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We study the lepton number violatindNV) process of(x~,e*) conversion in nuclei mediated by the
exchange of light and heavy Majorana neutrinos. Nuclear structure calculations have been carried out for the
case of an experimentally interesting nucléfisi in the framework of a renormalized proton-neutron quasi-
particle random phase approximation. We demonstrate that the imaginary part of the amplitude of a light
Majorana neutrino exchange mechanism gives an appreciable contribution(to te€) conversion rate. This
specific feature is absent in the allied case gBB decay. Using the present neutrino oscillations, tritium beta
decay, accelerator, and cosmological data, we derived the limits on the effective masses ((nfl)l,jgfﬂnd
heavy(M@l)Me neutrinos. The expected rates of nuclgar,e*) conversion, corresponding to these limits, were
found to be so small that even within a distant future ¢he,e*) conversion experiments will hardly be able
to detect the neutrino signal. Therefore, searches for this LNV process can only rely on the presence of certain
physics beyond the trivial extension of the standard model by inclusion of massive Majorana neutrinos.
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I. INTRODUCTION cesses, which, as commented above, are intimately related to

Lepton numbeL conservation is one of the most obscure the nature of neutrinos. . . .
sides of the standard mod@M) not supported by an under- __Various LNV processes have been discussed in the litera-
lying principle and following from an accidental interplay ture in this respedtior review se¢2)). In principle, they can
between gauge symmetry and field content. Any deviatiofProbe Majorana neutrino contribution and provide informa-

from the SM structure may introduce nonconservation. ton on the so-called effective masses,) s _ar_u_j(MNl)aB of
Over the years the possibility of lepton number nonconserlight and heavy Majorana neutringfor definition see Sec.
vation has been attracting a great deal of theoretical and exl). These quantities under certain assumptions are related to
perimental efforts since any positive experimental signal othe entries of the Majorana neutrino mass maMig).

lepton number violatingdLNV) would point to physics be- Among these processes there are a few LNV nuclear pro-
yond the SM. The simplest extension of the SM allowingcesses having prospects for experimental searches: neutrino-
LNV processes implies inclusion of massive Majorana neuless double beta deca@vBB), muon to positron(u™,e")
trinos with theAL=2 mass term introducing the necessaryconversion, and, probably, muon to antimugq, ") con-
source of LNV. However, the role of neutrinos in LNV pro- version[3,4].

cesses is more intricate. The fundamental fagtonsists of Currently the most sensitive experiments intended to dis-
the following: observation of any LNV process would prove tinguish the Majorana nature of neutrinos are those searching
that neutrinos are massive Majorana particles. This is trugor 0vB3 decay[5-8]. The nuclear theory sid@-11] of this
even if their direct contribution to this process is negligible process has been significantly improved in the last decade
and the dominant contribution has nothing to do with neutri<see also12—-14 and references thergirallowing reliable

nos. _ o _ _ extraction of fundamental particle physics parameters from
Recent neutrino oscillation experiments established th@xperimental data.

presence of small nonzero neutrino masses; a fact that itself The (4~,e") conversion is another LNV nuclear process
points to physics beyond the SM. However, neutrino oscillasearched for experimentally. The important role of the muon
tions are not sensitive to the nature of neutrinos; they COUI(&S a test partide for new physics beyond the SM has been
be either Majorana or Dirac particles leading to the sam@ecognized a long time ago. When negative muons penetrate
oscillation observables. into matter they can be trapped to atomic orbits. Then the
The prinCipal question if neutrinos are Majora.na or DiraCbound muon may disappear, either decaying into one elec-
particles can be answered only by searching for LNV pro+ron and two neutrinos or being captured by the nucleus, i.e.,
due to ordinary muon capture. These two processes, conserv-
ing both total lepton number and lepton flavors, are the SM
*Electronic address: pavol.domin@usm.cl processes and have been well studied both theoretically and
"Electronic address: sergey.kovalenko@usm.cl experimentally. The physics beyond the SM resides in yet
*On leave from Department of Nuclear Physics, Comenius Uni-nonobserved channels of muon capture: muon-electron
versity, Mlynska dolina F1, SK-842 15 Bratislava, Slovakia. Elec-(w,e”) and muon-positror(x~,€") conversions in nuclei
tronic address: fedor.simkovic@fmph.uniba.sk [15-30
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(A2)+u,— € +(A2)*, the dominance of light or heavy Majorana neutrino exchange
mechanisms. Extremely low values for these rates, derived in
(AZ)+up— € +(AZ-2)*. (1) this way, leave no chance to detect a neutrino signal in the

(u~,€") conversion even within a distant future and, thus, to
Apparently, the(u”,€") conversion process violates lepton derive information on the effective massém,),. and
f|a\_/0f+|—f and conserves the total lepton numberwhile — (\3) - from this process. This conclusion, nevertheless,
(w”,€") conversions violate both of them. Additional differ- 4465 not diminish the importance of experiments searching
ences between theu™,e") and (u”,€") lie on the nuclear tor (1~ &) conversion because its observation would be an

physics side. The first process can proceed on one nucleon BEambiguous signal of a nontrivial physics beyond the SM.
the participating nucleus while the second process involves e paper is organized as follows. In Sec. Il we discuss
two nucleons as dictated by charge conservafib®,18.  some general issues of Majorana neutrinos for LNV pro-
Note also that théu",€”) conversion amplitude is quadratic cesses. Section 1l deals with the current limits on the effec-
and(u~,€e") amplitude linear in the light neutrino mass. Thus tjye Majorana neutrino masses entering to tpe,e*) con-
the second process looks more sensitive to the light neutringersion amplitude. The amplitude and rate 6f~,e")

masses. conversion are derived in Sec. IV. The details of nuclear

The currently best experimental limit on the™,e") con-  cgicyations for(x,e") conversion irf®Ti are given in Sec.
version branching ratio has been established at[BBIfor  \, |n sec. VI we discuss the possible impact @f~,e")

A48T . . . . .
the *Ti nuclear target conversion experiments on neutrino physics and visa versa.
[(u +%Ti — e" +*Ca) In Sec. VIl we summarize our results and conclusions.

