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Abstract

Search for baryon pair production in e+e~ annihilation at y/s = 2386 MeV is reported.
The data relate to a luminosity of 161 nb'1 collected by the DM2 experiment at DCI,
the Orsay colliding ring. First measurement of direct e+e~ annihilation into AA and of
e+e~ —> pp at this energy are presented. First observation of a good e+e~ —> nn candidate
is reported and upper limits are given for e+e~ -+ nn, AE0 + c.c. and S0E0 .
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Introduction

The study of the electromagnetic structure of hadrons, which began with the pioneer-
ing work of Hofstadter [1] more than 30 years ago, remains an open and interesting field
of research. The amplitudes for the e~B —> e~ B elastic scattering and the crossed annihi-
lation processes e+e~ —> BB and BB —• e+e~ can be written in terms of two form factors
which summarize the information on the electromagnetic structure of hadrons. These form
factors are analytic functions which depend only on the squared four-momentum trans-
ferred in the reaction. In particular the differential cross section of the baryon production
process e+e~ —> BB can be expressed as:

The functions GE(Ç2) and GM[^2)-, electric and magnetic form factors, reduce, for q2 = 0,
to the baryon electric charge (in unity of the elementary charge) and magnetic moment
(in unity of Bohr magneton) respectively.

Up to now many experimental informations are not available. Concerning the proton,
good data are available in the space-like squared momentum region by elastic electron
scattering. In the time-like region measurements have been performed by e+e~ —> pp
[2,3,4] and pp —y e+e~ [5] reactions, but with limited statistics and momentum range.
Large pp —> e + e~ statistics shall be soon available from the APPLE [6] experiment at
LEAR but only for q2 up to 4.2 GeV2. The neutron data in the space-like region are
essentially obtained by electron scattering on deuterium but no measurement in the time-
like region has been made yet. A new experiment, FENICE [7], is planned to perform that
at the rebuilt ADONE e+e~ colliding ring. Finally, no measurement for baryons other
than proton and neutron exists.

In this paper we present a study of the production of baryon pairs other than the
proton and the measurement of the e+e~ —> pp cross section at y/s = 2386 MeV. The data
relate to an integrated luminosity of 161 nb"1 collected by DM2 at this energy during the
last four days of data taking in October 1984.

Detector and luminosity

The DM2 detector [8] operated at DCI, the Orsay colliding ring, is a large solid angle
spectrometer. A 0.5 T field is produced by a 2 m in diameter and 3 m long solenoid.
Inside the magnet, proportional and drift chambers measure charged track momenta over
87% x 4TT sr with a resolution of 3.5% at 1 GeV/c. A system of 36 two cm thick scintillators
covering 80% of the solid angle measures the time of flight with an intrinsic resolution a
= 330 ps. The photon detector barrel (6Xo), divided into octants, is located outside the
coil. It consists of planes of delay streamer tubes interleaved with lead and scintillators,
with charge and TOF measurements, whose segmentation allows separate identification of
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showering particles (7, e), muons and hadrons. The photon detector has tracking capabil-
ities and matching is performed between the tracks reconstructed within it and the tracks
in the drift chambers. The total nuclear absorption length of the photon detector and the
coil amounts to 0.75A so allowing hadron signature for about 80% of the two prong events.

The luminosity used in this analysis is calculated from large angle Bhabha events and
amounts to (161 ± 10) nfc""1. This value is compatible within the errors with that measured
from the e+e~ —* n+fi~ annihilation. Muon pairs have been separated among the large
Bhabha production by a track signature based on the difference between the number of
hit tubes and the number of touched planes [4].

e+e~ —»pp

The candidates to the reaction e+e~ —» pp have been looked for among events with
two prongs and zero total charge. The two tracks must belong to a common vertex inside
the fiducial volume (5 mm in the radial coordinate and ±300 mm in the along-the-beam
coordinate) and satisfy a collinear fit [9] in the plane transverse to the beam direction.

