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Last ~15 years of Neutrino Physics
was really exciting!

Discovery of Neutrino Oscillation!

|

neutrinos have masses!




Mixing be'{,ween 3 flavor of neutrinos
V
C

flavor
: V =Uv { v
eigenstates

I mass
eigenstates

C;j = cosbj, 8;5 = sinb;; X
atmospheric v osc. reactorvosc. 2 o osc.
0;j: mixing angle O: CP phase

for antineutrinos, Uy — U~y

solar v osc.




Discovery of Neutrino Oscillation
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neutrinos change falvors !

confirmed also by accelerator neutrinos



Solar neutrinos also oscillate!
A. McDonald ,\/ - A. Suzuki
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Another type of oscillation observed
by reactor experiments

H » v
! e y, - _‘ 4
“'.:, ks ry . o - - ' .
othad .’IA 4 ' e » g
e ey >
- . .’ p

(260m high)

(88m high)

Near
Far
Detector 91 j Detector

P 4 o8 2011-2012

EE 200 :lOOm
150m ~1.5 km

>



Mixing in the Quark Sector
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CKM 127237 ©12°23°13° 125237 °12°23°13% 2313
S519593 7 €12C93513€ —C195937519C93513€

C93C13

0.22520 4 0.00065 0.97344 4+ 0.00016  0.041210-0011
+0.00029 +0.0011 +0.000021

0.97427 4 0.00015 0.22534 4 0.00065  0.00351+9-00012
Veku = ( )

Mixing in the Neutrino Sector

0.801 — 0.845 0.5914 — 0.580 0.137 — 0.158
U] = ]0.225 — 0.517 0.441 — 0.699 0.614 — 0.793
0.246 — 0.529 0.464 — 0.713 0.090 — 0.776

M.C.Gonzalez-Garcia et al, JHEP1411(2014)052
Very different from the CKM Matrix!




Thanks to the enourmous progress in neutrino
physics after the discovery of neutrino oscillation

by Super-Kamiokande collaboration, all
the mixing angles are now measured!

Unknowns of Oscillation paramters

mass ordering : m;y < m3 or m; > m3 ?

Leptonic-Kobayashi-Maskawa CP phase

Hopefully, future oscillation experiments
will eventually determine these unknowns




Mass Spectrum: normal or inverted ?

normal hierarchy inverted hierarchy

7 VZ
Am32, ~7.5x107° eV?
I
Vl

2
A ms3,

atmosphereic
Am2|| ~ |Am2,| ~ 2.4 x 1073 eV?




However, there are other open quetinos which
can not be answered by oscillation experiments

Absolute Neutrino Mass Scale

Nature of Neutrinos, Dirac or Majorana?




However, there are other open quetinos which
can not be answered by oscillation experiments

Absolute Neutrino Mass Scale

Cosmology, beta decay experiment

Nature of Neutrinos, Dirac or Majorana?

neutrinoless double beta decay experiment




Direct Measurement of Neutrino Mass
requires precise measurement of the end

of the beta spectrum
SH = 3He + e + Ve
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what can be actually measured is the effective mass,

1
| mp = [m? [Ual? +m3 Vel +m3 [Uesl?]*




Status of previous tritium experiments

Mainz & Troitsk have reached their intrinsic limit of sensitivity
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Mainz
windowless gaseous T, source quench condensed solid T, source
analysis 1994 to 1999, 2001 analysis 1998/99, 2001/02
m2=-23+25+20eV?2 my=-12+22+21eV*
m,<  2.2eV (95% CL.) m,<  22eV (95%CL)

both experiments now used for systematic investigations




Karlsruhe Tritium Neutrino Experiment

KATRIN experiment

Karlsruhe Tritium Neutrino
Experiment

at Forschungszentrum Karlsruhe
unique facility for closed T, cycle:
Tritium Laboratory Karlsruhe
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~ 75 m linear setup with 40 s.c. solenoids

sensitivity: My ~0.2 ev @90% CL




Cosmology may determine better neutrino masses

Neutrinos are the most abundant CVB
particles in the universe after photons

number density per falvor: n, = in,y _ 6¢03)

