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We have measured the total cross section for electron-positron annihilation into three
or more hadrons, with at least two charged particles in. the final state. The measure-
ment was made at a center-of-mass energy of 4 GeV with a 2~-sr nonmagnetic detector.
With 88 events detected, we obtain a model-independent lower limit on. the hadron pro-
duction cross section of 9.6 +1.4 nb; a calculation of detection efficiency based on invari-
ant phase-space production of pions leads to a total cross section of 26 +6 nb. This
cross section is 4.7+1.1 times the theoretical total cross section for e+e —p, +p . The
average charged multiplicity is n =4.2 + 0.6.

We report a measurement of the total cross
section for electron-positron annihilation into
three or more hadrons, with at least two charged
particles in the final state. The experiment was
performed at the Cambridge Electron Accelera-
tor bypass, ' at a center-of-mass energy of 4

GeV. We used the 2m-sr bypass on-line detector
(BOLD)' which simultaneously measured e 'e
elastic scattering' and e 'e annihilation into pho-
ton pairs. 4

The apparatus was triggered by charged parti-
cles or electromagnetic showers in at least two
of the four quadrants. Charged m mesons with a
kinetic energy greater than 95 MeV or showers
with an energy greater than 800 MeV could trig-
ger the apparatus. A trigger was considered to
be caused by a multibody event if it satisfied the
following criteria:

(I) BOLD detected two or more prongs. These
had to come from a volume centered around the
interaction region and penetrate material with a
perpendicular thickness equivalent to 10.7 g/cm'
of iron.

(2) If an event had only two prongs, they had to
be noncollinear with an angle in space Ae be-
tween them given by 60. &160, and have a differ-
ence in azimuthal angle ~y given by t ~apl &160'.
b,y is defined in the range —180 hy 180 .

(S) The vertex point of all the prongs had to lie
in a volume Ax&4y&M=4&3&9 cm' about the
interaction point as determined by e 'e elastic
scattering events' (s is the coordinate along the
beam direction' ) .

In the first scan of the 1.3 &&10' triggers we
found 91 events which satisfied these criteria.
In a rescan of 2S/c of the data, I additional event
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was found. This gives a total of 92 multibody
eve11'ts aIld a11 ovel all scalln111g efflclencp of (97

Backgrounds not associated with e 'e collisions
which might imitate a multibody event could orig-
inate in cosmic-ray showers' or beam-gas scat-
tering. Events due to cosmic rays are expected
to show a uniform spatial distribution of vertex
points. No additional events were found by in-
creasing the acceptable interaction region volume
by a factor of 3.

Events due to beam-gas scattering should pro-
duce a distribution of vertex points continuous
along the beam direction. However, increasing
the acceptable hz by a factor of 2 did not lead to
any additional events. Also, a single-beam run
with the time integral of the gas pressure in the
interaction region times the beam current equiva-
lent to 5(F/~ of that accumulated during data taking
showed no events. This result agrees with calcu-
lation. Therefore, we estimate the background
from these sources to be negligible.

Contamination of our event sample from other
processes besides e 'e annihilation into hadrons
has been considered for the following reactions:

(1) e'e -e'e yand e'e -l1'i1 y can produce
non-back-to-back two-prong events. %e calcu-
late in the peaking approximation that 14 e 'e y
and 1.2 p'p y final states would be detected with
4e &160 and I b, col=—180 . The condition I apf
&160 reduces contamination from p, 'p y to a
negligible level. To the extent that the peaking
approximation breaks down we expect a few e+e y
final states satisfying the selection criteria.
Four events were identified as e 'e -e 'e y by
their visually observed showers and large shower
counter pulse heights and were therefore sub-
tracted from the sample.

(2) e'e -e+e e'e, e'e p. +i1, and e'e E'+E

The trigger condition was inefficient for these
two-photon processes. ' We observed 2 e 'e
-e 'e e "e events and 3 e 'e -e 'e p 'p (or
e 'e E'm ) events, with IApl —180'. We expect
less than 0.7 such events in our sample with he,
I Ayj& 160, and none were identified. The calcu-
lated total number of events for processes (1)
and (2) agrees with the data.

(8) e+e -e'e M, where M'=q, q'(957 MeV),
or a multihadron state. The 18o system center-
of-mass motion reduces the detection efficiency
for low-mass states. Assuming appropriate pro-
duction mechanisms' for the neutral state we es-
timate less than 2 events from this source.

