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Abstract

Having in mind its future extension for theoretical investigations related to
charmed nuclei, we develop a relativistic formalism for the nonmesonic weak
decay (NMWD) of single-A hypernuclei in the framework of the independent-
particle shell model and with the dynamics represented by the (w, K) one-
meson-exchange model. Numerical results for the one-nucleon-induced
transition rates of }2C are presented and compared with those obtained in the
analogous nonrelativistic calculation. There is satisfactory agreement between
the two approaches, and the only noteworthy difference is that the ratio I, /T,
is appreciably higher and closer to the experimental value in the relativistic
calculation. The ability of describing existing data, including the most recent
ones, on NMWD of A-hypernuclei, warrants application of the formalism to
evaluate similar decay processes in charmed nuclei.

Keywords: relativistic nuclear models, strange hypernuclei, charm hypernu-
clei, nonmesonic weak decay

1. Introduction

Investigations of exotic nuclear properties, such as large isospin (manifest in the so-called
neutron-rich isotopes), or nontrivial values of flavor quantum numbers (strangeness, charm or
beauty), are of continuous interest. The best-known nuclei within the last category are those
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where a A-hyperon, with strangeness S = —1, replaces one of the nucleons, giving to the
composed system some quite unusual properties. Such nuclei are referred to as A-hypernuclei
—for recent reviews, see [1, 2].

One of the most remarkable properties of A-hypernuclei is the occurrence of the non-
mesonic weak decay (NMWD), induced by the elementary process

with N = p (proton) or n (neutron). This is the main decay channel for medium- and heavy-
weight hypernuclei—[3, 4] provide, respectively, reviews on recent theoretical and
experimental developments in the study of hypernuclear decay. NMWD can only take place
within the nuclear environment and is the unique opportunity offered by nature to access the
strangeness-changing interaction between baryons. Its mean lifetime has been measured in
several A-hypernuclei and found to be of the same order of magnitude as the full mean
lifetime of A in free space, 7y = (2.632 % 0.020) x 107105 [5].

The NMWD dynamics is frequently handled by nonrelativistic (NR) one-meson-
exchange (OME) models. Such models are motivated by the fact that the NN interaction at
long distance is due to the one-pion-exchange, but with the difference that in NMWD the
exchange processes occur with one strong and one weak vertex and can include other mesons
in addition to the 7, like the pseudoscalar (K, 1) and vector (p, w, K*) mesons [6-25] . The
coupling constants at the strong vertices can be taken from different OME models for the NN
interaction, while those at the weak vertices can be extracted from free A decay data and
making use of soft meson theorems and SU (6)w symmetry [7]. A recent study [23] indicates
that 7 and K exchanges give the main contributions to the NMWD of s-shell hypernuclei.

Instead of implanting a A in a nucleus one could also imagine to implant a charmed
baryon, like e.g. a A7, in view of the similarity between the quark structures of the strange
and charmed hyperons, namely A(uds) and A}(udc). Such a possibility was in fact con-
jectured 40 years ago [26] and several authors in the succeeding decades have found, using
different models for the interactions between nucleons and charmed hyperons, that such
hypothetical exotic nuclei (including even bottom nuclei) could actually form a rich spectrum
of bound states over a wide range of atomic numbers [27-38]. Like A-hypernuclei,
Al -hypernuclei may also decay via a NMWD process. One example is [39]

Af+n—A+p, 2
which can be induced by the exchange of a m, p or K meson. Another possibility is
Af+N—-p+N 3)

induced by the exchange of a D meson. Experimentally, the literature only reports,
inconclusively, the formation of three A -hypernuclei, observed in a series of emulsion
experiments [40, 41]. But this situation can change in a few years, with the starting of
operation of the FAIR facility in Germany and the Hadron Facility at JPARC in Japan.
There are, however, important differences between NMWD in A-hypernuclei and
Af-hypernuclei. A first difference comes from the mean lifetimes of the two hyperons:
TAS ™~ 1073 75. While the mean lifetime of the NMWD (1) is of the same order of magnitude
of the full mean lifetime of A in free space, no theoretical estimate has been made for the
decays (2) and (3). In addition, while the free-space decay of A is dominated by the pionic
channels A — p7~ and A — nn®, with other decay channels contributing a thousand times
less, AY decays in two semileptonic and numerous hadronic channels with S = —1 final
states, having branching ratios of a few percent each. Also, decays into channels with S = 0
and S = +1 are Cabibbo-suppressed by factors of the order of 10~'~10"2 [5]. A second very
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important difference concerns the energy liberated in the decays, which is of the order of the
mass difference A of the particles involved in the weak vertex: for the decay (2),
A= My: — My = 11709 MeV  and for the decay (3), A = My: — My = 13482 MeV,
which should be compared to A = My — My = 177.3 MeV for the decay (1). One con-
sequence of such large energy releases is that NR approaches become inapplicable for the
evaluation of NMWD transition matrix elements in charmed hypernuclei. In addition, a large
energy release also implies that nuclear recoil cannot be neglected in the calculation of decay
rates, particularly for light-weight nuclei. On the other hand, the interactions of the fast
outgoing nucleons and/or hyperons with the residual nuclear system are expected to play a
minor role.

