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Impact of atomic parity violation measurements on precision electroweak physics
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The impact of atomic parity violation experiments on the determination of the weak mixing parameter
sirfd and the Peskin-Takeuchi paramet&rand T is reassessed in the light of recent electroweak measure-
ments at CERN LEP, SLAC, and Fermilab. Since the weak ch@gerovides unique information o8, its
determination with a factor of 4 better accuracy than present levels can have a noticeable effect on global fits.
However, the measurement 4B, /Qy, for two different isotopes provides primarily information oniriTo
specify this quantity to an accuracy df0.0004, comparable to that now provided by other electroweak
experiments, one would have to determih®,,/Qyy in cesium to about 0.1% of its value, with comparable
demands for other nuclei. The relative merits of absolute measureme@g ahd isotope ratios for discov-
ering effects of new gauge bosons are noted briefly.

PACS numbgs): 12.15.Ji, 11.30.Er, 12.15.Mm, 12.60.Cn

About five years ago it was recognizgtl2] that the pre-  Peskin-Takeuchi parameters. Concurrently, precise measure-
cise knowledge of th& boson mass then becoming available ments of atomic parity-violation effects have appeared in a
would lead to a nearly unique prediction for atomic parity- number of nuclei, including a 2% measurement in bismuth
violating effects in a wide range of nuclei, independently of[11], a 1% measurement in leqdi2], and 1% and 3% mea-
standard model parameters such as the top quark mass surements in thalliunj13,14. The theoretical calculations
the Higgs boson mas#$l,, or the weak mixing angle for these effects are at levels of about 11% for bismuth
sirfé. Thus any deviations of the weak cha@g measured [15,16, 8% for lead[16], and 3% in the most optimistic
in such experiments from theoretical expectations wouldestimate[17] for thallium (though more recent calculations
have to be ascribed to physics beyond the standard model[18] quote larger errors, of the order of 10%

A description of effects of new physics on electroweak It is the purpose of this paper to indicate the precision to
gauge boson propagatofthe so-called “oblique” correc- Which APV experimentgand the accompanying theoretical
tions) was introduced by Peskin and Takeuf8liin terms of ~ calculation$ have to specifyQyy in order to have a signifi-
parameters calle®, T, andU. The parameteB describes cant impact on present global fits to electroweak da’Fa. Previ-
wave-function renormalization effecfs describes violations ©US analysetsee, e.g., Ref19]) have considered the impact
of a “custodial SU2)” symmetry such as arise from the of such measurements in the context of a smaller body of

larget—b mass difference, and describes differences be- electroweak data.

tween wave-function renormalizations of théandZ propa- We begin with a brief review of notation an_d formalism
i, . [20]. We then specify the data germane to our fit and perform
gators.(The only electroweak observable sensitivellois

an analysis including APV data at their present level of pre-

the W mass) cision and with hypothetical errors reduced by an appropriate
In terms of these parameters, the measuremhtof 5 101 We then discuss the effects of measurements of iso-
atomic parity violation(APV) in cesium to an experimental (one ratios, and conclude with remarks on the relative merits
accuracy of 2.2%(for which the theoretical interpretation o apsolute measurements @f, and isotope ratios for dis-
[5], standing at & 1.2% level, is more pregiseas found 10 ¢oyering effects of new gauge bosons. Previous analyses of
constrainS almost exclusively, with th& dependence nearly the implications of electroweak data for limits on new gauge
cancelling. TheS dependence of the cesium measuremenhgsons include those of Refd,19,21,22
provided a useful constraint on global fits of electroweak The |ow-energy limits ofV andZ exchange are described
parameters in terms of the Peskin-Takeuchi variables. b
Since the original analysigl], precise electroweak data
have been obtained in many experiments at the CERN
e*e” collider LEP[6], in the measurement of the asymme- 2 2 2
try for polarized-electron positron annihilation at tEeat Ge_ 9 Ge _9°19
S eI 5P amZ @

SLAC [7], and in the discovery of the top quafB], the V2 8My 2 8Mz
more precise measurement of tié mass[9], and in the
analysis of neutral-current deep inelastic neutrino scattering
[10] at Fermilab. These results, when combined in a globalvhere G is the Fermi constang=e/sind andg’ =e/cos?
fit, provide very strong constraints on $hand on the are SU2) and U1) coupling constantsg is the proton

charge, and is the weak mixing angle. The paramejer

which receives contributions from quark loops\Wé and Z

*Permanent address. self-energies, is dominated by the top quf2R]:

