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Limits on mixing angle and mass of Z' using hp and atomic parity violation
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We discuss the eA'ect of an extra neutral boson Z' on atomic parity violation. Using the limit on
bp from the Collider Detector at Fermilab and CERN LEP experiments and limits on lsgs from
the experiment of Noecker, Masterson, and Wieman on atomic parity violation, we obtain limits on
the mixing angle of Z' with the canonical Z and the mass of Z'. Eleven models with an extra Z'
have been analyzed. The limits obtained are comparable to the corresponding limits extracted from
the Z-decay experiments at LEP.

Any extension of the standard model with a gauge
group of rank bigger than four entails one or more extra
neutral vector bosons. The lightest of these is generally
known as Z' in the literature. The Z' through its mixing
with the canonical Z gives rise to various predictable de-
viations from the standard-model (SM) results. Most of
the e6'ects of the extra neutral boson have been studied in
great detail; ' many of these studies are exclusively con-
cerned with the eA'ects in high-energy experiments and a
few deal with atomic parity violation (APV). The experi-
ment of Noecker, Masterson, and Wieman (NMW) on
atomic parity violation in the cesium atom provides the
least expensive but very sensitive test of the standard
model and any deviation from it. But its recent result has
not been exploited phenomenologically to study devia-
tions from the standard model. In this Brief Report we
analyze the eCect of Z' on APV in detail and its phenom-
enological consequences. So far all the experimental ob-
servations agree very well with the standard-model pre-
dictions within the limits of experimental and theoretical
uncertainties. Hence, at the moment, one can only put
limits on the two parameters, the mixing angle of Z' with
the canonical Z and the mass of Z'. Until now all such
limits are based on the decay widths of the Z boson. '

We make the observation that by taking the experimental
limits on b.p from the Collider Detector at Fermilab
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(CDF) and CERN LEP experiments and b, Q~ from the
NMW APV experiment one can put limits on these pa-
rameters. We have analyzed eleven models with Z'. In
most of the models the limits gotten are comparable with
the limits derived from Z decays. These limits depend
very little on the uncertainties due to the masses of the
top quark and Higgs boson. ' We defer a global analysis
of these parameters based on all neutral-current experi-
ments to a later date.

The mixing between the canonical Z and Z' is model
dependent, but certain features are generic. Let us call
the two neutral vector bosons before mixing as Z' ' and
B, the latter corresponding to the extra U(1) symmetry.
A generic mass-square matrix takes the form

&Nc= i gyt' eQA—„—. Z„(I3—Q sin On, )cosy+
sinO~ cosO~

cosO~gz
X sing

cosO ~gzZ' —(I3 —
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where g and g2 are the coupling constants for SU(2)z and the extra U(l), respectively; X is the extra U(1) charge of f.
Since tang is expected to be small, we can write the neutral current in the form

e z e cosO8 gzXNc= if'" eQA„—— . Z„[(I3—Q sin 0~)+AX] — . Z„' X
sinO~ cosO~ sinO~ cosO~ " g

(4)

where A, =(cosgn, g2/g)sing. Here the X charges of the
various fermions and the coupling constant of the extra
U(l), gz, are model dependent. For any given model the
X charges are exactly determined, up to a constant multi-

plicative factor which can be absorbed into the coupling
constant. The coupling constant gz is related to g and
the relation depends on the details of the model such as
the original gauge structure and the representations of

43 3093 1991 The American Physical Society



3094 BRIEF REPORTS 43

TABLE I. X charges of the fermions for the various extra U(1) models. N is the normalization fac-
tor.

Model

g(0)
s")
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g(&)

s(8)
s"'
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1

1
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0
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0.29
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Higgs bosons responsible for symmetry breaking. We
have tabulated the X charges of the fifteen standard fer-
mions in each family for the eleven models we have
chosen for our analysis in Table I. We assume the extra
fermions to be heavy.

