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We first make some comments on the angular distribution of the photon observed in the
anomalous Z~lTy decay, and then calculate explicitly the lowest-order one-loop contribution
within the standard electroweak model. It is finally pointed out that, possibly in some composite
models with hyperstrong coupling, large electromagnetic moments for Z may exist to accommodate
the anomalous decay rate without violating the present accuracy of the g —2 factors of the electron
and muon.

The observation of the anomalous Z —+1 ly decay
events at CERN' has drawn considerable attention from
particle physicists. It is relevant to the fundamental
understanding of the physics at the energy scale around
100 GeV. Various possible explanations have been sug-
gested since the events were reported. Most of them are
related to the composite scenario for obvious reasons.
Within this context, there still exist several possibilities, in
general, that are potentially able to give an account for
these events observed. Among those, there are two specif-
ic suggestions which are in some sense more attractive.
One relates to the existence of a spin-0 boson X (which
may be a parity doublet); the other assumes the existence
of excited or heavy leptons. Though they explain some
aspects of the experimental results, there are some points
which remain unclear or not very satisfactory. For exam-
ple, in the first case, the mass of the hypothetical X boson
should be around 40—50 GeV; this leaves unexplained
the fact that similar events are not observed at the e+e
colliders. Also, the lack of comparable &~ivy decay
rates implies that the X boson is an isoscalar which is not
very natural from the composite point of view. In the
second case, there exists an excited electron (muon) with
mass around 75 (60) GeV which lifts some of the difficul-
ties associated with the X bosons. But it is not under-
stood why the invariant mass for the photon and one of
the leptons is found to be less than the order of 10 GeV.
On the other hand, the statistics of the experiment are
after all not very good; we cannot exclude the possibility
that the standard model may turn out to be correct after
more data are collected. In view of the fact that no fur-
ther events are reported so far with the second run of the
experiment, it is not unlikely that the standard model may
eventually survive the test.

Because of the above reasons, we felt it necessary to
look more carefully at the various aspects of the predic-
tion from the standard model. Here we shall first study
the detailed kinematics of the events observed. The one
thing that deserves some attention is the angle distribution

of the photon with respect to the leptons. The angles
recorded for the three events observed so far are 8, 15',
and 30', respectively, which, as usually thought, do not
seem small enough to characterize an inner-
bremsstrahlung process. Nonetheless, they are not very
large either. Actually, as is well known, the pole associat-
ed with inner bremsstrahlung is sensitive directly to the
cosine of the particular opening angle; we should take
more seriously the cosines of the above angles. They turn
out to be 0.99, 0.97, and 0.87, which are essentially close
to 1, as some signature of the inner bremsstrahlung. To
make this more precise, we have actually integrated the
photon spectrum over different ranges of the emerging
angles for the photon. As an example, with 5 GeV as the
cutoff energy, integrating over the angle between the pho-
ton and one of the charged particles from 5' to 20', we ob-
tain a branching ratio (with respect to Z~l 1) of about
2.1%. If the angle integration is performed from 20 to
40, the branching ratio obtained would be around 1%.
Regardless of their exact values, the relative magnitude of
the two is about 2—1. This relative ratio basically
remains the same even when different values of cutoff en-

ergy are used. This seems to fit quite well with the angu-
lar distribution of the three events observed in spite of its
poor statistics.

To see more completely the result based on the standard
model, we also carried out the calculation for the one-loop
diagrams that contribute to this particular process. These
results could be employed to estimate similar types of
contributions based upon composite models. The one-
loop contribution within the standard model is given by
the set of diagrams as shown in Fig. 1, where we have
neglected those with a running 8' loop and its corre-
sponding ghost loop, which do not contribute in this par-
ticular process.

The detailed calculations of these diagrams wi11 not be
presented in this Brief Report. We shall only give the ex-
plicit results for the two channels involving a virtual pho-
ton and a virtual Z, respectively. For the amplitude with
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a virtual photon, we have

eD ~
P2 e„ i eI"j "Pi 8'i',

mz

(2)

where ei' and 8'" are the polarization four-vectors of the
photon and Z, respectively, j" is the electromagnetic
current associated with the virtual photon, and

ef bfmz ' P x(1—x) —mf
D ~= fax

16&e o (Pi Pz) x

P x(1—x)—mf
)& ln

P2 x (1—x) —mf

Here, we denote the coupling constants between the Z and
the fermions in the theory by af and bf as shown in Fig.
1. The mass-independent parts have already canceled like
anomalies when summing over the fermion contents.
This amplitude is proportional to P2,' it vanishes in the
on-shell limit as could be expected from Yang's theorem.
Similarly, for the case involving a virtual Z, we have

eD ~

2 P2 ep„i„pe"g Pi 8'i',
mz

where
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P x (1—x) —mf

(Pi P2) x
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and g' is the neutral current associated with Z'. The
mass-independent parts also cancel.

