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Inclusive cross sections of n production by e*e™ annihilation for c.m. energies between 4 0 and 5 0 GeV are presented.
The n production 1s shown to be correlated with the production of a weakly decaying particle, indicating that 1ts main source
is F production. At the 4.42 GeV resonance it 1s correlated with a low energy photon, suggesting FF* or F*F* production.
A mass determination of the F is made at 4.42 GeV using the F — nn decay channel.

1. Introduction. In a previous publication of this
collaboration [1], the first evidence for the produc-
tion of the F meson and the existence of the nm decay
mode were presented. Since then more data have been
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accumulated at various c.m. energies, in particular at
4.4 GeV. In this paper results are presented based on
all data using improved energy resolution obtained in
the case of spatially overlapping photon showers. Al-
s0, quantitative results are given for the total inclusive
7 cross section, and an attempt is made to determine,
in a model dependent way, the total F production
Cross section.

2. Data. Data were collected at the e"e™ storage
nng DORIS for c.m. energies between 3.99 and 5.0
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GeV using the DASP detector [2]. For the purpose

of analysis, the data have been grouped into five re-
gions, 3.99 to 4.10 = ““4.03” GeV (1178 nb 1), 4.10
t0 4.23 = “4.17” GeV (509 nb~1),4.23 t0 4.36 =
“4,30” GeV (603 nb~1), 4.36 to 4.49 = “4.42” GeV
(2240 nb~1), 4.5 t0 4.99 = “4.60” GeV (727 nb~1)
and 4.99 to 5.01 = “5.0” GeV (1270 nb~1). The num-
bers 1 quotes are the average energies weighted by the
luminosity for a given interval, and those in paren-
theses are integrated luminosities for each data set.

The DASP detector has been discussed elsewhere
[2]; for the purpose of this analysis the mner detector
was mainly used, which consists of various layers of
proportional chambers, proportional tubes, and lead-
scintillator sandwich counters, which measure the di-
rection of the charged particles as well as the direction
and the energy of the photons. The detection efficien-
cy for photons was 50% at 0.05 GeV, rising to 80% at
0.1 GeV and 95% above 0.3 GeV. The measured ener-
gy resolution of the combined shower and scintillation
counters 18 0(£) = 0.14y/ E(GeV) for E > 0.05 GeV.
The angular resolution for photons in both the polar
angle (.,) with respect to the e* direction and az1-
muthal gq‘)v) angle, 1s 0.03 radians.

The data analysis procedure consisted of two levels.
At the first level, events were selected by a computer
program. These events were then scanned by a physi-
cist to check the photon identification, and m particu-
lar to resolve ambiguities and 1mprove the energy de-
termination in the case of overlapping tracks**. The
computer selection required that there are at least two
but not more than six charge. tracks, and at least two
but not more than six photons. Photons with energies
between 0.14 and 1.0 GeV have been considered can-
didates in the determination of the two photon mass
spectrum M(y;, 7]). The vector sum of the momentum
of the two photons (7,, 7]) has been required to be be-
tween 0.3 and 1.4 GeV, and the angle between them
to be larger than 11.5°. For the purpose of reducing

*1 The DASP detector is subdivided mto 8 mdependent geo-
metrical modules. Two of these form the front end of the
outer magnetic spectrometers, and are not used for the n-
ner detector photon analysis. The remaining 6 octants are
subdivided each into two geometrically mndependent 1/2
octants by a plane perpendicular to the e*e™ axis. The fr-
ducial volume cut for photons is given by | cos 04 < 08,
0.41 < l¢, | < 2.73 while the region 0.15 < lig,| — /2|
< 0.54 is excluded.
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background, 1t has also been required that at least 0.1
GeV be deposited m both forward and backward hemi-
spheres with respect to the e" direction. In the scan-
ning stage, the following cuts were imposed on pho-
tons to be mcluded m the M(y;, 7,) plot. a) They
should not be in a DASP half octant containing two
or more tracks 1n addition to that photon. b) They
should not share a shower counter with a charged
track, and c) the photon shower should be well sepa-
rated from a nearby track (5 ¢cm in space) in at least one
30° view of the proportional tubes. In the case of two
photons overlapping in erther the scintillator or in the
shower counters, the total energy deposited 1n these
counters was subdivided amongst the two photons ac-
cording to the number of sparks observed 1n the pro-
portional tube counter. This results in an energy reso-
lution of ¢ =~ 0.34/£(GeV) for overlapping photons.

