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I discuss the mixing of states containing heavy quarks with new quantum numbers, The
mixing of the new states can be substantial in gauge theories with right-handed currents,
even though direct neutral couplings conserve all flavors. Some experimental implica-
tions of the results are discussed.

During the past year there has been a good deal
of interest in the existence Of charm-changing
neutral currents. Recent experimental evidence
on the mixing of the Do-D' states settles this is-
sue by providing a restrictive bound on the strength
of direct charm-changing neutral couplings. The
bound is comparable to the corresponding bound
on strangeness-changing transitions.

The new evidence comes from electron-posi-
tron experiments' which search for the mixing of
the produced D'-D system If th.ere are D —LP

transitions, then in addition to the normal decays
into (K'K h, ) there would also be decays into
(K'K'h2) and (K K hs), where h„hm, and It, are
final states with total strangeness zero. Let us
denote the number of decays into each system by
N' +N ', P" and E, respectively. The ex-
perimental indications' are that

N" +~
N' +N '+N" +N

at the 90%% confidence level. When this is com-
pared with an earlier result~ on the mixing of the
D -gT states over a time interval long in compar-
ison to the lifetimes of the mass eigenstates I ob-
tain

where hm is the mass difference of D~ and D~
and I"~, I"~ their respective widths. Assuming
an effective charm-changing interaction of the
form

z.gi
= ~22 «r "(~v+ ~~r.)Pcr"(&v+ I ~r5)P (3)

I obtain3
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This is to be compared with the corresponding
bound in strangeness -changing transitions which
is sma11er only by a factor of 5.

The above results are encouraging enough to
consider models with neutral currents diagonal
in all flavor quantum4' numbers. It is known that
in such models E'0-K~ states mix maximally,
while the D' D' mixin-g is suppressed' by a fac-
tor of tan gc, ec being the Cabibbo angle. It is
now of interest to ask whether states containing
heavy quarks could mix to any appreciable ex-
tent over their lifetimes due to transitions in-
duced by higher-order corrections. In theories
with only left-handed currents and generalized
Gabibbo universality the mixing is generally, but
not always, sma11. This can be seen by consider-
ing, for example, a bound state of a heavy 5

quark and a d antiquark. Figure 1 shows a typi-
cal one-loop diagram, where the intermediate
state x is either another heavy quark, f, or a u

quark. In the case of the heavy quark the Sd coup-
ling is proportionaI. to a smaQ Cabibbo-like ang-
le, y, since universality is already saturated
mostly by the ud cos8~ coupling. Thus this case
is similar to the D' XP system w-ith

If on the other hand the intermediate state is a u

quark then the ub coupling is proportional to a
small angle and in addition there is a suppression
arising from the small mass of the intermediate
state. Under the above assumptions there is still
a rare circumstance resulting in substantial mix-
ing. This would be the case if tbe total widths of

A typical singIe-Ippp diagram for theories
with left-handed currents.
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the (bd) states are also suppressed by sin'@, as
happens to be the case when all quarks with sig-
nificant couplings to the b quark are heavier.

The situation with small mixings can easily be
reversed in models with right-handed currents
and in particular, models with right-handed cur-
rents and a high-y anomaly. In order to be spe-
cific I consider a prototype model, ' whose sym-
metry group is SU(2)~CASU(2)~sU(1) and the
quark assignments

b L t R d

FIG. 2. One mass insertion diagrams in theories
with both left- and right-handed currents.

with s ~= s cosy —d sing and d ~
= d cos q+ s sing.

The right-handed currents introduce new contri-
butions' to the K'-K problem, which require

2
sin q~ '- sin ec.~t

Thus for all practical purposes I can set y = 0.
Such a small value for y is also consistent with
(i) the observed decays of charmed mesons and
(ii) theoretical studies9 of the b.I= —,

' rule. The
quark assignments in {8)do not bring significant
new terms into the D'-D' problem. The situa-

tion is quite different when we consider the light-
est state containing a b quark, that is the bd
bound state to be denoted by 8'. Vhth the strong
interactions switched off there are two diagrams
contributing to off-diagonal mass matrix ele-
ments, shown in Fig. 2. The internal line can be
either a u or a I, quark. In either case one of the
vertices is left-handed and the other is right-
handed. Consequently each internal fermion line
Involves one mass insertion.

In the approximation of zero external momenta,
the effective interaction arising from diagram
2(a) is

~g
= (6 /87) )I in{M&/M&) —1]m

& $d(q )(1+y5)y„y b(q )d(k )(1+y )y"y"b(k ))+H.c.,
and a similar interaction arises from diagram 2(b)

(10)(~ I d(1 +r,)r„r.bdr "y"b I ff'& = - 8& &'I d(1+rs)r„bd(1+r5)r" b
I
&'& = 18&&'I&(I+r,)bd(1+ r.)b I&'&

Following I ee, Primack, and Treiman" I evalu-
ate the matrix elements by inserting the vacuum model dependent, expecially the step of ke
intermediate state between the b,B= 1 vector cur- only the contribution of the vacuum state.
rents corrections to this an l si re iff '

eping
The

a y s a d xcult to esti-
mate in the absence of a more complete theory,
but the successes of similar estimates in the
X'-Xo and IP-D' systems are encouraging. The
above assumptions lead to the following off-diag-
onal mass matrix element

and equating the decay coupling constants of dif-
ferent flavors

S,n = (G~/8&')l»(M~/M, ) —I]m, 'fd(q )(1+y,)y„y„b(k)d(k, )(1+y,)y'y" b(q, )]+H.c. (9)