As is well known, unlike the 8'. boson, Z does not have
any electromagnetic moments at the tree level within the
standard model. The above two amplitudes in Eqs. (1)
and (3) show, however, nonvanishing one-loop contribu-
tions, though small they may be. We shall first examine
from the general ground what kind of electromagnetic
moments are allowed, and then we will shoe that the two
amplitudes obtained above indeed correspond to these al-
lowed transitions oddly before we look at their numerical
implications.

In this decay process, only the spin-1 part of the neutral
current contributes because of the small masses of the lep-
tons involved. As already known, there are four possible
electromagnetic-moment interactions that correspond to
E1, M2, M1, and E2 transitions, respectively. Assuming
also CP invariance, M1 and E2 contributions are then ab-
sent; only E1 and M2 transitions are allowed. Now we
see that the amplitudes given in Eqs. (1) and (3) corre-
spond to the effective-Lagrangian density Fz~"OJ",
where J" may be the electromagnetic current j or the
neutral current g . When it is realized in the rest frame
of Z, we have the following two terms:

(i) 2eorjkF Z JJ

and
~2J —P2.J=PPp JI'=Q, P, +P, =O,

Q—=P,B+BP,, M=—P,B—BP, ,

Pi —= (rot, Pi), P2=(ro2, P2),
Z.M J=Zg (P,~BJ P,JB; )JJ—=Z; [e,jk (P, )& B)k ]J~

=roieijkZg JJEk =roiE (ZX J) .
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The first term (i) can be written as

2e;~kEkZ; JJ =2E (Zx J) .

Similarly, the second term (ii) becomes

z(p) == ====

Z (p )

y(p„)
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where we have used the relations

Z~(p )

tb)
FKx. 1. The lowest-order Feynman diagrams that contribute

to the electromagnetic moments of Z within the standard elec-
troweak model. The coupling at the Zff vertex is given by
—i yp(af +bfy5).
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Combining the two results, we obtain the following two
terms:

CO] E.(ZX J)+ Z.Q.J
C02 M2

that correspond to the electric dipole and magnetic quad-
rupole transitions as mentioned to be the only two allowed
by the requirement of CP invariance.

We now turn to the numerical aspects of the amplitudes
in Eqs. (1) and (3). From Eqs. (2) and (4), we see both
D ~ and D, are of the order 1/16m. . While in order to
give the desired decay rate observed, separately, D ~

should be of the order 30, and Dz~ has to be as large as
I

80. Thus, indeed, the one-loop contribution from the
standard model is too small to accommodate the
anomalous decay rate observed. This conclusion is, of
course, expected. Based on the results in Eqs. (2) and (4),
we can, nonetheless, make some naive speculations in go-
ing beyond the standard model and not be concerned too
much at this moment with the detailed consistency within
the full scope of any complete theory possible. As an ex-
ample, first we notice that there are terms directly propor-
tional to mf in these two expressions. Hence, one might
try to assume the existence of some fermionic constituents
with masses mf &&mz in certain possible composite
models to enhance the values of D + and Dz, . However,y*
as we look more carefully at the results obtained, we find
that when mf »mz, Eq. (2) turns out as

ef bfrnz i mf — (P P2 )x—(1—x)
D ~ —— dx ln I—

16+e o (Pi.P2) x mf

8f bf mz

16m e Pi'P2 16m.

Similarly, Eq. (4) becomes

2efafbf mz
D ~ ——z 16~ref

1 1 1

p .p p 2 16 2

The situation is evidently not improved. However, in or-
der to be consistent at this level, the effective coupling be-
tween Z and its fermionic constituents with this particu-
lar mass scale may be extremely strong. D, and Dzy.
may therefore be highly enhanced though we still have no
idea about the relevant nonperturbative effects which, of
course, should be essential. Hence, it may not be so un-
likely that some composite model with superheavy fer-
mionic constituents could provide a solution for this prob-
lem.

