
セミナー@新潟大学, 2015/6/25

田中　実
大阪大学

原子・分子過程による
ニュートリノ物理

1

4.1560 4.1565 4.1570 4.1575
0.00

0.02

0.04

0.06

Ω !eV"

Sp
ec

tru
m

I#Ω$

Threshold behavior #Dirac case$

m0

132 136

2.5 × 1019 /cm3

1.1 × 1020 /cm3

> 1019 /cm3

∼ 102 s−1

1 × 104 s−1

O(0.1) µs

5p5(2P3/2)6p 6p

5p5(2P3/2)6p 2[3/2]2 5p5(2P3/2)6p 2[5/2]2

Λ
6s [3/2]2 6s [3/2]1

6s [3/2]1

λtp λ6sJ−6p

A6sJ←6p

5p5(2P3/2)6p 2[3/2]2

|p�

|e�

|g�

�

metastable

⌫i
⌫̄j



Minoru TANAKA

SPAN project

2

SPectroscopy with Atomic Neutrino

M. T. (Osaka), T. Wakabayashi (Kinki), 
A. Fukumi (Kawasaki), S. Kuma (Riken),
C. Ohae (ECU), K. Nakajima (KEK), H. Nanjo (Kyoto)     

Okayama U.
K. Kawaguchi, H. Hara, T. Masuda, Y. Miyamoto,
I. Nakano, N. Sasao, J. Tang, S. Uetake, 
A. Yoshimi, K. Yoshimura, M. Yoshimura

Other institute



Minoru TANAKA

INTRODUCTION

3



Minoru TANAKA

 What we know about neutrino mass and mixing 
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Masses:

PLANCK 2013

�m2
21 ' (8.66 meV)2 , |�m2

31(2)| ' (49.6(5) meV)2

NuFIT (2014)X
m⌫  0.23 eV

Mixing: U = VPMNS P
VPMNS =

Charged Current Neutral Current
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U = V P ,

V =

⎡

⎢⎣
c12c13 s12c13 s13e−iδ

−s12c23 − c12s23s13eiδ c12c23 − s12s23s13eiδ s23c13

s12s23 − c12c23s13eiδ c12c23 − s12s23s13eiδ c23c13

⎤

⎥⎦ ,

cij = cos θij sij = sin θij P

P = diag.(1, eiα, eiβ) ,

α β

W Z

Heff =
GF√

2

∑

i,j

ν̄iγ
µ(1 − γ5)νj ēγµ(vij − aijγ5)e,

vij = U∗
eiUej −

(
1
2
− 2 sin2 θW

)
δij , aij = U∗

eiUej −
1
2
δij .

ν†σ⃗ν · φ†
eσ⃗φe .

|a⟩ |b⟩
ϕa(r⃗),ϕb(r⃗)

∫
d3rϕ∗

a(r⃗)S⃗eϕb(r⃗) .
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U = V P ,

V =

⎡

⎢⎣
c12c13 s12c13 s13e−iδ

−s12c23 − c12s23s13eiδ c12c23 − s12s23s13eiδ s23c13

s12s23 − c12c23s13eiδ c12c23 − s12s23s13eiδ c23c13

⎤

⎥⎦ ,

cij = cos θij sij = sin θij P

P = diag.(1, eiα, eiβ) ,

α β

W Z

Heff =
GF√

2

∑

i,j

ν̄iγ
µ(1 − γ5)νj ēγµ(vij − aijγ5)e,

vij = U∗
eiUej −

(
1
2
− 2 sin2 θW

)
δij , aij = U∗

eiUej −
1
2
δij .

ν†σ⃗ν · φ†
eσ⃗φe .

|a⟩ |b⟩
ϕa(r⃗),ϕb(r⃗)

∫
d3rϕ∗

a(r⃗)S⃗eϕb(r⃗) .

