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Majorana neutrino masses, neutrinoless double beta decay, and nuclear matrix elements
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The effective Majorana neutrino mass,; is evaluated by using the latest results of neutrino oscillation
experiments. The problems of the neutrino mixing pattern, the absolute mass scale of neutrinos, and the effect
of CP phases are addressed. A connection to the next generation of neutrinoless double beta g@gay (0
decay experiments is discussed. The calculations are performetfGa,°Mo, e, and**°Te by using the
advantage of recently evaluated nuclear matrix elements with significantly reduced theoretical uncertainty. The
importance of observation of thev@B decay of several nuclei is stressed.
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[. INTRODUCTION tal ones. The solution of this problem will have very impor-
tant impact on the understanding of the origin of neutrino
Strong evidence in favor of neutrino oscillations andmasses and mixing.

small neutrino masses was obtained in the Super- Investigation of the flavor neutrino oscillationg— v,
Kamiokandg[ 1], SNO[2], KamLAND [3], and other atmo- does not allow one to reveal the nature of massive neutrinos
spheric[4,5] and solaf6—9] neutrino experiments. The data »; [14,15. This is possible only via the investigation of the
from all these experiments are perfectly described by th@rocesses in which the total lepton numlielis not con-
three-neutrino mixiny served. The neutrinoless douledecay[16—2Q

3 —_ —
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is the most sensitive process to the violation of the total
wherevw; is the field of the neutrino with mass; andU,; are  lepton number and small Majorana neutrino masses.
the elements of the Pontecorvo-Maki-Nakagawa-Sakata uni- By assuming the dominance of the light neutrino mixing
tary neutrino matrix{12]. From the global analysis of the mechanisth the inverse value of the €83-decay half-life
solar and KamLAND dat413] and Super-Kamiokande at- for a given isotope &,Z) is given by[16—-20
mospheric datdl] the following best-fit values of the two
independent neutrino mass-squared differences were ob-
tained: 1

Tz Ml M ADIGG(Es D). (4

AmZ,=7.1x10"°% eV?, Am%,=2.0<107% eV2. (2

. _ o Here,G%"(Ey,Z), ga, and|M°%”(A,Z)| are, respectively, the
The observation of neutrino oscillations means that theqnown phase-space factoE( is the energy releagethe ef-

flavor lepton numberg., L, , andL ; are not conserved by fective axial-vector coupling constant, and the nuclear matrix
the neutrino mass term. If the total lepton numhe#Le  element, which depends on the nuclear structure of the par-
+L,+Lis conserved, neutrinos with definite masseare  ticular isotope under study. The main aim of the experiments
Dirac particles. If there are no conserved lepton numbgrs, on the search for 638 decay is the measurement of the
are Majorana particles. The problem of the nature of massiveffective Majorana neutrino mass,; .

neutrinos(Dirac or Majoranapis one of the most fundamen- Under the assumption of the mixing of three massive

Majorana neutrinos the effective Majorana neutrino mass

Mgg takes the form
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There exist at present indications in favorigf— v, transitions, °Note that there are many othewBB-decay mechanisms trig-
obtained in the accelerator LSND experimgh@]. The LSND data gered by exchange of heavy neutrinos, neutralinos, gluinos, lepto-
can be explained by neutrino oscillations wiﬂmESNDzl eV quarks, etc[16,17,21-2% However, the observation of thevB3
The result of the LSND experiment will be checked by the Mini- decay would mean that neutrinos are massive Majorana particles
BooNE experiment at Fermilad1]. irrespective of the mechanism of this procga§|.
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The predictions fomg, can be obtained by using the presentusing the nuclear matrix elements of RES8] with reduced

data for the oscillation parameters. Its value depends stronglipeoretical uncertainty, the perspectives of the proposed

on the type of neutrino mass spectrum and minimal neutrin®@vB3-decay experimentfCUORE, GEM, GENIUS, Majo-

mass[27—36. rana, MOON, EXO, and XMASKIn discerning the normal,
The OvBB decay has not been seen experimentally untiinverted, and almost degenerate neutrino mass spectra will

now. The best result have been achieved in the Heidelberd® Studied. _

Moscow (HM) 76Ge experimen{37] (T%=1.9x 10% yr). The paper is organized as follows: In Sec. Il the problem

. . f the calculation of the D8 B-decay matrix elements will
By assuming the BBB-decay matrix element of Ref38] ot the et .
and the result of the HM experimef&7] we end up with the be discussed. The sensitivity of futurer®B-decay experi-

upper limit on the effective Majorana maskmy| ments to the lepton number violating parametey; will be
85 : i i .
<0.55 eV. Recently, some authors of the HM CoIIaborationeStabI'Shed' In Sec. lll the effective Majorana neutrino mass

: ) ) m;; will be calculated by using the data of neutrino oscilla-
- P8 . :
have Clzaggned the expen.me.ntal o(t))yservatlon of thesB 5de tion experiments and assumptions about the character of the
cay of "®Ge with half-lifetime T3/,=(0.8—18.3)< 10?° yr

) 5 12 neutrino mass spectrum. Conclusions about the discovery
(best-fit value of 1.5 10%° yr) [39]° This work has attracted potential of planned 83 3-decay experiments will be drawn.
a lot of attention from both experimentalists and theoreti-|n Sec. 11l we present the summary and our final conclusions.
cians due to important consequences for particle physics and
astrophysic$41]. Several researchers of tjg-decay com-
munity reexamined and criticized the paper, suggesting a
definitely weaker statistical significance of the peak
[30,42,43. In any case the disproof or the confirmation of A reliable value(limit) for the fundamental particle phys-
the claim will come from future experiments. A good candi- ics quantitymg; can be inferred from experimental data only
date for a cross-check of the claimed evidence of3B if the nuclear matrix elements governing the g3-decay
decay of "°Ge is the Cuoricino/CUORE experimept4] in  are calculated correctly, i.e., the mechanism of nuclear tran-
which OvB decay of 1*Te is investigated. sitions is well understoofil7,1§.

