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We discuss how the absolute neutrino mass scale, the neumtidiss hierarchy and the nature
(Dirac or Majorana) of massive neutrinos can be determiimgakinciple, from the measurement
of the continuous spectrum of the photon produced in thega®of collective de-excitation of
atoms in a metastable level into emission mode of a singléoph@us a neutrino pair (“radiative
emission of neutrino pair (RENP)”). We use the example oéadition between specific levels of
the Yb atom. The possibility of determining the nature of sdsneutrinos and, if neutrinos are
Majorana fermions, of obtaining information about the Majea phases in the neutrino mixing
matrix, is analised in the cases of normal hierarchicakiited hierarchical and quasi-degenerate
types of neutrino mass spectrum. It is found, in particulaat the sensitivity to the nature of
massive neutrinos depends critically on the atomic levetgyndifference relevant in the RENP.
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1. Introduction

Determining the absolute scale of neutrino masses, thedfypeutrino mass spectrum, which
can be either with normal or inverted orderibhgNO or 10), the nature (Dirac or Majorana) of
massive neutrinos, and getting information about the Déraet Majorana CP violation phases in
the neutrino mixing matrix, are the most pressing and chgifey problems of the future research in
the field of neutrino physics (see, e.g., [2]). Itis remat&dbat all these neutrino mass and mixing
observables and massive neutrino properties can be datstmin principle, as we will discuss
in the present article, in a single atomic physics experinbgrnusing the process of cooperative
de-excitation of atoms in a metastable level into emissiadenof single photon plus a neutrino
pair [3, 4]. This process is usually called radiative enoissif neutrino pair (RNEP).

The analysis which we will present in this article and whigbased on the publication [1], will
be performed within the reference 3-neutrino mixing scheftseis well known, in this scheme the
left-handed flavour neutrino fieldg,_(x), which enter into the expressions for the charged lepton
and neutral neutrino currents in the weak interaction Liagjem, are linear combinations of the
fields of three neutrinos;, having masses); # O:

3
V||_(X): ZulejL(X)v I =eUT, (11)
=1

wherev; (x) is the LH component of the field of; possessing a mass; andU = Upyns is a
unitary matrix - the Pontecorvo, Maki, Nakagawa, Sakata \F¥yineutrino mixing matrix. All
compelling neutrino oscillation data is compatible witm@dtrino mixing. It is firmly established
on the basis of the current data that the three light newnmpv, andvs, have massesy 3 < 1
eV, and thatm # m, # M.

Itis also well known that the PMNS neutrino mixing matdx which is a 3x 3 unitary matrix,
can be parametrised in terms of three mixing an@es 6,3 6,13, and depending on whether the
massive neutrinos are Dirac or Majorana particles, by omad)®), or one Dirac §) and two
Majorana [5] @ andf3), CP violation (CPV) phases. In the widely used “standardipetrisation”
of U (see, e.g., [2]), the elements of the first row of the PMNS ixgdltty, i = 1,2,3, which play
important role in our further discussion, are given by

Uet = C12€13, Uep = $12€13€% | Ueg = 5136/ B9 (1.2)

where we have used the standard notatipe- cos6j, s = sing; with0< 6; <m/2,0< 0 <2m
and, in the case of interest for our analysi® < a, 3 < m, (see, however, [6]). If CP invariance
holds, we haved =0, T, and [7]a,8 =0, 11/2, 1.

In our analysis we will use as input the best fit values of tha&nmo oscillation parameters,

Am2,, sir? 6y, Am§1(32>\, sir? 6,3 and sirf 613, which have been determined with a relatively high
precision in the global analysis of the neutrino oscillatdata performed in [8]:
Armpy = 7.54x 107° eV?, [AmE, o, | = 2.47 (2.46) x 1073 eV?, (1.3)
sin? 61, = 0.307, sir? 613 = 0.0241(0.0244) (1.4)

1We use the convention adopted in [2].
2Note that the two Majorana phases, andas; defined in [2] are twice the phasesand: az1 = 2a, az; = 28.
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where the values (the values in brackets) correspond teimeuhass spectrum with normal order-
ing (inverted ordering) (see, e.g., [2]). We will neglect ttmall differences between the NO and
10 values oflAng, ,, | and sirf 613 and will use|AME, ,, | = 2.47x 103 eV, sin’ 613 = 0.024 in
our numerical analysis.