B T3 ~ 110/cm®

 11w2 Y

T, 1?43
formy << T: p, = I o ( ) T,‘Y1

120°Y ~ 120 \ 11

™my.
For m\/ >> T: py = mMyn,y —— th2 P Z V;

94 eV

From atmospheric neutrino data, we know that
at least one of them > 0.05 eV




Cosmological Bounds on Neutrino Masses
Cosmology is sensitive to sum of the neutrino masses

2= mi1+ m2 + ms
{ 0.98 eV (Planck + WMAP + CMB),
¥ a

0.32 eV (Planck + WMAP + CMB + BAO),
at 95% CL (deviation from flatness was allowed)
by Ade et al [Planck Collaborataion], arXiv:1303.5076 [astro-ph.CO]

Indication of sub-eV neutrino masses?

According to recent work by Battye and Moss
in PRL 112, 051303 (2014) [arXiv:1308.5870]

2: =0.32 £ 0.081 eV is favored to decrease tension
between CMB and lensing/cluster observations

However, see Leistedt et al, PRL113, 041301 (2014),
arXiv:1404.5950 [astro-ph.CO]




Cosmology may determine better neutrino masses
Expected sensitivity... ESA Euclid Misson

A 7-parameter forecast: Hamann, Hannestad & Y*W 2012

Data 10° X o(wam) 100 x o(h) o(d_m.)/eV

c 2.02 1.427 0.143

cs 0.423 0.295 0.025

cg 0.583 0.317 0.016

cgl 0.828 0.448 0.019

cgb 0.723 0.488 0.039

CEZbl 1.165 0.780 0.059

csg 0.201 0.083 0.011

csgx 0.181 0.071 0.011 <= |Most optimistic

CSgb 0.385 0.268 0.023 >m, potentially detectable at 50+

CsgbX 0.354 0.244 0.022 with Planck+Euclid (assuming
nonlinearities to be completely
under control)

¢ = CMB (Planck); g = Euclid galaxy clustering
s = Euclid cosmic shear; x = Euclid shear-galaxy cross

Y. Y. Y. Wong @ NuFact2013, Beijing, August, 2013




Nature of Neutrinos: Dirac or Majorana ?

If neutrinos have masses, they can be either
Dirac or Majorana Fermions

Dirac Fermion: particles and anti-particles
are different, like electron

Majorana Fermion: particles and anti-particles are identical
(such particles can not have electric charge)

Possible Implications: Seesaw Mechanism, Leptogenesis




If neutrinos are Majorana particles,

Ve Vi

i Ve V3

C12€13
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Cij = costj, 8;; = sinb;;

UV_’ UV 0 eb b

Majorana CP phases

Schechter & Vale, 1980, Bilenky, Hosek & Petcov, 1980
— can not be measured by oscillation




How to test Majorana

nature of neutrinos?




neutinoless double beta decay
n E p

n Ep
violates lepton number by 2 units

decay rate oc effective neutrino mass
[mo,,ﬁﬁ — ‘ m1|U31‘2 + mz\Ue2\2eiO‘21 + m3|U63|2ei°‘31 |J

Gi21, @31 : Majorana CP phases



Once the positive signal of neutinoless
double beta decay will be observed,

it is of great interest to measure also
the Majorana CP phases

two main difficulties

1. uncertainty of nuclear matrix element

2. uncertainty of neutrino mass scale




What is actually measured is the decay
rate or life time of the Ovpp decay

hqlf ||fe +ime effecfive mass

l

l 2 Fir 2
%]~ = G —
1/2 Vs . Me

phase spcae factor I
Nuclear Matrix Element (NME)

Problem: NME has a large uncertainty,
typically factor of ~2 or more




Nuclear Matrix Element (NME)

Very difficult to compute due to
many body nature of nuclear physics

results calculated by different models (methods)
do not agree very well

Quasi-particle Rando Phase Approximation (QRPA)
Interacting Boson Model (IBM)
Nuclear Shell Model (NSM)

General Coordinate Method (GCM)

Other models (methods)...




