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The implications of precision Z-pole, W-mass, and weak-neutral-current data for SU(2) X U(1) models
are described. Within the minimal model one finds sin2§W(MZ )=0.2334+0.0008 in the modified
minimal subtraction scheme or sin?0,,=1—M}3 /M2 =0.22911+0.0034 in the on-shell scheme, where the
uncertainties include the m, and M} dependence. The top-quark mass is predicted to be 124138%2% GeV,
where the second uncertainty is from My, with m, <174 (182) GeV at 90 (95)% C.L. For the first time
subleading effects and vertex corrections allow a significant separation of m, and p, in models with a

nonminimal Higgs structure.

Allowing arbitrary m,

and Higgs representations one obtains

sin?0 (M ;)=0.233340.0008, p,=0.992+0.011, and m, <294 (310) GeV. The implications of these re-
sults for ordinary and supersymmetric grand unified theories are considered. Supersymmetric theories
with a grand desert between the supersymmetry and unification scales are in striking agreement with
data for Mgygy in the M;—1 TeV range. Ordinary grand unified theories breaking to the standard model

in more than one step are also discussed.

Weak-neutral-current data and W and Z properties
have been a major quantitative test of the standard
SU(R2) XU(1) electroweak model [1-7]. In 1987 a sys-
tematic analysis of the implications of all existing data
was carried out [2], which has been updated regularly
[5,7]. There is now a considerable amount of high-
precision data on the mass, total and partial widths, and
asymmetries of the Z from CERN LEP [8-10], as well
as important new results on the W mass [11,12], atomic

parity violation in cesium [13,14], and (;)Me scattering
[15]. There are also new direct 95%-C.L. lower limits
m,>89 GeV [16] and M, >48 GeV [17] on the top-
quark and Higgs boson masses, and new experimental
constraints on the charm-quark threshold [18] relevant to
the interpretation of deep-inelastic neutrino scattering.

It is therefore an appropriate time to reconsider the
implications of all these results for testing the standard
model, constraining m,, and comparing the experimental
value of sin?dy, with ordinary and supersymmetric grand
unified theories [19-23]. In this paper we will consider
the standard SU(2) X U(1) model and extensions involving
higher-dimensional representations of Higgs field [24].
Other extensions of the standard model will be con-
sidered elsewhere [25,26].

The data used in the analysis are summarized in Table
I. The LEP results are averages of the four LEP experi-
ments ALEPH, DELPHI, L3, and OPAL [10], which in-
clude all of the 1989-1990 data, with a proper treatment
of common systematic errors. 'z, T'j [p,g, and Ty,
refer, respectively, to the total, leptonic (average of
e,u,7), hadronic, and invisible Z widths; N, =TI, /T _is
the number of light neutrino flavors; Agg(u) is the
forward-backward asymmetry for muons; O'Z
=12aT ,T',,a/M3T% is the hadronic cross section on
the pole; and g%,g2 are effective couplings related to ry

and AFB(H) by

GpM;
F"_ _ =2 +—2
T~ 3, 84 gv), "
A} = 38,85
FB - _ .
(&) +85)°

Only My, Tz, Ty, R=T,4/T;, and Agg(u) are used.
The other LEP observables are not independent, but are
displayed for completeness. Recent measurements of the
W mass and weak-neutral-current data are also displayed
in Table I. Older neutral-current results, included in the
analysis, are described in [2,7]. The standard-model pre-
dictions for each quantity other than M, are also shown.
These are computed using M, =91.174%0.021 GeV as
input, using the range of m, determined from the global
fit, and 50 GeV <M <1 TeV.
In the standard model,

A2 A2
Mi=—55 " =
P B A(1—APy) c s (1—Ar)
(2)
My =pe M =c?M3
where

A3=ma/V2G,=(37.2803 GeV)?, §2=sin’0, (M )

refers to the weak angle in the modified minimal-
subtraction scheme (MS) scheme [27], szzsinZOW
=1—Mj},/M% refers to the on-shell scheme [28],
¢2=1—%72 and ¢?=1—s2% The radiative correction pa-
rameters A7y, p—1, and Ar are taken from the calcula-
tion of Degrassi, Fanchiotti, and Sirlin [29]. As is well
known, p~ 1+ Ap,, where

