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Up-Down Quark Mass Difference Effect in Nuclear Many-Body Systems
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A charge-symmetry-breaking nucleon-nucleon force due to the up-down quark mass difference is
evaluated in the quark cluster model. It is applied to the shell-model calculation for the isovector
mass shifts of isospin multiplets in1s0d-shell nuclei. We find that the contribution of the quark mass
difference effect explains the systematic behavior of experiment. This contribution is large and may
explain the Okamoto-Nolen-Schiffer anomaly, alternatively to the meson-mixing contribution, which is
recently predicted to be reduced by the large off-shell correction.
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A charge-symmetry-breaking (CSB) term is required
the nuclear force for explaining several phenomena, e
the difference between the proton-proton and neutr
neutron scattering lengths [1] and the anomaly of m
differences of several mirror nuclei, called the Okamo
Nolen-Schiffer (ONS) anomaly [2–5]. These experime
tal data imply that the nuclear force between two neutr
is slightly more attractive than between two protons.

Three of the present authors have made an exten
analysis of isovector mass shifts and isospin-mix
matrix elements in 1s0d-shell nuclei. It was shown tha
experimental values of these quantities are well explai
[6] by a short-range CSB force, but not by a long-ran
force. According to these findings, we look for the orig
of a short-range CSB force in this Letter.

The experimental isovector mass shiftbsn, Td is calcu-
lated by letting the isospin multiplet mass equation,

Esn, T , Tzd ­ asn, Td 1 bsn, T dTz 1 csn, TdT2
z ,

reproduce the masses,Esn, T , Tzd, of the 2T 1 1 mem-
bers of the nuclear isospin multiplet. In the above eq
tion, n represents the quantum numbers other than
isospinT and its third componentTz.

Several well-known CSB sources have contributio
to the isovector mass shifts. Before considering
nuclear-CSB force, we subtract the contributions of
electromagnetic interactions (EM) and of the isovec
single particle energy (ISPE). They are calculated
the analysis of 1s0d-space shell model [6,7]. The EM
contribution is evaluated by taking into account t
Coulomb force between the protons with the cha
form factor correction, the electromagnetic spin-or
force, and the magnetic spin-spin contact interaction w
the magnetic form factor of the nucleon. The expli
formulas are given in Ref. [6]. The ISPE represents
CSB interactions between the valence nucleon and
16O core. Subtracting them, we obtain the “experiment
data, shown in Fig. 1, which are to be compared with
nuclear-CSB contribution.
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We find systematic behavior, called “zigzag behavior
i.e., that the experimental values of the isodoublets a
reduced forA ­ 4n 1 1, while for A ­ 4n 1 3 they are
enhanced. It is demonstrated in the previous studies [6
that a short-range CSB force is the most probable sou
of the zigzag behavior.

A short-range nuclear-CSB force can be provided
the exchange of the mixedr-v complex. It is extremely
short ranged, and explains at least half of the zigz
behavior [7]. The meson-mixing potential is also used
explain other phenomena, e.g., the ONS anomaly [8–1
Goldman, Henderson, and Thomas [11] argued, howev
that an off-shell correction reduces the meson-mixi
amplitude by a large factor. The correction is so larg
as to eliminate the meson-mixing contribution. Oth
calculations [12–14] also verify such an off-shell effec
It is, however, still controversial, because another analy
indicates the strong off-shell effect being inconsiste
with the observedq2 dependence ofr-gp coupling [15].
Further studies seem to be necessary.

FIG. 1. The experimental isovector mass shifts [22–24] af
subtracting the electromagnetic contributions and the isovec
single-particle-energy contribution in keV. The isodouble
sT ­ 1y2d are denoted by the filled circles, and the othe
sT . 1y2d by crosses.
© 1996 The American Physical Society 881
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In the present Letter, we assume that the meson-mix
contribution is negligible, and examine another sho
range CSB force due to the up-down quark mass diff
ence, called the quark effect (QE). Precisely speakin
it is a contribution of the quark mass difference in th
gluon-exchange interaction between the valence qua
while the meson mixing may contain quark mass diffe
ence effects as well [1]. Such a quark CSB force has be
used to explain the difference between the proton-pro
and neutron-neutron scattering lengths [16] and the O
anomaly [17]. In this study, we apply the quark CS
force to the shell-model calculation for the mass shifts
nuclear isospin multiplets.

