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Effects of nuclear structure on parity nonconservation in atomic cesium in relativistic
mean field theory

P. K. Panda* and B. P. Das
Indian Institute of Astrophysics, Koramangala, Bangalore 560 034, India

~Received 11 October 1999; published 27 October 2000!

We use relativistic mean field theory, which includes scalar and vector mesons, to calculate the binding
energy and charge radii in125Cs2139Cs. We then evaluate the nuclear structure corrections to the weak
charges for a series of cesium isotopes using different parameters and estimate their uncertainty in the frame-
work of this model.

PACS number~s!: 24.80.1y, 21.60.2n
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Experiments suggested in@1# for measuring parity non-
conservation~PNC! in heavy atoms have provided an impo
tant confirmation@2,3# of the SU(2)3U(1) electroweak sec
tor of the standard model. One can explore the possibility
new physics beyond the standard model@4# by combining
the very accurate measurement of PNC in atomic ces
with sophisticated many-body calculations@5,6#. A recent
measurement of parity nonconservation in atomic cesium@3#
has reduced significantly the uncertainty (,1%) in the de-
termination of the weak chargeQW of the Cs nucleus@3#.
The latest result@7# QW

expt5272.06(28)expt(34)atomic theory

disagrees slightly, at the 2.5s level, with the standard mode
prediction of QW

st. model5273.1260.06. The experimenta
result needs input from atomic structure calculations in
vicinity of the nucleus. However, the small but no
negligible effects of nuclear size must be addressed befor
interpretation of PNC data in terms of the fundamental el
troweak couplings is possible. In particular, variations in
neutron distribution among the isotopes affect the we
charge. Thus nuclear structure could become a crucial fa
in the interpretation of PNC experiments of increasing ac
racy @8–11#.

There have been earlier studies to determine nuc
structure effects in PNC in atomic cesium using nonrela
istic potentials@10,11#. Recently a parametric approach
nuclear effects in atomic parity nonconservation has b
used@12#. In this paper we present a relativistic calculati
of these effects for the first time using relativistic mean fie
~RMF! theory.

The RMF theory first proposed by Teller and co-worke
@13,14# and Dürr @15# and later by Walecka@16# and devel-
oped by others has been fairly successfully applied to b
finite nuclear matter and infinite nuclei. RMF theory has t
advantage that, with proper relativistic kinemetics and w
the mesons and their properties already known or fixed fr
the properties of a small number of nuclei@17–21#, the
method gives a good description for binding energies, r
mean square~rms! radii, quadrupole and hexadecapole d
formations, and other nuclear properties not only spheri
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but also for deformed nuclei. The same parameter set of
model also describes well the properties of nuclear mat
One of the major attractive features of the RMF approach
that the spin-orbit interaction and the associated nuclear s
structure automatically arise from the meson-nucleon in
action. The inclusion of ther meson accounts for the
neutron-proton asymmetry. We can therefore expect
RMF calculation to provide useful information on nucle
structure corrections to atomic parity nonconservation.

In the standard model, the electron-nucleon interaction
mediated by both the photon and the intermediate bosonZ0.
The latter does not conserve parity. The energy involved
atomic PNC experiments is usually only a fraction of an e
while the mass of theZ0 is .92 GeV, and so the parity
nonconserving interaction may be written as a contact in
action. We have

Hpnc5
GF

A2
(
eB

FC1BE cB
†cBce

†g5ced
3r

1C2BE cB
†sBcB•ce

†aced
3r G , ~1!

whereB stands forn ~neutron! or p ~proton!. The first term
grows coherently with nucleon numbersN andZ. The second
term together with the anapole moment term amounts to
most a few percent of the first term in heavy atoms. We sh
therefore consider only the first term. The effective Ham
tonian becomes

Hpnc5
GF

2A2
E @2Nrn~r !1Z~1

24 sin2uW!rp~r !#ce
†g5ced

3r , ~2!

where the proton and neutron densitiesrp,n(r ) are normal-
ized to unity. We have assumed the standard model nuc
couplings

C1p[2C1u1C1d5
1

2
~124sin2uW!, ~3!