S' ' is the model recently proposed by us in which the
X charges are exactly proportional to the weak hyper-
charges ( F) for the fifteen standard fermions. S"
(i=1,2,3) come from E6. They are respectively called y,
I, and il in the literature (see, for example, the review by
Hewett and Rizzo'). S" (i=4,5) come from the fiipped
SU(5)SU(1) broken to the standard model with the Higgs
fields residing in (27+27)- and 78-dimensional represen-
tations of E6, respectively. S' ' is the doubly Aipped
SU(5)U(1)IIU(1) with the Higgs fields residing in
(27+27)-dimensional representations of E6. S' ' has its
origin in the Pati-Salam group. S" (i=8,9, 10) refer to
the SU(3)U(1) models in which the extra third quark
has electric charge —,', —,', and —

—,', respectively. The
models S' (i = 1, . . . , 7) have been studied by Brahm and
Hall' in connection with dark matter. For the modelsS" (i =0, . . . , 7) g2 =0.8cg with the factor c being close
to unity and for the models S"(i=8,9, 10) g2 =g/cos8w.

The mixing shifts the mass of the canonical Z which
leads to a change in the p parameter, p = (1+bp~ ). bpM
is given by

In the above bound we have omitted the contribution of
the Higgs boson to radiative corrections as it is less by
more than 1 order of magnitude compared to that of the
top quark. Also, (6) is valid if the extensions of SM have
only SU(2)L doublets and singlets in its scalar content
and if one ignores radiative corrections beyond SM. The
quantity of importance to APV is Qw given as

Qw=2[(2Z+N)Ci„+(Z+2X)Cid j, (7)

where C&q =2g]pep& f/q Z is the number of protons and X
is the number of neutrons in the nucleus of the atom un-
der consideration. It occurs in the low-energy effective
parity-violating Hamiltonian as

Hpv =(GI /+2)Qwf'sp

which is obtained from the Feynman diagram of Fig. 1(a)
after summing it over all the u and d quarks in the nu-
cleus.

The value of Qw for the cesium atom in the standard
model including all radiative and hadronic corrections
(with sin Ow =0.231) is '

Qw''= —73. 1+0.15 .

This value of Qw is essentially independent of masses of
the top quark and the Higgs boson. The experimental
number is '

1hp~= ——1 tan y,
rl

(5)

where rI=(mz/mz ) . A model-independent limit on

Ap~ can be directly extracted from the recent Collider
Detector at Fermilab (CDF), " UA2, ' and CERN LEP
(Ref. 13) data. One obtains Ap=0. 005+0.007 and so
Ap~0. 019. In this paper all the limits are gotten with
the experimental numbers taken with an error of two
standard deviations. Taking into account the radiative
corrections due to the top quark one gets'
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FIG. 1. Feynman diagrams for the parity-violating interac-
tion for (a) the standard model and (b) the extra contribution
due to Z'. In the latter case g» and g& & get replaced by g~ and
g&, appropriately modified due to mixing given by Eq. (3).
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Model

g(0)
g(&)

g(2)
s")
g(4)
g(5)
g(6)
g(7)
g(8)
g(9)
g(10)

TABLE II. b, giv for the various extra U(l) models.

General

( —0.40N —1.19Z)g+ (1.26N + 1.84Z)sing
(0.64N +0.32Z)q+ (1.20N +0.83Z)sing
(0.24N +0.12Z)q+ (0.20N —0.25Z)sing

( —0. 16N —0.08Z)g+ ( 1.148 +0.48Z) sing
—(0.63N + 1.26Z)sing

( —0.40N —0.79Z)g+ (1.29N + 1.50Z) sing
(0.40N —0.40Z) g —(0.58Z)sing

(1.54N + 1.54Z)sing
( —1.22N —1.44Z) g+ (2.45N +2.02Z)sing
( —0.77N —0.77Z)q+ (2.02N + 1.48Z)sing
( —0.54N —0.42Z)g+(1. 82N + 1.09Z)sing

133( s55

—96'+ 200 sing
67'+ 139sing

257/+ 2 sing
—17'+ 115 sing—118sing
—75'+ 183 sing

9g —32 sing
205 sing

—175'+303 sing
—102'+239 sing
—65'+ 202 sing

Q'"~"= —71.04+1.58+0. 88 . (10)

&Qw=&pMQw 4Z( os ~)w)sMbpM+Egw . (12)

The last error is due to uncertainty in atomic theory cal-
culations. Thus we get

Egw=gw~' —Qw'=2. 06+1.81 .