The quark CSB potential is calculated in the nonrel
tivistic potential quark model of baryons [16]. The mode
consists of the standard interaction Hamiltonian, whi
contains a quark confining potential as well as one-glu
exchange interaction. The confining potential is assum
to be independent of isospin, i.e., flavor of the quar
[1,16]. The one-gluon exchange interaction contains
isospin-symmetry-breaking term in the hyperfine conta
interaction,

H
sqiqj d
HC ­ 2sli ? ljd

pas

6mimj
s $si ? $sjdds3d srijd , (1)

where li , $si , and mi are the color SU(3) generator
Pauli spin matrix, and mass of the constituent quarkqi ,
and as is the strong coupling constant. Other terms a
estimated to have negligible contributions to the isosp
dependent nucleon-nucleon (NN) interaction [16]. This
contact interaction yields a short-rangeNN force which
has the range of the nucleon size.

The two-nucleon system is represented by a qua
cluster wave function composed of two three-quark clu
ters [16]. The internal wave function of each nucleon
approximated by a Gaussian, and the internal variables
integrated out to obtain theNN potential from the quark-
quark interaction. The obtained potential depends on
NN relative coordinate as well as the spin and isosp
quantum numbers.

It is found in the calculation of Chemtob and Yang (se
Fig. 2 of Ref. [16]) that the local term of the hyperfin
contact interaction is the leading term and represents
whole CSB interaction approximately. In this Lette
therefore, we deal only with the local term of the hyperfin
contact interaction, and the other terms are neglected.

In order to apply the potential to the shell-mode
calculation, we have to prepare the potentials for high
partial waves than theS states. They are numerically
calculated [18], and we obtain a quark CSB potential,

y
sN1N2d
QE ­

s
3
p

b3as

m̂2 exp

µ
2

3
4

b2r2
12

∂
3

1
4

ftzs1d 1 tzs2dg
dm
m̂

∑
1 2

5
27

$ss1d ? $ss2d
∏

,

(2)
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FIG. 2. The quark contribution to the isovector mass shifts
keV. Notations are the same as in Fig. 1.

where b21 is the nucleon size parameter of the thre
quark cluster, andr12 is the distance between the cente
of the two clusters,tzsid is the third component of the
Pauli matrix for the nucleon isospin, and$ssid is for the
nucleon spin. dm ­ md 2 mu is the up-down quark
mass difference and̂m ­

1
2 smd 1 mud is the average

of the masses. The input parameters are taken fr
Ref. [16], dm ­ 6 MeV, m̂ ­ 330 MeV, as ­ 1.624,
andb21 ­ 0.616 fm.

The nuclear matrix element of the QE potential giv
the isovector mass shift,

bQEsn, T d ­
1p

s2T 1 1dT sT 1 1d
kn, TkyQEkn, Tl ,

in the first order perturbation, where the matrix eleme
kn, TkyQEkn, T l is reduced with respect to the isospin.

The nuclear wave functionjn, T l is calculated [6,7]
with Wildenthal’s effective Hamiltonian [19] in the com
plete 1s0d-shell space. Because the short-range QE
tential is integrated, the calculation is sensitive to t
short-range structure of the relative wave function of t
two nucleons. We include a short-range correlation by
correlation function of Ref. [20] multiplied to the relative
two-nucleon wave function.

The calculated QE contributions are shown in Fig.
The QE contributions are around 100 keV, and the av
age ratio of QEyCoulomb contributions for 143 multiplets
is 5.3%. This result is consistent with the expected con
bution which is introduced phenomenologically to expla
the ONS anomaly in literature [4,5], and consistent w
the previous calculation of the quark effect for the ano
aly [17].

The zigzag behavior seen in the experimental m
shifts (Fig. 1) is also reproduced in the calculatio
(Fig. 2). Namely, the quark contributions are larg
for the A ­ 4n 1 3 isodoublets, and smaller fo
A ­ 4n 1 1. This behavior is due to the short-range n
ture of the quark CSB force [6].

It should be noted that the QE contribution is n
directly compared with the experimental data. The ISP
used in Fig. 1 is determined by thex2 fitting to data [7].
One may wonder whether the zigzag behavior has co
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TABLE I. Isospin-mixing matrix elements in keV and their decomposition
into the contributions of quark effect (QE), electromagnetic interactions (EM
and others. The EM consists of a large Coulomb contribution plus ot
small contributions, and contains the isotensor terms of the electromagn
interactions. “Other” consists of the ISPE contribution and the isoten
contribution due to the pion mass difference [25]. Experimental values
extracted from the strengths of isospin-forbidden beta decays of the gi
initial states [26–30].

