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Data from the high-resolution spectrometer at PEP have been used to study the inclusive produc-
tion of @ mesons and F mesons decaying—into @sr —+. Fragmentation functions and cross sections
are presented and compared to existing data. The total Q cross section at 29 GeV is 40 + 6 pb. The
observed F signal in the region z & 0.4, given the assumption that R (F)/[R (F)+R (D) ] =0.15,
corresponds to an F $7r branching ratio of (3.3 +1.1)'/0. The measured F mass is 1963 +3 +3
MeV/ c2.

PACS numbers: 13.65.+i

This Letter reports results on @ meson production
and the observation of a narrow pbbs state at 1970
MeV/c2 in e+ e annihilation at 29 GeV. The narrow
state at 1970 MeV/ez is consistent with the lowest-
lying charm-strange meson F observed by Chen et al. '

and confirmed by Darden et al. 2 both at lower center-
of-mass energies. The F has also been reported by
Althoff et al. 3 at PETRA.

The hadronic events used in the analysis come from
an integrated luminosity of 176+ 6 pb ' obtained with
the high-resolution spectrometer at the Stanford
Linear Accelerator Center storage ring PEP. The
detector, which utilizes a solenoidal magnetic field of
1.62 T, is described elsewhere. 4 Hadronic events were
selected by demanding more than five vertex-fitted
tracks and that the visible energy be greater than 13
GeV.

To search for @ production in these events all possi-

ble K+ K mass combinations were formed. The pion
background in the kaon sample was reduced by rejec-
tion of all track candidates with momenta less than 1.5
GeV/c and flight times inconsistent with a kaon inter-
pretation. The difference in the flight times of m and
K mesons at 1.5 GeV/c is equal to our time resolution
of a. = 360 psec. In addition, the absence of a
Cerenkov signal was required for kaon candidates with
momenta below the kaon threshold.

The A+ E invariant-mass distribution is shown in
Fig. 1(a) for zgx & 0.1 and in Fig. 1(b) for ztcir & 0.4,
where etc —= 2E~g/Js. A clear signal corresponding to
@ production is observed with an excellent signal-to-
noise ratio in the higher momentum selection. The @
signal was determined by a fit of the mass spectra with
a smooth background and a resonance contribution
described by a convolution of a p-wave Breit-Wigner
curve with full width at half maximum (FWHM) of

2568 1985 The American Physical Society



VOLUME 54, NUMBER 24 PHYSICAL REVIEW LETTERS 17 JUNE 1985

1250

1000

750

100

10

~ HRS

500

o 250

b 10
~l~

CU
O
O
o BQ

(A
I—

$0
LLI

40
Il

zo

0 I I I

1.00

(b)

1.02 1.04 1.06
rnK+ — (Gev/c z)

1.08

FIG. 1. The K+K invariant-mass spectrum for (a)
z(K+K ) & 0.1 and (b) z(K+K ) & 0.4.

4.1 MeV/c2 and a Gaussian curve representing the
spectrometer resolution. The latter, as determined by
a Monte Carlo calculation, averages 7 MeV/c2 FWHM
over the @ momentum range. The resulting composite
FWHM is 9.5 +2.0 MeV/cz. The @ signal displayed in
Fig. 1(a) contains 948 +102 events and in Fig. 1(b)
217 + 25 events.

The differential cross section was determined from a
series of fits to the K+K mass spectra for several in-
tervals of z. In these fits the @ mass was fixed at
1019.6 MeV/c2 and the width was set as described
above. The detector acceptance was determined by a
similar series. of fits to $ events generated by a Monte
Carlo simulation. The overall detection efficiency (in-

0.2 Q 4
z = 2 . E $/~s

0.6 0.8

FIG. 2. The $ fragmentation function as measured by the
present experiment (HRS) and Aihara er af. (Ref. 7) (TpC).

eluding the @ K+K branching ratio of 0.49)
ranges from 10% to 20% and increases smoothly with
momentum. The number of p events determined
from these fits; after correction for the acceptance, are
plotted as (s/P) da/dz in Fig. 2 and given in Table I.
No z correction has been made to compensate for the
effects of initial-state radiation. Our precise data are in
good agreement in magnitude and shape with the qb

fragmentation in the Lund Monte Carlo simulation
and with results from Aihara et aL 7

The inclusive @ production cross section measured
for z ) 0.1 is 39+6 pb. A linear extrapolation to the
threshold of z,h

= 0.07 yields a total @ production cross
section of a. (@)=40+6 pb. Dividing by the p, -pair
cross section for Ws =27.3 GeV to correct for initial-
state radiation gives 8 (@)= 0.34 + 0.05.

To search for the decay mode I' $7r, each K+K
combination in the @ mass band (1019.6 + 10)
MeV/c2 was combined with each other track in the
event taken as a pion. An enhancement is observed in
the resulting qbrr effective-mass spectrum shown in the
upper histogram of Fig. 3(a) for 0.2& z(@m) & 0.4
and in the upper histogram of Fig. 3 (b) for

TABLE I. $ and F fragmentation functions.

z range
(s/P) d~/dz
(nb GeV') No 0 cut ~ith 0 cut

F
(s/P) (da/dz)B(J' ym )

(nb GeVz)

