, l Dirac equation

Y, = (‘6L> + ‘eR>)e_imet = ‘e>e_imet Y, = (‘VL>+ ‘VR>)e_th = \w>e‘th

This 1, may be our neutrino.

This case does not require v, and theorists like it.

111020 suekane @FAPPS 67



Neutrinoless double beta dacays to check Majorana or Dirac

e

udd
n 111020

u A
Mt “z-="(z+2)+2e

i

AAA

udd

If v=v | the following decay (0v2/)

can happen.
AZ—Y(Z+2)+2e

Process
u—=d+W-~

4

W —e +v,

hat 1s going on here?

n suekane @ FAPPS 68



Chirality Oscillation

A5

Majorana Eq. s ]\2

The transition amplitude changes v, state to v,, but how much?

Try to think of the case of Dirac equation for analogy

. YR Y
Dirac Eq. ® .
m

General solution is,

UJ(X) _ lﬂ’[(q ﬁ_m)ei(px-Et) N (_ﬁA _M)ei(ﬁ?HEt)]
2 |\1n-ou % B

s P
af 4[5 =1 7
111020 suekane @FAPPS E+m 69




Chirality Oscillation

It the state 1s P.C. at x=0, the N.C. component of the wave function 1s 0

v 9(0) ( 1 —1)(u—ﬁ @) 0

-1 1

Which 1s satisfied if there 1s a relation;
b=y(1-p-0)i
And from the normalization condition, there 7 has to satisty

R S\ A 1
[uT(l—/a"G)u]=2—y2
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Chirality Oscillation

The wave function at x 1s,

‘/J(x)= 142-)/[ 2l(’”l uéu)smEHy(l - 5)(”)61'&]8@

Then N.C. component at x is,

1+ NN A
Y, (x) =y, p(x) =i 2}/(1—17'(7)(_&)6” sin Et
The probability to be N.C. state 1s
P (x)= wL = 2[&*(1 -B- 6)ﬁ]sin2 Et = lzsin2 Et
P(x Y

=> The chirality oscillates with amplitude 1/9* and angular speed 2E

111020 suekane @FAPPS 71



AAA

udd

AZ%A(Z +2)+2e

n 111020

udd

Exactly same formalism can be
applied to v, — v, transition
2
P, ., (x)= % sin” Et
For Ovfp decays of nuclei,
E~MeV, t~1fm/c
= Et~10~

The probability is proportional to M?

n suekane @ FAPPS 72



0vp[ probability

144 72— (Z +2)+2e YN 1 2
r=_=G‘MA‘ Mi
_ T

_ e

M ,=nuclear matrix element
This 1s complicate and beyond
the scope of this lecture. But in
principle calculable by nuclear
theory.

G~G¢? ; known

=» Neutrino mass can be measured

Ew 8w from lifetime

> |
mV

= 2
udd udd G|M ,
n 111020 n suekane @ FAPPS 73




udd

n

AZ%A(Z + 2) +2e”
U:lvl +U:2V2 +U:3V3

e

W

* £ *
mU,v,+mU,v,+mU,;v;

111020

|
udd

n

In case there 1s flavor mixing,

Initial state 1s

1/}(0) =V, = U:ﬂ_’l + U:2‘72 + U:3‘_’3

Vir iR
C
N
ml.e;\’

can be complex

(x)~

i 1 i0, 71 i85y 7"
me U, v, +m,eU,v,+m.e UV,
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(v,)

\Vz )

Neutrino mixing matrix will be modified

(v, (1
v, |= 0
\v.) \0
(1 0
=10 ¢y
\0 =553
111020

0 O0Y ¢, O s5,°)c,
Cry Sy 0 1 0 (-5,
=83 023)\_Sl3e_i6 0 ¢, N 0
0\ ¢ O s.¢°Yc, s,
53 0 1 0 ||-s, ¢
6’23)\_313‘3_”S 0 ¢ ANO 0

suekane @FAPPS

s, 0\(v,)

