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Mass type
Dirac or Majorana

Hierarchy pattern
normal or inverted

CP violation
one Dirac phase, two Majorana phases

未知のニュートリノの性質
Absolute mass

0.050 eV < m3(2) < 0.58 eVm1(3) < 0.19 eV ,

原子•分子過程による解明
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Radiative Emission of Neutrino Pair (RENP)

増幅機構が必要 

Rate � �G2
F E5 � 1/(1033 s)

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

metastable

Λ-type level structure

Ba, Xe, Ca+, Yb,...
H2, O2, I2, ...

Atomic/molecular energy scale ~ eV or less
cf. nuclear processes ~ MeV
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Macro-coherence
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Yoshimura et al. (2008)

|e�

|g�

�p

�k �p�
�

�i

�̄j

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〉
!xa

∑
a exp [−i(!k + !p + !p′) · !xa]

N V (N/V )(2π)3δ3(!k + !p + !p′)

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) + !p(′)2 mi(j) qµ = (εeg − ω,−!k)

Md = −〈g|!d|p〉 · !E !E

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|)

macro-coherent amplification
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RENP spectrum
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Six 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 macro-coherence

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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Overall rate
|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|%S|eMe〉 · 〈eMe|%S|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

rate�pg : |p⇥ � |g⇥
atomic spin factor(2Jp + 1)Cep :

6

macro-coherence
~ field energy density

Yb atom

� 0.4 mHz (n/1021cm�3)3 (V/102cm3)

�eg = 2.14349 eV
� = 873.4± 1.7 ns

(6s6p) 3P1

(6s6p) 3P0

(6s2) 1S0
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Spectra in the near-threshold region

photon energy

Yb, Dirac, NH (solid), IH (dashed)

m0 = 2, 20, 50 meV

D.N. Dinh et al. / Physics Letters B 719 (2013) 154–163 159

Fig. 2. Global feature of photon energy spectrum I(ω) for the 3 P0 → 1 S0 transi-
tions in Yb. The lines corresponding to m0 = 20 meV (black lines) and to massless
neutrinos, mi = 0 (red line), are practically indistinguishable in this figure (see text
for details). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this Letter.)

NH: ω13 − ω23 = 1
2εeg

(
2
√

#m2
21

√
#m2

31 + #m2
21

)

∼= 0.219 (1.095) × 10−3 eV, (33)

NH: ω22 − ω13 = 1
2εeg

(
#m2

31 − 4#m2
21

)

∼= 0.506 (2.529) × 10−3 eV, (34)

NH: ω23 − ω33 = 1
2εeg

(
3#m2

31 − 2
√

#m2
21

√
#m2

31 − #m2
21

)

∼= 1.510 (7.548) × 10−3 eV, (35)

where the numerical values correspond to #m2
21 given in Eq. (3)

and εeg = 2.14349 (numbers in parenthesis corresponding to the
1/5 of Yb value, namely 0.42870) eV. We get similar results in
what concerns the separation between the different thresholds in
the case of QD spectrum and #m2

31 > 0:

QD: ω11 − ω12 ∼= ω12 − ω22 ∼= ω13 − ω23

∼= 1
εeg

#m2
21

∼= 3.518 (17.588) × 10−5 eV, (36)

QD: ω22 − ω13 ∼= ω23 − ω33 − 1
εeg

#m2
21

= 1
εeg

(
#m2

31 − 2#m2
21

)

∼= 1.082 (5.410) × 10−3 eV. (37)

For spectrum with inverted ordering, m3 < m1 < m2, the ordering
of the threshold energies is different: ω33 > ω13 > ω23 > ω11 >
ω12 > ω22. In the case of IH spectrum with negligible m3 = 0, we
have: κ33 = 0, κ13 = #m2

23 − #m2
21, κ23 = #m2

23, κ11 = 4(#m2
23 −

#m2
21), κ12 = (

√
#m2

23 +
√

#m2
23 − #m2

21)
2, κ22 = 4#m2

23. Now not
only ω11, ω12 and ω22, but also ω13 and ω23, are very close, the
corresponding differences being all ∼ #m2

21/εeg . The separation
between the thresholds ω33 and ω13, and between ω23 and ω11,
are considerably larger, being ∼ #m2

23/εeg . These results remain
valid also in the case of QD spectrum and #m2

32 < 0.
It follows from the preceding discussion that in order to ob-

serve and determine all six threshold energies ωi j , the photon

Fig. 3. Photon energy spectrum from Yb 3 P0 → 1 S0 transitions in the threshold
region in the cases of NH spectrum (solid lines) and IH spectrum (dashed lines)
and for 3 different sets of Dirac neutrinos masses corresponding to m0 = 2 meV
(black lines), 20 meV (red lines) and 50 meV (blue lines). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this Letter.)

