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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
sin2u and the Peskin-Takeuchi parametersS andT is reassessed in the light of recent electroweak measure-
ments at CERN LEP, SLAC, and Fermilab. Since the weak chargeQW provides unique information onS, its
determination with a factor of 4 better accuracy than present levels can have a noticeable effect on global fits.
However, the measurement ofDQW /QW for two different isotopes provides primarily information on sin2u. To
specify this quantity to an accuracy of60.0004, comparable to that now provided by other electroweak
experiments, one would have to determineDQW /QW in cesium to about 0.1% of its value, with comparable
demands for other nuclei. The relative merits of absolute measurements ofQW and isotope ratios for discov-
ering effects of new gauge bosons are noted briefly.
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About five years ago it was recognized@1,2# that the pre-
cise knowledge of theZ boson mass then becoming availab
would lead to a nearly unique prediction for atomic parit
violating effects in a wide range of nuclei, independently
standard model parameters such as the top quark massmt ,
the Higgs boson massMH , or the weak mixing angle
sin2u. Thus any deviations of the weak chargeQW measured
in such experiments from theoretical expectations wou
have to be ascribed to physics beyond the standard mod

A description of effects of new physics on electrowea
gauge boson propagators~the so-called ‘‘oblique’’ correc-
tions! was introduced by Peskin and Takeuchi@3# in terms of
parameters calledS, T, andU. The parameterS describes
wave-function renormalization effects,T describes violations
of a ‘‘custodial SU~2!’’ symmetry such as arise from the
large t2b mass difference, andU describes differences be
tween wave-function renormalizations of theW andZ propa-
gators.~The only electroweak observable sensitive toU is
theW mass.!

In terms of these parameters, the measurement@4# of
atomic parity violation~APV! in cesium to an experimenta
accuracy of 2.2%~for which the theoretical interpretation
@5#, standing at a 1.2% level, is more precise! was found to
constrainS almost exclusively, with theT dependence nearly
cancelling. TheS dependence of the cesium measureme
provided a useful constraint on global fits of electrowe
parameters in terms of the Peskin-Takeuchi variables.

Since the original analysis@1#, precise electroweak data
have been obtained in many experiments at the CE
e1e2 collider LEP@6#, in the measurement of the asymm
try for polarized-electron positron annihilation at theZ at
SLAC @7#, and in the discovery of the top quark@8#, the
more precise measurement of theW mass@9#, and in the
analysis of neutral-current deep inelastic neutrino scatter
@10# at Fermilab. These results, when combined in a glo
fit, provide very strong constraints on sin2u and on the
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Peskin-Takeuchi parameters. Concurrently, precise measure
ments of atomic parity-violation effects have appeared in a
number of nuclei, including a 2% measurement in bismuth
@11#, a 1% measurement in lead@12#, and 1% and 3% mea-
surements in thallium@13,14#. The theoretical calculations
for these effects are at levels of about 11% for bismuth
@15,16#, 8% for lead@16#, and 3% in the most optimistic
estimate@17# for thallium ~though more recent calculations
@18# quote larger errors, of the order of 10%!.

It is the purpose of this paper to indicate the precision to
which APV experiments~and the accompanying theoretical
calculations! have to specifyQW in order to have a signifi-
cant impact on present global fits to electroweak data. Previ
ous analyses~see, e.g., Ref.@19#! have considered the impact
of such measurements in the context of a smaller body o
electroweak data.

We begin with a brief review of notation and formalism
@20#. We then specify the data germane to our fit and perform
an analysis including APV data at their present level of pre-
cision and with hypothetical errors reduced by an appropriate
factor. We then discuss the effects of measurements of iso
tope ratios, and conclude with remarks on the relative merits
of absolute measurements ofQW and isotope ratios for dis-
covering effects of new gauge bosons. Previous analyses o
the implications of electroweak data for limits on new gauge
bosons include those of Refs.@1,19,21,22#.

The low-energy limits ofW andZ exchange are described
by

GF

A2
5

g2

8MW
2 ,

GF

A2
r5

g21g82

8MZ
2 , ~1!

whereGF is the Fermi constant,g5e/sinu andg85e/cosu
are SU~2! and U~1! coupling constants,e is the proton
charge, andu is the weak mixing angle. The parameterr,
which receives contributions from quark loops toW andZ
self-energies, is dominated by the top quark@23#:
2724 © 1996 The American Physical Society
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r.11
3GFmt

2

8p2A2
. ~2!