In the present paper we develop a relativistic formalism for NMWD of hypernuclei
within an independent-particle shell model (IPSM), and discuss the inclusion of recoil.
Although the use of a relativistic model for the study of the structure of hypernuclei dates
back to the late 1970s [42], so far little is known about the impact of a relativistic approach in
the evaluation of NMWD rates. The first studies started 25 years ago [43] using single-particle
bound-state wave functions obtained by solving the Dirac equation with static Lorentz-scalar
and -vector Woods—Saxon potentials, and transition matrix elements calculated with a (7, K)
OME model. More recently, a similar approach was used in [44, 45], where the nuclear
structure was described by a relativistic mesonic-mean-field model. Quark-meson coupling
(QMC) models [46, 47], where mesonic fields couple directly to the light quarks composing
the nucleons and hyperons, offer another interesting possibility—the model has been used to
study strange [48-51] and charm [36-38] hypernuclei.

Our aim in the present paper is to set up a relativistic formalism for NMWD with the
perspective of future applications to charmed hypernuclei. In other instances involving
nuclear structure calculations at low and intermediate energies, it is often more convenient
and simpler to use a relativistic approach than a NR one [52]; this seems to be also the case
for NMWD—[53] presents a very complete review on relativistic approaches for the study of
nuclear structure. Although our approach for the NMWD of hypernuclei shares similarities
with previous publications, there are noteworthy differences:

(1) our final expressions for the decay rates do not involve angular momentum projection
quantum numbers, since they have been summed over in closed form using the Racah
algebra, which simplifies the numerical calculation;

(2) spectroscopic factors are evaluated in the second quantized formalism, as done for
instance in [54], without recurring to the technique of coefficients of fractional parentage
(c.f.p.), which is the standard antisymmetrization procedure in the first quantization
framework, see e.g. [55];

(3) we discuss the inclusion of nuclear recoil, which is particularly important for NMWD of
charmed hypernuclei.

The predictions of our formalism are compared with available data [56, 60] for the
NMWD rates of the '3C hypernucleus. In addition, we make a detailed comparison with
results obtained in NR approaches that include the same ingredients (like short-range cor-
relations (SRC) and OME model); such a comparison between the outcomes of analogous
relativistic and NR approaches had not been done so far.

Our formalism is explained in section 2. We start in section 2.1 from the simplest
scenario, corresponding to hypernuclei with closed-shell cores and ignoring recoil. This part
is done in a strictly relativistic manner, while the next two steps are performed in analogy to
NR calculations: first, in section 2.2, we generalize the formulation to hypernuclei with open-
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shell cores; and secondly, in section 2.3, the recoil effect is discussed. Subsequently, in
section 3, our numerical results for the decay rates of }2C are presented and compared to those
of NR calculations using a similar model [61, 62]. They are also compared with those of
previous relativistic calculations and confronted with the experimental data, and a few con-
clusions are drawn. Finally, in section 4, a general summary is given. The appendices collect
details of some calculations.

2. Relativistic decay rate

To derive the NMWD rate we start from the Fermi Golden Rule. For a hypernucleus in its
ground state with spin Jj and total rest energy E; decaying into (i) two free nucleons, with
asymptotic kinetic energies (7], T3), spin projections (s, s3), and isospin projections (t, #;)
and (ii) the residual (A — 2)-system, with spin Jg, total rest energy Ef, and kinetic energy of
recoil Ty, reads

nm

2 dp, dp, —
= o< 6(E — Ef — Mg, 4
J; + 1) M§MF Slgtzf(zﬁy Q2n) (B F — &) Mgl 4

where we are using a compact notation for the transition amplitude whose explicit momentum
and spin and angular momentum dependence is

M = M(pp,sisatitaJe Mg, JiMy), ©)

with M = (1 — Pp)M/2 being the antisymmetrized and normalized relativistic matrix
element that is specified below. In addition, £ = 2My — Tx — T» — Tj, My is the nucleon
mass, p; = JE? — M} and E; = T, + My are the asymptotic momenta and total energies of
the outgoing particles (i = 1, 2). We use unitary, as opposed to covariant, normalization for
the momentum eigenspinors; for details see section 2.2 of [63]. We average over the spin
projections M of the initial hypernucleus and sum over the final spin projections M.

For the nuclear structure, the IPSM is used, while the dynamics is described by an OME
potential containing always one weak vertex W and and one strong vertex S, as illustrated in
figure 1. In the IPSM it is assumed that: (i) the initial hypernuclear state can be approximated
as a A-hyperon in the single-particle state j, = ls;,, weakly coupled to an (A — 1) nuclear
core of spin Jc and total rest energy Ec, ie., |J) = |(cjy)J), having energy
Ey = Ec + €, + Mj; (ii) the nucleon N inducing the decay is in the single-particle state jy
(j = nlj); (iii) the final residual nuclear states have the form |[Jg) = |(Jcjiy 1Jg) with energy
Er = Ec — €j, — My; (iv) the liberated kinetic energy is

TR+ L+ T=E—E—2My=A; =A+¢e; +¢, (6)

where A = My — My = 177 MeV, and the s are single-particle energies.

2.1. Hypernuclei with doubly closed shell cores and without recoil

Taking the simplest possible case in equation (4), we will start with hypernuclei whose cores
contain only doubly closed subshells, as, for instance, f\He, 'A3C, }\70, and we will omit the
recoil effect. Thus, Jo = 0, Ji = ji, M = my, Jr = jn, Mp = my, and the transition ampli-
tudeis, up to a global sign, just the two-body T-matrix for the direct OME process. When a
pseudoscalar coupling is considered for the strong vertex, one has for the pion plus kaon
meson exchange, Mg = M + M, with
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Figure 1. Diagrammatic representation of the hypernuclear NMWD from the initial
state [J1) = [(Jcjy)J1) to the final state |[Jg) = |(Jcjy "Jg), while two nucleons with
momenta p; and p, are emitted into the continuum. S and W are the strong and the
weak vertices, respectively, and M is a nonstrange meson. For a strange meson, the
natures of the two vertices should be interchanged.

