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Abstract

We investigate a striking example of mirror asymmetry in Gamow-Teller (GT) β-
decay using the nuclear shell-model including isospin-nonconserving (INC) forces
in the sd-shell region. We show that the large mirror asymmetry between 26P and
26Na GT β-decay can be accurately reproduced by introducing T = 1, J ̸= 0
INC forces related to the s1/2 orbit, while the usual J = 0 INC force, commonly
adopted to describe isospin-symmetry breaking, does not work. We further show
that the calculated distribution of summed GT strength for the 26P β-decay is in
good agreement with the experimental data. Our results support the conclusion
that 26P is a nucleus with proton-halo structure.

Key words: Mirror asymmetry, Gamow-Teller β-decay, Isospin-nonconserving
forces, Proton halos, Large-scale shell model
PACS: 21.10.Sf, 21.30.Fe, 21.60.Cs, 27.30.+t

1 Introduction

Isospin symmetry and its breaking are of fundamental importance in nuclear
and elementary particle physics [1,2]. This symmetry breaking is caused by

Preprint submitted to Elsevier 11 March 2019



the mass difference of up- and down-quarks and their different electromagnetic
interactions [3]. As the β-decay process changes a up-quark to a down-quark,
or vice versa, β-decay studies of mirror nuclei can serve as a powerful means
to probe the isospin symmetry. In β-decays, the ft values are given by

ft =
D

|MF
fi|

2 + ( gA
gV
)2|MGT

fi |2
, (1)

whereD is a constant and gV (gA) is the vector (axial vector) coupling constant
of the weak interaction. Here MF

fi = ⟨f |τ |i⟩ (MGT
fi = ⟨f |τσ|i⟩, with σ and τ

being the Pauli spin operator and the isospin operator, respectively) are the
Fermi (Gamow-Teller) matrix elements with the initial state |i⟩ and final state
|f⟩. Since isospin symmetry implies strict selection rules for the superallowed
Fermi β-decay, its measurements have served as a fundamental test for the
electroweak interaction [4–8], such as the unitarity for the up-down quark-
mixing element of the Cabibbo-Kobayashi-Maskawa (CKM) matrix. Isospin-
symmetry-breaking (ISB) has been extensively studied over a wide range of
nuclei [9–17]. Recently, we have investigated [18] ISB effects on binding energy
and superallowed β-decay in the sd-shell nuclei using shell-model calculations
with inclusion of the isospin nonconserving (INC) forces, and shown that the
INC force with nonzero spin is responsible for the large ISB corrections in the
superallowed β-decay.

Another related, interesting observation is mirror asymmetry in Gamow-Teller
(GT) β-decays of mirror nuclei. If isospin symmetry strictly held, the ft+

value of the β+-decay in the proton-rich nucleus should be identical to the
ft− value of the β−-decay in its mirror partner nucleus. However, mirror GT
β-decays usually do not have the same ft values, and mirror asymmetry has
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Fig. 1. (Color online) Experimental mirror asymmetry δ deduced from the ft data
of β± transitions for mirror nuclei with 17 ≤ A ≤ 35. The three data points in red
denote the δ’s for 26P/26Na, 27P/27Mg, and 28P/28Al. Experimental data are taken
from Refs. [20–32].
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been observed in the GT β±-decay of mirror nuclei [19]. The extent of ISB
can be quantified through the asymmetry parameter

δ =
ft+

ft−
− 1. (2)

Figure 1 shows the observed mirror asymmetry δ as a function of mass num-
ber A [20–32]. For most of the masses in the p and sd shells, the observed
mirror asymmetry in GT β-decays are not large [22]. Large mirror asymmetry
has been found for A = 26 when Perez-Loureiro et al. [21] measured Gamow-
Teller transitions in the β-decay of 26P and compared them with the analog
transitions in the decay of 26Na [33]. As seen in Fig. 1, the mirror asymme-
try δ = (51 ± 10)% [21] is observed for the mirror β decays 26P→26Si and
26Na→26Mg (denoted as 26P/26Na mirror-pair decays hereafter). The signifi-
cant mirror asymmetry was interpreted as evidence for a proton halo in 26P.