A, =52 4 0031 T (3)
P v 100 GeV
has a strong m, dependence, while Ar=Ar,
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TABLE 1. Experimental values for LEP observables [10], My /M7 [11], My, [12], the weak charge

in cesium Qy [13,14], and the tree-level sin?6° from
model predictions for M, =91.174+0.021 GeV, m,=124"28 GeV, and 50 GeV <My <1 TeV. Only
the first five LEP observables are independent. The two errors for Qy (Cs) are experimental and
theoretical (in parentheses). The first uncertainty in the predictions is from the uncertainties in M, and
Ar, the second is from m, and M}, and the third (in parentheses) is the theoretical QCD uncertainty.
The older neutral-current quantities described in [2,7] are also used in the analysis.

) (

Ry ue— ;)Me [15], compared with the standard-

Quantity Value Standard model
M, (GeV) 91.174+0.021
I'; (GeV) 2.487+0.009 2.485+0.0021+0.008(£0.011)
'y MeV) 83.3+04 83.5+0.1+0.2
R=Tyq/Tf 20.94+0.12 20.78+0.003+0.016(+0.13)
Agp(p) 0.0154+0.0048 0.0142+0.0002+0.0015
T MeV) 1744+10 1735+1.6£5.6(%+11)
I, (MeV) 493+10 499.4+0.3+1.3
N, 2.97+0.04+0.04 3
0,’3 (nb) 41.441+0.28 41.44+0.02+0.02(+0.21)
gi 0.250+0.001 0.251+0+0.001
gf, 0.0013+0.0004 0.0012+0+0.0001
My (GeV) 79.91+0.39 80.05+0.03+0.19
My /M, 0.8831+0.0055 0.87800.0001+0.0022
QOw (Cs) —71.04+1.58(+0.88) —73.12+0.08+0.05
sin?6° 0.240+0.009+0.008 0.232+0.0003+0.001

—Ap, /tan’@y, is even more sensitive. APy ~Ar,~0.07
has no quadratic m, dependence. There is additional log-
arithmic dependence on m, and My in p, A7y, and Ar, as
well as O(a) effects associated with low-energy physics.
These effects are important and are fully incorporated in
the analysis, but will not be displayed here.

For the Z widths, we use the results of Hollik [30],
which include the m, dependence of the Z —bb vertex
corrections [31]. For the hadronic widths we include
QCD corrections to O(a?) using an effective
a,(M;)=0.121+0.02. The uncertainty is chosen larger
than the average of the LEP determination of «; (e.g.,
a,=0.1231+0.007 [32]) in order to roughly incorporate
other QCD uncertainties associated with higher-order
effects. For Agg(u) we use the calculation of Degrassi
and Sirlin [33], which agrees with Hollik [30].

The most precise measurement of atomic parity viola-
tion is in the cesium atom [14]. Cesium is a hydrogenlike
atom, allowing a clean theoretical interpretation of the
results. Recent calculations have reduced the theoretical
uncertainty to the 1% level [13]. The current value of
Qy differs from the standard-model prediction by slightly
over one standard deviation.

Deep-inelastic neutrino reactions are still an important
constraint. The ratio of neutral-to-charged-current cross
sections has been measured at the 1% level [2-4]. The
most important theoretical uncertainty is the charm-
quark threshold in the charged-current denominator. In
[2] the threshold was parametrized [34] in terms of an
effective charm-quark mass m=1.5+0.3 GeV deter-
mined from the experimental cross section for neutrino-
induced dimuon production [35]. The mgf range is im-
portant because a much lower value (e.g., 0.8 GeV [36])
would considerably weaken the upper limit on m,.

Recently, the Chicago-Columbia-Fermilab-Rochester
(CCFR) group has measured the threshold precisely, ob-
taining [18] mST=1.34+0.21(stat) T3 (syst) GeV, in
agreement with the old result based on data from the
CERN-Dortmund-Heidelberg-Saclay (CDHS) Collabora-
tion [37]. The lower central value is offset by the smaller
lower error bar in obtaining upper limits on m,.