NME values calculated by different models

Isotope

NSM[39]

GCM[42]

QRPA[56, 57, 58]

IBM[41]

PHFB[46]

48Ca

76Ge

0.85
2.81

2.37
4.60
4.22
5.65
5.08

4.72
4.81
4.11
5.13
4.20

1.71

4.20-7.24
2.94-6.46
1.56-3.12
3.10-6.07

2.51-4.52
3.50-6.16
3.19-5.50
1.71-3.53

3.45

2.00
4.64-5.47
3.81-4.41

2.53
3.73-4.22

3.62

2.78

3.53

4.52
3.37-4.06

3.35

1.98
2.32-2.89

2.01

3.63

1.88

Cremonesi and Pavan, arXiv:1310.4692 [physics.ins-det]




NME values calculated by different models

i

76Ge 96Zr 110Pd 124Sn 130Te 148Nd  154Sm 198Pt
48Ca 82Se 100Mo  116Cd 128Te 136Xe 150Nd 160Gd

Cremonesi and Pavan, arXiv:1310.4692 [physics.ins-det]




Current bound on the effective Maj Jor'ana mass
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KamLAND-Zen detector Exo-ZOO detector

Exo-200: T775(**°Xe) > 1.6 x 10%° yr (90%CL)
KamLAND-Zen: T77,(*°°Xe) > 1.9 x 10% yr (90%CL)

Combined: mo.s5 < (0.12 — 0.25) eV (90%CL)




Effective Majorana Mass as a function of the lightest neutrino mass

Normal Hierarchy with uncertainty

Inverted Hierarchy with uncertainty

Normal Hierarchy without uncertainty
BN Inverted Hierarchy without uncertainty

KamLAND-Zen + EXO 200

cosmologlcal
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195% CL, PIanck+WMAP+highL+BA

103 1072
Mg [EV]

104

mo = m1 for normal hierarchy

10-1

109

mo = m3 for inverted hierarchy




Expected Sensitivities of some of
the advanced Ovpp decay experiments

SV 111 NV e LU

Isotope B, FWHM (keV) Perf. Sc. Status Fyop (5yr)/ [(my)]
CUOREO[121] 130T 213 5.6 0.2 66 1.5 224
CUORE[119, 155, 156] 130T 29 5! 27 1390 21 60
GERDA 1[141] e 21 48 9.2 119 9.4 165

GERDA 11[136, 157, 158] 6Ge 20/1.1 3.2 5.7/0.3 328 22/60* 107/65*
LUCIFER[133] 82G, 120 4 125 17 74
MJDI[142, 143, 144, 159] Ge 0.9 4 0.4 238 4.4%* TT*
SNO+[151] 130Te 0.9 240 27 1253 2 62
EXO[99] 1B6Xe 1.9 96 30 482 1.2 97
SND[110, 111, 112] 82Se 0.6 120 18 23 3.3 166
SuperNEMO/[110, 111, 112] %2Se 0.6 130 20 366 13 85
KamLAND-Zen[147, 148] 136X e 7.4 243 243 1320 6.9 127
NEXT][109, 160] 136X e 0.8 13 5.4 165 1.6 82

N—

in meV

Oxgoo0OxmT0aobamax

Cremonesi and Pavan, arXiv: 1310.4692 [physics.ins-det]




Assumptions and Analysis Procedure




Observables we will consider
We will consider 3 observables which depends

on the absolute neutrino mass scale

(l)ﬁnwﬁ =

m1|Uet|? + ma|Uez|?€"¥2! 4+ m3|Ues|?e***!

to be measured by ()33 decay experiment

(2) [Z = mq + Mo —|—m3]

to be measured by cosmological observations

(3) (s = [m3 [Ual? +m3 |Ual? +m3 1Usf?] |

to be measured by (3 decay expriment




In practice we can consider the lightest neutrino mass
(mo) as a relevant paramter determined by cosmology
provided that we know the mass hiearchy,

For normal mass hierarchy

mi1 = mo, m2:\/m8—|-Am§1, m3=\/m(2)+Am§1—|-Am§2

For inverted mass hierarchy

my = \/m%—Amgl — Am3, , mg = \/m%—Am§2 . m3 = my

From most updated global analysis
Am2, = 7.54 x 1075 eV?,sin? f;5 = 0.308
AmZ, = 2.40 (—2.44) x 1072 eV?, sin” 05 = 0.0234 (0.0239)
for normal (inverted) mass hierarchy
Capozzi et al, arXiv:1312.2878 [hep-ph]