Consequently, if we defineu by means of the precise mea
surement at LEP ofMZ ,

MZ
25

pa

A2GFr sin2u cos2u
, ~3!

thenu will depend onmt , and so will

MW
2 5

pa

A2GF sin
2u
. ~4!

Here one must use the value ofa appropriate to the elec-
troweak scale; we takea21(MZ)5128.9560.1 @24#.

The Higgs boson also affects the parameterr through
loop diagrams. It is convenient to express contributions
r in terms of deviations of the top quark and Higgs bos
masses from nominal values. Formt5175 GeV,MH5300
GeV, the measured value ofMZ leads to a nominal expected
value of sin2ueff50.2315. In what follows we shall interpre
the effective value of sin2u as that measured via leptoni
vector and axial-vector couplings: sin2ueff[

1
4(12@gV

l /gA
l #).

We have corrected the nominal value of sin2uMS[ ŝ2, where
MS denotes the modified minimal subtraction scheme,
quoted by DeGrassi, Kniehl, and Sirlin@25# for the differ-
ence@26# sin2ueff2 ŝ250.0003 and for the recent change
the evaluation ofa(MZ) @24#.

Defining the parameterT by Dr[aT, we find

T.
3

16p sin2u Fmt
22~175 GeV!2

MW
2 G2

3

8p cos2u
ln

MH

300 GeV
.

~5!

The weak mixing angleu, the W mass, and other elec
troweak observables depend onmt andMH .

The weak charge-changing and neutral-current inter
tions are probed under a number of different conditions, c
responding to different values of momentum transfer. F
example, muon decay occurs at momentum transfers sm
with respect toMW , while the decay of aZ into fermion-
antifermion pairs imparts a momentum of nearlyMZ/2 to
each member of the pair. Small ‘‘oblique’’ corrections@3#,
logarithmic inmt andMH , arise from contributions of new
particles to the photon,W, and Z propagators. Other
~smaller! ‘‘direct’’ radiative corrections are important in cal
culating actual values of observables.

We may then replace~1! by

GF

A2
5

g2

8MW
2 S 11

aSW
4 sin2u D ,

~6!
GFr

A2
5
g21g82

8MZ
2 S 11

aSZ
4 sin2u cos2u D ,

whereSW andSZ are coefficients representing variation wit
momentum transfer. Together withT, they express a wide
variety of electroweak observables in terms of quantities s
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sitive to new physics. The Peskin-Takeuchi variableU is
equal toSW2SZ , while S[SZ .

Expressing the ‘‘new physics’’ effects in terms of devia-
tions from nominal values of top quark and Higgs boson
masses, we have the expression forT written above, while
contributions of Higgs bosons and of possible new fermions
U andD with electromagnetic chargesQU andQD to SW
andSZ , in a leading-logarithm approximation, are@27#

SZ5
1

6p F ln MH

300 GeV
1( NCS 124Q̄ ln

mU

mD
D G , ~7!

SW5
1

6p F ln MH

300 GeV
1( NCS 124QDln

mU

mD
D G . ~8!

The expressions forSW andSZ are written for doublets of
fermions with NC colors and mU>mD@mZ , while
Q̄[(QU1QD)/2. The sums are taken over all doublets of
new fermions. In the limitmU5mD , one has equal contri-
butions toSW andSZ . For a single Higgs boson and a single
heavy top quark, Eqs.~7! and ~8! become

SZ5
1

6p F ln MH

300 GeV
22 ln

mt

175 GeVG ,
~9!

SW5
1

6p F ln MH

300 GeV
14 ln

mt

175 GeVG ,
where the leading-logarithm expressions are of limited valid-
ity for MH andmt far from their nominal values.

We now list the electroweak observables used in our fit
Recent directW mass measurements, in GeV, include 79.92
60.39@28#, 80.3560.37@29#, and 80.4160.18@9#, with av-
erage 80.3360.15. Data @10,30,31# on the ratio
Rn[s(nN→n1•••)/s(nN→m21•••) lead to informa-
tion onr2 times a function of sin2u roughly equivalent to the
constraintMW580.2760.26 GeV.