There are many other ambitious projects in preparation, in  The nuclear matrix elememt °’(A,Z) is given as a sum
particular, CAMEO, CUORE, COBRA, EXO, GEM, GE- of Fermi, Gamow-Teller, and tensor contributions:
NIUS, MAJORANA, MOON, XMASS, etc[20,44-48. In

II. UNCERTAINTIES OF THE 0 »BB-DECAY NUCLEAR
MATRIX ELEMENTS

the next generation ®BB-decay detectors a few tons of the M(F’V(A,Z)

radioactive @ 83-decay material will be used. This is a very MO(A,Z)=— +M2HA,Z)+M¥(A,Z).

big improvement as the current experiments use only a few 9a

tens of kilograms for the source. The future double beta de- ©®)

cay experiments stand to uncover the fundamental nature of o . ] 0
neutrinos(Dirac or Majoranj, probe the mass pattern, and The explicit form of the particular matrix elementdg”,
perhaps determine the absolute neutrino mass scale and lobka7. andM§$” can be found in Re{52]. In this work, as in
for possibleCP violation. most OvBB-decay studief53—59, the higher order terms of
The uncertainty irmgy is an important issue. The preci- the nucleon current were taken into account. Their contribu-
sion of the oscillation parameters is expected to be signifitions result in suppression of the nuclear matrix eleniéfit
cantly improved in the future neutrino experiments at theby about 30% for all nuclei. The weak axial coupling con-
JPARC facility [47], in new reactor neutrino experiments stant g, which reduces theMp’ contribution to the
[48], in off-axis neutrino experiments49], in B-beam ex- OvBB-decay matrix element, is one of the sources of uncer-
perimentg50], and in neutrino factory experimerfl]. The  tainty in the determination oM®”. Usually, it is fixed at
primary concern is the nuclear matrix elements. Clearly, thej,=1.25 but a quenched valug=1.0 is also considered.
accuracy of determination of the effective Majorana massThe estimated uncertainty M°” due tog, is of the order of
from the measured ©BB3-decay half-life is mainly deter- 20%/[52].
mined by our knowledge of the nuclear matrix elements. The evaluation of the nuclear matrix elemavif” is a
Reliable nuclear matrix elements are required as they guideomplex task for the following reasons:
future choices of isotopes for thev@B-decay experiments. (i) The nuclear systems that can undergo double beta de-
In this article the problem of the uncertainty of the cay are medium and heavy open-shell nuclei with a compli-
OvpBB-decay matrix elements will be addressed. A furthercated nuclear structure. One is forced to introduce many-
development in the calculation of thevBB-decay ground body approximations in solving this problem.
state transitions will be indicated. By using the latest values (ii) The construction of the complete set of states of the
of the neutrino oscillation parameters the possible values ahtermediate nucleus is needed as thg8® decay is second
the effective Majorana massngg| will be calculated. By order in the weak interaction.
(iii) The confidence level of the nuclear structure param-
eter choice has to be determined. There are many parameters
3Note that the Moscow participants of the HM Collaboration per-€entering the calculation of nuclear matrix elements, in par-
formed a separate analysis of the data and presented the fdlilts ticular, the mean field parameters, pairing interactions,
They found no indication in favor of the evidence of®8 decay.  particle-particle and particle-hole strengths, the size of the
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model space, nuclear deformations, etc. It is required to fiof the particle-particle force and offers a more stable solu-
them by a study of associated nuclear processes like sihgle tion. The price paid for this is a small violation of the lkeda
and 2vBB decay, ordinary muon capture, and others. Thissum rule(ISR) which seems to have only a small impact on
procedure allows us to assign a level of significance to thehe calculation of the double beta decay matrix elements.

calculated @BB-decay matrix elements. Studies performed within the schematic proton-neutron Lip-
The nuclear wave functions can be tested, e.g., by calckin model[63] and realistic calculations af 2% [17] proved
lating the two-neutrino double beta decayv(23 decay that the RQRPA is a more reliable method than pre
B QRPA.
(A,Z2)—(A,Z+2)+2e +2v,, (7) (i) The QRPA with proton-neutron pairing [64] and the

