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Future Progress
¢ Determination of the nature - Dirac or Majorana, of v; .

e Determination of mm:nbﬂwiu, tvpe of ¥v— mass spectrum

my < (€)mo < ma3, NO (NH),
m3 < (€)my < mo, IO (IH),
m1 = mo = ma, mios >> Amiy,, QD; m; = 0.10 eV.
¢ Determining, or obtaining significant constraints on, the absolute scale of vy-
masses, or min(m;).

e Status of the CP-symmetry in the lepton sector: violated due to 4 (Dirac),
and/or due to asy, az (Majorana)?



e High precision determination of Am?2, 6., AmZ., Oatm.

e Searching for possible manifestations, other than y—oscillations, of the non-
conservation of L;, | = e, pu, 7, such as e+t , T i+, etc. decays.

e Understanding at fundamental level the mechanism giving rise to the v— masses
and mixing and to the L;—non-conservation. Includes understanding

— the oriain of the observed patterns of :»-mixing and wv-masses ;
— the physical origin of C'PV phases in Uppns

— Are the observed patterns of v-mixing and of Am3, 5, related to the exis-
tence of a new symmetry?

— Is there any relations between g—mixing and v— mixing? Is tho+ 0.=m/4 7
—Is O3 = /4, or B3 > w/4 or else Oz < w/47

— Is there any correlation between the values of O'FPV phases and of mixing
anales in Ugpns ™

¢ Progress in the theory of v-mixing might lead to a better understanding of the
origin of the BAU.

— Can the Majorana and/or Dirac CPVP in Ugyns be the leptogenesis CPV
parameters at the origin of BAU?



All compelling vr—Oscillation Data: 3-r mixing (a refer-

ence scheme)

3
viL= > UjviL, l=epu1; vj: m;>0.
=1



PMNS Matrix: Standard Parametrization
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v=vp, P=[0¢e&7 0 |,
o 231
o 0 &=
12013 - 812013 - s1ze
V = | —sioc03 — cioso3size”  cpoepz — sqospasize’ sp3eqs
S ]

512823 — C12C23813€" — (12823 — 8§12023813€°  C©23C13

- sin m&. 5 = COS m&. _mm..u. = _”DQW_.
s 0 - Dirac CP-violation phase, o = [0, 27],
® a2, s - the two Majorana CP-violation phases.
S. M. Bilenky, J. Hosek, S. T.P., 19280

o Am? =Am3 =7.54 % 107° ev? > 0, sin“f12 = 0.307, cos261» = 0.28 (30),
o |Am2, | =|Am3,| = 2.47(2.46) x 1072 eV?, sin® 2623 = 0.39,

e 13 - the CHOOZ anagle: m_:mmmpm = 0.089 £0.010 £ 0.005, Davya Bay,
sin“ g5 = 0.0241 (0.0244), Foali et al.

Fogli, Lisi, Marrone, Montanino, Palazzo, Rotunno, arXiv: 12055254



« Dirac phase é: vj < vy, vp < v, L #FU; AYD < Jep o sinissing

« Majorana phases ao1, a31:

— V] <= Vyp, V] <= Vp not sensitive;
S.M. Bilenky, J. Hosek, S.T.P.,13280;
F. Langacker, S. T.F., G. Steigman, S. Toshev, 1927

— |<m>| in (33)o,—decay depends on @21, 31;
— (it — e+ ) etc. in SUSY theories depend on aoy 31
— BAU, leptogenesis scenario: 21,31 _



Radiative Emission of Neutrino Pair (RENP)

RENP: collective de-excitation of atoms in a metastable
level into emission mode of a single photon plus a neu-

trino pair.

For a single atom the process is:

e) — |g) + v+ (v +vy),

Dirac v;:

(v; + t.\_b either (v; + ;) or (7 +vy), it i £ 3, (v + 1;),
for 1 = j;

Majorana vj;:

(v; + v;) are neutrinos with masses m; and m,;.



| g>

Combined weak and QED process; |e) — |g) transition -
of E1xM1 type, with AJ = 2; |e), |g) - opposite parities.
le) - metastable with roughly 7(|e)) = 1073 sec.