C1n[2C1u1C1d52
1

2
. ~4!P,
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We need the spatial variation of the electron partce
†g5ce

over the nucleus, its normalization, and its dependence
nuclear structure. PNC effects are dominated bys electrons
(k521) coupled top electrons (k51). This can be ex-
pressed as

r5~r ![cp
†g5cs5C~Z!N~Z,R! f ~r !, ~5!

whereC(Z) contains all atomic structure effects for a poi
nucleus including many-body correlations, N
[cp

†(0)g5cs(0) is the normalization factor for a singl
electron, andf (r ) describes the spatial variation@normalized
such thatf (0)51]. It is the integrals

qn,p5E f ~r !rn,p~r !d3r ~6!

which determine the effect of the proton and neutron dis
butions on the PNC observables.

Observable PNC effects are proportional to the ma
element between two atomic statesi and j,

O5^ i uHpncu j &5
GF

2A2
CZN@QW~N,Z!1QW

nuc~N,Z!#,

~7!

whereQW(N,Z) is the weak charge. For the standard mod
the weak charge takes the form

TABLE I. Parameters.

TM1 NL1 NL-SH

M 938.0 938.0 939.0
ms 511.198 492.25 526.059
mv 783.0 795.359 783.0
mr 770.0 763.0 763.0
gs 10.0289 10.138 10.444
g2 -7.2325 -12.172 -6.9099
g3 0.6183 -36.265 -15.8337
gv 12.6139 13.285 12.945
c3 71.3075 0.000 0.000
gr 4.6322 4.9755 4.383
06550
n

i-

x

l,

QW~N,Z!52N1Z~124sin2uW!. ~8!

The nuclear structure correctionQW
nuc(N,Z) describes the

part of the PNC effect that arises from the finite nuclear si
In the same approximation as Eq.~8! above,

QW
nuc~N,Z!52N~qn21!1Z~124sin2uW!~qp21!.

~9!

The proton~charge! nuclear form factors needed forqp
andN are generally well known from measurements of t
charge distribution of nuclei close to the stable valley a
many unstable nuclei as well. The neutron nuclear form f
tor needed forqn is not well determined experimentally an
is model dependent. To estimate the importance of PNC
nuclear structure, the form factor can be approximated to
order of (Za)2 for a sharp nuclear surface and neglecting
electron mass in comparison with the nuclear Coulomb
tential @9#,

f ~r !.12
1

2
~Za!2F ~r /R!22

1

5
~r /R!41

1

75
~r /R!6G .

~10!

In the above, for a sharp nuclear surface density distribut
the only relevant parameter is the nuclear radiusR and
^r 2n&53/(2n13)R2n.

The relativistic Lagrangian density for a nucleon-mes
many-body system@17–20# is

L5c̄ i~ igm]m2M !c i

1
1

2
]ms]ms2

1

2
ms

2s21
1

3
g2s31

1

4
g3s42gsc̄ ic is

2
1

4
VmnVmn1

1

2
mv

2 vmvm1
1

4
c3~vmvm!2

2gvc̄ ig
mc ivm2

1

4
BW mn

•BW mn1
1

2
mr

2RW m
•RW m

2grc̄ ig
mtWc i•RW m2

1

4
FmnFmn2ec̄ ig

m
~12t3i !

2
c iAm .

~11!
; all

746
391
791
588
000
781
266
265
TABLE II. Results of RMF calculations in the TM1 parameter set. The binding energies are in MeV
radii are in fm.

N E ERMF r ch r ch~fitted! a dr p
2~expt! dr p

2 dr n
2 dr p

4 dr n
4

70 1049.98 1054.856 4.800 4.784 -0.1517 -0.2373 -1.1301 10.8178 54.5
72 1068.25 1073.06 4.807 4.789 -0.0985 -0.1709 -0.8281 7.7116 40.2
74 1085.66 1090.754 4.813 4.794 -0.0561 -0.114 -0.5438 5.1508 26.5
76 1102.37 1107.645 4.819 4.798 -0.0141 -0.057 -0.2749 2.5803 13.1
78 1118.52 1121.879 4.825 4.800 0.0000 0.0000 0.0000 0.0000 0.0
80 1134.24 1139.389 4.831 4.801 0.0250 0.0571 0.2391 2.59 11.8
82 1149.27 1154.266 4.843 4.808 0.0821 0.1716 0.58 7.7995 29.6
84 1159.57 1164.659 4.863 4.837 0.3604 0.3727 1.0448 17.0111 52.7

aReferences@23#.
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TABLE III. Results of RMF calculations in the NL1 parameter set. The binding energies are in MeV
radii are in fm.

