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Abstract

We compute the strangeness-conserving double beta decay of £~ hyperons, which is the only hadronic system that can
undergo such decays. We consider both, the lepton number conserving &~ — T te~" e vb (ffis,,) and the lepton number
violating £ - Tte e | Pfix,, ) modes. The branching ratios of these fiff decays are suppressed at the level of 10 3t

considering a light neutrino scenario in the case of the fifix, channel. The dynamical origin of such low rates and their possible
enhancements are briefly discussed. Given its simplicity those decays can be used also for the purposes of illustrating the main
features of double beta decays.

© 2003 Published by Elsevier B.V. Open access under CC BY license.

PACS: 23.40.-s; 13.30.-a; 12.60.-i
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1. Introduction

Neutrinoless double beta (8fx,,) decays would occur if a mechanism allows the violation of the total lepton
number L by two units. Their observation in experiments will provide unambiguous evidence for physics beyond
the Standard Model (SM). At present, the first evidences for physics beyond the SM come from the flavor
oscillations in the neutrino sector that required to explain the deficit observed in solar [1] and atmospheric
neutrinos [2]. Flavor oscillations of neutrinos do not require a change of the total lepton number (namely,
|AL| =0), allow us to conclude that neutrinos are massive, but do not establish whether they are Dirac or Majorana
particles. If neutrinos are Majorana particles, BBo, decays have to occur at some level; their observation will
establish the Majorana nature of neutrinos beyond any doubt.

The strangeness-conserving (A S = 0) 8, decays have been unsuccessfully searched in nuclear transitions for
several decades. An intense activity in the experimental and theoretical fronts [3—8] witness the importance of such
decays as a sensitive probe of physics beyond the SM. Some examples of extensions of the SM that can induce
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contributions to B¢, decays are right-handed weak couplings as well as the Higgs exchange [9], right-handed weak
coupling involving heavy Majorana neutrinos [10], massless Majoron emission [4,11-14], and R-parity breaking
in the supersymmetric models [15,16]. From a theoretical point of view, B8f8y,, decays in nuclei are limited in
precision due a wide range of model-dependent predictions for the nuclear wavefunctions. In the present Letter, we
study the double beta (both the lepton number-conserving 882, and lepton number-violating 85y,) strangeness-
conserving decays of the X~ hyperon. The %~ hyperon is a unique system in hadron physics that can undergo
strangeness-conserving double beta decays as it will be explained below. The hadronic matrix elements necessary
for such calculations are well known and, therefore, can exhibit the underlying mechanisms for double beta decays
in a more clean way.

As we have mentioned before, the determination of an upper bound for the effective neutrino mass in nuclear
BPBov decays is limited by model-dependent evaluations of the nuclear matrix elements. Some of the difficultics we
encounter in those calculations are the following:

1. The nucleus is a many body system with many degrees of freedom; in practice there is not a well defined rule
to choose the most relevant components to describe an specific excitation;

2. The Hilbert space where nuclear models are worked out have a huge dimension requiring a lot of time
consuming computational work; and

3. The multipole expansion for the B8y, decay amplitude is rather complex making theoretical expressions
difficult to manipulate.

Despite these limitations in theoretical inputs, the large sensitivity of present experiments have been able to set
strong constrains on the so-called effective Majorana mass term, (m..) = Ue21mvz> where m,, denote neutrino
mass cigenstates. By assuming that 88, in nuclei are mediated by the exchange of light Majorana neutrinos, the
experimental upper bound on (m..) is 0.2 eV [17].

Before we proceed with our calculation, it is interesting to take a look at other reactions that can provide
information on the violation of lepton number. The upper limits available on these rare processes can be used
to set upper limits on the matrix elements (mqp) = > UniUgim,,, where «, 8 = ¢, u, v. Thus, muon to positron
conversion in nuclei u~ + (A, Z) — (A, Z — 2)e™ [4,18] gives (m.,) < 17(82) GeV depending on the spin of
the initial proton pair; the production of three muons in neutrino—nucleon scattering [19] leads to the upper limit
(m ) < 10% GeV; this limit has been slightly improved at HERA through the reaction et p — vl 11 X [20],
giving (m ;) <4 x 10° GeV and also for first time limits on the (m;,) (connected with the 7 -sector) were given;
finally, the non-observation of heavy Majorana neutrinos at various colliders [21] can also be used to set limits
on the effective Majorana mass. Similarly, some rare kaon decays are also useful to constrain lepton number
violating interactions. For instance, present bounds on the branching ratio of the KT — puTutn~ decay [22]
translates into the upper limit {(n,,) <4 x 10* MeV [23]. Those bounds from collision experiments and rare
kaon decays are several orders of magnitude above the limit (m,,) < 4.4 eV, inferred by an analysis [24] that
combines experimental constrains from atmospheric and solar neutrino oscillation and the tritium beta decay end-
point experiment [25,26].

