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Polarizabilities and parity nonconservation in the Cs atom and limits on the deviation
from the standard electroweak model
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A semiempirical calculation of thes$7s Stark amplitudea in Cs has been performed using the most
accurate measurements and calculations of the electromagnetic amplitudes available. This is then used to
extract the parameters of the electroweak theory from experimental data. The results are
«=269.0(1.3p3, weak charge of CRw=—72.41(25)4p{80)heor, deviation from the standard model
S= —1.0(.3)xp{ 1.0)neor and the limit on the mass of the ex@aboson in the SA0) modelMz >550 GeV.
[S1050-294{@7)50212-5

PACS numbsd(s): 31.10+z, 11.30.Er

Experiments suggested [d] for measuring parity non- number of electrons in the external closed substie# 5p
conservatior(PNC) in heavy atoms have provided an impor- electrons in Cs We stress that our approach takes into ac-
tant confirmatior{2—5] of the standard model of elementary count screening diagrams with double, triple, and higher core
particles. Combining the very accurate recent measuremenggectron excitation§10] in contrast to popular pair equations
of parity nonconservation in the Cs atgf] with theoretical  (coupled-clustermethod, where only double excitations are
calculationg 6,7] gives one a possibility to study new phys- ¢onsidered.
ics beyond the standard model. The measured nuclear spin- (ji) Hole-particle interaction. This effect is enhanced by
independent part of the PNC effect in {3 is of the form ¢ |arge zero-multipolarity diagonal matrix elements of the
(we use the analysis frofi8]) Coulomb interaction.

Im(E v (iii) Iterations of the self-energy operat@fcorrelation
— ”](—"'“‘3):1_593956)m_ , (1)  potential”). This chain of diagrams describes the nonlinear
B cm effects of the correlation potential and is enhanced by the

) ) ] small denominator, which is the energy for the excitation of
whereEpyc is the PNCE1 amplitude of the 6-7s transi-

) : L - an external electrofin comparison with the excitation en-
tion and B is the vector polarizability of the transition. The

) oll ) ergy of a core electrgn
theoretical values oFpnc are as follows: The error in the theoretical value was tested in many dif-

ferent ways: by estimating the contribution of the unac-
counted higher-order diagrams and by comparing the calcu-
0.9089) (Ref. [7]). lated and measured values of the energy levels, the fine and
@) hyperfine structure intervals, the probabilities of electromag-
netic transitions, etcisee Ref[6]). The result for the PNC
Here,Qyy is the weak charge of the cesium nucleus Bhis  amplitude almost did not change when we introduced factors
the number of neutrons. into the correlation potential to fit the energy levéis imi-

The method forab initio calculations ofEpyc that we  tation of the unaccounted higher-order diagranhmportant
used in[6] was based on an all-orders summation of thetests of our method included predictions of the spectiriii
dominating diagrams of the many-body perturbation theoryand electromagnetic transition amplitudes for the Fr atom
in the residual Coulomb interaction using a relativistic[12], which is an analogue of the Cs atom. Recently, the
Hartree-Fock basis set and Green’s functions. This techniqueositions of many energy leveld3] and some transition
has been described [6,9]. rates[14] of Fr were measured and found to be in excellent

We took into account direct and exchange polarization olagreement with our predictions.
the atomic core by the external electric field and the weak Our calculations of PNC for atoms with electron struc-
nuclear potential using the time-dependent Hartree-Fockures that are more complex than those of the alkaline atoms
method(summation of the “RPA with exchange™ chain of were proved to be accurate as well. In a series of works done
diagrams$, and calculated second-order correlation correcabout ten years ago we claimed an accuracy of 3% for Tl
tions and three series of dominating higher-order diagrams[15], 8% for Pb, and 11% for Hi16]. All these PNC effects

(i) Screening of the electron-electron interaction. This is avere recently measured to within an accuracy of about 1%
collective phenomenon and so the corresponding chain d#] and found to be in good agreement with our predictions.
diagrams is enhanced by a factor approximately equal to th@his means that our estimates for the theoretical accuracy

were correct and probably even too pessimistic. For ex-

ample, in our first calculation of the Fr energy levEld] we
*Electronic address: V.Dzuba@unsw.edu.au claimed the accuracy of our predictions to be about 0.5%
URL: http://www.phys.unsw.edu.atdzuba/ while the actual agreement with latter measurements was