0556-2821/96/5%)/27245)/$10.00 53 2724 © 1996 The American Physical Society



53 IMPACT OF ATOMIC PARITY VIOLATION MEASUREMENTS ... 2725

3Ggm? sitive to new physics. The Peskin-Takeuchi variableis
p=1+——. (2)  equal toSy—S,, while S=S,.
8m2\2 Expressing the “new physics” effects in terms of devia-

tions from nominal values of top quark and Higgs boson
masses, we have the expression Towritten above, while
contributions of Higgs bosons and of possible new fermions
U and D with electromagnetic charged, and Qp to Sy,

Consequently, if we definé@ by means of the precise mea-
surement at LEP o,

T

M2= , 3 andS;, in a leading-logarithm approximation, &r27]
2 2Ggp sir?6 coo ®

1 My - my

then 6 will depend onm,, and so will Sz=g-|In Mﬁz Nc|1-4Q In mo) | (7)
e

M=o @ _ LM _ 40,00 1Y

V2G sirfo Sw=57 " 300 <3ev+2 Ne| 1=4Qoln -1 (8)
Here one must use theﬁl/alue afappropriate to the elec- The expressions fog,, and S, are written for doublets of

troweak scale; we take ™ *(Mz) =128.9= +0.1[24]. fermions with N¢ colors and my=mp>m;, while

The Higgs boson also affects the parametethrough o= (Q,+Qp)/2. The sums are taken over all doublets of
loop diagrams. It is convenient to express contributions tq,o\ fermions. In the limitmy,=m,,, one has equal contri-

p in terms of deviations of the top quark and Higgs bosonyiions toS,, andS, . For a single Higgs boson and a single
masses from nominal values. For=175 GeV,M,=300 heavy top quark, Eq€7) and(8) become

GeV, the measured value bf, leads to a nominal expected
value of siff,;=0.2315. In what follows we shall interpret
the effective value of sfi® as that measured via leptonic SZZG
vector and axial-vector couplings: 8ig=3(1—[g\/g4K]).

We have corrected the nominal value of’#lgs=5, where 1 M, m,
MS denotes the modified minimal subtraction scheme, as S\N=—[|n +41n \l
quoted by DeGrassi, Kniehl, and Sirl[@5] for the differ- 6m| " 300 GeV. T 175 Ge
ence[26] sirfd,;— $°=0.0003 and for the recent change in
the evaluation ofx(M;) [24].

Defining the parametef by Ap=aT, we find

o MH oy, ™
N300 Gev “"175 GeW

9

where the leading-logarithm expressions are of limited valid-
ity for My andm; far from their nominal values.

We now list the electroweak observables used in our fit.
3 M Recent direcWW mass measurements, in GeV, include 79.92
_ In H +0.39[28], 80.35-0.37[29], and 80.41 0.18[9], with av-

8m cos6 300 GeV erage 80.330.15. Data [10,30,3] on the ratio

®  R,=0(N—v+--)o(vN—u +---) lead to informa-

tion on p? times a function of sif¥ roughly equivalent to the
constraintM,=80.27+0.26 GeV.

3

mZ— (175 Ge\j?
T= 167 sinfé

My

The weak mixing angled, the W mass, and other elec-

tro¥§gkvygsfrxﬁglzz iﬁgig?ngm;ndd '\rfel;u'tral current interac Measured Z - parameters [6] include M;=91.1887
- - 3 _ 0__

tions are probed under a number of different conditions, cor= 0.0022 GeV, I';=2.4971£0.0033 GeV, 0;,=41.492

responding to different values of momentum transfer. For- 0081 nb (the hadron production Cross sechiprand
1=T"hadrond I'leptons= 20.800= 0.035, which may be com-

example, muon decay occurs at momentum transfers smdlt € . i
ined to obtain theZ leptonic widthI',(Z)=83.94-0.13

with respect toM,, while the decay of & into fermion- X .

antifermion pairs imparts a momentum of neaNy,/2 to MeV. Leptonic asymmetries include the forward-backward
| .

each member of the pair. Small “oblique” correctiof@, ~ aSymmelry parameterAgg leading to a value of

logarithmic inm, andM,, arise from contributions of new sirffez=0.23096- 0.00073, apd independent determinations

particles to the photonW, and Z propagators. Other from the parametersA,— sinfqs=0.23240.0010 and

