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FLAVOR CHANGING NEUTRAL PROCESSES AND B{-B§ MIXING

Michael SHIN, Myron BANDER and Dennis SILVERMAN
Department of Physics, University of California, Irvine, CA 92717, USA

Received 22 December 1988

We propose that the observed B§—BS mixing reported by ARGUS and CLEO is due to the tree-level flavor changing neutral
coupling of the standard model Higgs scalar, H°, or the Z° induced by new physics with a mass scale beyond the standard model.
The strengths of the flavor changing couplings of H and Z° are shown to be increasing with the masses of the fermion flavors
involved. If the observed BG~BY mixing is due to the flavor changing coupling of H?, the key predictions are D'-D" mixing of
O(10%) of the present experimental upper limit and BR(u~"—e"v)~(1.1+£0.6) X 10~ "%, and the mass of the Higgs scalar
My~ (200-300) GeV. In case the observed BY—BY mixing is due to the flavor changing coupling of Z°, the rare decay mode
n-—e~e*e” is predicted to be observable at any time in the near future with the branching ratio in the neighborhood of the
present experimental upper limit, while other predictions include: D-D° mixing of O(1-10)% of the present upper limit,
BR(B!-pu*u~X)~(8.5+4.2)x 107> BR(1~»p g pu~ )~ (8.8%£4.8) X 1078 and the branching ratios for the flavor changing
decay modes of Z°, BR(Z°>bs+sb) x 107~ (141 7), BR(Z°>tc+ct) x 107~ (1500%700) (m,/60 GeV), BR(Z°-b'b+bb")
X 107 = (4800 +2300) (rmy, /50 GeV), BR(Z°->p~t* +utt17) X 107=3.6+ 1.8, and BR(Z°-1" +7'1) X 10"~ (1300£600) (. /
40 GeV). These flavor changing branching ratios of Z° can be tested at LEP with 10”7 Z%’s. From the observed strength of B}-Bj

mixing the scale of new physics can be inferred to be M ~250 GeV.

1. Introduction

In our present understanding of particle physics,
there is one potentially important piece of experi-
mental data whose explanation may require new
physics beyond the standard model. It is the surpris-
ingly large B}-BY mixing reported by the ARGUS
Collaboration [ 1], which has been confirmed by the
CLEO Collaboration [2].

Although such a large mixing can be understood
within the standard KM model by assuming [3] a
large t-quark mass (m,= 100 GeV) or certain KM
matrix elements in the neighborhood of their present
upper limits, this will fail to provide the solution if
the t-quark is discovered below 100 GeV or so in the
near future and the | V,,| element is measured to be
well below (e.g. [Vipl/|Vep| =0.06-0.08 [4]) the
present upper limit, | ¥, |/ Veo| <0.21 [5]. Another
resolution of the dilemma could come from the exis-
tence of the fourth family of quarks (and leptons);
the t’-quark contribution to the usual box diagram
could account for the magnitude of B~B§ mixing.

0370-2693/89/% 03.50 © Elsevier Science Publishers B.V.
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This would require special values for m,- and for the
four family KM element V, 4V'¥,. While there exist
practically no experimental constraints on these pa-
rameters, a recent investigation [ 6] suggests that this
may not be the case. This is because the t'-quark ex-
change diagrams, which are required to bring the
BY9-BY mixing to the observed level, inevitably en-
hance the CP-violating amplitude in K°~K° mixing,
giving too large a contribution [6] to Reeg
(=1.62x107?).

In this article, we propose that this mixing is due
to tree-level flavor changing couplings of the stan-
dard model Higgs scalar, H° or the Z° induced by
new physics beyond the standard model. In section
2, we present an illustrative example, where physics
beyond the standard model could be responsible for
such flavor changing neutral current processes
(FCNP) of the known quarks and leptons. In section
3, we set up our conventions for such couplings and
look at the present experimental bounds. As men-
tioned, we assume that the large B-Bj mixing is due
to such FCNP and this anchors one of these cou-
plings. In section 4, we look at various theoretical ex-
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pectations for the flavor dependence of these cou-
plings and in section 5 we show how these
expectations hold up in view of the previously stud-
ied bounds. The results are pleasing in that not only
are the bounds not seriously violated, but several un-
seen reactions are on the verge of observability. These
discussions, predictions for flavor changing decays of
the Z°, and speculations on the scale of this new phys-
ics responsible for the FCNP are presented in section
6.