QW) [0.90310) (Ref. [6]),
— | X

— -1
Epnc= —il€]agl0 ( N
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found to be 0.1%. The situation was similar for the electro- e?
magnetic transitions $6p,,, and 6-6p3,, in Cs (see be- a= 32
low). These numerous tests give us firm ground to believe :

(7s|r[npy2)(npyr|6s)

that the theoretical error iBpyc (2) indeed does not exceed 1 1

1%. X + )
As can be seen from Ed1l), an accurate value of the E7s~Enp,, Ees™Enpy,

vector transition polarizability3 is also required for the in- +2(75|r|Npy) (NPaalr|65)

terpretation of the PNC measurements. There are no direct

experimental measurements g8 and so the value

B=27.0(2)a] calculated if17] was used for the interpreta- X
tion of the PNC measurements. The theoretical ratio of the

scalar transition polarizability a=—268(3)3 to B  Here all of the major terms produce positive contributions.

(@l B)theor= —9.93(14) [17] was in good agreement with This reduces the error in the final result. 98% of the value of

the corresponding experimental value/)eyp= —9.9(1)  « is given by the intermediategsand 7 states. The

[18] available at that time. Since then the rati@/8) was state does not contribute to the error in the final result. Our

remeasured with a very high accuracy/)=—9.905(11) calculations of the 6—6p electromagnetic amplitudes were

[19]. There have also been very precise measurements of thecently confirmed with an accuracy of about 0.1% by very

lifetimes of the 1, and &5, States of C$20]. This allows  accurate experimental measuremg@aty. The 6p-7s ampli-

us to improve the accuracy in the determinationgofand  tudes are also known frofi21] to have an accuracy of 0.5%

thus in the interpretation of the PNC measurements, by inand they agree with the theory.

corporating the experimental results into our calculations. The main source of error is the contribution of thp 7
The calculations were done using direct summation ovelntermediate state. The radial integral§s|r|7p,,) and

the exact intermediate states, (6s|r|7p3) are anomalously small due to cancelations be-

tween different areas of the integration in the single-particle

amplitudes. These cancelations substantially increase the

relative error in the calculated results. Because of this we use

the experimental values of thes&p transition amplitudes,

which have an accuracy of about 0.722]. In [22] the rela-

©6)

1 N 1
E7s_ E EBS_ Enp3,2 '

NP3j2

2

e
B= 32

n

(7s[rInpy2)(npy/2lr|6s)

1 1 tive oscillator strengths were measured using the lifetime of
X E;s— Enpm_ Ees—Enp,), the 6p,, state measured ih23]_ as a normalization point.
Recent measurements of the lifetime are more acc{i28ie
—(7s|r|nps;2){nps,|r|6s) Therefore, we rescaled the experimentat® amplitudes
from [22], using the new normalization. Note that the differ-
x 1 _ - ' 3 ence benNeeri6s|r|7p1,2) gnd<63|r|7p_3,_2} can be calcu-
E7s—Enp,,, Ees—Enp,, lated very accurately. This is because it is proportional to the

mixing between p and @ states by the spin-orbit interac-
tion. Indeed, perturbation theory in the spin-orbit interaction
Here(s|r|np) is an effective radial integral for electromag- ¢ gives
netic transitions between exact atomic eigenstates, which are

related to the reduced matrix elements by (65|r|7pas2) —(6S|r|7pa) ~ %WSMGDW”' :
P~ =6p
(7)
- =./2
(sllrllpuz=(paadlrlls)= \/Z(s|r|p1,2>, @ The values of the energy levels and spin-orbit splitting can