For a single atom the process of radiative emission of meutpair (RNEP) of interest is
le) — |g) +y+ (vi+Vj), i,j =1,2,3, wherev;’s are neutrino mass eigenstates.vjlfare Dirac
fermions,(v; + v;) should be understood as a pair of neutrino anti-neutrinb massesy andm;,
respectively. If neutrino are Majorana particles, we have: v; and (v; + v;) are the Majorana
neutrinos with massas; andm;. The proposed experimental method is to measure, unddi-irra
ation of two counter-propagating trigger lasers, the codus photony) energy spectrum below
each of the six thresholds; corresponding to the production of the six different pafrseutrinos,
V1V1, ViVo,...,V3V3: W < W, w being the photon energy, and [3, 4]

mj)? . .
m] :wjizgﬂ_m> ] :172737 ml,2.3207 (15)
2 2eqy '

wheregg is the energy difference between the two relevant atomidev he disadvantage of the
proposed experiment is the smallness of RENP rate, whidiojoptional toGZ, Gg = 10 23eV—2.
This can possibly be overcome by “macro-coherence” amatitia of the rate [9, 10], the ampli-
fication factor being] n?V, where n is the number density of excited atoms and V is themnvel
irradiated by the trigger laser. Forat the order oNa/cm?, whereNy is Avogadro’s number, and
V ~ 1cm?, the rate is observable. The macro-coherence of interelvisloped by irradiation of
two trigger lasers of frequencies,, w;, satisfyingw, + w, = &. It is a complicated dynamical
process. The asymptotic state of fields and target atomseifathst stage of trigger irradiation
is described by a static solution of the master evolutionaggn. In many cases there is a rem-
nant state consisting of field condensates (of the solitpe)tgccompanied with a large coherent
medium polarisation. This asymptotic target state is staiglainst two photon emission (except
for minor “leakage” from the edges of the target), while REdteurs from any point in the tar-
get [9, 10]. A Group at Okayama University, Okayama, Japanyarking on the experimental
realisation of the macro-coherent RENP [11].

The process of RENP has a rich variety of neutrino phenoroggolThe RENP related photon
spectral shape is sensitive to various observables: tluduabsieutrino mass scale, the type of neu-
trino mass spectrum, the nature of massive of neutrinoshegjorana CPV phases in the case
of massive Majorana neutrinos. All these observables catets¥rmined in one experiment, each
observable with a different degree of difficulty, once theN®Eprocess is experimentally estab-
lished. For atomic energy available in the process of theroofla fraction of eV, the observables
of interest can be ranked in the order of increasing difficafttheir determination as follows:

(1) The absolute neutrino mass scale, which can be fixed @py,eeasuring the smallest photon
energy threshold mif ) near which the RENP rate is maximal: ;) corresponds to the pro-

duction of a pair of the heaviest neutrinos (rfrayx) < 50 meV).

(2) The neutrino mass hierarchy, i.e., distinguishing leetwthe normal hierarchical (NH), inverted
hierarchical (IH) and quasi-degenerate (QD) spectra, peatsum with partial hierarchy.

(3) The nature (Dirac or Majorana) of massive neutrinos.
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Figure 1: A—type atomic level for RENRe) — |g) + v+ viv; with v; a neutrino mass eigenstate. Dipole
forbidden transitiorie) — |g) + y+ y may also occur via weak EAM1 couplings tg p).

(4) The measurement on the Majorana CPV phases if the mamssienos are Majorana particles.
The last two items are particularly challenging.

In what follows we show how each of the neutrino observalidtsd above can be determined,
in principle, in a RENP experiment (for a more detailed déston see [1, 11]).

2. Photon Energy Spectrum in RENP

The process of interest occurs in the 3rd order (countingdbe Fermi weak interaction as
the 2nd order) of electroweak theory as a combined weak ardl [@pécess, as depicted in Fig. 1.
Its effective amplitude has the form of

T =
- Gr Yijaijvjov 5

(aldjp)- E—2 = (PISe), (2.1)
. 1
ajj ZUeiUej—Edh (2.2)

whereUq, 1 = 1,2, 3, are the elements of the first row of the neutrino mixing m&lpyns, given in
eqd. (1.2). The atomic part of the probability amplitude ires three statel®), |g),|p), where the
two statege), | p), responsible for the neutrino pair emission, are conneayea magnetic dipole
type operator, the electron spf&. The |g) — |p) transition involves a stronger electric dipole
operatorcT. From the point of selecting candidate atomsxBI1 type transition must be chosen
between the initial and the final statég) (and|g)). The fieldE in eq. (2.1) is the one stored in the
target by the counter-propagating fields. The formula hasessimilarity to the case of stimulated
emission.

