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Alternatives to the standard sequential six-quark and six-lepton model of weak and electromagnetic interactions

include several in which heavy quarks decay only semileptonically. The rates of inclusive and several semi-inclusive

lepton-production channels in e+e annihilation are estimated for such models and a comparison is made with

the standard-model expectations. Consideration is given to lepton spectra, and it is pointed out that a hard

spectrum could be the signal of purely leptonic decay of heavy, spinless hadrons. The latter process is predicted
to be prominent in several alternative schemes, one of which is outlined here. The leptonic spectrum appears to
provide a realistic method of detecting unexpected hadronic physics. Even if the b quark turns out to be of
standard sequential type, it is stressed that it is important to test for anomalies in leptonic production rate and

spectrum shape at higher PEP and PETRA energies.

In the literature on weak and electromagnetic
gauge theories, various alternatives to the stan-
dard sequential model of six quarks and six lep-
tons' have been put forward. Several examples'
have the distinctive features that Cabibbo uni-
versality is exact, i.e. , the heavy quarks do not
mix with the light u, d, s, and c quarks, and that
the weak decay pattern of the next flavor of had-
rons heavier than charm is distinctively differ-
ent from the pattern expected for b-quark decay
in the standard six-quark model. As in the stan-
dard model, ' the authors of the alternative models
assume that the next flavor heavier than charm
has already shown up indirectly as a quark con-
stituent of Y.' 4 The new hadron mass scale is
then assumed to start at about 5 GeV. The had-
rons in the "nonstandard" b-quark' schemes
would have no decays into states of purely light
hadronic matter made of u, d, s, or e quarks,
but would always decay semileptonically or, in

some cases, purely leptonically. The data avail-
able at PETRA, ' CESR, and PEP will make it
possible to detect such new hadronic properties,
and the purpose of this note is to review the sal-
ient features of these models and to offer several
tests for the detection of hadrons whose decays
always result in leptons in the final state. Even
if the constituent of Y should prove to have the
standard properties, ' we feel that it is worthwhile

at this stage to review the properties of the semi-
stable nonstandard heavy-quark alternative and to
stress the importance of looking carefully for
evidence of such new interactions at each new

energy regime.
Exact Cabibbo universality in the light-quark

sector requires a different source of CP violation
from that of the standard six-quark model, ' whose
Cabibbo mixing includes the heavy b and t quarks
and admits a CP-violating phase. The alternative
models isolate the heavy quarks from the light
ones by additional symmetries, and CP violation
is produced by the same mechanism which allows
the heavy quarks to decay. Ne believe that this
feature of the nonstandard models adds theoreti-
cal interest to them, since a link is forged be-
tween the old, incompletely understood physics
of CP violation and the new, yet-to-be-tested
physics of the heavy-quark decays.

For orientation, let us consider a class of pos-
sibilities in which p, e, and ~ and their associated
neutrinos are produced with about the same
strength in the decays of the b quark, giving a
branching fraction of 3 to each of these leptons.
%e will consider the production of bb by e'e
annihilation. Several. interesting final states will
be e '+ e - p or e + anything, ' e '+ e —p'+ e'
+ anything, ' e'+e -p'+ (e' or hadron ')+mis-
sing energy and momentum (presumably carried
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off by neutrinos}. ' We can compare then the pro-
duction cross section times branching ratios of
the nonstandard, only semileptonic, b-decay al-
ternative to those of the standard' b decays.

Ignoring the purely leptonic decays, to which we
return later, let us focus on the two cases (&+X)
and (g' charged hadron or e).9 Comparison be-
tween the standard and nonstandard model will
give an indication of the difference in event rate
which one might expect. Estimates of the semi-
leptonic-decay branching ratio of standard b quarks
are in the vicinity of 10/o for each type of lepton, "
while the nonstandard b quarks always decay semi-
leptonically. The ratio, then, is simply given by

[vB(e e bb p+X}lnom~ma u

[aB(e'e -bb —p, +X}]„&, 0.10

since the production cross sections are the same
in each case and we have assumed approximately
equal coupling of IU, , e, and & to the weak inter-
action which is responsible for the nonstandard
b decay. The direct processes