Fig. 4. Spectra from Yb 3 P0 → 1 S0 transitions in the cases of Dirac neutrinos
(black lines) and Majorana neutrinos (red lines) with masses corresponding to
m0 = 20 meV, for NH spectrum (solid lines) and IH spectrum (dashed lines). (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this Letter.)

energy ω should be measured with a precision not worse than
approximately 10−5 eV. This precision is possible in our RENP
experiments since the energy resolution in the spectrum is deter-
mined by accuracy of the trigger laser frequency, which is much
better than 10−5 eV.

3.2. Neutrino observables

We will concentrate in what follows on the analysis of the di-
mensionless spectral function I(ω) which contains all the neutrino
physics information of interest.

In Fig. 2 we show the global features of the photon energy
spectrum for the Yb 3P0 → 1S0 transition in the case of massive
Dirac neutrinos and NH and IH spectra. For m0 ! 20 meV, all spec-
tra (including those corresponding to massive Majorana neutrinos
which are not plotted) look degenerate owing to the horizontal
and vertical axes scales used to draw the figure.
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Dirac vs Majorana ←同種粒子効果

photon energy

Yb, NH (solid), IH (dashed)

D.N. Dinh et al. / Physics Letters B 719 (2013) 154–163 159

Fig. 2. Global feature of photon energy spectrum I(ω) for the 3 P0 → 1 S0 transi-
tions in Yb. The lines corresponding to m0 = 20 meV (black lines) and to massless
neutrinos, mi = 0 (red line), are practically indistinguishable in this figure (see text
for details). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this Letter.)

NH: ω13 − ω23 = 1
2εeg

(
2
√

#m2
21

√
#m2

31 + #m2
21

)

∼= 0.219 (1.095) × 10−3 eV, (33)

NH: ω22 − ω13 = 1
2εeg

(
#m2

31 − 4#m2
21

)

∼= 0.506 (2.529) × 10−3 eV, (34)

NH: ω23 − ω33 = 1
2εeg

(
3#m2

31 − 2
√

#m2
21

√
#m2

31 − #m2
21

)

∼= 1.510 (7.548) × 10−3 eV, (35)

where the numerical values correspond to #m2
21 given in Eq. (3)

and εeg = 2.14349 (numbers in parenthesis corresponding to the
1/5 of Yb value, namely 0.42870) eV. We get similar results in
what concerns the separation between the different thresholds in
the case of QD spectrum and #m2

31 > 0:

QD: ω11 − ω12 ∼= ω12 − ω22 ∼= ω13 − ω23

∼= 1
εeg

#m2
21

∼= 3.518 (17.588) × 10−5 eV, (36)

QD: ω22 − ω13 ∼= ω23 − ω33 − 1
εeg

#m2
21

= 1
εeg

(
#m2

31 − 2#m2
21

)

∼= 1.082 (5.410) × 10−3 eV. (37)

For spectrum with inverted ordering, m3 < m1 < m2, the ordering
of the threshold energies is different: ω33 > ω13 > ω23 > ω11 >
ω12 > ω22. In the case of IH spectrum with negligible m3 = 0, we
have: κ33 = 0, κ13 = #m2

23 − #m2
21, κ23 = #m2

23, κ11 = 4(#m2
23 −

#m2
21), κ12 = (

√
#m2

23 +
√

#m2
23 − #m2

21)
2, κ22 = 4#m2

23. Now not
only ω11, ω12 and ω22, but also ω13 and ω23, are very close, the
corresponding differences being all ∼ #m2

21/εeg . The separation
between the thresholds ω33 and ω13, and between ω23 and ω11,
are considerably larger, being ∼ #m2

23/εeg . These results remain
valid also in the case of QD spectrum and #m2

32 < 0.
It follows from the preceding discussion that in order to ob-

serve and determine all six threshold energies ωi j , the photon

Fig. 3. Photon energy spectrum from Yb 3 P0 → 1 S0 transitions in the threshold
region in the cases of NH spectrum (solid lines) and IH spectrum (dashed lines)
and for 3 different sets of Dirac neutrinos masses corresponding to m0 = 2 meV
(black lines), 20 meV (red lines) and 50 meV (blue lines). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this Letter.)