My = [dxdydy (0 Ty (0 ) W m GO ATX = ¥D) Ty 97, ), )
My = f dxdy ¢, YY) m AKX = y) &, DTH @5 122) Uy m (), ®)
where we have defined P%(tl, 1), M = (m, K), as being

W (. 1) = M, 1) — B, 1), ©9)
with

AT (1, 1) = GemZg yy A1, 1),

AK(1, 1) = Geml gy w (A1 I (1, 1) + Ao K (1, 1],

B™(t, 1) = Gem2 gy B 1(1, 12),

BX(t, 1) = Grm2 gy sy [Bi I (11, 12) + Bo K (11, 12)], (10)
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where I (1, t;) and K (¢, t;) are, respectively, the isovector and isoscalar isospin factors:

1(t, 1) = (tlTilta = —1/2){t2|T2ln),

K, 1) = (tlli|ta = —1/2) (1o La|tn)- (11)
Here, Gpmﬁ = 2.21 x 1077, with Gg being the Fermi weak constant and m the pion mass,
while g_y = 13.3 and g,y = —14.1 are the strong vertex couplings [64]. The pion parity-
violating (PV) and parity-conserving (PC) weak coupling constants are adjusted to the free A-
decay giving, respectively, A = 1.05 and B = —7.15, while the kaon weak couplings are

CPV CPV CPC CPC
Ao ===+ DY, A = == Bo= =0 + DI, B = =, (12)

with C};V = 0.76, C};C = —18.9, D}()V =2.09, and D};C = 6.63, have been estimated
theoretically in [7]. The propagator, AM(r) (M = 7, K; r = |x — y|), depends on the energy
¢° carried by the exchanged meson, whose value is fixed by energy conservation (see
discussion in section 3), and incorporates dipole form factors, with a cutoff parameter Ay,
that are attached to each meson-baryon vertex. Defining the quantities

(@) = V1@ — myl, Am(g®) = YAy — (¢°?, (13)
one can write AM,) as [44, 45]:

(i) For (¢°)* < my,

(g r 2 _ 2
AM(r) = e + 1 T M e M@ r, (14)
4nr drr  8wAMm(g®)

(ii) For mg < (¢°)* < A%,

ei)\M((IO) r
AM(p) = — )

15

4rr (15)
Note that for the kinematical situation (ii), the propagator is complex and can have an
oscillatory behavior.

The state of each ejected nucleon, with asymptotic momentum p and spin projection s,
will be approximated by a Dirac plane wave, which is expanded in spherical partial waves as
follows ([65] appendix D):

Gy ) = S (Pslim)* 1 (6), (16)

with
(oot = 43 (1 st 1509) a7

u
and
for () B o ®)

. = . = , 18
U ) (— lg,,h¢<r><1>nm<f>] [—iwpm<r> (19
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where the radial partial waves are, in unitary normalization

E + My
2F

E — M,
8 (1) = —sEn(8), | =g (7). (20)

with k = +1, £2,..., j. = x| — 1/2,

K for k > 0,
lﬂ_{—m—1f0r1€<0, @D

Fr (1) = i, ), (19)

and I, = I_,. To change to covariant normalization, used e.g. in [43-45], make the
replacement ~2E — /2My in equations (19) and (20) and insert the factor MI\ZI/ (B E>) in
equation (4). The angular part is written, in standard notation, as

N L. N
D, (F) = Z(lﬂasl]m) YI/L (r)Xs (22)
SpL
and the expansion coefficients (ps|<m)* fulfill the following relations

5= [[dp Bstrm)* (psli'm') = 4m8,008 (23)

R 1
27853 [[dp (Bstrmy* (psi'm)... = @Gmo. [ deos... (24)

sm -

where we are using the notation j = /2j + 1. The first of these relations can be easily
verified, while the second one is shown in appendix A. The bound-state, single-particle, wave
functions read

(25)
.

¢ i
o= L BOZ® ) W )
- IGH (r)(Pf/im (r) —1 l\llmn(r)

As explained in appendix B, they are evaluated as in ([66], equation (16)).

To simplify the presentation of formulas in the analytical development of the expression
of the decay rate in equation (4), the intermediate steps will be exhibited only for Mg;:

M= >0 (Bysilkimy) (Pysalkama) (FIAT|T), (26)

Kimy
KoMy

where we are using the compact notation:

(FINID = [ dxdy B, COTF (0, )T, X)
X ATAX = YD) Dy oy DV (). @7

Introducing these expansions in the expression for the decay rate in equation (4) gives rise to
auxiliary quantities such as

S (pite yt) = 2 [dBidp, 6(A), = Ti = T — Tl MGP, 28)

mymyn
5182

in which we evaluate all the summations over angular momentum projection quantum
numbers and angular integrations. Neglecting recoil, i.e., setting Tgx = 0, we can use
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equation (23) for both outgoing particles getting
ST(pits pyta) = @mt Y0 8(A — Ti — ) (FIAT) . (29)

mymy
KimyKahy

Now we perform the angular momentum couplings J = ]7\ + fN and J' :fl + fz As A" is
rotationally invariant, it turns out that J = J !, which leads to

(FINTITY = 57 (jmujy mal M) (jymaj mul M) (FIAT|TY, (30)
JM
and
S™(pih, pyta) = Gt 3 T8 (A — T — TI(FIATI, 1, 31)
K1KaJ

where the coupled matrix element of the pion propagator is explicitly given by
(FIATID) = = i [ dxdy (LA (1 1) p, 00 + B (1, 12) py(x)]
X AT(x = YD pcY) Yjpirinid)s (32)

where (j,j,, jyjn; /) indicates the angular momentum couplings and the densities p,, p, and
pc are given by

