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We have observed p° production in e*e¢~ annihilation to hadrons at high energies. The differential cross section at a
centre of mass energy W, of 34 GeV, is presented. In the range 0.2 < x < 0.7, we measure 0.33 = 0.06 (stat.) + 0.07 (syst.),
0.22 £ 0.06 + 0.05 and 0.22 + 0.02 + 0.05 p®/event at W = 14, 22 and 34 GeV respectively.

We report measurements of inclusive p0 production

in e*e™ annihilation at average centre of mass energies,

W, between 14 and 34 GeV using the TASSO detector
at the electron—positron storage ring PETRA.

The detector, data taking and analysis procedures
have been described in detail elsewhere [1,2]. In the
measurements to be reported here, we have used in-
formation from the central tracking chambers to de-
tect charged particles. Particle identification was not
used. We have studied p¥ production via the 77~
invariant mass distribution by treating all charged par-
ticles as pions. The background to p0 production in
this spectrum is complicated. We present two separate
methods of estimating this background; by use of a
Field—Feynman model for fragmentation and by
explicit parametrisation of other resonance contribu-
tions in the 7w and K# invariant mass spectra.

est approach to the origin in the plane perpendicular
to the beam direction,

(b) zg <4 cm, where z is the distance from the
interaction point along the beam direction to the
track at this point of closest approach in the plane
perpendicular to this direction.

(c) lcos 01 <0.87.

(d) Pyy, > 0.1 GeVle.

(e)0.2<P<10.0GeV/e (0.5 <P <12.0GeV/c)
for W< 25 GeV (W > 25 GeV), where P is the mea-
sured track momentum.

Assigning all particles the pion mass, the effective
mass of all pairs of charged particles (m,, ) was calcu-
lated if they satisfied in addition:

(f) Both tracks lie in the same hemisphere of the
event as defined by the sphericity axis.

(g) At least one track of the pair has P| > 0.1 (0.2)

A sample of 2704, 2120 and 15634 hadronic events
at W= 14,22 and 34 GeV were selected using standard
cuts: 4(5) or more charged particles with momentum

GeV/c transverse momentum with respect to the
sphericity axis for W <25 GeV (W > 25 GeV).
Cuts (e)—(g) suppress the combinatorial background

component Py, > 0.1 GeV/c transverse to the beam
direction having polar angles 6 satisfying |cos 6|
< 0.87 for W< 25 GeV (W > 25 GeV). The sum of
the charged particle momenta ZP; had to satisfy ZP;
>0.265 W.

For this analysis, all reconstructed tracks were re-
quired to satisfy:

(a)dy < 0.5 cm, where dy; is the distance of clos-
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in the dipion mass spectrum by a factor of typically 2
while reducing the p0 acceptance by only 15%. Fur-
thermore, cut (a) suppresses 7* from KO decay. The
M.+, effective mass distribution for tracks surviving
these cuts is shown in fig. 1a at an average W = 34
GeV, integrated over the range 0.1 <x < 0.7, where
x=2E_ [WwithE__ being the sum of the two pion
energies. A residual KO signal and a clear enhancement
in the region of the p near 770 MeV are observed. For
comparison, the effect of applying the identical anal-
ysis to the m_+_+ effective mass distribution is shown
in fig. 1b. In this case no such enhancement is ob-
served, which indicates that the cuts do not induce an
artificial signal in the p mass region. In fig. 1¢c,d we
show the m_._- distributions for W= 14 and 22 GeV
integrated over the range 0.2 <x <0.7.