Fig. 4. Spectra from Yb 3 P0 → 1 S0 transitions in the cases of Dirac neutrinos
(black lines) and Majorana neutrinos (red lines) with masses corresponding to
m0 = 20 meV, for NH spectrum (solid lines) and IH spectrum (dashed lines). (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this Letter.)

energy ω should be measured with a precision not worse than
approximately 10−5 eV. This precision is possible in our RENP
experiments since the energy resolution in the spectrum is deter-
mined by accuracy of the trigger laser frequency, which is much
better than 10−5 eV.

3.2. Neutrino observables

We will concentrate in what follows on the analysis of the di-
mensionless spectral function I(ω) which contains all the neutrino
physics information of interest.

In Fig. 2 we show the global features of the photon energy
spectrum for the Yb 3P0 → 1S0 transition in the case of massive
Dirac neutrinos and NH and IH spectra. For m0 ! 20 meV, all spec-
tra (including those corresponding to massive Majorana neutrinos
which are not plotted) look degenerate owing to the horizontal
and vertical axes scales used to draw the figure.

m0 = 20meV
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Dirac vs Majorana for a hypothetical atom

photon energy

Yb/5, NH (solid), IH (dashed)

D.N. Dinh et al. / Physics Letters B 719 (2013) 154–163 161

Fig. 6. Majorana vs Dirac neutrino comparison in the case of X 3 P0 → 1 S0 transi-
tions with energy difference εeg = εeg(Yb)/5 for m0 = 2 meV and NH (solid lines)
and IH (dashed lines) spectra. The red and black lines correspond respectively to
Majorana and Dirac massive neutrinos. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this Letter.)

NH: R̃(ω33;NH) ∼=
∑

i, j |aij|2 − |a33|2∑
i, j |aij|2

∼= 0.70, (38)

IH: R̃(ω11; IH) ∼= |a33|2 + 2(|a13|2 + (|a23|2)∑
i, j |aij|2

∼= 0.36. (39)

In obtaining the result (39) in the IH case we have assumed that
ω22 and ω12 are not resolved, but the kink due to the ω11 thresh-
old could be observed. The latter does not corresponds to the fea-
tures shown in Fig. 3 (and in the subsequent figures of the Letter),
where the kink due to the ω11 threshold is too small to be seen
and only the kink due to the ω12 threshold is prominent.

3.2.3. The nature of massive neutrinos
The Majorana vs Dirac neutrino distinction is much more chal-

lenging experimentally, if not impossible, with the Yb atom. This
is illustrated in Fig. 4, where the Dirac and Majorana spectra
are almost degenerate for both the NH and IH cases. The figure
is obtained for m0 = 20 meV and the CPV phases set to zero,
(α,β − δ) = (0,0), but the conclusion is valid for other choices
of the values of the phases as well.

The difference between the emission of pairs of Dirac and Majo-
rana neutrinos can be noticeable in the case of QD spectrum with

Fig. 7. The same as in Fig. 5 but for εeg = 0.43 eV.

m0 = 2meV

�eg = �eg(Yb)/5 = 0.428699 eV
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原子•分子過程によるニュートリノ物理

RENP spectra are sensitive to unknown
neutrino parameters.

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

The macro-coherence is essential.
Proof by a companion QED process
(paired super-radiance). 

|p�

|e�

|g�
�

�
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Backup Slides

11
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RENP rate formula
|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|%S|eMe〉 · 〈eMe|%S|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