Following the prediction of proton halos in 26,27,28P [34], Navin et al. [35]
measured cross sections in single-nucleon knockout reactions for these nuclei.
They found that the large cross sections and narrow momentum widths for
the ground state transition are evidence for proton halo structure, and pointed
out that the πs1/2 orbit plays an important role for the predicted proton
halo structure. However, the measured cross sections for 27,28P+12C [36] and
27,28P+28Si [37] did not show proton halo structure in 28P, and the calculations
under-predicted the experimental data of 27P [37]. The experimental mirror
asymmetry of GT transition strength for A = 27 and 28 is small (see Fig. 1).
It should be noted that the current uncertainty for A = 27 is very large due
to the uncertainty of the logft data for 27P β-decay [31].

In contrast to those of 27P/27Mg [31,32] and 28P/28Al [23], an unusually large
mirror asymmetry δ = 51(10)% in the 26P/26Na GT β-decays was recently
reported by Pérez-Loureiro et al. [21] (previously measured as δ = 50(60)% in
[22]). Combining with the nearly-vanishing proton separation-energy of 0(90)
keV, the authors in [21] interpreted the abrupt enhancement in δ at A = 26 as
a signature for a proton halo in 26P. The proton halo in 26P was later studied
theoretically by Ni and Ren [38]. The radial wave function of the proton s1/2
orbit in the parent nucleus can have a very long tail, owing to the lack of
the centrifugal barrier [39], and thus can extend into a space much larger
than that of other orbitals. Therefore, the Coulomb interaction in proton-rich
nuclei is generally weaker than that in their respective mirror nuclei. This
leads to a large mirror asymmetry due to the difference between the radial
wave functions of the initial state |i⟩ and final state |f⟩ in the matrix elements
MGT

fi = ⟨f |τσ|i⟩ in Eq. (1). Thus, the large mirror asymmetry is clearly related
to the halo structure. It has been suggested [40,41] that the long tail of the
radial wave function for the loosely bound proton in the s1/2 orbit causes a
reduction in the size of the interaction matrix elements. For a proton halo
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nucleus, the INC interaction related to the s1/2 orbit is expected to influence
the mirror asymmetry significantly.

2 Shell-model framework

In a recent work [18], we investigated the effects of the INC forces on the
Coulomb displacement energy (CDE), the triplet displacement energy (TDE),
and the superallowed Fermi β decay using shell-model calculations near the
N=Z line. Shell-model calculations were performed employing the USDA in-
teraction and including Coulomb and INC forces with T = 1, J = 0 for the
sd-shell region. Together with our early work [11], we have concluded [18] that
the T = 1, J = 0 INC force is important for the CDE and TDE in the sd-shell
as well as in the fp-shell. However, including the T = 1, J = 0 INC force
could not describe the three experiments [42–44] in the superallowed Fermi β
decays for 31Cl, 32Cl, and 23Al [45]. It was found [18] that an additional T = 1,
J = 2 INC force related to the s1/2 orbit is essential for the explanation of the
superallowed Fermi β decay data. We thus expect that the T = 1, J ̸= 0 INC
interactions related to the s1/2 orbit can explain the large mirror asymmetry
for 26P/26Na.