Due to a malfunction of one of the scintillators,
the data at 4.03 GeV have been subjected to the addi-
tional requirement |¢7l < 2.51; this implies a reduc-
tion 1 acceptance by 25%.

Events containing a photon of less than 0.14 GeV
are called “low energy photon events”.

3. Results. Fig. 1 shows the two-photon effective
mass distribution for the various center of mass ener-
gies; while a clear 70 peak is seen at all energies, 7 sig-
nals are clearly seen only at 4.17 and 4.42 GeV, and
possibly at 4.60 GeV. The lack of an 7 signal at the
4.03 GeV resonance, which 1s dominated by DD* and
D*D* production, indicates that the branching ratio
for the decay D ~ n + anything is small.

The number of n’s observed at each energy has
been determined by two methods.

Method I: In order to separate the background due
to wrong photon pairing from the genuine n and 7©
signal in the 7y invariant mass spectrum, photons from
two different events with equal number of photons
were combined to produce the effective masses M
(Yevent 1> Yevent 2)- The resulting distribution was as-
sumed to describe the shape of the background and
was used together with the n and 70 shapes to fit the
observed M(yy) distribution mn the various energy in-
tervals investigated. The results of these fits are given
as solid lines i fig. 1. The distributions at 4.03, 4 30
and 5 GeV required negative amounts of n’s, and
therefore the fitted curves correspond to a sum of 70
and background only.
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ti1g. 1 M(y7y) mass distribution at the various c.m energies.
The solid lines are the results of a fit to a sum of background,
7% and n contributions. The dashed lines correspond to the
amount of background required by the fit under the n and 7°
peaks The dashed—dotted lines at 4.17 and 4 42 GeV arc the
results of a fit corresponding to the sum of F production and
the background, described by the M (yy) mass distribution at
Ec¢m =4.03 GeV.

Method II- Here the shapes of two distributions
arising from different physics sources were fitted to
the observed M(%y) spectrum. The first contribution
comes from normal u, d, s physics and from D pro-
duction which were assumed to be sufficiently well
described by the shape of the M(7yy) spectrum ob-
served 1n the 4.03 GeV energy mnterval. The second
contribution 1s due to F production which was as-
sumed to be dominated by FF in the 4.17 GeV energy
region and by FF* 1n the 4.42 GeV region. The ex-
pected shape of the contribution to the M(yy) spec-
trum from this source has been calculated by Monte
Carlo using as an mput the statistical 1sospin model for
F decay by Quigg and Rosner [3]. In the calculation
a 16% semileptonic decay ratio, 38% hadronic decays
with an n and 9% with an 7 1n the various final states
were assumed whose frequency is also specified by the
model. At 4.17 GeV and 4.42 GeV where this method
has been applied, the fit of the 2 distributions to the
observed M (vyy) spectrum gives answers consistent with
those of method I. The dashed—dotted curves in fig. 1
describe the fitted sum of the two contributions.

In order to determine an 7 cross section one has to
know the n detection-efficiency or acceptance. Due to
the event selection criteria applied n the analysis the
71 acceptance does not only depend on the geometry
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of the apparatus and the efficiency of its components,
but also on the details of the production mechanism.
Two models for n production were tried Model 1 1s
the statistical isospin model already mentioned, model
2 is a phase space model assuming that on average 4.2
charged particles and 2.8 n0’s are produced together
with an 1. At 4.17 GeV model 1 gives an acceptance
of 4.2% (showing slight variations with energy) where-
as model 2 yields an acceptance of 3.5% A 30% syste-
matic error in the n cross section will be assumed due
to the uncertainty in the acceptance values. For the 79
acceptance there is a larger discrepancy between the
answers obtained from both models model 1 gave a
value of 0.33%, model 2 a value of 0 72%.

