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Last ~15 years of Neutrino Physics 
was really exciting! 

Discovery of Neutrino Oscillation!

neutrinos have masses!
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Announced in “Neutrino ’98” @Takayama, Japan

T. Kajita
Super-Kamiokande

Collaboration

Discovery of Neutrino Oscillation

neutrinos change falvors !
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confirmed also by accelerator neutrinos



Solar neutrinos also oscillate!

Good start

• Mini-BooNE excludes LSND at 2.5!

• although not definitive, a collective 
sigh of relief.  LSND dismissed

• MINOS perfectly consistent with 
SuperK/K2K with high precision

• T2K/NO"A: sin22#23=0.97±0.01

• reactor/LBL: sin22#13=0.025±0.006

• All appear to converge

Nobel Prize in Physics 2012
Turned out to be premature

14

A. McDonald A. Suzuki

SNO KamLAND
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Another type of oscillation observed 
by reactor experiments
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Mixing in the Neutrino Sector

M.C.Gonzalez-Garcia et al, JHEP1411(2014)052

Very different from the CKM Matrix! 

11. CKM quark-mixing matrix 15

η̄ = 0.348 ± 0.014 [128]. The fit results for the magnitudes of all nine CKM elements are

VCKM =




0.97427± 0.00015 0.22534 ± 0.00065 0.00351+0.00015

−0.00014

0.22520± 0.00065 0.97344 ± 0.00016 0.0412+0.0011
−0.0005

0.00867+0.00029
−0.00031 0.0404+0.0011

−0.0005 0.999146+0.000021
−0.000046



 , (11.27)

and the Jarlskog invariant is J = (2.96+0.20
−0.16) × 10−5.

Figure 11.2 illustrates the constraints on the ρ̄, η̄ plane from various measurements
and the global fit result. The shaded 95% CL regions all overlap consistently around the
global fit region. This consistency gets noticeably worse if B → τ ν̄ is included in the fit.

11.5. Implications beyond the SM

The effects in B, K, and D decays and mixings due to high-scale physics (W , Z, t, h in
the SM, and new physics particles) can be parameterized by operators made of SM fields,
obeying the SU(3)×SU(2)×U(1) gauge symmetry. The beyond SM (BSM) contributions
to the coefficients of these operators are suppressed by powers of the scale of new physics.
At lowest order, there are of order a hundred flavor-changing operators of dimension-6,
and the observable effects of BSM interactions are encoded in their coefficients. In the
SM, these coefficients are determined by just the four CKM parameters, and the W ,
Z, and quark masses. For example, ∆md, Γ(B → ργ), and Γ(B → Xd&

+&−) are all
proportional to |VtdV

∗
tb|

2 in the SM, however, they may receive unrelated contributions
from new physics. The new physics contributions may or may not obey the SM relations.
(For example, the flavor sector of the MSSM contains 69 CP -conserving parameters and
41 CP -violating phases, i.e., 40 new ones [129]). Thus, similar to the measurements of
sin 2β in tree- and loop-dominated decay modes, overconstraining measurements of the
magnitudes and phases of flavor-changing neutral-current amplitudes give good sensitivity
to new physics.

To illustrate the level of suppression required for BSM contributions, consider a
class of models in which the unitarity of the CKM matrix is maintained, and the
dominant effect of new physics is to modify the neutral meson mixing amplitudes [130]
by (zij/Λ2)(qiγ

µPLqj)
2 (for recent reviews, see [131,132]). It is only known since the

measurements of γ and α that the SM gives the leading contribution to B0 –B0

mixing [6,133]. Nevertheless, new physics with a generic weak phase may still contribute
to neutral meson mixings at a significant fraction of the SM [134,127]. The existing
data imply that Λ/|zij |1/2 has to exceed about 104 TeV for K0 –K0 mixing, 103 TeV for
D0 –D0 mixing, 500TeV for B0 –B0 mixing, and 100TeV for B0

s –B0
s mixing [127,132].