A0 =% (0 () — Lt 0 W (o),
pp(0) = T0% 0N, () + Lyt I (),
pe® =% 0, 0 + Lt 0 ). (33)

At this point it is convenient to perform the tensor expansion of the propagators A" (|x — y|)
in the way done by de-Shalit and Talmi ([55], section 21) for two-body interactions, i.e.,

AT(Ix — y]) = D AT, YR - Y@, (34)
L
where
Al(x,y) = 2w f AT (|x — y|)PL(cos byy)d(cos .,) (35)
and
AV, (0 NN
(ki J YL XYL (D) ]kaknT) = (—=)21h L (Rl Yzl ka) (ol Yl 5n) - (36)
N JA
The reduced matrix elements
J L j/ _\HHL
(wllnlle) = @m 2L T [ S— e
2 2
and
L j _NHIHL
(Il = @m 2 ATE T 1 RS o)
2 2
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Table 1. Isospin factors the for direct (D) and exchange (E) terms of the matrix element
in equation (45).

fulfill the symmetry relations (k||Y;||&') = (x'||Y||x), and (x||Yz|| — &Y = (—x||Yz||&). It
is then easy to demonstrate that

<F|N|1>J:Z(—)fz+fﬁf{’." ) J}<F|A2|1>, (39)
T N W L
where
(FIAGID = [ dedy xy [B7(n, 0B, ()
—iA7(h, )AL, (pD] AL (x, y) CF L Oy, (40)
with

AL () =1, (NE(r) — 8, (NG (] (8l Yl In).
Bl (0) = [f,, (N Giy(r) + &, (N E, (NI —KIIYLlIKp),
L 19) = £ NGy (1) + 8, (M) Eo (N1 = [Yelron). @1)
The K meson is incorporated through the substitution A} — A; = AT + AKX in
equation (40), with
(FIAFID = [ dxdy v BE,, ) AF (x, IBX (0, 2)CE, 0p)
— 14X (0, 12D, OPY)], 42)
where
Dy ) = [f, (N Eey (1) = 8, (N Gy (NT(KI Yl |R). 43)
Clearly the above substitution must be accompanied by the replacement
N — A = A" + AX in equation (39), giving

(FIAITY, — Z(—)bﬂiﬁf{f % "}<F|AL|1>. 44)
L

N I L
Finally, the expression for the decay rate in equation (4) can be written as
8 — J° _
L= =3 % [dodp, p2p} 6N = T = TIKFIAIP, (45)

T jgnts JA
KikoJ
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where

(FIAIL, = L((FIAU)J — ()R (pykat) < (pykata)]) (46)
NG)

stands for the antisymmetrized and normalized matrix element, with the isospins included.

The isospin factors for the direct and exchange terms of the matrix element in equation (45)

are listed in table 1.

It is worth noting that the matrix elements (F|A|l) are in general complex, as seen from
equations (40) and (42). However, in the usual kinematical regime (g°)? < mﬁl, see
equation (14), they are always either real or purely imaginary because there is no set of
quantum numbers for which PC and PV contributions interfere with each other.

To exploit the implications of the delta function in equation (45) we make use of the
relation

pldp, = EJE} — MAE; = My + T) T, @My + T)dT; (47)

and get
8 i = 2
FN—;Z FdeldT2 (A, — T — T)p(Ti, DKFIA, ], (43)
Jnhita 7A
I@"Il\!f’m'z]
where

p(hi, ) = My + TDVTCMN + T) M + T)VLCMN + 1) - (49)

After integrating over 7, we are left with the 7; integration only,

22 pA; _
L=2YL [ df o BIFIANY B, g (50)
thltZ j/\
K1kaJ
As indicated in equation (46), the direct matrix element is given by equation (44) and the
exchange term is obtained through the transposition (xy, p;, ) < (K2, Py, t2).

2.2. Hypernuclei with open-shell cores and without recoil

So far everything was done in the strict framework of relativistic physics. In what follows we
will make use of analogies with NR calculations. From previous works [19-24] done by our
group, we know that to describe the hypernuclei with open-shell cores within the IPSM it is
enough to do the following replacement in equation (50)

jZ .
= F 1)

Jp

where the spectroscopic factor is given by

i a2 ¥ o[l hoi)’
Fpx =07 Ihll@] alslve P = J Z{] : Jj; [l ] 1Ve) P (52)
‘,F ‘]F

N

As mentioned previously, to evaluate the spectroscopic amplitudes (JcllajilllfF), instead of
employing the c.f.p. [55] that have been thoroughly used in, both NR [9], and relativistic [43—
45] calculations, we use the second quantization formalism. In equation (52), the summation
goes only over the values of Jg that fulfill the constraint |Je — jy| < Jr < Jo + Jjiy- The values

10
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for Ji and Jc are taken from experimental data and, for most hypernuclei of interest, are listed
in table I of [21]. The resulting factors F;~ are listed in table II of the same paper.

Therefore, when the recoil effect is not taken into account, the NMWD transition rate in
open shell hypernuclei reads

8 Y _
L== Y B [ dfi p(F BIFIA Boa, 1 (53)
Intit 0
Rk J
We note that, while equation (50) is only valid for doubly closed-shell hypernuclei,
equation (53) is valid for both closed- and open-shell hypernuclei.