As mentioned above, the quantity that is experimentallysuesd is the single photon spec-
trum. In the case with no external magnetic field, after retglg the atomic recoil, the spectral
rate, which is the rate of number of events per unit time at @hoton energyo, can be written as:

2
@) = Fal@noft). Ton ToEeal, @3
bg
1
|(w)zmg|aij|2Aij(w)(hj(w)—c‘iwmiji'\f), (2.4)
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w_ 0@ (. _(m@)® L 1o
Bij = a2 —<1 2 a2 >, 8jj = UgUe; Zdl’ (2.5)
B (@) = =g { (Bl = 200) —(m +m;)?) (€g(Eeg — 20) — (M —m)?) Y2 (2.6)

N2
|m@:<%d%—&»ﬁ@%%#ﬂﬂm—a#+ﬁ)14@Lﬂ%ﬂﬁ—ﬁﬁ»

6 - 6ed(eg—2w
2.7)

Heren(t) is the dynamical dimensionless factor, which will be takeruaity. The caséy = 1
applies to Majorana neutrinogy = 0 corresponds to Dirac neutrinos. The tefimmm;(1 —
2(Im(&;j))?/|aij|?) is similar to, and has the same physical origin as, the t&rvM; in the
production cross section of two different Majorana neutaa x; andx; with masse$; andM; in
the process oé~ +e" — xi + X [12]. The term M;M; of interest determines, in particular, the
threshold behavior of the indicated cross section.

In the limit of massless neutrinos the spectral rate becomes

w? — Begyw + 3¢5,
12(epg—w)?

| (w;m = 0) = (2.8)

where the prefactor of;; |a;j|2 = 3/4 is calculated using the unitarity of the neutrino mixing
matrix.
In what follows we will carry numerical analysis for the caderb atom with energy levels:

Yb; &) = (66p)°Py, |g) = (65°)', |p) = (66p)°Pr, (2.9)
which are relevant for the emission of RENP. The atomic gndiiflerences are [13]:
Eg =2.14349 eV, ¢gpy = 223072 eV. (2.10)

In the case of Yb atom considered, the overall rate facgas given by

n 2 Vv
1%t em=3’ 12 cmd’

where the number is valid for the Yb first excited state ef 0 3.
In the present article we concentrate on the elementariclgaphysics potential of the exper-
iment proposed; the technical aspects of the proposedimgmrare discussed in, e.g., [11, 14].

Mo~ 0.37 mHZ (2.11)

3. Sensitivity of the Spectral Rateto the Properties of Neutrinos
3.1 General Featuresof the Spectral Rate

It follows from egs. (2.3) and (2.4) that the rate of emissaira given pair of neutrinos
(vi +v;) is suppressed, in particular, by the fac||zm|;|2 which depends only on the mixing angles
012> and 6;3. The numerical values qa-j|2, corresponding to the best fit values of’#, and
sin® 613 quoted in eq. (1.3), are given in the Table 1. It follows froablE 1 that the least suppressed

3If one chooses the other intermediate pafh, the ratd g is estimated to be of order110-2 mHz, a value much
smaller than that of théP; path.
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Tablel: The quantityaij|2 = [U5Uej — 35;?

|aq1]? = |cf,c85— %|2 |ago|? = c2,57,C15 | |ausl? = cZ,524C2,
0.0311 0.2027 0.0162

|ag2|? = ’ﬁzcis_%\z |ags|? = $,575C3 | lagsl® = \%3—%\2
0.0405 0.0072 0.2266

by the factor|a;j|2 is the emission of the pair/s + v3) and (v1 + v2), while the most suppressed
is the emission ofv, + v3). The smallest value d&;j|? is |aps|? ~ 1072, Thus, in order to identify
the emission of all thresholds, the RENP spectral rate shHoeimeasured with a relative precision
not worse than approximately>510-3.

