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Cosmic Neutrino Background (CNB)
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Big bang cosmology

Standard model 
of particle physics

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

CNB
holy grail



Minoru TANAKA 3

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, ...

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

Atomic/molecular energy scale ~ eV or less
close to the neutrino mass scale

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

|ei ! |gi+ � + ⌫i⌫̄j

measurement of absolute neutrino mass
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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



Minoru TANAKA

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�

�ij

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

Neutrino emission mechanisms
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|ei |ei|pi |pi
|gi

|gi

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

flavor changing
PMNS, phases

flavor diagonal
no PMNS, no phases
/ Q2

WZ8/3 enhancement
cf. atomic parity violation
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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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|e� � |p� M1
|p� � |g� E1

Xe
E

n
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5p S
6  1

0

5p ( P )6s [3/2]
5 2 2

3/2 2

5p ( P )6s [3/2]
5 2 2

3/2 1

5p ( P )6s [1/2]
5 2 2

1/2 0

5p ( P )6s [1/2]
5 2 2

1/2 1

|g>

|e>
|p>

m1 (meV)



(1, 3)
(2, 3)

(3,3)

(2, 2)

(1, 1)
(1,2)

     








(m
i
+

m
j
)2

/(
2ϵ

e
g
)

(m
eV

)



m3 (meV)

(3,3)

(1, 3)
(2, 3)

(2, 2)

(1, 1)
(1,2)

     








(m
i
+

m
j
)2

/(
2ϵ

e
g
)

(m
eV

)

ϵeg/2

J = 2 5p5(2P3/2)6s 2[3/2]J=2

m0

�eg = 8.3153 eV

J = 0

J = 2
J = 1

(gas target)
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I(ω)
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Xe, Dirac NH vs IH: m0!2,20meV

I(ω)

Global shape

The threshold weight factorsBij = |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

Photon spectrum (spin current)

Threshold region

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

Xe, Dirac, NH, IH

m0 = 2, 20, 50meV
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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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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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✏eg = 11 meV

smallest neutrino mass

level splitting

chemical potential
⇠i ⌘ µi/T⌫ = 0
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Summary

A new approach to CNB detection

RENP spectra are sensitive to unknown
neutrino parameters.
Absolute mass, NH or IH,
Dirac or Majorana, CP
RENP spectra are sensitive to 
the cosmic neutrino background.

Macrocoherent rate amplification is essential.
Demonstrated by a QED process, 
Paired Super-Radiance (PSR).

Y. Miyamoto et al. 
PTEP113C01(2014),
arXiv1406.2198

O(1015) enhancement achieved.
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3/21 午後: DJ 田中 (CNB)
3/22 午前: DF 増田, 原 (PSR)

午後: DB 笹尾 (シンポ), AG 植竹 (PSR)
3/24 午前: BG 中島, 大饗 (FEL SR), CE 吉見 (Th)

SPAN@春の学会
SPectroscopy with Atomic Neutrino
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Backup
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Past Proposals
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Coherent scattering on macroscopic targets
Mechanical force by neutrino wind, � ⇠ 2 mm

High-energy beam scattering
p+ ⌫̄CNB ! n+ e+ ULHC

High-energy cosmic ray scattering
⌫CR + ⌫̄CNB ! Z Z burst

Neutrino capture on beta nuclei
(Z,A) + ⌫CNB ! (Z + 1, A) + e� tritium, Re
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Thermal history of cosmic neutrinos
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T & 3.2 MeV in equilibrium⌫e,µ,⌧

decouplingT ' 3.2 MeV ⌫µ,⌧

T ' 1.9 MeV ⌫e decoupling

Present

T⌫ = TDaD

fD(p) =

"
exp

 p
p2

+m2

TD
� ⇠

!
+ 1

#�1

a = 1

T . 1.9 MeV free propagation

maD ⌧ m

f(p) = fD(p/aD)

f(p) =

"
exp

 p
p2

+ (maD)

2

TDaD
� ⇠

!
+ 1

#�1