2.3. Inclusion of recoil

As seen above, when recoil is neglected one can perform first the full angular integration
f dp, f dp,, leading to a great simplification of the resulting expression. It is self-evident that
this cannot be done anymore in the presence of the recoil energy

Er = M3 + p? + p2 + 2p,p, cos Os, (54)

where My is the relativistic rest mass of the recoiling nucleus. However, once the
hypernucleus is unpolarized (and unaligned), there is no preferred axis along which to orient
vectors. Therefore, we can choose to orient p, with respect to p; and write

[ b, [db, .. = [ap, [dby..
- f dg, f deos, f déy, f deostyy .... (55)

Consequently, we can use equation (23) for integration on p, and equation (24) for integration
on P,,, with the result that, as shown in appendix C, instead of equation (31) we have now

7)? 52
S (pitt pyt) = 75 30 [deostind (A, = T = To = ToFIATI, P (56)
K1KoJ

From comparison with (31) one concludes that the results developed so far hold valid even
when the recoil effect is included, as long as one makes the replacement:

1
fplzdplpzzdp2 6 A;, — T — D)... — 5 fdcos@lz plzdp]pzzdp2
X 6(Aj, — T — T — TR).... (57)

For the sake of convenience we will work here with the NR limit for the kinetic energy of

recoil:
2 2
p- +p; +2pp,cosbin M
To = Ep — Mg = —2 L= ~ "N+ T + 2JTT cos byy), (58)
2My My

which we consider to be good enough for the present purposes. Moreover, we neglect the
binding energy of the recoiling nucleus, and take Mr = MN(A — 2). The transition rate
becomes then

Tn = £ 57 Ff [deostho dTidT 8(A = T — T — ) p (T, BKFIAI P. (59)

Jnhit2
KikaoJ
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To perform the integration on 7, we introduce an auxiliary variable x, defined as
T =p; [QMy) = 2, ie.,

A—2 2xdx
ST+ T+ Ta— Ay )dT = == _[5(x — x") + §(x — x)], (60)
A—1xT —x7|
where
Ti 0 2 —
xi:\/_lcos 2 T, cos 912+AjA 2—T1- 1)
A—1 A — 1) NA—
Therefore
8A -2 ;
In= e Z Fj~ deOSglszﬂbcx p(0}, Tr)
L
KikoJ
S(x—xH +6(x —x) =
LX) FOC ) Fjay, . ()

et — x|
After integrating over x one gets

Iv=2% Fj f dTydeosty> {[p (i, o, cos 01, A JFIAILY Pliss + [l )

Jntita
K1k J
(63)
where
x(A —2)p(T, T
§ (T, T, cosin, A ) = @ 2ol 1) (64)

JTicos 0+ A (A =24 — D) — A — 2

It is worth mentioning that:

e In the analogous NR formulation [21], it has been shown numerically that the
contribution corresponding to the second term in equation (63) is negligibly small
compared to that of the first term. This also occurs here.

¢ In the limit A — oo, the result in equation (53) is recovered. Indeed, once

xt — :I:JAJ»N -1, (65)

A—o0

x~ becomes nonphysical. Therefore, the only contribution comes from the first term in
equation (63), and, as can be seen from equation (64):

[ deostiap (B B cos o, Aj) — 2p(%. T, (66)

3. Numerical results

We present here results for the NMWD rates of >C. In general, recoil effects can be
neglected, as we have learned in previous NR calculations [19, 25], although they are relevant
for the energy distribution of emitted particles in very light systems, such as s-shell hyper-
nuclei. They are also crucial for the angular distribution in general, but less important for the
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integrated rates. Therefore equation (53) can be used. However, for reasons of completeness,
a few results with the effect of recoil included are also presented.

Two approaches have been tested for the propagators AM(|x — y|), both based on the fact
that the ranges of Yukawa-like baryon—baryon forces within hypernuclei depend not only on
the intermediate meson mass but also on the baryon masses, as stated in appendix G of [67],
namely:

RA1 This is the standard approach in NR calculations [13, 15, 68], where the energy g,
carried by the exchanged meson is constant and always smaller that the meson mass
my;, having the value ¢° = A/2 = 88.5MeV. This implies that the factor
Jmg — (¢°? in (14) is taking the place of the effective mass 7y = /m — A2/4.

RAZ2 This is the approach introduced in [44, 45], which is more appropriate for relativistic
calculations, where ¢, is evaluated for each value of the kinetic energy 7;, with direct
and exchange energies being respectively qOD =A+¢; — T, and qOE =T — ¢j,.
Since for the NMWD in A-hypernuclei the energy transfer is of the order
50-150 MeV, ¢, can be larger than m, and the factor \/m? — q02 can become
complex. Therefore, in the case of the ™ meson, besides making use of equation (14),
one also needs equation (15). We are particularly interested in this approach, since, as
mentioned above, the energy transfer in the NMWD of charmed nuclei can be large.

Effects due to short-range correlations (SRC) on the initial and final states involved in the
NMWD matrix elements in equations (7) and (8) are introduced by making the substitution

AM(r) — AM(r) g, () g (1), (67)

in equation (34), where r = |x — y| and
gi(r) =1 - Cfrz/az)z + ﬁﬂe*rz/wz,
g =1—jy(g.r) .

are Jastrow factors corresponding, respectively, to the initial and final states, with « = 0.5 fm,
B = 0.25fm ~2, and y= 1.28 fm, and ¢, = 3.93 fm~! [13, 15, 43-45]. The dipole form-factor
cutoffs A, = 1.3 GeV and Ax = 1.2 GeV are also the same as in those works. Jastrow factors
have been recently used in relativistic calculations in [69-71]—see also [72] for a discussion
on this. Although the use of such factors cannot be a substitute for a relativistic many-body
calculation a la Brueckner—Hartree—Fock (RBHF), they are nevertheless useful to assess
order of magnitude effects one can expect from SRC. For a very recent discussion on the
status of a RBHF theory for finite nuclei, see [73].