¢, Ofv,

0 TAvy
01 0 0}\v)
010 ¢“ 0 [wv,
1IN0 " \vy,
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udd

n

AZ%A(Z + 2) +2e”
U:lvl +U:2V2 +U:3V3
— e

e

* £ *
mU,v,+mU,v,+mU,;v;

111020

2 * o T iByT* 2
M OCKVe mU. v, +m,e UV, + m,e Ue3v3>‘
udu 2
rM 4 <Ue1V1 +U,,v, + Uezvz‘
xXmu v, +m,e U,V,+m,e UV,
)2 *\? ia “\2 g [
= (Uel) ml+(U62) e m2+(Ue3) e’ m,

|
udd

n

0=0,0;, =050,

<mﬁ/3> = (U:l)zm1 + (U:Z)Zeio‘m2 + (U:)ze’ﬁm3

e
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effective mass of Ovp[3-decay

100 |

Degenerate

-

o

<mﬁﬁ> =

(5 N2 o et N2 or * \2 B
(Ul) ml+(Uez) e m2+(Ue3) e’'m,

e

+known oscillation parameters.

If IH, there is a lower limit
of <m pp> > 20meV

mass I<mpg>1 (eV)

w 0010
_—

2 ) 2 2
cos” 0,,m, +sin 912\/m1 +Amy,

llllll 4

sinf,,n oty ~ 2.5HiEW

010

0,104

IR LA

2 . 2 2 2

. 2
sin“0,,

\/€0s20,,

Am?, =~ 40meV

im neutring mass (eV kuekane @ FAPPS 77



nucleus
mass

111020

double [-decay nuclel

A ____ (ZHA)
7 AV—(7Z+1 - (Z,A)—(Z+1,A)+e+v
(LA LA LA ey (forbidden)
(Z+1,A) (Z,A)
(Z+1,A)
—(Z4+2,A)+e+v (Z+2,A) Z42A)
(Z,A)—(Z+2,A)+2e+2v 7 AV—(7, )
+2,A)+2e
>>> (7,A)—(Z+2,A)+2e (ZA)>(Z+2,A)

48Ca, 82Se 100V, 116Cd, 130Te 136X e 150N, .....
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Examples of level schemes for S decay nuclei

19s & Qo g 114
o+ 5 ¥ 0N 43160 z 2632h
%Xe  '3Cs @ - ke 33As g
) Bee <%
Qpp2067 025482 1 s 05 28620
Qg8 -y Qg.8233
o*
76
349€
ot 0
B
1+ 0 y
158s 4
100 10 X
& zﬁ. 6ATZT aoMo 4ch B-
6.13m—’—\2' 45.949 1273r
e\ Bags N B2h oy
3a5€ gp 3581 g Gecteo
Q, ; 2952 Q, 30526
Q976
ot ot
82K
r
36 100
a4RU
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2vpP & Ovpp

(Z,A) = (Z+2,A)+2e+2v (Z.A)— (Z+2.4)+2e

A “ e- d gu
d g ! ! , i -
At < E / " T “’—h—e

V

aY

) W sr—— -
¢ Q W : z 1—*{
u ¢ ‘ 14
2v-B decay | (wﬁ
E.+E.< \ /
+E,<Q Lo v E}J+E,=Q
= = \sum energy spectrum
= - o
0.8 F BCa (07— 07)
06 OVB
0.4
0.2
0 1 1 1
005 1.13 0.0 1.0 2.0 3.0 4.0 5.0

Energy (MeV)



. SNO++ (15'Nd)
‘ EXO (13Xe)
Majorana ("°Ge)

Cuoricino/CUORE (13Te 3 e CANDLES (4Ca)

GERDA ("5Ge) ; KamLAND-ZEN (13
COBRA (116Cqd) MOON (1°Mo)