7'+7~anything
p, + p+P

e'e -c+c~p, + anything
anything

is the measured charm semileptonic branching
ratio, ' the same value is assumed for b in the
standard model, 0.16 is the w- p. + v+ p mea-
sured branching ratio, "and -', and -', are the charm
and b-quark charge factors, respectively. Con-
sidering that the estimates of the standard b-
quark semileptonic branching ratios are guesses
based on experience with charm decays and es-
timates of mixing angles in the six-quark model,
our estimate, Eq. (2), of the enhancement of the
inclusive p signal expected in the nonstandard
models over that of the standard model is a crude
one. It does show that one does not expect a very
dramatic effect in overall inclusive muon (or elec-
tron) event rate even if the nonstandard b quark,
with its 100% semileptonic decay, is being pro-
duced rather than the standard b quark, which has
nonleptonic modes available as well. The prob-
lem, of course, is the factor 3 due to the b-quark
charge, which will make any b signals harder to
detect than in the case of charm, and it will make
decay modes harder to pin down.

The p, +h(or e}+missing v's final states are in-
teresting ones because the only way that a single
hadron or electron can appear in conjunction with
a p is by 7w production and decay or by qq pro-
duction and purely leptonic decay. The latter is
only large if the decay occurs via spin-zero-med-
iated processes as in several versions of the non-
standard heavy-quark models. ' The 8'-boson-
mediated, purely leptonie modes are severely
suppressed" by angular momentum conservation,
of course. Therefore, we have a nonstandard
b-quark and & confusion by the possibilities

will be backgrounds to these events. However,
kinematic cuts and hadron multiplicity cuts have
been successful in distinguishing between 7 and
charm decays at lower energies. " Comparing
raw event rates, assuming no cuts on the data,
one would estimate the ratio between p, +X in the
nonstandard, aQ-semileptonic-decay case and the
standard-model case to be

e'+e -w~ +7
P.vv g~evv,

hv

(pe final state),e e B~ +g3-
pp ~ep

V +7~
8vv

(3a)

Q [oB(e'e -j -gX)].„.-. .
Q[oB(e'e -i- gX)] „~„

and

+e -B~ +B~ (pA, final state),
pp ~p+ 7~~hp

0.16+—,0.1+—,'0. 33= 0-16+-'.0.1+-.'0. 1
= '" (2)

where i runs over &7', CC, and bb and where 0.1

(3c)
where B stands for a spin-zero, heavy meson
with "b" flavor. Comparing the w as a source of
p/e and p/h signal and the nonstandard b-quark
source for the same final state, we have

= (0.16 xO. 26)/
~
E(Q') j' —,'[(0.33 x l.16)'+ (0.33)' x l.16 xO. 10]B(lv}', (4)
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1 at 13 GeV
I &(9') I

B(B'-e'v)-
0.2 at 29 GeV.

(5a)

For orientation we note that a similar considera-
tion of the D data" at 3.771 GeV leads to the limit

B(D'-I'+ v) & 0.5%. (5b)

The D production cross section is measured di-
rectly, so the value of the form factor has been
used to determine the limit on B(D -I + v) in Eq.
(5b).

Rate considerations do not reveal a sharp dis-
tinction between the standard model and nonstan-
dard ones in which the b quark decays only semi-
leptonically. Equations (2) and (5a) indicate the
weakness of these effects. The shape of the lepton
spectrum has been useful in analyzing the struc-
ture of 7 (Ref. 14) and D decays, " anr'. the two-
body decay discussed above will have a distinc-
tive hard spectrum shape. This would reveal its
presence if it were a prominent decay mode.
Qualitatively, this is shown in Fig. 1, where the
well-known three-body and two-body spectrum
shapes are contrasted for the case of a decay in