<4.3% 1012
(™ +%Ti — v, + 4830

RHE(Ti) =

) Il. MAJORANA NEUTRINOS IN LNV PROCESSES
A significant improvement of this limit is now expected in
the near-future experiments: SINDRUM (PSl) with “®Ti
target[31], MECO (Brookhaven with 2’Al target [32], and
PRIME (Tokyo) with “®Ti target[33].
In the present paper we study light and heavy Majoran(':[\36_3a_

: ) . .
neutrino exchange mechanisms of the",e") conversion Let us consider the generic case of neutrino field contents

that are conceptually most natural and simple. One of th%vith the three lef-handed weak doublet neutrineg
main motivations of this study comes from the nuclear phys-

) : : =(v/., v ,,v ) andn species of the SM singlet right-handed
+ _ Le VLp Vir
f:r;ff igfntgtlsy(gtr?lt/:gﬁ Séllgsr:tiglea? dtr?;’;y(s":]zvi ?n(t:grr:astin E?eutrinosvéf(véu, ...,Vgy). The mass term for this set of
features absent in the other LNV processes, such asiBg 0 lelds can be written in a general form as
decay. For instance, as we will demonstrate, the imaginary — 1__ 1 — (M Mp\[®
part of the(u™,€") conversion amplitude in the case of light - EV,M(V)V'C'F H.c.= —E(ﬂ,léec) ,
VR

The finite masses of neutrinos are tightly related to the
problem of lepton flavor and/or number violation. The Dirac,
Majorana, and Dirac-Majorana neutrino mass terms in the
Lagrangian offer different neutrino mixing schemes and al-
low various lepton number and/or flavor violating processes

T
Majorana exchange gives an appreciable contribution to the Mp Mg

rate of this process, a fact that has not been recognized for a +H.c.

long time. Studying the most simple case(pf ,e*) conver- 34n

sion via Majorana neutrino exchange, we have in mind that - }E Mo + H.c 3)
this process may receive contribution from other mecha- 2 VT

nisms offered by various models beyond the SM, such as the ] .

R-parity violating supersymmetric models, the leptoquarkHereM;, Mgare 3x< 3 andnx n symmetric Majorana mass

extensions of the SM, etc. Some of these mechanisms mdpatrices andMlp is a 3Xn Dirac-type matrix. Rotating the

involve light or heavy neutrino exchange and, therefore, infl€utrino mass matrix by the unitary transformation to the

the part of nuclear structure calculations, they may resemblgdiagonal form

the ordir!ary neutrino mechanisms. Thus, our present §tudy UTM®U = diagm!, (4)

can be viewed as a step toward a more general description of

(u,€") conversion including all the possible mechanisms. we end up withn+3 Majorana neutrinog;=U,», with the
Below, we develop a detailed nuclear structure theory fomassean. In special cases there may appear among them

the light and heavy neutrino exchange mechanisms of thipairs with masses degenerate in absolute values. Each of

process on the basis of the nuclear proton-neutron renormathese pairs can be collected into a Dirac neutrino field. This

ized quasiparticle random phase approximaiipn-QRPA)  situation corresponds to conservation of certain lepton num-

[34,35. We calculate the nuclear matrix elementg af,e") bers assigned to these Dirac fields.

conversion irf®Ti, which serves as target nucleus in the SIN-  The considered generic model must contain at least three

DRUM [31] and PRIME[33] experiments. observable light neutrinos while the other states may be of
Existing limits on neutrino masses and mixing from neu-arbitrary mass. In particular, they may include intermediate

trino oscillation phenomenology and other observational datand heavy mass states. The presence or absence of these

allow us to estimate the typical rate of this process, assumingeutrino states is a question for experimental searches.
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The favored neutrino model has to accommodate modern 10—
neutrino phenomenology in a natural way, in particular, to -—- 36
answer the question of the smallness of neutrino masses [T et
compared to the charged lepton ones. The most prominent 10
guiding principle in this problem is the seesaw mechanism. It
suggests that the typical scale P matrix elements in Eq.
(3) is comparable to the masses of charged leptons, mean-
while Mg is associated to a large hypothetical scale of lep-
ton number violation, such all \,~10'? GeV. Then the
diagonalization in Eq(4) brings very lighty, and very heavy
N, Majorana neutrinos. This mechanism can be realized in
various models beyond the SM with significantly lower 10t
scales,M v~ 1 TeV, leading to the neutrino masses and 10
mixing consistent with the observational data. A particular (@)
example is given by the class of supersymmetric models with
bilinear R-parity violation (see, for instance, Ref39] and
references therejnin these models the heavy Majorana neu- _ igst fit
trinos have moderately large massesl TeV and even
lower, giving them phenomenological significance &igri-
ori nonnegligible contributions to LNV processes. In the
present paper we examine the contributions of light and
heavy Majorana neutrinos @~ ,e") conversion.

In general, the flavor neutrino states are the superpositions
of light (») and heavy(N,) Majorana mass eigenstates

|<m>e“| [eV]
=)

en

[«m>_|[eV]

)= 2 U+ 2 UpNy(x), (5

k=light k=heavy

with the masses, andM,, respectively. Her&) is neutrino

mixing matrix. _ _ FIG. 1. Allowed regions of the effective Majorana neutrino
Now let us consider LNV processes with two chargedmass(m, for normal(left pane) and invertedright pane) hier-

(anti—)leptons@)lw (I_B)lﬁ in the initial or final state, or with ~ archy vs the mass of lightest neutrino statg:andms, respectively.
one(l,)l, in the initial and anothely, (I4) in the final state.

Assume that the characteristic energy scale of this process is MU =(M,)op. (10)
(o and that light and heavy neutrino masses satisfy the con- , , )
ditions If the heavy Majorana neutrino staté$ are appreciably
mixed with the active neutrino flavors, then this equality no
m<qo for Ok, andM,> qo for k. (6) longer holds and LNV processes do not provide direct limits
on Majorana neutrino mass matrix elements.
Then neutrino contribution to its amplitudé,; can be rep- From the nonobservation of the LNV processes one can
resented in the fornfor more details see, for instance, Ref. deduce the upper limits on the corresponding parameters
[40)) (m,) and(Mﬁ). It must be stressed that these limits have
~ physical sense only if they satisfy the following consistency
Aaﬁ = <mV>DzBGV + <MN1>QBGN! (7) conditions:
whereG,, Gy are the corresponding structure factors and ‘<mv>aﬁ| <, |<Ml:ll>a,3|_l> Yo, (11)
(M) ap= > U U iy, (8) which follow from the conditions of Eq(6).
k=light Currently the most stringent limits of this type stem from