The pp events have been separated from all the other two-body e+e~ annihilations
with a cut on the prong momenta:

500 < P+- < 800 MeV/c

A further cut on the missing momentum:

Pmi,,< 100 MeV/c

is applied against hard radiative Bhabha production.
Cosmic ray background is reduced by using time of flight information. The quantities

ATOF = (TOF1 - TOF2) and TOFave = (TOFi + TOF2)/2, where both TOF's are
normalized to equal flight distance, have been considered. The cosmic contamination
resides in the two bands at ATOF ~ ±7 ns while relativistic events coming from the
beam crossing are centered around ATOF = 0 and TOFave ~ 3 ns [9]. Thus the following
cuts are applied:

| | < 2 ns

2.5 < TOFave < 7 ns

When only one time of flight is measured, cosmic rays with TOF very different from that
of the annihilation products are rejected by the cut:

2.5 < TOF < 7 ns

Finally, in order to define a fiducial zone for particle identification, the extrapolation of
the tracks in the octants must pass through the full photon detector and not cross the
uninstrumented octant junctions.

Only 17 events survive these cuts. The final pp selection is performed by requiring the
p annihilation in the photon detector. At least two tracks must be present in the octants



associated to the negative track in the drift chamber. When only one associated track is
present, it must form an angle 0 > 15° with the track in the drift chamber. The above
cuts have been established using the pp events of Ref.[4], which were not identified by the
p signature in the photon detector.

A sample of 7 pp events is found (Fig. 1). No signal or few hits in the octants are
associated to the positive track, as expected by the range of protons at this energy. On
the contrary all discarded events are evident cosmic rays with two /x-Iike signatures in the
octants {Npiane, > 5 and Ntubes ~ Npianea < 5). On the other hand, no event is selected by
analyzing the dataf collected in the same shift at \f$ = 1350 MeV. No contamination is
also found from Bhabha events by a large statistics Monte Carlo study, including radiative
corrections.

The efficiency has been evaluated by Monte Carlo to be (50.8 ± 2.6)%, taking into
account the p identification. Thus the following cross section is obtained:

This result is reported in Fig. 2 along with DMl [3] and previous DM2 [4] results at
lower energies. The systematic error (8% from normalization and efficiency uncertainties)
is negligible in comparison to the statistical one.

The squared form factor is reported in Fig. 3. Its value has been calculated under
the assumption \GM\ = \GE\ which is exactly true only at threshold. This assumption is
well compatible with the previous DM2 data, although the best fit of such data suggest a
decrease of |Gjvr|/|<?£:| with the energy.

AA, AS0 + ce, S 0 S 0

At y/s = 2386 MeV e+e" annihilations into AA, AE0 + cc, S0E0 and S + S + are
kinematically permitted. Due to their expected small production and the large multihadron
and beam-gas interaction background we looked only for production of clean A pairs,
neglecting the E + S + channel.

The A pairs have been searched for among four prong zero charge and three prongs
±1 charge events with at least one invariant mass of two oppositely charged tracks, in the
hypothesis of one proton and one pion mass, within the 1080 - 1220 MeV/c2 range.

The four track events have been required to have a missing momentum:

Pmis, < 150 MeV/c

and a squared missing mass in the n + ir"pp hypothesis:

(XmI^KW4 (MeV/c2)2

t These data correspond to 50 nb * luminosity and to a period of data taking 2.8 times
longer than that at y/s = 2.4 GeV.



The scatter plot of the best A mass versus the opposite proton-pion mass (Fig. 4) gives
evidence of a small but clear AA signal of 4 events well separated from the low background.
Requesting p annihilation in the apparatus, according to the above criteria, the 4 AA events
remain whereas no background survives.

