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Table 1
(I'y, I'z) SU3 flavour JP; Cn I'Mi1I'M2
CAS) le8 1% - (s, 1), (1, ¥5), (1, 1), (¥4, vM), (v 5 vH, 594
(S, v, (L), (Y5, ¥S v, (1, yS M)
O, M+ (M, ) 8& (10 +10) 0,1,2%;+ (%, ¥4, (1, vH4)
(5%, (L), (1, 1), (4, v, (759B, oSy
@, 7™ — (4, ) 8@ (10-10) 0,1,2%, — O, ¥, (L Sy
%, %), (L, 4%, (1, 1), (v, vH), (S yk, v 5ok
(YM, vH) 198@27 0,1,2,3% — as for (I'1, T2) = (v5, v%)

First column: (1) and r'(?) of interpolating fields of type q)ﬁo) (see eqs. (4) and (S)), which are argued to lead to the lowest masses

of the qgqq system.

Second column: SUj; flavour classification, spin, parity and charge conjugation of the neutral member. Note the parity doubling

due to both parities of Fy,;.

Third column: Matrices I'\{1, I'M2 for which the three-point function (T’ dbﬁo)d)M 1$M2 vanishes up to g2; oMx) = N@(x)‘,_UI‘Miw(x).
For pseudoscalar, scalar, vector and axial vector fields we have I'p; = vs, 1, y# and ySy, respectively.

approximation in the Mandelstam variables, general-
ized to tensor functions around a point A in the deep
Euclidean region where asymptotic freedom justifies
perturbation theory. The Padé approximants of order
(M, N) turn out to have a unique limit for M, N, A

- oo if (MN/A2) = R? is kept fixed in a fixed order of
perturbation theory: R (a kind of “bag radius™) is sup-
posed to be pushed to infinity in higher orders in g2

if the parameters (R, g2) are fixed by two experimen-
tal masses.

In zeroth order the QCD structure does not enter
explicitly, but only as a justification of the method
starting from asymptotic freedom. The mass spectrum
appearing in the two-point functions of local gauge in-
variant operators of dimension d is in this approach
given by the zeros of the Bessel function

J,_2(2RM) =0. (1)

The direct influence of the gluon interaction will be
discussed later. The parameter R fitted by Migdal [5]
to the meson spectra (in particular the vector-meson
trajectories), also gives satisfactory results for the
baryon spectra [6] and will be used here to estimate
the spectra of the unconventional states.

Examples of local field operators corresponding to
the states M% and M% of figs. la and 1b are:

-

¢1 () =N 4, () Ppa (%) %“lcdl Dy g€

n“n

i

(2a)
X Yl x) ‘P?'(x))f”bc €rb'e’ Lin; wn's
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¢2(X) =N($a’K(X) (Z) #1bd1 (Duedeb’ (D“e+l cde+1

Dy g € VX)) €Dy T o (2b)

Pure gluon operators have been discussed in ref. [S].
Here x, A denote spinor and flavour indices,

.3 . ,
Dy =5J—c:‘ 8. +ig/l2A N5, 3)
is the covariant derivative.

N indicates normal product and normalization fac-
tors. ¥ is the quark and 4, the gauge gluon field. In
¢; and ¢, there is also the possibility to attach covar-
iant derivatives to the spinors before contracting with
€ (corresponding to string pieces directly connected to
the quarks).

A great manifold of the states of type ¢; and ¢, is
coupled to zeroth order in g (i.e., by overlap) to the
conventional meson states*!. The operators of lowest
dimensionality of type ¢; not coupled to zeroth order

*1 These states are not supposed to be narrow. Those of type
¢1 — starting from

NPa)T paCw @ (0D (x)eableypre

could be used in order to explain the broad bumps in the
T, U region, similar to ref. [2]. Their lowest dimension is
d = 6 (with maximal spin 2), and hence the 7 and U region
would be reached by the third and fourth recurrence, re-
spectively.



Volume 68B, number 1 PHYSICS LETTERS 9 May 1977
to conventional states¥2 are
$1000) = N( 1y (¥) U pp (%) F, ()€ oL .
, . (42) i ‘.
X lp,{’a (x) wk’b (x)) edbc ea'b’c' FKA, Kl}\,l’ 6 L °|
e b
and of type ¢, L
¢20(x) =N(wax(x)F“y(x)bb Fpa(x)cc h
(4b) 2
X lpa'x’(x)) eabe €'b'c FK;K' . r l ! 1 | | | ]
0 1 2 3 4 5 6 7

The gluon field tensors F v arise from the antisymme-
trization of covariant derivatives (3). For the spinor
part of T, . ,'a» We choose the form (without loss in
generality)

Fiasien’ = FK?\(I)C X CTFK'?\’(Z) (%)

with the 16 Dirac matrices I'. The most prominent s
wave couplings correspond to I')) = Vs> Yu (see the
table 1).