The fits of various data sets to the standard model are
displayed in Fig. 1 and Table II. Figure 1 shows the 1o
limits on sin®8}, for fixed m, as a function of m, for vari-
ous combinations of data. It is apparent that the com-
bination of M, with My, I', Agg(u), and deep-inelastic
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FIG. 1. Values of sin?8,,(M,) with +1¢ errors for fixed m,
as a function of m, for M; =250 GeV. Also shown is the 90%-
C.L. region allowed in a fit to all data. The direct lower limit
[16] m, > 89 GeV is also shown.
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TABLE II. Values of sin?8,,(M) and m, obtained for various data sets. The sin20, (M) error in-
cludes m, and My. The first error for m, includes experimental and theoretical uncertainties for
M ;=250 GeV. The second error is the variation for My —50 GeV (—) and My;— 1000 GeV (+).
The last column lists the upper limits on m, at 90% (95%) C.L. for My, =1000 GeV, which gives the
weakest upper limit. The direct CDF constraint m, > 89 GeV is included.

Data sin®0 (M) m, (GeV) mM* (GeV)
Mz, My 0.2329+0.0014 139+47+16 213 (225)
M,,T 0.2340%8:00% 9113573 176 (188)
My, Apg(p) 0.2323+0.0023 158+68+23 250 (266)
M, T, Apg(p) 0.233773:99% 1101753+22 179 (190)
Mz, My,T, Apg(p) 0.2334+0.0009 124+33+17 179 (188)
Mz, vN 0.233978:00% 99%3513° 184 (197)
All 0.2334:-0.0008 124¥38430 174 (182)

vN scattering places upper limits of ~200 GeV on m,.
This is quantified in Table II, where the values of sin’8},
and m, are shown for simultaneous fits to various com-
binations of data. The sinzﬁw errors are almost entirely
due to the m, uncertainty [for fixed m,, the Z mass would
yield sin2§W(MZ) to £0.0001 (£0.0003), where the first
error is from AM, and the second is theoretical, from
Ar]. The central values are for a Higgs-boson mass
My =250 GeV. The uncertainties induced by allowing
50 GeV <My <1 TeV are folded into the sin25W errors
and are shown explicitly for m,. Also listed are the 90%-
and 95%-C.L. upper limits on m, from each data set.
The latter are for My =1 TeV, which gives the weakest
upper limit. It is seen that the LEP results alone, as well
as LEP combined with M, yield 90%-C.L. upper limits
~180 GeV on m,, confirming previous limits which were
dominated by M, and vN scattering. The vN scattering,
atomic parity violation (which does not contribute
significantly to the m, limit), and other neutral-current
observables are still very important, however, because of
their role in constraining new physics beyond the stan-
dard model [25].
The fit to all data yields

sin®9 (M ,)=0.2334+0.0008 ,
sin0,,=0.2291+0.0034 , 4)

m,=124128720 GeV ,

where the sin?0, errors include m, and My (the on-shell
sin?@, is about 4 times as sensitive to m,), and the second
error in m, is from M. One can also regard A7y, (or Ar)
as free parameters. From a fit to all data in which
sin%6y,, m,, and Ar are free, one obtains Ar =0.0563-3%,
APy, =0.06110919 in good agreement with standard-
model expectations [29].

The upper limit on m, from all data is (174,182,197)
GeV at (90,95,99)% C.L., respectively, for My =1 TeV.
For My;=250 GeV, the corresponding limits are
(157,165,180) GeV, while m, <(144,154,170) GeV for
M, =50 GeV. The y? distributions as functions of m,
are shown in Fig. 2(a) for the three values of My. It is
apparent from Table II and Fig. 2 that the central value
and upper limit on m, are rather sensitive to M. How-
ever, until m, is known independently, no significant con-

straint can be obtained on My from these types of experi-
ments provided one assumes My =1 TeV. (It is not clear
that it makes any sense to discuss the minimal standard
model perturbatively for larger My >1 TeV.) Even if m,
were known, present data would only constrain My
weakly: For example, for m, =100 GeV, present data
would favor My~48 GeV, but would still allow
My ~810 (1150) GeV at 90% (95%) C.L.
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FIG. 2. (a) ¥? distribution as a function of m, for 134 df in a
fit to all data for My =50, 250, and 1000 GeV. The y? is mini-
mized with respect to sin?8y (M) for each m,. (b) Same as (a),
except po is also a free parameter (133 df).
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Now that sin?8y, is well determined, it is useful to
compare with the predictions of grand unification