Conversely, we can use the existing bounds from lepton number violating processes to set upper limits on the
branching ratios of some rare kaon decay. Thus, the upper limit B(K+ — uFut77) <1073 (10719) [27] can
be obtained in models with a light (heavy) neutrino scenario, while B(Kt — etetn ™) < 10726 [28] can be
derived from upper bounds from nuclear 88y, decays. These values are well below the sensitivities of current
experiments; for example the limits reported by the E865 experiment [23] are B(KT — etetn™) < 6.4 x 10710,
and B(KT — ptutn™) <3 x 107°. This shows that we are far from detecting such processes, in spite of the
special window in the hundred MeV region [27], and that the sensitivity of such processes are well below the
previously discussed BB, case. Nevertheless, it is important to pursue searches for |A L| = 2 processes since they
would lead to nonvanishing results even if nuclear 85y, decay turns out to vanish or becomes extremely suppressed.
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Fig. 1. Lowest order diagrams contributing to the £~ decay for (a) two neutrino double beta decay mode, and (b) neutrinoless double beta
decay mode.

In this Letter we study the two double beta decays of the £~ hyperon, namely: the lepton number conserving
I~ — Zte~e vy (BBy,,) and the lepton number violating ¥~ — Zte~e™ (BBx,,, AL = 2) channels. The
Feynman graphs for the fs,, and BBs,, decays, indicating the two intermediate states, are shown in Fig. 1(a)
and (b), respectively. To our knowledge, these decay modes have not been reported previously in the literature and
even an experimental upper limit is not available. The isotriplet of ¥ hyperons (£*, £°, £7) is a unique system
of hadrons that can undergo strangeness-conserving double beta decays. Actually, the ¥~ and the =% are not
antiparticles of each other; they have a mass splitting of my- — my+ = 8.08 MeV [29], which allows a sufficient
phase space for S8 decays. An interesting feature of this system is that we can identify only rwo well defined
intermediate states (X° and A) that can give important contributions to the 88 transitions under consideration.
One of these states (the £°) lies in the middle of the ¥, =+ levels while the other (the A) is around 77 MeV
below them. Namely, one of these intermediate states can be real while the other is virtual.

On another hand, the hadronic matrix elements required for the calculations are dominated by a couple of axial
and vector form factors, which have been computed by several authors in the literature [30,31] with good agreement
among them. This is an important advantage over the evaluation of nuclear transition matrix elements. All these
characteristics of the X hyperon system make very interesting the study of their double beta decays, even as a
possible textbook example to learn the formalism of 88 transitions applied to free baryons. In the following we
consider each case separately.

2. Lepton number-conserving 8 decay
One of the four Feynman graphs corresponding to the Bfx, decay is shown in Fig. 1(a) (the other three

contributions are obtained under proper antisymmetrization with respect to final state electrons and antineutrinos).
The effective four-fermion weak Hamiltonian acting at each vertex has the usual current—current form [8,31]

G
HWI—J j“—|—h.C., (])
Noe
where
Tu= Vs yu(fi + 81v5)¥s. )
is the baryonic current operator underlying the B — B’ transition and
Ju= Ezfe)/u(l —ys)¥u, 3)

is the V — A leptonic current operator.' In Eq. (2), f1 and g; are dimensionless vector and axial-vector form factors
for the B — B’ transition. In our approximation we have neglected their momentum transfer dependence and we

I We do not consider here the possible existence of right-handed neutrinos, since their contribution to the nuclear double beta decay is
negligible [4,8].
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Table 1

Hyperon form factors at zero momentum transfer (see Table III in Ref. [31])

1 fa, 84y I8, 2B,
A 0 —0.60 0 —0.60
%0 1.41 —0.69 —1.41 0.69

have also neglected the small contributions of the induced magnetic and scalar form factors for the vector and axial
currents. The effective weak coupling constant is G = Gy V,,4, where Gr = (1.16639 4 0.00003) x 10~ MeV 2
is the Fermi constant and V,,4 the relevant element of the Cabibbo—Kobayashi-Maskawa mixing matrix.