flight of a particle with energy E and momentum

P 0

After summarizing a nonstandard model, in

where E(Q') is a B electromagnetic form factor
and B(lv) in the denominator stands for the branch-
ing ratio of the lightest, presumably charged,
new flavored meson into l+ v. As before, we as-
sume for definiteness that p, e, and ~ couple
the same to the decay-producing current and give
33% each to the final states. The factor 1.16 in
the brackets of the denominator accounts for the
possibility that a p, or e comes from 7 decay and
0. 10 is the (approximate) w branching fraction to
a single, stable hadron (m or K)." If a spinless
weak-boson exchange is responsible for the 8 de-
cay, then the purely leptonic mode (which comes
from quark annihilation) can easily be 50% as we
argue later. Because the spinless, semistable
mesons B must be produced directly for the signal
in question and not be the end product of a cascade
from heavier particles, the form factor E(Q')
will almost surely suppress this signal severely
except, perhaps, in the BIY threshold region where,
as in charm production, hadron dynamics (reson-
ances) might enhance 5 production. This form-
factor suppression eliminates the purely leptonic
mode of a, no'nstandard b quark from competition
with the 77 signal at high energies (-30 GeV), but
might admit an important contribution not far
from bb threshold. A limit on the branching ratio
can be obtained by analyzing PETRA data' at 13
and 29 GeV. We find that the w signal's agree-
ment with QED requires that

dN
dEe

/ ~ Y
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FIG. 1. Illustration of the leptonic spectrum shapes of
two-body decay (solid), three-body decay into all mass-
less particles (dashed), and three-body decay into one
massive and two massless particles (dot-dashed).

which the b decays semileptonically by a spin-
zero (S and P) interaction, and discussing the
decay rates to be expected in the model, we will
return to a quantitative account of the hard spec-
trum expected from purely leptonic meson de-
cays. W'e propose this spectrum test as a realis-
tic and promising one for detection of nonstandard
quark properties.

A NONSTANDARD MODEL

W'orks which differ from each other in symmetry
structure and representation content but which
share the feature that the light u, d, s, and c
quarks have exact Cabibbo mixing and the b quark
does not communicate with them through the usual
weak currents are the ones by Mc Kay and Munz-

eck, ' Derman, ' and Georgi and Glashow. ~ En each
example, the b-quark candidate decays only semi-
leptonically. The possibilities discussed by Der-
man and by Georgi and Glashow have some lep-
ton-number and/or baryon-number-violating modes
with all charged particles in the final state (no
missing neutrinos), while the models considered
by McKay and Munczek do not involve such modes.

Because the interaction which violates CI' con-
servation and mediates b-quark decay in the mod-
els of McKay and Munczek is neither a gauge bos-
on nor Higgs boson in origin, we briefly review
this model in order to provide the setting for sub-
sequent discussion.

Our model is based on the gauge group SU(2)
xU(1) with the standard W, Z, and y gauge par-
ticles, and parity is violated spontaneously.
Global or discrete y, symmetries are imposed
on the Langrangian so that mass terms for the
neutrinos are avoided. Soft breaking terms are
added to the potential in. the case of continuous
symmetries so that Goldstone bosons are avoided.
After spontaneous symmetry breaking, each fer-
mion SU(2) representation splits into a light sec-
tor and a heavy sector. Light fermions are iden-
tified as the right-handed singlet and left-handed
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doublet components and vice versa for heavy fer-
mions. Neither Higgs-boson nor gauge-boson
interactions cause heavy-light transitions or mix-
ings. In versions where the minimum of two
Higgs doublets is used, the symmetries are so
restrictive that CP violation cannot occur. The
simplest way —the one which introduces the few-
est new particles and interactions —in which CP
violation can be included is to introduce a single,
charged spin-zero boson which couples light quarks
to heavy quarks. The leptonic couplings of this
charged, spin-zero boson (which we call y} can be
arranged so that light lepton couplings to X can
'occur. The g-boson coupli. ngs therefore admit
both CP-violating phases and leptonic and semi-
leptonic decays of heavy hadrons. A scheme
which we have found" to allow the b quark to be
the lightest of the V+A. coupled heavy quarks
(while leaving arbitrary the masses of the other,
heavy cluarks) has lepton-number-violating in-
teractions of the type

g'(bu) -X
—ve',

where 8' is a 4 ~ =0 heavy hadron. This lepton-
number violation is too subtle for direct observa-
tion, but the scalar nature of the interaction means
that the rate can be sizable, not suppressed by
angular momentum conservation as is the case for
V + A. interactions.