the OvBB decay. Its amplitude, written in the form of ET),
depends on the parameténs,)..and(M™1).. Assuming that
_ UuU ) ee ree .
(MN1>aﬁ= > —,\l;lék (9)  only light or heavy exchange mechanism is in operation, the
k=heavy ¥k following limits have been derived from the experimental
are the effective light and heavy neutrino masses, respeg-ata[s’lg"”l:
tively. . o N (Myed <0.55 eV, [(MBed =9 x 107 GeV. (12
The following comment is in order. If the mixing of heavy
neutrino states to the active flavors is negligible, then théNote that these limits satisfy the consistency conditions in
light neutrino sector can be characterized by the effectivdeq. (11) because the characteristic energy scalewg®de-
light neutrino mass matrixM ), which satisfies the relation cay is of the order ofj,~ 100 MeV.
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As we shall demonstrate, the current and near-future exaeavy Majorana neutrino contributions tg~-€*) conver-
perimental searches fdu~,e") conversion are unable to sion according to the general formula in Ed). To this end
reach meaningful limits on the corresponding parametersye utilize the existing neutrino oscillation, cosmological, and
(m,) e and(M™) ,, satisfying the consistency conditions in accelerator data, applying the methods previously used for
Eq. (11). Moreover, the limits following from the neutrino the analysis ofm,).. relevant for @83 decay(see, for in-
observations and cosmological data show that the sensitivgtancey[lg,m and references thergin

ties of (u~,€") conversion experiments are too far from be- | gt ys start with the three light neutrino scenario without
ing able to detect neutrino contributions. With the lucky ex-peayy neutrinos. In this case we have

ception of the @BB decay, this is the fate of all the

experiments searching for other known LNV processes,

for instance[42]). KM, uel = [UegU amy + UgU oy + UggU ,amy|, (13)
Ill. EFFECTIVE NEUTRINO MASS FROM NEUTRINO

OBSERVATIONS with the unitary Pontecorvo-Maki-Nakagawa-Sakata neu-
Here, we estimate the effective ligktn,),. and heavy trino mixing matrixU. In its standard parametrizatiqe.g.,
<M;,1>Me neutrino effective masses that determine light and37)) it takes the form

C12C13 $12C13 s\ (1 0 0
U= =S5~ C1o5a1€°  Crolos— S5’ SpaCys [0 €2? 0 |, (14)
1553~ C1Cos519€°  — C1583~ 10381387 CosCiz/ \O 0 g/(a1/2)

wherec;; =cos6;, s;=sin ¢;. The three mixing angles vary (i) Inverted hierarchy mg<m;<m,. Now, Am3,
in the range 6 6;</2. In addition, Majorana neutrino ~AmZ;, Am§,~-Anv,. This results in the following esti-
mixing matrix U contains three CP-violating phases: onemate for neutrino masses:
Dirac 6§ and two Majorana phases;, as;.

The global analysis of the solar, atmospheric, reactor, and
accelerator neutrino oscillation data gives the following val-
ues of the neutrino mixing angl¢43]: Using the estimate§20) and (21) in Eq. (13) with the
best-fit values for the neutrino oscillation parameters from

A2 NN NN
My < VAMG,,, M= VAmM, m = VAm, (21)

siff 6;,=0.300.23 - 0.39, (15 Egs. (15—(19), we end up with the values of the effective
light neutrino mass for normal hierarchy

sir? 6,3=0.006<0.054, (16)

m,) .o = (0.35-5.3 X 103 eV 22

Sirf 6,3=0.540.31-0.72, (17) M) el = ( I (22

and the two independent mass-squared differehces. and for inverted hierarchy

AmZ,=6.9x 10°eV?[(5.4-9.5 X 10° eV?], (18

Mo Km,).d = (0.3-33 X 102 eV (23)

A, =2.6X 10° eV2[(1.4-3.7 X 102 eV?]. (19)
within the ranges corresponding to the variation of CP-
The values in the square brackets correspond to thé3  violating phases within the intervals<05<2w, 0<a;,
tervals. <2, 0< ap3< 2. The small terms witmy, in Eq.(22) and
Using the above best values for the neutrino oscillationm, in Eq. (23) were neglected. The effect of these terms is
parameters we estimate the effective light Majorana neutringresented in Fig. 1, which shows the dependence of the al-
mass|(m,),.| for the three standard cases of neutrino massowed regions of(m,),, on the mass of the lightest neutrino

spectrum. m, for the normal andm; for the inverted neutrino mass
(i) Normal hierarchy m;<m,<m. In this caseAm%, hierarchies.
~Amg,, Amj,~An%, Therefore, one has (ii ) Quasidegenerate hierarchyn, = m,=ms. This mass

— reva rewn spectrum can bga consi;tent with neutrin(_) oscil!a.tion data if
my < VAMG,, mp= 1AM, mg= VAN, (20)  the characteristic neutrino mass scale is sufficiently large
my>VAmZ,.. In this case the effective light neutrino mass
'Mass-squared difference is defined s =y -n. can be written as
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3

> Ul - (24)
k=1

|<mv>,ue| =~ rnO

In order to estimate its value one needs the values of the
characteristic neutrino mass scalg It can be deduced from

%H experiments and cosmological data. Using the best fit
values of neutrino mixing angles from Ed.5) and adopting (a)
for the simplicity 6=a;,=a,3=0 we obtain

(m,) .ol = 1.46 eV, my<2.05eV (25)

(AZ-2)

from the Troitsk®H experiment44],

(M) =1.56 eV, my<2.2eV (26)
from the Mainz®H experiment[45],

(m,),d =0.16 eV, m;<0.23 eV (27)

from the cosmological datgt6], and
FIG. 2. Direct(a) and crosgb) Feynman diagrams dfu",€")

|<ml/>,ue| ~0.14eV, my~0.2eV (28) conversion in nuclei mediated by Majorana neutrinos.
from the cosmological dat@7]. Note that the results of the
global analysis of the cosmological data in R¢#6,47] pro- (i) They have rather different available energies and dif-

vide significantly more stringent limits on the neutrino massferent number of leptons in their final states. This results in a
scale than those from the direct laboratory measurements sfgnificant difference between the corresponding phase space
3H B-decay[44,45. However, at the same time the cosmo- integrals.

logical limits are more model dependent than the laboratory (i) The emitted positron ifju™,€") conversion has large

ones. momentum, and, therefore, the long-wave approximation is
Now, let us assume that there exist heavy neutriNos not valid in contrast to 935 decay.
with the massed/,>qo~m,, whereqy,~m,, is the typical (i) As we will show, the nuclear matrix element of

energy scale ofu™—€*) conversion set by the muon mass (u~,€") conversion for light neutrino-exchange demonstrates
m,,. Their contribution to this process is determined by thea singular behavior, absent in the£3 decay. This feature

effective mass gives rise to the large imaginary part of the™,e") conver-
sion amplitude. Technically, the singularity significantly
<MK11>,ue= > M_ (290  complicates the numerical calculation of the nuclear matrix
keheavy Mk elements.