(Some other operators are even better constrained [127].) The constraints are the
strongest in the kaon sector, because the CKM suppression is the most severe. Thus, if
there is new physics at the TeV scale, |zij | # 1 is required. Even if |zij | are suppressed
by a loop factor and |V ∗

tiVtj |2 (in the down quark sector), similar to the SM, one expects
percent-level effects, which may be observable in forthcoming flavor physics experiments.
To constrain such extensions of the SM, many measurements irrelevant for the SM-CKM

fit, such as the CP asymmetry in semileptonic B0
d,s decays, Ad,s

SL , are important [135]. A

June 18, 2012 16:19

Mixing in the Quark Sector
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11. THE CKM QUARK-MIXING MATRIX

Revised March 2012 by A. Ceccucci (CERN), Z. Ligeti (LBNL), and Y. Sakai (KEK).

11.1. Introduction

The masses and mixings of quarks have a common origin in the Standard Model (SM).
They arise from the Yukawa interactions with the Higgs condensate,

LY = −Y d
ij QI

Li φ dI
Rj − Y u

ij QI
Li ε φ∗uI

Rj + h.c., (11.1)

where Y u,d are 3× 3 complex matrices, φ is the Higgs field, i, j are generation labels, and
ε is the 2 × 2 antisymmetric tensor. QI

L are left-handed quark doublets, and dI
R and uI

R
are right-handed down- and up-type quark singlets, respectively, in the weak-eigenstate
basis. When φ acquires a vacuum expectation value, 〈φ〉 = (0, v/

√
2), Eq. (11.1) yields

mass terms for the quarks. The physical states are obtained by diagonalizing Y u,d

by four unitary matrices, V u,d
L,R, as Mf

diag = V f
L Y f V f†

R (v/
√

2), f = u, d. As a result,

the charged-current W± interactions couple to the physical uLj and dLk quarks with
couplings given by

−g√
2
(uL, cL, tL)γµ W+

µ VCKM




dL
sL
bL



 + h.c., VCKM ≡ V u
L V d

L
† =




Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb



.

(11.2)

This Cabibbo-Kobayashi-Maskawa (CKM) matrix [1,2] is a 3 × 3 unitary matrix. It
can be parameterized by three mixing angles and the CP -violating KM phase [2]. Of
the many possible conventions, a standard choice has become [3]

VCKM =




c12c13 s12c13 s13e−iδ

−s12c23−c12s23s13eiδ c12c23−s12s23s13eiδ s23c13

s12s23−c12c23s13eiδ −c12s23−s12c23s13eiδ c23c13



 , (11.3)

where sij = sin θij , cij = cos θij , and δ is the phase responsible for all CP -violating
phenomena in flavor-changing processes in the SM. The angles θij can be chosen to lie in
the first quadrant, so sij , cij ≥ 0.

It is known experimentally that s13 ( s23 ( s12 ( 1, and it is convenient to exhibit
this hierarchy using the Wolfenstein parameterization. We define [4–6]

s12 = λ =
|Vus|√

|Vud|2 + |Vus|2
, s23 = Aλ2 = λ

∣∣∣∣
Vcb

Vus

∣∣∣∣ ,

s13e
iδ = V ∗

ub = Aλ3(ρ + iη) =
Aλ3(ρ̄ + iη̄)

√
1 − A2λ4

√
1 − λ2[1 − A2λ4(ρ̄ + iη̄)]

. (11.4)

These relations ensure that ρ̄+ iη̄ = −(VudV ∗
ub)/(VcdV

∗
cb) is phase-convention-independent,

and the CKM matrix written in terms of λ, A, ρ̄, and η̄ is unitary to all orders in λ.
The definitions of ρ̄, η̄ reproduce all approximate results in the literature. For example,
ρ̄ = ρ(1 − λ2/2 + . . .) and we can write VCKM to O(λ4) either in terms of ρ̄, η̄ or,
traditionally,

VCKM =




1 − λ2/2 λ Aλ3(ρ − iη)

−λ 1 − λ2/2 Aλ2

Aλ3(1 − ρ − iη) −Aλ2 1



 + O(λ4) . (11.5)

J. Beringer et al.(PDG), PR D86, 010001 (2012) (http://pdg.lbl.gov)
June 18, 2012 16:19

the six parameters at the 1� (3�) level are given in Tab. 1. For each parameter the ranges

are obtained after marginalizing with respect to the other parameters. We show the results

for three scenarios. In the first and second columns we assume that the ordering of the

neutrino mass states is known “a priori” to be Normal or Inverted, respectively, so the

ranges of all parameters are defined with respect to the minimum in the given scenario.