N E ERMF r ch r ch~fitted! a dr p
2~expt! dr p

2 dr n
2 dr p

4 dr n
4

70 1049.98 1053.328 4.813 4.784 -0.1517 0.038 -1.1299 6.013 55.5158
72 1068.25 1071.530 4.811 4.789 -0.0985 -0.1521 -0.9041 6.8677 44.6223
74 1085.66 1088.718 4.816 4.794 -0.0561 -0.0951 -0.5979 4.3004 29.6961
76 1102.37 1105.499 4.822 4.798 -0.0141 -0.0476 -0.2899 2.1536 14.4871
78 1118.52 1121.167 4.827 4.800 0.0000 0.0000 0.0000 0.0000 0.0000
80 1134.24 1136.719 4.831 4.801 0.0250 0.0381 0.2412 1.7296 12.1809
82 1149.27 1152.056 4.839 4.808 0.0821 0.1143 0.5545 5.1964 28.1745
84 1159.57 1157.077 4.855 4.837 0.3604 0.2769 1.1457 12.6254 58.8962

aReferences@23#.
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The field for thes meson is denoted bys, that of thev

meson byvm , and that of the isovectorr meson byRW m .
HereAm denotes the electromagnetic field.c i are the Dirac
spinors for the nucleons, whose third component of isospi
denoted byt3i . Heregs , gv , gr , ande2/4p5 1

137 are the
coupling constants fors, v, and r mesons and photons
respectively.M is the mass of the nucleon andms , mv , and
mr are the masses of thes, v, andr mesons, respectively
Vmn, BW mn, andFmn are the field tensors for thevm, RW m, and
the photon fields, respectively@19#. The field equations for
mesons and nucleons are obtained from the Lagrangia
Eq. ~11! and can be found in Refs.@18,19#. These are non-
linear, coupled partial differential equations, which a
solved self-consistently. These equations are solved by
panding the upper and lower componentsf 6 andg6 of the
Dirac spinorsc i and the boson field wave functions in term
of a deformed harmonic oscillator potential basis. The f
quencies\v' and \vz can be expressed in terms of th
deformation parameterb0. In numerical calculations, we
have used the maximum number of oscillator quanta,Nmax
516, for both fermions and bosons.

The total binding energy of the system is

Etot5Epart1Es1Ev1Er1EC1Epair1Ec.m., ~12!

where Epart is the sum of single-particle energies of th
nucleons,Es , Ev , and Er are the contributions of meso
energies, andEC and Epair are the Coulomb and pairin
06550
is

of

x-

-

energy, respectively. We have used the pairing gap defi
in Ref. @22# to take pairing in to account.Ec.m.5
2 3

4 41A21/3 is the nonrelativistic approximation for th
center-of-mass correction.

The three-vector part of the vector meson fields does
respect time reversal symmetry due to the oddZ number of
Cs isotopes. In this RMF calculation, we take into acco
the nucleon current and the resulting spatial componen
the vector field due tov mesons, and we have neglected t
contributions of the spatial components of the vector fields
r mesons and photons.

We use the parameter sets TM1, NL1, and NL-SH for o
calculations. These parameters are given in Table I. We n
that TM1 parameter set has the non-negative value of
quartic self-coupling coefficientg3. In most of the successfu
parameter sets the quartic self-coupling term is negative
that the energy spectrum is unbounded below, although
normal cases the solutions are obtained in the local m
mum. However, all these parameter sets give a good acc
of various properties such as binding energy, compress
ity, and asymmetric energy for nuclear matter.

For an open shell nuclei, i.e.,133Cs, the pairing may be
important. Therefore the binding energiesr p and r n are cal-
culated where the effect of pairing is incorporated in t
constant gap approximation. In Tables II, III, and IV, th
binding energies, charge radius, and shiftsdr p,n

2 and dr p,n
4

are listed with different parameter sets. The binding energ
agree in all the cases with the experimental values w
eV;
TABLE IV. Results of RMF calculations in the NL-SH parameter set. The binding energies are in M
all radii are in fm.

N E ERMF r ch r ch~fitted! a dr p
2~expt! dr p

2 dr n
2 dr p

4 dr n
4

70 1049.98 1055.723 4.773 4.784 -0.1517 -0.1981 -1.044 8.8134 49.6998
72 1068.25 1072.937 4.779 4.789 -0.0985 -0.1416 -0.7633 6.4073 35.1781
74 1085.66 1091.900 4.784 4.794 -0.0561 -0.0945 -0.5102 4.2116 24.5616
76 1102.37 1107.703 4.789 4.798 -0.0141 -0.0473 -0.2558 2.1091 12.3785
78 1118.52 1124.199 4.794 4.800 0.0000 0.0000 0.0000 0.0000 0.0000
80 1134.24 1141.868 4.799 4.801 0.0250 0.0473 0.2373 2.1157 11.6014
82 1149.27 1158.148 4.811 4.808 0.0821 0.161 0.5755 7.2211 28.3272
84 1159.57 1166.610 4.829 4.837 0.3604 0.3417 1.077 15.3843 53.554

aReferences@23#.
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maximum deviation of 5–6 MeV out of a total binding e
ergy of 1000 MeV. The charge radiiRch agree with the fitted
values @23# to within 1%. The agreement of the shiftdr p