(smallep “direct” radiative corrections are important in cal- Ao~ Sinffe=0.2328-0.0011. The last three values may be

culating actual values of observables. combined to yield sifd.;=0.23176¢ 0.00052.[We do not
We may then replacél) by use asymmetries as measured in decayz & bb (which
may reflect additional new-physics effecf82]), to cc
Ge g? aSy (which are of limited weight because of large erjoier to

E: 8M\2}\,( + 4sir120>’ light quarks(for which interpretations are more model de-

pendenk] This last result is to be compared with that based
I (6) on the left-right asymmetry parametéy;rz measured with
Gep _9°+9 1+ as; ) polarized electrons at the SLAC Linear Collid@LC) [7]:
J2  8MZ 4sirfg cos'g)’ SirP = 0.2305+ 0.0005.

Parity violation in atoms, stemming from the interference
whereS,, andS; are coefficients representing variation with of Z and photon exchanges between the electrons and the
momentum transfer. Together with, they express a wide nucleus, provides further information on electroweak cou-
variety of electroweak observables in terms of quantities serplings. The most precise constraint at present arises from the
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TABLE |. Electroweak observables described in fit.
Experimental Theoretical
Quantity value value
Quw (C9 —71.0+1.8 —73.2-0.805—0.0057
Quw (T —115.0:4.5 —116.8'-1.175-0.06T
My (GeV) 80.31+0.14¢ 80.35—0.295+0.45T
I'(2) (MeV) 83.94+0.13F 83.90-0.185+0.78T
S 0.23176+ 0.00052 0.231%+0.0036— 0.00267
sinzeeﬁ 0.2305+0.000% 0.2315+0.00365— 0.0026"

AVeak charge in cesiurf#].
PCalculation[1] incorporating atomic physics correct
“Weak charge in thalliuni13,14 (see text

iofts).

dCalculation[33] incorporating atomic physics correctiofts7].
€Average of direct measurements and indirect information from neutral/charged current ratio in deep inelastic

neutrino scattering10,30,31.

fincluding perturbative QCD correctiofigs).
9LEP average as of May, 1996].

"From asymmetries at LEFS].

'As calculated25] with correction for relation between Sifyx ands? [26].

IFrom left-right asymmetry in annihilations at SL@].

measurement of theveak charge(the coherent vector cou-
pling of theZ to the nucleus Q= p(Z—N—4Z sir?d), in
atomic cesium [4], with the result Qu(Cs)
=—71.04-1.58+0.88. The first error is experimental,
while the second is theoreticdb]. The prediction[1]
Qw(Cs)=—73.20+0.13 is insensitive to standard-model pa-
rameters[1,2]; discrepancies are good indications of new
physics(such as exchange of an exgaoson. Recently the

plane with different slope, as seen from the ratios of coeffi-
cients of S and T. Parity violation in atomic cesium and
thallium is sensitive almost entirely ®[1,2]. The impact of
sirfd.¢ determinations orf is considerable. The leptonic
width of theZ is sensitive primarily tof. TheW mass speci-
fies a band of intermediate slope in tB€eT plane; here we
assumeSy,=S,. Strictly speaking, the rati®R, specifies a
band with slightly moreT and lessS dependence thaliy

weak charge has also been measured in atomic thallium. TH&,3]; we have ignored this difference here.

Seattle group13] obtains Q(Tl) =—114.2+1.3+3.4, to
be compared with the theoretical estimatel7,33
Qw=—116.8. From information presented by the Oxford
group [14] we deduce their value ofQy/(Tl) to be
—120.5+ 3.5 4.0. Here the first errors refer to the total ex-
perimental error, while the second refer to the error assoc