The rate for the BBy, decay from the initial ¥~ = A to the final ¥+ = B hyperon is given in the rest frame
of A by (we use natural units, i.e., i=c=m,=1)

dp1 dp2 dqi dq

dls, — W[?80ma—ep—e1 —er —on — ’
o, =7 ) IMal?sma — s —a - - o1 —e) S o ms oS Ts

spin

4)

where my4 (ep) is the energy of the initial (final) hyperon, and ¢; and p; (»; and q;) denote the energy and
momentum of the electron (neutrino). The decay amplitude reads

(pB; erea1 2| Hwln, Q; e1vi){n, Qs e1vi|Hw|pa)
ma—eg(n) —e —o1 ’

Moy =[1=Plerep][1- Prv)] >

7=%0A

®)

with €p () =,/ Q? + m, and Q= —p1 — q1 = pp + p2 + q2 being the energy and momentum of the intermediate
baryon state, and P(x1x2) the operator that exchanges x; with x;. Thus, after introducing Eqgs. (1)-(3) in Eq. (5)
we get

G? By (pa, Q5 A)Bu(Q, pp; B)L"(p1, q1, p2, q2)
Moy =—[1-P(ere)][1 - P(mivp)] Y L - : ©6)
2 - ma—eg(n) —e1 —w
n=x" A
where
B (p1, pr; X) = u(pr)yu(fx, + &x,ys)u(p), (7N
is the baryonic matrix element between states with momentum pp and pr, and
Liw(p1,q1, p2, q2) = ue(p2)yu (1 — ys)ui(g2)ite (p1)yu (1 — ys)up(qr), ®)

is the leptonic tensor. The values for the form factors fa, = fi(X7n), ga, = 21(X7n), fp, = filnst) and
8B, =21 (n¥7T) at zero momentuin transfer are summarized in Table 1.

Given the small mass difference between the relevant hyperon states, we can use the non-relativistic impulse
approximation for the baryonic current [8,32]. The small mass difference between the ¥ hyperon states is
responsible of the suppression of the decay via the real intermediate X° particle, while the decay through an
intermediate on-shell A state is forbidden since m 5 < mJEr Keeping only the usually called Fermi and Gamov—
Teller operators we have

B, (p1, pr; X) = X,LSF (fX, 810 — 8X, 0k 8uuk) Xy, » ©)

where s1 and sp denote the spin of the initial and final baryons in the I — F transition. In the spirit of the non-
relativistic approximation the energy denominator in Eq. (6) can be also simplified making € (1) = m,. Note that
in the case of the X intermediate state, Eq. (6) exhibits a singularity when ) + w1 = m 4 — myo = 4.8 MeV (note
that this singularity does not appear for the A intermediate state because m4 — ma = 81.7 MeV > €; + wy). This
singularity can be cured by taking into account the finite width (1,0 = 8.89 keV [29]) of the X° intermediate state.
Therefore, we will define:
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e Inthe case n = X°:

1 1
— T = hxolar, o). (10)
MA=Mg0 = €L =OL my —myo —€ —o1 + i35

e Inthecase n = A:

1
=haler, w1). an
mMmp —mp — €1 —w1

After a lengthy but straightforward calculation we can write the decay rate as follows:

4 3
Iy, = 8(7;7—7220;(1717’)1;(1717’). (12)
j=1
The C; (n’) terms denote quartic combinations of form factors,
Cr(an')y = fanSBySan [y + 3840 Bn&an [y + 3 [An&Bn faw 8By + 98AngBn& A 8By »
Cotnn')y = fanSBySan [y + 3840 B0 fan 88y + 3 [An8Bn8ay fBy — 38An8Bn& Ay 8By »
C3(qn') = fan Sy faw FBy + 3 FanSBn&an 8By + 3 faw foy 8angBy + 3840 B0 fan 8By
+38ay SBy fAn&By + 38an [Bn&an By + 3 fan&By faw 8By — 38An8Bn&AY &Byy' (13)
and 7 ;(nn’) are the phase space factors defined as follows:

eo—1 €p—€1 €p—€1—€2
I N Zd Zd 2 _ _ _ Zd
1) = [ pidp pydp2 qi(€o —e1 —e2—q1) dq
1 1 0

X hy(€, €0 — €1 — €2 —qUhy (2, €0 — €1 — €2 — q1),

eo—1 €p—€1 €p—€1—€2
20) = | prdp1 pydp2 qi(eo —e1 —e2—q1) dq
1 1 0

x Re[hy (€2, €0 — €1 — 2 — ql (1, q1)],

eo—1 €p—€1 €p—€1—€2
I N Zd Zd 2 _ _ _ Zd
3(gn’) = pridpi p3dp2 gileo —€1 — €2 —q1)"dq1
1 1 0
x Re[hy(e2, €0 — €1 — 2 — gy (e1, 0 — 1 — 2 —q1)], 14)

where eg =my4 —mp.