As a rehability check of the analysis method and
the acceptance calculation the total 70 inclusive cross
section was calculated from the number of observed
79%s determined by analysis method I using the accep-
tance values from production model 1. At all energies
those cross sections were consistent within 50% with
(o(7) + 0(n7))/2 as measured by the DASP detec-
tor [4].

Fig 2 shows the total inclusive i cross section a(n),
as a function of the c.m. energy, calculated using meth-
od I (sold lines), and using method Il at 4.17 and
4.42 GeV (dashed lines). The acceptance values of
model 1 have been used. It can be seen that while no
7 signal is seen at 4.03 GeV, a significant n production
is seen between 4.10 and 4.70 GeV. Note that 1 pro-
duction below 4.10 GeV 1s less than 0.5 nb. This 15

50F d b
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_
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Fig. 2 n inclusive cross section as a function of the c.m. ener-
gy, calculated according to method I (solid hines) and to meth-
od I (dashed lines).
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much smaller than the pion or kaon production cross
sections [4]. The following upper limit can be deduced
for the D branching ratio into ’s, using the D cross
section given m ref. {5] B.R. (D — 5 + anything)

< 2%. Using their D cross section at 4.42 GeV, it
would imply that o (n, from D decay) < 0.4 nb, which
1s more than a factor 10 smaller than o(n) at 4.42
GeV, implying that 7’s at 4.42 GeV are produced by

a different source. Using o(n) at 4.42 GeV, and assum-
g that all of the 4.42 GeV resonance structure 1s due
to F production, the following lower limit can be ob-
tained. B.R. (F »nX) = 34%.

Fig. 3 shows the M(yy) mass distribution at 4.42
GeV for events having an electron in the DASP nner
detector. The contamination due to hadrons simulating
an electromagnetic shower has been estimated by
looking at the process e*e~ = J/y = pn > ntn—70,
and it was found to be 1 2 * 0.5% per charged track
The contamination due to photons converting n the
beam pipe and Dalitz 70 decay was estimated to be
less than 2.5% of the events. Folding those numbers

T T T T
Ecm =442 GeV
events with electrons

Events /0 05 GeV

1 1 1
025 050 075 10
M{yy) [GeV]

Fig 3. M(yy) mass distribution at £ . = 4.42 GeV, for
events having an electron 1n the DASP 1nner detector. The
shaded band corresponds to a +1 o uncertainty m the ex-
pected background from hadrons simulating an electron and
photons converting i the beam pipe.
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with the events that contributed to the M(yy) mass
distribution in fig. 1, gives nse to the background dis-
tribution given mn fig. 3 as a *1¢ band. Clear n and 70
peaks can be seen above this background, indicating
that both are the decay products of weakly decaying
states. While the 70°s have their source in 7, D and F
production, the 7 signal cannot be due to the first two
sources due to the lack of n signal at 4.03 GeV. There-
fore the weakly decaying F meson becomes the most
natural source of 1 production in this energy region.
In a previous publication [1] 1t was found that n’s
are produced at the 4.42 GeV region in conjunction
with a low energy photon (£, < 140 MeV), indicating
that the dominant F production mechanism in this re-
gion occurs via the FF* and/or F*F* channels. Fig. 4
shows the M(7yy) distribution for events having a pho-
ton of less than 140 MeV/c momentum at c.m ener-
gles below, 1n the 4.42 GeV region, and above it While
the first and last distributions do not show any strong
n signal, the 4.42 GeV data show a clear 1 peak. More-
over, this signal lies on a smaller background than the
one in fig. 1 for the same ¢.m. energy. This correlation
of the 7 signal with events having a low energy photon
is shown more clearly in fig. 5, where the ratio of
events having a low energy photon to those that do
not have, 1s shown as a function of M(yy) A 3.60
peak at the n mass is seen, indicating that n’s at the
4.42 GeV reglon are produced in conjunction with a
low energy photon, confirming the previous observa-