The simplest pure gluon operator with e—e struc-
ture is given by

¢30 :Fuv(x)aa,Fﬁ'v’(x)bb,Fﬂ"v"(x)cc’ea'b'c’eabc' (4¢)

With massless quarks, all the states of the same type
(4), according to eq. (1) have to Oth order the same
mass, determined by the dimensions of qb(lo), ¢(20) and
¢(30), dy =8,d, =7 and d3 = 6. The first non-trivial
zero of the “Bessel function” yields the masses

M;0=1990MeV, M,0=1760MeV, M;0=1520MeV.

(6)

Here we have used R = 2.500 GeV~1, fitted in ref. [5]
in order to give the correct p mass (for comparison:
the lowest nucleon mass (V, A) with this value of R
is 1100 MeV, the N--A splitting coming out correctly
with the gluon corrections). The zeroth order trajecto-
ries are given in fig. 2.

The influence of gluon interaction up to order g2
— for normal mesons [5] and baryons [6] simply to
be taken into account by adding in eq. (1) anomalous
dimensions of the operators — is more complicated in
the case considered here. There are transitions be-
tween operators of types and (1) and (2) to order g
and also decays into conventional mesons to that or-

2 They are, however, coupled to daughters of highly excited
planar meson states with F;;, coupling. We do not consider
these as conventional.

M? (Gev®)
Fig. 2. Trajectories with maximal spin (Jy5%) for unconven-
tional meson states: qqdq (¢1), qd(¢2), pure glue (¢3).

der not suppressed in an 1/NV_ expansion. We hence
give only some plausible arguments on the effects of
gluon exchange.

(1) The combined self-interaction of the fermions
and gluons will decrease d and hence the mass. The
anomalous dimension (in Feynman gauge) of the
gluon is v, = —13/3 £2/872; of the fermion g
=2/3 g2/872,¢2/872 = 0.31 fitted in ref. [5] to the p
trajectory.

(2) Gluon exchange inside the qg(gq) system de-
creases the dimension most for I“(“') =3, less for y*.
This leads to a splitting between a pseudoscalar and
vector diquark system of about 100 MeV.

Mass corrections to the quarks make s wave (s, ;)
diquarks lighter than p wave (1, y57;) diquarks. Hence
the states listed in table 1 should be the lightest states
of type qqqq (with an increase in mass from above to
below).

Since in states of types ¢, and ¢3, two and three
gluons, respectively, are present, the mass of these
states will be lowered considerably due to the large
negative anomalous dimension of the gluon.

We now present some arguments on the decay
width of these states. In order to calculate these
widths in accordance with the regularization scheme
of ref. [5] one had to apply the Padé procedure to
the V point functions (T¢;, $p; -.- dm,,) governing the
decay. Here we argue that the three-point functions of
some of the fields of type ¢, 0 and interpolating fields
of the most prominent mesons vanish up to order g2.
This is due to a cancellation of the contribution of the
(divergent) diagram 3a with that of b. In the last col-
umn of table 1 we indicate the three-point functions
which vanish up to order g2 due to this cancellation
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Fig. 3. Diagrams for the n point function of the field ¢(0)
with (a), (b) two (conventional) meson fields (M(l),M(2));
(c) one meson field; (d) two baryon fields.

or trace identities. Furthermore, by the same argu-
ment the 5,7, ..., point functions of the operators
listed in the table with scalar or pseudoscalar fields
vanish up to order g2, thus forbidding to this order,
e.g., 4m, 67 ..., decay.

The two point function of ¢>§0) with conventional
meson fields (diagram 3c) vanishes up to order g2 be-
cause of symmetric integration.

The decay (and production) of states correspond-
ing to ¢; in channels with a baryon-antibaryon pair is
allowed to order g and hence should compete with
mesonic decay modes in spite of the smaller phase
space.

By ordering according to g we have assumed this ef-
fective coupling constant to be still small, since the
soft gluons are taken care of already in the zeroth or-
der calculation of this procedure [5]. Note that the
numerical value of R used here is adapted to a calcula-
tion up to g2.

The decay and production amplitude of states cor-
responding to ¢, and ¢ is of order g2 and g3, respec-
tively. In our approach based on low order perturba-
tion theory we do not see the suppression of purely
mesonic channels as compared to baryonic ones as
proposed in ref. {4].

It is tempting to attribute the observed narrow reso-
nances in the 1900 MeV region to ¢§°) type states
since — following the above arguments — these are
coupled stronger to BB than ¢, and ¢4 type states
and since their mass is also in the range predicted
(e.g., eq. (6)). If one also wants to associate the 1795
NN bound state with the ¢§°) type one would be
urged to identify this state with one of the (vs, v5)
species and the 1935 MeV states with the (y*, ¥*) spe-
cies since they both have decay channels suppressed
in a similar way. There are enough candidates to have
several states in the 1935 MeV region. An analysis of
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quantum numbers of the states and of their decay
channels of course would make an identification ac-
cording to table 1 much more stringent.