Accord1ngly, we made no cor1 ect1ons fol the
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FIG. l. A view along the beam line of a five-prong
event in BOLD. Clearly seen are a backward scatter,
R IRrge-Rngle scRtter~ R p conversion, and pRrticles
stopping in the iron absorber.

processes listed under (2) and (8).
After elimination of the 4 events identified as

e'e y final states we are left with 31 two-prong,
29 three-prong, 20 four-prong events. A five-
prong event, which illustrates the hadronic na-
ture of the prongs, appears in Fig. 1. Over all,
18% of the 269 prongs in our event sample scat-
tered through angles greater than 8' in the BOLD
radiators, 5 particles scattered through angles
greater than 90', and 3 ended in nuclear stars.
We assume therefore that these events are due to
electron-positron annihilation into hardons.

Based on the final count of 88 events, the scan-
ning efficiency, and a time integrated luminosity
of (9.45 +0.86) X10" cm ' (measured with the
monitoring reaction e'e -e'e yy'), we calcu-
late a model-independent lower limit on the e+ e

multibody hadron production cross section of
9.6 +1.4 nb.

The total cross section is this number divided
by the event detection efficiency ~~. The calcula-
tion of e~ is of course model dependent. We have
assumed that all particles are pions produced ac-
cording to an invariant phase-space distribution.
This latter assumption is in agreement with the
angular distribution of the prongs as well as the
distribution of the angle in space between pairs
of prongs evaluated from the data. In order to
evaluate e~, a Monte Carlo program based on
NVEHTEX was used to compute the efficiencies
e(p, q) for detecting p prongs in BOLD from the
reaction e'e -qm'+nm', with @=2, 4, 6, or 8,
n ~ 2, and q+n - 8. These assumed final states
are listed, together with the corresponding effi-
ciencies, in Table I. (The efficiencies depend
weakly on the value of n; an average over n was
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TABLE I. Average detection efficiency.

Number
of

plongs
p

Number of
observed

events
Np

7r+7r 7ro

7r 7r 27r

Assumed final states
27r 27r 87r 87r

27r 27r 71 37r 7l 71

27r 27r 27r 87r+37r 27r

q =4 q=6
47r+47r

q=8

Bla
29
20

8
0

0.116
0
0
0
0

0.198
0.178
0.049

0
0

0.146
0,258
0.163
0.049
0.007

0.094
0.217
0.244
0.141
0.056

'16yI, &~ & 160'.

N~= I. Q e(p, q)o„
q= 2q4y6, 8

p = 2, 3, 4, 5,

where L is the time-integrated luminosity. These
equations have been solved, with the restriction
that a, ~ 0, using the method of least squares.
The partial cross sections were not well deter-
mined, but e. r-—(88+8)/p, Io„,„=234+52 (where
o „,„=v, + o, + o, + o,), and the average charged
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FIG. 2. R = 0 (e+e multibody hadrons)/a(e+e—p+p ) versus the square of the center-of-mass ener-
gy s in GeV . The dotted lines give the asymptotic pre-
dictions of parton models assuming ordinary and col-
ored quarks.

used. ) The program took account of the structure
of BOLD and the event selection criteria. Nu-
clear absorption, ' ' the production of secondaries,
and ionization losses were also included.

The observed number of events with prong
count P, N~, gives rise to four linear equations
in the four unknown partial cross sections a(e 'e
-q w' + neutrals) = o, :

multiplicity n is n = 4.2+0.6. The quoted errors
were calculated on the basis of statistical (pois-
son) fluctuations in the N ~ .

11 two-prong events with ipl& 160' were iden-
tified as multibody hadron events by the presence
of extra y rays, scatterings, or by additional
short-range tracks. If we include these 11 events
in the sample, and redo the efficiency calcula-
tion, we find Lv„„=218+38 which is consistent
with the above.

The measured cross section includes processes
where the initial electron or positron has radi-
ated. This leads to a contribution to the multi-
body cross section from e 'e annihilation at a
lower effective center-of-mass energy. A calcu-
lation" based on smoothed interpolation of mea-
sured cI pss sectjpns" ' and an estimate pf de-
tection efficiency shows that less than 5% of the
events include a photon of energy more than 1
GeV radiated from the initial state. No correc-
tion was applied for this effect.

