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Abstract: Inclusive creoss sections of n production by e'e” annihilation for
c.m. energies between 4.0 and 5.0 GeV are presented. The n production is
shown to be correlated with the production of a weakly decaying particle,
indicating that its main source is F production. At the 4.4Z GeV resonance

it is correlated with a Tow energy photon, suggesting FF* or FYF* production.
A mass determination of the F is made at 4.42 GeV using the F > nr decay

channel.
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I. Introduction

In a previous publication of this co]]aborationl), the first evidence for
the production of the F meson and the existence of the nr decay mode were

presented. Since then more data have been 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. Also, quantitative results are given for the total
inclusive n cross section, and an attempt is made to determine, in a model
dependent way, the total F production cross section.

II. Data

Data were collected at the e'e” storage ring DORIS for c.m. energies between
3.99 and 5.0 GeV using the DASP detectorz). For the purpose of analysis, the
data have been grouped into five regions, 3.99 to 4.10 = "4.03" GeV (1178 nb~
6,10 to 4.23 = "4.17" GeV (509 nb™l), 4.23 to 4.36 = "4.30" GeV (603 nb 1),

1 4.36 to 4.49 = "4.42" GeV {2240 nb™l), 4.5 to 4.99 = "4.60" GeV (727 nb™l)
and 4.99 to 5.01 = "5.0" GeV (1270 nb_l). The numbers in quotes are the
average energies weighted by the luminosity for a given interval, and those

h

r

in parentheses are integrated luminosities for each data set.

The DASP detector has been discussed e]sewherez); for the purpose of this ana-
lysis the inner detector was mainly used, which consists of various layers

of proportional chambers, proportional tubes, and lead-scintillator sand-
wich counters, which measure the direction of the charged particles as well

as the direction and the energy of the photons. The detection effi-

ciency for photons was 50 % at 0.05 GeV, rising to 80 % at 0.1 GeV and 95 %
above 0.3 GeV. The measured energy resolution of the combined shower and
scintillation counters is o(E)= 0.14 VE(GeV) for E > 0.05 GeV. The angular
resolution for photons in both the polar angie (@Y) with respect to the et
direction and azimuthal (¢Y) angle, is 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 physicist to check the photon identification, and in particular to re-
solve ambiguities and improve the energy determination in the case of over-
lapping tracks® The computer selection required that there are at least two but
not more than six charged tracks, and at least two but not more than six photons.
Photons with energies between 0.14 and 1.0 GeY have been considered candidates

in the determination of the two photon mass  spectrum M(vy Y5 The vector sum

).
of the momentum of the two photons (y 25 } has been required %o be between 0.3
and 1.4 GeV, and the angle between them to be Targer than 11. 5°. For the purpose
of reducing background, it has also been required that at Teast 0.1 GeV be
deposited in both forward and backward hemispheres with respect to the e’
direction. In the scanning stage, the following cuts were imposed on photons

to be included in the M(Yi,yj) plot. a) They should not be in a DASP half
octant containing two or more tracks in addition to that photon. b) They

should not share a shower counter with a charged track; and c} the photon shower
should be well separated from a nearby track ( 5 cm in space ) in a least

one 30° view of the proportional tubes. In the case of two photons over-

Tapping in either the scintilliator or in the shower counters, the total

energy deposited in these counters was subdivided amengst the two photons
according to the number of sparks observed in the proportional tube counter.
This results in an energy resolution of ¢ = 0.3 VE[GeV] for overlapping

photons. '

e to a malfunction of one of the scintillators, the data at 4.03 GeV have
been subjected to the additional requirement |¢Y!~:2.51; this implies a
reduction in acceptance by 25 %.

Events containing a photon of Tess than 0.14 GeV are called "low energy
photon events".

* The DASP detector is subdivided into 8 independent geometrical modules.
Two of these form the front end of the outer magnetic spectrometers, and
are not used for the inner detector photon analysis. The remaining 6
octants are subdivided each into two geometrically independent 1/2 octants
by a plane perpendicular to the ete” axis. The fiducial volume cut for
photons is given by |coss,| < 0.8, 0.41 ¢ |¢ | < 2.73 while the region
0.15 < {le | - /2] < 0.54 is excluded.