There are also further states of predicted narrow
width of ¢, and ¢3 type with masses below the pp
threshold. Altogether there is a vast number of new
states which wait for an experimental check. The pure
glue state is predicted to have the lowest mass of the
baryonium (ee type) states. It is supposed to couple
weakly only as a resonance in BB, but this does not
imply a weak coupling as a “Regge” trajectory in BB
scattering according to common ideas about the
Zweig rule; and hence the proposal [4] that this type
gives the leading Regge trajectory dual to leading
three-meson (jet) production is not contradicted.

In our discussion of the lowest baryonium states no
arguments about highly excited states on leading
straight trajectories corresponding to stretched strings
enter. On the contrary, the quarks and gluons seem to
sit together as close as possible. Narrow-width effects
seem to arise — not from a long straight string but
from “string nodes” 7.

Therefore a determination of the angular momenta
would be especially sensitive to the ideas presented
here: all the resonances could have small angular mo-
mentum (see table 1) without losing their narrow
width.

We would like to thank D. Amati, J. Ellis, G. Rossi
and G. Veneziano for interesting discussions and com-
ments on the manuscript. One of us (M.G. Schmidt)
would like to thank A.A. Migdal for enlightening con-
versations about his paper.
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Veneziano’s topological expansion is extended to duality diagrams involving mesons and baryons.

Veneziano [1] has proposed a unitarization scheme
for planar dual models, known as the topological ex-
pansion, which is based on the parameter 1/V, where
N is the number of flavors in the model, and is related
to the topology of duality diagrams in such a way that
each order of the expansion contains diagrams with
the same topological structure. In this scheme, planar
diagrams are defined as diagrams that can be drawn on
a plane without any quark lines crossing each other.
Higher-order diagrams can be drawn in the same way
on closed surfaces of increasing genus, or number of
handles. All meson diagrams can be associated with
oriented bordered surfaces embedded in these closed
surfaces, and can be classified by the number of their
boundaries b (lines to which the external mesons are
attached) and the genus & of the embedding surface
[2,3]. In this note, we extend Veneziano’s scheme,
which was formulated only for mesons, to include dia-
grams involving mesons and baryons. This treatment
is a variation of a scheme proposed by Stapp [4] but
is a closer to the conventional representation of baryons
in dual diagrams. It also differs from Stapp’s treatment
in the way it deals with baryon loops.

Baryons have to be represented by three quark lines
going in the same direction in a symmetric way, so that
none of them occupies a special position. This can be
done by drawing the quark Jines on a cylinder, or
sphere. Thus we shall represent a baryon as shown in
fig. 1, where dotted quark lines are understood to run
on the back of the cylinder. The cylinder axis has a
definite direction and represents the flow of baryon
number. We shall call it the baryon axis.

* Participating guest: Lawrence Berkeley Laboratory.
! This work was done under the auspices of the Division of

Physical Research of the Energy Research and Development
Administration.
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Fig. 1. Quark lines of a baryon embedded in a cylinder.

The cylinder or sphere, then, is the minimal embed-
ding surface suitable for diagrams involving baryons.

All such diagrams which can be drawn on a sphere shall
be called planar. Mesons can be connected with any of
the three quark lines making up a baryon, e.g., as shown
in fig. 2.

In order to classify duality diagrams according to
their topological structure, we have to associate them
with oriented surfaces. Such an association is not ob-
vious for diagrams involving baryons because of the
fact that the three quark lines making up a baryon run
in the same direction. Stapp [4] has proposed the im-
age of a baryon as an arrow with three feathers at-
tached to it, each of them representing an oriented
surface, and he has given a prescription of how to “cap”
these three strips so that they form a single oriented
surface. Drawing the three quark lines on a sphere, we
do not need Stapp’s arrow image and capping prescrip-
tion but simply close the quark lines on themselves to
obtain the same oriented surface. This is shown in fig. 3
where the shaded part of the sphere is the oriented bor-
dered surface associated with the baryon. We shall inter-
pret the closed quark lines of a baryon in such a way
that only the parts running in the direction of the
baryon axis carry flavor. The lines running against the
baryon axis do not carry flavor and shall be called dead
lines. They serve merely to identify the topology of the
diagram and do not seem to play any further role. In

Fig. 2. Mesons coupled to different baryon quark lines.
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Fig. 3. Two equivalent representations of the oriented bor-
dered surface (shaded) associated with a baryon.

fact, we shall never need to draw dead lines explicitly
when we study duality diagrams.

Associating baryons with oriented bordered surfaces
in this way, we see that each quark line in a baryon is
part of a separate boundary component which can be
linked to the boundary components of other baryons
through meson connections. It will be interesting to
assume that the boundary components of a baryon
cannot be linked to each other. In such a theory, the
three quark lines in a baryon have separate identities,
not connected with their flavors. This new concept of
quark-line identity, which can be best illustrated gra-
phically by using colors but should not be confused
with the color concept of quantum chromodynamics,
promises to have interesting physical consequences.
Details will be given in a forthcoming paper.