The background under the p0 in the M+ - TASS
spectrum has been estimated in two ways. In the first
method a Monte Carlo simulation was used to provide
both m_+ - and m_+_+ mass spectra, with unlike sign
pairs originating from the same p9 removed. A genera-
tor describing ete™ - qg and e*e™ — qgg including
radiative effects together with the Field—Feynman
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Fig. 1. The invariant mass spectra of charged particle pairs, each particle assigned the pion mass for the CM energies and x intervals
indicated. Cuts are as described in the text. Fig. 1a, ¢, d show opposite-sign combinations, fig. 1b same-sign combinations. Solid
histograms show the data, the dotted lines give the smoothed Monte Carlo background prediction and the dashed lines the Monte
Carlo background plus the additional fitted background as described in the text. The points with error bars show the data after
subtraction of the sum of the predicted Monte Carlo background and fitted background. The solid curves give the results of fits to

a relativistic Breit—Wigner as described in the text.

model for hadronisation (including baryon production)
was used to describe the process ete™ - hadrons [3].
Apparatus acceptance and resolution, trackfinding
efficiency, multiple scattering, photon conversion and
secondary interactions were included in the simulation
of events observed in the detector.

In the Field—Feynman model, the production of
hadrons is controlled by various parameters. The pa-
rameters apy and o, control the quark longitudinal
momentumn and the momentum perpendicular to the
primary quark direction in the fragmentation process.
In addition, the ratio (u: d: s) suppresses strange par-
ticle production and QCD effects are controlled in

the event generator by the value of the strong cou-
pling constant, a. Of particular interest in this work
is the parameter P/(P + V), which gives the probability
that a q and q in the fragmentation process combine
to form a pseudoscalar rather than a vector meson
(higher spin states are not included in this model).
Mass suppression effects may raise this above the value
0.25 expected from statistical weights.

The model parameters were adjusted to give good
agreement with the data at W = 34 GeV, in particular
in the means and rms deviations of the charged par-
ticle multiplicity distribution, momentum spectrum,
momentum spectrum transverse to the sphericity axis
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and total charged particle energy distribution. The
parameter values found were consistent with our pre-
viously published work [4].

The simulated dipion mass spectra, with the combi-
nation from pairs of pions originating from the same
p® removed, were obtained by smoothing the Monte
Carlo predictions in order to reduce statistical fluctua-
tions. This also has the effect of smearing the KO sig-
nal. The Monte Carlo curves, normalized to the num-
ber of entries in the mass range 1.2 <m,, <3.2 GeV
separately in each x-bin, are shown in fig. 1 superim-
posed on the data (dotted curves). Except for a slight
discrepancy in the low mass region, the like-sign com-
binations show very good agreement. For the unlike-
sign combinations, agreement at high masses is still
obtained, but some differences are apparent below the
rho mass region. This region is sensitive to the fine
details of the fragmentation and receives contribu-
tions from many resonance decays. Nevertheless, the

simulated m_+, - distribution is expected to be approxi-

mately correct in both magnitude and shape and, when
subtracted from the data, clear p0 signals are obtained
but some background is still present. The final fit was
made to the data after subtraction of the Monte Carlo
prediction using an incoherent sum of a Breit—Wigner
and a linear term, The object of this procedure was to
obtain the gross features of the background from the
Monte Carlo calculation while ensuring that the ex-
tracted pO signal remains insensitive to plausible varia-
tion of the parameters in the Monte Carlo program.
The amount of p0 production was measured by fit-
ting the difference between the data and the Monte
Carlo prediction in the mass interval 0.52 <m_
< 1.2 GeV to a relativistic P-wave Breit—Wigner [5]

BW(m) = mmgl/ [(m? - m%)2 + m(z) r’],
I = Ty(q/90)° [243/(q* +ad)],

plus an additional linear term, where my,, I are the
p0 mass and width and g is the pion momentum in
the 7w rest frame (g the value for m = m). The de-
tector resolution was folded with the nominal p?
width of 158 MeV to obtain I'j which was held fixed
in the fit for each energy interval (varying from 160
MeV for £ o = 3 GeV to 190 MeV for E 0 =9 GeV).
The backgrounds obtained from the sum of the
Monte Carlo predictions and the fitted linear terms
(dashed lines) and the difference between these back-
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grounds and the data (points with error bars) are shown
in fig. 1. The difference spectra agree well with that
expected for the p0. The fitted Breit—Wigners are
shown by the solid lines in fig. 1. The fitted masses are
773 15,772 £ 19 and 778 =7 MeV for W = 14, 22
and 34 GeV respectively, in good agreement with the
p0 mass given by the Particle Data Group [6] of 776
MeV.

