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Under the working hypothesis that the structure of a bound hadron is modified by its interactions with 
other hadrons, one may expect to see changes in carefully chosen observables. In the light of a recent 
proposal to measure the axial charge in the strangeness changing beta-decay of a bound Lambda hyperon, 
we examine the size of the change expected within the quark–meson coupling model. It is predicted to 
be significant.

© 2017 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
1. Introduction

After more than a hundred years the search for a fundamental 
theory of nuclear structure is continuing. The traditional approach, 
based upon many-body theory using phenomenological nucleon–
nucleon (NN) forces with parameters determined by fits to NN 
data and supplemented by a three-body force with parameters 
constrained by nuclear data, has proven very successful for light 
nuclei [1]. Chiral effective field theory, which builds upon the sym-
metries of QCD [2], is currently widely used and also successful for 
lighter nuclei [3]. For heavy nuclei the density functional approach, 
pioneered by Brink and Vautherin [4], is extremely widely used 
with hundreds of Skyrme forces in the literature [5]. Until recently 
these Skyrme forces have been purely phenomenological, with a 
sizeable number of parameters determined by fitting selected nu-
clear data. A common thread in all of these approaches is that the 
particles which feel these phenomenological forces have the same 
structure as free protons and neutrons.

Of course, at the present time no-one doubts that the correct 
underlying theory of nuclear structure is QCD and the fundamental 
degrees of freedom are quarks and gluons. In spite of the substan-
tial advances being made in lattice QCD, there is as yet no way 
to calculate the properties of a nucleus like Uranium directly from 
QCD. Chiral effective field theory at least guarantees the symme-
tries of QCD but is currently limited to neutrons, protons and pions 
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as the relevant degrees of freedom. We will be concerned with an 
alternate approach, which starts with confined quarks as the de-
grees of freedom. This model, known as the quark–meson coupling 
(QMC) model [6–8] has been developed over some decades, with 
successful applications to a variety of phenomena; from traditional 
nuclear structure, to hypernuclei [9], ω [10], η and η′ [11–14]
mesons bound in matter and the EMC effect [15,17], to cite just a 
few examples. Like the other approaches the QMC model reduces 
the many-quark problem to a problem involving many clusters of 
confined quarks. However, within the QMC model the structure of 
those clusters is self-consistently determined by the interactions of 
the confined quarks in them with the quarks in the neighbouring 
clusters.

In this approach the relativistic character of the mean fields 
is critical, with a scalar field producing very different effects on 
the internal dynamics of the clusters from those generated by a 
Lorentz vector mean field. Indeed, while the latter primarily rede-
fines the energy and contributes to the spin–orbit force, the former 
modifies the Dirac wave functions of the valence quarks, enhanc-
ing their lower components and as a consequence opposing the 
applied scalar field; an effect parametrized in terms of a “scalar 
polarizability”. In the QMC model the scalar polarizability is the 
prime mechanism leading to the saturation of nuclear matter. The 
connection between the modification of the internal structure of 
the clusters of quarks with nucleon quantum numbers and either 
three-body forces or density dependent effective forces was estab-
lished a decade ago by constructing a density functional equivalent 
to the underlying quark theory [18]. However, it is only in the past 
le under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
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year or so that the density dependent force derived from the QMC 
model [19], which itself has just a few parameters, was shown 
to produce a remarkably accurate description of the properties of 
atomic nuclei across the periodic table [20].

The recent developments of the QMC model have established 
that it is capable of providing a realistic description of nuclear 
properties. Yet underlying this more or less conventional density 
functional (the detailed form of the non-linearity of the derived 
density dependence is rather less conventional) is the prediction 
that the structure of the bound “nucleon” is changed by the in-
teractions with the local medium. Within an extension of the ap-
proach based upon the NJL model [16] rather than the MIT bag, 
this has been shown to lead to a rather satisfactory description 
of the EMC effect, with predictions for an enhanced EMC effect 
in the spin structure function [17] and observable consequences 
for parity violating deep inelastic scattering [21]. It also leads to 
a dramatic correction to the Coulomb sum rule [22]. All of these 
predictions will be subject to experimental tests but given the dra-
matic revision of our view of nuclear structure implied by the 
model it is vital to test the predictions in as many different ways 
as possible.