The resulting constraints o8 and T are shown in Fig.
1(a). A top quark mass of 18012 GeV|the Collider Detec-
tor at Fermilab(CDF) and DO averages compatible with all
Higgs boson masses between 100 and 1000 GeV, as seen by
the curved lines intersecting the error ellipses. Independently
ief the standard model predictions, values $fbetween

ated with the atomic physics calculations. The Oxford group—0.5 and 0.3 are permitted at the 90% confidence level. This

has taken account of uncertainties uncovered in more rece
theoretical calculationgl8] in quoting a slightly larger theo-
retical error. Averaging the two experimental values, multi-
plying the experimental error by a scale factor gfY*?, and

allowing for the larger of the two theoretical uncertainties as

a common error,
+4.0=-115.0+4.5.
We have performed a fit to the electroweak observable
listed in Table I. The “nominal” values(including [25]
Sirff.+=0.2315) are calculated fom,=175 GeV and
My=300 GeV. We usd’|;(Z), even though it is a derived

we find Qu(Tl)=-115.0+2.1

quantity, because it has little correlation with other variables

in our fit. It is mainly sensitive to the axial-vector coupling
gh, while asymmetries are mainly sensitivegh. We also
omit the total widthI'i,(Z) from the fit, since it is highly
correlated withl",;(Z) and mainly provides information on
the value of the strong fine-structure constant. With
as=0.12+0.01, the observed tota width is consistent
with predictions. The partial widtl'(Z—bb) is the subject
of several discussions of new phys[&2] which we do not
address here.

Each observable in Table | specifies a band in &
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FIG. 1. Allowed ranges of andT at 68%(inner ellipse} and
90% (outer ellipses confidence levels, corresponding {6=2.3
and 4.6 above the minimuiftrosses at center of ellipge®otted,
dashed, and solid lines correspond to standard model predictions for
My =100, 300, and 1000 GeV. Symbats, from bottom to top,
denote predictions fam,= 100, 140, 180, 220, and 260 Gd¥) Fit
including APV experiments with present errofb) errors on APV
experiments reduced by a factor of 4, with present central values of
Qyy retained.
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is to be compared with the determinatiddis —2.7+2.3[4]  equivalent by virtue of(3) and (4) [39] to an error

based on cesium anfi=—1.5+3.8 based on the average 652=(5%¢?)6 sinff,~0.38 siré,, wherec?=1-352. Thus

mentioned above of two recent thallium experimdif3,14]. deep inelastic neutrino scattering is now providing a mea-

Averaging, we findS=—2.4+2.0. It is clear that the value surement of sif¥ at |g?|<M?3 to slightly better than a per-

of S is now known much more precisely than specified bycent, but with residual dependence on top quark and Higgs

the APV experiments. Omission of the APV ddthe first  boson masses.

two lineg in Table | in the fit shifts the ellipses by We conclude with a comparison of absolute and relative

AS=0.020,AT=0.018 without affecting their sizes notice- measurements of,, for discovering or placing limits on

ably. effects of new gauge bosons. In Ref. 1 the effect &f 4the
What improvement in accuracy of the APV experimentsextraZ in SO(10) theorieg was expressed as

would begin to have an impact on the fits? Since the 90%

confidence level limits ors are of order+0.4, one should AQU " e=0.42N+Z)(My/M5 )2, (11

ask for a factor of about 4 improvement in the combined *

error onQyy from cesium and thallium. The effect of reduc- The central value ofAQ,y=(—71.04+1.81)—(—73.20

ing the total errors in each experiment by a factor of 4 while+0.13)=2.16+1.81 in cesium, withN=78 and Z=55,

keeping the same central values is shown in Fi@).1The  could be accounted for with &, of mass 500 GeV, to be

standard model predictions now graze the edge of the 90%ompared with the lower bound of 425 GeV set by a direct

C.L. ellipse. search at the Tevatrofi40]. Thus, to place a bound
The comparison ofQy, for more than one isotope can M, >1 TeV at the Ir level, one would have to reduce the

provide electroweak information in which atomic physics disérepancy toAQ,,<0.54, requiring about a factor of 4

corrections play @ much less significant r¢8]. One can  groaer accuracy than the present determination.

measure the ratio of thg difference for two isotopes, To obtain a bound, >1 TeV by measuring an isotope

A_Qﬂ= Qu{N1) ~Quw(N2), with respect to an average value ratio, one would have to measurén cesium to 0.2%. To see

QW=[QW(N1)tQW(N2)]/2 for the two. Since Qy this, we express

=p(Z—N—-42Zx), r=AQy/Qyw is a function of '

X=sir’. alone; thep dependence cancels. The errorin AN[ - p+0.8M /M, )?]

