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Reevaluation of the role of nuclear uncertainties in experiments on atomic parity violation
with isotopic chains
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In light of new data on neutron distributions from experiments with antiprotonic afdmzsinskaet al,,
Phys. Rev. Lett87, 082501(2001)], we reexamine the role of nuclear-structure uncertainties in the interpre-
tation of measurements of parity violation in atoms using chains of isotopes of the same element. With these
new nuclear data, we find an improvement in the sensitivity of isotopic chain measurements to “new physics”
beyond the standard model. We compare possible constraints on “new physics” with the most accurate to date
single-isotope probe of parity violation in the Cs atom. We conclude that presently isotopic chain experiments
employing atoms with nuclear chargéss50 may result in more accurate tests of the weak interaction.
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[. INTRODUCTION canceling out the associated uncertainties of the atomic
theory. However, Fortsoet al.[22] pointed out a conceptual
Atomic parity nonconservatiori1,2] (PNC) provides limitation of this method—an enhanced sensitivity of pos-
powerful constraints on extensions to the standard model dggible constraints on “new physics” to uncertainties in the
elementary particles in the low-energy electroweak sectomeutron distributions. As an example, the differences be-
For example, a deviation in the observed weak charge of afeen neutron and proton root-mean-square radii‘fo€s

atomic nucleusQy,, from the prediction of the standard differ by a factor of four in relativistic and nonrelativistic

model may hint at the existence of extra neutral-gadge nuclear-structure calculations and depend on nuclear models.
boson. Other possible “new physics” scenarios are dis__Unfortunater, at thg present level of theoretical understand-
cussed, e.g., in Ref3]. ing of neutron distributions, such large nuclear-structure un-

The most accurate to date measurement of tom PNESTANISS o precude an extacton of usetl rorma
has been carried out by Wieman and co-worKé:§] using P

a single isotope of atomic cesium®Cs. In such measure- heavy atoms.
9 pe o o T Given the inadequate accuracy of nuclear-structure calcu-
ments one determines a parity-violating sigia)c, related

lations for the analysis of PNC measurements based on iso-
to the weak charge &@Spnc=KpncQw - The parametekenc  topic ratios, here we investigate the role of uncertainties in
is supplied from sophisticated atomic-structure calculations,gtron distributions usingmpirical data. Recently, Trzcin-
Even for the relatively well-understood univalent Cs atom,gia et al. [23] deduced differences between root-mean-
the accuracy of the calculation &byc remains the limiting  square radiiR, and R, of neutron and proton distributions
factor in the determination of the weak charge. from experiments with antiprotonic atoms. A wide range of
There is an ongoing discussion in the literatie-12]  stable nuclei were investigated and the differences were ap-
about whether thé**Cs weak charge deviates from the pre- proximated by a linear dependence suggested in [Réf,
diction of the standard model. This possible deviation may
be interpreted as an indication for an extra neutral-gauge

bosonZ’ [13,14]; there were numerous discussions in the N—Z
literature about implications of the possible deviation. It is ARqp=|{ (—0.04-0.03 +(1.01+ 0'15)N+Z fm.
clear that independent tests of parity violation in atoms are (1.1

required at least at the level of the present 1% accuracy for

Cs. It is worth mentioning that PNC measurements were also

carried out in TI[15,16, Pb[17], and Bi(see, e.g.[18]). Here AR,,=R,—R,, Z is the nuclear charge, arid is the

Among these, the simplest atom is Tl, but even for Tl thenumber of neutrons. Recently, this result was employed to

theoretical uncertainty fokpyc is a factor of a few larger estimate the nuclear-structure uncertainty for parity-violating

than that for C419,2Q. amplitude in Cs[10]. In light of the new nuclear data we

An alternative approach allowing one to circumvent thereexamine the suitability of isotopic chain measurements for

difficulties of atomic-structure calculations was proposed bystudies of parity violation in atoms. We find that the nuclear-

Dzubaet al. [21]. The main idea was to form a rati® of  structure uncertainty in possible probes of “new physics”

PNC amplitudes for two isotopes of the same element, thuwith isotopic chains is reduced by the new antiprotonic-atom
data. We compare constraints on the direct “new physics”
with what is currently the most accurate single-isotope probe

*Email address: andrei@unr.edu of parity violation in 133Cs. We conclude that presently iso-
"Permanent address: Petersburg Nuclear Physics Institutéppic chain experiments with atoms havidgs50 may be
Gatchina, Leningrad District, 188300, Russia. competitive with this single-isotope determination.
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Il. BACKGROUND As an outcome of the analysis of PNC experiments one