[19-22]. Using as inputs (MZ)—I27 9+0.2 [29],
a,(M;)=0.12+0.012 [8], and sin 6W(MZ =0.2334
+0.0008, one obtains

a;l= za”coszéw(MZ)zss.mio. 11,

a; '=a lsin?0,(M,)=29.85+0.11 , (5)

a; '=a;1=8.33+0.83 ,

at M,. These can be propagated to high renormalization
scales using the standard two-loop renormalization-group
equations [20]. Of course, in simple grand unified
theories breaking in one step to the standard model (SM)
or the minimal supersymmetric standard model (MSSM),
one expects the three couplings to meet at the unification
scale My. (One actually expects a calculable discontinui-
ty in the MS scheme [20]. This is included in the analysis
but is too small to see in the figures.)

The running couplings in the standard model are
shown in Fig. 3(a). It is clearly seen that they do not
meet at a point, thus ruling out simple grand unified
theories such as SU(5), SO(10), or E4 which break in a
single step to the standard model [19]. Of course, such
models are also excluded by the nonobservation of proton
decay, but this independent evidence is welcome.

On the other hand, in the minimal supersymmetric ex-
tension of the standard model, the couplings do meet
within the experimental uncertainties. This is illustrated
in Fig. 3(b) for the case in which all of the new particles
have a common mass Mgysy =M. Almost identical
curves are obtained for larger Mgygy, such as 1 TeV.
The unification scale My is sufficiently large (> 10
GeV) that proton decay by dimension-6 operators is ade-
quately suppressed, although there may still be a problem
with dimension-5 operators [23]. This success is en-
couraging for supersymmetric grand unified theories such
as SUSY-SU(5) or SUSY-SO(10). However, some caution
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FIG. 3. (a) Running couplings in the standard model. (b)

Running couplings in the MSSM with two Higgs doublets for
Mgysy =M. The corresponding figure for Mgysy =1 TeV is al-
most identical.

is in order, because such models have many uncertainties,
such as those involving possible splitting of the
superheavy-Higgs-boson masses from the unification
scale [19,22].

One can also use a(Mz) and a,(M;) to predict
sin QW(MZ) The resulting predxctlon the scale (M) at
Wthh (5a;'+3a; ") /8 and @ ! unify, and the value of

3 '(My) are listed in Table III for a number of models.
It is seen in Table III and Fig. 4 that ordinary grand
unified theories such as SU(5) with one or two Higgs dou-
blets predict stGW considerably below the experimental

TABLE III. Predictions of sin2§W and the unification scale in the non-SUSY and SUSY SU(5) at
two-loop order, and for non-SUSY SO(10) grand unification at one loop. (The same predictions hold
for many larger groups.) For SO(10) we assume SO(10)—SU(3)XSU(2);, XSUQR)z XUp_, at the

unification scale My, while SU(3) XSU(2), XSU(Z)R XUp_; —SU@B)XSU(Q2), XUy at Mg.

The inputs

are @~ '=127.9£0.2, a5 =0.12+0.012, and sin’§, (M;)=0.2334+0.0008. Ny is the number of Higgs
doublets. § and A refer to two classes of SU(2); XSU(Q2)r XUp_; models.

Model SUSY scale sin20,, My a; (My)
SUG)Y Ny =1) 0.210253:3%31 4.5734x 10" 41273
SUGS)( Ny =2) 0.214273:3330 2.9729%x 10" 40.7793
SUSY SU(5)(Ny=2) M, 0.233475:5%37 1.9t1,7>< 10 252594
SUSY SU(SN(Ny=4) M, 0.2561755-99%2 9.2*+%9 x 10" 239754
SUSY SU(5)(Ny=2) 1 Tev 0.231575:3%¢ 1.4752x10'¢ 26.575%
SUSY SUG5)(Ny=4) 1 Tev 0.252559:39% 8.37¢3x 10" 252734

My sin%8,, My a; (My)

SO(10)(8,, &) 1 Tev 0.281159-301¢ 2.0%%31x 10" 50. 25;88}

SO(10)(AL &) 1 TeV 0.276559:3%47 5.67§$x 10" 53.9773:18

SO(10)(8, &) 4.5729x10'° 0.2334 (input) 1.2+58x10'¢ 44.577%%

SO(10)(AL &) 2.2741%x10° 0.2334 (input) 5.3%1%9%x10'6 4622704
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value. [These predictions actually hold for many grand
unification groups larger than SU(5).] On the other hand,
the predictions of the supersymmetrlc extension of SU(S)
and similar groups predicts sin OW in agreement with ob-
servations for two Higgs doublets and Mgygy in the range
M, —1 TeV. The predicted value is too high for four
Higgs doublets.