full RQRPA [56,62] The modification of the quasiparticle
for which we have experimental data. The28 decay has mean field due to the proton-neutromn) pairing interaction
been directly observed so far in ten nuclides and into onaffects the singlgg and 88 transitions. There are some open
excited statd59]. The inverse half-life of the 288 decay questions concerning fixing of the strength of the proton-
can be expressed as a product of an accurately known phagesutron pairing. Recently, it was confirmed within the de-
space factorG3!(E,,Z) and the Gamow-Teller transition formed BCS approach that for nuclei with much bigger
matrix elementM (23VT(A7Z)a which is a quantity of second thanZ the effect of proton-neutron pairing is small but not
order in the perturbation theory: negligible[65]. There is the possibility of considering simul-
taneously both then pairing and the PEP within the QRPA
theory. This version of the QRPA is denoted as the full
———=IM&H(A,2)|?gaG5}(Eo. 2). (8)  RQRPA[62] in the literature.
TiAAZ) (i) The proton-neutron self-consistent RQRPA (pn-
SRQRPA) [66] The pn-SRQRPA goes a step beyond phne
The contribution from two successive Fermi transitions iSRQRPA by at the same time minimizing the energy and fix-
safely neglected as they come from the isospin mixing effecting the number of particles in the correlated ground state
As G2{(E,,Z) is free of unknown parameters, the absoluteinstead of the uncorrelated BCS state as is done in other
value of the nuclear matrix elemeMtZ%**P(A,Z,g,) can be  versions of the QRPA. However, the large effect found in the
extracted from the measuredvBpB-decay half-life for a 3@ transitions with realistidNN interactions[66] is appar-
givenga,. ently associated with consideration of bare pairing forces,
There are two well established approaches for the calcurot fitted to the atomic mass differences, within a compli-
lation of the double beta decay nuclear matrix elementsgated numerical procedufé7].
namely, the shell modgl58] and the quasiparticle random  (iv) The deformed QRPAAImost all currentBg-decay
phase approximatiofQRPA) [17,18. The two methods dif- calculations for nuclei of experimental interest were per-
fer in the size of the model space and the way the groundormed by assuming spherical symmetry. Recently, the effect
state correlations are taken into account. The shell modealf deformation on the 28B-decay matrix elements was
describes only a small energy window of the lowest states o$tudied within the deformed QRPA. A new suppression
the intermediate nucleus, but in a precise way. The signifimechanism of the 23 3-decay matrix elements based on the
cant truncation of the model space does not allow one to takdifference in deformations of the initial and final nuclei was
into account thed strength from the region of the Gamow- found[68]. It is expected that this effect might be important
Teller resonance, which might play an important role. Due tdfor the OvBB-decay transitions also.
the finite model space one is forced to introduce effective The QRPA many-body approach for description of
operators, a procedure that is not well under contro[§8f. ~ nuclear transitions is under continuous development. In par-
During the period of the last eight years, no progress in sheliicular, it has been found feasible to include nonlinear terms
model calculation of double beta decay transitions has beein the phonon operatof69]. Another modification of the
reported. QRPA phonon operator, which allows exact satisfaction of
The QRPA plays a prominent role in the analysis, in areaghe ISR, was proposed in R¢¥0]. Thus, further progress in
inaccessible shell model calculations. It is the most comthe QRPA calculation of thggB-decay matrix elements is
monly used method for calculation of double beta decayexpected.
rates[17,18,53—-57. The question is, how accurate is it? For  To estimate the uncertainty of the/83-decay transition
a long period it was considered that the predictive power oprobability, different groups have performed calculations in
the QRPA approach is limited because of the large variatiotthe framework of different methodpn-QRPA, pn-RQRPA,
of the relevant3B matrix elements in the physical window pn-SRQRPA, FRQRPA, QRPA witlpn pairing, and de-
of the particle-particle strength of the nuclear Hamiltonian.formed QRPA, different model spaces, and different realis-
Many new extensions of the standard proton-neutron QRPACc forces. One might obtain in this way an uncertainty of a
(pn-QRPA), based on the quasiboson approximations, havéactor of 2 to 3, depending especially on the method and the
been proposed. size of the model space. However, significant progress has
(i) The renormalized proton-neutron QRRPAN-RQRPA  been achieved in the calculation of the®B-decay matrix
[61,62. By implementing the Pauli exclusion principle elements recently{38]. It was shown that by fixing the
(PEB in an approximate way in then-QRPA, one gets the strength of the particle-particle interaction, so that the mea-
pn-RQRPA, which avoids collapse within the physical rangesured 2283-decay half-life is correctly reproduced, the re-

033003-3



BILENKY, FAESSLER, AND SMKOVIC PHYSICAL REVIEW D 70, 033003 (2004

TABLE |. The current upper limits on the effective Majorana neutrino n1m§,;| and the sensitivities of the futurev@pB-decay
experiments to this parameter fA=76, 100, 130, and 136 nuclei. The’B-decay matrix elements!®” with reduced uncertainty were
used[38]. In that calculation the 288-decay matrix elemen 2%°*P* deduced from the half-lif@?/,®**'was consideredr 2”/*” is the ratio
of the 2vBB-decay and @33-decay matrix elemen{see Eq(9)]. TS, denotes the current lower limit on the/8B-decay half-life or the
sensitivity of planned 938-decay experiments. The symbols * and 1 indicate the future sensitivityfg| of already running and planned

OvBB-decay experiments, respectively. HM denotes the Heidelberg-Moscow experiment.