X

andr are related to one another by r= : , (12)
p(Z—N—-4Z S|n20)+0.4(2N+Z)(MW/MZX)2
or 4z 5 10
T 450 %% where AN=N;—N,. Expanding to first order in
r —N-— 1 2
Z-N—4zx #=(My M )?lp, we find
_= 13 . . .
where N=(N;+N,)/2. For 553Cs, the coefficient is 0.42(8 siP6—3)
4Z/(Z—N—-4Zx)~—3, so that in order to obtain a measure- r~r9 1+ — 2|, (13
ment ofx to +0.0004(competitive with the average of the Qw

LEP and SLC determinations mentioned in Tab)e dne . ] ) )
must measure to 0.1% of its value[This is considerably where quantities with the_ superscrlpt zero refer to thos_se in
more demanding then requiring the isotopeatio the absence of thg, contribution. Note that the terms with
Quw(N7)/Qw(N,)=1+AQy/Quw(N,) to be measured to N cancel. The coefficient of” is about 0.34 for cesium and
0.1%] At this level it is likely that isotope-dependent effects 0.31 for lead. Thus, to set a limiz >1 TeV, correspond-
and uncertainties in electroweak radiative corrections being to.7%<0.64% withp=1, one has to measureto 0.2%.
come significant. Some statistical power can be added to the The Z, is one of a family of possibilities arising &g
determination oA Qyy if more than two isotopes are used. theories, which also contain a bosat which arises when

In fact, the range of variation of models for the neutronE, breaks down to SQOQ). Let us parametrize a general
charge radius in leaB5] is equivalent to about a 1% uncer- Z,=Z,c08p+Zsing. Here ¢ is the same as the angle
tainty in sirfg, comparable to that envisioned for several fu-employed in Ref[21], and opposite to the angly, defined
ture experiments involving parity violation in the scattering in Ref.[41]. The boson sometimes call&g,, which arises in
of medium-energy polarized electrof@6] on nucleons and superstring theories, corresponds t$= arctan(3/5}
nuclei. A calculation of the uncertainty due to the neutron=37.8° in our notation. We find that E¢L1) is merely mul-
charge radius in cesiufi37] is more optimistic, correspond- tiplied by a factor f(¢)=sing[sing—(5/3)*cosp]. This
ing to an error of 0.5% in sf® for a measurement with function vanishes ah=0 and $»=52.2° and is negative in
N; =70, N,=84. between, attaining its most negative value ©0.32 at

The theoretical error i for cesium[1] is itself about ¢=26.1° and its maximum value of 1.32 &4t=116.1°. The
0.2%, and is dominated by the error in the coefficient Ofcorresponding bounds dfy, masses can be rescaled accord-
Sirfe in Qw; most of the error cancels iAQyy,. Other de- ingly.
terminations of sif¥ at low momentum transfer1$]2|<M§ To summarize, atomic parity violation experiments can
include the most recent CHARM Il result[38], still play a key role in providing information on fundamental
sif9=0.2324+0.0083, a measurement to 3.6% accuracyparameters in particle physics, despite recent strides in pre-
and the ratioR, mentioned above, which is roughly equiva- cise electroweak measurements. Absolute determination of
lent to a measurement of the on-shell parameteQ,, for one or more atoms to an accuracy of half a percent is
sirfy=1—M3/M3=0.225+-0.005. An error 6 sir’,, is  now the most important goal. This will help to constrain the
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Peskin-Takeuchi paramet& in a useful manner and can an accuracy of about 0.5% would constrain®gito a per-
roughly double the present lower limits on extra gaugecent, while an accuracy of 0.2% inwould roughly double
bosons. Measurements of ratios of isotopes are likely to prohe present limit on new gauge boson masses.

vide information on sif¥ at low momentum transfers to an

accuracy of at best a percent, given present theoretical un- | am indebted to W. Marciano, S. Pollock, P. Vogel, L.
certainties about nuclear effects in |@%b], or slightly bet- ~ Wilets, and L. Wolfenstein for useful discussions. | wish to
ter in cesium on the basis of the estimate of R8f%]. An  thank the Institute for Nuclear Theory at the University of
error of a percent in sfi# is comparable to that envisioned Washington and the Fermilab Theory Group for hospitality
for other medium- and low-energy tests; indeed, deep inelasduring this work, which was supported in part by the United
tic neutrino scattering already is close to providing such &States Department of Energy under Grant No. DE FGO02

constraint. Measurement of the parameaterAQ,,/Qy to ~ 90ER40560.
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