
10th international workshop on fundamental physics using atoms (FPUA2018)
Jan. 8–9, 2018, Nagoya

Minoru TANAKA
Osaka University

Implication of initial spatial phase 
in the coherent radiative 
neutrino pair emission

1

in collaboration with 
K. Tsumura (Kyoto U),

N. Sasao, S. Uetake, M. Yoshimura (Okayama U)



Minoru TANAKA

INTRODUCTION

2



Minoru TANAKA

Unknown properties of neutrinos
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Mass type
Dirac or Majorana

Ordering pattern
normal or inverted

m1

m2

m3

NO
m1

m2

m3

IO

CP violation
one Dirac phase, two Majorana phases

� ↵, �

Absolute mass
m1(3) < 71(66) meV, 50 meV < m3(2) < 87(82) meV
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Neutrino experiments
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big science
Neutrino oscillation: SK, T2K, reactors,...

Neutrinoless double beta decays

Beta decay endpoint: KATRIN

Conventional approach

NO or IO,�m2, ✓ij , �

Dirac or Majorana, effective mass

PTEP 2012, 04D002 A. Fukumi et al.

the spectral shape I (ω). If one uses a target of available energy of a fraction of 1 eV, the most
experimentally challenging observable, the Majorana CP phases may be determined, comparing
the detected rate with differences of theoretical expectations which exist at the level of several
percent. The Majorana CP-violating phase is expected to be crucial to the understanding of the
matter–antimatter imbalance in our universe. Our master equation, when applied to E1 × E1
transitions such as pH2 vibrational Xv = 1 → 0, can describe explosive paired superradiance
events in which most of the energy stored in |e⟩ is released in the order of a few nanoseconds.
The present paper is intended to be self-contained, explaining some details of related theoretical
works in the past, and reports on new simulations and the ongoing experimental efforts of the
project to realize neutrino mass spectroscopy using atoms/molecules.
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

1. Introduction and overview
1.1. Remaining important problems in neutrino physics and our objective
The present status of the neutrino mass matrix is summarized by the following central values
measured by oscillation experiments [1,2]:

s2
12 = 0.31, s2

23 = 0.42, s2
13 = 0.024, (1)

"m2
21 = 7.5 × 10−5 eV2, |"m2

31| = 2.47 × 10−3 eV2. (2)

The usual notation of angle factors is used; si j = sin θi j and ci j = cos θi j . The definitions of the
neutrino mixing (given by U ) and mass (Mν) matrices are given by [1]:

U =

⎛

⎜⎝
1 0 0
0 c23 s23

0 −s23 c23

⎞

⎟⎠

⎛

⎜⎝
c13 0 s13e−iδ

0 1 0
−s13e−iδ 0 c13

⎞

⎟⎠

⎛

⎜⎝
c12 s12 0

−s12 c12 0
0 0 1

⎞

⎟⎠ P, (3)

P =

⎛

⎜⎝
1 0 0
0 eiα 0
0 0 eiβ

⎞

⎟⎠ for Majorana neutrinos, = 1 for Dirac neutrinos, (4)

Mν = UMDU †, (5)

where MD is the diagonalized mass matrix. Neutrino masses are ordered by m3 > m2 > m1 for
the normal hierarchical mass pattern (NH) and m2 > m1 > m3 for the inverted hierarchy (IH). For
convenience we define the smallest mass by m0, which is = m1 for NH and = m3 for IH.

The ongoing and planned experiments to measure neutrino masses using nuclei as targets are in
two directions: (1) measurement of the beta spectrum near the end point sensitive to both Dirac
and Majorana masses, (2) neutrinoless double beta decay near the end point of the two-electron
energy sum, sensitive to Majorana masses alone. In the neutrinoless double beta decay one attempts
to measure the following parameter combination, called the effective neutrino mass [3]:

∣∣∣∣∣
∑

i

miU 2
ei

∣∣∣∣∣

2

= m2
3s4

13 + m2
2s4

12c4
13 + m2

1c4
12c4

13 + 2m1m2s2
12c2

12c4
13 cos(2α)

+ 2m1m3s2
13c2

12c2
13 cos 2(β − δ) + 2m2m3s2

13s2
12c2

13 cos 2(α − β + δ), (6)

using our convention of Majorana phases. The best upper limit of the neutrino mass scale is derived
from cosmological arguments, and is ∼0.58 eV (95% confidence) [4].