Assumptions

Let us assume that neutrnio all the observables
are measured with some uncetainties

0 .
mgg%ﬁ = m(()y)ﬂﬁ T+ Oovpp «<— neutrinoless double beta decay

0P8 = 70 4 gy cosmology

mgbs = m(o) + og «— tritium beta decay

oy — 0.05 eV, O = 0.06 eV, OovBB — 0.01 eV




Assumptions

Let us assume that neutrnio all the observables
are measured with some uncetainties

0 .
mg}i%ﬁ = m((),/)gg T+ Oovpp «<— neutrinoless double beta decay

0P8 = 70 4 gy cosmology

m%bs = m(o) + 0g «— tritium beta decay

to fully cover inverted hierarchy regime

N\

. N > \
minimum of X ~ 4/|Am) KATRIN




Estimation of sensitivity for 110,33

Me

Movps =
VT%Go, MOV

Novgs = Edet 7

P% TOV

1/2

mx N a -1 - G (_texpan

MmX : mass of isotope X
Wx : molecular weight of X

N4 : Avogadros number

Npg = bAEm xtexp : background

)

signal

/

Edet N AM X texp In 2

WxT77,

Edet : detection efficiency

texp : exposure of the experiment

b : background count rate, usually measured in keV ™! kg™! yr!

AEFE : energy window (energy resolution)




Energy spectra for 2055 and 0v33 decays
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Estimation of sensitivity for 110,33

(1) Background dominated case

Novgs ~ vV NBaG

EdetNAthexp In2 o EdetNaIn2 thexp
12 ™ Wx /bAEMxtexp Wx bAE

mmln Me |i WX :|%[ bAE :|%
ovBp "~ EdetN A M X lexp

—

V/Gou IM@)*1n2

For 7°Ge
mmin 012 |2 b ‘] AE ]%[ 100kg-yr 1]°*
ovpB ™ M) | 10.01 keV -kg-yr| [3.5keV]| |2, mGe - texp
For 136Xe

1 1

30 b 1 AE 100 kg - yr

i . o (0524 L
e [Mm”)} [0.01 keV-kg-yr] [100 keV] Lﬁet'mXe‘texp] e




Estimation of sensitivity for 110,33

(2) Signal dominated case
EdetN X texp In2

T —
1/2 NOvBﬁ

, 0(Nowvsg) 1
—  §(TY)) ~ TY): o

T
/2" Nowgp Y2 /Nouss

(movss) ~ = m@, 2 ) 1 o 1 Me
0vBB) ~ 5 Mouss v~ ™ 5 Movgs ~ '
2 T1/2 2 Nowgg 2\/G0u |M(0u)|2€det(mXNA/WX)texp In 2

For 76Ge

100 kg - yr ] [ 5.0

M(Ov)] eV,

Edet - MGe * texp

For 136Xe
5(m0,,55) ~ 0.04 [

100 kg-yr 12 [ 3.0
M)

}ev

Edet * MXe * texp




Case of KamLAND-Zen
i e) PAY

Event selection

decay halflife

Energy spectrum after event selection

> Fiducial cut : R<1.2m

> 2ms veto after muon

> remove consecutive events
within 3ms for Bi-Po
rejection(99.97% rejection

for 214Bj)

> Anti-nu CC reaction cut
> vertex-time-charge test to
cut noise events

2vpp life

1st result

Phys.Rev.C85,045504(2
012)

Updated
Result

arXiv:1205.6372

exposure

77.6days
129kg of 136Xe

112.3days
125kg of 136Xe

Events/0.05MeV

[
S
8}

T IH-IHI‘ TTTTHI AT

(a) Data 38U Series
Total -+=-- 22T Series
Total (OvBB upper limit) ---- *'°Bi
3Xe0 VBB °
(90% C.L. upper limit) - - - 2Bj

—— "Xe2vBB  peak around 2.6MeV

External BG
— - Spallation

I [Illllll I IIII_III|_

Visible Energy (MeV)

2vBB life

2.38 0.02(stat.) 0.14(sys.)
1021 yrs.