Finally, the minimal new particle content of
schemes which we have investigated is three new
neutrinos, three charged leptons with V+A inter-
actions, abend three heavy quarks besides b which,
like 57 have V+A interactions with the W' boson.
Anomalies are canceled between heavy/light part-
ners of opposite chirality without the usual family-
structure requirements of the standard model.

We reiterate that, like the other models of this
class, the physics of the low-energy u, d, s, c,
p, e, and 7 is the same as that in the successful
standard SU (2) xU(1) model. ' The alternative
models have exact Cabibbo universality in the
light-quark sector and a new interaction which
admits CP violation and heavy-quark semileptonic
decay. The new interaction can be mediated by
Higgs particles, '

by the g which we described
above, ' or by gauge bosons associated with a
larger group. '

grams" with V exchange are the principal mech-
anism for K -E' mixing, and the CP violation in
the E'-K' mass matrix is due to the new forces.
Roughly speaking, this means that

where 8~, G~, and M, are the usual Cabibbo angle,
Fermi decay constant, and charmed-quark mass
and 8N, G„, and M„are the nonstandard mixing
angles, decay constant, and mass scale approp-
riate to the heavy quarks and CP-violating for-
ces. Assuming that mixing angles are small (we
have verified that this is so in our model), this
means that decay lifetimes would be roughly

10 ' & ~&10 "sec.
However, the quark interaction need not be the
same strength as the lepton interactions if the
mediating particle is spin zero. Therefore the
decay rates, which are determined by leptonic
and semileptonic processes, could easily differ
from the rough bounds of Eq. (6), which consider
only nonleptonic constraints, by an order of mag-
nitude at either end.

We estimate the semileptonic decay rates in our
model in a little more detail by comparing the rate
of free, heavy-quark decay to that of p decay.
The free-quark estimates of semileptonic decay
rates should be better than in the case of charm
decay, where the comparison is simply (M,/I„)
= (15)' and is probably within a, factor of 2 of the
experimental values. ""'"Taking M„= M~7
g„„'=+g', and (g„„,/g}'= (2 x10 ')'~', where q'
stands for a heavy quark and the latter estimate
comes from CP-violation constraints discussed
by us in Ref. 2, we find that

sin 8~G„'M, & sin'8„„'M„~ sin 8~5~'jg, 'x10 ',
as required. Here G„ is the effective scalar, g-
mediated, four -fermion weak-interaction coupling
and 8„are quark mixing angles which enter the
Yukawa couplings between heavy quarks, light
quarks, and the g particle. The values of the
weak coupling g and of M~ are those of the stan-
dard model' and 8~ is the Cabibbo angle. With the
above coupling choices, we find that

LIFETIMES OF HEAVY HADRONS

We next consider the restrictions on coupl. ings,
and therefore on lifetimes, of heavy-quark de-
cays, which are imposed on models which, like
ours, have exact Cabibbo universality among light
quarks. We require that the standard Glashow-
Diopoulos-Maiani (GIM') suppressed box dia-

—7 x10

or

7(q' -q+ v+e)= 1.4x10 "sec . (7)

A key factor in the estimate (7) is that the lep-
tonic coupling to p is not constrained by p decay
to be small because the Michel parameters in p
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FIG. 2. Leptonic spectra of a heavy hadron of mass
5.1 GeV produced at 12 GeV cxn e'e" energy or a v' pro-
duced at the same energy (dash-dotted curve). The solid
curve is the purely leptonic spectruxn with a constant
fragmentation function, D(z) = constant. The dashed
curve is a semileptonic spectrum with D(z) = constant
and the mass of the final-state hadron=2. 0 GeV.

