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Effects of nuclear structure on parity nonconservation in atomic cesium in relativistic
mean field theory
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We use relativistic mean field theory, which includes scalar and vector mesons, to calculate the binding
energy and charge radii in?Cs—%Cs. 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 numbeps): 24.80+y, 21.60—n

Experiments suggested [d] for measuring parity non- but also for deformed nuclei. The same parameter set of the
conservatiolPNC) in heavy atoms have provided an impor- model also describes well the properties of nuclear matter.
tant confirmatiorf2,3] of the SU(2)x U(1) electroweak sec- One of the major attractive features of the RMF approach is
tor of the standard model. One can explore the possibility othat the spin-orbit interaction and the associated nuclear shell
new physics beyond the standard mofi#]l by combining  Structure automatically arise from the meson-nucleon inter-
the very accurate measurement of PNC in atomic cesiuriction. The inclusion of thep meson accounts for the
with sophisticated many-body calculatiofs,6]. A recent ~neutron-proton asymmetry. We can therefore expect the
measurement of parity nonconservation in atomic ce$im RMF calculation to provide useful information on nuclear
has reduced significantly the uncertainty 1%) in the de- structure corrections to atomic parity nonconservation.

o In the standard model, the electron-nucleon interaction is
termination of the weak charg®,y of the Cs nucleug3]. ) ’ . .
The latest resulf7] Q&= — 72.06(28)o(34)atomic theory mediated by both the photon and the intermediate b@Son

: . . The latter does not conserve parity. The energy involved in
disagrees slightly, at the 2rdevel, with the standard model atomic PNC experiments is usually only a fraction of an eV,

prediction of Q}j M°9°=—73.120.06. The experimental \nile the mass of theZ® is ~92 GeV, and so the parity
result needs input from atomic structure calculations in theyonconserving interaction may be written as a contact inter-
vicinity of the nucleus. However, the small but non- gction. We have

negligible effects of nuclear size must be addressed before an

interpretation of PNC data in terms of the fundamental elec- Gr

troweak couplings is possible. In particular, variations in the Hone=—= > [Clgf P Psbl vsredr

neutron distribution among the isotopes affect the weak V2 8

charge. Thus nuclear structure could become a crucial factor

in the interpretation of PNC experiments of increasing accu- +Czsf Yhogis- z/;laz//ede‘r}, )
racy [8—11].

There have been earlier studies to determine nucleggqrep stands fom (neutron or p (proton. The first term
structure effects in PNC in atomic cesium using nonrelat|v-grOWS coherently with nucleon numbedsandZ. The second
istic potentials[10,11. Recently a parametric approach of oy tggether with the anapole moment term amounts to at
nuclear effects in atomic parity nonconservation has beef,,g; 4 few percent of the first term in heavy atoms. We shall

used[12]. In this paper we present a relativistic calculation e refore consider only the first term. The effective Hamil-
of these effects for the first time using relativistic mean field;;nian becomes

(RMF) theory.
The RMF theory first proposed by Teller and co-workers G
[13,14] and Dur [15] and later by Waleckfl6] and devel- Hpncz_FJ’ [—Np (N +2Z(1
oped by others has been fairly successfully applied to both 242
finite nuclear matter and infinite nuclei. RMF theory has the . " 3
advantage that, with proper relativistic kinemetics and with —4 S'nZHW)pP(r)We%‘ped s @

the mesons and their properties already known or fixed from .
the properties of a small number of nucli7—21, the where the proton and neutron densitjgs,(r) are normal-

method gives a good description for binding energies, rooFed to unity. We have assumed the standard model nucleon

mean squarérms) radii, quadrupole and hexadecapole de_couplmgs
formations, and other nuclear properties not only spherical,

1
clpz2clu+cld=§(1—4sir?¢9w), ®)
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TABLE I. Parameters.

T™1 NL1 NL-SH
M 938.0 938.0 939.0
m, 511.198 492.25 526.059
m, 783.0 795.359 783.0
m, 770.0 763.0 763.0
Js 10.0289 10.138 10.444
d, -7.2325 -12.172 -6.9099
s 0.6183 -36.265 -15.8337
g, 12.6139 13.285 12.945
Cs 71.3075 0.000 0.000
9, 4.6322 4.9755 4383

We need the spatial variation of the electron palty;,we
over the nucleus, its normalization, and its dependence
nuclear structure. PNC effects are dominatedsigtectrons
(k=—1) coupled top electrons «=1). This can be ex-
pressed as

ps(r) =il ysips=C(Z)MZ,R)f(r), (5)
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Qw(N,Z)=—N+Z(1—4sirf6y). )
The nuclear structure correctio@\y'(N,Z) describes the
part of the PNC effect that arises from the finite nuclear size.
In the same approximation as E®) above,