N




Overview experiments

Name Nucleus Mass Method Location  Time
Past/Recent experiments
Heidelberg-Moscow 8Ge 11 ionization LNGS -2003
IGEX 78Ge 6 jonization Canfranc  -2000
Cuoricino 1307e 11 bolometer  LNGS -2008
NEMO-3 100Mo/825e 771 track./calor. Modane -2011
Current experiments (funded, under construction or running)
GERDA /11 8Ge 15/35 ionization LNGS 2011/13
Majorana 78Ge 30 ionization SUSEL 2013
EX0200 136xe 200 liquid TPC  WIPP 2011
Cuore0/Cuore 130Te 10/200 bolometer  LNGS 2011/14
Kamland-Zen 136Xe 400 LS Kamioka 2011
SNO+ 150Nd 44 LS Sudbury 2014
(substantial) R&D funding, proto-typing
NEXT 136xe 100 gas TPC Canfranc 2013+
CandleslI| 48Ca 0.35 scint crystal ~ Oto Cosmo 2011
MOON 825 150Nd
DCBA 150Nd 32 tracking
Cobra 116¢cq solid TPC LNGS
SuperNEMO 82g5e 7/100-200 track./calor. Modane 2014/-
XMASS 136xe liquid SC Kamioka
Lucifer 82g5e bolom+scint

11103Q,UP 2011, Munich S&Hﬁkﬁ@@@eﬂ&?ﬁ&lble Beta Decay



Experimental approach

Geochemical experiments |

8¢ == "Kr, *Zr =>"Mo (7). #re = > "Xe (non confirmed), 30re == ¢
Radiochemical experiments

B == Ppy (non confirmed)

Direct exneriments

Source = detector

. , Source # detector
(calorimetric)

pe | e :Setecto |
R v, Ve
| 2 detecto |
r
o ; -
Detector




OvBS earches

Summary of the most sensitive neutrinoless B3 experiments

Experim I Isotope 1wV (v) m*.(eV) Range m,,
Heidelberg — Moscow 2001 I > 1.9 x 10% <035 <03-25
IGEX 2002 >157x10*® <038 <03-25
Mi DBD — v 2002 3076 >21x10® <15 <09-21
Bernatowicz et al. 1993 (GEO)]  '#Te» >77x10%® <10 <1.0-44
Belli et al. 2003 1¥%e  >1.2x10* <10 <08-24
Bizzeti et al. 2003 TCd >1.7x10° <17 <1.6-55
Ejiri et al. 2001 Mo >55x102 <48 <1.4-256
Osawa I. et al. 2002 BCa >18x102 <6.0

* Staudt, Muto, Klapdor-Kleingrothaus Europh. Lett 13 (1990)

31

The “Klapdor effect” => T=1.2x1025a =><m, >~ 0.44 eV



Positive Result?

Ovpp in °Ge

5 detectors of overall 10.96 kg enriched to
86-88% in the pp-emitter 76Ge

Pulse Shape
analysis

hep-ph/0403018
1 8+
|
o 6-5
T =(0.69 - 4.18) x 10% years (3 o) i" h 5
2 4-:
Majorana v Mass E1 T .
" i t ]
m = (0.24 - 0.58) eV (3 o) , } 2]
M, ot = 0.44 €V LU , ‘
o g(-)DO 2010 2020 ‘20'3‘0 2040" 'éOSO 2060
energy, keV
111020 suekane @ FAPPS Ov +0.44 25



From here, I borrowed many slides from Dr. Bernhard
Schwingenheuer's very nice review talk @ TAUP2011

111020 suekane @ FAPPS
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tracking — calorimeter detector 2vPp event e

N~ w87
||| Y
7| |

M 60 mg/cm? foils:

full event topology to identify backgrounds
different target materials can be used,

many results on 2vpp decays
BUT: poor energy resolution & low efficiency

405 g 116¢q
FWHM ~ 14% @ 1 MeV e 454 g 1307¢ .
8% @3MeV - o 150Ng data taking stopped Jan 2011
& i\LJ:; 96
e zr
69 48ca
TAUP 2011, Munich Schwingenheuer, Double Beta Decay 17
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700k 2vBp events "without” bkg

(7)) [

§ ‘ 100Mo NEMO-3

@ 80000 | * Data
s 777 PR Mo
5 - Tot bkg
< 60000 |

E

=]

2

200 %

-1 -0.5 0 0.5 1
cos(®)

T%,=(7.16+0.54)-10*y (prelim.)