III. Results

Figure 1 shows the two-photon effective mass distribution for the various
center of mass energies; while a clear 7° peak is seen at all energies,

n signals are clearly seen only at 4.17 and 4.42 GeV, and possibly at 4.60 GeV.
The Tack of an n signal at the 4.03 GeV resonance, which is dominated by pp*
and D*p* production, indicates that the branching ratio for the decay

B > 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 tc wrong photon pairing
from the genuine n and A2 signal in the vy invariant mass spectrum, photons

~ from two different events with equal number of photons were combined to
produce the effective masses M(Eventl’ Yeventz)' The resulting distribution
was assumed to describe the shape of the background and was used together
with the n and n? shapes to fit the observed M(yy) distribution in the various
energy intervals investigated. The results of these fits are given as solid

lines in Fig. 1. The distributions at 4.03, 4.30 and 5 GeV reguired negative
anounts of n's, and therefore the fitted curves correspond to a sum of = and

background only.

Method II: Here the shapes of two distributions arising from different physics
sources were fitted to the observed M(yy) spectrum. The first contribution
comes from normal u,d,s physics and from D production which were assumed to
be sufficiently well described by the shape of the M(vy) spectrum observed

in the 4.03 GeVY energy interval. The second contribution is due to F produc-
tion which was assumed to be dominated by FF in the 4.17 GeV energy'region
and by FF* in the 4.42 Gev region. The expected shape of the contribution to
the M{yy) spectrum from this source has been calculated by Monte Carlo using
as an input the statistical isospin model for F decay by Quigg and RosnerB).
In the calculation a 16 % semileptonic decay ratio, 38 % hadronic decays with
an n and 9 % with an n' in the various final states were assumed whose fre-
guency 1is 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{yy)
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 n cross section one has to know the n detection-
efficiency or acceptance. Due to the event selection criteria applied in the
analysis the n acceptance does not only depend on the geometry 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 is the statistical
isospin model already mentioned, model 2 is a phase space model assuming that
on average 4.2 charged particles and 2.8 «°'s are produced together with an n.
At 4.17 GeV model 1 gives an acceptance of 4.2 2 (showing slight varia-

tions with energy) whereas model 2 yields an acceptance of 3.5 %. A 30 %
systematic error in the n cross section will be assumed due to the uncertainty
in the acceptance values. For the ° 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 reliability check of the analysis method and the acceptance calculation
the total =° inclusive cross section was calculated from the number of observed
0's detemmined by analysis method I using the acceptance values from pro-
duction model 1. At all energies those cross sections were consistent within

50 % with (o(r') + o(r7))/2 as measured by the DASP detector ).

Figure 2 shows the total inclusive n cross section o(n), as a function of

the c.m. energy, calculated using method I, (solid 1ines) and using method I1I
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 n signal is seen at 4.03 GeV, a significant
n production is seen between 4.10 and 4.70 GeV. Note that n production below
4.10 GeV is less than 0.5 nb. This is much smaller than the pion or kaon pro-

duction cross sections4)

. The following upper Timit can be deduced for the

D branching ratio inte n's, using the D cross section given in ref. 5:

B.R. (D » n + anything) < 2 %. Using their D cross section at 4.42 GeV, it
would imply that o(n ; from D decay) < 0.4 nb, which is more than a factor 10
smaller than o(n) at 4.42 GeV, implying that n's at 4.42 GeV are produced by

a different source. Using o(n) at 4.42 GeV, and assuming that all of the

4.42 GeV resonance structure is due to F production, the following lower Timit

can be obtained: B.R. (F » nx) 2 34 %.