We have seen that the observed low-energy couplings
do not unify at a single scale if the running is due to the
standard-model particles only, i.e., if there is a desert be-
tween M, and My. Adding supersymmetry in the desert
is one way to achieve unification. Another possibility is
to allow a group larger than SU(5) to break to the stan-
dard model in two or more stages. For example, an ordi-
nary SO(10) model can break [38] first to left-right sym-
metric [39] SUQ3)XSU(Q2), XSU2)y XUp_; at a scale
My and then to the standard model at M.

The predictions of such models for a fixed M, of 1
TeV are shown in Table III for two popular versions of
the model: one in which SU(2); breaking is accom-
plished by introducing SU(2); and SU(2); doublets &,
and 8z [39], and one in which Higgs triplets [40] A,
are introduced. The latter version can generate large Ma-
jorana masses for right-handed neutrinos, but are hard to
incorporate into a superstring framework [24]. As is well
known [41,19], the models generate much too high a
stOW for My ~1 TeV. However, one can obtain a vi-
able model if My is left as a free parameter. In this case,
sin’@, is an input rather than a prediction. One obtains
My ~10'°-10!"! GeV for the two versions, with a high
enough My to avoid problems with proton decay. This
scale of My is of relevance to seesaw models of neutrino
mass that are suggested by the solar-neutrino problem
[42].

A simple extension of the standard model is to allow
higher-dimensional Higgs representations. It is con-
venient to define po= M3, /(p¢ M%), which is unity in the
standard model or in extensions involving Higgs doublets
or singlets only. At the tree level,

_zi(tiz“tgi*'ti)\(%”z )

P s adlen

where ¢; and t5; are the total and third component of the
weak isospin of ¢;. One expects p,=1 in most super-
string models [24], while py, may differ from unity in mod-
els involving compositeness [43]. p, modifies the SM ex-
pressions for observables by M,—>MM/\/p,
T, —poI™M, and Ly —poL S, where Ly is an effective
four-Fermi neutral-current operator. If m, were known
independently, p, would be determined very precisely.
For example, current data yield p,=1.00110.002
(0.992+0.002) for m,=100 (200) GeV. However, p,
affects the observables in the same way as the quadratic
terms in m, (except for the Z — bb vertex [31]), and so it
is hard to separate the two. To first approximation one
determines the combination

Peff:P()( 1 +Ap, ) » (7)

which takes the value 1.00540.0024. However, p, and
m, can be separated [44] by the Inm, terms in the radia-
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FIG. 4. Predictions for sin?0,,(M) vs m, in ordinary and
supersymmetric grand unified theories, compared with the re-
gions allowed by the data at 90% C.L. for My =50, 250, and
1000 GeV.

tive corrections to My, and M, and by the Z — bb vertex
(which most sensitively affects the total Z width at
present).

For the first time the data are sufficiently accurate to
allow a reasonably precise separation. A fit to all data
yields

sin’@,,,(M,)=0.2333+0.0008 ,
po=0.992+0.011 , (8)
m,=203"73; GeV ,

where the errors in §2 and p, include m, and M I and
those in m, include the My effect. That is, sin 20, is
determined just as well with p, free as in the standard
model, while p is determined to ~1% even with m, free.
One also obtains the upper limit m, <294 (310) GeV at
90% (95%) C.L. with p, free. The y? distribution as a
function of m, is shown in Figs. 2(b). From (8) one ob-
tains p,<1.004 and p,>0.979, both at 90% C.L. Using
the tree-level expression (6), this implies |{¢°)| <25 GeV
for the triplet (9" @t ¢°), and [{(x°)| <7.9 GeV for
(xT x°x "), to be compared with the doublet expectation
value (@, ,,) ~246 GeV. As long as p,~1, it is safe to
neglect the effects of nondoublet vacuum expectations
values on radiative corrections, which are of order
al(py—1). However, new scalar or fermion SU(2) multi-
plets with large mass splittings can lead to loop effects
that are identical in form to p, [43]. In the presence of
such multiplets, one can interpret the results on p, as ap-
plying to po/(1—aT), where T is the isospin-breaking
parameter defined in [26].