Overall rate
macro-coherence

~ field energy density

Bij = |aij |2 = |U∗
eiUej − δij/2|2

B11 B22 B33 B12 + B21 B23 + B32 B31 + B13

(c2
12c

2
13 − 1/2)2 (s2

12c
2
13 − 1/2)2 (s2

13 − 1/2)2 2c2
12s

2
12c

4
13 2s2

12c
2
13s

2
13 2c2

12c
2
13s

2
13

∼ 0.1

θ13

2

∆m2
21 = 7.5 × 10−5 eV2 , |∆m2

31(32)| = 2.32 × 10−3 eV2 ,

sin2 θ12 = 0.31 , sin2 θ13 = 0.025 , sin2 θ23 = 0.42 ,

ωij , i $= j

BM
ij

cos 2α , cos 2(β − δ) , cos 2(α − β + δ) ,

εeg/2 − ωij =
(mi + mj)2/2εeg εeg

Γ0 ∼ 1Hz (n/1022cm−3)3(V/102 cm3)

O(10−6) eV

2

|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|%S|eMe〉 · 〈eMe|%S|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

rate�pg : |p⇥ � |g⇥
atomic spin factor(2Jp + 1)Cep :
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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|%S|eMe〉 · 〈eMe|%S|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

ω x

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

dΓi(ω, x, t) =
G2

F | "Ei(ω, x, t)|2n2V dx

6πL

r2
1(x, t) + r2

2(x, t)
4

(i = R,L) ,

Ceg(ω) =
∑

p

〈g|"d|p〉 · 〈p|"d|g〉〈e|"S|p〉 · 〈p|"S|e〉
(εpg − ω)2

F (ω) =
∑

ij

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

ij = $(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

]
,

| "Ei(ω, x, t)|2 (i = R,L)
ω < εeg/2

| "Ei|2 ≤ εegn

ω,ω′ ω + ω′ = εeg

∝ δM mimj ∆ij(ω)
ω = ωij

dΓR,L

r2
1 + r2

2

4
| "ER,L|2 ,

| "E|2

| "E|2 ∝ ω

ω

x
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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)
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m0 ∼ 100 meV and for values of the phases α ∼= 0, as is illustrated
in Fig. 5, where we show the ratio R(Γ ) ≡ Γγ 2ν(ω)/Γγ 2ν(ω;
mi = 0) = I(ω)/I(ω;mi = 0) as a function of ω. As Fig. 5 indicates,
the relative difference between the Dirac and Majorana spectra can
reach approximately 6% at values of ω sufficiently far below the
threshold energies ωi j . For m0 = 50 meV, this difference cannot
exceed 2% (Fig. 5).

A lower atomic energy scale εeg > 100 meV, which is closer in
value to the largest neutrino mass, would provide more favorable
conditions for determination of the nature of massive neutrinos
and possibly for getting information about at least some (if not
all) of the CPV phases. In view of this we now consider a hy-
pothetical atom X scaled down in energy by 1/5 from the real
Yb, thus εeg ∼ 0.4 eV. There may or may not be good candi-
date atoms/molecules experimentally accessible, having level en-
ergy difference of order of the indicated value. Fig. 6 shows com-
parison between spectra from X 3P0 → 1S0 for Majorana and Dirac
neutrinos with m0 = 2 meV, for both the NH and IH cases. As seen
in Fig. 6, the Majorana vs Dirac difference is bigger than 5% (10%)
above the heaviest pair threshold in the NH (IH) case. The dif-
ference becomes bigger for larger values of the smallest neutrino
mass m0, making the measurement easier. This is illustrated in
Fig. 7, where we show again the ratio R(Γ ) = I(ω)/I(ω;mi = 0)
as a function of ω in the case of Dirac and Majorana pair neu-
trino emission for m0 = 50;100 meV and NO and IO spectra. In
the Majorana neutrino case, the ratio R(Γ ) is plotted for the four
combinations of CP conserving values of the phases (α,β − δ) =
(0,0); (0,π/2); (π/2,0); (π/2,π/2). There is a significant differ-
ence between the Majorana neutrino emission rates correspond-
ing to (α,β − δ) = (0,0) and (π/2,π/2). The difference between
the emission rates of Dirac and Majorana neutrinos is largest for
(α,β − δ) = (0,0). For m0 = 50 (100) meV and (α,β − δ) = (0,0).
for instance, the rate of emission of Dirac neutrinos at ω suffi-
ciently smaller than ω33 in the NO case and ω22 in the IO one,
can be larger than the rate of Majorana neutrino emission by
∼ 20% (70%). The Dirac and Majorana neutrino emission spectral
rates never coincide.