In the third column we make no assumptions on the ordering, so in this case the ranges

of the parameters are defined with respect to the global minimum (which corresponds to

Inverted Ordering) and are obtained marginalizing also over the ordering. For this third

case we only give the 3� ranges. Of course in this case the range of �m

2

3`

is composed of

two disconnected intervals, one one containing the absolute minimum (IO) and the other

the secondary local minimum (NO).

Let us define the 3� relative precision of a parameter by 2(xup � x

low)/(xup + x

low),

where x

up (xlow) is the upper (lower) bound on a parameter x at the 3� level. From the

numbers in the table we then find 3� relative precisions of 14% (✓
12

), 32% (✓
23

), 15% (✓
13

),

14% (�m

2

21

) and 11% (|�m

2

3`

|) for the various oscillation parameters.

3 Mixing matrix and leptonic CP violation

From the global �2 analysis described in the previous section and following the procedure

outlined in Ref. [50] one can derive the 3� ranges on the magnitude of the elements of the

leptonic mixing matrix to be:

|U | =

0

B@
0.801 ! 0.845 0.514 ! 0.580 0.137 ! 0.158

0.225 ! 0.517 0.441 ! 0.699 0.614 ! 0.793

0.246 ! 0.529 0.464 ! 0.713 0.590 ! 0.776

1

CA . (3.1)

By construction the derived limits in Eq. (3.1) are obtained under the assumption of the

matrix U being unitary. In other words, the ranges in the di↵erent entries of the matrix are

correlated due to the constraints imposed by unitarity, as well as the fact that, in general,

the result of a given experiment restricts a combination of several entries of the matrix. As

a consequence choosing a specific value for one element further restricts the range of the

others.

The present status of the determination of leptonic CP violation is illustrated in Fig. 3

where we show the dependence of the ��

2 of the global analysis on the Jarlskog invariant

which gives a convention-independent measure of CP violation [51], defined as usual by:

Im
⇥
U

↵i

U

⇤
↵j

U

⇤
�i

U

�j

⇤ ⌘
X

�=e,µ,⌧

X

k=1,2,3

J

CP

✏

↵��

✏

ijk

⌘ J

max

CP

sin �
CP

. (3.2)

Using the parametrization in Eq. (1.1) we get

J

max

CP

= cos ✓
12

sin ✓
12

cos ✓
23

sin ✓
23

cos2 ✓
13

sin ✓
13

. (3.3)

From the left panel of Fig. 3 we see that the determination of the mixing angles yields at

present a maximum allowed CP violation

J

max

CP

= 0.033± 0.010 (± 0.027) (3.4)

– 7 –



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 : m1 < m3  or  m1 > m3 ?

Leptonic-Kobayashi-Maskawa CP phase

Hopefully, future oscillation experiments
will eventually determine these unknowns



ντ

ν3
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Mass Spectrum: normal or inverted ? 
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Δ m2
32

normal hierarchy

Δ m2
21

ν2

ν1

ν3

Δmij
2 =m2-m2

i j

inverted hierarchy

m2

atmosphereic

solar



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

Nature of Neutrinos, Dirac or Majorana?

Cosmology, beta decay experiment

neutrinoless double beta decay experiment



3H → 3He + e- + νe

Direct Measurement of Neutrino Mass

2 x 10-13   

 mν = 1 eV

a)
b)

mν = 0 eV

requires precise measurement of the end
of the beta spectrum

what can be actually measured is the effective mass, 



Troitsk Troitsk MainzMainz

windowless gaseous T2 source                      quench condensed solid T2 source

Mainz & Troitsk Mainz & Troitsk havehave reachedreached theirtheir intrinsicintrinsic limitlimit of of sensitivitysensitivity

analysis 1994 to 1999, 2001                           analysis 1998/99, 2001/02

Status of Status of previousprevious tritium tritium experimentsexperiments

bothboth experimentsexperiments nownow usedused forfor systematicsystematic investigationsinvestigations



TLK

~ 75 m linear setup with 40 s.c. solenoids

KATRIN KATRIN experimentexperiment

Karlsruhe Tritium Neutrino 

Experiment

at Forschungszentrum Karlsruhe

unique facility for closed T2 cycle:

Tritium Laboratory Karlsruhe  

sensitivity: mν ∼〜～0.2 eV  @90% CL

Karlsruhe Tritium Neutrino Experiment



Cosmology may determine better neutrino masses 

CνBNeutrinos are the most abundant 
particles in the universe after photons

number density per falvor:

for mν << T:

for mν >> T:

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



Cosmological Bounds on Neutrino Masses

by Ade et al [Planck Collaborataion], arXiv:1303.5076 [astro-ph.CO]

Cosmology is sensitive to sum of the neutrino masses
Σ≣ m1 + m2 + m3 

at 95% CL (deviation from flatness was allowed)

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

between CMB  and lensing/cluster observations

Indication of sub-eV neutrino masses?

eV is favored to decrease tension

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



  

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

A 7-parameter forecast:

Expected sensitivity...