Here we investigate a new signal of the predicted change in the 
structure of a bound nucleon which will hopefully be the subject 
of experimental investigation at J-PARC. In particular, we consider 
the change in the �S = 1 axial charge which is involved in the 
beta-decay of a bound �-hyperon. Some decay modes of the � hy-
peron in nuclei have already been studied, of course. The mesonic 
and non-mesonic decay rates in 5He, 12C and various other nu-
clei have been studied at BNL, KEK and DAFNE and theoretical 
calculations for those decay rates have been carried out [23–26]. 
However, there has so far been neither a calculation nor a mea-
surement of the beta-decay of � hypernuclei. This work is inspired 
in part by discussions with H. Tamura who is planning to pro-
pose such an experiment at J-PARC [27]. Of course, there is a great 
deal of interest already in the modification of the axial charge of 
the nucleon in-medium, especially as this quantity enters to the 
fourth power in the lifetimes associated with neutrinoless double 
beta-decay, which provides a promising window onto whether or 
not the neutrino is a Majorana particle [28]. By focussing on the 
beta-decay of a bound �-hyperon in nuclei with different mass 
numbers, one has the opportunity to separate the intrinsic change 
in the corresponding axial charge from other potential corrections, 
such as meson exchange currents.

2. Modification of the �S = 1 axial charge

The calculation of the mean scalar and vector potentials within 
the QMC model has been explained in a number of places. Moti-
vated by the Zweig rule, the model includes only the coupling of 
the σ , ω and ρ mesons to the u and d quarks, not the strange 
quark. This has proven remarkably successful in describing the 
properties of hypernuclei. We fix the coupling constants of these 
mesons to the light quarks so as to reproduce the saturation prop-
erties of symmetric nuclear matter, as well as the symmetry en-
ergy at saturation.

For the light quark in the final nucleon (following beta-decay) 
the quark has an effective mass modified by its coupling to the 
mean scalar field. This effective mass, m∗ , is negative at all but 
the lowest densities but this creates no problems as the quark is 
confined in a cavity of radius R and the eigenenergy of the quark 
is positive. Denoting this eigenenergy as �α/R , the corresponding 
Dirac wave function is

φα =
(

fα(r)
i �σ .r̂ g (r)

)
χ√ (1)
α 4π
with

fα(r) = Nα
1

r
sin

[√
�2

α − (m∗R)2 r

R

]

gα(r) = Nα
R

(�α + m∗R)r

(
1

r
sin

[√
�2

α − (m∗R)2 r

R

]

−
√

�2
α − (m∗R)2

R
cos

[√
�2

α − (m∗R)2 r

R

])
.

Here N is the normalization constant such that

R∫
0

r2dr
(

f 2
α + g2

α

)
= 1 .

The eigenvalue is determined by the boundary condition f (R) =
g(R).

Because there is no coupling of the mean scalar field to the 
strange quark in the � hyperon, its wave function is exactly as 
given in the original MIT bag model. This wave function, which we 
write as

ψα =
(

f̃α(r)
i �σ .r̂ g̃α(r)

)
χ√
4π

(2)

has exactly the same form as φ above but with the strange quark 
mass, ms , replacing m∗ and an appropriate normalization con-
stant, Ñ .

Following a trivial calculation, the strangeness changing axial 
charge is then given by:

g A(�S = 1) =
R∫

0

r2dr

(
f̃ (r) f (r) − 1

3
g̃(r)g(r)

)
. (3)

To estimate the change in this axial charge arising from the change 
in the internal structure of the bound nucleon we recall that the 
quark effective mass in-medium depends on the σ field according 
to m∗ = m − gσqσ . Here m is the light quark mass appearing in the 
MIT bag model Lagrangian density and, as it is only a few MeV, we 
set it to zero. The quark coupling is related to the (free) nucleon 
coupling, gσ N , through

gσ N = 3gσq

R∫
0

d�rφ̄φ = 3 × 0.479 gσq . (4)