Majorana phases
Bilenky, Hosek, Petcov; Doi, Kotani, Nishiura,Okuda,Takasugi; Schechter, Valle

NuFIT (2014)
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Mass type
Dirac or Majorana

Unknown properties of neutrinos

Hierarchy pattern
normal or inverted

m1

m2

m3
m1

m2

m3

NH IH

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

tabletop experimentOur approach E . O(eV)

Atomic/molecular processes
absolute mass, NH or IH, D or M, �, ↵, �

Neutrino oscillation: SK, T2K, reactors,...

Neutrinoless double beta decays

Beta decay endpoint: KATRIN

Conventional approach

NH or IH,�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)
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RENP
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Radiative Emission of Neutrino Pair (RENP)

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)

d� � n2V (2�)4�4(q � p� p�)

e- e-

!i
!
_

j

A A
+ +

!

e− A+

|p⟩ |g⟩
x⃗a

∑
a exp [−i(k⃗ + p⃗ + p⃗′) · x⃗a]

N V (N/V )(2π)3δ3(k⃗ + p⃗ + p⃗′)

δ

ϵeg

dΓij = n2V
|MdMij

W |2

(ϵpg − ω)2
dΦ2 ,

n dΦ2

dΦ2

dΦ2 = (2π)4δ4(q − p − p′)
d3p

(2π)32Ep

d3p′

(2π)32Ep′
,

Ep(′) =
√

m2
i(j) + p⃗(′)2 mi(j) qµ = (ϵeg − ω,−k⃗)

Md = −⟨g|d⃗|p⟩ · E⃗ E⃗

total amp. �
�

a

e�i(�k+�p+�p�)·�xa � N

V
(2�)3�3(�k + �p + �p�)

� e�i(�k+�p+�p�)·�xa(2�)�(�eg � � � Ep � Ep�)

position of atom

(�eg = �e � �g, � = |�k|)

macrocoherent amplification
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Neutrino emission from valence electron
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|ei |ei|pi |pi
|gi

|gi

Atomic matrix element in the NR approximation
hg|ē�µe|pi ' (hg|e†e|pi,0) = 0

hg|ē�µ�5e|pi ' (0, 2hg|s|pi) spin current

CV
ji = U⇤

ejUei + (�1/2 + 2 sin2 ✓W )�ji, CA
ji = U⇤

ejUei � �ji/2

HW =
GFp
2

X

i,j

⌫̄j�µ(1� �5)⌫i ē�
µ(CV

ji � CA
ji�5)e

D.N. Dinh, S.T. Petcov, N. Sasao, M.T., M. Yoshimura
                    PLB719(2013)154, arXiv:1209.4808
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Neutrino emission from nucleus
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RENP from 
quarks (nucleus)�

!  Atomic Parity Violation: 
!  Neutral boson Z interacts with 

nucleus as a whole (coherently)   
!  Weak charge Qw 

 

!  RENP from nucleus 
!  Rate enhancement larger than 10^6 

is  expected  for heavy atoms. 

2014/10/TU� Kyoto�

M.Yoshimura and N.Sasao, arXiv:1310.6472v1 [hep-ph] 
24 Oct 2013, PRD 89, 053013 (2014) �

2(1 4sin )wQw N Zθ= − −

$#�

Qw ~ # of  neutrons�

 M. Yoshimura and N. Sasao,  PRD89, 053013(2014), arXiv:1310.6472 

flavor diagonal
no PMNS, no phases

HW = 4
GFp
2

X

i,q

⌫̄i�µ(1� �5)⌫i q̄�µ(vq � aq�5)q

Nuclear matrix element in the NR limit 
hN |

X

q

4vq q̄�
µq|Ni ' (QW ,0)

weak charge:QW ' �(# of neutrons)

cf. atomic parity violation

nuclear monopole / Q2
WZ8/3 enhancement
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RENP spectrum
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Six (or three) thresholds of the photon energy

Λ− |e⟩ → |g⟩ + γ + νiνj νi

|e⟩ → |g⟩ + γ + γ ×
|p⟩

|e⟩ → |g⟩ + γ + νiνj

|e⟩ →
|g⟩ + νiνj

|e⟩
> 1

γ νi , i = 1, 2, 3

ωij =
ϵeg

2
− (mi + mj)2

2ϵeg
.