In Figs. 8 and 9 we show the spectral rate dependence on the
CPV phases α and β − δ for m0 = 2 meV. Generally speaking, the
CPV phase measurement is challenging, requiring a high statistics
data acquisition. A possible exception is the case of α and IH spec-
trum, as shown in Fig. 9, where the difference between the spectral
rates for α = 0 and α = π/2 can reach 10%. For the NH spectrum,
the analogous difference is at most a few percent; observing this
case requires large statistics in actual measurements.

It follows from these results that one of the most critical atomic
physics parameters for the potential of an RENP experiment to pro-
vide information on the largest number of fundamental neutrino
physics observables of interest is the value of the energy difference
εeg . Values εeg ! 0.4 eV are favorable for determining the nature
of massive neutrinos, and, if neutrinos are Majorana particles, for
getting information about at least some of the leptonic CPV phases,
which are the most difficult neutrino related observables to probe
experimentally.

4. Summary and conclusion

In the present work we investigated the sensitivity to unde-
termined neutrino parameters and properties (the absolute mass
scale, the type of neutrino mass spectrum, the nature – Dirac or
Majorana, of massive neutrinos and the CP violating phases) of
the observables in macro-coherent RENP experiments. The spe-
cific case of a potential RENP experiment measuring the photon
spectrum originating from 3P0 → 1S0 transitions in Yb atoms
was considered. The relevant atomic level energy difference is

Fig. 8. The dependence of I(ω) on the CPV phases α and (β − δ) in the case
of NH spectrum with m0 = 2 meV and for the transitions corresponding to
Fig. 6. The red, solid blue and dashed blue lines are obtained for (α,β − δ) =
(0,0), (π/2,0) and (0,π/2), respectively. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this Let-
ter.)

Fig. 9. The same as in Fig. 8 for IH spectrum. The red, black solid and black dashed
lines correspond to (α,β − δ) = (0,0), (π/2,0) and (0,π/2), respectively. (For in-
terpretation of the references to color in this figure legend, the reader is referred to
the web version of this Letter.)

εeg = 2.14349 eV. Our results show that once the RENP events
are unambiguously identified experimentally, the least challenging
would be the measurement of the largest neutrino mass (or the
absolute neutrino mass scale). The next in the order of increas-
ing difficulty is the determination of the neutrino mass spectrum
or hierarchy (NH, IH, QD). The Majorana vs Dirac distinction and
the measurement of the CPV phases are considerably more chal-
lenging, requiring high statistics data from atoms (or molecules)
with lower energy difference εeg " 0.5 eV. Although the measure-
ments of the indicated fundamental parameters of neutrino physics
might be demanding, a single RENP experiment might provide a
systematic strategy to determine almost all of these parameters,
and thus can contribute to the progress in understanding the ori-
gin of neutrino masses and of the physics beyond the Standard
Model possibly associated with their existence.

The present work points to the best atom/molecule candidate
with level energy difference of less than O(0.5 eV) for the indicator
εeg . Besides the desirable richness of detectable observables, good
candidates for realistic RENP experiments have to be searched
also from the point of least complexity of target preparation.

m0 = 2meV

red = (0, 0), blue = (�/2, 0), blue dashed = (0,�/2)
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m0 ∼ 100 meV and for values of the phases α ∼= 0, as is illustrated
in Fig. 5, where we show the ratio R(Γ ) ≡ Γγ 2ν(ω)/Γγ 2ν(ω;
mi = 0) = I(ω)/I(ω;mi = 0) as a function of ω. As Fig. 5 indicates,
the relative difference between the Dirac and Majorana spectra can
reach approximately 6% at values of ω sufficiently far below the
threshold energies ωi j . For m0 = 50 meV, this difference cannot
exceed 2% (Fig. 5).