We present here two different sorts of comparisons involving our results for the decay
rates of }\ZC. First, in table 2, the two relativistic calculations RA1 and RA2 are compared
with each other, and also with the analogous NR calculation using the RA1 approach for the
propagator. The NR calculation is analogous to the relativistic one in the sense that it uses: the
same OME model, the same Jastrow-like correlation function (68), the same single-particle
energies, and single-particle wave functions of a harmonic oscillator potential with size
parameter b = 1.60 fm, which gives the same root-mean-square radius for the initial hyper-
nucleus as the relativistic wave functions. We show the decay rates I}, and I, the total one-
nucleon-induced nonmesonic decay rates I, = I}, + I, and the ratios I},/I’, within different
OME models, namely, the ™ and (7, K) exchanges without and with SRC. Obviously, the
relativistic calculations were evaluated in the laboratory frame of reference (LFR). Therefore,
we confront them with NR calculations that also were done in the LFR. These, in turn, have
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Table 2. Comparison between the nonrelativistic (NR) and relativistic results for I;,, I,
Lim = L, + I}, and T;,/T}, in 1AZC, for different OME models: = and 7 + K exchanges
without and with SRC. Parity-conserving (PC) and parity-violating (PV) parts of I}, and
I, are given separately. The decay rates are in units of the free A decay rate,
Ifree = 2,50 x 107'2 MeV. Except for the last row labeled as (r + K),, results were
obtained without taking recoil into account.

Model IS EAC T . S 7 A M

NR

No SRC

T 0.11 0.16 0.87 0.40 0.21 1.54
T+ K 0.03 0.19 0.37 0.35 0.30 0.94
SRC

T 0.01 0.18 0.81 0.45 0.15 1.45
T+ K 0.02 0.19 0.38 0.40 0.27 0.99
RA1

No SRC

T 0.12 0.15 0.69 0.33 0.26 1.29
T+ K 0.06 0.24 0.40 0.38 0.38 1.08
SRC

T 0.10 0.12 0.52 0.24 0.29 0.98
T+ K 0.06 0.16 0.35 0.27 0.35 0.84
RA2

No SRC

T 0.17 0.22 0.79 0.45 0.31 1.63
T+ K 0.10 0.31 0.48 0.51 0.41 1.40
SRC

T 0.14 0.19 0.62 0.36 0.34 1.31

™+ K 0.10  0.23 0.44 0.39 0.40 1.16
(m+ K). 0.09 025 0.38 0.42 0.42 1.14

been shown elsewhere [61, 62] to nicely agree with the NR evaluation in the center-of-mass
frame (CMF).

It is not possible here to separate the decay rates I, and I, in the usual Block-Dalitz
channels [74]:

a= 180 —>1$0, b = 3P() —>ls(), c= 3Sl —3 Si,
d= 3D, =3S,, e= P35, f= 3P =38, (69)

as one can always do in the CMF within the s-wave approximation [22]. Therefore, we only
show separate results for the PC and PV parts of the decay rates, which contain, respectively,
the (a + ¢ + d) and (b + e + f) contributions. From table 2, it can be concluded that:

(i) There is gross agreement between analogous NR and relativistic results, with and
without SRC.
(i1)) The SRC, while not crucial for some decay rates, can significantly reduce others, both in
the NR and in the relativistic cases.
(iii) The decay rates I, and I, are both higher in RA2 than in RAL.
(iv) Relativity tends to make I}, become larger and I}, smaller, and this effect is more
pronounced in the RA2 approach for the propagator. As a consequence the relativistic
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Table 3. Nonmesonic decay rates I, I, and I, = I, + I, and the ratio I,/T}, in }\ZC
for several OME models: 7 and m 4+ K exchanges without and with SRC. Results
obtained with approach RA2 for the propagators are compared with those of the

literature using PS coupling and with experimental data. All results are in units of
riree = 2,50 x 10712 MeV.

Model T, I, L/, | .
s

Present (RA2) 0.39 1.24 0.31 1.63
[43] 0.27 1.32 0.20 1.62
[45] PS 0.86 2.09 0.41 2.95
7 + SRC

Present (RA2) 0.33 0.98 0.34 1.31
[43] 0.06 0.29 0.20 0.35
[45] PS 0.71 1.72 0.34 2.43
™+ K

Present (RA2) 0.41 0.98 0.41 1.39
[45] PS 1.25 1.60 0.78 2.85
7™+ K+ SRC

Present (RA2) 0.33 0.82 0.40 1.15
[43] 0.05 0.36 0.15 0.41
[45] PS 0.96 1.42 0.68 2.39
Experiment

[56] 0.23 + 0.08 0.45 £ 0.10 — —
[57] — — 0.51 & 0.13 £ 0.05 —
[58] — — — 0.828 £ 0.056 £ 0.066
[59] — — — 0.953 £ 0.032
[60] — 0.65 + 0.19 — _

n/p ratio becomes significantly larger than the NR one, especially when the recoil effect
is considered. Therefore, the relativistic approach RA2 helps to solve the longstanding
puzzle on the I;,/T, ratio [13, 75]. (See also table 3.)

