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Neutrino mass measurements have a 
long history in physics, predating 
the Standard Model itself. 

It should therefore be no surprise 
that our quest to understand this 
fundamental property continues; 
both for its own right as well as its 
theoretical implications. 



Measuring 
Neutrino Masses

Lightest Neutrino Mass (eV)

Be
ta

 D
ec

ay
 M

as
s 

(e
V
)

M =
n⌫X

i

m⌫,i

Cosmological Measurements

hm2
��i =|

n⌫X

i

U2
eim⌫,i |2

0νββ Measurements

hm�i2 =
n⌫X

i

| Uei |2 m2
⌫,i

Beta Decay Measurements



The Neutrino 
Mass Scale

mν > 0.01 eV (normal hierarchy) 
  Oscillation limit; possible CνB detection

• The neutrino mass scale remains one of the 
essential “unknowns” of the Standard Model.   

• Knowledge of neutrino masses can have a 
significant impact on many different arenas, 
including cosmology, the mass hierarchy, 
sterile neutrinos, and even relic neutrino 
detection.
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mν > 2 eV (eV scale, current) 
  Neutrinos ruled out as dark matterRuled out by β-decay experiments

mν > 0.05 eV (inverted hierarchy) 
  Resolve hierarchy if null result

mν > 0.2 eV (degeneracy scale) 
  Impact on cosmology and 0νββ reach

Next goal of future β-decay 
experiments
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Direct Probes

3H ➟ 3He+ + e-  + νe 
kinetic energy (keV)
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!-decay electron spectrum…

… shape determines the absolute

neutrino mass squared:
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m" = “mass” of electron (anti-)neutrino = #i|Uei|
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quasi-degenerate region.

Present Limit:

2.3 eV (95% CL)

Kraus et al.
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Beta Decay

A kinematic determination of the neutrino mass  

No model dependence on cosmology or nature of mass



Techniques for the 21st Century

Frequency 
(Project 8)

Radio-frequency 
spectroscopy for beta decay 

R&D phase (new results)

3H ! 3He+ + e� + ⌫̄e

Spectroscopy 
(KATRIN)

Magnetic Adiabatic 
Collimation with 

Electrostatic Filtering 

State-of-the-Art technique 

T2 ! (T · 3He+) + e� + ⌫̄e

Calorimetry 
(HOLMES, ECHO  

&  
NUMECS)

Technique highly 
advanced. 

  New experiment(s) 
planned to reach      

~eV scale.

163Ho + e� ! 163Dy⇤ + ⌫e



MAC-E Filter  
Technique

Spectroscopic:  MAC-E Filter

Inhomogeneous magnetic guiding field. 

Retarding potential acts as high-pass filter 

High energy resolution  

(ΔE/E = Bmin/Bmax = 0.93 eV)

KATRIN

T2 ! (T · 3He+) + e� + ⌫̄e

adiabatic transformation of e- momentum



The KATRIN Setup

1011 e- / second 1 e- / second

Tritium retention 
system 

(107 tritium flow reduction)

1011 Bq “Windowless” 
gaseous T2 Source 

(High field) High resolution 
electrostatic filter 

(3G low field)

Detector 
System 

 (High Field)

Adiabatic transport ensures high retention of phase space for decay 

Energy resolution scales as the ratio of minimum / maximum fields
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! 0.93 eV
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Windowless Gaseous Tritium Source 
5 x 1019 T2/s

Tritium retention system 
1010 e-/s

Pre & Main spectrometers 
103 e-/s

Detector 
1 e-/s

Rear Calibration 
System



Spectrometer 
Commissioning

High precision 
electron gun

Spectrometer and detector system fully integrated. 

Allowed for test of transmission function and background levels.

Ultra high vacuum 
system

Precision high 
voltage system

Full detector 
system



Commissioning showed excellent behavior of MAC-E Filter response. 

Next commissioning (now) should show greater background suppression.

At -18.6 keV, better than  
100 meV resolution 

Sharpest transmission function 
for a MAC-E filter

Background rate of order Hz 
(radon-dominated) 

Greater reduction of 
backgrounds to come

Transmission Function Background Rates



Projected 
Sensitivity

Neutrino Mass Goals 

Discovery:     350 meV (at 5σ ) 

Sensitivity:    200 meV (at 90% C.L.)