z(B-L+ v)= 2.4 x10 "sec,

which is a factor of about 5 shorter than the semi-
leptonic decay estimate, Eq. (7).. The charged,
semistable pseudoscalar meson which carries the
new b flavor is very likely to be the lightest, since
it would be a (bu} composite .We expect, there-
fore, that the purely leptonic mode would be the
dominant one for its decay. Unfortunately, the
value of fs used above is only a guess, so the es-
timate (8) should be viewed as a very rough guide-
line. In any case, a branching ratio such that

I'(B -Lv)/I'(B -all) = 0.5

is a reasonable choice for purposes of illustration.
The neutral meson will decay only semileptonical-
ly and should have a longer lifetime than the light-
est, charged meson.

decay are the same for the g-mediated interaction
as those of a V -A interaction. Only universality
of weak-coupling strengths and the electron hel-
icity measurement in p decay constrain the p

couplings to leptons, and the upper bound is on
the order of 5-10 j& in amplitude. It is the great
precision of 45=2 mass-splitting measurements
which requires the g coupling to quarks to be so
small and which makes it a natural source of CI'
violation. '

Turning to the purely leptonic modes, we use
the expression

$2

P(B L+) B (+aux Aaa I
~f ~

2

LEPTON SPECTRUM

The lepton energy spectrum might reveal the
presence of unusual hadronic decays independent
of the overall rate of lepton yield which, as we

already noted, should be larger than expected if
hadrons with no weak hadronic decay modes are
being produced. The neutral, heavy mesons will
decay semileptonically in the types of schemes
we are interested in, ' and the lepton spectrum
should be similar to that of the usual V -A inter-
actions —softer than the electrons from ~ decay-
but the charged, heavy mesons can produce a hard

where M~ stands for the mass of a charged,
quasistable meson and fs is the counterpart of the
pion decay constant (though with different dimen-
sionality since this is a scalar interaction). With
the values M = 5 GeV, g„„=10 ', g„„=2 &&&() ',
M„=M, andfs=M, M, .= 1 GeV' we find
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FIG. 3. The same spectra as in Fig. 2, except that
the e'e beam energy is 20 GeV.

FIG. 4. Comparison of tagged D electron decay spec-
trum from SPEAR at 3.771 GeV (Schindler, Ref. 15) with
a D Kev spectrum (smooth curve) and a D ev spec-
trum (flat curve). A bound on D ev is discussed in the
text.
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spectrum of electrons by the purely leptonic mode.
An unaccountably large number of high-energy
secondary electrons or muons would be a signal
for the presence of new, scalar-mediated inter-
actions of the heavy quark. In Figs. 2 and 3 we
show the electron spectrum computed for 7 decay,
V -A. semileptonic decay of a heavy meson, and
purely leptonic decay of a heavy meson at ener-
gies of 12 and 20 GeV, respective1y. Electron-
positron annihilation is the production mechan-
ism in each case, and total center-of-mass ener-
gies of 12 and 20 GeV a,re chosen. The heavy
meson is assumed to fragment from the heavy
quark, ' ' and a distribution function which is a
constant in z is chosen for illustration, where z
is the fraction of quark momentum carried by the
decaying meson. In Fig. 4, we show the situation

which one would have for the charm decays, with
data, to illustrate the diagnostic power of leptori
spectra, in discriminating between different decay
mechanisms. As one sees in Figs. 2 and 3, the
lepton spectrum peaks far enough toward high en-
ergies in the two-body, purely leptonie ease so
that one should be able to discern the presence
or absence of new interactions, associated with
different quark attributes and with CI' violation,
in CESR, PEP, and PETRA experiments in the
10-20 GeV range of total center-of-mass ener-
gies.

ACKNOWLEDGMENTS

This work was supported in part by the U. S.
Depa, rtment of Energy under Grant No. DE-AC02-
79ER10528.