0.1-0.2
0.2-0.3
0.3-0.4
0.4-0.5
0.5-0.6
0.6-0.7
0.7—0.8

164 + 64
71+16
55+10
47 +7
14+4

4.3 +2.8
0.8 + 1.3

19.7 + 7.0
3.1+3.4
4.2 + 1.9
2.1+1.5
0.6 +0.7
1.2 +0.7

10.3 + 5.3
3.7 + 3.4
7.2 + 2.5
2.1 + 1.5
2.4 + 1.0
1.2 + 1.0
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TABLE II. Events, errors, and probabilities that the ob-
served events result from the decay of a 0 particle into $vr.
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FIG. 3. The $vr invariant-mass spectrum for events with
(a) 0.2 & z ($~) & 0.4 and (1) z (@m.) ) 0.4. The lower his-
tograms are selected in particular ranges of the decay angles
as discussed in the text.

z($n ) & 0.4, where z(@n.) =—2E(gm )/~q
separation of the data into two regions of z is motivat-
ed by the different mechanisms expected for Fproduc-
tion. The region z ) 0.4 is dominated by direct charm
whereas the data with 0.2 & z & 0.4 contain the major-
ity of the events from B decay. The fit shown by the
full line in Fig. 3(b) yields 37 + 13 events centered at a
mass of 1967+5 MeV/c and with a width of 25 +6
MeV/cz. The observed width is consistent with the
calculated spectrometer resolution of 19 +1 MeV/cz.
The upper histogratn of Fig. 3(a) was fitted with a
Monte Carlo —calculated resolution of 15 MeV and
yielded a peak of 70 + 18 events centered at a mass of
1975+2 MeV/c2. When the width was permitted to
vary in the fit, a value of 9 + 2 MeV/c2 was obtained.

The enhancement is not seen in the three-body
invariant-mass plot using K E combinations out-
side of the @ mass band. Furthermore, the tracks in
the peak region, when combined under any alternative
identity hypothesis (p, K, or vr), show no clustering at
any particular mass value. This rules out the possibili-
ty of another resonance, known or unknown, strongly
reflecting into the observed peak region of the @m

spectrum.
The enhancements in both z regions were tested for

consistency with a 0 spin assignment of the I'. The
events were divided into two regions, 1cos(9)1&0.5
and 1cos(8)1 ) 0.5, where & is the angle between the F
(@) direction in the laboratory (F) system and the @

0.2& z & 0.4
z &0.4

$ meson
32 +12 38 +13
0+7 37 +11

(IC) direction in the F (@) center of mass. Equal pop-
ulations are expected for the F(0 ) $ndeca. y and a
cos2(0) distribution in the helicity frame of the $ for
the subsequent @ decay (1 0 0 ). Table II con-
tains the event counts, errors, and probabilities that
the observed events result from the decay of a 0 par-
ticle into $7r.

Above z=0.4 the peak is entirely consistent with
the 0 interpretation. If the data are restricted to the
decay region 1cos(0) 1 ) 0.5 for the qb decay and
1cos(0)1 & 0.7 for the @~ decay, as a means of
enhancement of the 0 signal relative to background,
the histogram in the lower part of Fig. 3(b) is ob-
tained. The fit shown by the dashed curve gives a sig-
nal of 30+8 events. This yields our best estimate of
the Fmass of 1963 + 3 + 3 MeV/c2.

Below z =0.4 the probability that the peak is due to
a 0 Fmeson decay is ~ 1%. By restriction of the de-
cay angular ranges as described in the previous para-
graph, the peak at 1975 MeV/c2 is reduced in propor-
tion to the background, as seen in the lower histogram
of Fig. 3(a). The fit shown by the dashed curve gives
a signal of 23 + 11 events.

The z dependence of the F production was deter-
mined by a series of fits to the @m mass spectrum for
successively larger z selections by use of widths deter-
mined by the Monte Carlo calculation. The data were
corrected for acceptance and the resulting fragmenta-
tion functions D (z) = (s/P) da/dz are listed in Table I
both with and without the decay-angle cuts. 'The data
from the restricted decay-angular regions, which
enhance the 0 component and improve the signal-
to-noise ratio, are sho~n in Fig. 4. The solid curve is a
fit by the Peterson fragmentation functions for our D'
mesons in the region z & 0.4, normalized to our @m
data in the same region.

Suzuki'0 has estimated the contribution to j"produc-
tion from B meson decay to be (21 +2)e/o of the b

quark production rate. This estimate includes a contri-
bution from the cs decay of the O'. The dashed curve
in Fig. 4 is the sum of this prediction (with use of our
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Energy. We acknowledge a useful correspondence
with M. Suzuki. The experiment was made possible by
the work of the technical staffs of PEP and the collab-
orating institutions.
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FIG. 4. The Ffragmentation function. The solid curve is
the Peterson-form fit to our D fragmentation for
z(D') ) 0.4. The dashed curve is the sum of the solid
curve and the estimated contribution from Bdecay.

measurement of the F $7r branching ratio) and the
solid curve of Fig. 4. The data point calculated
without an angle cut for 0.2 & z & 0.3 of 19.7 + /. 0
nb GeVz (Table I) is 2 standard deviations above the
dashed curve. As previously discussed the signal in
this region is not consistent with a 0 Fmeson inter-
pretation.

The product of the total cross section and branching
ratio for z ) 0.4 is o(F++F -)B(F @sr) =1.57
+0.40 pb, which corresponds to R(F++F )B(F

@m) =0.0135 +0.0034. Comparing this result to
our measurement of R (D+ D) = 2.2 +0.5 in the
same z region yields R (F)B(F f~)/R (D)
=0.0059+0.0020. This leads to a branching ratio
B(F $m) = (3.3 + 1.1)% (statistical errors only),
under the assumption that R (F)/[R (D)
+ R (F)]=0.15 to be consistent with the assumption
of Chen et al. for comparison. This result is consistent
with the 4.4% reported by Chen et al. The value of
Althoff et al. for this ratio under similar assumptions is
(13 + 5)o/o.
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