Initial state 19O 20F 24Alm 24Na 24Al 27Mg 28Mg

QE 212.2 11.5 7.4 5.5 36.8 2.6 28.2
EM 3.3 8.3 10.0 6.2 43.3 216.0 219.2

Other 25.5 211.6 28.3 23.3 221.6 41.1 67.2
Total 16.6 8.2 9.1 8.5 58.5 27.8 39.7

Experiment 20(10) 14129
214 49(5) 5.4(22) 106(40) 3.6157

23.6 20.6(16)
se
ta
m

a

to
ix
ri
in
tr

e
e
h
b
b
to

th

te
E
en

th
d
ve
lu

o
n
T
l

er
d
th
o

in
en

up-
ge
the
rk

ion

of
ifts
th
ly
s

rk
he
ts;
le
is

ix
tal
ys.
ns
ith
e

se
ge

ot
ce.
it

ble
ble
y-

e
r

s
ch
a-
he
spuriously from the fitting process. This is not the ca
We confirmed in Refs. [6] and [7] that the original da
before the EM and ISPE subtraction also show the sa
behavior. The zigzag behavior of the experimental dat
real, not spurious.

The quark CSB potential of Eq. (2) is also applied
off-diagonal matrix elements, i.e., isospin-mixing matr
elements. The results are given in Table I, with expe
mental values extracted from the strength of the isosp
forbidden beta decays. We find that the calculated ma
elements agree with most of the experimental values.

The quark contribution is found to be large in th
off-diagonal matrix elements, comparable with th
electromagnetic contributions (EM) in Table I, whic
are roughly equal to the contributions of the Coulom
force. By contrast, the mass shifts are dominated
the Coulomb contributions. Such large contributions
the off-diagonal matrix elements can be attributed to
short-range feature of the quark CSB force [6,21].

In particular, the beta decay of24Al (Table I) indicates
a large isospin mixing in an excited state of the daugh
nucleus 24Mg. Our calculation also gives a large Q
contribution to this matrix element, and thus is consist
with experiment.

In spite of the above successful agreements with
experiments, we are concerned that the quark mo
parameters have large ambiguities. Reference [1] gi
three parameter sets. Models 1 and 2 use small va
of dm s­4.67 and4.21 MeVd. It brings on a large
reduction of the quark contributions [see Eq. (2)]. Als
the smallas ­ 1.08 of model 2 causes a reduction. O
the other hand, model 3 predicts an enhancement.
largeas ­ 3.7 cancel out the reduction due to the sma
dm ­ 2.85 MeV, and the large nucleon size paramet
b21 ­ 0.82 fm makes a longer-range CSB force an
brings on an enhancement. Then our result is that
quark effect explains experiment within the uncertainty
the model.

In summary, the isovector mass shifts and isosp
mixing matrix elements relevant to the isospin-forbidd
.

e
is

-
-

ix

y

e

r

t

e
el
s

es

he
l
,

e
f

-

beta decays are calculated considering the effect of the
down quark mass difference in the direct gluon-exchan
process. The CSB nucleon-nucleon potential due to
quark mass difference is constructed with the qua
cluster model, and is applied to the shell model calculat
of the 1s0d-shell space.

The quark contributions are found to be about 5%
the Coulomb contributions to the isovector mass sh
of the nuclear isospin multiplets. It is consistent wi
the expected contributions [4,5] to explain the anoma
of mass differences of the mirror nuclei, known a
the Okamoto-Nolen-Schiffer anomaly. Also, the qua
contribution is found to have a systematic behavior in t
contributions to the mass shifts of the isospin double
i.e., for A ­ 4n 1 1 the mass shifts are reduced, whi
for A ­ 4n 1 3 they are enhanced. This behavior
consistent with the experimental one.

The calculated values of the isospin-mixing matr
elements are consistent with most of the experimen
values extracted from the isospin-forbidden beta deca
The quark CSB force is found to have large contributio
to the isospin-mixing matrix elements, comparable w
the Coulomb contributions. A particularly large valu
of the experimental matrix element of24Mg is found
to be explained by the large quark contribution. The
findings strongly suggest the existence of a short-ran
CSB interaction.

The quark mass difference effect is, of course, n
a unique possible source of the short-range CSB for
However, independently of the other CSB source,
is concluded that the quark effect has a considera
contribution to the observables, and has a favora
feature for explaining the known data in the nuclear man
body systems.