Figure 3 shows the M(yvy) mass distribution at 4.42 GeV for events having an
electron in the DASP inner detector. The contamination due to hadrons si-
mulating an electromagnetic shower has been estimated by lTooking at the process



efe™ » J/u > pm > nTr 1%, and it was found to be 1.2:0.5% per charged track. The
contamination due to photons converting in the beam pipe and Dalitz 0 decay
was estimated to be less than 2.5 % of the events. Folding those numbers

with the events that contributed to the M{yy) mass distribution in Fig. 1,
gives rise to the background distribution given in Fig. 3 as a +1o band.

Clear n and n° peaks can be seen above this background, indicating that both
are the decay products of weakly decaying states. While the 1°'s have their
source in 7, D and F production, the n signal cannot be due to the first two
sources due to the lack of n signal at 4.03 GeV. Therefore the weakly decaying
F meson becomes the most natural source of n production in this energy region.

In a previous pub]icationl) it was found that n's are produced at the

4,42 GeV region in conjunction with a low energy photon (EY < 140 MeV),
indicating that the dominant F production mechanism in this region occurs via

the FF* and/or F*F* channels. Figure 4 shows the M{yv) distribution for events
having a photon of less than 140 MeV/c momentum at c.m. energies below, in

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 n peak. Moreover,
this signal Ties on a smaller background than the one in Fig. 1 for the same
c.rm. energy. This correlation of the n signal with events having a Tow 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, is shown as a function of M(yy). A
3.6 o peak at the n mass is seen, indicating that n's at the 4.42 GeV region
are produced in conjunction with a low energy photon, confirming the previous
observation that FF* or F*F* seem to be the dominant production mechanism.

Since the Targest amount of n signal is observed at the 4.42 GeV region, the
decay F » nm +'YYWi has been studied to determine the F meson mass. Candi-
dates for the two body decay F » nw were sought using the DASP outer spec-
trometers, which allow particle identification, and momentum measurement
(a{p)/p = 0.02 p (GeV/c}) of charged particles. To enter the fitting pro-
cedure a charged pion with momentum above 0.6 GeV/c was required, and at

Teast two photons with energies above 0.1 GeV forming an M{yy) in the n region,.
One of the photons forming M{vv) had to be in the inner detector, while the
second photon could be either in the inner detector or in the shower counter
of the spectrometer arms. Finally there had to be at Teast one or more photon
with an energy below 0.2 GeV (Ylow)‘ A total of 43 events satisfied 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) » F F 1 ow (1)
nm
Ly v
ete” - F¥F¥ (2)
l
Yow
nm
Ly v

These are 2C fits because of the mass constraint on M(yy) and the requirement
that mn (mn YTow) and the missing vector must have the same mass m. (mF*) 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 reaction (1) with xz < 8. By making the additional re-
quirement }Mg?z)- Mé2§§| < 250 MeV in order to cut on badly measured events,
those number reduced furthermore to 12 and 10 events respectively. Figures 6a
and 6¢ show the fitted nm mass vs. the fitted recoil mass for the two regions.
At 4.42 GeV a strong clustering is seen at M(nn) = 2.04 GeV and Mrecoﬂ =2.15 GeV
in Fig. 6a while no such clustering is seen in Fig. 6c for all other energies.
A1l events in Fig. 6¢c 1ie on a band given by the kinematics of the fit. Figures
6b and 6d show the projections of Figs. 6a and 6c along the M{nn) axis. A clear
peak containing 6 events is seen at M(nw) = 2.04 2+ 0.01 GeV for the 4.42 GeV
data, while no such a peak is seen for all other energies; this implies that

the background under the peak at 4.42 GeV is less than 0.2 event. The events at
4.42 GeV also give an acceptable fit to reaction (2) with a Tower value for

the F mass (M{(nr) = 2.00 GeV). The spread in the M(nn) distribution is slightly
Jarger than in the case of hypothesis (1), as expected due to the ambiguity

in the determination of the F¥ « Yow relation. Table I presents the mass
values for the two fits. Allowing for possible systematic uncertainties, the
best estimate is me = 2.03 + 0.06 Gev.*

* Another groupﬁ) has reported a preliminary observation of a peak in the
K*+K~r* mass distribution at EC = 4.16 GeV. The mass value for this peak
is 2039 + 1.0 MeV, consistent®'With the mass value for the nar decay mode
given in reference (1).