Shell-model calculations with inclusion of the INC interaction HINC in addi-
tion to the original isospin invariant Hamiltonian H0 are performed by using
the shell model code MSHELL64 [46]. The total Hamiltonian then reads

H = H0 +HINC . (3)

For H0 in (3), we employ the USDA interaction [48] with the full sd-shell
model space. HINC takes the form of a spherical tensor of rank two

HINC = H ′

sp + VC +
2∑

k=1

V
(k)
INC , (4)

with H ′

sp the single-particle Hamiltonian that includes the Coulomb single-
particle energies for protons and the single-particle energy shifts εls due to
the electromagnetic spin-orbit interaction for both protons and neutrons with
the parameters taken from Ref. [47]. Thus the first and second terms in (4)

originate from the Coulomb force, while the third term V
(k)
INC represents the

INC interactions. For the present calculation, the Coulomb single-particle en-
ergies for protons and the T = 1, J = 0 INC nuclear interaction are set to
be the same as those in our previous paper [18]. The INC interaction related

to the loosely bound proton s1/2 orbit is included into V
(k)
INC . This interaction

causes an asymmetry between the proton and neutron states. Calculations are
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Fig. 2. (Color online) Calculated and experimental mirror asymmetries for
A = 26−29 pairs of β± decays. Experimental data are taken from Refs. [21,23,31,32].

performed for all the even-mass nuclei with T = 1, 2 and odd-mass with T =
1/2, 3/2 in the sd model space.

The V
(k)
INC in (4) is the INC interaction, with k = 1 and k = 2 for the isovector

and isotensor component, respectively. The INC two-body matrix elements
are related to those in the proton-neutron formalism [49,12] through

V
(1)
abcd,J =V pp

abcd,J − V nn
abcd,J , (5)

V
(2)
abcd,J =V pp

abcd,J + V nn
abcd,J − 2V pn

abcd,J , (6)

where V pp
abcd,J , V

nn
abcd,J , and V pn

abcd,J are, respectively, the pp, nn, and pn matrix
elements of T = 1 and J . As mentioned before, this recipe has recently been
successfully applied to the investigation of the CDE’s, TDE’s, and the isospin-
breaking corrections in the superallowed Fermi transition. Based on the CDE
calculation, we have further calculated a total of 122 one- and two-proton
separation energies, and the results were in good agreement with the known
experimental data [18].

Theoretical β-decay half-lives can be directly linked to the calculated tran-
sition matrix elements by Eq. (1), where D = 6143.6(17)s [6], and the free
nucleon ratio of axial vector to vector coupling constants is given by gA

gV
=

−1.270(3) [5]. A quenching factor q is usually introduced for the axial-vector
coupling through geffA = q · gA. In the present calculation, we take q2 = 0.636.

3 Results and discussion

Figure 2 shows the comparison between theoretical mirror asymmetries δ’s for
the Phosphorus isotopes, calculated with the T = 1, J = 0 INC interaction,
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and the experimental ones. These correspond to mirror β-decays from the
ground state to the first excited state for 26P/26Na, 27P/27Mg, 28P/28Al, and
29P/29Si. The quantum numbers for the ground states concerned are T =
2, I = 3+ for 26P and 26Na, T = 3/2, I = 1/2+ for 27P and 27Mg, T = 1, I = 3+

for 28P and 28Al, and T = 1/2, I = 1/2+ for 29P and 29Si. As seen in Fig. 2, the
calculated δ’s are in good agreement with the experimental data for A = 27
and A = 28. However, the calculation fails to reproduce the observed large
mirror asymmetry for mass A = 26. Following Ref. [18], we now introduce
additional isovector and isotensor T = 1, J ̸= 0 INC interactions related to
the s1/2 orbit, parameterized as V

(1)
sdsd,J = −V

(2)
sdsd,J = −2Vs,J . For simplicity,

we assume that the V
(1)
sdsd,J=2 and V

(2)
sdsd,J=2 strengths have opposite signs. We

have carefully examined, and found that only the T = 1, J = 2, 3 INC terms
are sensitive to the quantity of isospin asymmetry, while the T = 1, J = 1 INC
term has almost no influence. The INC interactions with J > 3 do not enter
into the discussion because the s1/2 orbit does not involve them in the sd-shell.
Therefore, we adopt only T = 1, J = 2, 3 terms in the present calculation. We
have then chosen the parameters Vs,J=2 = 0.10 and Vs,J=3 = 0.13 (in MeV),
so as to reproduce the experimental B(GT) for both 26P and 28P β-decays.
The same strength for Vs,J=2 was employed in Ref. [15] in the study of mirror
energy differences (MEDs) and triplet energy differences (TEDs) in the T = 1
analogue states of the upper fp shell.