The numerical calculations were performed with th
FACOM M780 computer system at the Institute fo
Nuclear Study, University of Tokyo. This study i
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(05243204 and 06234206) from the Ministry of Educ
tion, Science and Culture (Monbusho), and one of t
883



VOLUME 76, NUMBER 6 P H Y S I C A L R E V I E W L E T T E R S 5 FEBRUARY 1996

S

t

w

t.

in

s.

,

l.

ys.

v.

ta

s.

r,
authors (S. N.) is supported by a scholarship from the
ryushi Shogakukai.

*Present address: Department of Physics, Faculty
Education, Saga University, Saga 840, Japan.

[1] G. A. Miller, B. M. K. Nefkens, and I.Šlaus, Phys. Rep.
194, 1 (1990).

[2] K. Okamoto, Phys. Lett.11, 150 (1964).
[3] J. A. Nolen, Jr. and J. P. Schiffer, Ann. Rev. Nucl. Sci.19,

471 (1969).
[4] H. Sato, Nucl. Phys.A269, 378 (1976).
[5] S. Shlomo, Rep. Prog. Phys.41, 957 (1978).
[6] S. Nakamura, K. Muto, and T. Oda, Nucl. Phys.A575, 1

(1994).
[7] S. Nakamura, Tokyo Institute of Technology, Tokyo

1994.
[8] P. G. Blunden and M. J. Iqbal, Phys. Lett. B198, 14

(1987).
[9] Y. Wu, S. Ishikawa, and T. Sasakawa, Phys. Rev. Le

64, 1875 (1990).
[10] T. Suzuki, H. Sagawa, and A. Arima, Nucl. Phys.A536,

141 (1992).
[11] T. Goldman, J. A. Henderson, and A. W. Thomas, Fe

Body Systems12, 123 (1992).
[12] J. Piekarewicz and A. G. Williams, Phys. Rev. C47,

R2462 (1993).
[13] G. Krein, A. W. Thomas, and A. G. Williams, Phys. Let

B 317, 293 (1993).
[14] T. Hatsuda, E. M. Henley, Th. Meissner, and G. Kre

Phys. Rev. C49, 452 (1994).
[15] G. A. Miller, Univ. Washington Report

No. DOEyERy40427-09-N94.
884
o-

of

,

t.

-

,

[16] M. Chemtob and S. N. Yang, Nucl. Phys.A420, 461
(1984).

[17] V. Koch and G. A. Miller, Phys. Rev. C31, 602 (1985);
32, 1106 (1985).

[18] S. Takeuchi, K. Shimizu, and K. Yazaki, Nucl. Phy
A504, 777 (1989).

[19] B. H. Wildenthal, Progress in Particle and Nuclear
Physics,edited by D. H. Wilkinson (Pergamon, Oxford
1984), Vol. 11, p. 5.

[20] G. A. Miller and J. E. Spencer, Ann. Phys.100, 562
(1976).

[21] S. Nakamura, K. Muto, and T. Oda, Phys. Lett. B311, 15
(1993).

[22] A. H. Wapstra and G. Audi, Nucl. Phys.A432, 1 (1985);
A. H. Wapstra, G. Audi, and R. Hoekstra, At. Data Nuc
Data Tables39, 281 (1988).

[23] F. Adjzenberg-Selove, Nucl. Phys.A475, 1 (1987).
[24] P. M. Endt and C. van der Leun, Nucl. Phys.A310, 1

(1978); P. M. Endt, Nucl. Phys.A521, 1 (1990).
[25] K. Muto, S. Nakamura, and T. Oda, Prog. Theor. Ph

91, 287 (1994).
[26] D. M. Perlman, L. Grodzins, and C. E. Thorn, Phys. Re

C 18, 2333 (1978).
[27] S. Raman, T. A. Walkiewicz, and H. Behrens, At. Da

Nucl. Data Tables16, 451 (1975).
[28] A. Ray, C. D. Hoyle, and E. G. Adelberger, Nucl. Phy

A378, 29 (1982).
[29] C. D. Hoyle, E. G. Adelberger, J. S. Blair, K. A. Snove

H. E. Swanson, and R. D. von Lintig, Phys. Rev. C27,
1244 (1983).

[30] D. E. Alburger and E. K. Warburton, Phys. Rev. C20, 793
(1979).