ϵab = ϵa − ϵb |a⟩ , |b⟩
mi

(mi + mj)2/(2ϵeg) ∼ 5 mi + mj = 0.1 ϵeg = 1

ω ≤ ω11

�eg = �e � �g atomic energy diff.

i, j = 1, 2, 3

Energy-momentum conservation
due to the macrocoherence

familiar 3-body decay kinematics

Required energy resolution � O(10�6) eV

��trig.
<� 1 GHz � O(10�6) eV

typical laser linewidth
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|p⟩ 2

Γγ2ν(ω, t) = Γ0I(ω)ηω(t) ,

Γ0 =
3n2V G2

F γpgϵegn

2ϵ3pg
(2Jp + 1)Cep ,

I(ω) = F (ω)/(ϵpg − ω)2 γpg |p⟩ |g⟩
Cep

1
2Je + 1

∑

Me

⟨pMp|S⃗|eMe⟩ · ⟨eMe|S⃗|pM ′
p⟩ = δMpM ′

p
Cep ,

Cep = 2/3 ηω(t)

ηω(t) = ηR
ω (t) + ηL

ω (t) ,

ηR
ω (t) =

t∗
4L

∫ L/t∗

0
dξ|eR(ξ, t/t∗ − L/t∗ + ξ)|2

[
r2
1(ω, ξ, t/t∗ − L/t∗ + ξ) + r2

2(ω, ξ, t/t∗ − L/t∗ + ξ)
]

,

ηL
ω (t) =

t∗
4L

∫ L/t∗

0
dξ|eL(ξ, t/t∗ − ξ)|2

[
r2
1(ω, ξ, t/t∗ − ξ) + r2

2(,ωξ, t/t∗ − ξ)
]

.

Γ0 I(ω) ηω(t)

I(ω) Γ0

ηω(t) ηω(t)
|e⟩ |g⟩

ηω(t)

I(ω; mi = 0) =
ω2 − 6ϵegω + 3ϵ2eg

12(ϵpg − ω)2
,

∑
ij Bij = 3/4

∆ij(ω)
∝ √

ωij − ω

I(ω) 2

2

×

2 Γ0 ∝ n3 n
∝ n2V

ϵegn
ηω(t) ηω(t)

∝ 1/n Γ0 ∝ n3

overall rate
spectral function

dynamical factor

macro-coherence
~ field energy density

Overall rate

RENP rate formula

�M
0 ⇠ Q2

WZ8/3 ⇥ �S
0 ⇠ 100 kHz

rate�pg : |p⇥ � |g⇥
�SC
0 ⇠ 3n2V G2

F �pg✏egn

2✏3pg
⇠ 1 mHz (n/1021cm�3)3(V/102cm3)
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|p⟩ 2

Γγ2ν(ω, t) = Γ0I(ω)ηω(t) ,

Γ0 =
3n2V G2

F γpgϵegn

2ϵ3pg
(2Jp + 1)Cep ,

I(ω) = F (ω)/(ϵpg − ω)2 γpg |p⟩ |g⟩
Cep

1
2Je + 1

∑

Me

⟨pMp|S⃗|eMe⟩ · ⟨eMe|S⃗|pM ′
p⟩ = δMpM ′

p
Cep ,

Cep = 2/3 ηω(t)

ηω(t) = ηR
ω (t) + ηL

ω (t) ,

ηR
ω (t) =

t∗
4L

∫ L/t∗

0
dξ|eR(ξ, t/t∗ − L/t∗ + ξ)|2

[
r2
1(ω, ξ, t/t∗ − L/t∗ + ξ) + r2

2(ω, ξ, t/t∗ − L/t∗ + ξ)
]

,

ηL
ω (t) =

t∗
4L

∫ L/t∗

0
dξ|eL(ξ, t/t∗ − ξ)|2

[
r2
1(ω, ξ, t/t∗ − ξ) + r2

2(,ωξ, t/t∗ − ξ)
]

.