2. An illustrative example: vector singlet model

As a simple, illustrative example of the general class
of models, in which tree-level neutral flavor changing
couplings of H® and Z° between ordinary quarks and
leptons are generated through the effect of mixings
with heavy exotic fermions, we consider a model #!
with an SU(2), vector singlet of charge — 1/3 quarks,
D, and Dy, plus the three standard families of quarks
and leptons.

In the basis of weak-cigenstates d} and d%, the
mass and the Yukawa couplings of the charge —1/3
quarks are given by

— Ly ={d} (M%),d% +d% (»*),dRx H/\/2]
+h.c., (1)
where

Yio Viz Viz Via

(yd)z Yar Vaa Va3 Voa ’ (2)
Yar Vi Viz Vi
0 0 0 0
(M) = (y)v/ 2+ (M),
v=(/2Ge) /=246 GeV, (3)
with
0 0 0 O
) 00 0 O )
M=o 00 0 (4)
0 0 0 M

#! Generalization to the case with a leptonic vector singlet with
charge —1 (E{ and Eg ) and/or charge 2/3 quarks (U, and
Uy) is straightforward. For earlier works on models with ex-
otic heavy fermions, see ref. [ 7] and references therein.
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Ineq. (1),4,j=1, 2, 3 correspond to the three fami-
lies of ordinary d-type quarks (d, s, b), while i, j=4
corresponds to the heavy exotic ones, D, and Dxg.
(M) ofeq. (4) is due to the bare mass term M and
takes the given form without any loss of generality 2.
The mass matrix (M9Y) can be diagonalized by the
unitary matrices ¥V and Vi,

(VUMY (Ve) = Mg - (5)

Defining the mass-eigenstates d;, and d g, fori=1, 2,
3,4, by

d?L =( VL)i/'d/L> di=( V[)ljdjoLa
d?R = ( VR)i/d/'Rs dir=( L/Zi)xj’dl()R, (6)

the Yukawa couplings of the (standard model) Higgs
scalar HY are given by

~LY =d [(V]) (»*) (Vi) [dr HO/\/2+h.c.
=T¢ (Mgiag.)u'dzR H()/U
_'(‘M/v)a__rl,(VL)X{(VR)4/d/RHO+h~C~ (7)

where we have used (y¢)=[(M9)—(M')] (ﬁ/v),
from eq. (3). Thus the flavor changing coupling of
HYis given by

LY. =y,didpH+he, forizj, (8)
where
y;/=(M/U)(VL):1(VR)4ja fOrl#] (9)

In the basts of weak-eigenstates, the neutral current
coupling of Z% is

L& ¢ = (e/sin Oy cos Oy,)J0Z%, (10)
where
Jo=T =ity J5 (11)
=a€(1§)liy;1d?L
—(—%)szew (aﬁyud?L*—ﬁ?ud?R E] (12)

# One may think that the most general form of the matrix (M')
has four nonvanishing elements in the last row, i.e. (M"),,
=M #0. However, a unitary rotation in the space of the four
dix’s (=1, 2, 3, 4), can always bring the matrix (M’) to the
form given in eq. (4) with M= (M| \>+ | M5|*+ | M4|2
+IM51%) A
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=—4[diag.(1, 1,1, 1)~diag.(0,0,0,1)]. (13)

In terms of the mass-eigenstates of eq. (6), eq. (11)
becomes

J(i)l =— %d‘,LV“d/L + %d_,L (M)a( VL)4jd/L

— (= 1)sin®Ow(d Ly, dn+diry.dir). (14)
Thus, the flavor changing coupling of Z° is
L% =(e/2sin By cos By )ghd, y*d, 75,

for i#J, (15)
with
&i=(VU)5(VL)y, fori#j. (16)

The main results #* of this section show that the fla-
vor changing couplings of H” and Z° are given by egs.
(8), (9), (15), and (16), with strengths propor-
tional to the product of the mixing angles (V)% and
(VLR )4, of the unitary matrices ¥y and Vy.