(iv) In the case of théu™,€") conversion, there is large

Due fo the lack of mod_el independent information on MXING mber of nuclear final states that must be properly taken
matrix elementdJ .U, in the sector of heavy neutrinos it is into account

hard to estimate this quantity. For this reason we adopt the Below, we analyze the amplitude of tiig~,e*) conver-
conservative upper bound following from the existing LEP . —~ " " - Y mp R .€ .
limit on the mass of heavy stable neutral leptd sion in nuclei mediated by light and heavy Majorana neutri-
N ; . -
=39.5 GeV[48]. Assuming the existence of only one heavy nos. The corresponding diagrams are _shown n F'gi 2. We
neutrino identified with this particle, we obtain concentrate only on the nuclear transition connecting the
' ground stategg.s) of the initial and final nuclei, which is
|<|\/|,:‘1>Me| <(39.5 GeV . (30)  favored from the experimental point of view due to the mini-

mal background. The characteristic signature of-g.g.s.

In what follows we will use the results presented in EQS.iansition is the presence of a peak in #espectrum at the
(22), (23), (25—(28), and(30) for discussion of the expected energy

rates of(u~—€*) conversion induced by the Majorana neu-

trino exchange.
Ee+=mﬂ_8b—(Ef— Ei)! (31)

IV. NEUTRINO MEDIATED (u~,e") CONVERSION:

GENERAL FORMALISM which allows reliable separation of signal from background.

The process ofu™,€e") conversion is very similar to the Here,m,, ¢, E; and E; are the mass of muon, the muon
0vBB decay. Both processes violate the lepton number bytomic binding energyfor *Ti this is s,=1.45 Me\), the
two units and, therefore, take place if and only if neutrinosenergies of initial and final nuclear ground states, respec-
are Majorana particles with nonzero mass. tively. Latter on we neglect the kinetic energy of final
On the other hand, there are various important differencesucleus.
between(u™,e*) conversion and 938 decay. Among them The leading orderu™,e") conversion matrix element,
we mention the following: corresponding to the diagrams in Fig. 2, reads
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ga=1.254. In the above expression we introduced for conve-
nience the following LNV parameters:

2
s =-i( %) G L 7k

. o= Mlue oo ity m 33
r;egFg[n,LeM(,Le + e M) 7, = m = My ueMp (33
%2 8(E,+ E, - E; - Ex). (32) The nuclear matrix elements in E@2) defined as
(neHd _ (Fl(tif)(b (uehd £ _
Herem, andm, are electron and proton masses, &gd E+) M g My fori=»N - (34)
andk,- (E,-) are the momenturtenergy of outgoing posi-
tron and captured muon, respectively. The conventional noreontain the FermM("e '® and Gamow- TeIIeMg‘Te contri-

malization factor involves the nuclear radigs 1.1 AY2 fm. butions. They take the following form fahe light Majorana
For the weak axial coupling constagy we adopt the value neutrino exchange mechanism

© IE ferker g r'|Iﬂ><ﬂ|2 7€ T (1 1) OF)

M(Me )® - f f2("2)
"= G | 22

(0] |2 @I md(r ) |n><n|2 Ferikerigia | of)

q-E,+E,-E+ig,

' ' 35
q+Es++E,-E+ie,
i <0 |2 7_I+ kgt T gmid- r||n><n|2 Tm&meid'Fm(I)(rm)|O?>
M uehe = 27 f 92 2 |
= om | 2D q-E, e E e
<O|+|2 T%(;'melq rmq)(rm)|n)(n|2 7'|+ ¥ _'k I'Ie"q rIlo >
— ' (36)

q+Ee+E —Ei+ie,

and forthe heavy Majorana neutrino exchange mechanismwith A,,=0.71 GeV,A,=1.09 GeV. In Eqs(35—37) the

+ 47R 2 I b Lo i
MG = 2m)°mym, f 9O oy ( e
e*e ip(r)|0f)  (1=F,GT) (37)
with
he(G) = f2(69),
he(§®) = ) - o1 A(q ). (39

2
We use the conventional dipole parametrization for the Here(®)

nucleon form factor§49]
~2

-2
(P = (1+%) ,

Vv

AN
fA(ﬁ2)=(1+P> ,

A

(39)

factor ®(r) is the radial part of the bound muon 1S wave
function (see Appendix A In the denominators of EqE35)
and(36) we introduced the widths, of intermediate nuclear
states.

In the calculations of nuclear matrix elements we adopt
the following approximations.

(i) Taking into account slow variation of muon wave func-
tion within the nucleus, we apply the standard approximation
[19]

MR = (@) M,

is the muon average probability density and

i=v,N. (40)

|Mi(”e+)| = |Mi(#e+)¢’|<p:1-

The explicit form of(®)? is given in Appendix B.

(i) In muon to positron conversion the typical energy of
light intermediate neutrinos is about 100 Melb~=|q|
=1/R~100 MeV), which is much larger than the typical
excitation energies of intermediate nuclear states. Therefore,
to a good approximation the individual energies of these

(41)
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states in the energy denominators of E@5) and(36) can M (€)= (oF g — M2+ 1
be neglected or replaced by some average véE to di = '|% I Tim W%:( a I

which the matrix elements are not very sensitive. Then the Kot

intermediate nuclear states can be summed up by closure. A X (KR )i <ﬂ) Y (Q. ) ® Y\ (Q
similar situation occurs in the case of83 decay[9-11]. (ke Rim)i 2 illy,) @ Vil €g, oo

Thus, in Egs(35) and(36) we complete the sum over the R (* io(ar)
virtual intermediate nuclear states by closure after replacing x—f Jol9"im . (&I - Fmfa (0P
E,, £, with some average valuég,), ¢, respectively, mlo d-E,-+(Ep-Ei+ie
(P
s Iny(n| 1 - ng qdqop), 47
Y -E,+E,~Ei+is, 0-E, +(E)-E+ie’ §
42 M =S S (- DA+ 1),
Im \
NG 1 . (ke+rlm>
~ ) X (ketR — Y (Q,, ) ® Y\ (Q
% Q+Es+E,—E +ic, q+En+(E)-F +ie (ke*Rim)j > (@ ) @ Yi\(Qr_)}oo
(43) R f joldrim) ( . .o
X — o f
mlo avEer By —Eris| 7 AT
Obviously, the validity of the closure approximation is just 2,2
the question of the choice of the average excitation energy _ fu(g ))qdd0+>- (48)
which will be discussed in Sec. V. 9 f