Measured Z parameters @6# include MZ591.1887
60.0022 GeV, GZ52.497160.0033 GeV, sh

0541.492
60.081 nb ~the hadron production cross section!, and
Rl[Ghadrons/G leptons520.80060.035, which may be com-
bined to obtain theZ leptonic width G l l (Z)583.9460.13
MeV. Leptonic asymmetries include the forward-backward
asymmetry parameterAFB

l leading to a value of
sin2ueff50.2309660.00073, and independent determinations
from the parametersAt→sin2u eff50.232460.0010 and
Ae→sin2ueff50.232860.0011. The last three values may be
combined to yield sin2ueff50.2317660.00052. @We do not
use asymmetries as measured in decays ofZ to bb̄ ~which
may reflect additional new-physics effects@32#!, to cc̄
~which are of limited weight because of large errors!, or to
light quarks~for which interpretations are more model de-
pendent!.# This last result is to be compared with that based
on the left-right asymmetry parameterALR measured with
polarized electrons at the SLAC Linear Collider~SLC! @7#:
sin2ueff50.230560.0005.

Parity violation in atoms, stemming from the interference
of Z and photon exchanges between the electrons and th
nucleus, provides further information on electroweak cou-
plings. The most precise constraint at present arises from th
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TABLE I. Electroweak observables described in fit.

Experimental Theoretical
Quantity value value

QW ~Cs! 271.061.8a 273.2b20.80S20.005T
QW ~Tl! 2115.064.5c 2116.8d21.17S20.06T
MW ~GeV! 80.3160.14e 80.35f20.29S10.45T
G l l (Z) ~MeV! 83.9460.13g 83.9020.18S10.78T
sin2ueff 0.2317660.00052h 0.2315i10.0036S20.0026T
sin2ueff 0.230560.0005j 0.2315i10.0036S20.0026T

aWeak charge in cesium@4#.
bCalculation@1# incorporating atomic physics corrections@5#.
cWeak charge in thallium@13,14# ~see text!.
dCalculation@33# incorporating atomic physics corrections@17#.
eAverage of direct measurements and indirect information from neutral/charged current ratio in deep inelast
neutrino scattering@10,30,31#.
fIncluding perturbative QCD corrections@25#.
gLEP average as of May, 1995@6#.
hFrom asymmetries at LEP@6#.
iAs calculated@25# with correction for relation between sin2ueff and ŝ

2 @26#.
jFrom left-right asymmetry in annihilations at SLC@7#.
-
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measurement of theweak charge~the coherent vector cou-
pling of theZ to the nucleus!, QW5r(Z2N24Z sin2u), in
atomic cesium @4#, with the result QW(Cs)
5271.0461.5860.88. The first error is experimental
while the second is theoretical@5#. The prediction @1#
QW(Cs)5273.2060.13 is insensitive to standard-model pa
rameters@1,2#; discrepancies are good indications of ne
physics~such as exchange of an extraZ boson!. Recently the
weak charge has also been measured in atomic thallium. T
Seattle group@13# obtainsQW(Tl)52114.261.363.4, to
be compared with the theoretical estimate@17,33#
QW52116.8. From information presented by the Oxfor
group @14# we deduce their value ofQW~Tl! to be
2120.563.564.0. Here the first errors refer to the total ex
perimental error, while the second refer to the error asso
ated with the atomic physics calculations. The Oxford grou
has taken account of uncertainties uncovered in more rec
theoretical calculations@18# in quoting a slightly larger theo-
retical error. Averaging the two experimental values, mul
plying the experimental error by a scale factor of (x2)1/2, and
allowing for the larger of the two theoretical uncertainties a
a common error, we find QW(Tl)52115.062.1
64.052115.064.5.

We have performed a fit to the electroweak observab
listed in Table I. The ‘‘nominal’’ values~including @25#
sin2ueff50.2315) are calculated formt5175 GeV and
MH5300 GeV. We useG l l (Z), even though it is a derived
quantity, because it has little correlation with other variabl
in our fit. It is mainly sensitive to the axial-vector coupling
gA
l , while asymmetries are mainly sensitive togV

l . We also
omit the total widthG tot(Z) from the fit, since it is highly
correlated withG l l (Z) and mainly provides information on
the value of the strong fine-structure constantas . With
as50.1260.01, the observed totalZ width is consistent
with predictions. The partial widthG(Z→bb̄) is the subject
of several discussions of new physics@32# which we do not
address here.