be reproduced almost exactly in the numerical calculations
by introducing factors into the correlation potenttal(since
(sl|r]lpa = —(paa|r||s)= \/g<s|r|p3,2>. (5  the accuracy of thab initio calculations is high, these fac-
tors are close to 1 anywayThe calculated matrix element
(6s|r|6p) practically coincides with the value obtained from
It easy to see tha® vanishes in the absence of the spin-orbitthe accurate measurements of R&0]. Therefore, we be-
interaction, which splits energy levels and radial integralslieve that the absolute accuracy in the calculation of the dif-
Thus, it is practically impossible to do accurate calculationgerence between the doublet radial integrals is always higher
of B using experimental results due to the strong cancelatiothan the experimental accuradyo avoid confusion we
between different terms, which causes the relative statisticaihould note that we use Dirac wave functions, i.e., we do not
error to be larger. Therefore, we calculated the scalar transexpand in¢ while doing calculations Thus we can take the
tion polarizability« instead and used the measured rati@  experimental value of6s|r|7p,/,), which is measured more
to find B. Note however, that the calculation ef 8 using  accurately, and find6s|r|7ps,), using the calculated differ-
theoretical radial integrals and experimental energies repreence(6s|r|7ps,) —(6s|r|7py). Surprisingly, the result of
duces the experimental value for this ratio with an accuracyhis procedure gives precisely the result of the measurement
of about 1%. of the (6s|r|7ps,) amplitude, which formally has a larger
The expression fow is given by error (1.8%). The ratio(6s|r|7ps)/(6s|r|7p4) also has a
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TABLE I. Radial integrals used in the calculation @f S+ 0.006T = — 1_()(0.3)expt(1_o)theor, 12
np (Bsirinp) (nplr|7s) We can also use the calculation of the exfraboson con-
6P —5.509175) 5.19027) tribution in the S@10) model[28]
6p3p —5.482462) 5.60527) ) ,
A(6pa—6p1) 0.0267 0.4154 N Mw\“ Mw

=0. +72)| —| =844 —

7Puo ~0.346026) ~12.59739) AQum0AN+2)| 3| =844 7y, | - (13
7Pap —0.504439) —12.37237)
A(7p3=TP1) —0.158 0.225 to find the limit for the mass of this boson

. . M, >550 GeV. 14
smaller experimental error(0.4% than the error in Zx (14

(6s|r|7psy) [22]. Therefore, we may assume that the . ,

actual relative error in thé6s|r|7pasy) is 0.7%, similar to  'N€ natural question is: can we refine the value of the
that in (6s|r|7py,). We use theoretical values of the Epne calculation using experimentaEl amplitudes?
(7s|r|7p) transition amplitudes since we believe that theUnfortunately, the experimental accuracy at the moment

expected theoretical error hef8.3% is smaller than the IS NOt good enough to make an improvement. For
experimental error. All higher transitions, including con- €X@mple, we can use the results of the wpik], where

tinuum and core electron transitions, were also calculate® direct —sum-over-states approach was discussed
theoretically, even though their contribution was sniaéie in detail. The theoretical result of the direct summation
below). was

The result of the calculation af is as follows:

EPNC: - 09019)107]-1' |e|ao

Qw
K-

a=a(6pyp) + a(6pzp) + a(7py) + a(7psp) + a(others
=—382.3%0.19~92.560.49~ (37.79+ 103.03(1.19 Replacing theE1 amplitudes calculated ifl7] (see Table
—3.250.20=-269.01.3). (8) IV of that work) with the values from Table | gives

We used experimental energy levels frg2¥] and radial 0
integrals from Table | to calculate the contributions of the 6 __ - —11; o<W
and 7p states. We used both experimental and theoretical Epne=~0.9021Dex(~T)otnerl 0 ilelag N

data to select the “best values” of these integrals. Note that (16)
the errors ina(7p4) and a(7ps;) are proportional and so

we added them. When new data for electromagnetic ampliHere we separated the error coming from the &d 7
tudes are available it will be easy to refine this result byE1l amplitudes from the error coming from all other

multiplying the corresponding term by the ratio of the newsources, including the weak matrix elements and the

amplitude to the old one. amplitudes for transitions to the states abovp. 7The
This value ofa combined with the measurementsa@fg  error in the weak matrix elements can be roughly estimated
[19] gives using the deviation of the calculated hyperfine intervals
from the experimental values since both the weak and
/3:27.1313)513. (9 hyperfine interactions are approximately proportional

to the density of the electron wave function near the
The result of the direct calculation using radial integrals fromnucleus. Note that the error from tll amplitudes exceeds
Table | is B=27.00. The results of other works are the error in the theoretical values for th&syc (2). To
B=27.0(2) [17], B=27.2(4) [25], B=27.3(4) [26], and avoid confusion we should stress that the calculation in
B=27.17(35)[27]. Using Eq.(9), the measuremerit), the  Ref. [6] was based on the Green’s-function technique
mean value of the theoretical amplitude®), and and does not contain partial cancellations of the different