WAN,Z)=—=N(0,—1)+Z(1—4sirf6y)(,—1).
9

The proton(charge nuclear form factors needed fay,
and A\ are generally well known from measurements of the
charge distribution of nuclei close to the stable valley and
many unstable nuclei as well. The neutron nuclear form fac-
tor needed fon,, is not well determined experimentally and
is model dependent. To estimate the importance of PNC in
nuclear structure, the form factor can be approximated to the
order of (Z«)? for a sharp nuclear surface and neglecting the

oslectron mass in comparison with the nuclear Coulomb po-
tential [9],

f(r)y=1- %(za)2 (r/IR)%2— %(r/R)4+7—15(r/R)5}.
(10

whereC(Z) contains all atomic structure effects for a point In the above, for a sharp nuclear surface density distribution,

nucleus including many-body correlations, N

the only relevant parameter is the nuclear radRisand

Ezp;(O)ySzps(O) is the normalization factor for a single (r2"y=3/(2n+3)R?".

electron, and(r) describes the spatial variatipnormalized
such thatf(0)=1]. It is the integrals

Qn,pzj f(r)pn,p(r)dar (6)

which determine the effect of the proton and neutron distri-

butions on the PNC observables.

Observable PNC effects are proportional to the matrix

element between two atomic staieandj,

G
0=<i|Hpnc|J>=ﬁCDV[QW(N,ZHQWC(N.zn,
(7)

The relativistic Lagrangian density for a nucleon-meson
many-body systeil7-2Q is

L=i(iy*d,— M)y,

1 1 _
5 Moo+ 30,0°+ 750"~ et i

1
+ Eé”’“oﬂﬂa—

1o
Q0,4 5

7 miw“wu-i- ZC3(wﬂw“)2
1»#1/ - 1 250 5
-B ~BW+§mpR ‘R,

_gw%‘y#lrlfiwy,_ 4

(1—73)

— . .1 —
O,V T RE= 2 FR ey A,

whereQw(N,Z2) is the weak charge. For the standard model,

the weak charge takes the form

(11)

TABLE II. Results of RMF calculations in the TM1 parameter set. The binding energies are in MeV; all

radii are in fm.

N E Erme fen  ren(fitted)®  Sriexpy o) or2 sy ord

70 1049.98 1054.856 4.800 4.784 -0.1517 -0.2373 -1.1301 10.8178 54.5746
72 1068.25 1073.06 4.807 4.789 -0.0985 -0.1709 -0.8281 7.7116 40.2391
74 1085.66 1090.754 4.813 4.794 -0.0561 -0.114 -0.5438 5.1508 26.5791
76 1102.37 1107.645 4.819 4.798 -0.0141 -0.057 -0.2749 25803 13.1588
78 1118.52 1121.879 4.825 4.800 0.0000 0.0000 0.0000 0.0000 0.0000
80 1134.24 1139.389 4.831 4.801 0.0250 0.0571 0.2391 2.59 11.8781
82 1149.27 1154.266 4.843 4.808 0.0821 0.1716 0.58 7.7995 29.6266
84 1159.57 1164.659 4.863 4.837 0.3604 0.3727 1.0448 17.0111 52.7265
aReference$23].
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TABLE lIl. Results of RMF calculations in the NL1 parameter set. The binding energies are in MeV; all
radii are in fm.

N E ErmF ren ren(fitted)® oSri(exph — ora or2 oy ord

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
aReference$23].

The field for thec meson is denoted by, that of thew energy, respectively. We have used the pairing gap defined
meson byw,, and that of the isovectos meson byR,. in Ref. [22] to take pairing in to accountEcm=
Here A* denotes the electromagnetic fielth. are the Dirac  — 341A~*3 is the nonrelativistic approximation for the
spinors for the nucleons, whose third component of isospin isenter-of-mass correction.
denoted byrs . Heregs, g,,, 9,, and e’l4r= 15 are the The three-vector part of the vector meson fields does not