Γ0 I(ω) ηω(t)

I(ω) Γ0

ηω(t) ηω(t)
|e⟩ |g⟩

ηω(t)

I(ω; mi = 0) =
ω2 − 6ϵegω + 3ϵ2eg

12(ϵpg − ω)2
,

∑
ij Bij = 3/4

∆ij(ω)
∝ √

ωij − ω

I(ω) 2

2

×

2 Γ0 ∝ n3 n
∝ n2V

ϵegn
ηω(t) ηω(t)

∝ 1/n Γ0 ∝ n3

�M = 0(1) for Dirac(Majorana)

Spectral function (spin current)

Bij = |U�
eiUej � �ij/2|2, BM

ij = ⇥[(U�
eiUej � �ij/2)2]

Dynamical factor

⇥ |coherence� field|2

ω x

dΓγ2ν(ω, x, t) = [dΓR(ω, x, t) + dΓL(ω, x, t)]Ceg(ω)F (ω)

dΓi(ω, x, t) =
G2

F |E⃗i(ω, x, t)|2n2V dx

6πL

r2
1(x, t) + r2

2(x, t)
4

(i = R,L) ,

Ceg(ω) =
∑

p

⟨g|d⃗|p⟩ · ⟨p|d⃗|g⟩⟨e|S⃗|p⟩ · ⟨p|S⃗|e⟩
(ϵpg − ω)2

F (ω) =
∑

ij

∆ij(BijIij(ω) − δMBM
ij mimj)θ(ωij − ω) , Bij = |aij |2 , BM

ij = ℜ(a2
ij) ,

Iij(ω) =
q2

6

[
2 −

m2
i + m2

j

q2
−

(m2
i − m2

j )
2

q4

]
+

ω2

9

[
1 +

m2
i + m2

j

q2
− 2

(m2
i − m2

j )
2

q4

]
,

|E⃗i(ω, x, t)|2 (i = R,L)
ω < ϵeg/2

|E⃗i|2 ≤ ϵegn

ω,ω′ ω + ω′ = ϵeg

∝ δM mimj ∆ij(ω)
ω = ωij

dΓR,L

r2
1 + r2

2

4
|E⃗R,L|2 ,

|E⃗|2

|E⃗|2 ∝ ω

ω

x

Γγ2ν(ω, t) =
[∫

dΓR(ω, x, t − L + x) +
∫

dΓL(ω, x, t − x)
]

Ceg(ω)F (ω) ,

ω x

dΓγ2ν(ω, x, t) = [dΓR(ω, x, t) + dΓL(ω, x, t)]Ceg(ω)F (ω)

dΓi(ω, x, t) =
G2

F |E⃗i(ω, x, t)|2n2V dx

6πL

r2
1(x, t) + r2

2(x, t)
4

(i = R,L) ,

Ceg(ω) =
∑

p

⟨g|d⃗|p⟩ · ⟨p|d⃗|g⟩⟨e|S⃗|p⟩ · ⟨p|S⃗|e⟩
(ϵpg − ω)2

F (ω) =
∑

ij

∆ij(BijIij(ω) − δMBM
ij mimj)θ(ωij − ω) , Bij = |aij |2 , BM

ij = ℜ(a2
ij) ,

Iij(ω) =
q2

6

[
2 −

m2
i + m2

j

q2
−

(m2
i − m2

j )
2

q4

]
+

ω2

9

[
1 +

m2
i + m2

j

q2
− 2

(m2
i − m2

j )
2

q4

]
,

|E⃗i(ω, x, t)|2 (i = R,L)
ω < ϵeg/2

|E⃗i|2 ≤ ϵegn

ω,ω′ ω + ω′ = ϵeg

∝ δM mimj ∆ij(ω)
ω = ωij

dΓR,L

r2
1 + r2

2

4
|E⃗R,L|2 ,

|E⃗|2

|E⃗|2 ∝ ω

ω

x

Γγ2ν(ω, t) =
[∫

dΓR(ω, x, t − L + x) +
∫

dΓL(ω, x, t − x)
]