It is a pleasure to thank Dallas Kennedy and Alfred K.
Mann for useful discussions. This work was supported
by the Department of Energy Contract DE-AC02-76-
ERO-3071.



822 PAUL LANGACKER AND MINGXING LUO 44

E. Kim et al., Rev. Mod. Phys. 53, 211 (1981).

. Amaldi et al., Phys. Rev. D 36, 1385 (1987).

. Costa et al., Nucl. Phys. B297, 244 (19838).

. L. Fogli and D. Haidt, Z. Phys. C 40, 379 (1988).

P. Langacker, Phys. Rev. Lett. 63, 1920 (1989).

J. Ellis and G. L. Fogli, Phys. Lett. B 213, 526 (1988); 249,

543 (1990).

[7] P. Langacker, in Particles, Strings, and Cosmology, edited
by P. Nath and S. Reucroft (World Scientific, Singapore,
1991), p. 237; P. Langacker, Phys. Lett. B 239, III-56
(1990).

[8] F. Dydak, in Proceedings of the XXVth International
Conference on High Energy Physics, Singapore, 1990, edit-
ed by K. K. Phua and Y. Yamaguchi (World Scientific,
Singapore, 1991).

[9] E. Fernandez, Report No. CERN-PPE/90-151, 1990 (un-
published).

[10] S. Lloyd, in Proceedings of the 1991 Aspen Winter
Conference in Elementary Particle Physics, Colorado,
1991 (unpublishgd). Thg value of Agg(u) used here is de-
rived from the g, and g4 in this talk.

[11] UA2 Collaboration, J. Alitti et al., Phys. Lett. B 241, 150
(1990).

[12] CDF Collaboration, F. Abe et al., Phys. Rev. Lett. 65,
2243 (1990).

[13] S. A. Blundell, W. R. Johnson, and J. Sapirstein, Phys.
Rev. Lett. 65, 1411 (1990); V. A. Dzuba et al., Phys. Lett.
A 141, 147 (1989); A. C. Hartley and P. G. H. Sandars (un-
published); M. A. Bouchiat and A. Pottier, Science 234,
1203 (1986); M. A. Bouchiat, in Proceedings of the 12th
International Atomic Physics Conference, Ann Arbor,
Michigan, 1990 (unpublished).

[14] M. C. Noecker et al., Phys. Rev. Lett. 61, 310 (1988).

[15] CHARM II Collaboration, D. Geiregat et al., Phys. Lett.
B 232, 539 (1989).

[16] CDF Collaboration, F. Abe et al., Phys. Rev. D 43, 2070
(1991).

[17] ALEPH Collaboration, D. Decamp et al., Report No.
CERN-PPE/91-17 (unpublished).

[18] M. Shaevitz, Nevis Report No. R1482 1990 (unpublished).

[19] For reviews, see P. Langacker, Phys. Rep. 72, 185 (1981);
in Ninth Workshop on Grand Unification, Proceedings,
Aix-Les-Bains, France, 1988, edited by R. Barloutaud
(World Scientific, Singapore, 1988), p. 3; G. G. Ross,
Grand Unified Theories (Benjamin, New York, 1985).

[20] W. J. Marciano and G. Senjanovic, Phys. Rev. D 25, 3092
(1982); D. R. T. Jones, ibid. 25, 581 (1982); M. B. Einhorn
and D. R. T. Jones, Nucl. Phys. B196, 475 (1982); M. E.
Machacek and M. T. Vaughn, ibid. B222, 83 (1983); S.
Weinberg, Phys. Lett. 91B, 51 (1980). Other references
are given in [2,19].

[21] Other recent studies of the implications of the couplings
for grand unification are J. Ellis, S. Kelley, and D. V.
Nanopoulos, Phys. Lett. B 249, 441 (1990); U. Amaldi, W.
de Boer, and H. Fiirstenau, Report No. CERN-PPE/91-44
(unpublished); C. Giunti, C. W. Kim, and U. W. Lee,
Johns Hopkins Report No. JHU-TIPAC-91003 (unpub-
lished). The last works to one loop only.