3. Experimental constraints on the flavor changing
couplings of H® and Z°

In order to discuss the physics of flavor changing
couplings of H? and Z° we need to know their present
experimental constraints. We shall use the notation
and conventions described below. The most general
form of couplings of the Z° to ordinary quarks and
leptons is

Lya= Y (ghfur" S +&ify" fr)Zi +hee.
[

¢ (z @y

T 2sin By cos Oy \ 5

+g,‘§ﬁR«,~'ﬁR)Zﬁ+h.c.)‘ (17)
From hermiticity
gi=&7 and gf=g5". (18)
*3 Similar tree-level flavor changing couplings of H® and Z° exist
for vector doublet models (£}, y,,) and mirror fermion models

(4. g%, v,); generalizations of our discussions to these models
are straightforward.
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The indices i and j stand for flavors of the ordinary
quarks and leptons. Similarly, the most general form
of couplings of the Higgs scalar, H’, to the ordinary
quarks and leptons is given by

LHO = Z (]Iy,l}f/‘]( +ﬁ}’,l;f;L)H0+hC
L)

e .
(Z (fLd 5 fr

T 2 sin Oy cos Oy

+ﬁ"Rﬁ,L,-]§L)H°+h.c.>, (19)

with
PR=p* and pL=pR* (20)

The unknown mass of the Higgs scalar, My, will be
expressed in terms of M, where

My=My/M;=My/(92GeV). (21)

Note that for sin’6,,=0.23, ¢/(2 sin Oy cos Oy ) =
0.36. The advantage of expressing all couplings in
these units is that the relations

(e/2 sin Oy cos By )?/ M2 :ﬂGF,

PR LA
=pLRpLR (e/2 sin By cos Ow )2/ M3
:ﬂGFMﬁzﬁ,L/RJ?bR (22)

simplify the expressions appearing in the effective la-
grangians. We have investigated a variety of FCNP
which are likely to provide the most stringent con-
straints on the flavor changing couplings of H® and
Z% details will be published elsewhere [8]. Our re-
sults are summarized in the first three columns of ta-
bles 1 and 2 *. Note that the results for BJ-BS mix-
ing are not to be taken as a bound, but, in the spirit
of this work, as a positive result fixing the parameters
coupling the b-quark to the d-quark.

¥4 The full expressions, of course, involve the coupling constants
in a complicated manner. For example, in the case of H° ex-
change, the constraint from AM is (1/My) | (Pl)?+ (PR)?
—3(6+Br " (Ph) (PR <9.5X107°(10/8k) 2, with
B = [mx/ (m,+my) 12~ (10£5). Since we cannot disentan-
gle the various parts of this expression, we assume that there
are no fortuitous cancellations and present results for a generic
coupling |p5R |
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4. Theoretical expectations on the flavor dependence
of the flavor changing couplings

In section 2, eq. (9) and eq. (16), we have seen
that, in the context of a simple vector singlet model,
the flavor changing couplings are proportional to the
product of mixing angles (V1 r )3, (VL r)4,. We expect
similar results to hold in other models involving heavy
exotic fermions. In this section, we consider how such
mixing angles ( (¥ r)4’s) should depend on the gen-
eration (family) index j. From experience with KM
angles, we expect

[Ver)a | < {(Vir)a2 | < [ (ViRr)az | < 1. (23)

Lighter fermions are expected to have smaller mixing
with the heavy exotic ones in order to keep their
masses small; too much mixing would spoil this
smallness. This may be the reason why the flavor
changing neutral processes between the first two
lightest families (i.e., d<s, e ) have not been ob-
served thus far, and the GIM [13] mechanism has
been so successful, since these are the ones that are
likely to be the most suppressed in terms of the mix-
ing angles.

