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The nucleon-nucleon parity-nonconserving potentials given by Desplangues, Donoghue,
and Holstein (DDH) are used to calculate matrix elements between states of opposite
parityin B, %0, 18F, 1°F, *’Ne, and *'Ne. The sensitivity of the parity-nonconserving
matrix elements to various approximations in the microscopic shell-model wave func-
tions is investigated. The final results using the DDH estimates for the weak meson-
nucleon coupling constants based on the Weinberg-Salam theory are several times larger

than experiment.

PACS numbers: 21.60.Cs, 11.30.Er, 21.30.+y

Gauge theories of weak interactions predict non-
leptonic weak interactions between quarks which
are manifest in the well-known strangeness-
changing (AS =1) decays of hadrons. All observed
AS =1 decays involve only charged weak currents
but both charged and neutral weak currents are
expected to contribute to AS =0 weak interactions.
Nonleptonic AS =0 weak interactions give rise to
parity mixing in the energy levels of hadrons and
nuclei which can be experimentally investigated
by measuring small parity nonconservation in
their electromagnetic and strong decays.*

The investigation of parity nonconservation in
the decay of light nuclei has been extensively
pursued because fairly reliable many-body wave
functions exist for those nuclei and because there
are several situations where the mixing between
particular low-lying levels gives rise to measur-
able effects.! A theoretical interpretation of
these data is important for the extraction of AS
=0 nonleptonic weak-interaction coupling con-
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stants.

In this paper we report on the results of the
first systematic calculation of parity-nonconserv-
ing (PNC) matrix elements for light nuclei using
microscopic nuclear wave functions. Our empha-
sis is on the reliability and sensitivity of the re-
sults to the approximations which must be made
in order to construct shell-model wave functions
with finite degrees of freedom. For the nucleon-
nucleon weak interaction we use the PNC poten-
tial given by Desplanques, Donoghue, and Hol-
stein? (DDH) in Eq. (115) of their paper together
with the “best-value” parameters from Table VII
of their paper (we have used #,’(¥=0). This po-
tential is equivalent to most of the other PNC po-
tentials which have been proposed.! Our matrix
elements will be given as a sum of all terms in
the DDH potential but we note that the isoscalar
and isovector matrix elements are dominated by
about a factor of 10 by the potential terms pro-
portional to hp" and f,, respectively. More com-
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plete results will be given elsewhere.?

The calculations are carried out in a spherical shell-model basis with the nucleons allowed to occupy
the 1s,/,, 1psss, 1Pyss, 1ldys, 2s,/,, and 1d,,, orbitals. Within this basis various truncations on the num-
ber of ways that the nucleons are partitioned between these orbitals are made in order to keep the
Hamiltonian matrices below dimensions of about 200; in particular a (1s,/,)* configuration is assumed
in all cases. The PNC matrix element can be expressed in terms of a product of two-body transition
densities (TBTD) and two-body matrix elements* (TBME):

2
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where
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and
TBME =<P:P2JT| [l VPNCATi l |p3p4JT'>,

and where p stands for all single-particle quan-
tum numbers.

The calculation of the TBTD was facilitated by
the development of a new shell-model code at Ox-
ford University by Godwin and Rae.® The TBME
were calculated with harmonic-oscillator wave
functions (Zw =14 MeV which is appropriate for
A=~16) with use of the Moshinsky transformation.
Short-range correlations (SRC) have been includ-
ed by multiplying the harmonic-oscillator radial
wave functions by the factor 1+ f(») given by Mill-
er and Spencer® [o= 1.10 fm~2 and 8 =0.68 fm 2],
The SRC reduce the 7-exchange matrix elements
by about 20% to 30% and the p -exchange matrix
elements by a factor of 3 to 4, results which are
consistent with much more elaborate treatments
of SRC.**7 In the situation where certain orbitals
are completely filled in both 3, and ¥; part of the
expression for (Vpyc) can be simplified to a sum
of one-body transition densities times one-body
matrix elements (OBME). The OBME are calcu-
lated in a straightforward way as a sum of two-
body matrix elements with P, and p, as members
of the filled orbits and p, and p, as members of
the unfilled (valence) orbits. As an example we
find

«13 1/2)4(1p3/2)823 1/2' IVPNC| | (13 1/2)4(1173/2)81P1/2>

=-2.9 (0.6) eV

for a valence proton (neutron). The meson-nucle-
on coupling constants enter into this matrix ele-
ment in nearly the same proportions as they en-
ter into the parameters X, (X,) of Desplanques
and Missimer.?*8
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The partition truncations for the basis states
are constructed relative to a vacuum of (1s,,,)*

X (1p4/,)%(1p,4/5)*, and three different truncations
(model spaces) are considered.