coupling constants for, w, and p mesons and photons, respect time reversal symmetry due to the @dumber of
respectivelyM is the mass of the nucleon ang,, m,, and  Cs isotopes. In this RMF calculation, we take into account
m, are the masses of the, w, andp mesons, respectively. the nucleon current and the resulting spatial component of
Q**, B4, andF*" are the field tensors for the*, R#, and  the vector field due te» mesons, and we have neglected the
the photon fields, respective[y19]. The field equations for contributions of the spatial components of the vector fields of
mesons and nucleons are obtained from the Lagrangian @f mesons and photons.
Eqg. (11) and can be found in Ref§18,19. These are non- We use the parameter sets TM1, NL1, and NL-SH for our
linear, coupled partial differential equations, which arecalculations. These parameters are given in Table I. We note
solved self-consistently. These equations are solved by exhat TM1 parameter set has the non-negative value of the
panding the upper and lower componehtsandg™ of the  quartic self-coupling coefficiergs. In most of the successful
Dirac spinorsy; and the boson field wave functions in terms parameter sets the quartic self-coupling term is negative, so
of a deformed harmonic oscillator potential basis. The frethat the energy spectrum is unbounded below, although in
quencieshw, andfw, can be expressed in terms of the normal cases the solutions are obtained in the local mini-
deformation parameteB,. In numerical calculations, we mum. However, all these parameter sets give a good account
have used the maximum number of oscillator quahtg,,  Of various properties such as binding energy, compressibil-
=16, for both fermions and bosons. ity, and asymmetric energy for nuclear matter.
The total binding energy of the system is For an open shell nuclei, i.e?>Cs, the pairing may be
important. Therefore the binding energigsandr,, are cal-
Ewot=Epartt Eo+E,TE,+EctEpair TEcm, (12 culated where the effect of pairing is incorporated in the
constant gap approximation. In Tables Il, lll, and IV, the
where E,,; is the sum of single-particle energies of the binding energies, charge radius, and shiéft%’n and érg‘n
nucleons,E,, E,, andE, are the contributions of meson are listed with different parameter sets. The binding energies
energies, anEc and E,;, are the Coulomb and pairing agree in all the cases with the experimental values with

TABLE IV. Results of RMF calculations in the NL-SH parameter set. The binding energies are in MeV;
all radii are in fm.

N E Ermr ren ren(fitted)® oSri(exph — ors or2 oy ord

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

aReference$23].

065501-3



P. K. PANDA AND B. P. DAS

rectionsQy;'“(N,Z), qy,, g, (including intrinsic nucleon-structure

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

PHYSICAL REVIEW C62 065501

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

correction, R (in fm), andR, /R, in the TM1 parameter set. N Quw(N,2) QW'YN,2) dn ap R R./R,
N QuNZ) QUYN.Z)  qp a R Ri/R, 70 -65.2174 2.9466  0.9550 0.958 6.2135 1.0283
72 -67.1930 3.0853  0.9543 0.958 6.211 1.0375
70 -65.2174 29327  0.9552 0.958 6.1968 1.026 74 -69.1686 3.2048  0.9539 0.958 6.2174 1.0427
72 -67.1930 3.0497  0.9548 0.958 6.2058 1.031 76 -71.1442 3.3184 0.9536 0.958 6.2252 1.0482
74 -69.1686 3.1682  0.9544 0958 6.2135 1.036 78 -73.1198 3.4409  0.9532 0.958 6.2316 1.0531
76 -71.1442 3.2808  0.9541 0.958 6.2213 1.040480 -75.0954 35570  0.9529 0.958 6.2368 1.0573
78 -73.1198 3.3946 0.9538 0.958 6.229 1.0448 g2 -77.0710 3.6825 0.9525 0958 6.2471 1.062
80 -75.0954 3.5096  0.9535 0.958 6.2368 1.048584 -79.0466 3.8261  0.9519 0.958 6.2678 1.0703
82 -77.0710 3.6258  0.9532 0.958 6.2525 1.0529
84  -79.0466 3.7514  0.9528 0.958 6.2781 1.0579

the comparison with the values sz) Experimentally,
muonic x-ray energies for stablECs "have been fitted by
the Fermi distribution with the halfway radius=e 5.85 fm,
thickness t=1.82
=23.27 fnf. The RMF calculation glves{r2> 22.63 in

surface

fm [24,25,

and (rp>

rections, and is the parameter characterizing isospin break-

ing corrections. The nuclear structure correction@g, is
maximum deviation of 5—-6 MeV out of a total binding en- given by
ergy of 1000 MeV. The charge rad®,;, agree with the fitted
values[23] to within 1%. The agreement of the shwrf)
with experiment is not very good. Such a failure to reproduce
the radii is also observed in $& and Skmlll interaction
calculations. It is worthwhile to make a brief comment about

TM1, (rp> 22.65 in NL1, and(rp) 22.34 in NL-SH pa-
rameters.

The calculated shifts in neutron radii are listed in Table Il

(TM1), Il (NL1), and IV (NL-SH). The lack of unambigu-

ous precise experimental information on the neutron distri-
bution means that one must extrapolate to the desired newhere (r?), (,  are the nucleon weak radii ar@W are
tron properties. In Ref[26], data from pionic atoms are nucleon weak charges. Including the strangeness[lm]mf

analyzed. The nearest nucleus to cesium in R2@| is
142Ce. Scaling it withA?3, one obtaingr2)=24.7 fnf for
133Cs. The RMF calculation gives 24.71 fniTM1), 25.13

QNYY(N,Z)=0.9878<[ —N(g,—1)

+Z(1-4.011&)(q,

-1)].