The three track events are required to matrh the total energy within 240 MeV, by
imposing the right mass to the missing momentum, and to have a transverse missing
momentum lower than 100 MeV/c. Moreover, the mean TOF of the tracks with pion or
proton mass assignment must be, when available, greater than 3 or 5 ns respectively.

No AA signal is observed in the mass scatter plot of Fig. 5 and no event survives
by requesting p interaction in the photon detector. Then we conclude for the positive
observation of 4 AA candidates with no background.

To such a final state e+e" —+ AA, AS0 f c.c, E0E0 channels can contribute, the E0

decaying into a A and a 75 MeV photon. The photon counting does not disentangle the
three channels because Monte Carlo predicts a large percentage of AA events be observed
in a final state with one or more showers, produced by hadronic interactions in the coil or
in the barrel, not associated by the tracking program to the tracks in the drift chamber
(Tab. 1). The AA, AE0, S0S0 separation is based instead on A momentum distributions,
shown in Fig. 6 for the Monte Carlo simulations of the three channels, together with the
momenta of the four candidates. The S0S0 are weii discriminated while there is overlap
between AA and AS0 events. For each candidate, Tab. 2 gives the integrated probability
to belong to one of the AA or AE0 distributions.

The maximum contamination from the e* e~ ---> AI!0 channel in the AA sample can be
set to one event, by assuming its cross section equal to the e+e~ —+ AA one, even though
it is expected to be lower [10]. Thus the following cross section and upper limit (at 90%
CL.) can be respectively given:

a{e+e~ -» AA) = IMtH Pb

<r(e+e" — AE0 f c.r.) < 75 pb

The systematic error (10% from luminosity and efficiency uncertainties) is negligible in
comparison to the statistical one.

The low efficiency and the proximity to the threshold can explain the non observation
of e fe~ —> S0S0 events. Nevertheless by relaxing the previous cuts on missing mass and
missing momentum to -104 < m2

mi,3 < 2 x 104 (MeV/c2)2 and 200 MeV/c respectively,
no candidate is found whereas the overall efficiency grows up to 11.8% from the previous
3.9% value. Thus the following upper limit at 90% CL. is set:

a{evc~ -* E0S0) < 120 p6.

nn

Candidates for the e+e --> rtn reaction have been searched for among the events
accepted by the neutral trigger f. These events amount to 4567. The neutral trigger

This trigger was not operated for the data of Ref.[4].
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requires substantially no track in the central detector coming from the interaction region,
at most one scintillator counter hit inside the coil and at least two opposite octants hit
with a sizeable energy deposition.

The events accepted by the neutral trigger are at a large extent e+e~ —> 77's.
Such events are identified by requiring two clear showers (Ntubea ~ Npianes > 6 and
Ntukes/Npiams > 1.4) in two opposite octants. The two showers must come from the
fiducial region along the beam line and be collinear to better than 10°. Moreover each
track in the octants has to form an angle with the direction calculated from the shower
apex lower than 25°. The observed number of e+e~ —> 77 candidates (3109 ± 55) largely
agrees with the expected value (3316 ± 166). These events have been discarded.

The remaining sample contains mainly cosmic rays and unidentified e+e~ —> 77
events. Cosmic rays not passing through the fiducial region along the beams are accepted
by the neutral trigger when they are at large |z| or are associated to a few hits in a further
octant (6-rays or scintillators noise). These events are recognized and discarded by an
algorithm which associates the track directions in the octants taking into account effects
due to the magnetic field. Moreover at least one of the tracks must be /x-like.

Background is further reduced by using time of flight informations. The TOF's mea-
sured by the scintillators in the octants are extrapolated to the inner counters and the
TOF of each track, whenever available, must be greater than 3 ns. Furthermore the TOF
measurements must be compatible with an outgoing direction of the tracks.

Finally each event has been required to exhibit TV > 10 hit tubes in one triplet of
adjacent octants and N < 15 in the opposite one, so accounting for the large n and poor
n interactions.