As it follows from egs. (2.4) and (2.5), the rate of emissidra@air of Majorana neutrinos
with massesn andm; differs from the rate of emission of a pair of Dirac neutrivagh the same
masses by the interference teffrmmm; B{\f Fori = j we haveBi“JfI =1, the interference term is
negative and tends to suppress the neutrino emission ratbe lcase of # |, the factorBi“f, and
thus the rate of emission of a pair of different Majorana rieas, depends on specific combinations
of the Majorana and Dirac CPV phases of the neutrino mixingrimadrom egs. (2.5) and (1.2) we
get

B, =cosar, BYy=cos2B -5), BYy=cosqa —B+9). (3.1)

Note, however, that the rates of emission(ef + v3) and of (v, + v3) are suppressed Ggu3| =
0.016 and|ap3|? = 0.007, respectively. Thus, studying the rate of emissio(wef- v,) seems the
most favorable approach to get information about the Mashasex, provided the correspond-
ing interference term) mymyBY, is not suppressed by the smallness of the factgn,. The mass
my can be very small or even zero in the case of NH neutrino massrsin, while for the IH
spectrum we haveyn, 2 [Am3,| =2 2.5x 10~ eV2 . In contrast, the rate of emission of a pair of
Dirac neutrinos does not depend on the CPV phases of the PMiXt{&m

In the case ofny < mp < mg (NO spectrum), the ordering of the threshold energies at wj;
is the following: w1 > w12 > Wy > W3 > ap3 > wi3. It follows from eq.(1.5) thatw1, wi»
and wp, are very closews and w3 are somewhat more separated and the separation is the
largest betweenw,, and w3, and wy3 and ws3. In the case of NH neutrino spectrum with very
smallmy, one hasw 1 — Wi ~ %Amﬁl >~ 1.759 (8.794) x 10°° eV andwps — wss ~ (3Am3; —

24/08m3, \/AME, — Am3,) =2 1.510 (7.548) x 1073 eV for &g = 2.1439 eV of Yb (for a hypo-
thetical atom witheg = 2.14349/5 = 0.42870 eV). In the case of QD spectrum a2, > 0,

the separations areg; — wi» = wio — Wps = W3 — Wp3 = %Am%l >~ 3,518 (17.588) x 10° eV,

Wop — 3 > (Wp3 — (W33 — %Am%l = % (Amg, — 2Am3,) =2 1.082 (5.410) x 102 eV. For spec-
trum with inverted orderingmz < my < mp, the ordering of the threshold energies is different:
W33 > W13 > W3 > W11 > W2 > . In the case of IH spectrum with negligibie; = 0, it is not
only w1, w2 and wyy, but alsow; 3 and wys, are very close, the corresponding differences being
all ~ Amgl/ £y- The separation between the threshalgs and w3, and betweens andw 1, are
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Figure 2: Photon energy spectrum from Y9 — 1S, transitions in the threshold region in the cases of
NH spectrum (solid lines) and IH spectrum (dashed lines)fand different sets of Dirac neutrinos masses
corresponding tong = 2 meV (black lines), 20 meV (red lines) and 50 meV (blue lines)

considerably larger, being Am§3/ £g. These results remain valid also in the case of QD spectrum
andAmg, < 0.

It follows from the preceding discussion that in order toexe and determine all six threshold
energieswj, the photon energw should be measured with a precision not worse than approxi-
mately 10°° eV. This is possible to achieve in RENP experiments sincestigggy resolution in
the spectrum is determined by the uncertainties in thedridgser frequencies, which are much
smaller than 10° eV.

3.2 Neutrino Observables

The analysis which follows is based on the properties of theedsionless spectral function
I (w) which contains all the neutrino physics information of nets.

The Absolute Neutrino Mass Scale. As can be seen from eq. (1.5), the positions of the
thresholdsw; in the photon spectrum contain information about the neatmasses. Figure 2
shows the Dirac neutrino spectra for three different setgbfes of the neutrino masses (corre-
sponding to the smallest magg = 2, 20, 50 meV) and for both the Ncmngmz) > 0) and IO
(Amgl(32) < 0) neutrino mass spectra. One sees that the locations dirghblds corresponding
to the three values afy (and that can be seen in the figure) differ substantially. st promi-
nent kink comes from the heavier neutrino pair emissionstiotels. If the spectrum is of the NO
type, the measurement of the position of the kink will detesrthe value ofwss and therefore
of mg. For the 10 spectrum, the threshalal, is very close to the thresholdsy,, and wi;. The
rates of emission of the paifs, + v2) and(v1 + v1), however, are smaller approximately by the
factors 10.0 and 12.7, respectively, than the rate of eanssii(v; + v;). Thus, the kink due to the
(v1+ v2) emission will be the easiest to observe. The position of thie Will allow to determine
(my 4+ mp)? and thus the absolute neutrino mass scale.