Nucleus MmO M2 exPt R 2vI0v T2 exet Ref. LR Ref. Expt. [mggl
(Mev™) (Mev™) (yr) (yr) (eV)
®Ge 2.40 0.15 0.063 1281071 [20] 1.9x 10%° [37] HM 0.55
3x 1077 [20] Majorana 0.044
7X 1077 [20] GEM 0.028
1x 1078 [20] GENIUS 0.023
100910 1.16 0.22 0.19 8110 [20] 6.0x 107 [74] NEMO3 7.8
4x 1074 [20] NEMO3 0.92
1x 1077 [20] MOON 0.058
0Te 1.50 0.017 0.013 6:1107° [72] 1.4x 107 [72] CUORE 3.9
2X10%® [20] CUORE 0.10
136xe 0.98 0.030 0.031 =8.1x10%° [20] 1.2x10%* [73] DAMA 2.3
3X 10?8 [20] XMASS 0.10
8x 107 [20] EXO 0.087

sulting M®” become essentially independent of the consid-
eredNN potential, the size of the basis, and the restoration of |m,|<[Gg}(Eq,2) T}, **P(A,Z)] 12 TV :
the PEP. The uncertainty of the results obtainedAer76, galM"(A,Z)]|
100, 130, and 136 nuclei has been found to be less than 10%. 11)
This an exciting development. It is desired to extend this
type of study also to other nuclei and other extensions of thén this work we consider the RQRPAMBS-decay matrix
QRPA approach. In this way a correct understanding of thelements of Ref[38], which were determined with the help
uncertainty of the @33-decay matrix elements evaluated of the average values of the measured3B-decay half-
within the QRPA theory can be established. lives. They are given in Table 1 of RgR0]. In the case of
The small spread of the i83-decay results obtained 3¢Xe for which 2v83 decay has not been observed yet, the
within the procedure of Ref38] can be qualitatively under- current lower limit on the half-life is considered as a refer-
stood. It seems that there is an advantage in considering thence. For the**’Te isotope we took into account the recent
ratio of the 228B-decay and @33-decay matrix elements measurement of the13B-decay half-life of 1*Te by the
for a given isotope, CUORE  Collaboration: T9/,®*P'=[6.1+1.4 (stat} 2.9
—3.5 (sys) X 10?% yr [71]. This value is smaller by about a
factor of 3 than the previously considered average value
, (9) given in Ref.[20]. However, this has only a small impact on
the calculated 088-decay matrix element, which increases
by about 20%.
In Table | we present both thexB3-decay[38] and the
BB-decay matrix elements, the rativ?”/(A,Z), the av-
erage and measuredBB-decay half-lives, and the current
experimental limits on the ©3B-decay half-life and the
Mé”T(A,Z)z MéVT eXPY{A,Z,9,) (10) half-lifetimes of the @ BB-decay, which are expected in fu-
ture experiments after 5 yr of data takif20]. By glancing
. at Table | we see that the values®f*/*” for various nuclei
the absolute value of the:(B3-decay matrix element can be (jffer significantly from each other. This is connected with
inferred. We note that in comparison wit g, which is  the fact that the 233-decay matrix element is sensitive to
evaluated within a nuclear model, the value M&;°*®',  the energy distribution of thg strengths via the energy de-
which is determined from thei23 3-decay half-life, depends nominator. The largest value is associated with Av100
onga. The 2vBB decay plays a crucial role in obtaining system for which the ground state of the intermediate
OvB3-decay matrix elements with reduced uncertaii®9].  nucleus is the 1 state.

MZ%(A,Z)

RZV/OV AZ)=
(A.2) MO”(A,Z)

as in this quantity the dependence on the nuclear structurg,
degrees of freedom is suppressed. By assuming

From the experimental upper limit on thevBB-decay The current upper limits on the effective Majorana neu-
half-life T‘l),”zeXpt(A,Z), it is straightforward to find a con- trino massmg; and the expected sensitivities of running and
straint on the effective Majorana neutrino masg; [38]: planned experiments to this parameter Ao+ 76, 100, 130,
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and 136 are listed in Table I. We see that the Heidelberg- For the neutrino masses in the case of the normal spec-
Moscow experimen{37] offers the most restrictive limit trum we have
Mge|<0.55 eV. In future the sensitivity t might be
!nc[i/élased by about one order of magn)i(uﬂgzgﬁ't'ablg)l. Mp=\m{+Amg, M= mi+Amg., (15

If the Ov BB decay is observed, the question of the uncer- _ ) )
tainty in the deduced value ofmg| will be a subject of ~Where we took into account thatmg,<Amg,. In the case
great importance. This problem can be solved by observatiofif the inverted spectrum we have

of the OvBB decay of several nuclei. Any uncertainty in the
nuclear matrix element reflects directly on measurements of My=M; = VM3 + Ay (16)

IMggl- The spread of thémy,| values associated with dif- element$U ;|2 for both types of neutrino mass spectra
ferent nuclei will allow conclusions about the accuracy of the

calculated @BB-decay matrix elements. Another scenarioare given by

was proposed in Ref.72]. It was suggested to study the |U o1]?=c0S 6,506,

ratios of OvBB-decay matrix elements of different nuclei

deduced from the corresponding half-lives. Unfortunately, |Ueol?=coS0,58iMP 015,  |Uegg|?=Sinf3. (17)

the uncertainty of the absolute value of the@B3-decay ma-

trix elements cannot be established in this way. The firstthe mixing angled;, was determined from the data of the
results obtained within the recently improved QRPA proce-Solar neutrino experiments and the KamLAND reactor ex-
dure for Ca|cu|ating nuclear matrix e|em¢68] are encour- periment. From the latest analysis of the existing data for the
aging and suggest that the uncertainty for a given isotope igest-fit value of sifé;, it was found thaf2]

of the order of tenths of percent. It goes without saying that : .