Data taking to 
commence in 2016.

Statistical 
Final-state spectrum 

T- ions in T2 gas 
Unfolding energy loss 

Column density 
Background slope 

HV variation 
Potential variation in source 

B-field variation in source 
Elastic scattering in T2 gas 

σ(mv
2) 0 0.01 eV2 



Can we push 
further?

• Can direct measurements push 
to the inverted hierarchy scale?   

• To do so, they must have better 
scaling law.

10 meters across

10-11 mbar vacuum
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Ruled out by β-decay experiments

KATRIN Sensitivity

Source column 
density at max

Rovibrational states 
of THe+

σ(mv)2 ~ 
0.38 eV2 



• In principle, it is possible to 
improve the statistical sensitivity of 
KATRIN by combining its energy 
resolution with a time-of-flight 
measurement.  

• By tagging the electron as it travels 
to the detector. 

• The improvement is substantial, over 
a factor of 5-6 in the statistical 
sensitivity.  However, no realistic 
method to tag the electron in the 
KATRIN experiment appears possible.   

• A gated pulse is possible, but yields 
equivalent statistical sensitivity.

Final States

Time of Flight & 
KATRIN

N. Steinbrink et al. New J.Phys. 15 113020(2013)

Start Stop



163Ho + e-➟ 163Dy* + νe

163Dy* ➟ 163Dy + E.C.
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mν = 1 eV

mν = 0 eV

New kid on the block: 
Electron Capture

isotope



• Advantages: 

Source = detector

No backscattering

No molecular final state effects.

Self-calibrating

• Experimental Challenges: 

Fast rise times to avoid pile-up 
effects.

Good energy resolution & 
linearity

Sufficient isotope production

Source Activity 

Nev > 1014 to reach 
sub-eV level

Detector Response 

ΔEFWHM < 10 eV 
τrisetime < 1 µs

Challenges:Advantages 
& 
Challenges

163Ho + e� ! 183Dy⇤ + ⌫e

Calorimetry
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The ECHo 
Experiment

• The ECHo experiment 
uses metallic magnetic 
calorimeters to achieve 
goals. 

• Fast rise times and 
good energy 
resolutions and 
linearity demonstrated. 

• Endpoint measured at 
2.80 + 0.08 keV.

Technology:

Metallic Magnetic 
Calorimeters



“Never 
measure 

anything but 
frequency.”

I. I. Rabi A. L. Schawlow

B. Monreal and J. Formaggio, Phys. Rev D80:051301
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E = 17572 eV
Theta = 1.565

Simulation run 
(105 events)

rare high-energy
electrons

many overlapping
low-energy electrons 

signal

Project 8

Source ≠ Detector

“Never 
measure 

anything but 
frequency.”

I. I. Rabi A. L. Schawlow

B field

T2 gas

!(�) =
!0

�
=

eB

K + me

•Use cyclotron 
frequency to extract 
electron energy. 

•Non-destructive 
measurement of 
electron energy.

B. Monreal and JAF, Phys. Rev D80:051301

Frequency Approach
3H � 3He+ + e� + �̄e

Coherent radiation emitted 
can be collected and used 
to measure the energy of 
the electron in non-
destructively.



Unique 
Advantages

• Source = Detector                
(no need to separate the 
electrons from the tritium) 

• Frequency Measurement    
(can pin electron energies to 
well-known frequency 
standards) 

• Full Spectrum Sampling    
(full differential spectrum 
measured at once, large 
leverage for stability and 
statistics)

kinetic energy (keV)
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…and 
Challenges

• Power Emitted                
Less than 1 fW of power 
radiated (depends on antenna 
geometry) is challenging. 

• Confinement Period         
One needs time to make 
sufficiently accurate 
measurement (> 10 μs).  
Employ magnetic bottle for 
trapping. 

• Full Spectrum                  
The full spectrum is available.  
Fortunately, linearity of 
frequency space helps separate 
regions of interest.