There are four difFerent ways in which the Z' will
change the standard-model value for Qw. (i) The mixing
of Z' with Z changes the mass of the canonical Z and
hence the efFective low-energy interaction through
p=(1+bpM). (ii) The mixing also changes the
standard-model couplings by an amount proportional to
sing as given in Eq. (3). (iii) There will also be contribu-
tions to the parity-violating interaction due to the ex-
change of Z' as in Fig. 1(b), and this is proportional to g.
(iv) sin gw extracted from experiment using models with
and without Z' difFer by an amount proportional to hp~.
More explicitly

(»n'~w)z =(»n'~w)SM ~PM(cos I)w)sM

where subscript Z' (SM) indicates the value with
(without) Z'. (sin Hw)z is the one we have to use to find
the deviation from SM. Thus

=[(I/g) —1]tan g=0.0165, which is the bound on bp~
for m, & 89 GeV. The limit on hp~ rules out the param-
eter space below this curve. From this figure we can im-
mediately read out the limits on sing and g. We have
compiled all these limits for the various models in Table
III.

For the models S' ' and S' ', b, gw is independent of rI
and hence we are not able to get any limit on q. But we
can get limits on sing for these two models. For the
models S' ' and S' ' the straight line with positive inter-
cept intersects Ap~ curve only at the lower end and there
is no intersection at the upper end. So we get a lower
limit for sing and no limit on rj. [For these two models
one can use the limits on sing from LEP data and com-
bining it with (15) get an upper limit on g. ] We have
also presented in Table III limits on sing obtained from
the decay widths of Z from LEP for comparison.

It is expected that the NMW APV experiment would
be four times more precise within the next year. ' Such
high-precision data could yield better limits on the pa-
rameters than the corresponding ones from LEP data.
We can use such an analysis in combination with the
LEP data to further restrict the parameter space and pos-
sibly rule out some extra U(1) models. If the APV experi-

Here the first and the second terms are due to (i) and (iv),
respectively. b,gw contains the effects of (ii) and (iii) and
is of the form hgw=n, g+n2 sing. We have compiled
the values of b,gw for the various models in Table II.
We have given the results for any general atom and 5~ Cs
atom in particular. Taking the limit on apl with

m, ~ 89 GeV and the limit on b, gw we can get the follow-
ing limits for b,gw..

0.10

0.05

-0.05

-0.10

-0.15—1.57~ hgw ~9.68 . (13)

We now combine (6) and (13) to obtain limits on the
mixing angle and g. We have given a typical plot of the
parameter space for the two parameters sing and g in
Fig. 2. This particular one is for the model S' '. The two
straight lines are given by n, g+n sin2y=b, gw with
b, gw equal to the two limits —1.57 and 9.68. The region
of parameter space outside the two lines is ruled out. The
parabolic (for small y) curve denotes b,pM

-0.04 -0.02

SIA

0 ~ 02 0.04

FIG. 2. A typical plot of AM =[(I/ql —l]tan y=0.016S
and Age =n~q+n2 sing with Age= —1.57 and 9.68. The al-
lowed region of the parameter space is the intersection of the re-
gion above the "parabolic" curve and the region between the
straight lines.
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TABLE III. The limits for APV on sing and q from the limits on bp and b, Qa for the various extra U(l) models and limits on

sing from Z-decay widths.

Model

g(0)
g(1)
g(2)
s("
s")
s("
g(6)
g(7)
g(8)
s")
g(10)

(sing);„
—0.007
—0.090
—0.100
—0.012
—0.082
—0.007
—0.140
—0.008
—0.004
—0.006
—0.007

(Sing) ax

0.045
0.035
0.100

0.013
0.055

0.047
0.035
0.050
0.077

APV
imax

0.11
0.33
0.40

0.16

0.07
0.13
0.26

274
158
144

235

344
252
178

(sing);„
—0.028
—0.024
—0.008
—0.059
—0.013
—0.032
—0.036
—0.031
—0.008
—0.008
—0.008

Z decays
(sing) „

0.073
0.008
0.022
0.021
0.037
0.084
0.013
0.011
0.022
0.024
0.023

ment is done with another atom with the same level of ac-
curacy, then the data from two atoms will yield limits on
sing and g and hence on Ap~ without appealing to any
high-energy experiment. (We note that, if the atom
chosen is a diFerent isotope of cesium, higher experimen-
tal precision is demanded. ) Thus there exists an exciting
possibility of high-precision APV experiments verifying
the standard model to a very high accuracy.

Tote added. After the completion of this paper, we re-
ceived a paper by W. J. Marciano and J. L. Rosner [Phys.

