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Recent observation of Y(4S) — y+ X with the y too energetic to come from the decay of a B meson
suggests that there could be a substantial rate of non-BB decay of Y(4S5). We attempt to explain this by
conventional quarkonium spectroscopy and suggest that Y(4S)— h,(1P)+n and Y(4S)— ns
+h,(1170) with subsequent decays into y’s are possible candidates. A crude estimate of the corre-
sponding rates shows them to be of the correct order of magnitude. The model implies that h; decays to
DD are more frequent than into the y causing a potentially serious background to the sample used for

determination of |Vus/Ve|.

PACS numbers: 13.25.+m, 14.40.Jz

Recent analysis of data from the CLEO Collabora-
tion' and confirmed by the ARGUS Collaboration?
shows that Y(4S)— w+X has a branching fraction of
about 2x10 ~* with a cut in the y momentum such that
the w cannot originate from B via Y(4S)— BB. This re-
sult is striking because the total branching ratio for
Zweig-suppressed (bb annihilation) channels is only
about 10 ™3, assuming that the total annihilation width is
similar to that of the other members of the Y family.
We postulate, therefore, that there must exist another
Zweig-allowed decay of the Y(4S) other than the sup-
posedly dominant Y(4S)— BB.

In particular, such a decay must be of the form

Y(4S)— R+Y, (1

where R is some bb state’ such that the v is produced by
R— y+X. In order to explain the observed production
of w mesons, the branching ratio of (1) should be at least
10 72-10 " ! as it is very difficult to see how a bb bound
state (such as the R) could have a branching ratio into v
any larger than a few percent. Let us now systematically
consider what the possible states R and Y are.

We assume that R is a conventional quarkonium state
although some of our later comments will also apply to
more exotic interpretations. Clearly, such a conventional
explanation needs to be ruled out before exotic possibili-
ties are entertained. The possible choices for R are
shown in Fig. 1 where the masses of unobserved states
are calculated using a potential model.*

Consider first Y=7y. This case can be excluded since
typical widths for y emission by other Y states is 2-5
keV and assuming the same holds true for Y(4S), such a
branching ratio would be about (5 keV)/(24 MeV)
~10 % much smaller than required.

Likewise, we note that the 2z emission by other Y
states is also® ~10 keV (probably because the phase
space is so small) and hence Y cannot be a 2r state or,
for that matter, any multimeson system. Thus Y is a sin-

gle meson.

Referring to the bb spectrum in Fig. 1, as a quarkoni-
um state below Y(4S), R must be either an Y, 1y, Ay, xs,
or D-wave state. These possibilities are enumerated in
Table I together with the appropriate choices of Y as a
function of the decay orbital angular momentum. We
systematically discuss these below.

First of all, suppose R is a Y(nS) state, n<3.° The
production of y would therefore proceed through the se-
quence Y(4S)— Y(nS)+Y— y+X. Since Y(nS) de-
cays through annihilation, we would expect the branch-
ing ratio of Y(nS)— w+ X to be comparable to that for
Y(15) — y+.X which is measured to be 10 ~3.7 Hence
the total branching ratio for the cascade Y(4S)
— Y(nS)— y+X must be considerably smaller. Furth-
ermore, Y(4S)— Y(nS)+Y is expected to occur at a
rate comparable with Y(4S)— Y(1S)+Y and the re-
sults from the CLEO Collaboration' bound the branch-
ing ratio to Y(4S)— Y(1S)+Y to be =<4x107°3
Therefore the branching ratio for the cascade Y(4S)
— Y(nS)+Y— y+X is expected to be less than 10 3,
too small to account for the recent observation. "2

Next, we take R to be a y; state. Then the lightest ¥
with the correct quantum numbers is Y =w(783). Since
the difference in mass between Y (4S) and the lightest y,
state is 720 MeV, such decays are excluded.

The limit on the Y(1S) signal in Y(4S) decay may
also be used to bound the branching ratio of Y(4S)
— x» +Y. Experimentally the branching ratios of y,
states decaying to Y(1S) are about 10%.° Hence the
limit on the branching ratio of Y(4S)— Y(1S)+X gives
a bound of 4% on the branching ratio of Y(4S)— y,
+Y. Now, since we expect

BGp— v+ X)<KB(— YUS)+X), (2)

the product branching ratio of Y(4S) to g, followed by
% to v should be much less than 4x10 ~3, and unlikely