le|/a3=5.1422< 10*2 mV/cm, we obtain terms that increase the error in the direct sum-over-state ap-
proach.
In conclusion, we would like to stress that accurate mea-
Qw(expy = —72.4X25)exp{ 80)theor- (10 surements of th&1 amplitudesTable ) are very desirable

for an improvement of the interpretation of the PNC mea-
surements in Cs. Fox the most important improvement
would be a more accurate value of the-8p amplitude. An
improvement for the 3-7p amplitude is also very important
because of the disagreement between theory and existing
data.

Comparing this result folQ,y, with the theoretical value
[28]

Qw(theon=—73.2Q 13)—0.85—0.005T, (11

we can find the Peskin-Takeuchi paramedearharacterizing

new physics beyond the standard modgle., weak The authors are grateful to David DeMille for helpful
isospin conserving radiative corrections produced by newomments. This work was supported by the Australian Re-
particles search Council.



RAPID COMMUNICATIONS

R4360 V. A. DZUBA, V. V. FLAMBAUM, AND O. P. SUSHKOV 56

[1] M. A. Bouchiat and C. Bouchiat, Phys. Le#8B, 111(1974);
I. B. Khriplovich, Pis'ma Zh. Eksp. Teor. Fi20, 686 (1974
[JETP Lett.20, 315(1974]; P. G. H. Sandardtomic Physics
edited by G. zu PulitZPlenum, New York, 1975 Vol. 4, p.
71; D. S. Sorede and E. N. Fortson, Bull. Am. Phys. k.

[13] S. Libermanet al, C. R. Seances Acad. Sci., Ser2B6, 253

(19798; S. V. Andreev, V. S. Letokhov, and V. |. Mishin, JETP
Lett. 43, 736(1986; Phys. Rev. Lett59, 1274(198%; J. Opt.
Soc. Am. B5, 2190(1988; J. Baucheet al, J. Phys. B19,
L593 (1986; H. T. Duong et al, Europhys. Lett.3, 175

491 (1975.

[2] L. M. Barkov and M. S. Zolotorev, Pis’'ma Zh. Eksp. Teor. Fiz.
27, 379 (1978 [JETP Lett.27, 357 (1978]; 28, 544 (1978
[28, 508(197_8]' ] [14] W. Z. Zhao, J. E. Simsarian, L. A. Orozco, W. Shi, and G. D.

[3] M. A. Bouchiat, J. Guena, L. Pottier, and L. Hunter, J. Phys. Sprouse, Phys. Rev. Lefl8, 4169(1997
(France 47, 1709(1986; G. N. Birich, Yu. V. Bogdanov, S. |. [15] V. A. Dzuba, V. V. Flambaum, P. G. Silvestrov, and O. P.
Kanorski, 1. . Sobelman, V. N. Struk, and E. A. Yukov, Zh. Sushkov. J I,Dhys RO. 3297(19’87) '

Eksp. Teor. Fiz.87, 776 (1984 [Sov. _Phys. JETFB0, 442 [16] V. A. Dzuba, V. V. Flambaum, P. G. Silvestrov, and O. P.
(1984]; P. S. Drell and E. D. Commins, Phys. Rev. 3%, Sushkov, Europhys. Let?, 413 (1988

2196 (1985; D. DeMille, D. Budker, and E. D. Commins, ! o '

ibid. 50, 4657 (1994). [17] j5A16%h2]?1d§g; Sapirstein, and W. R. Johnson, Phys. Rev. D

[4] N. H. Edwards, S. J. Phipp, P. E. G. Baird, and S. Nakayama )
Phys. Rev. Lett.74, 2654 (1995; P. A. Vetter, D. M. [18] J. Hoffnagleet al, Phys. Lett.85A, 143(198)); S. L. Gilbert,