The mass difference between F* and F can be directly determined from the
energy of the Y1 ow for the six events in the nw mass peak. The result is
Mex = Mg = 0.11 = .046 GeV. The cross section for those six events is found
to be 0.41 + 0.18 nb, giving

BR{(F + nm)
BR(F » n + 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 n signal is seen at the 4.17 GeV region, a search was made
for events that would fit the process

e'e” ~ F°F (4)

>YY

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 ow: Aftet
imposing a X2 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 is consistent
with the F mass value found at the 4.42 GeV region.

Conclusions

Strong n production is observed at the 4.42 GeV resonance, while a threshold
in n production is seen in the 4.17 GeV region. No n production is observed
in the 4.03 GeV region where D production is the dominant production pro-
cess. The n production is seen to be correlated with an electron, indicating
that its main source is a weakly decaying particle, and most probably the
F meson. Analysing events containing n, = and a Tow energy photon in the

final state, and fitting those events to either efe”™ » FF* or F*F*, SiX
events are found that give the same me value, me = 2,03 + 0.06 GeV and

Mex = 2.14 £ 0.06 GeV. From the energy distribution of the Tow energy photon,
the F*-F mass difference is found to be = 0.110 + 0.046 GeV. The relative
branching ratio of this decay mode was measured to be B.R. (F » nu)/

B.R. (F>n+X) =20.09 £ 0.04 (+30 % systematic).
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F P fit F* F* £it
Ec o Me MF(n1) 57y ) | M(F(recoil),yy ) Me Mex
[GeV) [GeV] [GeV] GeV] [GeV] [GeV]
4.400 | 2.03 = .02 | 2.07 + .02 2.08 + .02 2.01 + .015| 2.06 + .015
4.400 | 2.08 + .03 | 2.22 + .03 2.19 + .03 1.94 + .02 | 2.12 + .02
4.400 | 2.03 + .025| 2.16 + .025 2.13 = .025 1.96 + .02 | 2.13 + .02
4.380 | 2.04 + .03 | 2.15 - .03 2.14 + .03 2.04 + .02 | 2.09 + .02
4.416 | 2,04 = .03 | 2.15 + .03 2.17 + .03 2.03 + .02 | 2.10 + .02
4.422 | 2.04 + .03 | 2.15 + .03 2.17 + .03 1.99 + .03 | 2.11 + .03
<MF>=2.04 + .01 GeV <MF> = 2.00 = .04 GeV
<MF*> =2.15 + .04 GeV <MF*>= 2,10 + .02 Gev
Mo = 2.03 + .06 GeV
Mex = 2.14 + .06 GeV

Tabie 1




Figure Captions

1)

4)

M({yy) mass distribution at the various c.m. energies. The solid Tines
are the results of a fit to a sum of background, 7% and n contributions.
The dashed 1ines correspond to the amount of background required by the fit
under the n and n° peaks. The dashed dotted Tines at 4.17 and 4.42 GeV are
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.

n inclusive cross section as a function of the c.m. energy, calculated
according to method I (solid lines} and to method II (dashed 1ines).

M{yy) mass distribution at Ec.m. = 4.42 GeV, for events having an electron
in the DASP inner detector. The shaded band corresponds to a +1¢ un-
certainty in the expected background from hadrons simulating an electron
and photons converting in the beam pipe.

M(yv) mass distribution for events having a Tow energy photon (EY < 140 MeV),
below, at and above the 4.42 GeV EC - region. The solid lines are
estimates of uncorrelated photon background, normalized for M(yy) > 0.7 Ge&/).

Ratio of the number of combinations for events having a Tow energy photon
to the number of combinations not having a Tow energy photon as a function
of M(yy), at EC _— 4.47 GeV.

Fitted nr mass vs. fitted recoil mass, assuming e'e” - FF*, where
o Fy and F > nr at (a) ECm = 4,42 GeV and (c) at ail 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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