Σm
ν
 potentially detectable at 5σ+ 

with Planck+Euclid (assuming 
nonlinearities to be completely 
under control) 

Hamann, Hannestad & Y3W 2012

Most optimistic

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

  

ESA Euclid mission selected for implementation...

Launch planned for 2019.

● 6-year lifetime

● 15000 deg2 (>1/3 of the sky)

● Galaxies and clusters out to z~2

– Photo-z for 1 billion galaxies

– Spectro-z for 50 million galaxies

● Optimised for weak gravitational 
lensing (cosmic shear)

ESA Euclid Misson

Cosmology may determine better neutrino masses 



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
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Majorana CP phases

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



How to test Majorana 
nature of neutrinos? 



neutinoless double beta decay

violates lepton number by 2 units
decay rate ∝ effective neutrino mass

: 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 0νββ decay

half life time

phase spcae factor
Nuclear Matrix Element (NME)

effective mass

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

Quasi-particle Rando Phase Approximation (QRPA)

Interacting Boson Model (IBM)

Nuclear Shell Model (NSM)

General Coordinate Method (GCM)

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

Other models (methods)...



the observed disagreement.
The careful check of the models in order to account for the omitted physics or the

important missing information seems the only way out of the problem. A systematic
analysis of the calculation methods and their basic hypotheses has been therefore started.
However, the inclusion of the missing correlations into the QRPA looks a very di�cult
task (because of the several uncontrolled approximations of the method) while for the
shell model, at least in principle, a systematic procedure for adding the e↵ects of missing
states exists.

The ultimate limitation of the QRPA method seems the perturbative approach which
is implemented in a renormalized nuclear interaction and requires always some adjustment
to the data. Reasonably good results are usually obtained by a proper parametrization
of the short range correlations or the reduction of the axial-vector coupling constant
g
A

. This corresponds to a phenomenological correction of the ��(0⌫) operator whose
reliability is not easy to assess. A better approach could consist in obtaining an e↵ective
double-beta-decay operator [54].

A statistical analysis of the di↵erent NME calculation (comparison of di↵erent methods
and model parameters) has also been recently considered [55]. Besides providing useful
recipes for the comparison of the experimental results on di↵erent isotopes this approach
can help in identifying systematic e↵ects in the di↵erent calculations.

Table 2: Theoretically evaluated ��(0⌫) matrix elements M0⌫ according to di↵erent
authors and methods. Where needed, values have been scaled to R0 = 1.2 fm and g

A

=
1.25 (M’0⌫=M0⌫(1.25/g

A

)2) for a uniform comparison. Ranges refer to variation which
arise due to model details.

Isotope NSM[39] GCM[42] QRPA[56, 57, 58] IBM[41] PHFB[46]
48Ca 0.85 2.37 2.00
76Ge 2.81 4.60 4.20-7.24 4.64-5.47
82Se 2.64 4.22 2.94-6.46 3.81-4.41
96Zr 5.65 1.56-3.12 2.53 2.24 3.46
100Mo 5.08 3.10-6.07 3.73-4.22 4.71 7.77
110Pd 3.62 5.33 8.91
116Cd 4.72 2.51-4.52 2.78
124Sn 2.62 4.81 3.53
128Te 4.11 3.50-6.16 4.52
130Te 2.65 5.13 3.19-5.50 3.37-4.06 2.99 5.12
136Xe 2.19 4.20 1.71-3.53 3.35
148Nd 1.98
150Nd 1.71 3.45 2.32-2.89 1.98 3.70
154Sm 2.51
160Gd 3.63
198Pt 1.88

Particular attention deserves the attitude, adopted in many occasions in the past, to
consider the disagreement between di↵erent calculations as a measure of the theoretical
error. This is a very dangerous approach which creates a lot of confusion especially when

12

NME values calculated by different models 

Cremonesi and Pavan, arXiv:1310.4692 [physics.ins-det]
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Figure 2: ��(0⌫) NME calculations as reported in Table 2.

discarding some evident pathologic calculations, discrepancies shrank to about one order
of magnitude. However, despite the significant improvements obtained in the past years,
the QRPA matrix elements still exceed those of the shell model by factors of up to about
two in the lighter isotopes (e.g. 76Ge and 82Se), and somewhat less in the heavier isotopes
(see Table 2). On the other hand, IBM results are in reasonable agreement with QRPA
calculations [43].