In order to estimate systematic errors, this analysis
was repeated using different background distributions:
(a) obtained by varying the parameters of the Field—
Feynman fragmentation model over a wide range (0.28
<app <0.56,028 <P/(P+ V) <0.56,032< 0q
< 0.36 GeV/c); (b) obtained from the LUND [7]
model for fragmentation; (c) obtained from the like-
sign invariant mass spectra (which cannot provide a
complete description of the unlike sign invariant mass
spectra). This procedure yielded p0 signals which var-
ied by at most 20% and this variation was used as an
estimate of the systematic error, Finally, the same
analysis procedure was applied to the like-sign mass
spectra. No spurious p0 signal was measured.

A second analysis was carried out on the 34 GeV
data in which a simultaneous fit was made to the
ntx~ and K¥n* invariant mass spectra. Only cuts
(a)—(e) above were applied and since particle identifi-
cation was not used, particles were treated both as
pions and kaons. The invariant mass spectra were as-
sumed to be given by the corresponding like-sign spec-
tra plus a sum of contributions from p9, K*@ KO and
w meson decay products (or reflections resulting from
wrong mass assignments) and an additional linear term.
The like-sign spectra were normalised to the region 1.7
<m,,<2.7GeVand 2.0 <my, <3.0GeV and the
fit made over the ranges 0.42 <m_, <1.40 GeV and
0.8 <my, < 1.4 GeV. Standard masses and widths
folded with the apparatus resolution were used in the
fit. The reflections resulting from wrong mass assign-
ments are not strongly momentum dependent and
were described by a fixed shape for each decay mode.
The result of the fit to the m . - spectrum, integrated
over the range 0.1 <x < 0.7, is shown in fig. 2. The
fitted pO contributions are in good agreement with
those obtained above. Integrated over the range 0.1
<x < 0.7, the ratio of the cross section obtained by
the Field—Feynman parametrisation of the background
to that obtained by this method is 1.18 + 0.22 (statis-
tical error only).
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Fig. 2. The m,+_ - spectrum following subtraction of the like-
sign spectrum for W = 34 GeV. The solid curve shows the
result of the fit and the dashed curve the p© contribution
(second method described in the text).

A Monte Carlo method was used to measure the p0
detection efficiency, defined by

€,006) = (1IN, (ng/Ny)

where n, is the number of p0’s generated in the range
x tox +dxin Ng Monte Carlo events generated at the
nominal centre of mass energy W, and », is the num-
ber of p9’s accepted in this interval after detector ac-
ceptance and analysis cuts in NV, Monte Carlo events,
generated including radiative corrections and accepted
by the detector. (The p0°s were assumed to be un-
polarized.) At W = 34 GeV, the p0 detection efficien-
cy varies smoothly from ~40% at x = 0.1 to ~55%
for x > 0.2. For all energies the efficiency is approxi-
mately flat in the range 0.2 <x < 0.7 with average
values of 59%, 68% and 54% at W = 14, 22 and 34
GeV respectively. For the second method described
above the efficiency is ~3% higher.

The pO cross section was obtained from the mea-
sured p0 signal and the total hadronic cross section

do(x)/dx = 0,4[1/€,0()] Any(x)/NyAx ,

where ¢, is the total hadronic cross section [8],
Ny the number of observed hadronic events and Ang
the number of p0’s obtained by integrating the fitted
Breit—Wigner over the mass range 0.4 <m_ <12
GeV in the range x to x + Ax.