this has to be confirmed by further theoretical analysis. I 01,7 SirP = 0.29. (18)

For the anglefd 5 only the upper bound is known. From
IIl. THE EFFECTIVE MAJORANA NEUTRINO MASS the exclusion plot obtained from the data of the reactor ex-
AND NEUTRINO OSCILLATION DATA periment CHOOZ[75] at Am3,=2x 10 2 eV? (the Super-
The effective Majorana mass is determined from the abl<@miokande best-fit valyeve have
solute values of neutrino masses and the elements of the . - 5
! ) L . . <5X :
first row of the neutrino mixing matri,; (i=1,2,3). Tak- i’ 9135 10 (19
ing into account existing neutrino oscillation data, we will For the minimal neutrino mass, (ms) we also know only

discuss now a possible value (ofig|. an upper bound. From the data of the tritium Maji#g] and
In the Majorana case all the elemetig, are complex  Troitsk [77] experiments,
quantities,
. m;<2.2 eV. (20
Uer=|Uel €', (12

) ) ) ) ] In the future tritium experiment KATRINI78], the sensitivity
whereay is the MajoraneCP phase. IfCP invariance in the  m,~0.25 eV is planned to be achieved.

lepton sector holds, we have Important information about the sum of the neutrino
Uz U 13  masses can be obtained from cosmological data. From the
ek Yekk: 13 Wilkinson Microwave Anisotropy ProbéWMAP) and 2°

where n,=ipy (px=£1) is the CP parity of the neutrino Field Galaxy Redshift Survey dalad],

with a definite mass. Thus, in the caseG invariance we
have > m=0.7 eV. (22)
|

K
2ak:§ Py - (149 More conservative bound was obtained &] from analysis

of the latest Sloan Digital Sky Survey data and WMAP data.
The best-fit value oE;m; was found to be equal to zero. For

The neutrino oscillation data are compatible with two i
the upper bound one obtains

types of neutrino mass specfta:

(1) “The normal” mass spectrumm; <m,<ms, > m<17 eV (22
- I\ ) '
|

Amglz A mgol ' A mgzz A mgtm'

(2) “The inverted” mass spectrums<m,<m,, For the case of three massive neutrinos this bound implies

Am%lemgoh Amglz _Amgtm- m1$ 06 eV (23)

The value of|mg,| depends on the neutrino mass spec-

trum [27-3G. We discuss three “standard” neutrino mass
4Am? is defined as followsAm3 =m?—mZ. spectra, which are frequently considered in the literature.
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(1) The normal hierarchy of neutrino massewhich cor-
responds to the case my= \/Amaztm

AmZ,
1+ ZA—SZO) = \/Amatm

atm,

m;<m,<ms. (24) (32)

In this case neutrino masses are known from neutrino oscilrhe effective Majorana mass is given by
lation data. We have

my<VAMG,  my=yAmMg,, mg=yAm, (25 |Mggl=VAMZ, 212 Uz (32
For the effective Majorana mass we have the following up-
per and lower bounds: Neglecting small €5%) corrections due tdUgs|%, for
|mg,s| we obtain
| M| < (COF 58P Osop AME, + SiP 0137 AMG,,) (26) re
and |Mggl = VAME (1 - SINP2 OgosirParpy) 2, (33
| M= COS 58P O AMEy = SiP 0137 Ami,] wherea,,= a,— @, is the MajoranaCP-phase difference.
(27 Thus, in the case of the inverted mass hierarchy the value
) ) ) o of the effective Majorana mass can lie in the range
Using the best-fit values of the solar neutrino oscillation pa-
rametergsee Eqs(2) and(18)] and the upper bound.9) we
end up with €0S Wgo/ AMay < Mgl < VAM; (34)
cos 6,5Sir? 030,\/Am§o|:2.32>< 1073 eV, The bounds in Eq34) correspond to the case 6P conser-
vation: the upper bound corresponds to the case of egial
Sir013VAm2,,<2.24x 1072 eV. parities of v, and v5 and the lower bound to the case of
(28)  oppositeCP parities. From Eqs(18) and(34) we get
We note that the first and second terms on the right hand side 0_42m$ Im,;;;|$ m (35)

of Eq. (27) differ only slightly from each other. This means

that the value of the effective Majorana neutrino m

might be close to zero. For the choice of three possible valLet us assume that the problem of nuclear matrix elements
ues siffy3=0.05, 0.01, and 0.00 we end up with allowed Will be solved(say, in the manner we discussed befote

intervals f0r|mﬁﬁ|; the measured value 4Jrfn33| is within the range given in Eq.
(35), it will be an indication in favor of the inverted hierar-
0.05=8.5x10°° eV=|mgg/=<4.6X 103V, chy of neutrino massésThe only unknown parameter that

enters into the expression for the effective Majorana mass in
the case of the inverted hierarchy is%ig, . Thus, the mea-
0.00=|mgg=2.4x107°% eV. surement of mgg| might allow, in principle, information to
(29 be obtained about the Majorai@P phase differencéa,;|
) _ [28,29. It would require, however, a precise measurement of
From Eq.(29) it follows that a smaller value of st#, 5 im- the OvB88 half-time.
plies a narrower range of the allowed valuesnof,. We (3) Almost degenerate neutrino mass spectrimihe two
also conclude that in the case of the n_o3rmal_neutr|no MaSgases of neutrino mass spectra discussed above, the lightest
hierarchy the upper bourjth,s|<4.6<10"° eVis far from o \trino mass was assumed to be small. The existing bounds
the value which can be reached in thegB-decay experi-  op, the absolute value of the neutrino mfsse Eqs(20) and
ments of the next generation. (23)] do not exclude the possibility that the lightest neutrino

the(%:)olr?c\ili(taigr?d hierarchy of neutrino massdsis given by ,qq is much larger thagAmZ,.. In this case we have