Figure 3 shows the calculated mirror asymmetry δ for 26P GT β decay as a
function of Vs,J=3, with fixed Vs,J=2 = 0.10 MeV and under the presence of
the T = 1, J = 0 INC interaction. For Vs,J=3 = 0.0 MeV, the calculated δ
for 26P/26Na is 11.4%, which essentially suggests a mirror symmetry. With
increasing Vs,J=3, δ increases monotonically, and the observed large mirror
asymmetry δ = 51(10)% is correctly reproduced at Vs,J=3 = 0.13 MeV, as seen
in Fig. 3 (also see Fig. 2). For A = 27, the calculation with the same parameter
predicts a large mirror asymmetry (see Fig. 2). We note that the uncertainty of
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Fig. 3. Calculated mirror asymmetry for GT β-decay of 26P/26Na as a function of
the T = 1, J = 3 INC force strength Vs,J=3 with fixed Vs,J=2 = 0.10.
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Fig. 4. (Color online) Summed Gamow-Teller strength distribution of the β+-decay
of 26P up to 11.5 MeV in excitation. The calculated results are compared with two
sets of experimental data in Refs. [21,22]. The quenching factor q2 = 0.636 was used
in the calculation.

the existing data for A = 27 is very large, and therefore, improved experiments
are helpful to confirm our prediction. For A = 28, the added T = 1, J = 2, 3
INC term does not have any effect, and the results with and without this term
are similar, which agree with the data. For A = 29, the predicted results with
and without the T = 1, J = 2, 3 INC term are identical. We may thus conclude
that the mirror asymmetry of the GT β decay is significantly influenced by the
T = 1, J = 2, 3 INC interaction, and the effect is strongly structure-dependent.

In Table I, our calculated ft-vales are compared with the experimental data
for 26P/26Na, up to ∼ 6 MeV of excitation in the daughter nuclei. Both the ft+

and ft− values to the first excited state are in excellent agreement with the
experimental data. The observed mirror asymmetry δ = 51(10)% is correctly
reproduced, where the higher lying states may have mixings with the nearby
states. Figure 4 shows the summed Gamow-Teller strength distribution of
the 26P decay up to 11.5 MeV of excitation, which is compared with the
data from two experiments [21,22]. The calculation with the T = 1, J = 2, 3
INC interaction related to the s1/2 orbit is in very good agreement with the
experimental data up to 6 MeV by Pérez-Loureiro et al. [21]. Without the T =
1, J = 2, 3 INC interaction, the results overestimate the experimental summed
GT strength data, which is similar to those of the theoretical calculations
in Ref. [21]. The early experiment by Thomas et al. [22] could have missed
some strengths in the 5-6 MeV range. Beyond 6 MeV, the summed Gamow-
Teller strength distributions show differences between the calculations with
and without the T = 1, J = 2, 3 INC interaction. The calculation with the
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Table 1
Comparison of calculated ft values of the β-decay of 26P and its mirror partner
26Na with available experimental data. Data are taken from Ref. [21].

26P(β+)26Si

Expt. Calc.

Iπi
26Si Ex (keV) ft+ (s) 26Si Ex (keV) ft+ (s)

2+1 1797 7.9(5)× 104 1918 7.9× 104

3+1 3757 8.7(8)× 105 3740 1.5× 106

2+3 4139 2.4(2)× 105 4354 6.9× 105

3+2 4188 3.2(2)× 105 4207 1.9× 105

4+1 4445 1.7(7)× 106 4390 1.0× 106

4+2 4796 2.1(3)× 106 4884 1.3× 106

2+4 4810 3.7(3)× 105 4763 2.1× 105

2+5 5147 5.6(20)× 106 5562 –

4+3 5289 1.2(2)× 106 5343 1.7× 106

4+4 5517 3.2(3)× 105 5830 3.0× 105

26Na(β−)26Mg

Expt. Calc.