For the σ field we use a local density approximation which 
gives [19]

gσ Nσ = Gσ ρ

(1 + dGσ ρ)
, (5)

with ρ the local density and Gσ = g2
σ N/m2

σ . In the above expres-
sion we have neglected small relativistic effects and retained the 
dominant many-body effect arising from the scalar polarisability, 
d [19]. Using the bag model boundary conditions, the radii of the 
N and � would differ by about 1%. In the case of the vector charge 
(see the following section), naively integrating over the common 
volume would lead to a violation of the Ademollo–Gatto theo-
rem [29]. The origin of this problem is that the MIT bag model 
is not a simple Hamiltonian model but involves constraints (ex-
pressed through the two boundary conditions). A complete treat-
ment of SU(3) symmetry violation in such a system would be 
extremely complicated. On the other hand, as shown explicitly 
for neutron beta-decay in Ref. [30], the procedure followed there, 
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Fig. 1. Relative variation of the axial coupling as a function of density.

using the same radii, does guarantee that the Ademollo–Gatto the-
orem is satisfied. Guided by these considerations, the integrals in 
Eq. (3) are computed assuming that the bag radius is the same for 
the light and strange quarks.

The coupling Gσ is chosen so as to reproduce the satura-
tion properties of nuclear matter. Since this depends on the se-
lected approximations (Hartree vs Hartree Fock, relativistic vs non-
relativistic and so on), we show results for three values of Gσ

which cover the range found over the various approximations. The 
bag radius is set to 1 fm, from which we calculate d = 0.18 fm. 
The relative change in the axial charge is illustrated in Fig. 1 as 
a function of density. The suppression is 9 ± 1.6% at nuclear mat-
ter density. This corresponds to a reduction of up to 20% in the 
beta-decay rate for the bound �-hyperon.

3. Modification of the �S = 1 vector charge

Our primary focus is on the change of the axial charge because 
of the protection accorded to the vector charge by the Ademollo–
Gatto theorem [29]. For example, in the case of neutron beta-decay 
the deviation of the vector charge from unity goes as the square of 
the small u–d mass difference, (mu − md)

2. For the �-hyperon it 
is proportional to (ms − mu)2 in free space and (ms − mu + gq

σ σ )2

in-medium. It is straightforward to generalise the calculation for 
neutron beta-decay (in free space and in-medium) presented in 
Ref. [30] to the present case, with the leading correction to the 
vector charge given by

δgV = − (ms + gq
σ σ )2

2

∑
α �=0

I2
α

(M0 − Mα)2
. (6)

Here the integral Iα is∫
bag

φ
†
αγ 0φ0 , (7)

and φα are the bag wave functions at zero quark mass in free space 
(α = 0 is the ground-state). The result for the relative variation of 
the vector coupling is illustrated in Fig. 2, as a function of density. 
The variation from free space (ρ = 0) to nuclear matter density is 
around 3.5%. This is not insignificant but much smaller than the 
reduction in the axial charge, which also carries a weighting ap-
proximately a factor of three larger [31].
Fig. 2. Relative variation of the vector coupling as a function of density for ms =
300 MeV.

4. Concluding remarks

If the structure of a bound nucleon is modified, as suggested 
in the quark–meson coupling model, there will be a sizeable cor-
rection to the strangeness changing axial charge of the � hyperon, 
which should be measurable in the beta-decay of �-hypernuclei. 
Indeed, at nuclear matter density the suppression is as large as 
10%, which would correspond to a suppression of order 20% of 
the partial decay width. Even at the lower densities appropriate 
to the nuclear surface the change in the axial charge is predicted 
to be as much as 5%. There is a smaller reduction (of order 3.5%) 
in the corresponding vector charge. Establishing the existence of 
this reduction would provide strong supporting evidence for the 
proposition that the structure of a bound nucleon is altered sig-
nificantly in-medium, with all the associated consequences for our 
understanding of nuclear structure.

A complete analysis of the proposed experiment also requires 
an accurate calculation of the Pauli suppression of �-hyperon 
beta-decay. At an average density between 50 and 100% of ρ0, 
the Pauli suppression of the decay rate, compared with free space, 
should be around a factor of five, so it must be calculated accu-
rately. On the other hand, this is a straightforward calculation and 
should be very reliable.

One of the beauties of hypernuclei is that one can choose to 
look at data sets where the decaying hyperon is either located near 
the centre of the nucleus, for example in a 1s-state, or in a higher 
lying state, with correspondingly lower density. This should be a 
powerful tool for testing this proposal, which goes to the heart of 
our understanding of nuclear structure.
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