111020

NEMO-3

%Mo, Phase 2, 3.5 years

> 4

31 100Mo  NEMO3
- N\ ® Data

e 3 BN 2vpp™Mo
~ 10 | Radon

y _

b= N int BKG
g 2 ovpp'®Mo
3 ‘

2

Eror (MeV)

10
1 . \ \ \ W\ \ \ .
2 22 24 26 28 3 3.2 3.4 3.6
suekane @ FAPPS

for 4.5 years
79 >1.0-10*y
at 90% CL

<mg.> <0.5-1eV
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Cuoricino

- 41 kg TeO,, active mass ~ 11 kg,

bolometer TeO, crystals @ 10 mK _avg FWHM = 7.5 keV at 2527 keV

- stopped June 2008
- total statistics 19.75 kg y

Astropart. Phys 34 (2011) 822 T7?/,>2.8-10**y (90% CL)
0

1/2

Cryogenic detector

Heat sink —_ 5 50
2 sk 60Co sum peak
Thermal coupling 8 F 2505 keV
5 a0 ~ 3 FWHM from DBD Q-value
o -
.____._..Th(-ermometer o na |
Incnderl1t %0 z_ | 130Te
« 25 BB(OV)
2(,; { | ’ ! ]
R AT .
\ LA et o ’
AT TR
absorber 5;—] [ ] | [
T IR R T (R A R
02480 2500 2520 2540 2560 2580

Measurement of AT=E/C

TAUP 2011, Munich

111020

Energy [keV]

<m,> <0.3-0.7eV

not sensitive enough to check Heidelberg-Moscow claim

Schwingenheuer, Double Beta Decay 19
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I
| 200
lonizatibn Liqui

1 | 1%Xe

KP) '
-75kV 259 APDs

per side

engineering run Dec 2010, 140 kg 13¢Xe filled in spring,
cathode at -8 kV, ¢ =4.5% at 2.6 MeV using ionization,

design: 6=1.6% using ionization+scintilation
OVBB T, sensitivity 6.4x10%° y (90% CL), testing Hd-Ms

TAUP 2011, Munich Schwingenheuer, Double Beta Decay 20
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111020

first T2V for 136Xe EX0200: arXiv:1108.4193

350— :
[ single site events 45
300 o
= multi site events
- 2
= (=]
250 = g
2 C 2
-t 200 -
(] N
5 L
& L
= C 1000 1500 (
o L reconstructed energy v (keV)
100—
C 2v 21
C — R .
o 2 =(2.11+0.21)-10%"y
50 O

1000 1500 2000 2500
reconstructed energyfp (keV)

The 15" observation of 21/2@; decay of 13°Xe

suekane @ FAPPS
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Kamland-Zen

KamLAND-Zen project

[

1st phase enriched Xe 400kg
R=1.7m balloon
V=20.5m3,S=36.3m?
LS : C10H22(81.8%)+PC(18%)
? +PPO+Xe(~2.5Wt%)
A\ P pLS: 0.78kg/¢
v high sensitivity with low cost

)\ 34me balloon

77 4:6m@baloon

‘ tank opening (2013 or 2015)

2nd phase enriched Xe 1000kg
R=2.3m balloon

b=l = = A = u'ﬂ A = 4 ‘ xz v i 3C_ 2
«— Improvement of energy resolution
= Winstone (brighter LS, higher light concentrator)
T\ corn mirror
TAUP 2011, Munich Schwingenheuer, Double Beta Decay 22
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background spectrum “atGe

.‘

2

-

— "y

<
_-V_ ..1.