The problem was investigated in:

. Yoshimura, Phys. Rev. D75 (2007) 113007.

. Yoshimura et al., arXiv:0805.1970.

. Yoshimura et al., Progr. Theor. Phys. 123 (2010) 523.

. Yoshimura, Phys. Lett. B699 (2011) 123.

. Yoshimura, N. Sasao, and M. Tanaka, Phys. Rev. A86 (2012) 013812 and
arXiv:1203.5394.

D.N. Dinh, STP, N. Sasao, M. Tanaka and M. Yoshimura, Phys. Lett. B (2013)
(arXiv:1209.4808).

<<=

A Group at Okavyama University was created in 2009 in
order to study the feasibility of the experiment. They
have published recently a detailed report on the status
of the research program:

A. Fukumi et al., arXiv:1211.4904,

My talk is based on

D.N. Dinh, STP, N. Sasao, M. Tanaka and M. Yoshimura, Phys. Lett. B (2013)
(arXiv:1209.4808), in which the phenomenology of the case of massive Majorana v IS
treated correctly for the first time (with consequences for the Dirac-Majorana neutrino
distinction, for the possible determination of the Majorana phases, mﬁn.u..



The RENP rate is extremely small:

M o< GRaez,, Gp = 10723 eV~7; typically egg ~ 1 eV.

M. Yoshimura et al.: this can be overcomed by “"macro-
coherence amplification” of the rate, the amplification
factor being

x n?V, n (V) - the target number density (volume). If
n o~ L__i_,.__ﬂ._up\nﬁm_ V ~ 1 cm3, the RENP rate becomes ob-
servable.

Similar amplification observed experimentally in the case of a single pho-
ton emission: “super-radiance” (predicted by Dicke in 1954).

The macro-coherence of interest is developed by irradiation of two trigger
lasers of frequencies wi, w2, satisfying w; + w2 = ¢, 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 i1s a remanant 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, while RENP occurs from any point in the
target. The Group at Okayama University is working on the experimental
realisation of the macro-coherent RENP.



Proposed Experimental Method:

Mmeasure, under irradiation of two counter-propagating
trigger lasers, the continuous ~ energy spectrum below

each of the 6 thresholds energies w;; corresponding to

the production of the six different pairs of neutrinos,
vry, V1vo,..., v3r3l w < w;;, w being the photon energy,

_€eg  (mi+m;)?
Wi TR T T

1, = 1,2,3, mi 273 >0,

Mmm._m_ u_
eeg DeiNg the energy difference between the two relevant
atomic levels.

The two laser energies wq 9! w1 + wo = €eg, w1 < €eq/2.

For a given target atom, the experiment is repeated at
different w-.



The Spectral Rate (M. Yoshimura et al.):

0, (w) = Mol (w)nw(t)
jmcmav“ the spectral rate of humber of events per unit

time at each photon energy;

[ g - determines the scale of the rate;
I(w) - dimensionless spectral function containing all the

information about the neutrino properties:
nw(t) - dimensionless dynamical factor (of order unity).

Example and numerical results for Yb target atom:
Yb; |e) = (6s6p) >Py, |g) = (6s%) *Sg, |p) = (6s6p) P} .
€eg = 2.14349 eV, epg = 2.23072 eV ;

~ T 3 M\
g = 0.37 mHz ,
0 nHoE .n:._huhv 102 cm?3




The Spectral Function I(w):

).

1 2 M
I(w) = (e — )2 W [TIAN () ?&AEV — oprm; my B
2

mmﬁ _ wﬁﬁnﬂv —(1_» Q_:_.._mﬁ.ﬁ,uvvm — - |&.