SirfA;5= 9 0.0122.0x107% eV=|mg,<2.9x107° eV,

m<<m;<ms,. (30) mp;=mp=mg, (36)

In this case for the neutrino masses we have and the effective Majorana mass takes the form

My<VAMg, Mp=vVAmMg,

®Notice that the type of neutrino mass spe¢trarmal or inverted
can be determined via the comparison of the probabilities’,of

Notice that the masses of charged leptons and up and dowss v, andjﬂaje transitions in long baseline neutrino experiments
quarks satisfy a hierarchy of the tyg24). [81].
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3

;1 Uz (37)

|mBB| =My

By neglecting the small contribution of the parametegs|2,
from Eq. (37) we get

|Mgpl=m;(1—sint26s,sias) 2 (39
Using the best-fit valu¢18) we obtain

0.42m;<|mpggl<m,. (39

Thus, if it occurs that the effective Majorana mass;| is
relatively large (much larger than Amg,~=4.5

X 1072 eV), it signifies that the neutrino mass spectrum is
almost degenerate. If the casfmgg|>AmZ,~=4.5
X102 eV is confirmed by @8B-decay experiments, the
explanation could be a degenerate neutrino mass spectrum.
From Eq.(39) for the common neutrino mass we get the

E T |+|||III T T ||||||| T T T TTTTIT
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10°

-3 [

I
—— best fit | Almost
i degenerate—
I 4

A0l |: L1l
10
10* 10° 10° 10" 10°

m, [eV}

4

Heidelberg-Moscow ("°Ge)

CUORE (*Te) 4

range
|Mggl<m;=<2.38mpgg|. (40

From Eq.(38) it is obvious that if the common mass; is

determined fromB-decay measurements and/or cosmologi-
cal data, the evidence of the/B3 decay will allow valuable
information to be deduced about the Majora@® phase

difference via the accurate measurement of thg @ half-
time.

For the purpose of illustration of the problem of the neu-
trino mass hierarchy we will assume thatand> in Egs.

gl [eV]

————>
I

<-m- --- 3

Inverted ——— best fit | Almost
hierarchy i degenerate
-3 1 IIIIIIII 1 IIIIIIII 1 IlIIIII| I:IIIIIII
10
10" 10° 102 10" 10°
m, [eV}

FIG. 1. The effective Majorana neutrino masg; as a function

(25 and(31) can be represented by a factor of 5. Then weof the lightest neutrino mass, (the normal hierarchy of neutrino

have

Normal hierarchy (NH):
m;< m,
my<VAmZ/5=1.7x10"3 eV;
Inverted hierarchy(IH):
my<JAmZ,
ma=<+AmZ, /5=8.9x10 3 eV;
Almost degeneratd AD):
my,mg> \/Wgtm

my,Mg=5+yAm3,,=0.22 eV. (41)

masses, upper paneind m; (the inverted hierarchy of neutrino
masses, lower panelThe ranges of the normal hierarchyn{
<1.7x10 % eV) and inverted hierarchiesng=<8.9x 10 3 eV) of
neutrino masses and the almost degeneraterfi;=0.22 eV) neu-
trino mass spectrurfsee Eq.(41) and the text above it for defini-
tion] are indicated by dashed arrows. The best-fit regthis region
with solid line boundariescorrespond to the parameter seinZ,
=7.1x10"° eV?, Am2,,=2.0x10 2 eV?, sirf6;,=0.29[2,1,13,
and sirf6;3=0.00. The 3 results (the region with dashed line
boundaries correspond to the global fit of R€f82]. The sensitivi-
ties of future experiments on the search for theB@ decay of
different isotopes are indicated with horizontal solid bold lines.

of the neutrino masses and the almost degenerate neutrino
mass spectrum. Three values for’si compatible with the
CHOOZ upper bound are considered: ’gia=0.00, 0.01,

and 0.05. We see that by decreasing@inthe allowed in-
terval for|mgs| becomes narrower. This behavior is apparent
especially in the case of the normal hierarchy of neutrino
masses. For this scenario of the neutrino mass spectrum the
largest value ofmgg| is of the order of 5102 eV. None

It is worthwhile to notice that in the case of the almost de-of the planned @88-decay experiments can reach such a
generate neutrino mass spectrum there is an upper limit fronevel of sensitivity to|mg,| (see Table)l In the case of the

the cosmological datbsee Eq.(23)]: m;,m3;<0.6 eV. The

bounds in Eq(41) are displayed in Fig. 1.
In Table Il we give the values of the neutrino massgs

inverted hierarchymg,| depends only weakly on the angle
013, and its maximal value is about an order of magnitude
larger than in the case of the normal hierarchy. This sensitiv-

m,, andmg, and the minimal and maximal predicted valuesity can be reached only by the future Ge@®B-decay ex-
of [mg| in the cases of the normal and inverted hierarchieperiments(see Fig. 1 For this type of neutrino mass spec-
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TABLE Il. The effective Majorana neutrino ma1;$135| in the cases of the normal and inverted hierarchies of neutrino masses and the
almost degenerate neutrino mass spectfsee Eq.(41) and the text above The best-fit values\mZ,=7.1x10 ° eV?, AmZ,,=2.0
X102 eV?, and sif;,=0.29 are considerd®,1,13. The results are presented for three values of the afglfom the CHOOZ allowed
range sifRf;3<0.05[75].