2/79

absolute mass

E & O(10keV)

tabletop experimentOur approach E . O(eV)

Atomic/molecular processes
absolute mass, NO or IO, D or M, ↵ (,� � �)
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Plan of talk
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Introduction (2)
Radiative emission of neutrino pair (RENP) (4)

Summary (1)
Boosted RENP (4)
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Radiative Emission of Neutrino Pair (RENP)
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Enhancement mechanism? 
Rate � �G2

F E5 � 1/(1033 s)

Λ-type level structure
Ba, Xe, Ca+, Yb,...
H2, O2, I2, ...

Atomic/molecular energy scale ~ eV or less

cf. nuclear processes ~ MeV
close to the neutrino mass scale

 A.Fukumi et al.  PTEP (2012) 04D002, arXiv:1211.4904 

|ei ! |gi+ � + ⌫i⌫̄j
|p�

|e�

|g�

�

metastable

⌫i
⌫̄j
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Macrocoherence
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Yoshimura et al. (2008)

|e�

|g�

�p

�k �p�
�

�i

�̄j

Macroscopic target of N atoms, volume V (n=N/V)

total amp. �
�

a

e�i(�k+�p+�p�)·�xa � N

V
(2�)3�3(�k + �p + �p�)

macrocoherent amplification

position of atom

/ e�i(~k+~p+~

p

0)·~xa(2⇡)�(E
eg

� E
�

� E
p

� E
p

0)

(Eeg = Ee � Eg, E� = |~k|)

d� � n2V (2�)4�4(q � p� p�) (qµ) = (Eeg � E� ,�~k)
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RENP spectrum
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Energy-momentum conservation
due to the macrocoherence

Required energy resolution � O(10�6) eV

��trig.
<� 1 GHz � O(10�6) eV

typical laser linewidth

D.N. Dinh, S.T. Petcov, N. Sasao, M.T., M. Yoshimura
                    PLB719(2013)154, arXiv:1209.4808

familiar 3-body decay kinematics
virtual parent particle (Pµ) = (Eeg,0), P 2 = E2

eg

atomic energy level splitting
i, j = 1, 2, 3

Six thresholds of the photon energy

!ij =
Eeg

2
� (mi +mj)2

2Eeg

Eeg = Ee � Eg
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Global shape

m0 = 1, 50meV
Yb, Dirac, NO, IO
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Photon spectrum: Yb

|gi = 6s2 1S0

|ei = 6s6p 3P0
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Boosted RENP
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 M.T., K.Tsumura, N.Sasao, S.Uetake, M.Yoshimura, PRD96, 113005 (2017); arXiv:1710.07135 
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Initial spatial phase
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X

a

ei(peg�k�p�p

0)·xa / �3(peg � k � p� p0)

�1(k1) + �2(k2) + |gi ! |ei ! |gi+ �(k) + ⌫i(p)⌫̄j(p
0)

Momentum conservation

peg ⇠ mom. of parent particle boosted RENP

counter-propagating
|e�

|g�

�1

e�ik1·x

�2

e�ik2·x

Preparation of initial coherent state
Two-photon absorption: �1(k1) + �2(k2) + |gi ! |ei

he|⇢|gi / eipeg·x
Initial spatial phase (ISP)

peg = k1 + k2

|peg| = |!1 � !2|
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Kinematics of the boosted RENP
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threshold:⌫i⌫̄j
!1 !2

peg
k trigger

peg k k, !1 � !2

4-momentum of parent particle: (Pµ) = (Eeg,peg)

Invariant mass:
smaller energy scale

P 2 = E2
eg � p2

eg  E2
eg

cf. no boost case:

!ij = !1 �
(mi +mj)2

4!2
, !1 + !2 = Eeg

!ij =
Eeg

2
� (mi +mj)2

2Eeg
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Dirac-Majorana difference, Majorana phases
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Spectral rate
�(E�) = Dirac part +Majorana interference

Majorana phases

Re(U⇤
e1Ue3)

2
= c212c

2
13s

2
13 cos 2(� � �) ' 0.015 cos 2(� � �)

Re(U⇤
e2Ue3)

2
= s212c

2
13s

2
13 cos 2(� � � � ↵)

' 0.0065 cos 2(� � � � ↵)

Re(U⇤
e1Ue2)

2
= c212s

2
12c

4
13 cos 2↵ ' 0.20 cos 2↵

sensitive to ↵

/ Re(U⇤
eiUej � �ij/2)

2mimj
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FIG. 2. Dirac-Majorana di↵erence in the spectral shape, �(E�)/�0, with (b = 0.95) and without

(b = 0) boost. Yb, NO, 0 < ↵ < ⇡/2 and � = 0. The smallest neutrino mass is chosen as m0 = 1

meV (left) and 50 meV (right).