A lower atomic energy scale εeg > 100 meV, which is closer in
value to the largest neutrino mass, would provide more favorable
conditions for determination of the nature of massive neutrinos
and possibly for getting information about at least some (if not
all) of the CPV phases. In view of this we now consider a hy-
pothetical atom X scaled down in energy by 1/5 from the real
Yb, thus εeg ∼ 0.4 eV. There may or may not be good candi-
date atoms/molecules experimentally accessible, having level en-
ergy difference of order of the indicated value. Fig. 6 shows com-
parison between spectra from X 3P0 → 1S0 for Majorana and Dirac
neutrinos with m0 = 2 meV, for both the NH and IH cases. As seen
in Fig. 6, the Majorana vs Dirac difference is bigger than 5% (10%)
above the heaviest pair threshold in the NH (IH) case. The dif-
ference becomes bigger for larger values of the smallest neutrino
mass m0, making the measurement easier. This is illustrated in
Fig. 7, where we show again the ratio R(Γ ) = I(ω)/I(ω;mi = 0)
as a function of ω in the case of Dirac and Majorana pair neu-
trino emission for m0 = 50;100 meV and NO and IO spectra. In
the Majorana neutrino case, the ratio R(Γ ) is plotted for the four
combinations of CP conserving values of the phases (α,β − δ) =
(0,0); (0,π/2); (π/2,0); (π/2,π/2). There is a significant differ-
ence between the Majorana neutrino emission rates correspond-
ing to (α,β − δ) = (0,0) and (π/2,π/2). The difference between
the emission rates of Dirac and Majorana neutrinos is largest for
(α,β − δ) = (0,0). For m0 = 50 (100) meV and (α,β − δ) = (0,0).
for instance, the rate of emission of Dirac neutrinos at ω suffi-
ciently smaller than ω33 in the NO case and ω22 in the IO one,
can be larger than the rate of Majorana neutrino emission by
∼ 20% (70%). The Dirac and Majorana neutrino emission spectral
rates never coincide.

In Figs. 8 and 9 we show the spectral rate dependence on the
CPV phases α and β − δ for m0 = 2 meV. Generally speaking, the
CPV phase measurement is challenging, requiring a high statistics
data acquisition. A possible exception is the case of α and IH spec-
trum, as shown in Fig. 9, where the difference between the spectral
rates for α = 0 and α = π/2 can reach 10%. For the NH spectrum,
the analogous difference is at most a few percent; observing this
case requires large statistics in actual measurements.

It follows from these results that one of the most critical atomic
physics parameters for the potential of an RENP experiment to pro-
vide information on the largest number of fundamental neutrino
physics observables of interest is the value of the energy difference
εeg . Values εeg ! 0.4 eV are favorable for determining the nature
of massive neutrinos, and, if neutrinos are Majorana particles, for
getting information about at least some of the leptonic CPV phases,
which are the most difficult neutrino related observables to probe
experimentally.

4. Summary and conclusion

In the present work we investigated the sensitivity to unde-
termined neutrino parameters and properties (the absolute mass
scale, the type of neutrino mass spectrum, the nature – Dirac or
Majorana, of massive neutrinos and the CP violating phases) of
the observables in macro-coherent RENP experiments. The spe-
cific case of a potential RENP experiment measuring the photon
spectrum originating from 3P0 → 1S0 transitions in Yb atoms
was considered. The relevant atomic level energy difference is

Fig. 8. The dependence of I(ω) on the CPV phases α and (β − δ) in the case
of NH spectrum with m0 = 2 meV and for the transitions corresponding to
Fig. 6. The red, solid blue and dashed blue lines are obtained for (α,β − δ) =
(0,0), (π/2,0) and (0,π/2), respectively. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this Let-
ter.)

Fig. 9. The same as in Fig. 8 for IH spectrum. The red, black solid and black dashed
lines correspond to (α,β − δ) = (0,0), (π/2,0) and (0,π/2), respectively. (For in-
terpretation of the references to color in this figure legend, the reader is referred to
the web version of this Letter.)

εeg = 2.14349 eV. Our results show that once the RENP events
are unambiguously identified experimentally, the least challenging
would be the measurement of the largest neutrino mass (or the
absolute neutrino mass scale). The next in the order of increas-
ing difficulty is the determination of the neutrino mass spectrum
or hierarchy (NH, IH, QD). The Majorana vs Dirac distinction and
the measurement of the CPV phases are considerably more chal-
lenging, requiring high statistics data from atoms (or molecules)
with lower energy difference εeg " 0.5 eV. Although the measure-
ments of the indicated fundamental parameters of neutrino physics
might be demanding, a single RENP experiment might provide a
systematic strategy to determine almost all of these parameters,
and thus can contribute to the progress in understanding the ori-
gin of neutrino masses and of the physics beyond the Standard
Model possibly associated with their existence.