(A) For A >16 we use basis states of the form

(1ds /o5 25, 5)" for one parity and (1dy/,, 25, /)" *

X (1p,/,)"* for the opposite parity state where n

=A —16. Then this basis is expanded in two ways:
(B) by using (1529 25 1725 1d3 )" and (1dg/s, 25 475,
1dy/5)" " (1125 W3/2) ™, and (C) by us'ing (1ds/,,
231/2)“"1(1171/2)-"‘ and (1d5/2, 2*91/2)n+m (1P1/2)_m';
where m =0, 2, and 4 and m’ =1 and 3. The di-
mension of the matrices would be prohibitively
large if expansions B and C were made simultane-
ously. We propose to examine the effects of A

- B and A C separately and then to extrapolate
the result for A~B + C. For !°B only the basis
states similar to type B are considered, i.e.,
(1p1 /25 105,)" and (1py /o, 193/2)"" H(1ds 2y 251 2 1da /)
For truncation A and B the effective strong inter-
action of Millener and Kurath® (MK) has been
used and for truncation C the two effective strong
interactions F and Z of Ref. 10 have been used.
Some of the states we consider can be obtained
only within one model space, e.g., the 2," T'=0
“four-particle, four-hole” state in 0O is obtained
only within model space C.

For model spaces A and C it has been shown
that the states contain little spuriosity (center-
of-mass motion) and that there is no method to
eliminate the small component.* In contrast, in
model space B about half of the negative parity
states below 10 MeV are predominantly spurious;
the spuriosity is largely fragmented only when
two states lie within a few hundred kiloelectron-
volts of each other. The matrix elements of R
between the positive and negative parity states
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are large only for the spurious states whereas
the PNC matrix elements are about the same size
for the spurious and nonspurious states. Thus
we conclude that a small amount of spuriosity

in the wave function should have only a small ab-
solute effect on the PNC matrix element. For
model space B it is in general convenient to re-
move the spurious components by adding a center-
of-mass Hamiltonian H_ ,, times a large con-
stant 8 to the original shell-model Hamiltonian,!?
It turns out that the lowest 8F 0° and !°F §°
states obtained with the MK interaction are pre-
dominantly nonspurious and they both lie about 2
MeV below the lowest spurious states. Thus the
PNC matrix elements involving these particular
states change by very little (<0.2 eV) when the
spurious states are removed by using the MK

+ BH . ,, Hamiltonian.

The results are given in Table I. The overall
sign in each case is arbitrary but the sign of the
isoscalar and isovector components are fixed rel-
ative to each other. There are several cases

where the wave functions have a high overlap
when going from A to B to C and thus the relative
signs of the results connected by lines in Table I
are fixed. From the !*F and °F results it is seen
that the expansions A—B and 5- C each separate-
ly reduce the matrix element by about a factor of
2. The C-model-space results are not very sen-
sitive to the differences in the wave functions ob-
tained with the F and Z interactions for the low-
est states considered; however, the matrix ele-
ments involving more highly excited states of a
given spin are more sensitive to the choice of
strong interactions and hence are not reliably de-
termined by the present calculations. The reduc-
tions from A- B and A—~C can be qualitatively
understood by examining the one-body transition
densities. For A> 16 in model space A it is clear
that (m =+|| a*(2s, ) ®@(1p, o) || 7 ==) =0; however,
in model space C this is not zero because of the
many-particle many-hole states in the 7 = + state
and this reduces the overall matrix elements in
18F and !°F and even leads to a sign change in

TABLE I. Theoretical and experimental parity-nonconserving matrix elements (J7TT, |Vpnc|IT'T).