1
qp,n:J dsr[Pp,n(r)+€<r2>l,(p,n)A2Pp,n/Q\gn}f(r)a
(16)

(15

The coefficientsy, , defined earlier in Eq(6) contain the

nuclear structure effects. We have included the intrinsic
nucleon structure contributions in evaluating the nuclear
structure correction. We ugé0]

the nucleor(0.14 fn?), the nuclear structure corrections and
the weak charge for different isotopes of cesium evaluated
for S=T=0 are listed in Tables (TM1), VI (NL1), and

fm? (NL1), and 24.32 frd (NL-SH), respectively. We note VIl (NL-SH) for different parameter sets. Here one can see
that there is essentially no model-independent experimentahat theq, are constant when the neutron number increases
information on neutron density distributions. Thus, our cal-from N=70 to 84. Howeverg, varies slowly as one in-
culation cannot be verified directly. We next use these radicreases the neutron number. Our RMF calculation gives the
to estimate the nuclear structure effects in PNC. nuclear structure correction fol*Cs, QJ'°=3.3946 for

One of the motivations for further improving atomic par- TM1, 3.4409 for NL1, and 3.3869 for NL-SH forces. Similar
ity nonconservation experiments is to test the standard modebrrections were also obtained in the nonrelativistic poten-
parameters. To show how they might compare in size tqjals (3.422 for SkM and 3.458 for Skmil[11]. In Fig. 1,
nuclear structure effects, we begin by rewriting E@.and

(9) in the form TABLE VII. Same as Table V in the NL-SH parameter set.

n

Qu(N,Z)=0.9878<[ —~N+Z(1—4.011&)] N QuiNg) Qw'NZ - dn @ R RIR
70 -65.2174 2.9327 0.9552 0.958 6.1619 1.0253
x(1.0+0.00787), (13 72 -67.1930 3.0497 0.9548 0.958 6.1697 1.0301
74  -69.1686 3.1609 0.9545 0.958 6.1761 1.0345
X= 0.23124+ 0.00017% 0.00363&— 0.00258, (14) 76 -71.1442 3.2733 0.9542 0.958 6.1826 1.0389
78 -73.1198 3.3869 0.9539 0.958 6.1890 1.0433
_ 80 -75.0954 3.5014 0.9536 0.958 6.1954 1.0473
wherex is assumed here to be defined at the mass #dale g2 -77.0710 3.6258 0.9532 0.958 6.2109 1.0518
by modified minimal subtractiof27,28, Sis the parameter g4 -79.0466 3.7514 0.9528 0958 6.2342 1.0581

characterizing the isospin conserving new quantum loop cor.
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FIG. 1. N vs Qy;° for cesium isotopes in different parameter
sets.
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Assuming the difference by a small parametef/R3=1
+¢€, we have

AQRP=N(Za)?(0.221 €)/q,. (19

Our RMF calculation givesAQy,?=0.2656 in TM1,
AQy, P=0.3161 in NL1, andAQy, P=0.2565 in NL-SH pa-
rameters. The Skyrme parametrized nuclear Lagrangian
(SkM* and SkKll) yields R, /R, values of 1.022 and 1.016,
respectively, which giveaQy,"=0.11. The RMF calcula-
tions generate larger neutron radii and thus predict values of
AQY, P that are at least twice as large as those obtained from
the Skyrme interaction. However, if one wants to attribute
the small differences between the experimental value of the
Qw and the standard model prediction entirely to nuclear
physics effects, one would requiRs /R,=1.18+0.07 (add-

ing all atomic experimental and theoretical and standard
model theoretical erroyswhich is beyond the range of all
predicted nuclear structure values.

The uncertainty inAQ{, P for our calculations is now
closer to the atomic theory uncertainty than previous calcu-
lations. It is therefore necessary to improve the uncertainties
in both nuclear and atomic structure if one would like to use
PNC in atomic cesium as a probe of physics beyond the
standard model.

we have plotted the nuclear structure corrections versus dif- Note addedAfter completion of this work, there appeared
ferent isotopes of cesium for the parameter sets used in oan article by Vretenar, Lalazissis, and Rif#fl], in which

calculations.

the authors preseiR,/R,=1.046 for 1*Cs in the NL3 pa-

We next discuss explicitly the correction to the weakrameter set in relativistic mean field theory. They have also
charge arising from the difference between the neutron andstimated that the\Q{,® can be more than a factor of 2

proton distributions. The small difference betwegrandq,
has the effect of modifying the effective weak charg¢33

Quw=Qy "H+AQy P, (17)

where

AQw P=N(1-q,/qp). (18)

larger than that calculated [130].
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