Simulation of electron motion in magnetic bottle

Simulation of beta (frequency) spectrum

P
tot

(�k, �) =
1

4⇡✏
0

2e2!2
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3c

�2

k

1� �2

(Free) Radiative Power Emitted



Initial Demonstration: 83mKr

Phase I :  Use mono-energetic source to determine single 
electron detection. 

Use of standard gaseous 83mKr source allows quantification of 
energy resolution and linearity.

Tritium endpoint

1.83h 83mKr 1/2-

154ns 83Kr 7/2+

stable 83Kr 9/2+

32.1

9.4

7/2+

9/2+

17.8

17824.35±0.75 eV
conversion 
electron

9.4

K-ionatom

86d 83Rb
ε

Conversion electrons at 
17.8, 30 and 32 keV.



Basic Layout 
of Phase I

• Gas/Electron System                
Provides mono-energetic 
electrons for signal detection. 

• Magnet System                
Provides magnetic field and 
trapping of electrons. 

• RF Detection/Calibration System         
Detection of microwave signal.



The Electron Source

Collaboration taking a phased approach to understand the scaling and 
systematics of the experiment. 

First phase (single electron detection) requires single electron detection.   

Using 83mKr (83Rb implanted in zeolite beads) as source

1.83h 83mKr 1/2-

154ns 83Kr 7/2+

stable 83Kr 9/2+

32.1

9.4

7/2+

9/2+

17.8

17824.35±0.75 eV
conversion 
electron

9.4

K-ionatom

86d 83Rb
ε

Conversion electrons at 
30 and 32 keV also exist.

Initial Demonstration Source: 83mKr

Mono-energetic gaseous electron source

Zeolite 
loading



The Apparatus

Cyclotron frequency coupled directly to standard waveguide at 26 GHz, located inside 
bore of NMR 1 Tesla magnet.  

Magnetic bottle allows for trapping of electron within cell for measurement.

Copper waveguide

Kr gas lines

Magnetic bottle coil

Gas cell

Test signal injection port

Waveguide 
Cut-away

B
-Field trap profile

Photo of apparatus



Project 8 “Event Zero”

First detection of single-electron cyclotron radiation. 

Data taking on June 6th, 2014 immediately shows trapped electrons.

http://lanl.arxiv.org/abs/1408.5362



Project 8 “Event Zero”

First detection of single-electron cyclotron radiation. 

Data taking on June 6th, 2014 immediately shows trapped electrons.

Electron scatters of gas, losing 
energy and changing pitch angle

Energy loss increases frequency

Onset frequency yields initial 
kinetic energy

http://lanl.arxiv.org/abs/1408.5362



Image Reconstruction & Energy Resolution

Cyclotron Radiation Emission Spectroscopy (CRES) allows extraction of many 
details from trapped electrons (energy, resolution, confinement time, etc.)  

Reduces to an image analysis for event characterization.

clusters above threshold turn into… tracks, which in turn become… …events



Trap Dependence

Dependence on trap parameters well understood. 

Can be used to determine baseline field strength.



FWHM ~ 140 eV

Image Reconstruction & Energy Resolution

Event reconstruction from image reconstruction allows detailed analysis  

(energy & scattering all extractable)

Already improving… 
(FWHM ~15 eV)
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Image Reconstruction & Energy Resolution

Peak at ~14 eV

consistent with 
e- H2 scattering

Electron loses energy due to 
scattering

Event reconstruction from image reconstruction allows detailed analysis  

(energy & scattering all extractable)



A Phased Approach

Timeline Scientific 
Goal

Source R&D Milestone

Phase I 2010-2014 Proof of 
principle; 

Kr spectrum

83mKr Single electron detection

Phase II 2014-2016 T-He mass 
difference

T2 Tritium spectrum; 
calibration and error 
studies

Phase III 2016-2018 0.2 eV scale T2

High rate sensitivity
Phase IV 2018+ 0.05 eV scale T

Given the novelty of the project, we are pursuing a phased approach 
toward neutrino mass measurements:

We have commenced Phase I, we are designing Phase II

DONE!



• There are distinct advantages that are 
specific to frequency-based 
measurements:  

• You get the entire spectrum (and 
background) at once. 

• The background is extremely small: 

• There is no detector. 

• There might not even be any 
surfaces. 

• Cosmic ray interactions and 
radioactive backgrounds are 
interacting with a gas, very little 
target material.

