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Atomic parity violation and precision electroweak physics — An updated analysis
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A new analysis of parity violation in atomic cesium has led to an improved value of the weak charge,
QW(Cs)5272.0660.46. The implications of this result for constraining the Peskin-Takeuchi parametersS
andT and for guiding searches for newZ bosons are discussed.

PACS number~s!: 11.30.Er, 12.15.Ji, 12.15.Mm, 12.60.Cn
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One prediction of the unified theory of weak and elect
magnetic interactions@1# is the existence of parity-violating
effects in atoms. In the latest contribution@2# to this subject
through the study of such effects in atomic cesium@3,4#, the
JILA-Boulder group has performed measurements that
duce uncertainties in previous theoretical calculations
atomic physics corrections@5#. While there is no substitute
for carrying out such calculations to the requisite higher
der in many-body perturbation theory, it is worth examini
the implications of the resulting weak charge,QW(Cs)5
272.0660.28expt60.34theor5272.0660.46, which repre-
sents a considerable improvement with respect to prev
values in this and other@6–9# atoms. The present paper u
dates previous analyses@10–14#, with special emphasis on
the role of the new measurement. We indicate the effec
fits to precision electroweak observables in which the n
measurement is included or omitted, and discuss the po
bility @10,15# that a small discrepancy ofQW(Cs) with re-
spect to electroweak predictions is due to the exchange
new neutral vector gauge bosonZ8. The weak chargesQW
provide unique information in such fits@10,16,17#.

Data and theoretical expectations are presented in Tab
The notation and formalism are the same as in Refs.@12# and
@13#. As mentioned previously, we use a subset of the dat
which the effects of correlations are minimized, but whi
have the dominant statistical weight. For fits to the compl
data set, see, e.g.,@27# or @28#. Some new features with re
spect to our previous fits include the following:

~1! We use a new, more precise valuea21(MZ)
5128.93360.021@29#.

~2! The nominal top quark mass is now taken to
173.9 GeV/c2; the nominal Higgs boson mass continues
be 300 GeV/c2. This permits us to use the calculations
Ref. @14# for several quantities, includingMW , G l l (Z), and
sin2ueff .

~3! The fits are performed both with and without the ne
Cs data@2#, in order to estimate their impact.

~4! The precision of the world average value ofMW @20#
has improved considerably as a result of new measurem
from LEP II and the Fermilab Tevatron.

~5! We take account of a new measurement of the neu
current to charged-current ratio in deep inelastic neutr
scattering@23#. We present the result of this measurement
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well as that of a previous one@22#, in terms of an effectiveW
mass corrected for our nominal values ofmt andmH . This
correction amounts to20.02 GeV/c2 for @23# and
10.01 GeV/c2 for @22#. TheSandT coefficients differ from
those in MW since NuTeV measures the Pascho
Wolfenstein @30# ratio R2[@sNC(nN)2sNC( n̄N)#/

@sCC(nN)2sCC( n̄N)#, while CCFR measures essential
Rn[sNC(nN)/sCC(nN).

~6! The precision of the LEP I values forG l l (Z) and
sin2ueff @24#, the SLD value of sin2ueff @25#, and the top quark
mass measurement@26# continues to improve. In our analysi
we have combined the values of sin2ueff from LEP I and
SLD, with a scale factor@31# of Ax252.77, and added in
quadrature an error in the predicted value of60.00009 due
to the error ina(MZ), to obtain a value sin2ueff50.23153
60.00048 used as a single input to the fit. We include val
of sin2ueff obtained at LEP both with purely leptonic asym
metries and with the help of quark asymmetries such asAFB

b ,
assuming them to be governed by the predictions of the s
dard model. The degree to which this fails to be true@25#, for
example as a result of non-standardb quark couplings to the
Z, is an interesting possibility not considered here. The L
values of sin2ueff obtained from purely leptonic asymmetrie
do appear to be more consistent with the SLD value.

The results are shown in Figs. 1 and 2. In Fig. 1 we ha

FIG. 1. Allowed ranges ofS andT at 68%~inner ellipses! and
90% ~outer ellipses! confidence levels, corresponding tox252.3
and 4.6 above the minima~crosses at the center of ellipses!. Dotted,
dashed, and solid lines correspond to standard model prediction
MH5100, 300, and 1000 GeV/c2. Symbols3, from bottom to top,
denote predictions formt5100, 140, 180, 220, and 260 GeV/c2. ~a!
Fit including APV experiments with present errors;~b! fit excluding
new Cs measurement.
©1999 The American Physical Society06-1



JONATHAN L. ROSNER PHYSICAL REVIEW D61 016006
TABLE I. Electroweak observables described in the fit.

Quantity Experimental Theoretical
value value

QW ~Cs! 272.0660.46a 273.19b 20.80S20.007T
QW ~Tl! 2115.064.5c 2116.8d 21.17S20.06T
MW(GeV/c2) 80.39460.042e 80.315f 20.29S10.45T
‘‘ MW’’ (GeV/ c2) 80.3660.21g 80.315f 20.29S10.52T h

‘‘ MW’’ (GeV/ c2) 80.2460.11i 80.315f 20.54S10.70T h

G l l (Z) ~MeV! 83.95860.089j 83.92f 20.18S10.78T
sin2ueff 0.2319560.00023j 0.23200f 10.0036S20.0026T
sin2ueff 0.2309960.00026k 0.23200f 10.0036S20.0026T
mt(GeV/c2) 174.365.1 l 173.91241S182T

aWeak charge in cesium@2# incorporating recalculated atomic physics corrections.
bCalculation@10# incorporating electroweak corrections, updated in@14#.
cWeak charge in thallium@8,9# incorporating atomic physics corrections@18#.
dCalculation incorporating electroweak corrections@19#.
eAverage of direct hadron collider and CERNe1e2 collider LEP II measurements@20#.
fCalculation by@14# based on results of the programZFITTER 4.9 @21#.
gCCFR value from deep inelastic neutrino scattering@22# for mt5173.9 GeV/c2 andMH5300 GeV/c2.
hApproximate dependence including residual corrections.
iNuTeV value from deep inelastic neutrino scattering@23# for mt5173.9 GeV/c2 andMH5300 GeV/c2.
jLEP average as of July 1999@24,25#.
kFrom left-right asymmetry and forward-backward left-right asymmetry at the SLC Large Detector~SLD!
@25#.
lSee Ref.@26#.
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not imposed the constraint of the top quark mass, while
Fig. 2 this constraint has been included.