Ceg(ω)F (ω) ,

Mij
W =

GF√
2
⟨νi(p,λ)ν̄j(p′,λ′)|

∑

a,b

ν̄aγµ(1 − γ5)νb|0⟩(vabJ
µ
V − aabJ

µ
A) ,

Jµ
V (Jµ

A) Jµ
V = ⟨g|ēγµe|p⟩ Jµ

A =
⟨g|ēγµγ5e|p⟩ vab aab

Jµ
V ≃ 0 Jµ

A ≃ (0, 2⟨p|S⃗|e⟩)
Jµ

V

Mij
W = −GF√

2

(
aijL

µ
ij − δMajiR

µ
ij

)
JAµ ,

Lµ
ij(R

µ
ij) = ūi(p,λ)γµ(1 ∓ γ5)vj(p′,λ′) ,

δM = 0(1) Lµ
ij

(a, b) = (i, j)
Rµ

ij (a, b) = (j, i)
CūT = v

Lµ
ijL

†ν
ij Rµ

ijR
†ν
ij Lµ

ijR
†ν
ij

Rµ
ijL

†ν
ij

∫
dΦ2

∑

λ,λ′

Lµ
ijL

†ν
ij =

∫
dΦ2

∑

λ,λ′

Rµ
ijR

†ν
ij

=
∆ij

6π

[{
∆2

ij − 3

(
1 −

m2
i + m2

j

q2

)}
q2gµν + 2

{
1 +

m2
i + m2

j

q2
− 2

(m2
i − m2

j )
2

q4

}
qµqν

]
,

∫
dΦ2

∑

λ,λ′

Lµ
ijR

†ν
ij =

∫
dΦ2

∑

λ,λ′

Rµ
ijL

†ν
ij = −∆ij

π
mimjg

µν ,

∆2
ij = 1 − 2

m2
i + m2

j

q2
+

(m2
i − m2

j )
2

q4
,

q2 = ϵeg(ϵeg − ω)

Lµ
ij Rµ

ij

q2 = (pi + pj)2
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|e� � |p� M1
|p� � |g� E1

Xe
E

n
e
rg

y
 L

e
v

e
l 

[e
V

]

0

1

8

9

10

5p S
6  1

0

5p ( P )6s [3/2]
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Photon spectrum (nuclear monopole)

Global shape Threshold region

Xe 3P1 8.4365 eV
n = 7⇥ 1019 cm�3 V = 100 cm3
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Cosmic Neutrino Background (CNB)
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Big bang cosmology

Standard model 
of particle physics

CNB

CNB at present:

(not) Fermi-Dirac dist. |p| =
p

E2 �m2
⌫

f(p) = [exp(|p|/T⌫ � ⇠) + 1]

�1

Detection?

T⌫ =

✓
4

11

◆1/3

T� ' 1.945 K ' 0.17 meV

n⌫ ' 6⇥ 56 cm�3
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RENP in CNB
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Pauli exclusion

spectral distortion

d� / |M|2 [1� fi(p)]
⇥
1� f̄j(p

0)
⇤

|ei ! |gi+ � + ⌫i⌫̄j

Distortion factor

RX(!) ⌘ �X(!, T⌫)

�X(!, 0)

X =

(
M nuclear monopole

S valence e spin current

larger rate i = j

 M. Yoshimura, N. Sasao, MT, 
 PRD91, 063516 (2015); arXiv:1409.3648 
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Ref. M. Yoshimura, N. Sasao, M. T.  
      PTEP (2015) 053B06, arXiv:15010571
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|ei ! |gi+ � + ⌫i⌫̄j
Macrocoherent amplification of RENP

Macrocoherent amplification of QED processes
McQ3|ei ! |gi+ �0 + �1�2

Ex. Xe

1 Introduction

With the advent of successful macro-coherent amplification (more than 1015) of QED rare processes [2],

namely the macro-coherent paired super-radiance (PSR) [3], the atomic project of neutrino mass spec-

troscopy [4] has gained a new stage of potentiality to explore important neutrino properties yet to be

measured and to ultimately detect the relic neutrino of temperature 1.9 K [5].