K _.HH,___.M_M _.HH,___.M_M d_ + o M ,___..u.“_

Ni(w) = mq.____”m,..__HI 20) ‘H EeglEeg — 2w) — (my |_|§_LJ _HHm:__nm:__ — 2w) — (m; — m;) uwu_..m \
(w) = T (= 20) + & AO(w) = (m? m3) - 2T Mv
i e 18 6 €2 (ecy — 2)2 il fe

Dirac v;: o)y = 0; Majorana v;: oy = 1.

The term o mym; B = mym;(1 —2(Im(a;;))*/|ai;|*) is similar to, and has the same physical
origin as, the term o M:;M; in the production cross section of two different Majorana
neutralinos y; and y; with masses A, and M, in the process of 7 + et — i+ e For i # 7,
B}Y depends on the Majorana phases in .



 TTETT 1 :
[(w) o |ag|? = |[U5U.; — 56;5]%

1
a11]? = |efacfs — 517 | la12]? = cfpstacts | la13]? = cfosf3cis
0.0311 0.2027 0.0162
_ 1 _ _ 1
_.umm_m — _mwmnwm — u_m _@mm_m — mwmmwmnwm _;mm_m — _mmm — u_m
0.0405 0.0072 0.2266

To identify the emission of each of the 6 pairs of v’'s, the
RENP spectral rate, should be measured with a relative

precision not worse than ~ 5 x 10— 3.




The ordering of w;; = wj;:
my < mo < mz3 (NO spectrum):

Wil > W12 > wpp > w13 > w3 > w33.
m3 < mq1 < mo (IO spectrum):
W33 > W13 = Wo3 > W11 = W12 = wWo9o.

The separation of the thresholds:

1 1
NH:  wi] —wio= = (w2 —w») = — Am3; = 1.750 x 107° eV,
3 2€.,
“._. ! !
NH: w3 —wos= 5 (2 {_PEWH {_DEW + Am3,) 2 0.219 x 1077 eV,
m_wb_
1
NH : wos —wiz= 5 (Am3, — 4Am3,) = 0.506 x 1077 eV,
“._n 2 ..__. o ..__. =2 2 [y -3

ZEeg
In order to determine all 6 threshold energies .;;, the photon energy w
should be measured with a precision not worse than ~ 10-° eV (valid also
for IO and QD spectra); possible in the RENP experiments since the
energy resolution in the spectrum is determined by accuracy of the trigger
laser frequency, which is much better than 10° eV.



Absolute ¥ Mass Scale

Can be determined from the location of the thresholds
w;i;, which depends on min(m;):

1) the location of the highest threshold (wq7 for NO and
w3z for 10);

ii) the location of the most prominent kink, which comes
from the heavier neutrino pair emission thresholds (w33
in the NO case and wis in the IO case).

The Neutrino Mass Spectrum (or Hierarchy)

The NH (NO) and IH (I0O) spectra distinction: by mea-
suring the ratio of rates below and above the lowest
thresholds w33 and wio (Or wy1), respectively.

For, e.g., mg < 20 meV,

hﬂ.ﬂﬁmmmﬁHMv“ NH(IO)) =0.70 (0.36)



Threshold behavior { Dirac case}
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Fhoton energy spectrum from Yb mﬁn — Hm.__”_ transitions in the threshold region; MNH
spectrum (solid lines) and IH spectrum (dashed lines); Dirac v;; min(m;) = 2 meV (black
lines), 20 meV (red lines) and 50 meV (blue lines).



' he Nature of Massive Neutrinos

The Majorana vs Dirac neutrino distinction - much more challenging ex-
perimentally, it not impossible, with the ¥b atom. The difference between
the emission of pairs of Dirac and Majorana neutrinos can be noticeable in
the case of QD spectrum with mg~ 100 meV and for values of the phases
oy = 0.

A lower atomic energy scale ¢, > 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.

We have considered a hypothetical atom X scaled down in energy by 1/5
from the real Yb, thus ¢, ~ 0.4 eV. There may or may not be good
candidate atoms/molecules experimentally accessible, having level energy
difference of order of the indicated value.