2.30 0.02(stat.) 0.12(sys.)
1021 yrs.

Consistent with the EXO-200 results arxiv:1205.5608
(Ty,=2.23 0.017(stat) 0.22(syst) 102! years )




Case of KamLAND-Zen

Limit on OvB[3 deca e

—— Total 0.25/ton - day

B6Xe Onupp

112.3days measurement o X Ov only

External BG
— - Spallation

Including 4 b.g. candidates E=2.2-3.0MeV

—Data | | 2days
— ol Y best fit (ev)

Total (OvBf upper limit) 1omAg 100
*Xe OVAR 208g; |8 Ov +4b.g.

90% C L. Upper limit) .
— candidates

Events/0.05MeV

e 2vBp By o
l,‘Bl "’Lo 0
:-:ﬂg-« ~| O0v28 0

. 26
Visible Energy (MeV)

Ov only

= Spallation e 90%C.L.

— Data ||2days OV +110mAg
0v25 19] 88 ov + '"""Ag | 13.1

Events/0.05MeV

'\eOnuﬁﬁ
— "Xe 2vBp
I Ag™

g
ﬁﬁjf H*er

! ' e ..*' e
26

\/151b1e Energy (MeV) -

IIIl[lIII

Ov + 2°%Bj 22.7

, o a2 | Ov + %Y 22.2
Visible E.ﬂe'rgy MeV) ov + %co 82.9

TTTTLATT

Events/0.05MeV

110mAg is favored to explain the 2.6MeV peak.

(‘)l IIIIII

Lower limit for 136Xe OvBB decay half life
exposure OovpBp limit

Updated 112.3days > 6.2 1024yrs.
Result 125kg of 136Xe (90% C.L.)

arXiv:1205.6372

Upper limit {mgg)»<0.26~0.54 eV @90% C.L.

:TDa:a I12days ' Qv + 208Bj

*Xe Onupp

-—- External BG
— - Spallation

Events/0.05MeV

i‘)'llll TTTT [ rrrT TTT T[T TTr1T
T T T

2: 26 2.
Visible Energy (MeV)




Definition of X2 function

9 - 2 - 0 "
[z“’) - zﬁt} N o [6movss —mllss
os govBps

To take into account the uncertainty of

the nuclear matrix element, we vary ¢

MO — reference NME value (known)
&- - 0

o (Ov)
M —_ true NME value (unknown)

| 7 v
m < § < VTnMmE TNMEEMgl)a))(/MEI?in)

v v v v v v 1/2
MO < MO < MBD MP? = (MEAME)

min min

we will consider "y = 2, 1.5, 1.3 and 1.1




NME values calculated by different models

i

76Ge 96Zr 110Pd 124Sn 130Te 148Nd  154Sm 198Pt
48Ca 82Se 100Mo  116Cd 128Te 136Xe 150Nd 160Gd

Cremonesi and Pavan, arXiv:1310.4692 [physics.ins-det]




How can we measure Majorana CP phase?

in The degenerate regime,

|

- 1
MovB8 ™ C%Smo X [1 s 2015 sin? (%)] i

if mp is unknown, no matter how accurately
Movgp is measured (which is not possible

due to NME uncertainty), it is impossible
to determine (constrain) o, !

|

independent information on mo is needed,

from cosmology and beta decay experiment



- - mB+m0VBﬁ
—— Mg+my, ss+Cosmology

Normal Ordering
Inputs:

my=0.1 eV (= m3)
0(.21 =JT

0g1=0

I‘NME=1 -5

strong synergy of 0vB3 with cosmology !



—— Mg+my, gs+Cosmology

Inverted Ordering

Inputs:

my=0.1 eV (- m3)
OL21 =TT
031=0
rnme=1-9

strong synergy of 0v38 with cosmology !