Final States

Sensitivity to 
Neutrino Masses Beta Decay 

Frequency 
Spectrum

Mass sensitivity depends on: 

Target activity (volume x density) 

Background 

Field homogeneity 

Lifetime of electron in trap (density) 

Final states, doppler shifts, temperature



• Most effective tritium source achieved 
so far involves the use of gaseous 
molecular tritium. 

• Method will eventually hit a resolution 
“wall” which is dictated by the 
rotational-vibrational states of T2.  This 
places a resolution limit of 0.36 eV.  

• One needs to either switch to (extremely 
pure) atomic tritium or other isotope 
with equivalent yield. 

• The trapping conditions necessary for 
electrons also lends itself for atomic 
trapping of atomic tritium                
(R. G. H. Robertson)

Final States

Moving Beyond the 
Degeneracy Scale rotational

vibrational
!!= 0.36 eV 

Inherent   
0.36 eV   

final state 
smearing

(3HeH)+

(3HeT)+



Trapping of Atomic Tritium

In order to achieve atomic tritium purity, it is necessary to cool and trap polarized 
atomic tritium in both a radial and axial magnetic trap (Ioffe-Pritchard traps). 

Technique quite similar to hydrogen BEC (MIT) and anti-hydrogen trapping (ALPHA).   

Densities low, so recombination is highly suppressed.

ALPHA Collaboration: Nature Phys.7:558-564,2011; arXiv 1104.4982  

Similar design to 
anti-hydrogen 
trapping: 

Solenoidal field for 
uniformity 

Pinch coils for axial 
confinement 

Ioffe multipoles for 
radial confinement 

Cooling polarized 
tritium down to ~ 1K 
is necessary (and the 
main challenge)



Projected Sensitivity (Molecular & Atomic)

Systematics include final state interactions, thermal broadening, 
statistical uncertainties, and scattering. 

Systematics include: 

Statistical uncertainties 
(1 year run) 

Final state interactions 

Thermal broadening 

Scattering 

Background 

Field inhomogeneity 

1% uncertainty in resolution 
distribution

ν2 , e
V2

atoms/cm3

molecules/cm3

Volume ≈ 0.05 m3 

(≈ 70 mCi)

Volume ≈ 5 m3 

(0.25 Ci)

D
egeneracy scale

Inverted

and optimistic
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Neutrino Capture

Kinematically allowed  

Threshold-less process with beta emission at 2mv above threshold



Neutrino Capture
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Fig. 1. Idealized electron spectra for the tritium beta decay and relic neutrino capture. The
dashed and black-solid lines are shown for β-decay spectra of the massless and massive neutrinos
respectively. The red-solid line with the sharp peak is for the relic neutrino signal.

and θC ≃ 13◦ is the Cabibbo angle. Note that a Gaussian energy resolution function,

R(Te, T
′

e) =
1√
2π σ

exp

[

− (Te − T ′

e)
2

2σ2

]

, (6)

is implemented in Eq. (5) to include the finite energy resolution, and the theta
function is adopted to ensure the kinematic requirement. The spectral shape near
the β-decay endpoint represents a kinetic measurement of the absolute neutrino
masses, which can be understood by comparing the dashed and black solid lines of
Fig. 1. The gap between end points of two black lines stands for a measurement of
the effective electron neutrino mass.

On the other hand, the threshold-less neutrino capture process,

νe +N (A,Z) → N ′(A,Z + 1) + e− , (7)

is located well beyond the end point of the β-decay, where the signal is characterized
by the monoenergetic kinetic energy of the electron for each neutrino mass eigen-
state. A measurement of the distance between the decay and capture processes will
directly probe the CνB and constrain or determine the masses and mixing angles.
The differential neutrino capture rate of this process reads

dλν

dTe
=

∑

i

|Uei|2σνi
vνinνi

R(Te, T
′i
e ) , (8)

where the sum is for all the neutrino mass eigenstates and

nνi
=

nνi

⟨nνi
⟩ · ⟨nνi

⟩ ≡ ζi · ⟨nνi
⟩ , (9)

denotes the number density of the relic neutrinos νi around the Earth. The standard
Big Bang cosmology gives the prediction ⟨nνi

⟩ ≈ ⟨nνi
⟩ ≈ 56 cm−3 for each species

Has been studied for a number of targets (3H, 163Ho, 187Re). 