The angular part of neutrino propagators can be integrated

using the relation The Gamow-Teller and Fermi nuclear matrix elements of

heavy Majorana neutrino exchange mechanism take the form

i G-(F)=F ) iK1y + 1 ~———y
J e et 0, M = (012 A mdm, (- 12+ 1),
mpme Im A
= (4m?2 (= D2\ + 1, (ke Rin) jo(aim) i (Ket i/ 2) ( keTim
X X (keRmlin| 5 {YA(,) © Ya( @, Voo

XN (Qr ) @ Y (Qr oo (44)

2R (. . N
o : o , X_f jolanmhi(@g?dd0;) (1=F,GT),
wherej, is the spherical Bessel functio¥, is the spherical ™ Jo
harmonic, and (49)

- Fi+T - with h,(§%) defined in Eq(39).
o Ry=—5 0 Ry= IRj[. (45) It is important to note that the value & =-E,-+(E,)
—E; is negative for the studied nuclear syst&m48. There-

. _ . . fore, the contribution of direct Feynman diagram in Fi¢g)2
Note that in the limit when the outgoing positron momentumWith the light intermediate neutrino has the poleqat—E,

[Ke+| is zero the right-hand side of Eq44) is reduced to  _j, a5 it follows from the formuld47). As a consequence,

4jo(Qrim)- the imaginary part of théx™,e") conversion amplitude for

With the above approximations and comments We Cafhg case of the light neutrino exchange can be significant.
write the expressions for the nuclear matrix elements iNtroThis fact was noted in Ref22] and then in Refg23,24. In

rij = |7

duced in Eq(41) in the form Ref. [24] it was shown that the imaginary part of the ampli-
tude dominates in the total branching ratio of the ,e")
M) = M) g (e, conversion in?’Al. In Sec. V. we will demonstrate that the

similar conclusion is valid fofu™,e*) conversion in*eTi.
The following comment is in order. In the expressions

+

N e N (35)~(37) for nuclear matrix elements1“* " we neglected
(ne’) — _ Y (ue") G .
My~ = 2 +Mar)- (46)  the contributions of the higher-order terms of nucleon current
9a (weak magnetism, induced pseudoscalar coujpliAg sug-

. gested by the analogy withiBB decay[50], these terms
Here the nuclear matrix elememt(v"e) is decomposed into should not be essential for the light neutrino exchange
the contributions coming from direct and cross Feynman diamechanism meanwhile their contribution in the case of
grams in Fig. 2. They can be written as heavy Majorana neutrino exchange might be significant.
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However, the detailed study of this effect is beyond the scope 6]
of this paper and will be considered elsewhere. O, 5.298
Now we are ready to write the expression for g.s. s
—g.s.(u",€%) conversion rate. For simplicity we assume
that only one mechanism is in operation and present the cor
responding rates for light and heavy Majorana neutrino ex- 4]
change mechanisms separately —
1 E 3
T = ZEgkoF(Z - 2,Eer)Cuel @) M it 2 w
a
(i=wvN), (50)
where ¢,o=2GH (mgm,)/ (4mm,R) g, ke+=|Ket|. The rela- N
tivistic Coulomb factorF(Z,E) in Eq. (50) we take in the
standard forn{9] o Ogs.
{ }z o 2T
F(ZE) =| =——— | 2pRZ" V|I'(y, —iy)|2e™,
(Z.E) rey,+1) (2pR P =)l FIG. 3. Transition scheme for th&=48 nuclear system.
(51)
=3 . ) As we already commented in Sec. 1V, the matrix element
- [1_ 2 J
wPere n=y1-(a2)%, ais the fine structure constant, and o 1o direct contributionfFig. 2a)] of the light neutrino
y=aZE/p. exchange mechanism contains an imaginary part that stems

To conclude this section we point out that in our analysisgom the pole of the integrand in Eq47) at q=-E,—ie
T ; o . . { —ie.
of (u”,€") conversion we limit ourselves by thg 0—0y5  Taking into account that the widths of low-lying nuclear
transition, which represents a particular contribution to thesiates are negligible in comparison to their energies, one can

total rate of this process. This is the most favored channel fogeparate the imaginary and real parts of this matrix element
experimental study because its signal can be reliably sepgsing the well-known formula

rated from the background as we commented above. On the

other hand, in Ref{24] it was demonstrated thaf,0—0j ¢ 1
transition constitutes about 41% of the total’,e") conver-
sion rate in?’Al and, therefore, neglecting the excited final
states is a reasonable approximation. We expect that this copzjid in the limit e — 0.

clusion holds for*®Ti as well. In Table | we show the nuclear matrix elements of light
V. NUCLEAR MATRIX ELEMENTS anfj h+eavy Majo_ranc_a Pe_utrlno exchange mechanisms of the
_ . (u~,e") conversion in*®Ti calculated forgy,=1.0 andg,,

We calculate théu™,e") conversion nuclear matrix ele- =0.8, 1.0, 1.2. All of the presented results were obtained for
ments within the proton-neutron renormalized quasiparticlehe particular value of energy differen¢g,)—E;=10 MeV.
random phase approximatiepn-RQRPA) [34,35,51,52 In  This choice is justified by weak dependence of the matrix
the present study we focus 8fTi nucleus utilized as a stop- elements on this parameter within the interval of its reason-
ping target in the SINDRUM I[31] and PRIME[33] experi-  aple values 2 Me¥s ((E,)-E;) <15 MeV. We verified this
ments. property by the direct numerical analysis. In Fig. 4 we

I\tluclgar ';]ranSIt_lonF_sch?)en(;e for tre Stlid'e‘fMS nLllclelatr_ present the absolute value of the light neutrino exchange

frﬁo?v@ ;ﬁess?rzlgl]el—r;])arlt?éle mgaglugp(;i:asbroutﬁ Lfjcr)(ra Si)fgni IngE] uclear matrix elemerj*’| as a function of the average
A value(E,)—E; for g,,=0.8, 1.0, and 1.2. One can see that its

neutrons consisting of the full 0% shells plus 2,5, 0g7/» o o pp = o 0
and @y, levels. The single particle energies were obtained’2"ation within the studied range _QEn) Eiis .abou'F 30%.
using the Coulomb-corrected Woods-Saxon potential. Th&©F 9pp=0.8, 1.0(gp,=1.2) the matrix element is an increas-
two-body G-matrix elements were calculated from the Bonrind (decreasingfunction of (E,)~E;. Different behavior in
one-boson exchange potential on the basis of the Bruecknéi€se two cases is related to a specific interplay between the
theory. Since the considered model space is finite the pairingirect Mg’i‘re) and crossv #&") diagram terms i€, For