J(T) J(T") Model space (interaction) theoryvp")le()e(\grﬁnent
A(MK) B(MK+BH ) C(F) c(z)
10, ) 7 (0,-0.20)2r% 0.2 (4)
164 2{(0) 27(0) (1.07,0)[7.82]P (0.92,0)[7.39] 0.7 0.3:0.1%
250 (-.46,0) [11.85] (-0.45,0) [10.28]
25(0) (0.16,0)[12.85] (-0.75,0) [11.78]
250 (0.60,0) [14.10] (-0.32,0) [12.71]
18 gt(1) 07 (0) (0,2.33) (0,1.45) (0,0.65) (0,0.81) 1.0 0.14:0.41%)
¥e  1p0t@/2) 1/27(1/2)  (-1.21,-1.43)=(-0.90,-1.02)— (-0.68,-0.79) (-0.69,-0.94) 1.5 0.4720.149)
04 1+ ) (0,0.29)[6.10] (0,0.45) [6.57]
15(0) (0,0.40) [10.08] (0,0.78)[10.08]
1500 (0,-0.009)[12.77] (0,-0.21)[12.50] <0.8 1.2
150 (0,-0.26)[13.45] (0,0.11)[14.12]
e 12Y(1/2)  1/27(1/2)  (0.94,-0.37) (-0.13,0.62) (0.08,0. 40) <0.5 0.02:0.03%)

2The PNC matrix elements are given in units of (i)electronvolts in the form (S,V), where (Vpnc?=S+V, S

= Wpnc®T™Y, and V = (T .
PTheoretical excitation energy in megaelectronvolts.

°The “best-value” parameters from Table VII of Ref. 2 are used.

dExperiments for 1B have been planned (Ref. 13).

®Extracted from experimental values of T, V,%, and calculated penetration factors; the parity forbidden width is
found to be dominated from mixing with the 6.92-MeV 2* state in '®0 (Ref. 14).

flp, () = [(Vonc)Ix 49% 1074 eV™!; Py = (-~ 7£20)x 107" from Ref. 15.

8lA, (PF)| = [(Vonc)Ix 1.8 107" eV™1; Ay = (- 85+26)x10"% from Ref. 16.

}fReference 17, mixing between 1*,7T =1 state at 11.23 MeV and 17,7 = 0 state at 11.26 MeV.

P, (*'Ne)| = [(Vpnc)lx 950x 1074 eV™!; P, = (23+29)x10* from Ref. 17.
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2lNe. From Ref, 10 it appears that both the F and
Z interactions produce too much excitation from
the 1p,,, shell which implies that the A~ C reduc-
tion should only be about half that obtained with
the F and Z interactions. The A—B reduction is
due to destructive interference between terms in-
volving the a*(1p, ) ® @(2s, ) and a*(1p, )

® a(1d, 4,) one-body transition densities, All of
the above considerations have gone into the final
theoretical results for the total matrix element
given in the last columns of Table I. Because of
the A— C sign change for ?'Ne only a theoretical
upper limit is justified.

These results are compared with the experi-
mental matrix elements as deduced from mea-
sured electromagnetic and strong decay proper-
ties,14:15+17: 18 The magnitudes of the PNC matrix
elements can be related to the measured A, and
P, by using two-state mixing relations based on
measured electromagnetic strengths!®: 16:18 (gee
the footnotes to Table I). The measured parity-
forbidden o decays in *0O and 2°Ne can also be
related to the magnitudes of the PNC matrix ele-
ments.**17 For !°F, A7=26(MI/E1), where 6 is
the Rose-Brink'® mixing ratio. The calculated
sign of Ay in all model spaces is in agreement
with experiment. Since A, depends strongly on
h,° this result supports the DDH sign for #,°
based on the SU(6),, model which differs in sign
from the previously used factorization approxi-
mation.? However, the calculated sign in this
case is not absolutely reliable because the theo-
retical E1 matrix elements involved are hindered
and result from delicate cancellations between
large single-particle components. (Similar, but
not so severe cancellations, also occur for the
M2 and PNC matrix elements.) We hope in the
future to be able to calculate the ®F isospin-for-
bidden E1 matrix element as well as to improve
the calculations for hindered allowed E1 matrix
elements by including isospin mixing in the wave
functions.

From Table I it is seen that the DDH predic-
tions for the magnitudes of the PNC matrix ele-
ments are several times larger than experiment.
The 0 AT =0 matrix element is dominated by
the parameter hp° for which we obtain a value of
[(=)0.5+0.2] X10°® compared with the DDH “best-
value” prediction of —1.14x10°%, The ¥F AT =1
matrix element is dominated by the parameter f;
for which we obtain a value of <(+)0.25x10°¢
compared with the DDH “best-value” prediction
of 0.45X 1078, Further measurements for !®F are
needed in order to improve the determination of
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the important parameter f,. In addition, mea-
surements sensitive to the AT =1 matrix element
in 1°B have been planned,'® but the small matrix
element we obtain in this case indicates that it
will be a difficult experiment.