In a typical atomic PNC setup, one considers a transitioﬁNOUId like to set bounds on “new physics” couplings ,h,

between two atomic statés) and|f) of the same nominal or equivalentlyh,,hq; below we summarize the relevant

parity. The weak interaction admixes the stafes of the ZEZE?'S f;?;nngi[fsazi rzta JZ it(F))NeCs gfn;r?gt::emgepé\igment
opposite parity, leading to the otherwise forbidden parity-~".~ —PNC u W, : P o
violating amplitude with neutron number® and N’=N+ AN, and the ratio is

formed,
(D) (n[Hwli) (f[HwIn}{n|D,]i) 2y-2
Eone= + , E Ry| 7
me=2 | T E-E, E—E, R= TN 28
(2.1 Epne Qwl\Rp
whereD is the electric-dipole operator attly is the Hamil-  Here all quantities with primes are for the isotope with

tonian of the electron-nucleus weak interaction. As demonneutrons. Using Eq2.6) one obtains
strated by Polloclet al.[25], matrix elements oH\, may be

represented as ZANh, [Z ho—ho
R=Roj 1+ —— L +| —h,+h, (2.9
G " ho N hoho
. . F 2y—2
Hwli)= —=C;R?” N,Z), 2.2 _ .
(IHwli) 22 P QuiN.Z) @2 ith Ro=(R,/R1)? 2N hy/(N'hg). The last term in the

. _ above expression may be safely neglected and we determine
where factorC;; depends on atomic wave functions apd  a contribution of “new physics,”

=J1-(az)Z

Including the dependence on nuclear shapes, the nuclear _ E_ E_ N N’ 01
weak chargeQ(N,Z) may be represented at the tree level T hy \Ro ZAN® (210
as

. In the absence of new couplings=0. It may seem counter-
Qw=—N0,+Zqy(1-4sirfby) +AQnew- (2.3 intuitive that the isotopic ratios are sensitive to the new phys-
ics encapsulated in couplings to protohg)instead of those

Here sirt4,=0.23117 (16)[3] and quantitiesq, and dp ;
' to neutrons K,). The dependence dm, may be easily dem-
introduced in Ref[22], depend on neutron and proton dis- onstr;ted K]I:I)\Iith ar? alternative y ratio g(,V/N

tributions inside a nucleus. It should be noted that quantities ~, ;s NN L ;
X = +
d, andq, are numerically very close to one. For example, in Qu/N")/(Qui/N+ Qu/N'); this ratio is straightforwardly

“ " A reduced taZAN/(2NN")h,,.
the “sharp edge” model of nuclear density distributi?] The constraints oh,, Eq. (2.10, are affected byi) the

3 , 2 experimental error bar iR and (ii) uncertainties inR,
On=1-55(aZ) ) }

1+5 R
70

_n
Rp

(2.4 which are induced by insufficient knowledge of nuclear dis-
tributions. Explicitly,

More sophisticated expressions may be found in [R26], /

. . NN [ 6R
but the accuracy of the above formula is sufficient for the SF=o——1—=—+6(Aq,) . (2.1D
goals of the present work. We omitted radiative corrections ZAN [ Ro

in the definition of the weak charge, E®.3). These contri- Here Ag,=0,—q, and we assume®,~R),. The radii of

butions are important in the studies of “oblique” corrections, noan . ]
discussed, e.g., in ReflR5,27]. Here, motivated by possible proton d|§tr|but|ons are knqwn with sufﬂ'cu?nt aqcure{é@]
deviation of the Cs weak charge from the prediction of stan-and we disregarded associated uncertainties. Finally,

dard model, we analyze constraints on direct tree-level “new N N’ [ SR 3

physics.” The termAQ,e, in Eq. (2.3 characterizes “new OF: + =(aZ)? (2.12

TZAN| R, 7

SAR,
R L

physics.” Following[28], we represent it as a combination of p

couplings to up(u) and down(d) quarks, i.e., with AR,=R/—R,. The above expression is similar to the

AQuew=(2Z+ N)hy+(Z+2N)hg=Zh,+Nh,, (2.5  results of Ref[25]

whereh,=2h,+hy andh,=2hy+h, are couplings to pro- ll. RESULTS AND DISCUSSION
tons and neutrons. Various elementary-particle scenarios for

these interactions were reviewed in Ref8]. Finally, We assume below that in E2.12) the experimental er-

rors 4R may be neglected in comparison to nuclear-structure
Qw=Nhy+Zh,+Nh,, (2.6)  uncertainty. In contrast to the previous discussi@#25,28
of atomic parity violation in isotope chains, we employ the
with empirical Eq.(1.2) to estimate radii of neutron distributions;
this relation was deduced from experiments with antiprotonic
atoms [23]. To estimate the error bar in the differences