(v) Inclusion of recoil gives a relatively small contribution, as indicated by the last row. As
pointed out elsewhere [23], the effect of recoil is much more relevant in s-shell
hypernuclei. Very likely, it is also sizeable in the case of charmed nuclei, and this was the
main reason for discussing it in section 2.3.

In table 3 we compare the RA2 calculations for }>C with previous relativistic calculations
performed in [43, 45] for several OME models. We consider only the calculations using
pseudo-scalar couplings. The difference with the calculation of [45] is due to differences in
parametrization and to the fact of a missing normalization factor of 1/+/2 in the anti-
symmetrized matrix elements in that work—compare equation (46) here and equation (33) in
[45]. This explains why the rates obtained in that reference are approximately twice as large
as ours. The results in [43] agree well with ours without SRC, but they disagree when
including them; we note that in that reference, separate multipole expansions are made for the
propagators and the correlation functions, while here a single multipole expansion is made for
the product of these quantities, with coefficients computed numerically as indicated in
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equation (35). We have checked the stability of our results with respect to the number of
partial waves and Gauss quadrature points used in the numerical integrations.

In the same table 3 are shown the pertinent experimental data obtained by the KEK and
FINUDA groups [56—60], which show good agreement with the present evaluation within the
m + K + SRC model. In particular, the good agreement for the ratio I},/I}, should be
highlighted. The only significant discrepancy is with the experimental values for I}, and I},
obtained by KEK in [56]. However, there is agreement with the experimental value for I,
obtained by FINUDA group in [60]. As to the last column in tables 2 and 3, it is important to
remark that, while all the listed calculations include only one-nucleon-induced transitions, the
experimental values include also eventual two-nucleon-induced contributions.

4. Summary and final remarks

Starting from the Fermi golden rule for the decay rate, equation (4), we have constructed in
section 2 a relativistic formalism to describe the NMWD of single-A hypernuclei within the
framework of the IPSM, with the dynamics represented by the (7, K) OME model. First, in
section 2.1 we implemented the formalism for hypernuclei whose cores have only closed
subshells and neglected recoil effects. Here, the Dirac plane waves are expanded in spherical
partial waves, the multipole expansion of the propagator is performed, and the two-body
matrix element is properly antisymmetrized with regard to the two outgoing nucleons.
Making use of the orthogonality condition given in equation (23) and exploiting the energy
conserving 6-function, the six momentum-space integrals in equation (4) are reduced to a
single integral in equation (50), with the latter performed numerically. Next, the derived result
is generalized to include hypernuclei with open-shell cores. This is done by means of the
spectroscopic factors given by equation (52), which are evaluated in second quantization,
without recurring to the c.f.p. technique. In this way, we arrive at equation (53). Finally, in
section 2.3, we discuss recoil effects, which are important [23] not only for the evaluation of
angular distributions of the pairs of emitted nucleons, but also for the study of single kinetic
energy spectra in light and medium-weight hypernuclei.

Numerical results for }\ZC are presented in section 3, from where the following conclu-
sions can be drawn. First, table 2 shows the comparison between analogous NR and relati-
vistic calculations of the transition rates I}, and I},. The PC and PV contributions are given
separately. Indeed, because of the relatively low energy exchange in the nonmesonic decay, a
relativistic formalism by itself is not to bring pronounced effects if implemented correctly.
Nevertheless, such a comparison, never done before in the literature, is useful for assessing
the ability of a relativistic model to describe experimental data. The agreement between the
two formalisms is satisfactory, with the ratio I},/I’, being appreciably higher in the relativistic
calculation and agreeing better with experiment than the NR one, especially when the RA2
approach for the propagators is used; the agreement with experimement is even better when
recoil is considered. In addition, the results shown in the table 3 indicate that the
7 + K + SRC OME model provides results that compare well with experimental data.

The present formalism needs to be complemented with a more detailed study of SRC.
Proper treatment of SRC is a key issue in nuclear physics, not only in the relativistic context
—for recent reviews, see e.g. [76—78]. In the absence of a fully RBHF calculation of finite
nuclei [73], a particularly interesting way to treat SRC is provided by the unitary correlation
operator method (UCOM) [79]. In the UCOM, a unitary correlation operator moves a pair of
nucleons away from each other whenever they start to overlap and, due its unitary character,
conserves the probability normalization of the pair relative wave functions. Very recently
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[80], the UCOM has been implemented in a relativistic mean-field model like the one we used
in the present paper. As shown in [80], SRC can be handled even in the presence of meson-
baryon form factors within the UCOM and so the method seems to provide a good starting
point to include in a consistent manner SRC in relativistic NMWD matrix elements. Work in
this direction is in progress, where we also intend to investigate further observables in the
NMWD, as the decay asymmetry.

Finalizing, we have achieved our goal of developing a relativistic model that is able to
give a reasonable description of NMWD rates of A-hypernuclei, which can be extended for
similar weak decays in charmed nuclei, where it is imperative to resort to a relativistic
formalism.
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Appendix A. Derivation of equation (24)
From the definition (17) it follows that

2 [ 2dp7 26 ; (Bslwmy* (pslw'm). -
=2/% /(47r)2fdAZil_l/Z i slim | i@ S (150 S sljm ) vy 9)-
=4 i P ,LL2 lyp #I 1 ) I'n |Y
sm I
= 264m2 %6 6y [ dbIYiB) Y B)-- (A1)
)

Now, if we use the relation

. N ~2
Amy Y)Y, ®) = 17, (A.2)
n
we can solve the integral over the azimuthal angle to obtain

a2 !
2 [ STdp; 26 (PslkmY* (Ps|i'm) ... = e (4m)? [ deosh.... A3
me B/ 6 (Pslrmy*(ps|w'm) ! (47) j:l cos (A3)

Appendix B. Relativistic single-particle wave functions

The evaluation of the matrix elements of the NMWD is made in the context of the IPSM. This
means that the A wave functions are those generated by spherically symmetric mesonic mean
fields. That is, in solving the Dirac equations for the single-particle level of A, one must use
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the meson mean fields from the 'C nucleus. This is similar in spirit to the works of
Ramos et al [43], where single-particle bound-state wave functions are obtained by solving
the Dirac equation with static Lorentz-scalar and -vector Woods—Saxon potentials.

