VoLUME 41, NUMBER 15

PHYSICAL REVIEW LETTERS

9 OCTOBER 1978

where 2a is the impact parameter and v; is the
initial incoming velocity at {=— «, The quadru-
pole formula'! leads to the result D=2,466. The
reason for this discrepapcy is that we have con-
sistently taken into account the reaction terms
~4 Gm?[ ] in formula (8) and the terms from the
second-order metric F,* in formula (8) which in
the near zone give a contribution as large as
those from the linear terms in F,¥, I therefore
conclude that the quadrupole formula cannot be
applied to calculate the energy loss of the source
for small-angle scattering. The bound-state
problem is, of course, open, but it would be re-
markable if the quadrupole formula worked there
but not in the small-angle-scattering case,
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We have measured inclusive y and 7° production in multiprong events produced by e*e"
annihilation in the center-of-mass energy range 4.9 to 7.4 GeV. We find the n° inclusive
cross section to be consistent in shape and normalization with half the charged-= cross
section between x=0.15 and 0.60, with an integrated inclusive cross-section ratio of

a(m) /|(a(n*) +o(x7)| =0.47+0.10.

This Letter reports for the first time inclusive
y and 7° spectra in e*e” annihilation at high ener-
gy. Previous analyses of charged-particle in-
clusive spectra at high energy in e¢*e” annihila-
tion have indicated that only approximately 50%
of the produced energy goes into charged par-
“ticles.! By directly measuring inclusive v and
7° production, it is possible to compare the en-
ergy going into 7° production with that going into
charged pions. It is found that the 7° cross sect-
ion is consistent with half the charged-7 cross
section for 7 momenta between approximately

0.5 and 2.0 GeV/c.

The data were collected with the Stanford Lin-
ear Accelerator Center—Lawrence Berkeley
Laboratory magnetic detector at SPEAR.2 y’s
are detected using a system of lead-glass coun-
ters (referred to as the LGW) which replaces one
octant of the magnet return yoke and covers a
solid angle of approximately 0,053 %47 sr,3*
Briefly, the LGW consists of two arrays of lead-
glass blocks (a 2%X26 array of 10X90-cm? blocks
3.3 radiation lengths thick, and a 14X19 array of
15X 15-cm? blocks 10,5 radiation lengths thick)
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and three planes of magnetostrictive spark cham-
bers outside the 1-radiation-length aluminum
coil. y’s are identified by correlated energy de-
posits in the lead-glass blocks and tracks in the
spark chambers which are not associated with
charged particles detected in the central detec-
tor. y’s which convert in the coil (as identified
by tracks in the two spark-chamber planes situ-
ated between the coil and the inner plane of lead-
glass blocks) are corrected for the average ener-
gy loss (approximately 50 MeV). 7° identification
is accomplished by combining pairs of ¥’s in the
LGW. A background subtraction is made to sta-
tistically extract the 7° peak, The LGW was init-
ially calibrated using Bhabha events. The y cali-
bration was checked (and found to be correct with-
in uncertainties) by using y’s from the reaction
e*e ™ yy (for high-energy y’s) and by checking
the reconstructed 7° mass (for lower-energy y’s).
The v energy resolution is AE/E~0.09/E¥? (E
in GeV), and the angular resolution is A6 = 0,5°,
For charged particles, the analysis techniques
are similar to those described previously.® The
central detector consists of four layers of cylin-
drical spark chambers covering a solid angle of
approximately 0.60%X47 sr, and provides a mo-
mentum resolution of Ap/p~0.013p (p in GeV/c).
Charged-particle identification is based mainly
on time-of-flight measurements over a 1.5-2.0-
m flight path using a Gaussian time distribution

with a 0.35-ns standard deviation. 7/K/p separa-
tion is clean to approximately 0.9 GeV/c in mo-
mentum,

This analysis is based on a sample of approxi-
mately 50 000 multiprong events (events with
three or more prongs) in the center-of-mass en-
ergy (E. . ) range from 4.9 to 7.4 GeV. It repre-
sents a total luminosity of 7.5 pb™', Two-prong
events are eliminated from the analysis because
of the large contamination from quantum-electro-
dynamic processes and beam-gas interactions.

In the analysis, residual contamination from
beam-gas interactions (~ 3% of the sample) is
statistically subtracted based on the event vertex
distribution along the beam direction,

In Fig. 1(a) is shown the inclusive y cross sec-
tion, s do/dx, as a function of the scaling vari-
able x=2p/E, ... It is shown for three different
E. . regions, 4.9-6.0, 6.0-6.9, and 6.9-7.4
GeV, clearly showing scaling behavior. Correc-
tions for geometric acceptance and trigger ef-
ficiency are included and are based on a two-
component Monte Carlo procedure which includes
hadronic events (produced with limited transverse
momentum about the jet axis) and e*e™~ 77"
events.® Also included are corrections for initial-
state radiation. The error bars shown reflect
only the statistical errors with the exception of
the lowest two points at each energy for which
an additional error has been included to account
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FIG. 1. (a) Inclusive Y cross sections, s do/dx, as functions of x for the E,,, regions 4.9-6.0, 6.0-6.9, and
6.9-7.4 GeV. (b) Inclusive vy cross section for the entire E, ;. range. Curve represents the predicted cross sec-
tion based on the assumptions that the 7° cross section is half the observed charged 7 cross section and 7”s are
the sole sources of v’s. Shaded region represents the estimated systematic error in the relative normalizations.
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for the increased difficulty in calculating the ac-
ceptance for low-energy ¥’s. An overall syste-
matic error (not included in the error bars) of
approximately + 20% is roughly independent of x
and mostly cancels when different distributions
are compared. Figure 1(b) shows the inclusive
cross section for the entire E, ,,, region (4.9-
7.4 GeV).