2335



VOLUME 65, NUMBER 19 PHYSICAL REVIEW LETTERS 5 NOVEMBER 1990

Y(45) 10580
Y(35) 10355 (35) 10340

hy(2P) 10250 w(2P) 10235 Xb1(2P) 10255
T(2S) 10023 (25 9980

hb! 1}—)! 9880 b(l(lp) 9860 Xblf ].P! 9890

T(15) 9460 »(1S) 9400

1-- ot 1+t— ott+ 1t+

FIG. 1. The bb quarkonium spectrum with the observed masses indicated for the Y and y states and the estimates from the poten-
tial model of Ref. 4 for the n and h states. Mass splitting between triplet states is not shown.

to be enough for the experimental observation. !+

Next, we take R =1n,. Indeed, R =7,(1S) cannot be excluded by the above arguments, and, in fact, two possibilities
must be considered: (1) the orbital angular momentum L =1 and Y =w(783) or ¢(1020); (2) L =0 and Y =h(1170).
In the case Y =w, R =m,, the analogous decay Y(3S)— w+n,(1S) is also possible energetically. However, since
Y(4S)— wn, and Y(3S)— wn, should proceed at roughly the same rate, and since the total widths of Y(4S) and
Y(3S) are 25 MeV and 25 keV, respectively, the branching ratio for Y(4S)— wn is < 10 73, much smaller than re-

TABLE I. The possible states R and Y which contribute to y production via the decay
Y(4S)— R+Y. R is assumed to be a bb state, Y is taken to be a single meson (see text), and
L is the relative angular momentum. Tabulated are the relevant arguments from the text for
and against the various channels.

R L=0 L=1

Y(nS), n<3 Ruled out by
B(Y(nS)— y+Xx)<2x10"°
and/or B(Y(4S)— Y(1S)+X) <4x1073

b PC(Y)=—— PC(Y) =+ —
The lightest such meson is ©(783), The lightest such meson is #(1170),
hence this is kinematically excluded. hence this is kinematically excluded.
N JE) =1*" PC(Y)=——
Thus H=h(1170). Thus Y =w(783).
This is possible. This is excluded since Y(3S) — wns

is also possible, thus indicating
that B(Y(4S) — wny) <1073,

hy JFC(y)=0"" PC(Y)=++
Thus Y =n(548). All such states are too massive
This is possible. to be kinematically allowed.
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quired. In passing we note that this decay channel,
which should occur at some level, is probably so small
because it proceeds through a P wave. We also note that
the ¢ coupling should be roughly comparable to that of
the w; therefore, the bound on B(Y(4S)— w+1n) im-
plies a similar bound on B(Y(4S)— ¢+ ;).

On the other hand, if Y=A(1170) and R=n,(1S5),
L =0 and there should be no suppression. Furthermore,
Y(3S) cannot decay in this way (due to kinematics) and
thus this possibility is not bounded by existing data.
Note, however, that in the potential model it is predicted
to only have about 10 MeV of phase space available.®

Next, consider R =Ah;(1P). In this case the only pos-
sible Y(4S) decay implies Y =7 which proceeds through
an S wave. The Y(3S) decay is energetically forbidden
which makes this case a viable possibility.

Finally, if R is a D-wave state, there is only about
100-400 MeV of phase space, and hence there are no
candidates for Y that do not violate isospin conservation
and suffer additional suppression from being a P-wave
emission. Thus, we are led to consider only the following
two possibilities:

Y(4S)— hy(1P)n, (3a)
Y(4S)— n,(1P)R(1170) . (3b)

In order to estimate the rates of these decays, we form
a crude model extrapolating from observed decay rates
in the w system. Consider the decay y'— wn whose
width is 6.5 keV. Let us suppose that the n-y-y' cou-
pling is described by an effective Lagrangian of the form

acnF,,G"", (4)

where a, is a constant and F,,,G,, are the field strengths
of w,y', respectively. G"" is the dual of G defined by
G" =3 e""PG,5. In analogy, we take the effective La-
grangian for Y(4S)— h, (1P)7 to be

aynU*"V ., (5)
where U is the Y(4S) field and V is the hy(1P) field.
We thus arrive at
3m\2P\

rGy'— ny)
P y—ny

r(Yy— hyn) =

ag
where Py and P, are the momentum of the n from the
Y, y' decays, respectively.

If we take a, =a., then the width for (3a) is about 46
MeV, which is clearly too large because the total width
I'(Y(4S)) =24 MeV. However, on dimensional grounds
a more reasonable choice is a, ~ 1/my, a.~1/m.. Equa-
tion (6) then yields a width of about 5 MeV, i.e.,
B(Y(4S)— hyn) ~20%. In any case, the point of this
exercise is merely to suggest that it is plausible that this
mode forms a substantial fraction of the Y(4S) decays.