The number of handles of a meson diagram can be
written

M=% —ny) - k+2, (1)

where v is the number of vertices, rp; the number of
external mesons, and k the number of boundary com-
ponents (“boundaries” and “windows”’) of the bor-
dered surface. Associating baryons with oriented bor-
dered surfaces in the way outlined above, we see that
each baryon axis becomes associated with two *“ver-
tices”. The generalization of eq. (1) to diagrams inclu-
ding baryons thus can be written

2h=3@-—-ny)+B-k+2, )

where v is the number of (meson-meson and meson-
baryon) vertices and B is the number of baryon axes.
Diagrams containing baryon loops need special con-
sideration because the quark lines in a baryon loop are
closed lines and thus have no ends which can be con-
nected through a dead line. Our procedure fqr associa-
ting a baryon with a single oriented surface is thus not
immediately applicable to baryon loops. However, the
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quark lines of external baryons really do not have any
ends either because each diagram should be considered
as part of a larger process to which it is connected by
its external lines. The association of baryons with orien-
ted surfaces, although extremely useful, is therefore
somewhat artificial. It does not seem any more artifi-
cial to associate a baryon loop with an oriented surface
in a similar way by cutting through the three quark lines
anywhere around the loop and closing each quark line
on itself through a dead line as before. Since we shall
never need to draw dead quark lines, we shall never
have to exhibit the cut through a baryon loop either.
With this understanding, eq. (2) is applicable also
to diagrams containing baryon loops. The number of
handles of a diagram containing one baryon loop and
an arbitrary number of external mesons is given by

2h=3—k. 3)

Diagrams with k = 3 are planar, but diagrams with k =1
seem to have one handle. The diagram shown in fig. 4,
for example, can indeed be embedded in a torus. How-
ever, diagrams of this kind are forbidden by our assump-
tion that the boundary components of a baryon cannot
be interconnected. In a theory with separate quark-line
identities, therefore, all baryon loops are planar.

In the 1/N expansion, the order of a particular dia-
gram is obtained by counting powers of the coupling
constant g. In the meson case, a contribution to the
n-point function exhibiting » boundaries (boundary
components with external mesons attached to them)
and w windows (boundary components with no exter-
nal lines attached to them) depends on g and & in the
following way [1]

An Ngn~2 (gZ)b+2h—1(g2N)W. (4)

The extension of eq. (4) to diagrams with ny external
mesons and 7, external baryons reads

A~ gnM—nB—’Z (g2)b+2h—1—lB (gzN)w )

11

Fig. 4. A forbidden diagram interconnecting the boundary
components of a baryon loop.
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where Ig is the number of baryon loops. Baryon loops References
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Measurements have been made of relative production cross sections of the J/y by #¥, K%, p and P at 39.5 GeV/c
incident on copper. J/¢ production rates from n~, K™ and p are similar. The J/y relative particle/anti-particle pro-
duction cross sections for x > 0 are o(x*)/o(n7) = (0.87 £ 0.14), o(K*)/o(K ™) = (0.85 = 0.5) and o(p)/a(p) = (0.15
+ 0.08). The small p/p cross section ratio disagrees with models of J/¢ production by gluon amalgamation.

There has been considerable speculation as to the
production mechanism of the J/y/(3100) in hadronic

interactions [1—4]. Large differences should exist be-

tween the proton and anti-proton induced cross sec-
tions if valence quark annihilation contributes signifi-
cantly to J/¢ production. Clear differences have been
observed between J/{ production with pion and pro-
ton beams both in cross sections and in the distribu-
tions of the produced J/y in the Feynman x variable
[5-9].
The aim of the experiment reported here was to

measure J/ production by 7%, K*, p and p beam par-

! On leave from the 1.S.T., University of Lisbon, Lisbon,
Portugal.
On leave from Bonn University, Bonn, Germany.
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ticles in the same large acceptance apparatus. The pro-
duction of the J/{ decaying into u*u~ was measured
at 39.5 GeV/c using both negative and positive unsepa-
rated beams from the CERN SPS incident on a copper
target located in the Omega spectrometer [10] . Pro-
duction of J/{ was observed with all six beam particles
(7%, K*, p and p) and relative cross sections have been
obtained for J/{ production for x > 0 using the
Feynman x variable x = 2P{ /o/s where pj is the cen-
tre of mass longitudinal momentum of the muon pair,
and \/s is the centre of mass energy.