Normal hierarchy ofv massesm;<m,<<m,

m; (103 eV) m, (10 3 eV) m; (10 2 eV) Sirf6;5 Imggl (1072 eV)

0,1.7 (8.43, 8.60 (4.47,4.48 0.00 (1.29, 3.70
0.01 (0.83, 4.11
0.05 (0.00, 5.75

Inverted hierarchy o> massesmz<m;<m,

m; (1073 eV) m; (1072 eV) m, (1072 eV) sirf6;3 Imgsl (1072 eV)

(0, 8.9 (4.39, 4.48 (4.47, 4.56 0.00 (1.82, 4.50
0.01 (1.80, 4.47
0.05 (1.72, 4.32

Almost degenerate mass spectrunm;=m,=mg

m; (eV) m, (eV) m; (eV) Sirff,, [mggl (eV)

(0.22, 0.60 (0.22, 0.60 (0.22, 0.60 0.00 (0.092, 0.60
0.01 (0.089, 0.60
0.05 (0.077, 0.60

trum the maximal and minimal allowed values pfigg| IV. SUMMARY AND CONCLUSIONS

differ by about a factor of 2.5. Thus, it will be possible to
draw conclusions about the Majora@® phase difference in
the case of observation of BB decay with|mpgg| in the
range (1.8—-4.5x10 2 eV, if the uncertainties of the
nuclear matrix elements are small. We stress that in order t
find some information about th€P phase difference the
value of the lightest neutrino must be known with good
enough precision. Tables | and Il sugdesitat the non-Ge

After the discovery of neutrino oscillations in the atmo-
spheric, solar, and reactor KamLAND experiments, the prob-
lem of the nature of neutrinos with definite masé@sac or
Majorana? has become very important. The most sensitive
Brocess to possible violation of the lepton number and small
Majorana neutrino masses is the neutrinoless dogbtie-
cay. At present many new experiments searching for the
, 13 OvBpB decay of "°Ge,°Mo, *°Te, ¥Xe, and other nuclei
experiments NEMO% MOON Mo), CUORE (*Te),  4p¢ in preparation or under consideration. In these experi-
XMASS, and EXO (*°Xe) will be able to test mainly the ments, about an order of magnitude improvement of the sen-
case of the almost degenerate mass spectrum. sitivity to the effective Majorana magsng| in comparison

There is a very good potential for discovery of thef8  with the current Heidelberg-MoscoW87] and IGEX [42]
decay in the GEM, GENIUS, and Majorana experimentsexperiments is expected. If thev@B decay is observed, it
which plan to use an enrichée source. In Fig. 2 the half- will allow one not only to establish that massive neutrinos
life of the Ov33 decay of °Ge is plotted as a function of the are Majorana particles but also to reveal the character of the
lightest neutrino mass. We see that these three experimentgutrino mass spectrum and the absolute scale of the neu-
might observe the 033 decay in the cases of an almost trino masses.
degenerate spectrum and an inverted hierarchy of neutrino The data from neutrino oscillation experiments allow
masses. Let us stress that it is very important to achieve higianges of possible values of the effective Majorana mass for
sensitivity in several other experiments also, using other nudifferent neutrino mass spectra to be predicted. Thus, in or-
clei as the radioactive source. This will allow important in- der to discriminate different possibilities, it is important not
formation to be obtained about the accuracy of the nucleapnly to observe the 988 decay but also taneasurethe
matrix elements involved and the effect of t6® Majorana  effective Majorana mastnBﬁL
phases to be discussed. The expected half-lifetimes B0 From the measured half-lifetime of thesB8 decay only
decay of'®Mo, ¥°Te, and*®Xe calculated with the nuclear the product of the effective Majorana mass and the nuclear
matrix elements of Ref[38] with minimal neutrino mass matrix element can be determined. There is a widespread
considered as a parameter are shown in Figs. 3, 4, and 5. opinion that the current uncertainty in ther88-decay ma-

trix elements is of the order of a factor of 3 and m@8a].
Let us stress that a very important source of the uncertainty
Let us stress that the values of the effective Majorana masis associated with the fixing of the nuclear structure param-
Imggl, given in Tables | and Il were obtained with the nuclear eter space. Recently, surprising results were obtained by fix-
matrix elements of Ref21]. ing of the particle-particle interaction strength to the