“

events / 10 keV
o
[}

- .” | i
1
| IR, L 1
500 1000 1500 2000 2500 3000
enerav in keV

’8Ge diodes in LAr cryostat in water tank

Data obtained with string of 3 enriched 76Ge diodes

-l
(=]
w

data taking started June 2010
- peak at 1525 keV from 42K decay
(42Ar progeny)
- other peaks weak
- background at QBB ~ 0.06 cnt/(keV kg y),

lower than for Hd-Ms, IGEX, Cuoricino
but still factor ~6 higher than anticipated

data

1525

UL llIlIIl

2v2p + 2K

-
(=]

T O]

counts/( 20 keV) in 90.4 kg x day
3

absolutely normalized MC prediction for
2v2p decay spectrum with T,,,=1.74-1021y,

. e d 42K contribution normalized to 1525 line.
- some background sources identified g e |
- start operation of Phase | this fall 0 200 400 600 800 1000 1200 1400 1600
Energy (keV)
TAUP 2011, Munich Schwingenheuer, Double Beta Decay 24
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Gerda: Phase i

+20 kg in diodes and background 0.001 cnt/(keV kg y)
Method: BEGe detector design (superior pulse shape discrimination) & LAr instrumentation

start 2013, T, sensitivity for 100 kg y about 1.4 x 1026y (90% CL)

10° T T T T T ‘ T
without veto
with LAr veto

BEGe in LAr with external 228Th source with PSD cut

10° — with veto PSD —— |
4
0 o -
107 pulser;
z
[ 103 i .
g i
10% B

10" i

A0
107 |
L I “I |
0 500 1000 1500 2000 2500 3000
energy [keV]

TAYGRY11. Munich Schwinggsihshie@PpRPBeta Decay 25



Majorana Demonstrator

etectors in conventional ¢
, | 19 "alGe diodes in hand

"self-made” electro-formed Cu
as shield: 16 baths in operation!

20 kg enriched Ge on its way!

‘ - e —

Next steps:
- 2012 first cryostat above ground with "aGe detectors

- 2013 below ground with "alGe and €"Ge diodes
- 2014 full experiment
- background level 0.004 cnt/(ROIl kg y), ROI ~ 4 keV

background level would be good enough for ton scale exp.

oy |

TI}YIPO%%} 1, Munich Schwingseﬁlé eg%re. @?}}&ﬁ%ﬂa Decay N 26



. 7 N . : 5 nat
1008 of (Nd-loaded) scintillator .\ 5 b RS
A SRR g — 44kg ™Nd
‘ .zﬁ‘(\'i‘”‘ AL oy ::"7" e

F -‘s

A g B\ 6 3% FWHM
""" & u @ 3MeV

i 3y sensitivity
5.5x1024 y (90%CL

start filling 2013,
Nd later

TAUP 2011, Munich Schwingenheuer, Double Beta Decay 27
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study of background,
--> careful screening,
new surface cleaning

| Careful design and
\| construction | \ R
Hut and infrastructures —1 $

Detector 2 S AN A
Crystals /> 1000 crystals funded
Structure gg:;v:ryggrrted 2008
Assembly i St

Cryostat and shields
Calibration system
Electronics

CUORE-0

Cuore: B~0.01 cnt/(keV kg y), FWHM=5 keV 2011

sensitivity on T, ~ 6x102° (90% CL) in 1 year in Cuoricino cryostat, &4
bkg ~ 30 evt/year system test for Cuore, °F
also physics output ;
TAUP 2011, Munich Schwingenheuer, Double Beta Decay 28

111020 suekane @FAPPS



Lucifer

"CUORE" with scintillating crystal to suppress backgrounds < 0.001 cnt/(keV kg y)