The selected 16 events have been eye scanned and studied in detail. In particular, the
n annihilation is defined by the observation of at least two tracks coming from a common
vertex in the coil or in the octants, while, if a track is observed in the opposite octant, its
length must not exceed the maximum range of a proton recoiling in front of the n. The
efficiency of the set-up, in particular of the central detector, has been carefully checked,
run by run.

Two possible nn candidates have been found (Fig. 7). Both are well centered in
the photon detector. The discarded sample contains e+e~ —> 77 events, with one shower
not fully contained in the detector, and parallel multi-track cosmic showers originated
above the detector. The probability that e+e~ --> 77 events simulate the two selected
nh candidates has been evaluated to be zero by a large statistics Monte Carlo followed
by visual inspection. The same analysis applied to the set. of data collected at v/s=1350
MeV confirms this result and sets the background from other sources to one event. No
event of this set reproduces the topology of that shown on Fig. 7 (bottom), which can be
considered a good e+e~ —+ nn candidate.

The e+e~ —> nn efficiency, which amounts to (4.5 ± 0.5)%, has been estimated by
Monte Carlo simulation followed by visual inspection of the selected events. By considering
two candidates with one background event, the following upper limit is set (at 90% CL.):

<r{e + e~ -» nn) < 0.60 nb



Discussion

Non phenomenologicai approaches to the nucléon form factor based on perturbative
QCD [11] or QCD sum rules [12] are limited in space-like region and very high transferred
momenta. Such models mainly indicate a a(e + e~ —• nn) lower than <r(e + e~ —* pp) at the
asymptotic limit.

Usually the nucléon form factors in the whole space-like and time-like regions are
interpreted in the generalized VDM framework in which data are fit to a sum of poles with
coupling constants which can be constrained by the asymptotic QCD predicted behaviours
of the amplitudes. Korner and Kuroda [10] gave a theoretical prediction in which the q2

dependence of the proton form factors arises from the coupling of many vector mesons in
the form of product of N(J,c) poles over />, u> rscurrencies, according to the Veneziano
formula:

, n (' - ^ - T
where Ci are the coupling strengths of the vector mesons and «' are the Regge slopes
a\ ss 0.9 - 1.0 (GeV/c2)"2. The agreement with the data of such a model, which has no
free parameter, is very good (see Fig. 3). However no p, u> recurrency has been found
around 1.25 GeV/c2 and the p(l600) seems [13] to be splitted in two states around 1.45
and 1.70 GeV/c2. This model foresees an nn production two times the pp one, and a
<r(e+ e~ —> AA) value which is compatible with our low statistics measurement.

A very good agreement with the experimental data is obtained by a recent VDM
calculation [14] in which the masses of the vector mesons and their recurrencies are free
parameters. However the proton is found to be coupled to the <j> with strength comparable
to the p, u> sector. Such a model predicts rr(e+e~ ~* nn) to be remarkably larger than
cr(e^e~ —> pp). An even greater ratio was foreseen in a previous phenomenologicai fit [15].

Hybrid models [16], which associate QCD and VDM techniques, are limited in space-
like region. These models would indicate a cr(e+e~ -+ nn) scaling with q2 faster than
(r(e + e~ —» pp).

Conclusions

First measurement of direct e + e~ annihilation into AA pairs is reported. The cross
section at ^ = 2 3 8 6 MeV is <r(e+e" —» AA) = IOOI35 P -̂ F ' r s t measurement of pp pro-
duction at this energy is also given, <r(e+e~' —> pp) — (86^7) P -̂ Upper limits are set for
<r(e+e- -> A S 0 + c.c.) < 75p6and o{t¥ e~ -> K0E0) < 120 pi.

One good e^e" —* nn candidate is found, and an upper limit, cr(e+e~ —» nn) <
0.60 nb, is set for this reaction.
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Fig. 1 One pp event (transverse view).
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Fig. 7 The two nn candidates (transverse view).