From the values of L, Lv „„and the scanning
efficiency, we calculate the production cross sec-
tion for electron-positron annihilation into three
or more hadrons to be 26 + 6 nb. The ratio A of
this cross section to the theoretical total cross
section for e'e -p. 'p, at 4 GeV center-of-mass
energy is 4.7 +1.1. This is compared with recent
-data jn Fig. 2. Partpn mpdels suggest that,
in the asymptotic region, this value should be
Q,. (-, + 2s,.)q,.', where q,. are the charges of the
basic constituents of the hadrons with spin s,.=0
or s,. = &. The elementary quark model gives A

Quarks with "color" give R= 2.
We are indebted to the staff of the Cambridge

Electron Accelerator for their long, sustained
efforts in providing the beams, and to them and
the Harvard University Cyclotron Laboratory



VOLUME 30, NUMQQR 23 PHYSICAL REVIEW LETTERS 4 JUNE 1973

staff for many contributions to the experiment.

*Work supported in part by the U.S. Atomic Energy
Commission under Contracts No. AT(ll-l)-3063, No.
AT(11-1)-8064, No. AT(ll-l)-3069, and No. AT(11-1)-
3525, and National Science Foundation Grant No. GP
33//222.

)Now at Lawrence Berkeley Laboratory, Berkeley,
Calif. 94720.

R. Averill et al. , Cambridge Electron Accelerator
Report No. CEAL-3063-03 (unpublished).

BOLD consists of wire spark chambers and scintilla-
tors distributed in four quadrants. Each quadrant has
an azimuthal coverage of 66' and subtends scattering
angles from 45 to 135 .

~R. Madaras et al. , Phys. Rev. I ett. 30, 507 (1973).
4G. Hanson et al. , to be published.
'S. J. Brodsky, T. Kinoshita, and H. Terazawa, Phys.

Rev, D 4, 1532 (1971); N. Arteaga-Romero et al. , Phys.
Rev. D 3, 1569 (1971); V. E. Balakin, V. M. Budnev,
and I. F. Ginzburg, Pis'ma Zh. Eksp. Teor. Fiz. 11,
559 (1970) [JETP Lett. 11, 388 (1970)].

eT has been computed also for quasi-two-body pro-
duction of meson resonances, assuming an angular dis-
tribution at the production vertex of the form 1+cos~&
or sin 0. The phase-space total efficiency is higher
than the resonance-production total efficiency even for
sin 0 distributions.

J. Caris et al. , Phys. Rev. 126, 295 (1962).
J. W. Cronin, R. Cool, and A. Abashian, Phys. Rev'.

107, 1121 (1957).
Pion absorption data at 1500 and 2000 MeV from

P. Bartlett, private communication.
~OA. Litke, Ph. D. thesis, Harvard University, 1970

(unpublished).
Frascati results. yy group: C. Bacci et al. , Labora-

tori Nazionali di Frascati Heport No. LNF 72/68 (un-
published); G. Salvini, private communication. p7t

group: M. Grilli et al. , Nuovo Cimento 13A, 593 (1973);
F. Ceradini et al. , in Proceedings of the Sixteenth In-
ternational Conference on High Energy Physics, Nation-
al Accelerator Laboratory, Batavia, Illinois, 1972 (to
be published). Boson group: B. Bartoli et al. , Phys.
Rev. D 6, 2374 (1972).

~~6. Cosme et al. , Phys. Lett. 40B, 685 (1972).
L. M, Kurdadze et al. , Phys, Lett. 42B, 515 (1972).

ERRATUM

REAC TION p + p —y + ANYTHING AT 205 Ge V
AND ITS IMPLICATIONS FOR & PRODUCTION.
G. Charlton, Y. Cho, M. Derrick, R. Engelmann,
T. Fields, L. Hyman, K. Jaeger, U. Mehtani,
B. Musgrave, Y. Oren, D. Rhines, P. Schreiner,
H. Yuta, L. Voyvodic, R. Walker, J. Whitmore,
H. B. Crawley, Z. Ming Ma, and R. G. Glasser
[Phys. Rev. Lett. 29, 1759 (1972)].

In Fig. 1(a), the ordinate label do/dx (b) should
be replaced by 2do/dx (b). In Fig. 1(b) da/dP~'
(b/GeV') should read —,'-do/dP ~' (b/GeV'), and in

Fig. 1(c), 2P~E, (P ') should read P~E,(P ')
(mb/GeV).