In the present work we address the problem of quantum electrodynamic (QED) backgrounds and propose

a scheme of QED background-free RENP (Radiative Emission of Neutrino Pair). Usual higher order QED

processes, when they occur spontaneously, are not at all serious backgrounds to macro-coherently amplified

atomic neutrino pair emission (RENP) if experiments of the neutrino mass spectroscopy are designed with a

repetition cycle sufficiently faster than the decay lifetime. (Even a repetition scheme slower than the decay

rate is conceivable if the dead time is not too large.) The macro-coherently amplified QED process may

however become a serious source of backgrounds, since their rates are much larger, as is made evident below.

We shall term macro-coherently amplified QED process of order n as McQn for brevity. The case of n = 2

corresponds to PSR. Since RENP process occurs with parity change, the main backgrounds are odd McQn.

Our proposal for the QED background rejection is to use either wave guides [6] or some type of pho-

tonic crystals [7] to host a target. A promising host is Bragg fiber consisting a hollow surrounded by two

periodically arranged dielectrics of a cylindrical shape [8], [9]. For brevity we call these hosts as host guides

in the present work. After we show below how QED backgrounds are rejected, we shall calculate spec-

tral rates of RENP (stimulated single photon emission) |e⟩ → |g⟩ + γ0 + νν̄ in which no background of

McQ3 |e⟩ → |g⟩ + γ0 + γ1γ2 exists. Rejection of McQ5 and so on is then automatically guaranteed. The

background-free RENP rate is, to a good approximation, found to be a shifted (to the higher energy side)

spectrum in free space.

Parities of two states, |e⟩, |g⟩, for RENP are different. A good example of candidate de-excitation is from

the Xe excited state of JP = 1− of configuration 5p56s(8.437 eV) (the decay rate being ∼ 300 MHz) to the

ground state of 0+ of 5p6.

We show a part of Feynman diagrams (despite of the use of the non-relativistic perturbation theory

based on bound state electrons) in Fig(1). RENP diagrams are based on the nuclear monopole contribution

of [10]. Relevant Xe energy levels are shown in Fig(2).

! !!

e
6s 6p 6s 5pA

!

e
6s 7s 5p

""

Figure 1: A part of Feynman diagrams for Xe 3P1(8.437eV) RENP in the left and for McQ3 in the right.

Dashed red line in the left is for Coulomb excitation between nucleus A and a valence electron.

2

|ei |gi
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0

eV

6s
3
P2

6p P
3
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6s
3
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7s P
3

1

5p S
1

0

Figure 2: Relevant Xe energy levels: |e⟩ = 6s3P1 , |g⟩ = 5p1S0 , |q⟩ = 7s3P1 (6s3P2 is for the spin current

contribution in Appendix). Solid blue lines are the route for RENP, while dashed red lines are for McQ3.

The rest of this paper is organized as follows. In Section 2 the main background source of QED processes,

McQ3, is discussed in detail and its rate is given along with some features of background events. Results

are presented for the Xe de-excitation and the necessity of all QED background rejection is emphasized. In

Section 3 we point out the possibility of the QED background rejection in targets hosted in wave guides

or photonic crystals, and derive a condition for the background rejection in RENP. The idea is based on

the difference of the very nature of freely propagating neutrino and restricted propagating light field in the

hosted target. The background-free RENP spectrum is approximately found to be the shifted spectrum in

free space, the shifted threshold being determined by the frequency cutoff in host guide. A few examples of

the shifted spectrum due to the nuclear monopole contribution [10] are shown taking a few choices of the

size of host guides. In the first Appendix some rudimentary facts on propagating modes in wave guides and

photonic-crystal fibers are explained. The second Appendix presents the modified RENP spectrum from

6s3P2 (8.315 eV) due to the spin current contribution [11].