. : . ) o . . . cro. -
interactions have been adjusted to fit the empirical pairingy,,=0.8, 1.0 there is a mutual cancellation of the real parts of

gaps [53]_. In addition, we renormalizg t_he parti_cle-particle these two terms so that the imaginary par[vt&f)v which is
and particle-hole channels of ti@matrix interaction of the growing function ofE,)—E;, dominantes and determines

nuclear HamiltonianH by introducing the paramete . + _ o .
andg,, respectively. The two-nucleon correlation eﬁ&? hasthe behavior oM, Forgpp_.l'z the situation Is opposite.
been taken into account in a standard way by multiplying thel € €@l parts, decreasing witk,)~E;, contribute coher-
operators with the square of the correlation Jastrow-likeently and constitute the dominant part if#¢), which be-
function[54]. The details of our nuclear model can be foundcomes a decreasing function () - E;. We have also found

in Appendix C. that the nuclear matrix elements do not show an appreciable

= Pl —imda) (52)
a

a+tie
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TABLE I. Nuclear matrix elements of the light and heavy Majorana neutrino exchange mechanisms of
(u~,€") conversion irfeTi [see Eqs(46)—(49)]. The calculations have been performed within pmeRQRPA
without and with the inclusion of two-nucleon short-range correlatieng.

Ooo M ReMG) Im(MGe) My M)
Without src
0.8 0.097 0.002 0.088 0.132 255
1.0 0.077 0.034 0.059 0.125 22.8
1.2 0.051 0.091 0.018 0.142 19.6
With src
0.8 0.049 -0.080 0.050 0.059 5.92
1.0 0.034 -0.040 0.024 0.025 5.19
1.2 0.013 0.027 -0.013 0.042 4.33
With src, [Ke+|=0
0.8 0.298 -0.029 0.386 0.470 31.4
1.0 0.233 0.069 0.275 0.408 27.7
1.2 0.147 0.243 0.125 0.409 23.2

variation in the physical region of the parametgy, (0.8  ciably depends on the value of the nuclear model parameter
<gpn<1.2). On the contrary, as seen from Table | they sig-g,, and on the short-range correlations. It absolutely domi-
nificantly depend on the renormalization paramejgyand  nates over the real part by the factor ofl6 for the most
on the two-nucleon short-range correlation. It is also worthconventional case whegy,,=1 and the short-range correla-
noting that the large momentuky+ of outgoing positron is  tions are taken into accou(fbr the motivation of this choice
the source of strong suppression of (e ,€e") conversion see, for instance, Refil3,14). This conclusion is consistent
matrix elements. In order to illustrate this effect, we pre-with the result of Ref[24] studying(x~,€") conversion in
sented in Table | the matrix elements calculated in the limi7A| within shell-model approach where it was found that the
lker|=0 when the suppression of this type is absent. The crosgnaginary part for the light neutrino exchange dominates
check of Table | reveals the corresponding suppression fact@ver the real one by the factor of about 20. However, it is
of about~10. notable that the relative contribution of the imaginary part is
An important issue of our analysis is the presence of thenodel dependent and can vary from one nucleus to another.
significant imaginary part of matrix elemen1“® corre- In this situation, the role of the imaginary part {,€")
sponding to the light Majorana neutrino exchange mechaeonversion requires further study for other nuclear systems.

nism. This fact was first noticed in Ref22] and then in From the view point of nuclear structure theory it is in-
Refs.[23,24. In the previous studies dfu~,€") conversion structive to compare the values dfu",e") conversion
[9,15,16,18 the role of imaginary part was overlooked. nuclear matrix elements with the corresponding values of

In the presented detailed study we have found, that th@vBB-decay matrix elements A=48 nuclear system. For
relative contribution of the imaginary part to the rate of OvB8B decay, this system is represented ¥ga with the
(u~,e") conversion in*®Ti is always significant, but appre- matrix elements

o ——7—J7—7—"—"—7

0.06

0.05

)
|

FIG. 4. The nuclear matrix elements of the
light Majorana neutrino exchange mechanisms of
the (u~,e") conversion in“®Ti as a function of
the average value of energy differends,) —E;.

(e
v

M

0.03

0.02

0.01

0.00

W
o
©
I~}
—
[
%

<E,>-E, [MeV]

065501-9



DOMIN et al. PHYSICAL REVIEW C 70, 065501(2004)

(M) e <M,(,1>Me made in Sec. Ill from the present neutrino
data. Substituting the values of these parameters in(&@s.
and(57) we obtain the following results. For tHight Majo-

M =0.82, |MS®|=24.2 (53)

derived within thepn-RQRPA approach in Ref4]. As seen,

the matrix elements of theéw”,e") conversion(55) are  rana neutrino exchange contributioaith different neutrino
strongly suppressed in comparison with those @88 decay  mass hierarchies we have the following:

(53) by the factors of about 17 and 5 for the light and heavy  (j) Normal neutrino mass hierarchiym) .| = (0.35-5.3
Majorana neutrino exchange mechanisms, respectively. Ag 143 gy

we commented above the explanation of this difference be-
tween the two processes mostly resides in the large momen-

tum of outgoing positron produced i~ ,e*) conversion.

VI. (u~,e") CONVERSION AND EFFECTIVE
NEUTRINO MASSES

Now, let us discuss the possible issuegof,e") conver-
sion experiments for neutrino physics. From E§0) we
obtain the(u~,e*) conversion branching ratios ffiTi for the
light and heavy Majorana neutrino exchange mechanisms
(ue)

Ri('ue+) = FI
ey

=2.6X 10 M7+ (i = »,N).

(54)

Here we use the known experimental valli&=2.60
X 10° s71 [55] of ordinary muon capture rate fiTi. For the

R ~ (0.008 - 1.7 x 1072, (59)

(ii) Inverted neutrino mass hierarchym) o/ =(0.3-3.3
X102 eV

further discussion we choose the following sample values of

nuclear matrix elements §fTi from Table I:
IM»)|=0.025, |[MEE)| =52 (55)

corresponding tog,,=1.0 with the presence of the two-
nucleon short-range correlations.