Putting aside, at this moment, any possible theoretical
uncertainties, we shall go ahead and see now if the
existence of anomalous electromagnetic moments for Z
would cause any contradiction with other well-established
experimental facts, especially, the g —2 factors of the
electron and muon. To see this, we have to evaluate the
diagrams shown in Fig. 2. Under the assumption of this
particular hyperstrong coupling, it could be understood
that the contribution from diagram (a) with ZZy cou-
pling dominates. From the results given in Refs. 9 and
10, we can make a similar estimate for this particular dia-
gram. If the anomalous decay rate of the process Z~l ly
is to be counted for by the large electromagnetic moments
of Z assumed, we then have the following results for the

g —2 factors of the electron and the muon. For the
muon, the contribution would be of the order of 10
which is just around the current errors allowed. " Because
the contribution is proportional to mi, for the case of the
electron, we see that the corrections due to this diagram is
of the order of 10 ', which is well within the current er-
rors of order 10 'o for the electron g —2 factor. "

Therefore, we conclude that the possible existence of
some large electromagnetic moments for Z could, in prin-
ciple, give an account for the anomalous decay rate of

Z~l ly observed without violating the present accuracy
achieved for the electron and muon g —2 factors.
Though the angular distribution of the photon predicted
in this model is not in good agreement with that observed
as was already pointed out by the authors in Ref. 12, it
seems too early, however, to draw a final conclusion at
this stage concerning any specific candidate of explana-
tion like this. As one can see from above, if the accuracy
of the muon g —2 factor could be pushed down one order
further, this hypothesis can then be checked. On the con-
trary, this effect is still quite insensitive with respect to
the measurement of this factor for the electron. Hence,
further experiments performed for the muon would give

Ibj

FKs. 2. The contributions to the g —2 factor of the electron
(muon) due to ZZy and Zyy couplings.
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an important consistent check concerning this particular
hypothesis, if the desired accuracy can be achieved. Of
course, the most direct check of this should come from a
well-established photon spectrum that will be observed if
the anomalous decay rate for Z~l ly persists to stand.

The author would like to thank Dr. R. E. Marshak and
Dr. J. Pathupathy for their suggestion to this investiga-
tion and very helpful discussions. He is grateful to Dr. L.
N. Chang for continuing encouragement and numerous
valuable discussions.

~UA1 Collaboration, G. Arnison et a/. , Phys. Lett. 1268, 398
{1983);UA2 Collaboration, P. Bagnaia et al. , ibid. 129@, 130
(1983);UA1 Collaboration, G. Arnison et al. , ibid. 135$, 250
(1984).

2R. D. Peccei, Phys. Lett. 1368, 121 (1984); L. Bergstrom, ibi'd.

139B, 102 {1984);W. Hollik, F. Schrempp, and B. Schrempp,
ibid. 140$, 424 {1984);B.Holdom, ibid. 143$, 241 (1984}.

3N. Cabibbo, L. Maiani, and Y. Srivastava, Phys. Lett. 139$,
459 (1984).

4F. M. Renard, Phys. Lett. 139$, 449 {1984).
5S. L. Glashow, Nucl. Phys. 22, 579 (1961);S. Weinberg, Phys.

Rev. Lett. 19, 1264 (1967); A. Salam, in Elementary Particle
Theory, edited by N. Svartholm (Almqvist and Wiksell,
Stockholm, 1968), p. 367.

6C. N. Yang, Phys. Rev. 77, 242 (1950).

7F. M. Renard, Nucl. Phys. $196, 93 (1982).
sThe relation between the anomalous decay rate of Z +I—Ty and

the g —2 factor of the electron (muon) has been discussed by
several groups of people starting from different hypotheses.
For example, see M. Suzuki, Phys. Lett. 143$, 237 (1984); F.
del Aguila, A. Mendez, and R. Pascual, ibid. 140B, 431
(1984); S. D. Drell and S. J. Parke, Phys. Rev. Lett. 53, 1993
(1984). Also see Ref. 3.

I. Bars and M. Yoshimura, Phys. Rev. D 6, 374 (1972).
R. Jackiw and S. Weinberg, Phys. Rev. D 5, 2396 (1972).
T. Kinoshita and' J. Sapirstein, Cornell University Report No.
CLNS-84/617 (unpublished).

M. Chaichian, M. Hayashi, and K. Yamagishi, Phys. Rev. D
31, 539 (1985); V. Barger, H. Baer, and K. Hagiwara, ibid.
30, 1513 (1984).