ARp,— ARy, we formed all possible isotope pairs from the

z .
ho=—0nt —Gp(1—4Sifo)~—0q,.  (2.7)
N "
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original 21-point data set of Reff23] and obtained with the TABLE I. Contribution of nuclear-structure uncertainty to a
least-square method ARr']p_ AR,,=[(0%0.003)+(1.01 constraint on “new physics'6F for representative isotope pairs.
+0.04)(N'=Z")/(N"+Z")—(N=2)/(N+2Z)}] fm. In-

stead of a single-parameter fit, we performed a two- Atom Mass numbers, 10° oF
par_ameter fit beca_use there is no strong theoreticql reason (z=56) 130 138 6.2
bellev_e _that the d_|f“fe_renceer’]p—ARnp s_hould vanish for g, Z=62) 144 154 6.5
two distinct nuclei with the same relative neut.ron eXCesSyp (z=70) 168 176 12
(_N’_—Z’)/(N’+Z’)=(N—Z)/(N+Z). Such obta}lnedsta- Pb (z=82) 204 208 39
tistical) error bars are very small. However, given insuffi-
cient information on systematic errors in RE23], in our s (Z=55)* 133 3.7
subsequent analysis we retained more conservative uncef®Cs (Z=55)° 133 5.9
tainties from Eq.1.1). Based on error bars in E(L.1), we
set aSingle-isotope constraint for extra neutral-gadgieoson scenario,
Eq. (3.3.
SAR,~ 5(ARrI1p_ AR,p) bSingle-isotope constraint for isoscalar scenario, B).
N'—z N-z\|]%]" - - - - N
~ (0_03)2+{0_15( - ] fm. Given an experimental precisiofiR/R in determination
N'+z N+Z of PNC amplitudes, the uncertain{®.12 may be minimized

by using a pair of isotopes with the maximum possible
spread of neutron numbersN. Based on Egs(3.1) and
(2.12, we calculatedF for such stable isotope pairs for Ba,
Sm, Yb, and Pb. We have chosen these atoms mostly because
PNC experiments were carried out for them, or at least dis-
cussed in the literatuf0—-35. From the results compiled in
Table |, it is clear that the present nuclear-structure uncer-
Stainty still may cloud a competitive extraction of “new phys-
ics” from isotopic chain experiments for these atoms. Com-
ared to single-isotopé®Cs determination, measurements
ith isotopes of Ba and Sm would be two times less sensi-
tive to extra neutral-gaugé bosons and would have a com-
Parable sensitivity to new isoscalar physfsee Eq.(3.3)].
Possible constraints from heavier Yb and Pb would be af-

(3.9

The first(isotope-independenterm in this expression domi-
nates forZ>20; for heavy atomsSAR,~0.03 fm. It is
worth emphasizing that the E(L.1) for differences between
neutron and proton rms radii was obtained in R28] with
data forstableisotopes; it is expected that nonstable isotope
may exhibit anomalouaR,,,.

We require the nuclear-structure uncertainty dif be
lower than the current limits deduced from the most accurat
to date single-isotope'®**Cs determination. The single-
isotope measurements are sensitive to a different combin
tion of newh, andhy, u-e andd-e couplings. For illustra-
tion, we parametrizé,,=Ahy. For examplex=0 arises in  foct04 by the nuclear uncertainty to a larger extent.
analyses of extra neutral-gaugebosons ink theories and Now we proceed with a search for atoms suitable for iso-
\=1 corresponds to pure isoscalar couplifig8]. We ob-  yqnic ratio experiments given the present nuclear-structure

tain uncertainties. In Fig. 1, we summarize results for atoms with
nuclear charges 40Z<82. To minimize the effect of ex-
SF(1¥Cy = 5_hr)% SQw N ) (3.2 perimental erroré6R in 6F, the spread in neutron numbers
ho Qw 2+X\ AN should be chosen as large as possible; we only consid-
Z IN+1 N ered atoms with stable isotopes so thd=8 (AN=4 for

Pb. We approximateN~1.5Z, R,«Z'3 and the error
We set6Qy/Qw~0.01, i.e., the present 1% precision of the

determination of the weak charge #Cs, and find 10"
Pb
3.7x10°3, \=0, h,=0, y
Z Hf og I-.Ig
59>< 1073, )\:1, hu:hd! 5102 .. *
5.7:(133CS): 8.3X 1073, A=, hy=0, % o _ _Te_lia_.gsm_ _ _ _ _ newisoscalar
&} Pd ® oxe extraZ'
N Z+2N b 1om Mg Se s
o0 = = — ~ —
’ 2Z+N’ u e e
3.3 LA L BB B A B LA
40 50 60 70 80 90