The apparatus, shown schematically in fig. 1, was
designed to detect muon pairs with high efficiency for
x > 0. Three threshold Cerenkov counters were used
to identify incident beam particles. Scintillation coun-
ters S1 -S4 defined the incident beam with V2 and V4
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Fig. 1. Schematic layout of the apparatus.
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providing protection against beam tails and halo
muons. The target consisted of five 4 cm thick copper
slabs interleaved with scintillation counters T1-T6.
Pulse height information was recorded from all
Cerenkov, beam and target counters. A 1.46 m thick
copper absorber immediately after the target reduced
the hadron flux by a factor of thirty. Particles emerg-
ing from the absorber were detected with a four-ele-
ment scintillation counter hodoscope, S6, 1.5 m wide
and 1.0 m high, A small counter, V0, was used to veto

beam muons. There were three planes of multiwire pro-

portional chambers (Y1, Z2 and Y3 with vertical,
horizontal and vertical wires respectively) which were
used to provide a particle multiplicity requirement

and to reduce u*u— pairs of masses below 1.4 GeV/c2.

Particle trajectories were recorded with a TV readout
of forty optical spark chamber gaps, in a region of

1.7 T average magnetic induction. Particles leaving the
chamber system passed into the 1.25 m thick iron re-
turn yoke of the magnet which acted as a second ha-
dron absorber before a final counter hodoscope of
sixty elements covering an area 6 m wide and 3.8 m

high.

The spark chambers were triggered when the follow-

ing conditions were satisfied:

(a) a single incident beam hadron (defined by S1-
$2-83-54-V0-V2-V4) was present with no other
beam particle within +20 nsec;

(b) the final counter of the target (T6) had a pulse
height greater than 1.3 times that of an average single
particle;

(¢) a signal was present from S6 (this was used in
strobing the multiwire chambers);

(d) signals were present from two non-adjacent ele-
ments in the final hodoscope situated downstream of
the magnet return yoke;
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(e) there was a multiplicity of two or three in the
multiwire planes Y1 and Z2;

(f) for incident pions only, and if the multiplicity
was two, triggers from low mass muon pairs were ef-
fectively reduced by requiring either a vertical separa-
tion between hits in multiwire chamber Z2 larger than
30 cm, or an appropriate correlation between the hori-
zontal separations (AY1, AY3) of hits in multiwire
planes Y1 and Y3.

In a twenty day run 445, 000 triggers were re-
corded with negative beam and 201, 000 with positive
beam. The beam intensity was limited to 3 X 108 in
an effective spill of 300 ms. The trigger rate was 10
per burst. Beam fractions were 93.9% 7, 3.4% K,
2.7% p; and 72.2% nt, 3.7% K* and 24.1% p. The to-
tal amounts of gated negative and positive beam were
40X 1010 and 1.4 X 1010 respectively.

All triggers were processed through a modified ver-
sion of the offline pattern recognition and geometric
reconstruction program ROMEO [11]. The single
spark resolution was 500 um in space and the effi-
ciency for reconstructing muon tracks exceeded 95%.
In order to locate the vertex of the interaction to with-
in a target element, the program used the pulse heights
from counters T1 to T6. The resulting distsibution of
interactions through the target was consistent with the
known cross sections in copper. Each track recon-
structed in the spark chambers was extrapolated back
to the appropriate target element centre plane taking
into account the energy losses.

The track was discarded if its displacement from
the beam axis was inconsistent with multiple scattering
errors. The correlation between mean angular and posi-
tion displacements arising from multiple scattering was
used to reduce the average errors on the angles of the
extrapolated tracks. This procedure reduced the error
on the muon pair effective mass by a factor of 1.6 and
yielded a J/¢ width consistent with the Monte Carlo
estimate of 0.35 GeV/c2.

The negative and positive beam data yielded 2009
and 418 events respectively containing a 4 u~ pair
with effective mass above 1.6 GeV/c? and satisfying
the following criteria:

(a) both tracks come from a common vertex as de-
scribed earlier and have associated hits in the final
hodoscope;

(b) the momentum of each muon was less than 30
GeV/c and the sum of the two momenta did not ex-
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Fig. 2. Observed u*u™ effective mass spectra from o, K*, p

and P beams. The n* data are depressed at low masses by the
trigger and are shown above 1.6 GeV/c? only. Arrows denote
the masses of the p, ¢ and ¥ mesons. For ease of display, dif-
ferent scales are used for nucleon and meson induced events.

ceed the beam momentum within measurement errors;

(c) the reconstructed track length in the spark
chambers was greater than 20 cm for each track.

The u*u~ mass spectra produced by #~ and 7t
beams shown in fig. 2 exhibit clear J/y signals with
masses 3.12 and 3.15 GeV/c2 and FWHM’s 0.43
GeV/c? and 0.36 GeV/c? respectively. We can put an
upper limit on V' production and decay to utu~ of
4% of the J/{ rate and we ignore it hereafter. With the
above criteria there are 8 and 2 like sign muon pairs in
the mass range 2.7—3.5 GeV/c2 for negative and posi-
tive beam, roughly 1% of the respective J/y signals. In
figs. 3(a) and (b) we display the dN/dx distribution
of u*u~ events in the J/y region (2.7 <Muu < 3.5
GeV/c?) for 7~ and m* beams respectively. The data
points are corrected for acceptance assuming that J/y
production is unpolanzed Fig. 4 shows the distribu-
tions of dN/de for x >0 and the same Jmass range.
These are well fitted by the form Ae~BPY where B
=(1.3£0.1)and (1.5 £0.2) (GeV/c)~2 for m— and 7
induced J/{’s respectively. In a previous experiment
with a #~ beam at 43 GeV/c {8], a similar slope B of