The origin of the discrepancies is still unclear and attempts to constrain the models
by referring to additional observables have been pursued. Actually, the more observables
a calculation can reproduce, the more trustworthy it probably is. This is the case, for
example, of Gamow-Teller distributions which enter indirectly into ��(0⌫), and can be
measured through (p,n) reactions [44]. The nuclear process most close to ��(0⌫) is how-
ever ��(2⌫), which has now been measured in 10 di↵erent nuclei. ��(2⌫) results have been
used to calibrate QRPA calculations [45]. In particular, when renormalizing all QRPA
strengths by the same amount, no dependence on model-space size, or on the form of the
nucleon-nucleon interaction, or on the QRPA flavor is observed. This is an astonishing
result which has been interpreted as an indication of the correctness of the method.

A number of common approximations characterize all the calculation methods while
the most significant di↵erences relate to the details of the nuclear part. In all cases, the
reaction amplitude is factorized into the product of a leptonic and a hadronic part. As
already mentioned above, in the case of a decay mediated by the exchange of a light neu-
trino, the leptonic part is proportional to the Majorana mass |hm

⌫

i| and to a potential
N(r) describing the e↵ects of the neutrino propagator. N(r) has two most relevant conse-
quences in the calculation of the nuclear matrix elements: it introduces a dependence on

9
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Current bound on the effective Majorana mass 

Exo-200 detector

Exo-200:
KamLAND-Zen:
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(3.08 m diameter)
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Xe-LS 13 ton
(300 kg    Xe)
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1 kton

136

ThO W Calibration Point2

KamLAND-Zen detector

Combined:



Effective Majorana Mass as a function of the lightest neutrino mass

for normal hierarchy for inverted hierarchy

10-4

10-3

10-2

10-1

100

m
0�

��
 [

eV
]

95
%

 C
L,

 P
la

nc
k+

W
M

AP
+

hi
gh

L

95
%

 C
L,

 P
la

nc
k+

W
M

AP
+

hi
gh

L+
BA

O

Normal Hierarchy with uncertainty
Inverted Hierarchy  with uncertainty
Normal Hierarchy  without uncertainty
Inverted Hierarchy  without uncertainty

KamLAND-Zen + EXO 200

10-3

10-2

10-1

100

10-4 10-3 10-2 10-1 100

m
� 

[e
V]

m0 [eV]

95
%

 C
L,

 P
la

nc
k+

W
M

AP
+

hi
gh

L

95
%

 C
L,

 P
la

nc
k+

W
M

AP
+

hi
gh

L+
BA

O

95% CL, Mainz and Troitsk

cosmological bounds

normal mass hierarchy

inverted mass hierarchy



Table 6: List of sensitivity parameters for some of the most advanced ��(0⌫) projects. B
iso

is the background per tonne of
isotope mass in units of counts/(keV·tonne·yr). The column labeled “Perf.” reports the performance index (Eq. (11)) in units
of 10�3 counts/(n

��

·yr). The column labeled “Sc.” reports the scale of the experiment (Eq. (11)) in units of n
��

(number of
e↵ective moles of isotope ⇥ yr). The status of the experiment, R (running), C (construction), D (development) is shown in the
column labelled “Status”. Sensitivities (in unit 1025 yr) are evaluated according to Eqs. (9) and (10) as appropriate, assuming
5 years running time. |hm

⌫

i| values (meV) are calculated using NME and phase space factors from [41] and [35] respectively.
Asterisks label ZB conditions. in the case of GERDA II we report two di↵erent sensitivities according to the thwo hypotheses
discussed in Sec. 10

Isotope B
iso

FWHM (keV) Perf. Sc. Status F 0⌫
68%C.L.