In our illustrative example, the single-isotope bounds set on ueledr ergs 2

“new physics” encapsulated ih,, are clearly model depen- G 1. contribution of nuclear-structure uncertainty to possible
dent. We note that the single-isotop&Cs measurement is constraints on “new physics3 for atoms with nuclear charges
insensitive to a particular scenarim,~—1.22hy, which  40<z<82. Horizontal lines represent limits derived from single-
may be directly probed by the measurements with chains akotope**3Cs PNC analysis in the isoscalatashed lingand extra
isotopes or constrained by other electroweak observables. neutral-gauge boson’ (solid line) scenarios.
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S5AR,~0.03 fm. Thus the nuclear-structure uncertainty intopic ratios. If parity-violating enhancement scenarios would
the determination of “new physics5F grows asz®3, ex-  be realized for such atoms, the experiments may become
plaining a general trend in Fig. 1. We compare the uncertainfeasible. It is worth carrying out a systematic search for en-
ties to constraints set by the Cs determinatiborizontal ~hanced PNC amplitudes for atoms and ions watk50.
lines). We conclude that the isotopic chain measurements ifpuch an atomic-structure search is certainly a nontrivial task,
atoms with nuclear charges<50 may provide comparable requiring in most of the cases an accurate account of corre-
limits on couplings for the interesting ext#ascenario. For lations. For example, Xiaxingt al.[39] argued that the PNC
these elements an interpretation of the measurements Rmplitude for the 8% 'S,—5d7s°D; transition in Ba is an
terms of direct new physics may be relatively free of nuclearorder of magnitude larger than in Cs. Their semiempirical
structure uncertainties. It is worth emphasizing that extra calculation was based on the assumption that an intermediate
were discussed recently in connection with a possible devisstate &7p *P$, which is only 258 cm*' deeper than the
tion of 13%Cs weak charge from the prediction of the standard5d7s®D; state, provides the main contribution to the PNC
model. amplitude. To verify their conclusion, we have carried out
We would like to briefly comment on the required experi- the accurate calculation of this amplitude with combined
mental accuracy in determination of rat® of the parity- method of configuration interaction and many-body pertur-

violating amplitudes. Approximatingl~1.5Z, we find bation theory[40]. Our determination resulted in the PNC
amplitude 30 times smaller than the predictiB9]. The
oR AN main reason for the discrepancy is the strong interaction of
_504_ 5}’ . . . 3 10
R Z the configurations forming &/s°D; and 67p *P; states,

_ _ o which was not accounted for in RgB9]. This configuration
We setdF to constraints derived from the determination of interaction leads to significant cancellations of different con-

%%Cs weak charge, Eq3.3). We arrive at tributions to the matrix elemen5d7s3D,|Hy|6s7p 1P?)
SR AN AN and decreases the contribution to the PNC amplitude by an
—=0.4— 6F¥C9~0.02--. (3.4  order of magnitude. _ _
Ro z Z To reiterate, with the new data from experiments with

antiprotonic atom$23] we reevaluated the role of nuclear-
structure uncertainties in the interpretation of atomic parity
Oviolation with chains of isotopes of the same element. We
find that the nuclear-structure uncertainty is reduced by these
new data. We compared possible constraints on the direct
Ynew physics” with the most accurate to date single-isotope
probe of parity violation in Cs atom. We conclude that pres-
ently isotopic chain experiments with atoms havifig 50
may be competitive with this single-isotope determination.
As the neutron distribution measurements become more re-
fined(see, e.g., Ref41]), we expect that competitive probes

f parity violation with isotopic ratios of the same element

ay become feasible for heavier atoms.

The required accuracy in the ratio of PNC amplitu@ess in

the order of 0.3% for Ba and Sm, 0.2% for Yb, and 0.1% for
Pb. The required experimental error is less demanding f
lighter atoms.

So far the most accurate measurement of parity-violatin
amplitude was carried out in Gg]; the achieved accuracy
was 0.35%. As first noted H6], the matrix elements of the
weak interaction scale a&*; the parity-violating amplitude
may be weaker for atoms with nuclear charges50, which
are lighter than CsZ4=>55). However, the required experi-
mental error in ratios of PNC amplitudes, E.4), is less
demanding for lighter atoms. Also, an enhancement of PN
amplitude may arise due to an admixture to the initial/final
atomic state of an energetically close intermediate state of an
opposite parity by the weak interaction. For example, calcu-
lations[37,38 demonstrated that the PNC amplitude for the We would like to thank E.N. Fortson, S.J. Pollock, R.
6s®1S,—5d 6s°D; transition in Yb is approximately 100 Phaneuf, D. Budker, and M. Kozlov for useful discussions
times larger than in Cs. and E. Emmons for comments on the manuscript. This work

We conclude that at the present level of understanding ofvas partially supported by the National Science Foundation.
neutron distributions, atoms with nuclear charges50 may  The work of S.G.P. was supported by the Russian Founda-
be suitable for competitive tests of parity violation with iso- tion for Basic Research under Grant No. 02-02-16837-a.
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