2

with experiment is not very good. Such a failure to reprodu
the radii is also observed in SkM* and SkmIII interaction
calculations. It is worthwhile to make a brief comment abo
the comparison with the values of^r p

2&. Experimentally,
muonic x-ray energies for stable133Cs have been fitted by
the Fermi distribution with the halfway radius c5 5.85 fm,
surface thickness t51.82 fm @24,25#, and ^r p

2&
523.27 fm2. The RMF calculation giveŝ r p

2&522.63 in
TM1, ^r p

2&522.65 in NL1, and̂ r p
2&522.34 in NL-SH pa-

rameters.
The calculated shifts in neutron radii are listed in Table

~TM1!, III ~NL1!, and IV ~NL-SH!. The lack of unambigu-
ous precise experimental information on the neutron dis
bution means that one must extrapolate to the desired
tron properties. In Ref.@26#, data from pionic atoms are
analyzed. The nearest nucleus to cesium in Ref.@26# is
142Ce. Scaling it withA2/3, one obtainŝ r n

2&524.7 fm2 for
133Cs. The RMF calculation gives 24.71 fm2 ~TM1!, 25.13
fm2 ~NL1!, and 24.32 fm2 ~NL-SH!, respectively. We note
that there is essentially no model-independent experime
information on neutron density distributions. Thus, our c
culation cannot be verified directly. We next use these ra
to estimate the nuclear structure effects in PNC.

One of the motivations for further improving atomic pa
ity nonconservation experiments is to test the standard m
parameters. To show how they might compare in size
nuclear structure effects, we begin by rewriting Eqs.~8! and
~9! in the form

QW~N,Z!50.98783@2N1Z~124.0118x̄!#

3~1.010.00782T!, ~13!

x̄50.2312460.0001710.003636S20.00258T, ~14!

wherex̄ is assumed here to be defined at the mass scaleMZ
by modified minimal subtraction@27,28#, S is the parameter
characterizing the isospin conserving new quantum loop

TABLE V. The weak chargesQW(N,Z), nuclear structure cor-
rectionsQW

nuc(N,Z), qn , qp ~including intrinsic nucleon-structure
correction!, R ~in fm!, andRn /Rp in the TM1 parameter set.

N QW(N,Z) QW
nuc(N,Z) qn qp R Rn /Rp

70 -65.2174 2.9327 0.9552 0.958 6.1968 1.02
72 -67.1930 3.0497 0.9548 0.958 6.2058 1.03
74 -69.1686 3.1682 0.9544 0.958 6.2135 1.03
76 -71.1442 3.2808 0.9541 0.958 6.2213 1.04
78 -73.1198 3.3946 0.9538 0.958 6.229 1.04
80 -75.0954 3.5096 0.9535 0.958 6.2368 1.04
82 -77.0710 3.6258 0.9532 0.958 6.2525 1.05
84 -79.0466 3.7514 0.9528 0.958 6.2781 1.05
06550
e

t

I

i-
u-
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rections, andT is the parameter characterizing isospin brea
ing corrections. The nuclear structure correction toQW is
given by

QW
nuc~N,Z!50.98783@2N~qn21!

1Z~124.0118x̄ !~qp21!#. ~15!

The coefficientsqn,p defined earlier in Eq.~6! contain the
nuclear structure effects. We have included the intrin
nucleon structure contributions in evaluating the nucl
structure correction. We use@10#

qp,n5E d3r Frp,n~r !1
1

6
^r 2& I ,(p,n)D

2rp,n /Qp,n
W G f ~r !,

~16!

where ^r 2& I ,(p,n) are the nucleon weak radii andQp,n
W are

nucleon weak charges. Including the strangeness radii@29# of
the nucleon~0.14 fm2), the nuclear structure corrections an
the weak charge for different isotopes of cesium evalua
for S5T50 are listed in Tables V~TM1!, VI ~NL1!, and
VII ~NL-SH! for different parameter sets. Here one can s
that theqp are constant when the neutron number increa
from N570 to 84. However,qn varies slowly as one in-
creases the neutron number. Our RMF calculation gives
nuclear structure correction for133Cs, QW

nuc53.3946 for
TM1, 3.4409 for NL1, and 3.3869 for NL-SH forces. Simila
corrections were also obtained in the nonrelativistic pot
tials ~3.422 for SkM* and 3.458 for SkmIII! @11#. In Fig. 1,

TABLE VI. Same as Table V in the NL1 parameter set.