The numerical values for the factors entering in the expression of the decay rate, Eq. (12), are given in Table 2.
We can check that the main contribution comes from the term C; (£°2°)7; (£°%°), which includes the contribution
of a real £° hyperon intermediate state.

Using the values obtained in Table 2, we can compute the branching ratio from the rate in Eq. (12). We obtain:

B(BBs,,) = 1.38 x 107 (1.36 x 10739). (15)

Just for comparison we have shown within parenthesis the value corresponding to the contribution of the X°
intermediate state. As expected, this contribution dominates almost completely the decay rate. The branching ratio
given above turns out to be very suppressed due essentially to the large decay width of the £° hyperon appearing
in Eq. (10). As we know, the decay rate of the X° is 10 orders of magnitude larger than those of the charged ¥
hyperons because it can undergo the electromagnetic decay %% — Ay.
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Table 2

Numerical values for C; (nn’) and Z; (nm") (in units of MeV9) for APy, decay

i Ci(AA) T;(AA) c;(x0zY Z;(z°20 C;AZ) =¢;(20) Z;(AT +Z;(z%)
1 1.166 5.46 x 1071 11.672 6.740 % 10° —1.543 4.106 x 10

2 —0.389 546 x 107! 8.952 2.162 x 103 0.514 3.252 x 102

3 —0.389 5.46 x 1071 203101 4.598 % 103 —1.633 4.170 x 10

3. Neutrinoless double beta decay

The decay rate for the (three-body) neutrinoless B8y, mode reads

dp1 dp2
@2r)3 2n)*

Alsy, =7y | Mo*8(ma —ep —e1 — )

spin

(16)

The decay amplitude corresponding to the diagram in Fig. 1(b) (after proper anti-symmetrization with respect to
identical electrons) is

4 . oS o
Moy=[1-Peren] Y Z/ (d q_(pp:erealHwln. Q(q): erV)(n. Q(q): erv| Hwlpa) amn

4
SO A 27) my—€—q—¢€gn)
The four-momentum of the intermediate state 1 is Q(g) = pa — p1 — g = pp + p2 — q and its energy is
eo(n) =,/ Q3(q) + m% Introducing (1) into (17), and expanding the weak neutrino eigenstate as a mixture of

light massive Majorana neutrino states, i.c., u;(q) = >, Uaruy, (), we get

Moy =G*[1 = Pleren)] Y “myUZ Y () Soy + 2By y5) Iy 01y (fan + 8agys)u(pa) L (p1, p2),

1 1 (18)
with the leptonic factor
Ly (p1, p2) = e (p1)y, (1 = y9)yug (p2). (19)
The factor 1;;(p1) in Eq. (18) corresponds to the following loop integral (Q(q) = pa — p1 — q):
d*q (@) +m
IL(p1) = 2 . (20)

@m)* (g2 = m§)(Q*(q) —m3)’

which has a logarithmic divergence that we will manipulate in a simple cutoff procedure. After using Feynman
parametrization techniques [33], we get

1 Ac
/ i J k3 dk )1
n(pl)_Sn_z x[(ﬁA—ﬁl)X—i‘mn] m, 2D
0 0
where A, is the cutoff energy, and we have defined
M*=mi(1-x) = (pa — p)*(1 —x)x +m3x. (22)

We stress here that the origin of this logarithmic divergence is related to the effective vertices we are using for
the hadronic form factors. This divergence can in principle be cured by including the weak form factors which
are expected to fall as 1/[(p4 — Q(g)]* with ¢ — oo in the dipole approximation, but their real behavior in the
large ¢ limit are actually determined by QCD. In the case of the nuclear 88, decays it is usual to assume that
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the divergence is driven by the internucleon distance, which sets A, ~ 1 GeV. This value can be identified with the
largest momenta that the neutrino can carry which in turn is fixed by the lowest distance between two nucleons in
the nucleus (A, ~ (2d)~!, where d is the nucleon radius). We will assume here that the average distance between
the quarks within the hyperons are of the order of a typical hyperon (or nucleon) radius. Here, we adopt the point
of view that our results are stable as far as they do not depend strongly on the specific value of the cutoff A..