The radial bound-state wave functions F; () and G, (r) in (25) and corresponding energy
eigenvalues ¢, for a single-particle state < for the Nor A are obtained by solving the following
Dirac equations:

d
(— - E)Fﬁ- (& — V+ G, =0,
dr r

(i _ E)GH — (e — V= S)E =0, (B.1)
dr r

where the scalar potential S = S(r) is
S(r)y=M+ g, o(r), (B.2)

with M = My and g, = gf for the N, and M = M, and g, = ggA for the A; the vector
potential V = V (r) for the nucleon is given by

V(r) = gl wolr) + teg, po(r) + (1 + 1/2)e Ag(r), (B.3)
with . = 1/2 for the proton, ¢, = —1/2 for the neutron, and for the A it is given by
V() = g wor). (B.4)

The meson and Coulomb fields satisfy the following Klein—Gordon and Poisson equations

(= V24 m7)o=—gNpl — 8,07 = g;0°,

(= V2 + md)wo =g p}.

(= V2 +m))py=1/28, ps,

—VZ¥Ap=e Py (B.5)

with the densities given by

PN =SB ER — G,

K

nN
Py = > = (RP + G,

V=1/2 y N
py=S" L (ER + (G,

472
-
t+1/2)nY
p, =D (R + |G, (B.6)
K
where nhN are the nucleon occupancies of the state ~.

The system of equations is solved by iteration following the scheme of [66]:

(i) we solve the Dirac equations for given initial ansétze for the S and V potentials;

(i1) the solutions for F'(r) and G (r) are then used to solve the Klein—Gordon and Poisson
equations and construct new potentials; and (iii) we put these into the Dirac equations
and cycle until convergence to a prescribed precision is attained. Note that the nonlinear
terms for the o field are put together with the scalar density p? in the iteration procedure.
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Table B1. Single-particle energies for '2C and '2C. (See text.) Experimental values for
12C are taken from [43], and for '>C from [84]. All values are in MeV.

Level Calculated  Experiment
plsip —38.53 —34.
plpss —13.52 —15.96
nlsy —42.03 —37.
nlps,, —16.65 —18.72
Als i —11.59 —-10.79

The numerical values of the meson-nucleon parameters are those of the column NL3 [81]
of table I in [82], and for the meson—lambda couplings are those from [83] (masses are given
in MeV):

g;\f =10.2169, gf = 12.8675, g, = 8.9488,
e?/4m =1/137, gt = 0.464 gN, g =0.481¢gN,
g =— 104307 fm~!, g, = —28.8851,
mg = 508.1941, m, = 782.501, m, = 763.000,
My =939, My = 1116.06. (B.7)
In table B1, we present the single-particle energies for '>C and }>C. Note that these
results are obtained without adjusting any parameters to fit experimental numbers. Clearly, a
reasonable description of the experimental single-particle energies is achieved. Of course, a

better description could be obtained by fine tuning the parameters, but for the purposes of the
present paper such a refinement is not necessary.

Appendix C. Derivation of equation (56)

Here we demonstrate the result in equation (56) starting from the definition in equation (28)
for S™(p,4, pyt2), 1.e.,

SW(Pltla P2t2) = Z fdﬁldﬁz 6(A,/’N —Nh -1 —1x) |M§I|2 (C.1)
mamy
5182
Using the expansion in equation (26) and making the change of variable p, — P, as shown
in equation (55), we are free to perform the p, integration according to equation (23), and are
left with

S* (it 1yt = (40 Y [ (A, 68y — T = B — Ty)

mymy
K1mysy

X z <ﬁ1232|1€2m2> (FIA™T)

Koy

. (C.2)




J. Phys. G: Nucl. Part. Phys. 43 (2016) 055102 C E Fontoura et al

Next, we perform the angular momentum algebra as in equation (30),

S™(pyti, pyt) = (A1) 3 fdf)lz §(Aj, — T — T — Tp)

mymy
R1my sy

X Z <f)1252|>’£2m2* (FlAﬂllﬁ (j1m1j2m2|JM)
Kohy
IM

X (majigmNIM) > (Byysalkhmy) (F|ATIT)

12/M/2
X (jyrmijy mal "M Gymajgmnld M),
to obtain
ST (Pt pyt) = 4rP?Y [dbp 6(A) ~ T = T — T
L]

X > APsalkama) (Prysalkimy) > (jymij, molJM)

KoMy KiJ
Khmj mM

X (jymyjy mol M) (FIATITY] (F'| A7)

Due to the property

~2
S Gy maldM) Giymyy m3|IM) = 25 6,1 6 1.
Ja

mM

equation (C.4) reduces to

6yi3 N
ST(pytis pyty) = (4m)? S 22 fdpu §(A;, — T — T — T)

Jp

Koy
K5y
R R ~2
X (Prasalkiama)* (Prysalkhma)> J° (FIATIYS
KiJ
x (F'|A|I;.

Finally, using equation (24) one gets equation (56).
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