Allowed Regions (I)

Inverted Normal . InputS'

I‘NME=1 .5
M, =0.041(0.036)+ 0.01 eV

m;=0.11(0.1) £ 0.06 eV
s= 0.32(0.31) 0.05 eV

0(.21= .TE; OL31= JT

1 15 20 01 02 03 04

symme’rric behaviours due to mo,,gg(mo, Q921 , 032) = mo,,gﬂ(mo, 2T — Qa921, 2T — O(32)




Allowed Regions (II)

Inverted Normal 1 .
(a) : Inputs:

rNME=1 .5

My, 33=0.0752(0.0726)% 0.01 eV
m;=0.2(0.2) + 0.06 eV
2=0.61(0.61)x 0.05 eV

my= 0.2 eV

(121= T, (131= T

. 1 02 03 04 05
OC21/TC mo eV]
symme’rric behaviours due to MovBp (mo, Q921 , a32) = mo,,gg(mo, 2T — Qa921, 2T — O(32)




lowed Regions (III) asi(true) =0

O (true)=m/2

Opq(true)=n

X X Input

rNME=1.3 éé
-- rNME=1 .5 —: F
—_— rNME=2'0 _: -

() 3

Inverted Normal 4F

*

«— Mg = 0.2 eV

<« Mo = 0.05 eV

05 1.0 1.5
OC21/J'E

0

05 1.0 15
(121/313

0

05 1

=3 «— Mg =0 eV
1.5 2.0

oc21/n

symme’rric behaviours due to moyﬂlg(mo, Q921 , a32) = moygg(m(), 2T — Qa921, 2T — 0432)



CP exclusion fraction, fcpx

Machado et al, JHEP 1405, 109 (2014)
Winter, PRD70,033006(2004)

what is fcpx ? Huber et al, JHEP05,020 (2005)

For a given set of input (true) parameters,
fcpx = fraction of CP phase which is exluded

at certain confidence level
For example, if 0.27 < ag; < 147

feox = 1-(1.41-0.2m)/21 = 0.4 (or 40%)

fcpx = 1-(allowed fraction)

larger fcox — better sensitivity



Iso-contours of CP exclusion fraction, fcpx

more than 50% of param

20 CL 'NME 2, 31 = O space can be excluded

040 pr——T T T T f r

inverted

0.35 10%(IH)
20%(IH)

0.30 30%(IH)

40%(IH)
50%(IH)
60%(IH)
70%(IH)

\_

4 )
normal

- = 10%(NH)

less than 10% of parameter 20%(NH)

space of 0 2; can be excluded 30%(NH)
40%(NH)

0 02 04 06 08 o
JU

60%(NH)
True (input) parameters —> 70%(NH)




Iso-contours of CP exclusion fraction, fcpx

20CL 'NME = 2, Q31 = 1T
040 ——T T 1" ([

0.35

inverted
10%(IH)

20%(IH)
30%(IH)
40%(IH)
50%(IH)
60%(IH)
70%(IH)

\_

4 )
normal

- = 10%(NH)

less than 10% of parameter 20%(NH)

space of a2 can be excluded 30%(NH)
40%(NH)

0 02 04 06 08 o
0‘21/7'3 60%(NH)

70%(NH)




Iso-contours of CP exclusion fraction, fepx (I)
oy — 0.05 eV, Op = 0.06 eV, OovBp — 0.01 eV 2 O CL

I‘NME=2.0 I‘NME=1 .5 I‘NME=1 .3
0.40 T : : 0.1(IH)
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CP exclusion fraction, fcpx, as a function of 01

ox, = 0.05eV, og=0.06eV, o0p,33=0.01eV 20CL
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CP exclusion fraction, fcpx, as a function of mo

on =0.05 eV, gg=0.06eV, oop=001eV 2 5cL
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Conclusions
We confirm very strong snergy of 0v33 and

cosmological determination of neutrino masses

We identify the regions of sensitivity by using
the CP exclusion fraction, fcpx

assuming oy = 0.05 eV, o5 =0.06 €V, 0g,55 = 0.01 eV

For mo = 0.1 eV, rvme = 1.5,
feox < 50% at 20
assuming ox = 0.02 eV, 03 =0.06 €V, 0g,53 =0.01 eV
For mo = 0.1 eV, rnme = 1.1,
feox < 60% at 20




Thank you very much

for your attention!
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Projected 1 sigma error on cos(az1)

Inverted Hierarchy
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