(5 yr) |hm
⌫

i|
CUORE0[121] 130Te 213 5.6 0.2 66 R 1.5 224
CUORE[119, 155, 156] 130Te 29 5 27 1390 C 21 60
GERDA I[141] 76Ge 21 4.8 9.2 119 R 9.4 165
GERDA II[136, 157, 158] 76Ge 20/1.1 3.2 5.7/0.3 328 C 22/60* 107/65*
LUCIFER[133] 82Se 1 20 4 125 D 17 74
MJD[142, 143, 144, 159] 76Ge 0.9 4 0.4 238 C 4.4* 77*
SNO+[151] 130Te 0.9 240 27 1253 D 2 62
EXO[99] 136Xe 1.9 96 30 482 R 1.2 97
SND[110, 111, 112] 82Se 0.6 120 18 23 D 3.3 166
SuperNEMO[110, 111, 112] 82Se 0.6 130 20 366 D 13 85
KamLAND-Zen[147, 148] 136Xe 7.4 243 243 1320 R 6.9 127
NEXT[109, 160] 136Xe 0.8 13 5.4 165 D 1.6 82

60

Expected Sensitivities of some of 
the advanced 0νββ decay experiments

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

in meV



Assumptions and Analysis Procedure 



Observables we will consider
We will consider 3 observables which depends 
on the absolute neutrino mass scale

(1)

(2)

(3)

to be measured by          decay experiment

to be measured by cosmological observations

to be measured by    decay expriment



for normal (inverted) mass hierarchy

In practice we can consider the lightest neutrino mass 
(m0) as a relevant paramter determined by cosmology 
provided that we know the mass hiearchy, 

For normal mass hierarchy

For inverted mass hierarchy

From most updated global analysis 

Capozzi et al, arXiv:1312.2878 [hep-ph]



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

neutrinoless double beta decay

cosmology

tritium beta decay



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

neutrinoless double beta decay

cosmology

tritium beta decay

minimum of Σ KATRIN

to fully cover inverted hierarchy regime 



Estimation of sensitivity for

: mass of isotope X
: molecular weight of X
: Avogadro’s number

: detection efficiency

signal

: background

: background count rate, usually measured in 

: exposure of the experiment

: energy window (energy resolution)
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Figure 1 Illustration of the spectra of the sumof the electron kinetic energies Ke (Q is
the endpoint) for the ��(2⌫) normalized to 1 (dotted curve) and ��(0⌫) decays (solid
curve). The ��(0⌫) spectrum is normalized to 10�2 (10�6 in the inset). All spectra
are convolved with an energy resolution of 5%, representative of several experiments.
However, some experiments, notably Ge, have a much better energy resolution.

in Figure 2, which shows an essentially exponential improvement, by more than a
factor of four per decade, of the corresponding limits. If this trend continues, we
expect to reach the neutrino mass scale suggested by the oscillation experiments in
10–20 years. Given the typical lead time of the large particle physics experiments,
the relevant double beta decay experiments should begin the “incubation” process
now.

2. NEUTRINO MASS: THEORETICAL ASPECTS

2.1. Majorana and Dirac Neutrinos

Empirically, neutrino masses are much smaller than the masses of the charged
leptons with which they form weak isodoublets. Even the mass of the lightest
charged lepton, the electron, is at least 105 times larger than the neutrino mass
constrained by the tritium beta decay experiments. The existence of such large
factors is difficult to explain unless one invokes some symmetry principle. The
assumption that neutrinos are Majorana particles is often used in this context.
Moreover, many theoretical constructs invoked to explain neutrino masses lead to
the conclusion that neutrinos are massive Majorana fermions.
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Estimation of sensitivity for
(1) Background dominated case

For 76Ge

For 136Xe



Estimation of sensitivity for
(2) Signal dominated case

For 76Ge

For 136Xe
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Definition of     function

To take into account the uncertainty of 
the nuclear matrix element, we vary

reference NME value (known)

true NME value (unknown)

we will consider         = 2, 1.5, 1.3 and 1.1



Cremonesi and Pavan, arXiv:1310.4692 [physics.ins-det]
Figure 2: ��(0⌫) NME calculations as reported in Table 2.

discarding some evident pathologic calculations, discrepancies shrank to about one order
of magnitude. However, despite the significant improvements obtained in the past years,
the QRPA matrix elements still exceed those of the shell model by factors of up to about
two in the lighter isotopes (e.g. 76Ge and 82Se), and somewhat less in the heavier isotopes
(see Table 2). On the other hand, IBM results are in reasonable agreement with QRPA
calculations [43].