S. Weinberg, Phys. Rev. Lett. 19, 1264 (1967); 27,
1688 (1971); A. Salam, in Elementary Particle Theory:
Relativistic Groups and Anatyticity (Nobel Symposium
No 8), edited by N. Svartholm (Almqvist and Wiksell,
Stockholm, 1968), p. 367; S. L. Glashow, J. Iliopoulos,
and L. Maiani, Phys. Rev. D 2, 1285 (1970); M. Ko-
bayashi and K. Maskawa, Prog. Theor. Phys. 49, 652
(1973).

D. W. McKay and H. J. Munczek, Phys. Rev. D 19, 997
(1979).

E. Derman, Phys. Rev. D 19, 317 (1979).
4B. Georgi and S. Glashow, Nucl. Phys. B167, 173

{1980).
We will refer to the Y constituent, charge 3, in the al-
ternative schemes as "nonstandard b quarks". A dif-
ferent kind of nonstandard b-quark possibility is cov-
ered by the work of C. Quigg and J. Rosner, Phys.
Rev. D 19, 1532 (1979). The b quark may mix sizably
with light quarks in their analysis, but the weak decays
are still P'-mediated. Therefore, they obtain a variety
of specific semileptonic final states for B decay but:
their signal does not include the possibility of a hard
purely leptonic spectrum as does ours.

The measurements of Barber et al. , Phys. Rev. Lett.
43, 1915 (1979), already put some constraints on the
production and purely leptonic branching ratio of such
objects as we discuss below.

Data which might indicate the decay of mesons which
contain b quarks into the nonleptonic $X7i mode have
been presented by the GOLIATH collaboration at 'the

1979 EPS meeting. A hint that bb production is already
showing up in the e+8 data at PETRA is discussed by
A. Ali, J. Korner, J. Willrodt, and G. Kramer, Phys.
Lett. 83B, 375 (1979).

B. P. Kwan, Ph.D. thesis (SLAG Report No. 207, 1978)
(unpublished). All of our discussions apply to either
e+ other particles or p+ other particles in the final
state.

Barber et al. , Ref. 6; J. Kirkby, in Neutrinos —'78,
proceedings of the International Conference for Neu-
trino Physics and Astrophysics, Purdue, 1978, edited
by E. C. Fowler (Purdue University Press, West La-
fayette, Indiana, 1979), p. 631; G. J. Feldman, ibid. ,
p. 647.
A. Ali, Z. Phys. C 1, 25 (1979); A. Ali, J. Korner,
G. Kramer, and J. Willrodt, Nucl. Phys. 8168, 409
(1980).
v events have been selected in Ref. 6 by the choice of
e'+ e p+ charged hadron or e mode. This discrim-
inates against standard heavy hadron decays. Purely
leptonic hadron decay modes might have this signa-.
ture, however, as we comment when we discuss the
purely leptonic decays of nonstandard heavy hadrons
below.
J. Kirkby, talk presented at the International Sympo-
sium on Lepton and Photon Interactions at High Ener-
gies, Fermilab, Batavia, 1979 (unpublished).
Estimates which have been made are -15% for E
+ v and 1% for B v+ v. See D. Fakirov and B. Stech,
Nucl. Phys. B133, 315 (1978); V. Barger, J. P. Le-
veille, P. M. Stevenson, and R. J. N. Phillips, Phys.
Rev. Lett. 45, 83 (1980).
The branching ratio of v' into a single hadron seems to
be about 10%. See the review by Kirkby, Ref. 12.
B.D. Kwan, Ref. 8; R. H. Schindler, Ph.D. thesis
(SLAC Report No. 219, 1979) (unpublished).

6D. McKay and H. Munczek, Ref. 2, footnote 11. There
should be bars above the dn and d &t

~ in the third term
of the Lagrangian of this footnote, and the ys phase of
u has the opposite sign to that shown.
M. K. Gaillard and B.W. Lee, Phys. Rev. D 10, 897
(1974).
J. Prentice, Toronto report, 1979 (unpublished);
J. Kirkby, Ref. 12; R. Schindler, Ref. 15; R. Ammar
et al. , Univ. of Kansas report, 1980 (unpublished).
J. D. Bjorken, Phys. Rev. D 17, 171 (1978).