For case (3b) we will use the same effective Lagrang-
ian as Eq. (5) except that this time V,,, stands for the A

field and n for the n, field. In this case (with ap/a.
=m./my) we get a width of 2 MeV. Thus, this is also a
candidate provided there is sufficient phase space.?

If reaction (3a) takes place, it could be confirmed by
observing the n— yy decay mode. The invariant mass
and total energy of the y pair is fixed by kinematics giv-
ing a possible signature. An analogous signature for
(3b) is problematic since little is known about the decay
properties of the A,(1170) except that it decays into
p+nr.

Consider now the properties of the A, state more close-
ly. By charge conjugation, its annihilation decay chan-
nel requires it to couple to at least three gluons, as is the
case for the Y states. The h,, however, is a P state so we
expect the annihilation to be somewhat suppressed with
respect to the S-wave Y. Consequently, we guess the an-
nihilation width of A, to be in the range of a few tens of
keV’s. The radiative transition allowed by charge conju-
gation is h,— 1, y. Using the effective Lagrangian ap-
proach as above we note that this decay is of the same
form as the observed process Y(2S)— yp0y which has a
width of 2 keV. Since both proceed through an S wave,
the rate is proportional to the final-state momentum
which gives us an estimate of the decay rate for
hy, — npy of about 6 keV. Also, the 2z transitions from
the h, involve L#0 and hence should be suppressed.
This leads to a picture where the radiative decays of A
have a branching ratio of somewhat more than 10% of
the annihilation width.

Another interesting decay of the h, is the isospin-
violating reaction h, to Y(15)+7z%° This may be es-
timated using the same analysis which led to Eq. (6).
We obtain

3ImiEPy
P,

0 ag
C(hy— Yr°) = —

r(y'— 7°%) , @)

ac

where Pj,P, are the momentum of the 70 from the hy
and y' decays, respectively. From the observed rate of
I'(y'— 7%) and again using as/a. =m./m;, we obtain
I'(hy— Yn°) =8 keV. This channel may therefore be
an appreciable fraction of the annihilation channel and
may well have a branching ratio of over 10%. This could
serve as an experimental tag for the presence of the hy.
Indeed, if (3a) is the origin of the y production,
Y(4S)— n+h,— n+x°+Y(1S) should have a branch-
ing fraction of at least a few percent of Y(4S) decays.

We close with the following additional remarks:

(1) Regardless of what the state R is, it is very likely
that its decays to cc are dominated by final states such
as DD, DsD*, ... rather than y. The observed
B(Y(4S)— y+X) of 2x10 73 implies that the branch-
ing ratio to DD-like final states could easily be 10 2
leading to electron final states from decays of such D
states at the level of 10 ™3, This is comparable to the
sample of electrons used in the determination of V. As
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a consequence, it might be necessary to reexamine ' the
background to semileptonic charmless B decays before a
definite value of V,4/V. can be deduced. '

(2) One obvious question is why the state R should
produce many y mesons while the Y(15) yields them at
such a low rate.” In the case of 1, perhaps there is some
helicity suppression of low mass quark pairs so that more
charm is produced in its decays than the corresponding
Y(1S) case. For example, in the c¢ system, B(n,
—K*K "x*tr7) is 2.0% while B(n.—r " xtr ")
is 1.2%. A simple explanation for this is that the n., be-
ing a pseudoscalar, likes to couple to fermions of oppo-
site helicity and since QCD is a helicity-preserving
theory, such a coupling will of necessity be proportional
to the mass of the fermion.'? If this explanation is in
fact correct, one would expect 1, to produce many more
cc pairs than other gq pairs. This may, at least in part,
be the cause for the lack of signal into inclusive ¢ final
states.'

(3) A similar argument can be made for the h,. Its
JPC quantum numbers of 17~ can only couple to a fer-
mion pair of opposite helicity. Hence a similar mass
enhancement of ¢¢ pairs is possible. y and Y states, on
the other hand, couple to fermion pairs of the same heli-
city and so no such effects should be present. It is not
clear how well this argument holds in the presence of
hadronization and the associated production of gluons al-
though the n,. example suggests that it may work to some
extent.

(4) Needless to say, both 1, and h, may be contribut-
ing to the observed non-BB decays of the Y (4S).

(5) Whether or not our explanation for the observed
non-BB decays of Y(4S) holds, reactions (3a) and (3b)
may still have reasonable branching ratios to be viable
methods for searching h, and n,.
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