All require vast quantities and superb precision. 

One experimental effort, Ptolemy, specifically aimed at relic neutrino detection.
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of active neutrinos, and the prediction is also expected to hold for each species of
sterile neutrinos if they could be fully thermalized in the early Universe. The number
density of relic neutrinos around the Earth may be enhanced by the gravitational
clustering effect (i.e., the factor ζi) when the neutrino mass is larger than 0.1 eV24.
In Eq. (7) the capture cross-section times neutrino velocity can be written as

σνivνi =
2π2

A
· ln 2

T1/2
, (10)

where A is the nuclear factor characterized by Qβ and Z, and T1/2 is the half-life
of the parent nucleus.

Considering the running time and target mass of a particular experiment, the
distributions of the numbers of capture signal and β-decay background events are
expressed, respectively, as

dNS

dTe
=

1

λβ

· dλν

dTe
· ln 2

T1/2

N̄T t ,

dNB

dTe
=

1

λβ

·
dλβ

dTe
· ln 2

T1/2

N̄T t , (11)

where N̄T is the averaged number of target atoms for a given exposure time t.
Therefore, N̄T t gives the total target factor in the experiment:

N̄T t = N(0) ·
T1/2

ln 2
·
(

1− e
−t· ln 2

T
1/2

)

, (12)

with N(0) being the initial target number at t = 0.
To get a better signal-to-background ratio, one can investigate different kinds

of candidate nuclei by considering factors of the cross-section, half-life, β-decay
rate, and the detector energy resolution. The target nuclei should have the half-life
T1/2 longer than duration of the exposure time, have the maximal possible cross-
section times neutrino velocity, and have the minimal possible background rate. An
exhaustive survey was done several years ago6, and a summary of several candidates
of the β−-decaying nuclei is shown in Tab. 1, from which one can find 3H, 106Ru,
and 187Re can be possible promising nuclei.

Table 1. Several candidates of the β−-decaying nuclei6.

Isotope Qβ Decay type Half-life σνi · vνi
(keV) (sec) (10−41 cm2)

3H 18.591 β− 3.8878× 108 7.84× 10−4

63Ni 66.945 β− 3.1588× 109 1.38× 10−6

93Zr 60.63 β− 4.952 × 1013 2.39× 10−10

106Ru 39.4 β− 3.2278× 107 5.88× 10−4

107Pd 33 β− 2.0512 × 1014 2.58× 10−10

187Re 2.64 β− 1.3727 × 1018 4.32× 10−11

April 16, 2015 0:16 WSPC Proceedings - 9.75in x 6.5in Cnb page 8
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Fig. 5. The fine structure spectrum near the endpoint of the 163Ho EC-decay in the m2
31

> 0
(left panel) or m2

31
< 0 (right panel) case17.

are relevant for this detection. Therefore, we should consider other possibilities for
relic neutrinos of µ and τ flavors and antiparticles of the CνB.

Similar to the process of captures on β-decaying nuclei, the EC-decaying nuclei
can be the target of relic antineutrino captures. Here we take the isotope 163Ho as
the working example15–18. It should be stressed that the structure near the endpoint
of the 163Ho EC-decay spectrum is applicable to study the absolute neutrino masses
in a similar way as the β-decay. We could distinguish between the inverted and
normal mass hierarchies by comparing the right and left panels of Fig. 5. The
properties of the relic antineutrino capture against the EC-decaying background
are similar to those discussed in Sec. 2. As the order of magnitude estimate, one
needs 30 kg 163Ho to obtain one event per year for the relic antineutrino detection,
and needs as much as 600 ton 163Ho to get one event per year for the keV sterile
antineutrino detection.

Another appealing possibility is the annihilation of EHECνs with the CνB in
the vicinity of Z-resonance19–21 (i.e., νν̄ → Z). The resonance energy of EHECνs
associated with each neutrino mass eigenstate can be calculated as

Eres
0,i =

m2
Z

2mi

≃ 4.2× 1012
(

1 eV

mνi

)

GeV , (17)

where mZ denotes the Z boson mass. Since the annihilation cross-section at the
resonance is enhanced by several orders of magnitude compared to the non-resonant
scattering. Therefore, the absorption dips at the resonance energies are expected
for the EHECνs arriving at the Earth19–21, which could provide the direct evidence
for the existence of the CνB.