Majorana vs Dirac
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Spectra from Yb °F; — 1S5 transitions in the cases of Dirac neutrinos (black
lines) and Majorana neutrinos (red lines) with masses corresponding to
min(m;) = 20 meV, for NH spectrum (solid lines) and IH spectrum (dashed
lines), and (a2 /2,031 /2 — 8) = (0,0).



[ D, = 10 eV 1 0. my = 100meV

1.086 1.087 1.058 1.088 1.6 1051 1052 1063 1.056 1.087 1.058 1.088 1.06 1.051 1.0652 1.053
o (EW] w eV

The ratio R(I') = Mo (w)/T20(w;m; = 0) = I{w)/I{w;m; = 0) as a function
of w in the case of emission of Dirac and Majorana massive neutrinos
having NO (left panels) or IO (right panels) mass spectrum corresponding
to mp = 100 meV, for «, = 2.14 eV and four values of the CPV phases
(v21/2, 31 /2—0) in the Majorana case. At w < w;;, for oy = 0, the difference
can reach 6%.
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The same as in the previous figure, but for e, = 0.43 eV and min(m;) =
mg = 50, 100 meV.



The Majorana Phases

Enter into I(w) via mrsq = (1 — mﬁgmn&vvm\_n&_ﬁ“
.mm...hq =1,

(4

B} = cos2a, Bl =cos2(3—8), B =cos2(a — 3+ 4),

a=an1/2, B=a31/2.

In the case of CP invariance: o, 3 =0,7/2, 7, 6 = 0,7, and, correspondingly,
BY =—-1or +1,1i#j.
It n_u. invariance does not hold, —1 < m.mh < 1.

Moreover, |z13/¢ = 0.016, |as3|? = 0.007, while |ai3/? = 0.203, but for NH
spectrum the mym- factor can be very small.

The CPV phase measurement is challenging, requiring a high statistics.
Possible exception: the case of o« and IH spectrum where the difference
between the spectral rates for o« =0 and a« = /2 can reach 10%. For the
MNH spectrum, the analogous difference is at most a few percent; observing
this case requires large statistics in actual measurements.



CP phases {NH}; Red={00}, Blue=(mx/2.0p, Blue Dashed={0,m/2}
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The dependence of [(w) on the CPV phases o and (53— 4) in the case of
NH spectrum with mg = 2 meV and for ¢, = 0.43 eV. The red, solid blue
and dashed blue lines are obtained for (o, 7—4) = (0,0).(x/2,0) and (0,7 /2),
respectively.



Conclusions
The RENP experiment(s) have remarkable physics potential:

— Can determine the absolute scale of neutrino masses.

— Can determine the neutrino mass hierarchy.

— Can determine the nature - Dirac or Majorana - of massive neutrinos.
— Can provide information on the Majorana CPV phases.

It i1s not clear at present whether they are feasible.

However, agiven the potential the RENP experniments have, their feasi-

bility studies should be further rigorously pursued and supported by our
Community.
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Absolute Neutrino Mass Measurements

The Troitzk and Mainz *H F-decay experiments

My, < 2.3 eV (95% C.L.)
It is expected that the followina sensitivity will be reached:

KATRIN : ~ 0.2 eV

Cosmological and astrophysical data, the CMEBE data of the WMAFP experiment,
combined with supernovae data and data on galaxy clustering imply (depending
on the model complexity and The input data Emmﬂu_”

M§h|am|;u_ eV (95% C.L.)
k..M. Abazajian et al., arXiv:1103.5023
The WMAFPF and future PLANCHK experiments can be sensitive to
Y m;=0.4eV
J
Data on weak lensing of galaxies by large scale structure, combined with data
from the WMAF and PLANCK experiments may allow to determine

> my 5= 0.04 eV.



Improved f energy resolution requires a B1G f spectrometer.

.. KATRIN

e\ Sosignal if m; > 0.35 eV
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