+
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Fig. 3. d¥/dx distributions for u*u~ pairs of effective mass
2.7 < Mup < 3.5 GeV/c? (a) for n~ beam (b) for n* beam.
The histograms show the raw data. The points, with statistical
errors only, represent the data corrected for acceptance.
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Fig. 4. dN/de distributions of u*pu~ paus of effectlve mass
2.7 < Muu < 3.5 GeV/c? and x > 0 for o~ and " incident
beam after correction for acceptance. The fits are of the form
Ae™BP% in the range 0 < p?r < 2.0 (GeV/e)2.
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Table 1 (as explained in the text).
n at K~ K* i p
(a) Number of events in J/y region
forx >0 700+ 42 179 £ 16 30 7 22 10
Number of events in J/J region
for x > 0 weighted for acceptance 1850+ 140 434 x44 73 24 65 29
Number of events in J/y region
for 0.4 >x >0 471+ 30 108 + 14 19 6 19 7
Number of events in J/y region
for 0.4 > x > 0 weighted for acceptance 1322+ 106 297 £33 50 22 58 24
(b)J /¢ signalx >0 Method 1 73 13 24 +9 65 + 14 29 £ 9
Method 2 58 16 17 £11 53 £ 16 27 +10
(¢) J/y cross section Method 1 1.1 £0.2 1.0+ 04 1.1+0.2 0.16£0.05
relative to that for 1 0.87 £ 0.14
7~ beam forx > 0 Method 2 0902 07+0.5 09+0.3 0.14x0.05
(d) Particle/antiparticle Method 1 09+04 0.15 £ 0.06
ratio for J/y¢ forx > 0 0.87 £ 0.14
Method 2 0.8+ 0.5 0.16 + 0.08

(1.7 £0.4) (GeV/c)~2 was found, while substantially
lower values have been obtained with pion beams at
higher energies [12].

The mass distributions for u*u— pairs produced by
K—,K*, p and p are also shown in fig. 2. All exhibit
clear enhancements at the J/{ mass. Strong signals
from p/w > uu and, for K* beams only, shoulders
from ¢ > uu signals can also be seen. Every event ap-
pearing in fig. 2 with muon pair mass above 2.4 GeV/c?2
has been examined carefully for any inconsistencies in
the data such as disagreement between Cerenkov pulse
height information and discriminator responses.

Table 1a shows the number of events with x > 0
(and for the restricted range 0 < x < 0.4) unweighted
and weighted for acceptance in the range 2.7 < Muu
< 3.5 GeV/c? produced by each minority beam par-
ticle. The numbers for 7* for x > 0 were extracted
from Gaussian plus background fits to their un-
weighted and weighted mass spectra. We have esti-
mated the number of J/ produced by each minority
beam particle for x > 0 in two ways. The first method
assumes that all events with 2.7 < Muu < 3.5 GeV/c?
are J/y and gives an upper limit; the second method
assumes a linear background under the J/{ using the
sidebands 2.3 <Muu < 2.7 GeV/c2 and 3.5 < Muu
< 3.9 GeV/c? and yields a lower limit. The signals ob-
tained from the weighted data by each method for x

> 0 are shown in table 1b. The errors quoted are sta-
tistical only. In order to convert these numbers to rela-
tive cross sections we have used the integrated beam
fluxes and compositions quoted above and a £10% rel-
ative normalisation error. Table 1¢ shows the cross sec-
tions for J/y production relative to that for 7~ beam
after allowing for a small difference in absorption
length in copper for each incident particle. Finally,
table 1d shows the same result expressed as particle/
anti-particle ratios. If the mass dependence of the back-
ground above 2.3 GeV/c? were widely different be-
tween particles and antiparticles the quoted errors
would increase.

We obtain an estimate for the absolute cross sec-
tion for 7~ induced J/y production with x >0 of 910
* 190 nb/copper nucleus. Assuming a linear A depen-
dence this corresponds to 14 + 3 nb/nucleon. This is
consistent with the value obtained by Antipov et al.
[8].

To summarise, we have found that for J/{ produc-
tion on copper at 39.5 GeV/c beam momentum for X
>0:

o(n7):0(K™):0(p)=1:1.0+£0.3:1.0£0.3.

Rough equality between these cross sections is ex-
pected in quark annihilation models [1, 2]. The par-
ticle/antiparticle ratios are again for x > 0:
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o(m*)o(n—) = 0.87 £0.14,
o(K*)/o(K—) = 0.85 +0.50, and
o(p)/a(p) = 0.15 + 0.08.