[22] M. K. Parida, Phys. Lett. B 196, 163 (1987); T. Hiibsch
et al., Phys. Rev. D 31, 2958 (1985), and references

(1]7.
(21U
B]G
4G
(5]
(6]

therein.

[23] P. Nath and R. Arnowitt, Phys. Rev. D 38, 1479 (1988),
and references therein.

[24] M. Cvetic and P. Langacker, Phys. Rev. D 42, 1797
(1990).

[25] For a recent review, see P. Langacker, M. Luo, and A. K.
Mann, Report No. UPR-0458T (unpublished).

[26] B. Lynn, M. Peskin, and R. Stuart, in Physics at LEP, LEP
Jamboree, Geneva, Switzerland, 1985, edited by R. Peccei
and J. Ellis (CERN Report No. 86-02, Geneva, 1986), Vol.
I, p. 90; M. Peskin and T. Takeuchi, Phys. Rev. Lett. 65,
964 (1990); M. Golden and L. Randall, Report No.
FNAL-PUB-90/83-T (unpublished); W. Marciano and J.
Rosner, Phys. Rev. Lett. 65, 2963 (1990); D. Kennedy and
P. Langacker, ibid. 65, 2967 (1990); G. Altarelli and R.
Barbieri, Phys. Lett. B 253, 161 (1991); B. Holdom and J.
Terning, ibid. 247, 88 (1990).

[27] A. Sirlin, Phys. Lett. B 232, 123 (1989); S. Fanchiotti and
A. Sirlin, Phys. Rev. D 41, 319 (1990); A. Sirlin, Nucl.
Phys. B332, 20 (1990), and references therein.

[28] A. Sirlin, Phys. Rev. D 22, 971 (1980); 29, 89 (1984); W.
Marciano and A. Sirlin, ibid. 22, 2695 (1980).

[29] G. Degrassi, S. Fanchiotti, and A. Sirlin, Nucl. Phys.
B351, 49 (1991).

[30] W. Hollik, Fortschr. Phys. 38, 165 (1990).

[31] W. Beenakker and W. Hollik, Z. Phys. C 40, 141 (1988);
A. A. Akhundov et al., Nucl. Phys. B276, 1 (1986).

[32] M. Schmelling, in Proceedings of the 1991 Aspen Winter
Conference (Ref. [10]).

[33] G. Degrassi and A. Sirlin, Nucl. Phys. B352, 342 (1991).

[34] All that matters for present purposes is that the parame-
trization correctly describes the observed charm thresh-
old.

[35] H. Abramowicz et al., Z. Phys. C 15, 19 (1982).

[36] W. A. Bardeen, C. T. Hill, and M. Lindner, Phys. Rev. D
41, 1647 (1990).

[37] The results in Ref. [18] imply an s-quark x distribution
compatible with that used in Ref. [2]. That is important
because the s shape and m S are strongly correlated.

[38] D. Chang et al., Phys. Rev. D 31, 1718 (1985); J. M. Gib-
son and R. E. Marshak, ibid. 31, 1705 (1985); Y. Tosa
et al., ibid. 28, 1731 (1983), and references therein.

[39] For reviews, see R. N. Mohapatra, Unifications and Super-
symmetries (Springer, New York, 1986); P. Langacker and
S. Umasankar, Phys. Rev. D 40, 1569 (1989).

[40] R. N. Mohapatra and G. Senjanovic, Phys. Rev. Lett. 44,
912 (1980); Phys. Rev. D 23, 165 (1981).

[41] Other variants of SO(10) in which SU(2); and left-right-
symmetry breaking are decoupled are discussed in Ref.
[38].

[42] S. Bludman, D. Kennedy, and P. Langacker, Report No.
UPR-0443T (unpublished).

[43] A classification of new physics which enters at the loop
level in self-energy diagrams, some of which have similar
effects to py, is given in Ref. [26].

[44] See Ref. [24] and A. Blondel, Report No. CERN-EP/90-
10 (unpublished). We disagree with the conclusions in B.
W. Lynn and E. Nardi, Report No. CERN-TH 5876/90
(unpublished).