033003-8



MAJORANA NEUTRINO MASSES, NEUTRINOLES . .. PHYSICAL REVIEW D 70, 033003 (2004

10 T T TTTTT] |: TTTTITE 10 TTTTTT |: TTTTITE
" IR s
— bestfit 3 — bestfit 3
e 2 i i
g o0 GENTUS 14 : ] L : _
y EGEM [ : 3
\_cl\l 1027 [ Majorana r MOON 'T‘ T
= E E
SH” E NH E NH
10 <1 L <-4
1025 gHeidelberg-Moscow 1025 = NEMO3 1\
al ¢ @ piml B gaeml al ¢ piamil Ui geppel g s
10 10
10* 10° 10 10" 10° 10* 10° 107 10" 10°
m, [eV] m, [eV]
30 1 30 1
10 T T IIIIIII T T Illlll” T T IIIIIII I: T Illllg 10 T T IIIIIII T T Illlll” T T IIIIIII I: T Illllg
| ——-36 ] | ~—-36 ]
1@ —_ beist fit - i i —_ be;st fit -
g 3 P
S . 5 MOON
2 107 E :
8s F
H 10265_ E_
1025 g_Heidelberg-Moscow 1 025 = NEMO3 /]\
Y T e | 71| MR BT e R
10 10
10* 10° 10”2 10" 10° 10* 10° 10° 10" 10°
m, [eV] m, [eV]
FIG. 2. The neutrinoless double beta half-lif€%e as a func- FIG. 3. The neutrinoless double beta half-life 8"Mo as a

tion of the lightest neutrino mass; (upper panelandm; (lower function of the lightest neutrino mass; (upper panel and ms

pane). Conventions are the same as in Fig. 1. We see that all thre@ower panel. Conventions are the same as in Fig. 2.

planned Ge experiments Majorana, GEM, and GENIUS can check

the neutrino mixing scenario of the inverted hierarchy of masses.

NH, IH, and AD denote the normal hierarchy, and the inverted

hierarchy of neutrino masses and the almost degenerate neutrifBents to the effective Majorana neutrino mdﬂ%l for

mass spectrum, respectively. %Ge, %Mo, 1¥Te, and**Xe. The effective Majorana neu-
trino mass was evaluated also by taking into account the
results of the neutrino oscillation experiments. Three differ-
ent cases of neutrino mass spectra were analyzed: nor-

2vBB-decay ratd38]. This procedure allowed reduction of mal hierarchical,(ii) an inverted hierarchical, anfii) an

the theoretical uncertainty of thev@B-decay matrix ele- almost degenerate mass spectrum. The best-fit values for

ments for°Ge,'®Mo, 1*°Te, and**Xe within the QRPA. It  AmZ,, AmZ,,, and sifé,, were considered. The analysis

will be important to confirm this result for other double betawas performed for three values of the parameter

decaying isotopes and for various QRPA extensions. There isir?¢,5 (sir?6;5=0.00,0.01,0.05). A selected group of future

also the possibility of building a single QRPA theory with all experiments associated with the above isotopes was dis-

the studied implementations. Improvement of the calculacussed. It was found that the NEMO3, MOON, CUORE,

tions of the nuclear matrix elements is a real theoretical chalXMASS, and EXO experiments have the possibility of con-

lenge. There is a chance that the uncertainty of the calculateffming or ruling out the possibility of the almost degenerate

OvBB-decay matrix elements will be reduced down to theneutrino mass spectrum. The planned Ge experimgias

order of tenths of a percent. A possible test of the calculategbrana, GEM, and GENIUSseem to have a very good sen-

nuclear matrix elements will be offered by observation of thesitivity to [mg,|. These experiments will observe the 83

OvBp decay of several nuclei. The spread of the values otlecay, if the neutrinos are Majorana particles and there is an

Imgg| associated with different isotopes will allow conclu- inverted hierarchy of neutrino masses.

sions to be drawn about the quality of the nuclear structure Finally, by taking into account existing values of the neu-

calculations. trino oscillation parameters we present some general conclu-
In this paper we considered/@3-decay matrix elements sions.
with a reduced theoretical uncertaint$8] and determined If the OvBB decay is not observed in the experiments of

the sensitivities of running and plannea 83-decay experi- the next generation and
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. 4. The neutrinoless double beta half-life’dfTe as a func- . 5. e neutrinoless double beta half-life e as a
FIG. 4. Th trinoless double beta half-life 8fT fi FIG. 5. Th trinol double beta half-life &1
tion of the lightest neutrino mass; (upper panelandm; (lower function of the lightest neutrino mass; (upper panel and ms
pane). Conventions are the same as in Fig. 2. (lower pane). Conventions are the same as in Fig. 2.
2 . . .
IMggl< afew 107 eV, If from the future tritium neutrino experiments or from

future cosmological measurements the common neutrino

either massive neutrinos are Dirac particles or massive neynass is determined, it will be possible to predict the value of
trinos are Majorana particles and a normal neutrino masghe effective Majorana neutrino mass:

hierarchy is realized in nature. The observation of3@

decay with
0.42m;<|mggl<m;.
M| =4.5x10°2 eV o
will exclude the normal hierarchy of neutrino masses. Nonobservation of 933 decay with the effective Majorana
If the Ov3 B decay is observed and mass|mpgg| in this range will mean that the neutrinos are
Dirac particles(or other mechanisms of violation of the lep-
ton number are involved
2 2
0.42JAmg <|mgs|< VAMZ,,
it will be an indication in favor of the inverted hierarchy of ACKNOWLEDGMENT

neutrino masses.
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