Throughout this paper, we shall use the natural unit of h̄ = c = 1. Conversion factors are thus

(1eV)−1 = 1.97 × 10−5cm = ( 3
1.97 × 1015Hz)−1.

2 McQ3 rate

We shall first demonstrate that without an experimental method of background rejection McQ3 process

gives an enormous background rate when the process is macro-coherently amplified. Thus, it becomes a

necessity to invent the rejection method when one wants to detect RENP.

3

RENP

McQ3
|ei

|gi

|pi
The differential McQ3 spectrum for a single detected photon of energy ω = ω1 summed over polarizations

is calculated as [12]

dΓ3

dω
=

3π2

2

γpeγpqγqg
ϵ3peϵ

3
pqϵ

3
qg

n3V η3(t)ω
2(ϵeg − ω0 − ω)2F 2

3 (ω) , (7)

F3(ω) =
1

ϵpe + ω0
(

1

ϵqe + ω0 + ω
+

1

ϵqg − ω
) +

1

ϵpe + ω
(

1

ϵqe + ω0 + ω
+

1

ϵqg − ω0
)

+
1

ϵpg − ω0 − ω
(

1

ϵqg − ω
+

1

ϵqg − ω0
) . (8)

The spectrum shapes are illustrated for two choices of ω0 taken close to ϵeg/2; at ϵeg/2 and its 5% reduced

energy in Fig(3). Despite of a non-trivial matrix element ∝ F3(ω), the spectrum shape is symmetric around

the point ω = (ϵeg − ω0)/2. This McQ3 rate is expected much larger than the RENP rate given below.

1 2 3 4
w!eV

0.5

1.0

1.5

a.u.
Xe McQ3 spectrum

Figure 3: Xe McQ3 spectrum rate in arbitrary unit. The actual rate values integrated over photon energies

are (5 , 6) × 1019Hz (n/1020cm−3)3(V/cm3)(η3(t)/10−3) for these two cases of the trigger energy ω0: ω0 =

ϵeg/2 in solid black and 5% reduced value in dashed red.

It is important to mention that McQn processes, in particular, the McQ3 case has an interesting poten-

tiality of creating a quantum entangled pair of photons under the influence of the trigger, although this is

not the appropriate place to discuss the subject in detail

McQ3 in wave guide

Although photonic-crystal fibers such as the Bragg fiber [8] are more promising due to their smaller

transverse sizes and other reasons, we shall explain our ideas using the wave guide because concepts are

simpler there. A good comparison of these two materials is given in [7], in particular in its chapter 9.

As explained in Appendix, propagation of light field in wave guide is restricted: compared to propagation

in free space, allowed modes in wave guides have discretized transverse wave vectors, k⃗⊥, and their smallest

cutoff.

5

�3 ⇠ 1020 Hz

✓
n

1020/cm3

◆3 V

cm3

⌘3(t)

10�3

serious BG though reducible
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McQn vs. RENP in a waveguide
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Threshold
McQn !  ✏eg/2� n(n� 2)M2/2✏eg

RENP !  ✏eg/2� [(mi +mj)
2 �M2]/2✏eg

BG-free RENP(n� 1)M > mi +mj

McQ3
M > (mi +mj)/2 � m0 (the smallest neutrino mass)

M =
⇡

a
' 0.6 meV

✓
1mm

a

◆

Photonic crystals may be realistic.

Ex. Xe ✏eg = 8.3153 eV

!
max

(McQ3) = 4.1570 eV
!
max

(RENP) = 4.1579 eV

m0 = 1 meV, a = 10 µm
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Neutrino Physics with Atoms/Molecules

A new approach to neutrino physics

RENP spectra are sensitive to unknown
neutrino parameters.

Absolute mass, Dirac or Majorana, 
NH or IH,  CP

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

RENP spectra are sensitive to 
the cosmic neutrino background.

Background-free RENP
Waveguide (photonic crystals?)