The central valuesS0 andT0 implied by each of the fits
are summarized in Table II. We do not fit separately for
Peskin-Takeuchi parameterU, but set it equal to zero. A fi
to similar data without the addition of the new Cs resu
finds @14# S520.3060.13, T520.1460.15, U50.15
60.21.

In the absence of themt constraint~Fig. 1!, the new Cs
analysis leads to a small shift of the overall fit away fro
predictions of the standard electroweak theory for the m
mum acceptable Higgs boson mass~roughly 95 GeV/c2

@32#!. The change in the central value of the parameterS is
20.12. In the presence of themt constraint~Fig. 2!, the fit is
affected only very slightly by the Cs result. The observ
value of QW then differs from the predicted value by 2
standard deviations. Strictly speaking, we should have o
ted the Tl results from the fits when omitting Cs. Howev
their impact is much smaller than that of Cs.

We now explore the implications of the small discrepan
between the observed and predicted values ofQW(Cs) in

TABLE II. Central values ofS and T implied by fits to elec-
troweak data, omitting new Cs data,mt value, or both.

Data omitted S0 T0 PredictedQW(Cs)

mt 20.20 20.03 273.03
mt and Cs 20.08 0.04 273.13
None 20.029 0.083 273.17
Cs 20.026 0.080 273.17
01600
n
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terms of an extraZ, as suggested in Refs.@10# and@12#. Our
results differ slightly from those of Ref.@15# as a conse-
quence of a different standard-model prediction forQW .

We consider aZ8 which is a linear combination of theZx

andZc @33#, two neutral bosons which arise in E6 theories:
Z85Zccosf1Zxsinf. Heref is the angle calledu in Ref.
@34#. TheZc is the gauge boson associated with the symm
try U(1)c when E6 breaks down to SO(10)3U(1)c ; theZx

is the gauge boson associated with the symmetry U(x

when SO~10! breaks down to SU(5)3U(1)x . The change in
QW at the tree level due to an unmixedZ8 is then@12#

DQW tree
new .0.4~2N1Z!~MW /MZ8!

2f ~f!,

FIG. 2. Magnified view of Fig. 1. Dotted, dashed, and solid lin
correspond to standard model predictions forMH5100, 300, and
1000 GeV/c2. Symbols 3 denote predictions for mt

5180 GeV/c2 on each curve. The constraintmt5173.8
65 GeV/c2 has been imposed.~a! New Cs value@2# included;~b!
new Cs value omitted.
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f ~f![sinf@sinf2~5/3!1/2cosf#. ~1!

In order to fit the positive value ofDQW tree
new 51.1060.46, we

needf to lie between tan21(5/3)1/2552.2° and 180°. The
corresponding values ofMZ8 leading to such a contribution
are shown for the central value and61s limits on QW by
the curves in Fig. 3. Typical direct lower limits from th
Collider Detector at Fermilab~CDF! Collaboration on
masses of aZ8 depend to some extent onf, but lie around
600 GeV/c2 @28,35#. At the 1s level, one can thus accoun
for the discrepancy between the observed and predicted
ues ofQW(Cs) for values off between about 70° and 160
This includes the valuesf590° (Z85Zx) and f5127.8°
@Z85ZI , where the subscript denotes an ‘‘inert’’ SU~2! sub-
group of E6 @33,36# in the decomposition E6→SU(6)
^ SU(2)I ].

To conclude, reanalysis of an atomic parity violation e
periment in Cs@2# affects fits of electroweak parameters to
small but perceptible degree, when information on the
quark mass is not included. When this information is add
however, the fits are nearly independent of the Cs res
which differs from the standard model prediction by 2
standard deviations. This difference can be reproduced
the inclusion of a newZ8, lying above present experiment
limits of about 600 GeV/c2 in mass, for a range of the pa
rameter 70°<f<160° characterizing the new boson. If
exists at a mass accessible to run II of the Fermilab Tevat
this boson must be very weakly mixed with the standardZ in
order to avoid a number of constraints associated with p
cision electroweak observables@28#.

Despite the consistency of the new measurements in
with more precisely specified matrix elements@2#, a calcula-
tion of atomic physics effects in Cs whose accuracy matc
that of the experimental measurement is sorely needed.
last such calculations@5# need to be extended to higher ord
in many-body perturbation theory to confirm the optimis
inherent in the small theoretical error quoted in Ref.@2#. An
improved determination of the neutron charge radius in
um
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also would be helpful, since the present uncertainty in t
quantity may constitute an error at least as large as
(DQW.0.1) associated with electroweak radiative corre
tions@37,38#. There is room for considerable improvement
the overall error inQW(Cs) if this program proves succes
ful.
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FIG. 3. Values ofM (Z8) corresponding to central value~solid
line! and61s errors~dashed lines! of QW(Cs) in a model where
the discrepancy with respect to the standard electroweak predic
is due to the exchange of a new unmixedZ8.
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