The Neutrino Mass Spectrum (or Hierarchy). It is clear that if one could measure at least
three among the six thresholds, the neutrino mass spectilibendetermined. As is suggested
by Fig. 2, one can distinguish between the NH (NO) and IH (I@8ctra by measuring the ratio
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Figure 3: The ratioR(I") =Ty () /T yov (w;my = 0) = I (w) /1 (w; m = 0) in the cases of Dirac neutrinos
(black lines) and Majorana neutrinos (red lines) with difet values oty = 2.14349 eV (left panel) and
£y = 0.42870 (right panel) for NH spectrum (solid lines) and IH gpem (dashed lines)

of rates below and above the threshalag and wy» (or wr1), respectively. Fomp < 20 meV and
NH (IH) spectrum, the ratio of the ratesatjust above theuvss (w;1) threshold and sufficiently far
below the indicated thresholdg, is given by:

o 2 la 2 — |ags|?

NH: R(wss;NH) = ST ~ (.70, (3.2)
Bl - lass|®+2(Jaus|® + (Jazsl?)
IH: R(wll,m):‘ | Z(i‘j‘ai‘j‘z (1223%) ~ ¢ 3. (3.3)

In obtaining the result (3.3) in the IH case we have assumeidd» andw;» are not resolved, but
the kink due to theuv;; threshold could be observed.

The Nature of Massive Neutrinos. The Majorana vs Dirac neutrino distinction is illustrated
inFig. 3. The figure is obtained fong = 20 meV, gy = 2.14 eV (left panel) andpy =2 meV, g4 =
0.43 eV (right panel). The CPV phases set to zém,8 — ) = (0,0), but the conclusion is valid
for other choices of the values of the phases as wellegoe 2.14 eV, the difference between the
emission of pairs of Dirac and Majorana neutrinos is verylsamal thus very difficult to observe.
Although its value increases as a function of the lighteatnm® massry, for quite largemy = 100
meV, the relative difference between the Dirac and Majosgeetra can not exceed approximately
6% at values otw sufficiently far below the threshold energies (upper panels in Fig. 4). A
possible solution of the problem is the observation of REINRmoatom with smalleeg. In the
case of a hypothetical atom X scaled down in energy by 1/5 ftteweal Yb, i.e., witheg ~ 0.43
eV, even for a small values aofiy = 2 meV, the Majorana vs Dirac difference is bigger than 5%
(10%) for the NO (10) neutrino mass spectrum (right paneheffig. 3).

For the most challenging target to probe information of ti/(hases, the experiment may
be relevant only for an atom with smal, in the case of large enougiy. In the Majorana neutrino
case (see Fig. 4), the ratiR{I") is plotted for the four combinations of CP conserving valokthe
phasega, —d) = (0,0); (0,1/2);(11/2,0); (11/2, 11/2). There is a significant difference between
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Figure 4. The ratioR(I") = I'yoy (W) /T y2v (w;m = 0) = | (w) /I (w;my = 0) as a function otw in the case
of emission of Dirac and Majorana massive neutrinos haviy (ift panels) or 10 (right panels) mass
spectrum, folegy = 2.14349 eV (upper panels) arg; = 0.42870 eV (lower panels) and four values of the
CPV phasesa, 3 — 9) in the Majorana case.

the Majorana neutrino emission rates correspondingt@ — &) = (0,0) and (11/2,11/2). The
difference between the emission rates of Dirac and Majonedrinos is largest fofa, — 0) =
(0,0). Formy =100 meV and(a,3 — ) = (0,0). for instance, the rate of emission of Dirac
neutrinos aiw sufficiently smaller tharwss in the NO case andy; in the 10 one, can be larger
than the rate of Majorana neutrino emissionby0%. The Dirac and Majorana neutrino emission
spectral rates never coincide.

It follows from these results that one of the most criticalnaic physics parameters for the
potential of an RENP experiment to provide information oa lrgest number of fundamental
neutrino physics observables of interest is the value oétlergy differencey. Valueseg <0.43
eV are favorable for determining the nature of massive imadr and, if neutrinos are Majorana
particles, for getting information about at least some ef lgptonic CPV phases, which are the
most difficult neutrino related observables to probe expenitally.

4. Conclusion

The RENP experiments have remarkable physics potentialthdge experiments one can
determine, in principle, the absolute scale of neutrinosesasthe neutrino mass hierarchy and the
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nature - Dirac or Majorana - of massive neutrinos. They cawige also unique information on
the Majorana CPV phases.

It is not clear at present whether the RENP experiments asifie. However, given the po-
tential the RENP experiments have, their feasibility stadihould be further rigorously pursued
and supported by the neutrino physics community.
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