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Beta-decay properties of neutron-rich Zr isotopes studied by the
Skyrme energy-density functional method†

K. Yoshida∗1

The study of unstable nuclei has been a major sub-
ject in nuclear physics for a couple of decades. The
collective mode of excitation emerging in the response
of the nucleus to an external field is a manifestation
of the interaction among nucleons. Thus, the spin-
isospin channel of the interaction and the spin-isospin
part of the energy-density functional (EDF), which is
crucial for understanding and predicting the proper-
ties of unstable nuclei and asymmetric nuclear matter,
have been studied in much detail, especially through
Gamow-Teller (GT) strength distributions.

The GT strength distribution has been extensively
investigated experimentally and theoretically not only
because of interest in the nuclear structure but also be-
cause β-decay half-lives set a time scale for the rapid-
neutron-capture process (r-process), and hence deter-
mine the production of heavy elements in the uni-
verse. The r-process path is far away from the sta-
bility line, and involves neutron-rich nuclei. They are
weakly bound and many of them are expected to be de-
formed according to the systematic Skyrme-EDF cal-
culation1).

Recently, β-decay half-lives of neutron-rich Kr to Tc
isotopes with A ≃ 110 located on the boundary of
the r-process path were newly measured at RIBF2).
The ground-state properties such as deformation and
superfluidity in neutron-rich Zr isotopes up to the
drip line have been studied by employing the Skyrme-
Hartree-Fock-Bogoliubov (HFB) method, and it has
been predicted that Zr isotopes around A = 110 are
well deformed in the ground states3).

To investigate the GT mode of excitation and β-
decay properties in the deformed neutron-rich Zr iso-
topes, we construct a new framework of the deformed
HFB + proton-neutron QRPA employing the Skyrme
EDF self-consistently in both the static and dynamic
levels. Furthermore, the HFB equations are solved in
real space for a proper description of the pairing cor-
relations in weakly bound systems and coupling to the
continuum states.

The T = 0 pairing interaction is effective for the GT
excitation in systems where the ground states have the
T = 1 pairing condensates. In the neutron-rich Zr iso-
topes under investigation, we find that the T = 0 pair-
ing interaction enhances the low-lying GT strengths.
The low-lying GT strength distribution strongly af-
fects the β-decay rate. Thus, we can clearly see the
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Fig. 1. Experimental and theoretical β-decay half-lives of

the Zr isotopes, calculated by employing the SLy4 EDF

combined with and without the T = 0 pairing interac-

tion.

effect of T = 0 pairing in the β-decay life time. We
can calculate the β-decay half-life T1/2 with Fermi’s
golden rule by using the GT strength distributions mi-
croscopically obtained in the self-consistent pnQRPA
framework.

Figure 1 shows the β-decay half-lives of the Zr iso-
topes calculated with the SLy4 EDF combined with
and without the T = 0 pairing interaction. We see that
the attractive T = 0 pairing interaction substantially
shortens the β-decay half-lives. β-decay rates depend
primarily on the Qβ value, the residual interactions in
both the p-h and p-p channels, and the shell struc-
tures. The framework developed here self-consistently
treats these key ingredients on the same footing. Once
the strength of the T = 0 pairing interaction is deter-
mined so as to reproduce the observed β-decay half-life
of 100Zr, our calculation scheme well produces the iso-
topic dependence of the half-lives up to 110Zr as was
recently observed at RIBF.
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Heavy-quark measurement using distance of closest approach analysis
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Heavy quarks (charm and bottom) can be used as
probes to study the interaction between partons and
a quark-gluon plasma (QGP). Heavy quarks are cre-
ated by initial hard scattering, and thus, the changes
intheir properties when passing through the QGP can
be clearly extracted from their final states.

Separate measurements of modifications for charm
and bottom quarks are informative because the de-
pendence of the modification on the quark mass can
be evaluated. The separation of charm and bot-
tom quarks can be achieved by the analysis of the
distances between the tracks and the beam collision
vertex (DCA). The DCA distributions of bottomed
hadrons are wider than those of charmed hadrons be-
cause the lifetimes of bottomed hadrons are consider-
ably longer than those of charmed hadrons.

In this study, electrons and positrons from heavy-
quark decay were measureda), and the yields of charm
and bottom quarks were evaluated by fitting the DCA
distribution in the XY planeb). We updated the follow-
ing items from the previous results reported in ref.1):

• Optimization of cut parameters for the isolation
cut, which is explained in ref.1).

• Evaluation of contributions of electrons from
heavy quarkonia such as J/ψ.

• Evaluation of a systematic error from uncertain-
ties of transverse momentum (pT ) distributions of
charm and bottom quarks.

Owing to the optimization, the purity of heavy-quark
electrons in inclusive electrons is increased to more
than 50% where pT is larger than 1 GeV/c. The
left panel of Fig. 1 shows the S/N ratio, which is de-
fined as the yield of heavy-quark electrons divided by
that of the others. The solid and open circles repre-
sent the S/N ratios as a function of electron pT with
and without the isolation cut, separately. The contri-
bution from heavy quarkonia was evaluated by using
their cross sections2). The right panel of Fig. 1 shows
the yield fractions of electron components in inclusive
electrons. The brown points represent the contribu-
tions of heavy-quarkonium decay. The contribution
of heavy quarkonia is ∼15% in inclusive electrons at
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a) Electrons and positrons from heavy-quark decay are called

heavy-quark electrons.
b) The XY plane is defined as the plane perpendicular to the

beam axis, and the Z direction is defined as the direction
along the beam axis.

pT > 3 GeV/c. The systematic error from the un-
certainties of pT distributions of charm and bottom
quarks was evaluated using the distributions obtained
from a PYTHIA simulation and FONLL calculation3)

and was found to be ∼50% for all pT ranges.

Fig. 1. S/N ratio (left) and yield fractions of electron com-

ponents in inclusive electrons (right). The black, red,

green, and brown points in the right panel represent

the fractions of heavy-quark electrons, electrons from

π
0 Dalitz decay, electrons from photon conversion, and

electrons from decay of heavy quarkonia, respectively.

Figure 2 shows a comparison of the bottom fractions
in heavy-quark electrons as a function of electron pT

before and after the updates for p+p collisions with
√

s = 200 GeV. The open and solid circles indicate
the fractions before and after the updates, respectively.
The result after the updates is consistent with that
before the updates. The increase in the systematic
error is due to the error from the uncertainties of pT
distributions of charm and bottom quarks.

Fig. 2. Bottom fractions in heavy-quark electrons. The

open and solid circles indicate the fractions before and

after the updates. The bars and squares represent sta-

tistical and systematic errors, respectively. The solid

line indicates the result of FONLL calculation at rapid-

ity y = 0, and the dashed lines indicate the boundaries

of the error band for the calculation.3)
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