N QW(N,Z) QW
nuc(N,Z) qn qp R Rn /Rp

70 -65.2174 2.9466 0.9550 0.958 6.2135 1.02
72 -67.1930 3.0853 0.9543 0.958 6.211 1.03
74 -69.1686 3.2048 0.9539 0.958 6.2174 1.04
76 -71.1442 3.3184 0.9536 0.958 6.2252 1.04
78 -73.1198 3.4409 0.9532 0.958 6.2316 1.05
80 -75.0954 3.5570 0.9529 0.958 6.2368 1.05
82 -77.0710 3.6825 0.9525 0.958 6.2471 1.06
84 -79.0466 3.8261 0.9519 0.958 6.2678 1.07

TABLE VII. Same as Table V in the NL-SH parameter set.

N QW(N,Z) QW
nuc(N,Z) qn qp R Rn /Rp

70 -65.2174 2.9327 0.9552 0.958 6.1619 1.02
72 -67.1930 3.0497 0.9548 0.958 6.1697 1.03
74 -69.1686 3.1609 0.9545 0.958 6.1761 1.03
76 -71.1442 3.2733 0.9542 0.958 6.1826 1.03
78 -73.1198 3.3869 0.9539 0.958 6.1890 1.04
80 -75.0954 3.5014 0.9536 0.958 6.1954 1.04
82 -77.0710 3.6258 0.9532 0.958 6.2109 1.05
84 -79.0466 3.7514 0.9528 0.958 6.2342 1.05
1-4
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we have plotted the nuclear structure corrections versus
ferent isotopes of cesium for the parameter sets used in
calculations.

We next discuss explicitly the correction to the we
charge arising from the difference between the neutron
proton distributions. The small difference betweenqn andqp
has the effect of modifying the effective weak charge as@30#

QW5QW
st. mod1DQW

n2p , ~17!

where

DQW
n–p5N~12qn /qp!. ~18!

FIG. 1. N vs QW
nuc for cesium isotopes in different paramet

sets.
m

n,

ob

s.

. A

e

06550
if-
ur

d

Assuming the difference by a small parameter,Rn
2/Rp

251
1e, we have

DQW
n-p.N~Za!2~0.221 e!/qp . ~19!

Our RMF calculation givesDQW
n–p50.2656 in TM1,

DQW
n–p50.3161 in NL1, andDQW

n–p50.2565 in NL-SH pa-
rameters. The Skyrme parametrized nuclear Lagrang
(SkM* and SkIII! yields Rn /Rp values of 1.022 and 1.016
respectively, which givesDQW

n–p50.11. The RMF calcula-
tions generate larger neutron radii and thus predict value
DQW

n–p that are at least twice as large as those obtained f
the Skyrme interaction. However, if one wants to attribu
the small differences between the experimental value of
QW and the standard model prediction entirely to nucle
physics effects, one would requireRn /Rp51.1860.07~add-
ing all atomic experimental and theoretical and stand
model theoretical errors!, which is beyond the range of a
predicted nuclear structure values.

The uncertainty inDQW
n–p for our calculations is now

closer to the atomic theory uncertainty than previous cal
lations. It is therefore necessary to improve the uncertain
in both nuclear and atomic structure if one would like to u
PNC in atomic cesium as a probe of physics beyond
standard model.

Note added.After completion of this work, there appeare
an article by Vretenar, Lalazissis, and Ring@31#, in which
the authors presentRn /Rp51.046 for 133Cs in the NL3 pa-
rameter set in relativistic mean field theory. They have a
estimated that theDQW

n–p can be more than a factor of
larger than that calculated in@30#.

The authors acknowledge financial support of the Dep
ment of Atomic Energy~No 37/15/97/-R&D. II/1603!. The
services and computer~Power-Challenge RS10000! facilities
provided to us by the Indian Institute of Astrophysics a
gratefully acknowledged. The authors are thankful to S
Pollock and M.C. Welliver for useful discussions.
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