Each observable in Table I specifies a band in theS-T
,
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plane with different slope, as seen from the ratios of coeffi
cients ofS and T. Parity violation in atomic cesium and
thallium is sensitive almost entirely toS @1,2#. The impact of
sin2u eff determinations onS is considerable. The leptonic
width of theZ is sensitive primarily toT. TheWmass speci-
fies a band of intermediate slope in theS-T plane; here we
assumeSW5SZ . Strictly speaking, the ratioRn specifies a
band with slightly moreT and lessS dependence thanMW
@1,3#; we have ignored this difference here.

The resulting constraints onS and T are shown in Fig.
1~a!. A top quark mass of 180612 GeV@the Collider Detec-
tor at Fermilab~CDF! and D0 average# is compatible with all
Higgs boson masses between 100 and 1000 GeV, as seen
the curved lines intersecting the error ellipses. Independent
of the standard model predictions, values ofS between
20.5 and 0.3 are permitted at the 90% confidence level. Thi

FIG. 1. Allowed ranges ofS andT at 68%~inner ellipses! and
90% ~outer ellipses! confidence levels, corresponding tox252.3
and 4.6 above the minimum~crosses at center of ellipses!. Dotted,
dashed, and solid lines correspond to standard model predictions f
MH5100, 300, and 1000 GeV. Symbols3, from bottom to top,
denote predictions formt5100, 140, 180, 220, and 260 GeV.~a! Fit
including APV experiments with present errors;~b! errors on APV
experiments reduced by a factor of 4, with present central values o
QW retained.
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is to be compared with the determinationsS522.762.3 @4#
based on cesium andS521.563.8 based on the average
mentioned above of two recent thallium experiments@13,14#.
Averaging, we findS522.462.0. It is clear that the value
of S is now known much more precisely than specified b
the APV experiments. Omission of the APV data~the first
two lines! in Table I in the fit shifts the ellipses by
DS50.020,DT50.018 without affecting their sizes notice
ably.

What improvement in accuracy of the APV experimen
would begin to have an impact on the fits? Since the 90
confidence level limits onS are of order60.4, one should
ask for a factor of about 4 improvement in the combine
error onQW from cesium and thallium. The effect of reduc
ing the total errors in each experiment by a factor of 4 whi
keeping the same central values is shown in Fig. 1~b!. The
standard model predictions now graze the edge of the 9
C.L. ellipse.

The comparison ofQW for more than one isotope can
provide electroweak information in which atomic physic
corrections play a much less significant role@34#. One can
measure the ratio of the difference for two isotope
DQW[QW(N1)2QW(N2), with respect to an average value
Q̄W[@QW(N1)1QW(N2)#/2 for the two. Since QW

5r(Z2N24Zx̄), r[DQW /Q̄W is a function of
x̄[sin2ueff alone; ther dependence cancels. The errors inx̄
and r are related to one another by

dr

r
'

4Z

Z2N̄24Zx̄
d x̄, ~10!

where N̄[(N11N2)/2. For 55
133Cs, the coefficient is

4Z/(Z2N̄24Zx̄)'23, so that in order to obtain a measure
ment of x̄ to 60.0004~competitive with the average of the
LEP and SLC determinations mentioned in Table I!, one
must measurer to 0.1% of its value.@This is considerably
more demanding then requiring the isotoperatio
QW(N1)/QW(N2)511DQW /QW(N2) to be measured to
0.1%.# At this level it is likely that isotope-dependent effect
and uncertainties in electroweak radiative corrections b
come significant. Some statistical power can be added to
determination ofDQW if more than two isotopes are used.

In fact, the range of variation of models for the neutro
charge radius in lead@35# is equivalent to about a 1% uncer
tainty in sin2u, comparable to that envisioned for several fu
ture experiments involving parity violation in the scatterin
of medium-energy polarized electrons@36# on nucleons and
nuclei. A calculation of the uncertainty due to the neutro
charge radius in cesium@37# is more optimistic, correspond-
ing to an error of 0.5% in sin2u for a measurement with
N1570,N2584.