The !°F matrix element is dominated by the
linear combination of parameters X, =5.5f, — 0.74;
- 1.4n ' - 1.70,°~1.6k ' which Desplanques and
Missimer have found for odd proton nuclei,?’ & in
particular, [(Vpyo)| (*°F)~0.30|X,| MeV. The
comparison with the experimental matrix element
gives X, =(1.7+0.5) X 10® which can be compared
with the value of X, =(3.1+0.5) X 10" ¢ deduced
from '™Lu and ¥ Ta (Ref. 8) and the DDH “best-
value” prediction of 5.0X107%, Our wave func-
tions for *!Ne are too uncertain at present (be-
cause of the extreme A~ C reduction) to justify a
quantitative comparison between experiment and
theory.

In conclusion, our investigation of the nuclear
structure effects on parity nonconservation has
provided a crucial link in the chain which is need-
ed to go from the fundamental AS =0 quark-quark
weak-interaction theory to measurable parity-
nonconserving observables in nuclei. The values
which we have deduced for the PNC meson-nucle-
on coupling constants are 2-3 times smaller than
the DDH “best values” but are still within the
reasonable range proposed by Desplanques, Don-
oghue, and Holstein.? The recent quantum chro-
modynamics calculation of £, by Guberina et al.2°
is consistent with our empirical upper limit but
the quantum chromodynamics results of Buccela
etal ® and Korner ef al . are several times larg-
er than our empirical upper limit.

We would like to acknowledge many helpful dis-
cussions with Dr. B. Desplanques.

!D. Tadic, Rep. Prog. Phys. 43, 67 (1980), and ref-
erences therein.

’B. Desplangues, J. F. Donoghue, and B. R. Holstein,
Ann, Phys. (N.Y.) 124, 449 (1980).

*B. A. Brown, W. A. Richter, and N. S. Godwin, un-
published.

‘p. J. Brussaard and P. W. M. Glaudemans, Shell-
Model Applications in Nuclear Spectroscopy (North-
Holland, Amsterdam, 1977). {Note that the second
and third lines of Eq. 14.60 should be divided by [(1
+8, 5 )L+ 8, o )11/2.}

W. D. M. Rae, D. Phil. thesis, Oxford University,
1976 (unpublished); N. S. Godwin, D. Phil. thesis, Ox-
ford University, 1980 (unpublished).

5G. A. Miller and J. E. Spencer, Ann. Phys. (N.Y.)
100, 562 (1976).



VOLUME 45, NUMBER 21

PHYSICAL REVIEW LETTERS

24 NOVEMBER 1980

"M. A. Box and B. H. J. McKellar, J. Phys. G 11,
803 (1976).

8B. Desplangues and J. Missimer, Phys. Lett. 84B,
363 (1979).

D. J. Millener and D. Kurath, Nucl. Phys. A255,
315 (1975).

103, B. McGrory and B. H. Wildenthal, Phys. Rev.
C 7, 974 (1973); B. S. Reehal and B. H. Wildenthal,
Part. Nucl. 6, 137 (1973).

113, M. McGrory and B. H. Wildenthal, Phys. Lett.
60B, 5 (1975).
"T2B. H. Gloeckner and R. D. Lawson, Phys. Lett. 53B,
313 (1974); R. J. Philpott and P. P. Szydlik, Phys.
Rev. 153, 1039 (1967).

1353, J. Freedman et al ., in “Nuclear Structure Inves-
tigations with an FN Tandem Accelerator,” Progress
Report, Department of Physics, Stanford University,

1979 (unpublished), p. 111.

1B, A. Brown et al ., unpublished; B. Apagyietdl.,
Nucl. Phys. A272, 317 (1976).

'5G. A. Barnes et al., Phys. Rev. Lett. 40, 840 (1978).

16, G. Adelberger et al ., Annual Report of the Nuclear
Physics Laboratory, University of Washington, 1978
(unpublished), p. 8, and Phys. Rev. Lett. 34, 402 (1975).

171.. K. Fifield et al ., in Proceedings of the Interna-
tional Conference on Nuclear Structure, Berkeley,
1980 (to be published).

8K. A. Snover et al., Phys. Rev. Lett. 41, 145 (1978),
and private communication.

%H. J. Rose and D. M. Brink, Rev. Mod. Phys. 39,
306 (1967).

20B. Guberina et al., Nucl. Phys. B152, 429 (1979).

2F. Buccela et al., Nucl. Phys. B152, 461 (1979).

22J. K. Korner et al ., Phys. Lett. 81B, 365 (1979).

1685