Sufficient data were obtained at energies above
30 GeV to allow the analysis to be made in four x
bins from x = 0.1 to x = 0.7. The scaled differential
cross section (s/8) do/dx for p0 production is shown
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Fig. 3. (a) The scaled cross section (s/8) da/dx for p° produc-
tion at W = 34 GeV. Also shown is the cross section for n*

+ n~ production at this energy. The smooth curve is the Field—
Feynman Monte Carlo prediction for p® production assuming
P/(P+V)=0.42. (b) R(p°) = o(e*e” > p° + anything)/oy,, as
a function of the CM energy W (errors shown are statistical
only). The curve shows a fit to the charged particle multiplic-
ity [11] in e*e” — hadrons normalised to Rpo measured at
W=15GeV.

in fig. 3a. The errors shown are statistical only and do
not include the 20% systematic error determined from
different background calculations as detailed above or
the 5% systematic uncertainty in o,,. Integration of
the differential cross section gives (0.41 + 0.04 + 0.08)
pO/event in the range 0.1 <x < 0.7. Also shown in
fig. 3a is the 7* cross section measured at the same
energy [9]. In the range 0.1 <x < 0.4, we measure
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o(p®)/o(n* + ) =0.24 + 0.03 (stat.) + 0.05 (syst.).
Integration of the measured differential cross section
gives (0.22 + 0.02 + 0.05) pO/event in the range 0.2
<x < 0.7 at W=34 GeV, in good agreement with the
value obtained by analysing the mass spectrum inte-
grated over this region as a single bin. Due to limited
statistics and reduced acceptance for x < 0.2, the W
=14 and 22 GeV data have each been analysed in a
single bin. At W = 14 (22) GeV, we measure (0.33
+0.06 +0.07) ((0.22 + 0.06 + 0.05)) pC/event in the
region 0.2 <x <0.7.

Within a Field—Feynman fragmentation model in
which only pseudoscalar and vector mesons may be
produced, the rate of p0 production is mainly deter-
mined by the ratio P/(P + V). From the measured rate
of p0 production in the range 0.2 <x < 0.7 at W= 34
GeV, we deduce a value for P/(P + V) of 0.42 + 0.08
+0.15 within this specific model *!. This result is
compatible with V' =P but also with V' = 3P as ex-
pected from the spin multiplicity factor (2J + 1). The
full curve shown in fig. 3a is the Monte Carlo predic-
tion for p0 production assuming P/(P + V) = 0.42 and
shows good agreement with the data. The measured
rates of p0 production at W = 14 and 22 GeV in the
region 0.2 <x < 0.7 are also consistent with this value
of P[P+ V).

Integration of the differential cross section allows
a measurement of R ;o = o(e*e™ ~> o0+ anything)/o,,,,
where g, = 4na2(3s (s = square of CM energy W) is
the cross section for muon pair production by ete™
annihilation. We extrapolate the measured contribu-
tions using the spectrum shape calculated by Monte
Carlo to estimate R 00 At W= 34 GeV, the regions not
measured, x < 0.1 and x > 0.7, contribute ~40% and
~3% of the total cross section respectively. At W= 14
(22) GeV, the regions x < 0.2 and x > 0.7 contribute
43 (59)% and 6 (4)% of the total cross section respec-
tively. The results are shown in fig. 3b. The errors
shown are statistical only. Also shown in fig. 3b are
measurements at lower energy [10]. At W =34 GeV,
comparing this with the measured #* cross section [9]
and setting p* production equal to p0 production we

*1 Note that in this model, in addition to primary production,
only p@ production via the decays of n’ is significant (12%
of the total p© production).
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conclude that approximately 30% of all charged pions
come from rho-meson decay.

In conclusion, we have measured inclusive p0 pro-
duction at centre of mass energies W = 14, 22 and 34
GeV. At W = 34 GeV we measure (0.41 + 0.04 £ 0.08)
p%/event in the range 0.1 <x < 0.7 from which a
Monte Carlo extrapolation yields R,0=292+025
(statistical error only). From this result, we deduce
that approximately 30% of all charged pions come
from rho-meson decay.
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