Events with low energy vy
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Fig. 4. M(yy) mass distribution for events having a low energy
photon (57 <140 MeV), below, at and above the 4.42 GeV
Ec.m region The solid hines are estimates of uncorrelated
photon background, normalized for M(yy) > 0.7 GeV).

415



Volume 80B, number 4,5

g gOA_ W:;TGGV A
S| >
ooz T4
~ | Z

025 055 085
My o) [GeV]

Fig 5. Ratio of the number of combinations for events having
a low energy photon to the number of combinations not hav-
mg a low energy photon as a function of M(«yy), at E¢ .
=4.42 GeV

tion that FF* or F*F* seem to be the dominant pro-
duction mechanism.

Since the largest amount of 7 signal is observed at
the 4.42 GeV region, the decay F - nm - yyn* has
been studied to determine the F meson mass. Candi-
dates for the two body decay F > nm were sought us-
ing the DASP outer spectrometers, which allow parti-
cle identification, and momentum measurement
(A(p)/p = 0.02 p (GeV/c)) of charged particles. To
enter the fitting procedure a charged pion with mo-
mentum above 0.6 GeV/c was required, and at least
two photons with energies above 0.1 GeV forming an
M(yv) in the 7 region. One of the photons forming
M(yy) had to be in the inner detector, while the sec-
ond photon could be either 1n the inner detector or
in the shower counter of the spectrometer arms. Final-
ly there had to be at least one or more photon with an
energy below 0.2 GeV (7y,,,)- A total of 43 events sat-
isfied these selection criteria at the 4.42 GeV region,
and 79 events at all other energies. These events were
fitted to the reactions:

e'e= > (FF* or F*F)>FFry, . 1)
nm
=
ete™ > F¥F* )
%low F
nm

L'Y'Y

These are 2C fits because of the mass constraint on
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M(yy) and the requirement that mn(nn 7)., ) and the
missing vector must have the same mass m (mg+) in
the case of reaction (1) ((2)).

There were 15 events at the 4.42 GeV region and
11 events at all other energies that gave a fit to reac-
tion (1) with x2 < 8. By making the additional require:
ment IM&"{T) — M(n?g;sl < 250 MeV 1n order to cut on
badly measured events, those numbers reduced further
more to 12 and 10 events, respectively. Figs. 6a and 6¢
show the fitted nm mass versus the fitted rec\oﬂ mass
for the two regions. At 4.42 GeV a strong clustering is
seen at M(nm) = 2.04 GeV and M,y = 2.15 GeV n
fig. 6a while no such clustering is seen in fig. 6¢ for all
other energies. All events in fig. 6¢ lie on a band given
by the kinematics of the fit. Figs. 6b and 6d show the
projections of figs. 6a and 6¢ along the M(nm) axis. A
clear peak containing 6 events is seen at M(nw) = 2.04
+0.01 GeV for the 4.42 GeV data, while no such a
peak 1s seen for all other energies; this implies that the
background under the peak at 4.42 GeV 1s less than
0.2 event. The events at 4.42 GeV also give an accep-
table fit to reaction (2) with a lower value for the F

ete—— FF — FyF
Lnn

Ecm 2442 GeV Ecm 239910 50 Gev |
.: excluding &4 42 GeV
201 T o :
= .
-3 e
O LI
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Fig 6. Fitted nw mass versus fitted recoil mass, assuming ete”
— FF*, where F* = Fyand F - nw at (a) Egpp = 4 42 GeV
and (c) at all other energies excluding 4.42 GeV Histograms
(b) and (d) are the projections of figs (a) and (c), respectively,
along the M (nn) axis.
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Table 1