The theoretical error inr for cesium @1# is itself about
0.2%, and is dominated by the error in the coefficient
sin2u in QW ; most of the error cancels inDQW . Other de-
terminations of sin2u at low momentum transfersuq2u!MZ

2

include the most recent CHARM II result@38#,
sin2u50.232460.0083, a measurement to 3.6% accurac
and the ratioRn mentioned above, which is roughly equiva
lent to a measurement of the on-shell parame
sin2uW[12MW

2 /MZ
250.22560.005. An error d sin2uW is
y
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equivalent by virtue of ~3! and ~4! @39# to an error
d ŝ25( ŝ2/ ĉ2)d sin2uW'0.3d sin2uW, whereĉ

2[12 ŝ2. Thus
deep inelastic neutrino scattering is now providing a mea-
surement of sin2u at uq2u!MZ

2 to slightly better than a per-
cent, but with residual dependence on top quark and Higgs
boson masses.

We conclude with a comparison of absolute and relative
measurements ofQW for discovering or placing limits on
effects of new gauge bosons. In Ref. 1 the effect of aZx @the
extraZ in SO~10! theories# was expressed as

DQW tree
new .0.4~2N1Z!~MW /MZx

!2. ~11!

The central value ofDQW5(271.0461.81)2(273.20
60.13)52.1661.81 in cesium, withN578 and Z555,
could be accounted for with aZx of mass 500 GeV, to be
compared with the lower bound of 425 GeV set by a direct
search at the Tevatron@40#. Thus, to place a bound
MZx

.1 TeV at the 1s level, one would have to reduce the

discrepancy toDQW,0.54, requiring about a factor of 4
greater accuracy than the present determination.

To obtain a boundMZx
.1 TeV by measuring an isotope

ratio, one would have to measurer in cesium to 0.2%. To see
this, we express

r5
DN@2r10.8~MW /MZx

!2#

r~Z2N̄24Z sin2u!10.4~2N̄1Z!~MW /MZx
!2
, ~12!

where DN[N12N2 . Expanding to first order in
R[(MW /MZx

)2/r, we find

r'r 0F11
0.4Z~8 sin2u23!

Q̄W
0 RG , ~13!

where quantities with the superscript zero refer to those in
the absence of theZx contribution. Note that the terms with
N̄ cancel. The coefficient ofR is about 0.34 for cesium and
0.31 for lead. Thus, to set a limitMZx

.1 TeV, correspond-

ing toR,0.64% withr.1, one has to measurer to 0.2%.
The Zx is one of a family of possibilities arising inE6

theories, which also contain a bosonZc which arises when
E6 breaks down to SO~10!. Let us parametrize a general
Zf[Zccosf1Zxsinf. Here f is the same as the angleu
employed in Ref.@21#, and opposite to the angleuU defined
in Ref. @41#. The boson sometimes calledZh , which arises in
superstring theories, corresponds tof5 arctan(3/5)1/2

.37.8° in our notation. We find that Eq.~11! is merely mul-
tiplied by a factor f (f)[sinf@sinf2(5/3)1/2cosf#. This
function vanishes atf50 andf552.2° and is negative in
between, attaining its most negative value of20.32 at
f526.1° and its maximum value of 1.32 atf5116.1°. The
corresponding bounds onZf masses can be rescaled accord-
ingly.

To summarize, atomic parity violation experiments can
still play a key role in providing information on fundamental
parameters in particle physics, despite recent strides in pre-
cise electroweak measurements. Absolute determination of
QW for one or more atoms to an accuracy of half a percent is
now the most important goal. This will help to constrain the
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Peskin-Takeuchi parameterS in a useful manner and can
roughly double the present lower limits on extra gaug
bosons. Measurements of ratios of isotopes are likely to pr
vide information on sin2u at low momentum transfers to an
accuracy of at best a percent, given present theoretical u
certainties about nuclear effects in lead@35#, or slightly bet-
ter in cesium on the basis of the estimate of Ref.@37#. An
error of a percent in sin2u is comparable to that envisioned
for other medium- and low-energy tests; indeed, deep inela
tic neutrino scattering already is close to providing such
constraint. Measurement of the parameterr[DQW /Q̄W to
e
o-

n-

s-
a

an accuracy of about 0.5% would constrain sin2u to a per-
cent, while an accuracy of 0.2% inr would roughly double
the present limit on new gauge boson masses.
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