The origin of the discrepancies is still unclear and attempts to constrain the models
by referring to additional observables have been pursued. Actually, the more observables
a calculation can reproduce, the more trustworthy it probably is. This is the case, for
example, of Gamow-Teller distributions which enter indirectly into ��(0⌫), and can be
measured through (p,n) reactions [44]. The nuclear process most close to ��(0⌫) is how-
ever ��(2⌫), which has now been measured in 10 di↵erent nuclei. ��(2⌫) results have been
used to calibrate QRPA calculations [45]. In particular, when renormalizing all QRPA
strengths by the same amount, no dependence on model-space size, or on the form of the
nucleon-nucleon interaction, or on the QRPA flavor is observed. This is an astonishing
result which has been interpreted as an indication of the correctness of the method.

A number of common approximations characterize all the calculation methods while
the most significant di↵erences relate to the details of the nuclear part. In all cases, the
reaction amplitude is factorized into the product of a leptonic and a hadronic part. As
already mentioned above, in the case of a decay mediated by the exchange of a light neu-
trino, the leptonic part is proportional to the Majorana mass |hm

⌫

i| and to a potential
N(r) describing the e↵ects of the neutrino propagator. N(r) has two most relevant conse-
quences in the calculation of the nuclear matrix elements: it introduces a dependence on
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How can we measure Majorana CP phase?
in the degenerate regime, 

if m0 is unknown, no matter how accurately
        is measured (which is not possible 
due to NME uncertainty), it is impossible
to determine (constrain) α21 !

independent information on m0 is needed,

from cosmology and beta decay experiment
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CP exclusion fraction, fcpx

what is fcpx ?
For a given set of input (true) parameters,

fcpx ≣ fraction of CP phase which is exluded
at certain confidence level

For example, if

fcpx ≣ 1-(allowed fraction)

fcpx = 1-(1.4π-0.2π)/2π = 0.4 (or 40%)

larger fcpx       better sensitivity

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

Huber et al, JHEP05,020 (2005)
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for rNME = 1.5, at m0 = 0.1 eV, fcpx = 10-50%
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Conclusions
We confirm very strong snergy of         and 
cosmological determination of neutrino masses 

For m0 = 0.1 eV, rNME = 1.5, 
fcpx < 50% at 2σ

assuming 

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

For m0 = 0.1 eV, rNME = 1.1, 
fcpx < 60% at 2σ

assuming 
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meV. This suppression can be inferred by measuring the
cosmic microwave background temperature [11] and po-
larization [12] on small angular scales. Following the ini-
tial detections by the Atacama Cosmology Telescope [13]
and the South Pole Telescope [14], the Planck satellite
has now mapped the potential with 27-sigma [15] sig-
nificance. Prospects for measuring the spectrum of the
potential with upcoming small scale CMB polarization
experiments and with galaxy surveys [16] lead to projec-
tions that

P
m⌫ can be constrained at 16 meV level.

INVERTED HIERARCHY

If the mass hierarchy is determined by other experi-
ments to be inverted so that m3 < m1,m2, then both
m1 and m2 are of order matm or larger. Further, the
smallness of sin2 ✓13 means that the last term in Eq. (1)
can be neglected so that

minv
�� ' c213

h
(m1c

2
12)

2 + (m2s
2
12)

2

+2 cos(2�2)(m1c
2
12)(m2s

2
12)

i1/2
. (4)

Fig. 1 shows the region allowed by current measurements
for m�� and

S ⌘
X

m⌫ (5)

and a projected future measurement centered on a ran-
domly chosen “truth” value. The width of the gray band
is determined by the Majorana phase �2. If nature has
chosen the point in parameter space indicated by the star,
then the combination of neutrinoless double beta decay
and cosmic surveys will narrow the allowed range; i.e.,
it will pin down not only the sum of the masses and the
Majorana nature of the neutrino but also constrain �2.