Reflecting 2615 keV o QF <1
Scintillating foil ‘ C)
crystal
. <
” e I
-(cr} n $ 9 ‘L:[; N
= ¢ /l i ’ region .
= "— - w : ,
/ a O By EVENTS
-~ VE
o / EVENTS
Copper
frame Light
absorber
= ¢ @Qr>1
HEAT SIGNAL

best candidate ZnSe, plan to use Cuoricino cryostat

111020 , ~ suekane @FAPPS
TAUP 2011, Munich Schwingenheuer, Double Beta Decay 29



high pressure 136Xe TPC in water

electro luminescent layer

Conceptual Design Report: arXiv:1106.3630

- 100 kg 13¢Xe already in hand

- extremely low bkg B ~ 0.0002 cnt/(keV kg y)
- extremely good FWHM 0.8% at 2.5 MeV

- "easy” to build

- "little” R&D needed, several proto-types exist
can be ready in 2013

TAUP 2011, Munich Schwingenheuer, Double Beta Decay
111020 suekane @ FAPPS

i Sopbeseioces
TPB coated
SiPM for
tracking

MC of 2vBp event:
topological bkg supression




Use large amount of CdZnTe Semiconductor Detectors
with 55 um pixel readout: as solid state TPC

15 mm currently upgrade to 64 detector setup with new DAQ + shielding
simulation of detector response

1 RO

» "::‘:o:,.': .:' '.'..‘ .2" 0.": .‘:. .v. %
‘o ol

™ ™ 0’.0'0 '. '.
'19.'2.“,:“'..?"" * Y

new shielding

e

i, ¥
to F 256 256 R
a | % (column number) % (column number) 256
~ 0 50 100 150 200 _, 15 555 0
31

Schwingenheuer, Double Beta Decay

suekane @ FAPPS

TAUP 2011, Munich
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[ —
— 016
> wBe10v PP eff=0.25
Z 012t 1
- OvBp window
: 2 008} .
cross section - |
N&Y Ijlwl |l‘|'.llll'\ 0.3 mm 004 0\‘89,.. .
L ”_A»"
A N el 1 A s
[ *e - 2600 2300 3000 3200
........ LT E=Ef +E Sum Energy [keV]
| ’/ \ iber —PL
el 0=1.7-2.2% position,timing, Egp./Ep|
vLoplate for bkg rejection
PN S
3]} source film only 2vpp bkg

50 mg/cm?

MOON-1 R&D: 6 layers pf PL + 5 Mo films (94.5% 199Mo) of 40 mg/cm?, 56 PMTs
inside active+passive shield of ELEGANT V, 6 = 2.9% at 3 MeV

Phase I,11,11l with 30, 120, 480 kg foreseen with 1.5, 4.1, 20 x 102° y (90 % CL) sensitivity for 190Mo
or 3.2, 11.2, 59 x 102% y (90% CL) sensitivity for 82Se

TAYPA) 1. Munich Schwingeghggen S@Pls PR Decay 32



DCBA

foil in drift chamber with uniform B

/Jr/( SOURCE PLATES
Iy
|

,( ., CATHODE

Tx?ﬂ[’oé(bl 1. Munich

next step:
FWHM<5%?

DCBAT29cmx 26 cm X 26 cm 21 ZVBB candicates
FWHM @ 3 MeV =6.2%
MCifOH Y 40 [ Blectron energy-sum spectrum |
(BZ»zd?rgcotic(;)n) L X 30 'aé .-‘
Bl 2 ‘3 RMS [ R Fid
{099 Mev) 20 23
E)
p2 ~ 10
(065 MeVv)' \VTX
/ 0, . Q- value
L - .3
——ia " E_ "
B2 i "ﬂl r X125 22 an-vl
:‘k'o‘ Z 23 - -\‘)
. - 33 easured at KE
-40D8 -3B20 -Z029 -1380 2 To90 2038 1520 4009 - rful bkg reJeCt
FADC time counts

Magnetic Tracking Detector
(temporary name)

Iron Yoke .‘ """"":1“"’_"“" o i1 Source Plate
Vacuum Vessel 50 | /

, Super Conductor > 2l the future

‘Gas Contalner

ol

' { 500

Schwinggﬁh uerlle%%}ilﬁpgta Decay 33

Chamber = ( 3 [




tracking + calorimeter, 20 modules

Submodule
Submodule Source and
calorimeter calibration

4m

Submodule
tracker

2 m (assembled, ~0.5m between source and calorimeter)

target material: 82Se 40 mg/cm?