Iπi
26Mg Ex (keV) ft− (s) 26Mg Ex (keV) ft− (s)

2+1 1809 5.23(2)× 104 1870 5.24× 104

3+1 3941 7.5(2)× 105 3836 7.99× 105

2+3 4332 4.22(9)× 105 4431 4.75× 105

3+2 4350 2.16(4)× 105 4429 1.56× 105

4+1 4319 1.43(3)× 106 4260 1.81× 106

4+2 4901 1.63(7)× 106 4838 8.94× 105

2+4 4835 1.85(2)× 105 4741 1.70× 105

2+5 5291 2.0(3)× 107 5371 7.49× 106

4+3 5476 7.9(40)× 107 5476 –

4+4 5716 1.71(3)× 105 5904 2.37× 105

T = 1, J = 2, 3 INC interaction, which correctly describes the new data up
to 6 MeV [21], underestimates the early data [22] for the 7.5-10.5 MeV range.
Nevertheless, the three curves (the two calculations and the data in Ref. [22])
seem to merge at the highest excitations, showing a consistency in the total
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Gamow-Teller strengths of the β+-decay of 26P summed up to about 10.5
MeV.

Our calculations have demonstrated clearly that the large asymmetry is caused
by the T = 1, J = 2, 3 INC interaction related to the s1/2 orbit. The origin of
the large asymmetry for 26P β-decay could be related to its proton halo nature.
Our calculated proton separation energy reproduces very well the experimen-
tal data 0 (90) MeV, which was already shown in Fig. 3 of Ref. [18]. The proton
halo produces significant differences in the radial wave functions between the
mirror nuclei. The δ value is largely enhanced because the overlap between
the radial wave functions of the loosely-bound proton s1/2 orbit and the well-
bound neutron s1/2 orbit is much smaller than the unity which is obtained in
the usual shell-model calculations. Thus, including the T = 1, J = 2, 3 INC
interaction related to the s1/2 orbit in the calculation is essential to account for
the observed large δ in 26P/26Na. We stress that our adopted INC interaction
in the third term of Eq. (4), which is explicitly related to the s1/2 orbit, may
be conceptually different from the nuclear INC force in other shell-model cal-
culations. As we have demonstrated, the one in this article effectively includes
two effects needed to account for the large mirror asymmetry, namely the INC
force in the usual sense that breaks isospin symmetry and the loosely-bound
nature in the wave functions of the s1/2 orbit.

4 Summary

We have investigated the question of mirror asymmetry in GT β-decay using
the 26P GT β-decay to 26Si as an example. Through quantitative shell-model
calculations including the INC forces in the sd-shell region, we found that
the T = 1, J = 2, 3 INC interaction related to the s1/2 orbit is responsible
for the large mirror asymmetry. This nonzero-spin INC interaction acts in
the states discussed in Refs. [40,41], where the long tail of the radial wave
function for the s1/2 orbit causes a reduction in the size of the interaction
matrix elements. Our shell-model calculation reproduces well the summed
Gamow-Teller strength distribution of the 26P decay experimentally observed
up to 6 MeV by Pérez-Loureiro et al. [21] as well as the mirror asymmetry for
the decay to the first excited state, and supports the conclusion that the large
mirror asymmetry is closely related to the proton halo structure in 26P. For
this nucleus, remeasurement of GT β-decay beyond 6 MeV is much desired.
The predicted mirror asymmetry (δ ∼ 28%, see Fig. 2) for 27P/27Mg decays
awaits experimental confirmation.

Communication with the experimental group at the University of Hong Kong
(J. Lee and X.-X. Xu), during the course of preparation for manuscript sub-
mission, is acknowledged. This work was partially supported by the National
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