Meekhof, P. K. Majumder, S. K. Lamoreaux, and E. N. Fort- R.N. Watts, and C. E. Wieman, Phys. Rev2A 581(1983;
son, ibid. 74, 2658(1995; D. M. Meekhof, P. A. Vetter, P. K. M. A. Bouchiatet al, Opt. Commun45, 35 (1983; 46, 185
Majumder, S. K. Lamoreaux, and E. N. Forston, Phys. Rev. A (1983.
52, 1895(1995; S. J. Phipp, N. H. Edwards, P. E. G. Baird, [19] D. Cho, C. S. Wood, S. C. Bennett, J. L. Roberts, and C. E.
and S. Nakayama, J. Phys. B9, 1861 (1996; M. J. D. Wieman, Phys. Rev. A5, 1007(1997.
Macpherson, K. P. Zetie, R. B. Warrington, D. N. Stacey, and[20] C. E. Tanner, A. E. Livingston, R. J. Rafac, F. G. Serpa, K. W.
J. P. Hoare, Phys. Rev. Le@7, 2784(1991. Kukla, H. G. Berry, L. Young, and C. A. Kurtz, Phys. Rev.

[5] C. S. Wood, S. C. Bennett, D. Cho, B. P. Masterson, J. L. Lett. 69, 2765(1992; R. J. Rafac, C. E. Tanner, A. E. Living-
Roberts, C. E. Tanner, and C. E. Wieman, Scie?icg 1759 ston, K. W. Kukla, H. G. Berry, and C. A. Kurtz, Phys. Rev. A
(1997. 50, R1976(1994).

[6] V. A. Dzuba, V. V. Flambaum, and O. P. Sushkov, Phys. Lett.[21] M. A. Bouchiat, J. Guena, and L. Pottier, J. Ph{Srance
A 141, 147(1989. Lett. 45, L523(1984.

[7] S. A. Blundell, W. R. Johnson, and J. Sapirstein, Phys. Rev[22] L. N. Shabanova, Yu. N. Monakov, and A. N. Khllyustalov,
Lett. 65, 1411(1990. Opt. Spektrosk(USSR 47, 3 (1979.

[8] V. V. Flambaum and D. W. Murray, Phys. Rev.58, 1641 [23] J. K. Link, J. Opt. Soc. Am56, 1195(1966; P. Violino, Can.
(1997. J. Phys47, 2095(1965; G. Markova, G. Khvostenko, and M.

[9] V. A. Dzuba, V. V. Flambaum, P. G. Silvestrov, and O. P. Chaika, Opt. Spektrosk3, 835 (1967); J. N. Dodd, E. En-
Sushkov, J. Phys. RO, 1399(1987; Phys. Lett. A131, 461 emark, and A. Gallagher, J. Chem. Ph§gs, 4838(1969; S.
(1988; V. A. Dzuba, V. V. Flambaum, and O. P. Sushkov, Svanberg, and S. Rydberg, Z. Phg27, 216 (1969; R. W.
ibid. 140, 493(1989; V. A. Dzuba, V. V. Flambaum, A. Ya. Schmieder, A. Lurio, W. Happer, and K. Khadjavi, Phys. Rev.
Kraftmakher, and O. P. Sushkoid. 142, 373(1989. A 2, 1216(1970.

[10] The point is that we exploit the Feynman diagram technique[24] C. E. Moore,Atomic Energy LeveJsNatl. Bur. Stand(U.S)
which contains all possible “time ordering” of the loops, and Circ. No. 467(U.S. GPO, Washington, DC, 1958/0l. 3.
therefore screening diagrams contain any number of excitei25] C. Bouchiat and C.-A. Piketty, Europhys. Le?.511(1986.
electrons. [26] S. L. Gilbert and C. E. Wieman, Phys. Rev.34, 792(1986.

[11] V. A. Dzuba, V. V. Flambaum, and O. P. Sushkov, Phys. Lett.[27] M. A. Bouchiat and J. Guena, J. Phy&rance 49, 2037
95A, 230(1983. (1988.

[12] V. A. Dzuba, V. V. Flambaum, and O. P. Sushkov, Phys. Rev.[28] W. J. Marciano and J. L. Rosner, Phys. Rev. L68&, 2963
A 51, 3454(1995. (1990.

(1987; E. Arnold et al,, J. Phys. B22, L391(1989; 25, 3511
(1990; J. E. Simsarian, W. Shi, L. A. Orozco, G. D. Sprouse,
and W. Z. Zhao, Opt. LetR1, 1939(1996.