TAUP 2011, Munich

111020

Schwingenheuer, Double Beta Decay

NEMO3 SuperNEMO
mass 8 kg 100-200 kg
resolution 8% 4%
efficiency 8% 30%
foil bkg <20 <2 uBa/kg (298T1)
I <300 <10 uBag/kg (214Bi)
sensitivity 1.4x10%%  1x10%® T,,90% CL

BiPo detector (3 m2) in 2012
for foil measurement

~ Source2.7m

first module end 2013 Scintillator
tests background, ... o  Source
* sensitivity ~ GERDA |
Yo S
I 't
[
212gjpg 214gjpg
(t ~ 300 ns) (t ~ 164 us)

“t

34

suekane @ FAPPS



Candles

CANDLES III(U.G.)

4 CaF,(pure)

# Liquid scintillator
= two phase system
= Purification system

4 H,O Buffer

= passive shield

4 PMTs
= 177 PMT (x14) : R7250
= 137 PMT (x48) : R8055

= 10° cm? X 96 crystals; 305 kg (*8Ca;350 g)

PMT —

mininininini
- OO OO
¢ ]
: OIIITIT]
! I

4 Run will start at autumn 2011

111020

conversion
phase

R&D enrichment of 48Ca with Crown Ether chromatography
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If Ov2f 1s observed, it is important to understand
what 1s the "magnetic field" which causes the transition

=> Theorist's job.

111020 suekane @FAPPS 105



Seesaw mechanism

The Majorana mass still does not explain the smallness of neutrino mass
Assume v, exists after all and the following 2 transition amplitude exist.
Vi 14 R v, Ve

@
mp “mp

Where m, 1s a typical Dirac mass ~ GeV

And XL @ Vr exists but &
M

does not exists.

<0

And M 1s very large; >> m,,
111020 suekane @ FAPPS 106



Seesaw mechanism to explain smallness of neutrino mass

In this case, the general neutrino wave function is expressed as,
P, (1) = v () Vi) + Vi()Ve) + V(1) VL) + V(1) Vi)

The equation of motion is,

(v.\\ (0 m, 0 M \v,)
d| Ve |m, O 0 0 |fve
dt|v, 0O 0 0 -m,l|v,
\Vx/ \M 0 -m, 0 AVvg)

111020 suekane @FAPPS 107



Assumeing M>>m,,, the energy eigenstates (E>0) are,

W, (1) {(VR>+ ‘VL>)6XP(_i(m12>/M)f) <— This is our neutrino

(ve)+|v,))exp(=iMt) < This is heavy neutrino..
too heavy to be produced

If this is true, our neutrino mass is, by experiment

m, Jlé:mD(%)
M M

m,

and 1s suppressed by factor m /M and lightness
of neutrino mass can be naturally explained.
If we assume; m =m, ~50meV & my=m =1.7GeV,

M~10!! GeV

111020 suekane @FAPPS 108



Roles of Neutrino Studies

111020 suekane @FAPPS 109



What we have learned from neutrino related observations

* Solved the anomaly of beta decays. 1930 Pauli

* Energy spectrum of beta decays
=» Fermi theory of interaction (1934) Fermi

* Parity violation of 8 decays, Helicity of neutrinos =» V-A theory
— A
L 20
A}
e ¢
* Determination of # of generations=3 from v flavor counting

* Discovery of neutral current (Z0)

=» v has contributed to establish the standard model

111020 suekane @FAPPS 110




* neutrino oscillation > beyond the standard model

* Mixing pattern different from quark's

== What comes next? ==

* Mass hierarchy ? absolute mass ?

* CP Violation?

* Majorana?

111020

=» Will contribute to GUT

suekane @ FAPPS
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Now, it's your turn.

I would like to thank to the FAPPS organizers
for giving this very good opportunity to me.
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