To project the error on the phase, we need to transform
the projected constraints on the two parameters p1 =
m�� and p2 = S to a di↵erent parameter set, (q1 =
cos(2�2), q2 = S). The constraints on ~p are uncorrelated,
so the Fisher matrix that describes these constraints is
trivial:

Fij =

✓
1/�2

� 0
0 1/�2

S

◆
(6)

where we take �� = 10 meV and �S = 20 meV. Here
�� represents a combination of the uncertainty from the
nuclear matrix elements [17] in the extraction of m�� ,
together with the experimental uncertainties. For sim-
plicity we will neglect uncertainties on the mixing an-
gles, which in any case will be known with consider-
able precision from future planned experiments. Relat-
ing the Fisher matrix of the new parameter set (q1 =

FIG. 1: Projected constraints on neutrino parameters from
upcoming cosmic surveys (vertical), neutrino-less double beta
decay experiments (horizontal), and all other current mea-
surements (gray) assuming an inverted mass hierarchy and
Majorana neutrinos.

cos(2�2), q2 = S) to the Fisher matrix of the old param-
eter set requires the transformation

F̃ab =
@pi
@qa

@pj
@qb

Fij . (7)

Two partial derivatives of m�� are needed in Eq. (7).
The first, @m��/@ cos(2�2). is easily obtained by di↵er-
entiating Eq. (4). The derivative with respect to S is
trickier but can be computed by recognizing that

S = m3 +
q

m2
3 +m2

atm +
q
m2

3 ++m2
atm +m2

s . (8)

Di↵erentiating both sides with respect to S leads to an
expression for @m3/@S at fixed �2. From this, @m2/@S =
(m3/m2) @m3/@S and similarly with m1. Therefore, the
derivative of m�� with respect to S (at fixed phase �2)
is

@m��

@S
=

m1m2m3

m�� [m1m2 +m1m3 +m2m3]

⇥
"
c412c

4
13 + s412c

4
13

+
m2

1 +m2
2

m1m2
c212c

4
13s

2
12 cos(2�2)

#
. (9)

Since @m��/@S and @m��/@ cos(2�2) are both non-zero,
the diagonal F is transformed into an o↵-diagonal F̃ .
The projected error on one parameter – say cos(2�2) –
must be obtained by marginalizing over all possible val-
ues of the other. The simple way to do this is to compute
F̃�1; the diagonal components of F̃�1 are the projected
squared errors on the two parameters. A simple check

Dodelson & Lykken, arXiv:1403.5173 [astro-ph.CO] 
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is that the marginalized error on S – the square root of
(F̃�1)22 – remains the same, equal to �S . The error on
the phase is

(� cos(2�2))
2 = (F̃�1)11

=

✓
@m��

@ cos(2�2)

◆�2 h
�2

� +

✓
@m��

@S

◆2

�2
S

i
. (10)

Fig. 2 shows this error as a function of S for two di↵erent
values of �2. Note that, for S small and cos(2�2) = �1,
the projected 1-sigma error on the cosine is 0.35, close to
6-sigma away from the �2 = 0 value.

FIG. 2: Projected one-sigma constraint on the cosine of the
Majorana phase from combined cosmic survey and neutrino-
less double beta decay experiments. These constraints are
relevant if the mass hierarchy is determined to be inverted.

NORMAL HIERARCHY

If the mass hierarchy is normal so thatm1 < m2 < m3,
there is no guarantee that, even if neutrinos are Majorana
particles, the most aggressive double beta decay exper-
iment will see events. The parameter that determines
the decay rate, m�� , can vanish if the unknown phases
conspire to make us unlucky. This is captured by the
gray band in Fig. 3, which shows that m�� can be ar-
bitrarily small. However, there is an interesting synergy
between the cosmological constraints and double beta de-
cay. If the cosmological constraints point to a large value
of

P
m⌫ , for example at the star in the figure, then we

will be handed a lower limit on m�� . The lower limit on
m�� is shown as a function of S in Fig. 4.

Therefore, upcoming cosmic surveys have the poten-
tial to motivate further neutrinoless double beta decay
experiments, as we may be able to infer a lower limit on
m�� . In the absence of this lower limit, we will never be

FIG. 3: If the mass hierarchy is normal but the sum of the
masses is still relatively large, for example at the value indi-
cated by the star, then there will be a lower limit on m�� , a
target for ambitious future double beta decay experiments.

guaranteed an answer to the question of whether neutri-
nos are Majorana or Dirac particles.

FIG. 4: In the normal hierarchy, the minimum value of m��

as a function of the lower limit on the sum of the masses
that would be obtained in cosmic surveys. If the surveys findP

m⌫ is greater than (m⌫)min, then m�� must be above the
curve.

Acknowledgments We are grateful to Bob Tschirhart,
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