To make a reasonable estimate on these mixing an-
gles, we consider the following simple case of 2X 2
mixing as a guide, which should shed some light on
the general relation # between the mixing angles and
the mass-eigenvalues. Consider a 2 X 2 real symmet-
ric matrix,

_|e B
=[5 1]

which is diagonalized by an orthogonal matrix R(#),

R(O)T(m)R(0) =mying = [_(’Jnl n? ]

cos 8 s1n9]. (25)

—sin @ cos @

R(H)s[

Note that the matrix () contains two free parame-
ters excluding the overall mass scale, while R (8) has
only one. Therefore, given the mass-eigenvalue
hierarchy,

r=m,/ms <1, (26)

# For a recent review on this subject, see ref. [14].
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the mixing angle 6 will be a function of ¥ and one ad-
ditional parameter (say «). Choosing the unit of the
mass scale such that m,=1, egs. (24)and (25) imply

a f —~r 0 T
5 il=ro 7 R

_[ —r+(1+r) sin®0 —(1+r)sin9c059]
Tl =(1+r)sinfcosd  1—(1+r)sin’d

(27)
Thus we have
a=—r+(1+r) sin’6,
which is equivalent to
. r+o
0= 2
sin’@ = (28)

Now, the eigenvalue equation (trace and determi-
nant of eq. (27) ) implies

P —r. (29)

Assuming the mass hierarchy of eq. (26) is not due
to a fine-tuned cancellation between « and 2, one
expects « to be at most O(r) from eq. (29). There-
fore, in the absence of a fine-tuned cancellation in
r+aoineq. (28), sin 8 is expected to be

sin 0=0(/r) =0(/m,/ma). (30)

If =0 for some symmetry reason, then

sin 0=/r/ (1+r)~/m,/m,. (31)

If a fine-tuned cancellation exists in r+ ¢, so that their
sum is of higher order, i.e., r+ @« =0(r?), then

sin 6~0(m,/m,). (32)

Thus the most natural relation between the mixing
angle and the mass ratio is sin §~0(./m,/m, ), and
aparticularly interesting one is that of eq. (31), where
the mixing angle is exactly the square root of the mass
ratio. Several examples of this relation of mixing an-
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gles as square roots of mass ratios already exist in the
literature *°.

From the above discussion on the mixing angles and
the mass ratios, we see that the most reasonable esti-
mate on (Vi g)y, 18

(Vir)y=(m/M)", withi<psgl (33)_

and the generation dependence of the flavor chang-
ing couplings is expected to be

~ P ~
1 m,m; ; .
4:(———’) :@, with i <p<i. (34)
Vit mmy 8kt

Moreover, p~1/2 is expected to be more realistic
than p~1.

5. Comparison with existing data and predictions for
future experiments

Considering BY-BS mixing as an anchor for the
FCNP, we use the results of the last section as sum-
marized in eq. (34) to predict the expected values
for other coupling constants and compare these with
experimental data on positive results or on bounds.
The results for p=14 and for p=1 are shown in the last
two columns of tables | and 2. Before looking at the
details, we should discuss two caveats. First, we use
eq. (34) to extend the coupling constants, not only
to systems made out of charge — 1/3 quarks, but also
to those of charge 2/3 quarks, and to leptons. This
would be valid if the mass scale responsible for the
breaking of the GIM mechanism would be the same
for all three of the above systems. Even though this
may be unlikely, we do not expect these masses to be
orders apart; thus there may be a rescaling by a small
factor as we go from group to group. Second, as dis-
cussed in footnote 4, we are presenting results for a

#* The charge — 1/3 quark mass matrix of the form of eq. (24)
with a=0 for the two family case is well known to give the
phenomenologically successful relation sin 6(-:\/md/ms=
\u"l /20=0.22, where 6 is the Cabibbo angle. A similar mass
matrix for the neutrinos gives rise to the well known secsaw
mechanism [15]. For three families of quarks, a generaliza-
tion of this matrix gives phenomenologically successful rela-
tions [4,16] between their mixing angles and masses, where
the entire set of KM angles are expressible in terms of the square
roots of the quark mass ratios. For the four family case, see ref.

[6].
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common coupling constant for each process, while the
detailed expressions may involve complicated sums
of products of left and right handed couplings. Thus
we are ignoring possible detailed cancellations or en-
hancements. Due to these two caveats, all of our re-
sults should be viewed as valid only up to a factor not
too different from one. With these remarks in mind
we see that we have no gross violations of any present
experimental bounds. We also note that predictions
for several, as yet unobserved processes are close to
their present bounds. We shall discuss these in some
detail.