The present work points to the best atom/molecule candidate
with level energy difference of less than O(0.5 eV) for the indicator
εeg . Besides the desirable richness of detectable observables, good
candidates for realistic RENP experiments have to be searched
also from the point of least complexity of target preparation.

red = (0, 0), black = (�/2, 0), black dashed = (0,�/2)
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An Initial Coherent State for PSR/RENP
Raman scattering
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!0: 4.2 mJ; 2!!1: 1.2 mJ; beam size !200 "m), which
can produce coherence as high as 0.3. We collimated the
emission in the forward direction with a beam diameter of
1 mm and measured the spectrum and temporal profiles.

A high-intensity round white beam was found in the
forward direction of the parahydrogen cell. Figure 2(a) is a
photograph of the emission projected on a screen after
being dispersed with a prism. It is clearly seen that more
than 47 monochromatic radiations are generated with a
high beam quality. The M2 estimation for the 7 Raman
components of!!3 to!3 was typically better than 1.1 (see
also Ref. [15]). (The observable bandwidth was limited by
the sensitivity of the digital camera.) All of the components
were high-order stimulated Raman radiations parametri-
cally generated via the pure rotational Raman transition of
J ¼ 2 0. Their quality and energies were sufficient for
each of them to be utilized as a monochromatic laser
source. A noteworthy fact is that all of the Raman compo-
nents are generated coaxially without being restricted by
the phase matching condition, in spite of their broad near
infrared to ultraviolet spectral bandwidth. This clearly
shows that high coherence near the maximum was pro-
duced at the pure rotational two level.

As indicated in the photograph, we numbered all of the
Raman components, and the coupling-laser radiations !0

and!!1 were indicated by!0 and!!1, respectively. The
34th component corresponds to the second harmonic 2!!1

converted from the coupling laser !!1. The whole band-
width covered 300–900 THz (330–1000 nm), which is far
beyond an octave, and formed a unified single optical-
frequency comb with a precise frequency spacing that is
nearly resonant with the pure rotational Raman transition.
The frequency spacing of the comb was precisely con-
trolled by the frequency difference (10.6228 THz) of the
coupling-laser radiations !0 and !!1.

The spectrum [Fig. 2(b)] was measured with an optical
multichannel analyzer (OMA) after attenuating the emis-

sion by reflecting it on a glass plate. We found that the
high-order Raman series originating from the coupling-
laser radiations !!1 and !0 appeared from 300–
590 THz (!6–20th) and also that from the second har-
monic 22!!1 appeared from 560–900 THz (17–48th). The
inset shows the spectrum in the overlap region of the two
high-order Raman series, which were measured by increas-
ing the emission incident into the OMA. It turns out that
both high-order Raman series overlapped each other (at
least within the resolution of the OMA of #100 GHz) and
formed a single optical-frequency comb with sufficient
intensity as also confirmed by the photograph.
As described above, the overlap of the two high-order

Raman series originating from the coupling-laser radia-
tions and the second harmonic provides us with the CEO
frequency of the constituted Raman comb. We selected a
single high-order Raman component, the 19th (513 nm)
component in the overlap region, guided it into a scanning
Fabry-Perot analyzer (Burleigh RC-140, FSR 6 GHz, fi-
nesse 20), and measured the frequency difference at the
component arising between the two high-order Raman
series. As explained in Fig. 1(b), the important feature of
the present Raman comb is that the CEO frequency does
not fluctuate at random but is restricted to integer multiples
of the FSR of the coupling-laser cavity. For example, when
we shift the selected longitudinal oscillation modes of the
dual-frequency injection-locked laser every FSR as shown
in Fig. 3(a), while keeping the frequency difference of the
coupling-laser radiations "! constant, it is expected that
the CEO frequency (!0 ! 36$"!) changes every FSR
(1.24 GHz).
The black solid circles in Fig. 3(b) plot the measured

frequency difference at the 19th component as we select
different longitudinal oscillation modes according to the
procedure in Fig. 3(a). The solid line indicates the slope
corresponding to the FSR/mode. It is clearly shown that the
frequency difference, namely, the CEO frequency, changes

FIG. 2 (color). Spectra for octave-spanning Raman comb produced with three frequency laser radiations. (a) The photograph taken
with a digital camera after dispersing the emission with a prism. (b) The spectrum taken with an OMA.
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