In the case of m, &m, an absorptive term also arises from diagram 2(b), whose presence does not af-
fect the qualitative features of the conclusions. The two terms quadrilinear to the quark fields are re-
lated by the Fierz rearrangement theorem. Both terms (8) and (9) contribute to off-diagonal elements
of the mass matrix. In estimating their contributions I use the bag model' where

f =fr=fr=fr, (12) M,~= (G /m~)m, [1n(m~/M~) —1]2f,mm~.

as would be the case in the limit of unbroken ha-
dronie symmetry. Several of the above steps are

In the quark model the main contribution to the
nonleptonic decay of the B' (bd) state is given by
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the elementary process b-u+ d+Q. Combining
Eq. (4) with the estimate of the total width I ob-
tain

p ~0.31 (14)

for m, ~m„m,=5 GeV/c, m~=70 GeV/c, and

f,= 0.9m, . Similarly, if one considers the time
development of a single 8 state, then in addition
to the normal decays into (p. v hadrons) there are
also decays into (p, 'v hadrons). Denoting by N
and N' the number of decays into (p . . .) and
(tL'. . .), respectively, I find

I wish to thank M. Creutz, B. Kayser, L.-F. Li,
I. J. Muzinich, F. E. Paige, A. Sanda, and T. L.
Trueman for helpful discussions. This work was
supported by the U. S. Energy Research and De-
velopment Administration under Contract No. EY-
76-C -02-0016.
¹te added —After submittal of this article I

received a paper [Z. Ellis et al. , CERN Report
No. 2346, 1977 (to be published)] where mixing
of B' and B is discussed in models with left-hand-
ed currents.

X. 1 4{Am)'+(I, —r,, )'
X-+X' 2 4(~m)'+(r, +r, )' (15)

The essential point in the previous considera-
tions is the presence of a heavy quark with sub-
stantial couplings to the quarks which form the
bound state. The same considerations hold for a
(tp) bound state, since the b quark has substan-
tial couplings to both of them. These features
are in general present in gauge models with right-
handed currents and special arrangements must
be made in order to avoid them. Thus, in view
of these considerations, I expect right-handed
currents to be accompanied by new mixing phe-
nomena.

As an application consider the high-y anomaly.
If the anomaly is genuine and it arises from the
production of a new quark b, then in addition to
the decay chain

vN- p, '+ B+hadrons,

+v

I expect the occurrence of events,

vN- p. 'p+ v+ hadrons,

arising from the development of a B' component.
Thus among the events attributable to the high-y
anomaly one expects to observe dimuon events of
the opposite sign as well as dimuons of the same
sign in the approximate ratio of 6:1. This pro-
vides an additional test for the presence or (most
likely) absence of a high-y anomaly. " Further-
more, associated production of B -B states by
neutrinos leads to trimuon events with the charg-
es ILL p, 'p. , p. p, p. , and p. p, 'p. ' in the ratios of
=4:1:1. The overall rate is hard to estimate
since the rate for associated production is un-
known. Finally, associated production of B -B'
states in electron-positron collisions will pro-
duce phenomena analogous to those discussed at
the beginning of this Letter.
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We have measured the invariant cross section for inclusive y production in proton-
nucleus collisions at 400 GeV/c near Feynman ~ = 0. For transverse momenta in the
range between 0.8 and 3.5 GeV/c the ratio of p to z rises from l to 7/0. We also report
on correlations with particles opposite the y in the center-of-mass system as they re-
late to the Okubo-Zweig-Iizuka rule.

We have observed the q in its K'It. decay mode
in 400-GeV/c proton-nucleus collisions at the
Fermi National Accelerator Laboratory. An ac-
curate measurement of the production of a vector
meson in high-energy hadronic interactions is
possible with the y because its narrow width al-
lows a clear separation from the background.
This measurement is of interest for two reasons.
First, measurement of the y, a meson contain-
ing "hidden" strangeness, allows a test of the
Okubo-Zweig-Iizuka (OZI) rule which in this case
states that the production of the y should be sup-
pressed unless accompanied by strange particles.
Second, the level of prompt rnuons contributed by
the decay y - p.'p, can be established. Measure-
ments by others of y production have been de-
scribed previously. "

In our experiment the y was detected when both
decay kaons traversed the same arm of a two-
arm spectrometer. This spectrometer has been
described previously. ' Briefly, it consisted of
two identical arms each positioned at 100 mrad
with respect to a diffracted proton beam. Each
arm included a momentum-analyzing magnet,
sixteen drift-chamber planes, trigger scintilla-
tion counters, three threshold Cherenkov count-
ers, and, at the downstream end, muon identi-
fiers. In most of the data collected subsequent to
that reported in Ref. 3, the Cherenkov counter in
each arm closest to the target was replaced by
steel shielding with apertures for the beam and
spectrometers. The function of the displaced

counters was taken over by new Cherenkov count-
ers positioned behind each analyzing magnet.
Most of the data for this Letter were collected in
the latter configuration. Data were collected for
measurement of inclusive y production and for
correlations with particles in the spectrometer
arm opposite that in which the q was observed.

For the inclusive measurement, the effective-
mass spectrum of neutral pairs within a single
arm is displayed in Fig. 1 for those events whose
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FIG. 1. Uncorrected effective-mass spectrum of
g+& candidates in a single spectrometer arm ob-
tained in the inclusive measurement.