R ~ (0.05 - 6.7 X 1074, (60)
(iii) Quasidegenerate mass hierarchy
R <1.3% 1073, (m,) < 1.46 eV (61)
for the Troitsk®H experiment44],
R <15 1073, (m,) < 1.56 eV (62)
for the Mainz®H experiment[45],
R <1.6x 10738, (m,) <0.16 eV (63)
for the cosmological datpd6], and
R ~13x10% (m)~0.14eV (64

for the cosmological datpd7].
Let us note that the cosmological data based lir6®

Substituting these numerical values of nuclear matrix el-and (64), albeit more stringent, are more model dependent

ements to Eq(54), we obtain

2
N m
RW) =1.6x 102 x % (56)
RS =7.0% 102X (M) e 2mE. (57)

From the existing experimental upper bound in E).one
obtains the following limits for the effective masses of light
and heavy Majorana neutrinos

KM el < 1.3% 10° MeV,

(M= 3.3% 102 MeV. (59)

than the laboratory ong$1) and (62).
For theheavy Majorana neutrino contributiowe obtain
the following upper limit:

R <3.8x 1024, (65)

All the values of(u™,e") conversion branching ratio in
Egs.(59—65) are hopelessly low for being detected even in
a distant future. Thus, searching ft™,e*) conversion can-
not have any direct impact on neutrino physics. On the other
hand, any observation dfu",e*) conversion at branching
ratios above the limits in Eq$59)—(65) would be an unam-
biguous signal of new physics beyond the simplest extension
of the SM with massive Majorana neutrinos and would imply
the presence of new interactions.

Obviously, these limits have no physical sense since they do Thjs conclusion is in sharp contrast wit@3-decay ex-

not satisfy the consistency condition in EG1) with the
characteristic energy scalg,~m,=105 MeV of (u~,€")

conversion. Meaningful limits on the parametefs),,e,

periments, which already provide important information on
neutrino properties and are expected to detect neutrino con-
tributions in the near future. This is due to their unique sen-

<M&1>Me, which may have some impact on neutrino physics sitivities to the @38-decay signal. In order to give an im-

could be reached if théu™,e*) conversion experiments

pression as to what extentv@B-decay experiments

would improve their sensitivities by at least 10 orders ofovercome insensitivities the experiments searching for
magnitude. Clearly, such a tremendous improvement is uniu™,€") conversion let us compare, as an example, the rates
realistic for the near-future experiments. of (u~,e") conversion in*Ti and the @38 decay of*®Ca.

On the other hand, we can estimate the expected brancie this end it is sufficient to consider only light Majorana
ing ratios of (u™,e") conversion induced by the light and neutrino exchange contributions in both cases. For the rate of
heavy Majorana neutrino exchange using the estimates @fv38 decay we have the well-known formula
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(68 _ (M)ee| 2 (0a12 and, thus, to have a direct impact on neutrino physics. On the
[79=In 2G| ——| M7, (66)  other hand, the eventual observatior(af,e*) conversion at
larger rates would be an unambiguous signal of physics be-
whereGy;=8.031x 10~ year™ [56] and yond the standard model implying nonstandard interactions.
5 Moreover, this observation, independently of the ,e")
(M,)ee= k_l%ht(uek) M. (67) conversion rate, would definitely prove that neutrinos are

Majorana particles as follows from the “black box’-type
Using the value of the 988-decay nuclear matrix element theorem[1], establishing the fundamental relation between
M(Vee) from Eq. (53) we estimate the ratio of théu™,e") LNV processes and the Majorana nature of neutrinos. In
conversion to @BB-decay rates view of this, it is important to study possible scenarios of
physics beyond the SM consistent with the value&uof,e*)

" (ne)|2 . o
riue) —9.7% 10° x M2 (m,) e 2:351 (M) el ? conversion rates within the reach of the present and near-
ree — M2 | (M, )ee (Mol future experiments.

14 14
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pects for searching for#Bg decay are incomparably better APPENDIX A: BOUND MUON WAVE FUNCTION
than those fofu™,€") conversion. This is mainly because the
number of potentially §88-decaying nuclei monitored in

OvBB experiments is by many orders of magnitude large

The bound muon wave functiqiiS statg is given by the
[expression

than the number of mesoatoms created by muon beams in the U
- i I = —iE X0
muon-conversion experiments. W(x) =d(r)e'=x —"—\/E, (A1)
§2
where the radiakb(r) and the spinorial® parts have the
VIl. SUMMARY AND OUTLOOK forms H

In summary, the light and heavy Majorana neutrino ex- 7312
change mechanisms ¢f.™,e") conversion have been stud- d(r)=—3 llze‘Z”% (A2)
ied. Special emphasis was made on the nuclear structure as- (m&),)

pects of this process. We have performed the realistigng

calculations of the corresponding nuclear matrix elements for

“®Tj nucleus used as a stopping target in the curfatif and 0 = E(f)

the forthcoming[33] (u™,e") conversion experiments. Our w= N g )
analysis is based on thEn-RQRPA approach and limited to
the case of s — 0 ¢ transition channel, which is most rel-
evant for experimental searches fgi~,e*) conversion. The

effects of the ground state and two-nucleon short-range comsppENDIX B: MUON AVERAGE PROBABILITY DENSITY

(A3)

with a,=47/(m,e?) (a,/a;~me/m,~5x 1073, m, is the
reduced mass of muon atom, aids nuclear charge.

relations have been properly taken into account. We pointed OVER NUCLEUS
out that their inclusion results in the significant reduction of o . _ _
(u~,€%) conversion matrix elements. Muon average probability density over nucleus is defined

Our detailed analysis confirmed the conjecture of Refs2S
[22,23 on the importance of the imaginary part of the

nuclear matrix elements for the case of the light Majorana J|<D(>?)|2p(>?)d3x

neutrino exchange mechanism ¢fi",e*) conversion. A (D)2 = ' (B1)
similar result was recently obtained in Rg24] for (u~,€") a

conversion ir?’Al. fp(i)d X

We also derived the limits on the effective masses of light i . )
(m),.. and heavy(M1) .. Majorana neutrinos from the neu- whe.rep_(i) is the nu.clear. charge den.sny. To a good approxi-
trino oscillations, tritium beta decay, accelerator, and cosmoMation it can be written in the following compact foff9]:
logical data. Using these limits we estimated the expected Bm3 74
rates of(u~,e*) conversion induced by Majorana neutrino (D)2 = —z_eff
exchange. Their values were found to be so small that even z
within a quite distant future théu™,e") conversion experi- Here the effective charge fa@=22 nuclear system i is
ments will hardly be able to detect the neutrino contributionZz=17.5[19].