Recently there is another interesting method of the CνB detection using the
atomic de-excitation process22. The de-excitation process of metastable atoms into
the emission mode of a single photon and a neutrino pair, is defined as the radiative
emission of neutrino pair (RENP),

|e⟩ → |g⟩+ γ + νi + νj , (18)

Y. F. Li, arXiv:1504.03966 (2015)



Radiative Emission of Neutrino Pair (RENP)

An interesting idea from Yoshimura et al to use atomic de-excitation to look at the neutrino mass spectrum. 

Leverage the effect of collective phenomena (super-radiance) to enhance decay rate. 

One can use Pauli suppression (from relic neutrinos) of decay to also detect relic neutrinos.

Figure 3: Atomic level scheme (of Λ−type [27]) for RENP |e⟩ → |g⟩ + γ + νiνj , νi and νj
being neutrino mass eigenstates.

two counter-propagating trigger lasers, the continuous photon (γ) energy spectrum below
each of the thresholds ωij corresponding to the production of different pairs of neutrinos,
ν1ν1, ν1ν2, ν2ν2,..., ω < ωij, ω being the photon energy, and [25, 32]

ωij = ωji =
ϵeg
2

−
(mi +mj)2

2ϵeg
, i, j = 1, 2, ..., mi, mj ≥ 0 , (9)

where ϵeg is the energy difference between the two relevant atomic levels. For four massive
neutrinos there are altogether 10 different pairs ν1ν1, ν1ν2,..., ν3ν4, ν4ν4, and, correspondingly,
10 threshold energies ωij. The disadvantage of the method is the smallness of the RENP
rate, which is proportional to G2

F , GF = 10−23eV−2. This can possibly be overcomed by
“macro-coherence” amplification of the rate [33, 34], the amplification factor being ∝ n2V ,
where n is the number density of excited atoms and V is the volume irradiated by the trigger
laser. For n at the order of NA/cm3, where NA is Avogadro’s number, and V ∼ 100 cm3, the
rate is observable. The macro-coherence of interest is developed by irradiation of two trigger
lasers of frequencies ω1, ω2, satisfying ω1 + ω2 = ϵeg. It is a complicated dynamical process.
The asymptotic state of fields and target atoms in the latest stage of trigger irradiation is
described by a static solution of the master evolution equation. In many cases there is a
remnant state consisting of field condensates (of the soliton type) accompanied with a large
coherent medium polarisation. This asymptotic target state is stable against two photon
emission (except for minor “leakage” from the edges of the target), while RENP occurs
from any point in the target [33, 34]. A Group at Okayama University, Okayama, Japan, is
working on the experimental realisation of the macro-coherent RENP [26].

As was indicated above, the physical observable of interest in the process of RENP, that,
in principle, can be measured experimentally, is the single photon spectrum. The features of
the phton spectrum in the case of 3-neutrino mixing, which allow to get information about
the absolute neutrino mass scale, the neutrino mass spectrum and about the nature - Dirac
or Majorana - of massive neutrinos, were discussed in detail on the example of a specific
(combined E1×M1) atomic transition in [27]. Here we will generalise the results obtained
in [27] to the case of the 3 + 1 scheme with one sterile neutrino and four massive Majorana
neutrinos. We will be primarily interested in the new photon spectrum features associated
with the 4th massive Majorana neutrino related to the presence of the sterile neutrino in the

6

PTEP 2012, 04D002 A. Fukumi et al.

Fig. 5. Cartoon of spontaneous emission from a body of target atoms.

Fig. 6. Cartoon of explosive PSR.

Appendix A. The upshot of this approach is to use bound or nearly free electron wave functions under
the influence of nuclear Coulomb potential for computation of atomic transition matrix elements, as
in the following discussions.