The integration in Eq. (21) can be simplified by neglecting in Eq. (22) all lepton masses and momenta, which is
consistent for the neutrino since we are assuming a light neutrino scenario. We obtain

In(pl): [@A_ﬁl)Fn +mnGn]’ (23)

1
(47)?
where

F, = %(1 +m?)InGm +m') — %(1 —m*)In(l —m) — %mz In(m) + %(1 —m*) In(m')

. o 2m' — (A —m) (1 +m) 1—m 1+m
zz(l—l—m)—i— D [arctg(—D )—i—arctg(—D )}

G, = %(1 +m)Inim+m'y — 1 —m)In(1 —m) —mIn(m) + %(1 —m)In(m")

I _ 2 _
—in(l4+m)+ W[arctg<le) + arctg(H_Tm)}. 24)

In the above expressions, we have introduced the following dimensionless constants: m = m?2 /m2, m' = A% /m?
5 n A c A

and D = /4m’ — (1 —m)?.

In order to evaluate the unpolarized squared amplitude we will use the non-relativistic impulse approximation
for the final baryon and take pp >~ (mp, 0) (we cannot do the same approximation for the intermediate baryon state
in this case). The decay rate for the 88, transition becomes:

4

x Z[miFnF;iDl(nn’) — 2mamy (G Fy, + G Fy Do) + 4mnmn/GnG:‘1/D3(nn’)], (25)
n’

where (mee) =) ; my, Uez1 is the effective neutrino mass. The other factors appearing in Eq. (25) are defined as
follows:

Di(n') = (fan Sy + 8an&Bn) fay [y + 8w 8By )

Da(nn') = (fanSBy — 8an&Bn) fay [y + &y 8By )

D3(nn') = (fanSBy — 8an&Bn) S an [By — &y 8By )» (26)
for the product of form factors, and

60—1

I()v = / €1 (60 — 61)\/(612 — 1)[(60 — 61)2 — 1]d€1 (27)

1

for the phase space integral.

The neutrinoless double beta decay rate depends on the cutoff A, and the neutrino effective mass (m..), which
are free parameters in our model. Based on present bounds on electron neutrino mass ~ ¢V [17], we show in Fig. 2
the decay rate I's,, as a function of the cutoff’ A., for a fixed neutrino mass of 10 eV. From this figure we can



C. Barbero et al. / Physics Letters B 566 (2003) 98-107 105

1,20E-025 —
1,10E-025 -
'TO
®
2,
o
1,00E-025
T T T T T T T T v T T 1
0 500 1000 1500 2000 2500 3000

AMeV]

Fig. 2. BBy, decay rate as a function of the cutofl’ A, for (mee) =10 eV.

clearly see that our results are not very sensitive to the specific cutoff value in the region under consideration,
which gives further support to the method employed for the logarithmic divergence.

For illustrative purposes let us use A, = 1 GeV, which corresponds to a rough estimate of the inverse of the size
of hyperons. The branching ratio in this case becomes

B(BBx,,) = 1.49 x 105, (28)

Thus, the neutrinoless double beta decay of the X~ hyperon is very suppressed and even smaller that the branching
ratios of 8o, decays of kaons. Note, however, that in the case of ¥ hyperons we do not have a single neutrino
(tree-level) intermediate state contribution as in the case of neutrinoless double beta kaon decays [27].

4. Summary and conclusions

We have considered the strangeness-conserving double beta decays of X~ hyperons. Several characteristics
make this particle a unique and interesting system to study (and to learn) such decays as an alternative to the
corresponding decays in nuclei. First, the isotriplet of ¥ hyperons is the only system of hadrons that can undergo
double beta decays since the I3 = +1, —1 components have different masses. Second, we can identify a few
intermediate states that dominate such decays where one state is in the middle and the other is below the initial and
final hadronic levels. Finally, the uncertainties in hadronic matrix elements are much smaller than in the nuclear
case.

We study both the lepton number-conserving ffs,, and the lepton number-violating Sy, decays. For the
lepton number conserving decay we obtain B(ffx,,) = 1.38 x 1073% and for the neutrinoless decay we get
B(BBs,,) = 1.49 x 10733, standing in the light neutrino scenario in the last case. The suppression of the lepton
number-conserving decay is due to the large decay width of the ¢ intermediate state. Therefore, it would be nice
to find an analogue system to the X hyperons (the X baryons?) where the mechanism under consideration could
produce an enhancement of the decay rate if the corresponding isotriplet is similar to the spectra of X hyperons.
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Our result for the neutrinoless double beta decay is almost insensitive to the specific value of the cutoff parameter
used to regulate the divergent integrals.

Our numerical results for the branching ratios may look discouraging. However, let us assume an hypothetical
model where B(8B5,,) = (10720 ~ 1072%) (m,,)?; in this very optimistic scenario, an experimental upper limit
of 10~ would translate into the interesting bound {m..) < 1 ~ 300 MeV. On another hand, if there exists such
a model that causes %~ to have faster neutrinoless double beta decays, the SM background due to the lepton
number-conserving double beta decays would certainly be very small.
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