In case the observed B3—BY mixing is due to flavor
changing couplings of the Higgs scalar H table 1
predicts two flavor changing couplings which are
slightly below the present experimental upper limit.
These are the ones for D-D° mixing and
BR{p~—e~y). Predictions on these quantities are
given in table 3. If we also take eq. (33) literally, the
required strength of |PLR | (of table 1) for B4—B$
mixing predicts

My~ (2.420.6)[fa/(0.15GeV) M,
~ (200-300) GeV, (35)

for p=1/2, and MuM~ (0.5£0.1)(f3/0.15 GeV)
GeV for p=1. Thus the latter case predicts a rather
unrealistic, low value of M <5 GeV (since we know
My 20.1) and thus we conclude that p=1/2 would
be much closer to reality than p=1.

In case the observed B$-BY mixing is due to the
flavor changing coupling of Z° table 2 predicts sev-
eral flavor changing couplings of Z° which may, in
the near future, have observable consequences,
namely, BR(u~—e~ee~), D°-D° mixing, BR(B?
SpumX), BR(17—»p p*p7), BR(p~—»e~y) and
the flavor changing decay modes *’ of Z° which can
be tested with the 107 Z%s expected at LEP. The pre-
dictions on these quantities are likewise given in ta-
ble 3. Again, if one takes eq. (33)literally, one finds
from the required strength of |§5® | (of table 2) for
BY%-BY mixing

M= (275%66) GeVX (fu/0.15 GeV), (36)

#7 These flavor changing Z° decay mode branching ratios are much
larger than the ones expected [17] in the standard model.
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Table 3

Summary of the predictions for future experiments.
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Mediating Present experimental Predictions for future experiments
boson upper limits
p=1/2 p=1
Higgs scalar D-D" mixing; D-D® mixing of O(10%) D°-D° mixing of O(0.1%)
) ’ Fp<5.6X103 of present Upper limit + of presént upper limit
H BR(p " —e~y)<4.9x10- ! (1.1+£0.6)x 10712 (1.1£0.8)x10~ "
zZ" BR(p —e e*e ) <1.0x107"2 any value in the neighborhood (1.7£0.8)x10°1°
of present upper limit
D-D° mixing: D’-D° mixing of O (1-10)% 0(0.01-0.1)%
F<5.6x 1073 of present upper limit of present upper limit

BR(BY »p*u~X)<1.2x107?
BR(t -pu ptun=)<2.9%x10°°
BR{(p —e~y)<4.9x 107"

Flavor changing Z° decay
mode branching ratios
BR(Z°-bs+sb) x 107
BR(Z°~tc+ct) X 107
BR(Z'->b'b+bb' ) x 107
BR(Z'>p—1t+ptt ) x 107
BR(Z'—»1t t+3'1) X 107

(8.514.2)x107°
(8.8+4.8)x10°%
(2.5£2.0)x107 "

14+7

(1500%700) (m,/60 GeV)
(4800+2300) (m, /50 GeV)
36£1.8
(1300£600) (m, /50 GeV)

(1.6+0.7)x 102
(3.8+1.8)x10~7
(2.4£2.0)x10°'*

270+ 120
0(10%)
0(10%)
1517
0(10%)

for p=1/2, while p=1 gives M=~ (7.5%£0.9)
GeV X./fs/0.15 GeV. The latter value of M ( =the
scale of the heavy exotic fermion masses) is, again,
rather too low to be realistic. It is interesting to note
that the observed strength of B§-BY mixing implies
that the values of My in eq. (35) and of M in eq.
(36) to be O(v=250 GeV), the scale of the electro-
weak symmetry breaking; this may not be a numeri-
cal coincidence.