It is useful first to compare PSR to the related process of single-photon superradiance [14–16],
or SR. We shall thus begin with some rudimentary discussions on SR. These two phenomena have
similarities and differences. Cartoons showing spontaneous emission and paired superradiance are
illustrated in Fig. 5 and Fig. 6. At a superficial level these cartoons may give an impression that PSR
is similar to SR, but the photon energy, the region of macro-coherence, and how they are realized are
all entirely different, as explained below.

2.1. Superradiance and extension to two-photon emission process
The most common de-excitation process for excited atoms as occurs in a dilute gas is the spontaneous
decay |e⟩ → |g⟩+ γ , which arises in the presence of a non-vanishing electric dipole (E1) transition
moment between two relevant levels, |e⟩ and |g⟩. The decay follows, as time t increases, the exponen-
tial law e−"t with a decay rate " whose inverse is a major portion of lifetime (the inverse lifetime is
given by a sum of rates over other de-excitation processes). The interaction Hamiltonian that appears
in the Fermi golden rule for the transition rate contains a product of the dipole matrix element and
the electric field E⃗ of the emitted photon: H = ⟨g|d⃗|e⟩ · E⃗ . The selection rule for this dipole-allowed
transition is the parity change and the angular momentum rule #J = ±1, 0 (except for the strictly
forbidden J = 0→ 0 transition) between two states. A typical lifetime would be around 10 ns, tak-
ing an atomic energy difference of 1 eV and atomic size of 10−8 cm. Between the same parity states
the E1 transition is forbidden and the dominant process of radiative decay may be a weaker magnetic
dipole (M1) transition which is caused, for instance, by an atomic operator geS⃗ · B⃗/(2me), where S⃗
is the electron spin operator and B⃗ is the magnetic field of the emitted photon. The M1 decay rate is
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Table 2. The threshold weight Bi j = |ai j |2 = |U ∗
eiUej − δi j/2|2.
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Fig. 9. I2 spectrum Cau(ω)I (ω) taking ϵ̄ = ϵeg = 0.810 eV for the transition A(v = 0) → X (v′ = 24). The
Dirac NH case in solid black, Majorana NH case of (α,β ′) = (0, 0) in solid red are compared with the IH
cases in dashed colors, taking the smallest neutrino mass of 40 meV.

intermediate states other than the B state, but included all numerically significant vibrational states of
B(v′′) as the intermediate state |p⟩. The RENP spectral rate from the metastable A′ state is calculated
in a similar way. The dominant contribution arises from X (v′ = 20). However, the absolute rate is
∼50 times smaller than in the case of A(v = 0) → X (v′ = 24).

In Fig. 9 a global photon spectrum in the entire energy region is shown for the transition
A(v = 0) → X (v′ = 24), where four different cases are plotted: NH Dirac in a black solid line,
NH Majorana of (α, β − δ) = (0, 0) (the CP-conserving case) in red solid, IH Dirac in black dashed,
and IH Majorana in red dashed (all with the smallest neutrino mass of 40 meV)4. All these cases
appear nearly degenerate in the plot.

On the other hand, the enlarged spectrum in the threshold region is shown for smaller mass values
of m0 in Fig. 10. One can clearly observe three kinks in the NH case, which are identified as photon
energy thresholds of (11), (12), and (22). The other three threshold kinks, (13), (23), and (33), in the
NH case are further to the left in this figure. This figure suggests a good chance of determining
the smallest neutrino mass at the precision level of 1 meV, if one has plenty of statistical data in
the threshold region.

We shall next examine the possibility of Majorana–Dirac distinction along with determination of
CPV phases. The relevant CPV phases α, β, δ in the Majorana case appear in the matrix elements as

Ue1 = cos θ13 cos θ12, Ue2 = cos θ13 sin θ12eiα, Ue3 = sin θ13ei(β−δ). (18)

In the Dirac case there is no CPV phase dependence of the photon energy spectrum rate to this approx-
imation. The parameter δ alone is accessible independently in neutrino oscillation experiments. These

4 Due to a non-trivial ω dependence of the molecular factor Ca(ω) as calculated in the preceding section,
the overall spectral form shown in Fig. 9 is considerably different from the one previously given in Ref. [5],
where the precise calculation of Ca(ω) is not attempted and the ω dependence of Ca(ω) has been ignored.
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