FIG. 3. Dirac-Majorana di↵erence in the IO case. The other parameters are the same as Fig. 2.

IV. DIRAC-MAJORANA DISTINCTION AND EFFECT OF MAJORANA PHASES

We compare the boosted RENP spectra for Dirac and Majorana neutrinos and examine

the e↵ect of Majorana phases. Figure 2 shows the spectral shape �(E�)/�0 in the case of Yb

(|gi = 6s2 1S0, |ei = 6s6p 3P0, |pi = 6s6p 3P1, Eeg = 2.14348 eV and Epg = 2.23072 eV [6])

for the normal ordering (NO) of neutrino masses with the smallest neutrino mass m0 being

1 meV (left) and 50 meV (right). The trigger is taken parallel to the ISP momentum peg

and the boost magnitude is b := |peg|/Eeg = 0.95. This is realized by choosing !1 = 2.08989

eV and !2 = 0.05359 eV. The black solid lines represent the spectra of the Dirac case with

this boost and the spectra without boost (b = 0) are also shown by the black dashed lines

for comparison. The endpoint for b = 0 is ⇠ Eeg/2 and that for b = 0.95 is close to Eeg
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Yb RENP spectra: Eeg = 2.14348 eV, ↵ 2 [0,⇡/2], � = 0

no boost boosted: b := |peg|/Eeg = 0.95
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Figure of merit

relative enhancement of �2

Power of Dirac-Majorana distinction
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m0= 1 meV

0.0 0.2 0.4 0.6 0.8 1.0
0.1

1

10

100

1000

b

F
o
M

Yb, NO

m0=50 meV

m0= 1 meV

0.0 0.2 0.4 0.6 0.8 1.0
0.1

1

10

100

1000

b
F

o
M

Yb, IO

FIG. 4. Maximal figure of merit as a function of the boost magnitude, b = |peg|/Eeg. Yb, NO

(left) and IO (right), ↵ = � = 0, and m0=1 meV (red dashed) and 50 meV (black solid).

as given in Eq. (8). As for the case of Majorana neutrinos, we vary ↵ while � is fixed to

zero. The red dash-dotted lines represents the spectra of ↵ = 0 and ⇡/2 and the shaded

regions corresponds to ↵ between these two values. We also show the cases of no boost

as the red dotted lines for comparison. We note that the boundaries of ↵ 2 [0, ⇡/2] are

indistinguishable in the cases without boost and even with the boost for m0 = 1 meV. The

case of inverted ordering (IO) is presented in Fig. 3.

We observe that enhancement of Dirac-Majorana di↵erence is possible in the boosted

RENP. In particular, near the endpoint (E� ⇠ Eeg), the di↵erence becomes larger than 10

% although the rate itself is suppressed. The e↵ect of Majorana phases is also significantly

enhanced by boosting. A sizable e↵ect in the rate, say 10 % or more, is expected if m1,2 ⇠

50 meV, which is always the case in the inverted ordering.

In order to quantify the power of the boost by the ISP in discriminating Dirac and

Majorana cases, we introduce the following figure of merit (FoM) function,

µ(E�) :=
2A2(E�)

1 + |A(E�)|
[�M(E�) + �D(E�)] , (19)

where �M(E�) and �D(E�) denote the Majorana and Dirac RENP rates respectively, and

the asymmetry A(E�) is defined by

A(E�) :=
�M(E�)� �D(E�)

�M(E�) + �D(E�)
. (20)

To obtain the best sensitivity, it is presumed in an experiment that the trigger energy is

chosen to maximize µ(E�) for a given magnitude of the boost, b = |peg|/Eeg. In Fig. 4, we

present the maximal value of µ(E�) as a function of the boost magnitude b taking ↵ = � = 0

9

↵ = � = 0 ↵ = � = 0

�2
= 1 (no boost) =) ⇠ 1000 (optimal boost)
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A new approach to neutrino physics

RENP spectra are sensitive to unknown
neutrino parameters.

Absolute mass, NO or IO, Dirac or Majorana, CP
ISP makes RENP more powerful, boosted RENP.
RENP spectra are sensitive to the CNB.
Background-free RENP
Waveguide with photonic crystals

M. Yoshimura, N. Sasao, M. T.  
PTEP(2015)053B06; arXiv:1501.05713

M.T., K.Tsumura, N. Sasao, M.Yoshimura, PTEP(2017)043B03; arXiv:1612.02423

Macrocoherent rate amplification is essential.
Demonstrated by a QED process, PSR.