This first measurement of the p/p ratio is particularly
interesting as it is predicted to be widely different in
different models. In the quark annihilation model of
Donnachie and Landshoff [1] the p induced produc-
tion of J/{ is enhanced over the p induced production
at our relatively low beam momentum by the large
valence quark contribution. Our ratios are consistent
with their predictions. Fritzsch [3] in a similar calcu-
lation which neglects the contribution of charmed
quarks in the sea obtains a very small p/p ratio for
small x. Ellis, Einhorn and Quigg [4] have discussed
the J/y production ratios for hadrons and their anti-
particles arising from gluon amalgamation and predict
each ratio to be unity. This is in clear disagreement
with our p/p ratio.

We thank the SPS crew for their extra efforts at the
beginning of the machine operation, the EA and EP
mechanics groups, and the staff of the Omega Spec-
trometer. We thank also Dornach Metallwerk AG of
Dornach, Switzerland, for lending us the copper for
the absorber.
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The cross-section for J/y production in proton-proton collisions has been measured as a function of centre-of-mass
energy at the CERN Intersecting Storage Rings by observing its decay into electron-positron pairs. This cross-section is
found to rise by a factor of about six over the full centre-of-mass energy range from \/s_= 23 to \/:\T= 63 GeV. Elec-
trons resulting from this decay were identified by the use of liquid argon calorimeters and lithium foil transition radia-
tors. Measurements of the energies of the electrons were obtained from the liquid argon calorimeters.

We have measured the cross-section times branching
ratio for the production of the J/ and its decay into
electron-positron pairs over the full range of centre-of-
mass energies available at the ISR and find that it rises
by a factor of about six between v/s = 23 and /s =
63 GeV.

The apparatus used is shown in fig. 1. The J/y was
observed by its decay into electron-positron pairs. The
energies ¥ of the two electrons were measured in the
segmented lead-liquid argon calorimeters [1] which
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The energy scale is linear, and the scale is established such
that the masses of the #® and n are correct.

W =

B I N7 B

also provided discrimination against hadron back-
ground. Additional electron-hadron discrimination was
obtained by detecting, in xenon-filled proportional wire
chambers [2], the transition radiation photons gener-
ated by the passage of the electrons through thin
lithium foils. Cylindrical proportional wire chambers
situated just outside the ISR vacuum chambers were
used in order to reject electron pairs originating from
photon conversions within the apparatus. lonization-
loss measurements made with two planes of scintilla-
tion counter hodoscopes allowed the elimination of
Dalitz pairs, electron pairs originating from photon
conversions in the vacuum chamber wall, and slow,
heavily ionizing particles.

Two triggers were used concurrently to select
events of interest. One, the “high-high” trigger, re-
quired that, in at least two of the four models ¥2 of
the experiment, there appeared sufficiently energetic

#2 At times some modules were not active. Subseuqnet calcula-
tions of geometric efficiencies have taken this into account.
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Fig. 1. Vertical section of the apparatus transverse to the pro-
ton beams.

electromagnetic showers defined by simultaneous
thresholds on the energy deposited in localized regions
of the first 3.5 and the next 3 radiation lengths of the
lead plate-liquid argon ion chambers. These thresholds
were determined by the requirement that the trigger
rate be acceptably low and, as a consequence, were
such that the J/{ was not recorded with full efficiency.
The other trigger, “double-correlation”, had consider-
ably lower energy thresholds but required that a
charged track was detected in the scintillation counter
hodoscopes and second xenon chamber in spatial co-
incidence with the electromagnetic shower in the ca-
lorimeter. For the data reported herein these geomet-
rical constraints were, however, such that again the
J/y events were not recorded with maximum effi-
ciency. The causes of inefficiences were quite differ
ent for the two triggers, but since the trigger condi-
tions were recorded it was known for each event
which trigger condition had been satisfied. Hence it
was possible to use each trigger to determine the effi-
ciency of the other. The combined trigger efficiency
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was about 50% at the J/y mass rising to 90% at high
masses.

The segmentation of the liquid argon detectors into
20 mm wide strips running in three different directions
allowed an unambiguous reconstruction of showers to
be made. Four additional space points were measured
for each charged track, two in the cylindrical propor-
tional chambers and two in the xenon chambers. All
of these used charge-division read-out to give the coor-
dinate in the direction parallel to the beams.

Background to the true two-electron signal arises
from hadrons interacting in the calorimeter, hadron
tracks overlapping in the calorimeter with the electro-
magnetic showers of photons, and electrons originating
from low-mass electron pairs. The trigger requirements
and the calorimeter shower reconstruction procedure
required that the longitudinal and radial distributions
of deposited energy were characteristic of an electro-
magnetic shower and thus substantially reduced these
backgrounds. In addition, the following requirements
were imposed before a track was accepted as being an
electron:

(a) that the pulse height measured in the scintillator
hodoscopes was less than 1.6 times that of a minimum

_ionizing particle;

(b) that the transition radiation signal observed in the
xenon chambers exceeded a threshold value (which
was chosen such as to have an acceptance for electrons
independent of their energy);
(c) that, when associated with an electron candidate,
no other shower gave an effective mass consistent with
that of the 70, and
(d) that the electromagnetic shower lay in a certain,
slightly restricted, fiducial volume of the calorimeter.