6. Summary and conclusion

In this article, we investigated the implications of
the possibility that the observed B3-BY mixing is due
to small flavor changing couplings of the Higgs sca-
lar, H°, or the Z° induced by new physics at an en-
ergy scale beyond the standard model. The implica-
tions are rich and the predictions for future
experiments are summarized in table 3. Moreover,
the scale associated with the new physics, M, and/or
the mass of the Higgs scalar seem to coincide with the
Higgs vacuum expectation value, v=250 GeV. This
may not be a coincidence but may indicate that this

new region will indeed show up at a mass scale of 250
GeV,

Although our discussions were made in the context
of a model of ordinary fermions mixing with heavy,
exotic ones, the general structure of these flavor
changing couplings should be valid in a broader class
of theories #. CP violation could be included in such
a class of models; as the GIM mechanism is violated,
an electric dipole moment could be induced at the
one-loop level. Likewise these effects would become
stronger with increasing quark mass. We plan to re-
port on these effects in a future publication [18].
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387



Volume 219. number 2,3
References

[11ARGUS Collab., H. Albrecht et al., Phys. Lett. B 192 (1987)
245.

[2] CLEO Collab., XXIV Intern. Conf. on High energy physics
(Munich, August 1988).

[3]J. Ellis, J.S. Hagelin and S. Rudaz, Phys. Lett. B 192 (1987)
201;
1. Bigi and A. Sanda, Phys. Lett. B 194 (1987) 307;
X.-G. He and S. Pakvasa, Phys. Lett. B 194 (1987) 132;
V. Barger, T. Han, D.V. Nanopoulos and R.J.N. Phillips.
Phys. Lett. B 194 (1987) 312;
J. Maalampi and M. Roos, Phys. Lett. B 195 (1987) 489;
H. Harari and Y. Nir, Phys. Lett. B 195 (1987) 885;
D. Du and Z. Zhao, Phys. Rev. Lett. 59 (1987) 1072;
L.L. Chau and W.Y. Keung, preprint UCD-87-02 (1987);
G. Altarelli and P. Franzini, CERN report CERN-TH-4745
(1987).

[4] M. Shin, Phys. Lett. B 145 (1984) 285; B 191 (1987) 464.

[5] Particle Data Group, M. Aguilar-Benitez et al., Review of
particle properties, Phys. Lett. B 170 (1986) 1.

[6] M. Shin, Phys. Lett. B20! (1988) 559;
M. Shin, R.S. Chivukula and J. Flynn, Nucl. Phys. B 271
(1986) 509.

[7]1 P.M. Fishbane, K. Gaemers, S. Meshkov and R.E. Norton,
Phys. Rev. D 32 (1985) 1186, and references therein.

388

PHYSICS LETTERS B

16 March 1989

[8]1 M. Shin, M. Bander and D. Silverman, in preparation.
[9] W.C. Louis et al., Phys. Rev. Lett. 56 (1986) 1027.

[10] A. Bean et al., Phys. Rev. D 35 (1987) 3533.

[11]R. Eichler, in: Lepton and photon interactions, Proc. Intern.
Symp. on Lepton and photon interactions at high energies
(Hamburg, 1987), eds. R. Ruckl and W. Bartel, Nucl. Phys.
B (Proc. Suppl.) 3 (1987) 39.

[12]T. Kinoshita, B. Nizic and Y. Okamoto, Phys. Rev. Lett. 52
(1984) 717.

{131 S.L. Glashow, J. Iliopoulos and L. Maiani, Phys. Rev. D 2
(1970) 128S.

[14] H. Harari, in: Proc. 1986 SLAC Summer Institute on Particle
physics (Stanford, CA, August 1986).

[15] M. Gell-Mann, P. Ramond and R. Slansky, in: Supergravity,
eds. P. Van Nieuwenhuizen and D.Z. Freedman (North-
Holland, Amsterdam, 1979);

T. Yanagida, in: Proc. Workshop on Unified theories and
baryon number of universe (KEK, Tsukuba, Japan, 1979),
eds. A. Sawada and A. Sugamoto.

[16] H. Fritzsch, Phys. Lett. B73 (1978 ) 317; Nucl. Phys. B 155
(1979) 189.

[17] V. Ganapathi, T. Weiler, E. Laermann, I. Schmitt and P.M.
Zerwas, Phys. Rev. D 27 (1983) 579;
M. Clements, C. Footman, A. Kronfeld, S. Narasimhan and
D. Photiadis, Phys. Rev. D 27 (1983) 570;
A. Axelrod, Nucl. Phys. B 209 (1982) 349.

[18] M. Shin et al., in preparation.