To examine 7° production, all events with two
or more v’s in the LGW are considered. A mini-
mum momentum cut of 100 MeV/ ¢ is made on
each y to eliminate background. All invariant-
mass combinations of two y’s are constructed.
In order to subtract the background under the 7°
peak, the data are partitioned according to the
measured Y -pair momentum. An estimate of the
background is made by combining v pairs where
each v is from a different event and normalizing
this distribution to the data in a mass interval
well above the 7° mass. By comparing these two
samples of events, the background as a function
of momentum and invariant mass is determined.

In Fig. 2 is shown the invariant-mass distribu-
tion for all y pairs with total momentum greater
than 600 MeV/c. The curve is the estimated
background. The background is fairly small in
this momentum range, but gets progressively
worse at lower momenta. It is impossible to
separate 7”s with momenta less than approxi-
mately 400 MeV/c from the background.

Figure 3 shows the inclusive 7° cross section,
sdo/dx, as a function of x, corrected for geomet-
ric acceptance, trigger efficiency, and initial-
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FIG. 2. Invariant-mass distribution for y pairs with
total momentum greater than 600 MeV/c. Background
curve results from combinations taking y’s from dif-
ferent events.

state radiation, In addition to the statistical er-
ror, each datum point contains a systematic error
(ranging from * 20% for the lowest x point to + 10%
for the highest x point) added in quadrature,
which reflects the uncertainty in the background
subtraction. The curve is half the inclusive
charged-r cross section.” The shaded region
between the dashed curves represents the esti-
mated +20% systematic error in the relative nor-
malizations of the inclusive 7* and 7° cross sec-
tions, Within errors, the two cross sections
agree over the range of measurement. If these
two inclusive cross sections are integrated over
the region x =0.15 to x =0,60, the relative 7° to

7 production is o (@°)/[o (") + o (7)) =0.47 + 0.10,
where the + 20% systematic error is included in
the relative normalizations. -

It is of interest to determine whether the ob-
served 7° production can account for the observed
v production. Because of the large errors and
limited x range in the 7° production cross sec-
tion, we have taken half the charged cross sec-
tion shown in Fig, 3, and assumed equal 7° pro-
duction, From this, a ¥ spectrum can be ob-
tained which is shown as the solid curve in Fig.
1(b). Again the shaded region represents the un-
certainty in the relative normalizations. The ob-
served v cross section is consistently higher
than that attributed to 7”’s where o (1°) =3[0 (7*)
+0(7r')]. However, this excess may not be sig-
nificant when account is taken of the systematic
errors. If this excess is real, it could be ex-
plained by 7° production on the order of half the
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FIG. 8. Inclusive 7° cross section as a function of x,
Curve is half the inclusive charged-r cross section.
Shaded region represents the uncertainty in the rela-
tive normalizations.
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7° production.® Unfortunately, the small solid
angle of the LGW does not permit direct observa-
tion of 7 %s.

In conclusion, there is no evidence that 7° pro-
duction is significantly different from 7* or 7~
production. There may be some excess produc-
tion of y’s over what is predicted from the meas-
ured 7° production cross section.
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The relative insensitivity of the acceptance and trig-
ger efficiency to major changes in the Monte Carlo cal-
culation gives confidence in these corrections. The
major uncertainty arises from the correction for events
with zero or two produced prongs which are not in the
data sample.

"This measurement is similar to previous measure-
ments of the inclusive charged-particle spectrum
{see G. G. Hanson, SLAC Report No, SLAC-PUB-2118,
[in Proceedings of the Thirteenth Recontre de Moriond
on High-Energy Leptonic Interactions and High-Energy
Hadronic Interactions, 1978 (to be published)]}. The
major change involves elimination of tracks which are
not pions. K’s and p’s are eliminated by time-of-flight
separation. (At higher momentum, the separation is
based on extrapolation from the lower-momentum data.)
Muon and electron contamination (on the order of a few
percent) is corrected for in the Monte Carlo acceptance
calculation.

%0ne of us (D.L.S.) has addressed the question of
whether all of the center-of-mass energy can be ac-
counted for by extrapolation of the observed inclusive
particle cross sections to low momentum. This extrap-
olation was done using a jet-model Monte Carlo which
includes effects due to the rest masses of heavy parti-
cles (kaons and nucleons), missing neutral kaons, neu-
trinos from 7, and charmed-particle decays, and we
have made the additional, untested assumption that
there is n° production on the order of 50% or more of
the 7° production. With these assumptions, this model
can account for both the charged and neutral inclusive
cross sections with no unaccounted-for energy.
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We present results for the reactions vp— p"n*p and vp— p~ K*p at energies above 5 GeV.
The average cross section for the first reaction between 15 and 40 GeV is (0.80+0.12)
%1073 cm’ and for events with M, +,<1.4 GeV is (0.55%0.08) x10™%% cm®. The ratio of
the cross section for the second reaction to that for the first is 0.017+0.010.

We present results for the reactions vp— " 77p
and vp - 7" K *p obtained from a 150 000-picture
exposure of the Fermilab 15-ft bubble chamber,
filled with hydrogen, to a wide-band horn-fo-
cused neutrino beam. The neutrino-event energy
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spectrum is roughly flat between 10 and 30 GeV
then falls off such that ~90% of the spectrum is
below 100 GeV. Details of the scanning, meas-
urement, and reconstruction procedures will be
given elsewhere.?!
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