The selection of these requirements for background
rejection was guided by exposures of a complete de-
tector module to test beams of known particles, which
also allowed the electron detection efficiency to be
determined. It was subsequently found that when
any of the above requirements was released the J/y
signal could still be observed and thereby it was possi-
ble to estimate the efficiency of each one using the
actual data sample. The results of these two estima-
tions were in satisfactory agreement. The greatest loss
of real events was caused by the restriction on the
scintillation counter pulse height but it was the most
essential for eliminating background.

The efficiency of our reconstruction procedure was
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Fig. 2. Distribution of effective masses of double electron candidates: (a) All (b) After applying the requirements described in the
text, then (c) to (f) separated according to /5. (g) relative efficiency of the apparatus as a function of Meg-

determined from a study of cosmic-ray muons and
from inspection of event displays.

Fig. 2a shows the distribution of the effective
masses of pairs of electron candidates without the ap-
plication of any of the above requirements (a, b, c, d).
There is no sign of a J/{ peak. Figs. 2b to 2f show
the mass distributions after these requirements have
been made, for the total sample and for the samples
at each centre-of-mass energy. There are clear J/y
peaks with relatively iittle background. The observed
r.m.s. width of the J/{, 7.4%, is equal to that expected
from test beam calibration of the calorimeter. Two
methods were employed to study the background.
One method was based on the assumption that, with
the above cuts, the single electron candidates were al-
most entirely composed of background (which we
found to be true by comparison with the known single
electron rates). Pairs of unrelated single electrons were
combined to give a simulated electron pair mass spec-

trum. The other method was to use the shape of the
distribution shown in fig. 2a and to normalize it to the
low mass region of the final mass spectrum shown in
fig. 2b. The results of these calculations agreed to
within 20% implying that the background arises pre-
dominantly from uncorrelated pairs of misidentified
particles. The second method was used for the back-
ground subtraction for the J/y cross-section.

The geometric and trigger acceptance of the appara-
tus for the J/{ as a function of transverse momentum,
Pt and rapidity, y, was evaluated by means of a
Monte Carlo program, assuming an isotropic decay.
Comparing the distribution of observed events with
the results of this calculation we find that the y-distri-
bution is consistent with a constant value in the range
~0.65 <y < +65. Then, assuming this distribution to
be flat, the acceptance was integrated over y and used
to correct the data as a function of py. It was found
that {p1) = 0.94 £0.18 GeV/c and that the data could
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Table 1
Numbers of events, ihtegrated luminosities and J/y cross-sec-
tion divided according to \/5

Ng
Gev) 23 31 53 63

L

(1036 cm~2)

Number

of events
do

BX =0 5.9 8.4 166 31.9

(10733 em?)

Statistical

error 2.4 +2.3 +2.6 +8.2

(10733 cm?)

Absolute

error £3.9 +5.0 +9.2 +18.8

(10733 em?)

0.8 1.4 2.1 0.4

6 13 42 15

be described by the form:

4T g trr, (1)
dpy

with b =2.1 £0.4.

The final acceptance calculation was performed
using this distribution and the result is shown in fig.2g
as a function of electron pair effective mass. The num-
bers of events between 2.75 and 3.45 GeV/c2 were
taken as the raw J/ signals and are given in table 1,
together with the integrated luminosities and cross-
sections derived after background subtraction **. In
addition to the statistical error, which is sufficient for
comparing the cross-sections at the different centre-of-
mass energies — because the over-all efficiency should
be substantially independent of v/s — there is a scale
error of a factor of about two which should be borne
in mind when comparing these results with those of
other experiments.

Fig. 3 shows our results with the statistical errors
only (the scale error being shown on the figure) to-
gether with a compilation of previous results [3] +4,
The over-all agreement, in particular with the rather
well determined values at Fermilab energies, is satis-
factory. This newly demonstrated rise of the J/y pro-

+3 If 2 value of b = 1.6 is used for the Py distribution assumed
[eq. (1)] then all cross-sections are increased by 12%.

#* Another experiment has been done at \/s = 32 GeV, but
with y = 1.6, by E. Nagy et al. The resultsis B,,,,(do/dy)
=(7.2:2.4) X 10733 cm?.
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Fig. 3. B(J/y ~e*e™) X (da/dy |y=0) as a function of </s com-
pared with the results compiled in ref. {3].

duction cross-section, which amounts to a factor of
5.41*59 over the range of /s covered by our experi-
ment, agrees with the predictions of various theoreti-
cal models, in particular with that of the quark-anti-
quark fusion model of Donnachie and Landshoff [4],
and in this framework provides a useful check of the
quark distribution within the proton.
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