FF* fit FF* fit
Ecm My ME ™), Mow) M(F (recoil), vjow) Mg Mp=
(GeV) (GeV) (GeV) (GeV) (GeV) (GeV)
4 400 203 +0.02 2.07 £ 0.02 2.08 £ 0.02 2.01 £+ 0015 2.05 +0.015
4.400 2.04 £ 0.03 2.22 #0.03 2.19 + 0.03 1.94 0 02 2.12£0.02
4.400 2.03 £ 0.025 2.16 £+ 0.025 2.13 £ 0.025 1.96 + 0.02 2.13 £ 0.02
4.380 2.04 =+ 0.03 215+0.03 2.14 + 0.03 2.04 £ 002 2.09 £ 0.02
4.416 2.04 £ 003 2.15 £ 0.03 217 £ 0.03 2.03 +0.02 210002
4.422 204 +0.03 2.15 £ 0.03 217 £0.03 199 +0.03 211 £003

(Mp>= 2.04 £ 0.01 GeV
(M} #=2.15+0 04 GeV

(Mp)=2.00 = 0.04 GeV
(Mp*y=2.10 £ 0.02 GeV

Mp =203 +0.06 GeV

Mp* =214+ 006 GeV

mass (M(nm) = 2.00 GeV). The spread in the M(nm)
distribution 1s slightly larger than in the case of hy-
pothesis (1), as expected due to the ambiguity in the
determination of the F* « vy, relation. Table 1 pre-
sents the mass values for the two fits. Allowing for
possible systematic uncertainties, the best estimate 1s
mp =2.03 +0.06 GeV*2.

The mass difference between F* and F can be di-
rectly determined from the energy of the 7, for the
six events in the nm mass peak. The result is mp+ — my
=0.11 + 0.046 GeV. The cross section for those six
events 1s found to be 0.41 + 0.18 nb, giving

BR(F = nm)/BR(F ~ 7 + anything)
= 0.09 + 0.05 (£30% syst.) , 3)

consistent with the assumption made in the Monte
Carlo model (0.062) to compute the n acceptance.

Since a strong 7 signal 1s seen at the 4.17 GeV re-
gion, a search was made for events that would fit the
process

e'e >F'F )
-t
Loy

*2 Another group [6] has reported a prebminary observation
of a peak 1n the K*K “n* mass distribution at Ep oy =4.16
GeV. The mass value for this peak 1s 2039 + 1.0 MeV, con-
sistent with the mass value for the nm decay mode given i
ref. [1].

The selection criteria were the same as those imposed
for reactions (1) and (2), except that no requirement
was made on the presence of a vy,,,. After imposing
a x? cut at 8, five events survived; only one event is
above M = 1.95 GeV. This event has a mass of 2.03

+ 0.02 GeV, which 1s consistent with the F mass val-
ue found at the 4.42 GeV region.

Conclusions. Strong n production is observed at
the 4.42 GeV resonance, while a threshold in n pro-
duction is seen in the 4.17 GeV region. No 7 produc-
tion is observed in the 4.03 GeV region where D pro-
duction is the dominant production process. The n
production 1s seen to be correlated with an electron,
indicating that 1ts main source is a weakly decaying
particle, and most probably the F meson. Analysing
events containing 1, 7 and a low energy photon in
the final state, and fitting those events to either e¥e™
- FF* or F*F*, six events are found that give the

same m value, mp =2 03 £ 0.06 GeV and mp*
=214 £0.06 GeV. From the energy distribution of

the low energy photon, the F* —F mass difference 1s

found to be 0.110 + 0 046 GeV. The relative branch-
ing ratio of this decay mode was measured to be B.R
(F » nm)/B.R. (F -+ X) = 0.09 £ 0.04 (£30% sys-

tematic).
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