(B2)
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APPENDIX C: NUCLEAR MODEL m 5
b= 2 X (pn, JWA onam) ~ YionamApnam,  (C9)

Here we shortly outline our approach to the nuclear struc-
ture calculations. B
We introduce particléquasiparticlg creation operators as whereA J77)[,6\(’”] ] is a two-particle creatiofannihila-
(a ) for 7=p,n. The indicesp=n,,l,,j,) and n tion) operator that couples quasiparticles to the angular mo-
—(nn, m]n) denote proton and neutron quantum numbers |r}-nentumJ with the projectionM
a particular shell. Transformation from the particle to quasi-
particle basis is realized by the Bogolyubov transformation AlpndMy= S M ol gof (C10

Ml pm,Snm,
t t prpintn
CrmT _ (UT - UT> armT (1) Mp:Mh
ErmT v; U 5-71117 ,

) — (— 1\d-M
where the tilde denotes time reversTéz,lmT:(—l)Jf‘mfa,_mT. Alpn.IM) = (= )7 A(pn,IM)

Occupation amplitudesi,, v, and quasiparticle energies =(-1)™ 2 CJ MJ Bpm, Bnm,- (C1y
E, are obtained by solving the BCS equatid?] M., Mpln™
(87_)\7 As )(uT) = ET<UT>, (C2) HereCf'\r"n] m are Clebsh-Gordan coefficients.
A metN o, Ur The commutato[A A']is replaced within th@n-RQRPA

wheree is the energy of single particle state derived fromby its mean value in the QRPA vacuum
the Wood-Saxon potential. The pairing potential takes the
form [A,AT] — (OkpAl[A(PN,IM),A(p'1’,IM)]|Op)
A= (2j,+1)7Y2> (2j,+ 1)Y?°G(aa, 775 = 0)up,. 1 . - .
( ) ) é( la ) ( ) ava = 5pp’5nn’ 1_,_\_<0RPA|[a;gap]OO|ORPA>
Ip

(C3)
Here G(aa, 77;J) is the particle-particle matrix element de- - —(OfpalaElod Ogpa)
fined, e.g., in Ref[58]. The value of the Lagrange multiplier In
\ is fixed by the particle numbeN in noncorrelated BCS = Spp Snv Dpn s (C12
vacuum
(N) =3 @), + o2 (C4  wherej,=\2j,+1 and

i izati i [agdploo= 2 ;. a (C13

After the diagonalization, the BCS equatig®2) reads p@ploo oMol =My pmp p-my-
Mp
N NI 2 2_1 _87_)\7 2_49_.2
E.= V(e mA) AL vg 2<1 E, ) ur=1-vs. Within the quasiboson approximation, the RPA vacuum

(C5) |0gpa iN Eq. (C12 is replaced by the poncorrelated BCS
vacuum|Ogc) (i-e., Dpng==1). The quasiboson approxima-
This system of equations can be solved by the iteration of théion violates the Pauli exclusion principle.

parameten . with the conditionN=(N). From the Schrédinger equation,

The nuclear Hamiltonian in quasiparticle representation
takes after the BCS transformation in the form [H, QJM“]|ORPA> QJWQJM‘H|ORPA> (C14)

H=2 E.aj, am_+Hao+ Hag+ Hog+ Hap + Hys,
m, ’ with the excitation energylg‘m we obtain the RQRPA equa-
(Co) tion,

whereHj; is the normally ordered part of residual interaction _ —\ _
with i creation and annihilation operators. A B\ (XM o X7

Within the pn-RQRPA, the mth nuclear excited state 5 a)\ym = Q) _ym) (C19

|[m,JM) with the angular momenturd and its projectioriv
is obtained from the RPA vacuuffgp,) _
Here matrices4, B have the form

ImJM)=Q JM"T|0RPA> (C7)
where the RPA vacuum is defined by the condition Zﬁ;’p,n, = (Ep,+En)d, ~ 2[G(pN, PN’ ;3) (UglinUy Uy
m —
QjurlOrpa) =0 (C8) + vp,vnvp,vn,) +F(pn,p'n’;J)(Ugvnlp v
and the phonon operat@)},,. is defined as +vanvprUnr)]D,ljf,JwD,l,/rir,Jm (C16)
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727 — Tl - l —
Bpn’p/n/ - (Ep+ En)Z[G(pn,p n ,J)(Upunvprl)nr Dpn,J =1 _._ E Dpn’,J’”|Y$n'y‘]ﬂ')|2
+ VUl Un) = F(PN,p'N’ 5 3) (Upo vy Uny Jpn'd'm
1 —
1/2 1/2
+ 0pUnUpy0n) 1D 3D (C17) -3 2 Dynyel Y ml® (C19
_ Jnp'd'm
m
and amplltudeé( (pn.J™)’ X(pnﬂ are
M —pl2 ym vm —pl2 \m The amplitudesx™ A and the excitation energies
Xipnam = PonarXpnamr Yipnam = PpnarY(pnam P (prd™)" ~(pnJ™) enerd
(C18 Qy, are obtained by iterating the coupled equatig649
and(C15).

where F(pn,p’n’;J) is the particle-hole interaction matrix The (u™,€") conversion nuclear matrix elements within
element. From the mapping procedyf@l2) we obtain for the pn-RQRPA are transformed to the sum of the two-
the coefficientdD,, ; the system of nonlinear equatiof&5] particle matrix elements

o j J
MOPe= > (- DIt + l){}‘,) j}<p(1),p’(2);ﬂf(flz)TszOtypef(f12)|n(l) n'(2); 7007 [ILc}, & Jal19™mp)

pnprnr n p
J”mimfj
X (I m)(ImyI[eg €l 0] (C20
[
Here{---} is the Wigner ¢ symbol andO%® is the space- (I my| 37 m) = 2 (X " ( ” ani m?zﬂf )
(pn, pn pn, pn,

and spin-dependent part of the matrix element. The single
particle densities are defined as

><(uﬂ>u<nf +oluh). (C23
<Of|| Cnlall0")
Bt 1 s b 1 O g (I) (I (l (@) . .
\’m = (up (pnjﬂ u (anﬂ))‘/Dan”' must be introduce@9]. Repulsion between the nucleons at

short distances is described by the short-range correlation
(C2) factor f(rq,) of the form

f(r;) =1 - i1 —br2)), (C24)

(OFlILch & 07 ~om
_IL (f) (f)xmf + (f) (f)y p
V23+1 =y Up 0 Yipn )V Dpn where «=1.1 fn? a b=0.68 fn? [54]. Particle-particle and

particle-hole channels of the nuclear Hamiltonian are renor-

(C22 malized by the parametegs, and gy
where the indicesi) and(f) indicate that the excitations are . L
defined with respect to the ground state of the initial and final F(pn,p'n’;J) — gprF(pn.p'n’;J), (€29
nucleus, respectively. When these states are not the same, the
overlap factor G(pn,p'n’;J) — gppG(pn,p'n’;J). (C26
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