Rev. Lett. 65, L963 (1990)] which uses APV to study de-
viations from the standard model and put constraints on
technicolor models. P. Langacker has used the results of
Ref. 4 in his analyses reported in various workshops.

We thank C. Wieman for valuable discussions and
comments and W. Ford for a helpful clarification. This
work was supported in part by the Department of Energy
under Contract No. DE-AC02-86ER40253.

Electronic address: Pramoda@COLOPHYS. bitnet.
iSome of the references are D. Iskandar and N. G. Deshpande,

Phys. Rev. Lett. 19, 3457 (1979); U. Amaldi et al. , Phys. Rev.
D 36, 1385 (1987); V. Barger, N. G. Deshpande, and K.
Whisnant, Phys. Rev. Lett. 56, 30 (1985); V. Barger and K.
Whisnant, Phys. Rev. D 36, 979 (1987); R. W. Robinett and J.
L. Rosner, E'bid. 25, 3036 (1982); C. N. Leung and J. L. Ros-
ner, ibid. 29, 2132 {1982);D. London and J. L. Rosner, ibid.
34, 1530 (1986); L. S. Durkin and P. Langacker, Phys. Lett.
166B, 436 (1986); G. Costa et al. , Nucl. Phys. B297, 244
(1988); J. L. Hewett and T. G. Rizzo, Phys. Rep. 183, 193
(1989). The last article is a review.

2K. T. Mahanthappa and P. K. Mohapatra, Phys. Rev. D 42,
1732 (1990).

K. T. Mahanthappa and P. K. Mohapatra, Phys. Rev. D 42,
2400 (1990).

4M. C. Noecker, B. P. Masterson, and C. E. Wiernan, Phys.
Rev. Lett. 61, 310 (1988).

5Preliminary results of this investigation were first presented by
one of us (K.T.M.) at the Twenty Fifth International Confer-
ence on High Energy Physics, Singapore, 1990. Less precise
values of previous APV experiments have been used in
theoretical analyses before. In our analysis we not only use
the latest value of Qs extracted from Ref. 4, but also take
into account four contributions to APV due to the presence
of Z' (see below), some of which have been taken into account
before; these four contributions can be of the same order, and
together can cancel for some models.

6K. T. Mahanthappa and P. K. Mohapatra, in Proceedings of
the 25th International Conference on Kigh Energy Physics,

Singapore, 1990, edited by K. K. Phua and Y. Yamaguchi
(World Scientific, Singapore, 1991).

7See, for example, G. Altarelli et a/. , Phys. Lett. B 245, 669
(1990); V. Barger, J. L. Hewett, and T. G. Rizzo, Phys. Rev.
D 42, 152 (1990); J. Layssac, F. M. Renard, and C. Verzeg-
nassi, Laboratorie de Physique Mathematique Report No.
LAPP- TH-290/90, 1990 (unpublished).

sW. Maricano, in Proceedings of Theoretical Advanced Study In
stitute (TASI) in Elementary Particles, Boulder, Colorado,
1990 (World Scientific, Singapore, in press).

W. Marciano and A. Sirlin, Phys. Rev. D 29, 75 (1984).
D. E. Brahm and L. J. Hall, Phys. Rev. D 41, 1067 (1990).

'~M. Franklin, in Proceedings of the 25th International Confer
ence on High Energy Physics (Ref. 6).

'2L. Mapelli, in Proceedings of the 25th International Conference
on High Energy Physics (Ref. 6).

~3F. Dydak, in Proceedings of the 25th International Conference
on High Energy Physics (Ref. 6).
M. J. B. Veltman, Nucl. Phys. 8123, 89 (1977); W. Marciano
and A. Sirlin, Phys. Rev. D 22, 2695 (1980); J. J. van der Bij
and F. Hoogeveen, Nucl. Phys. B283, 477 (1987); M. Consoli,
W. Hollik, and F. Jegerlehner, Phys. Lett. B 227, 167 (1989).
S. A. Blundell, W. R. Johnson, and J. Sapirstein, Phys. Rev.
Lett. 65, 1411 (1990). We note that there has been a great
deal of improvement in theoretical atomic parity calculations
which are essential in extracting the experimental value of
Q~. Decreasing the error in the measured value of Q~ is
both an experimental and theoretical challenge.

C. E. Wieman (private communication).


