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Abstract.

The cross section for the process ete™ — pp has been measured in the s range
3.6 - 5.9 GeV? by the FENICE experiment at the ete™ Adone storage ring and the
proton electromagnetic form factor has been extracted.



1. Introduction

The proton electromagnetic form factors have been widely investigated in the
space-like region by means of elastic scattering of electrons on hydrogen targets
'1]. Several measurements have been performed also in the time-like region at s
values between the nucleon-antinucleon threshold (s = (2M,)* = 3.52 GeV?) and
s = 13 GeV?, exploiting two different experimental techniques: the detection of
the process ete™ — pp at eTe™ storage rings {2| and the process pp — eTe™ by
means of antiproton annihilation on a hydrogen target [3,4,5]. As well as in the
space-like region, but approaching a different proportionality constant value, a 1/s*
asymptotic behaviour is experimentally found for the magnetic form factor |G/,
in agreement with what is expected on the basis of dimensional arguments [6]. In
the s range from threshold up to ~ 4 GeV*, the most recent results show a steep
slope of the form factor just above threshold. Furthermore, the first measurements
of the neutron time-like form factor [7] near threshold give a hint for a neutron form
factor being larger or equal than the proton one in contrast with simple QCD based
arguments [8].

In this paper more data on the proton time-like form factor from the FENICE
experiment at the Adone e*e™ storage ring are presented.

2. Experimental apparatus

Adone was an e*e” storage ring operating at center of mass energies in the range

1.5 < /s < 3.1 GeV with a mean luminosity of 10?° em~%s~!, the uncertainty on
the absolute value of the center of mass energy being about 5 MeV'.

The FENICE detector [9] has been designed mainly for the measurement of the
process eTe” — n7 from threshold up to the J/1i resonance energy [10], but the
detection of other final states is also possible. It is a non-magnetic detector with a
solid angle coverage of 0.76 x 47 sr. A Central Detector (CD), consisting of a layer
of 0.5 cm thick scintillators and 4 planes of Limited Streamer Tubes (LST) [11],
surrounds the 300 um thick iron wall of the beam pipe. The antinucleon detector
designed for the detection of the multi-track topologies of @ or 7 annihilations on
nuclei consists of alternate layers of 0.5 em thick iron plates, 2 or 5 ¢m thick scintil-
lator slabs and LST planes. The expected average numbers of charged and neutral
pions in the detector are 2.3 and 1.5 respectively. The scintillators are employed for
triggering and for time of flight (TOF) measurements, the LST planes for tracking.
The TOF resolution is about 600 ps per scintillator, taking into account the beam
crossing time spread. Finally an array of Resistive Plate Counters (RPC) [12] used
in anticoincidence in the trigger, surrounds a concrete hut, built around the detector
in order to reduce the rate of cosmic rays interacting in the detector.

3. Data analysis and results

The FENICE experiment took data at center of mass energies /s = 1.9, 1.92, 2.0,
2.1 and 2.44 GeV'; special runs have been done just below the nucleon-antinucleon



threshold from /s = 1.82 GeV to 1.86 GeV in order to evaluate the residual back-
ground. The primary goal of the experiment was the first measurement of the
neutron time-like form factor. However the detection of pp events allowed the mea-
surement of the proton form factor too. A preliminary result on the proton form
factor at s = 4.4 GeV? has already been reported [7]. In this paper further results
on the proton form factor at different s are given.

The event selection proceeds in three steps:

(1) the raw data are filtered in order to reject cosmic rays, beam-gas interactions
background and collinear two-tracks events (e*e™, p* 1~ and vv) with no appreciable
loss of efficiency. At this stage multi-hadronic events are identified and rejected;
(2) pp candidates are selected asking for two aligned tracks in the CD. At /5 <
1.92 GeV a track is defined by a hit in the CD scintillator, while at higher /s
it 1s defined by a sequence of at least 3 hits out of the 4 planes of LST in the
CD. The collinearity request ranges from +18° (fixed by the scintillator width) at
V8 = 1.92 GeV and +10° at higher /s.
(3) finally the signature of pp events is the coincidence of an annihilation star origi-
nated by a charged particle (7 signal) and a track back to back the annihilation star
(p signal). At /s < 1.92 GeV both p and 7 stop in the CD scintillator layer and the
p annihilates at rest. On the contrary, at /s > 2.0 GeV both particles penetrate
deeper into the detector and the 7 can annihilate also in flight with a probability
ranging from 10% at 2.0 GeV to 65% at 2.44 GeV. The final samples of events are
visually scanned to reject residual events with topologies not compatible with pp
~events. | ' |

In the samples of events that survive the selection procedure, residual background
events could be beam-gas or beam-pipe interactions and multi-hadronic events sim-
ulating annihilation stars. Both background sources are more relevant when the p
annihilates closer to the interaction region. A discriminant feature between these
background events and the pp events is the time of flight, since both the p and the
are characterized by 0.16 < 8 < 0.64 in the explored s region. At /s > 2.0 GeV a
measurement of J; is provided by vertex reconstruction and by TOF measurement
in the scintillators closer to the vertex region. At /s < 1.92 GeV such a measure-
ment is not possible due to the very short path of the outgoing 7. In this case the
average time of flight of the event T is used as discriminant variable.

In Fig.1 the T distributions are shown for the selected samples below threshold
(Fig.la) and at 4/s = 1.92 GeV (Fig.1b). The excess of events at high T observed in
the second sample corresponds to the expected pp signal. A cut at 4.8 ns is suggested
by comparing the distributions shown with the Montecarlo simulation. An excess
of events separated from residual background is observed also at /s = 1.90 GeV.
However, due to the uncertainty on the absolute value of the center of mass energy,
the systematic error on the selection efficiency evaluation is very large and does not
allow us to estimate reliably the form factor |GP| !.

In Fig.2 the 1/3; distribution of the selected events at /s = 2.1 GeV is shown.

'Antineutrons have a longer mean path hence the TOF measurement of antineutrons from
ete”™ — nn will allow to reduce this uncertainty.



s(GeV?) | L (nb7') Cpp Ny o(e"e” — pp) (nb) GP|

3.69 790 4.8 0.21 +0.02 |16 +4.5 | 0.96 +0.25+0.11 | 0.36 = 0.05 £ 0.02
4.00 93.9+56| 031 =0.03 | 18+4.7 | 0.62+0.16 =0.06 | 0.24 =+ 0.03 £+ 0.01
4.41 999 +6.0| 045+0.03 | 28+5.3 ] 0.62+0.11 =0.05 | 0.22 +0.02 + 0.01
5.95 571 +3.41044 +0.031 | 7x+2.6 | 0.28 +0.11 = 0.05 | 0.15 £ 0.03 = 0.01

The distribution is compatible with a gaussian one, centered at the expected value:
the residual small background i1s subtracted in the calculation of the final number
of events.

Simulation of pp events in the detector has been done taking into account ra-
diative corrections on the initial state [13] which considerably affect the efficiency
evaluation; 7 annihilation cross-sections are taken from [14| and pions are gener-
ated according to invariant phase-space. The detection efficiency is evaluated by
submitting simulated events to the same selection procedure used for real data.

The luminosity is measured by means of Bhabha scattering in the FENICE
detector and is checked with 4% 1~ and 4+ rates. An external fast luminosity monitor
based on the detection of single bremsstrahlung photons [15] was also operating,
giving luminosity values in agreement within 6% with the Bhabha measurement.
The systematic error on the integrated luminosity is estimated to be +6% for all
the s values. | |

Tab.1 reports integrated luminosity £, efficiency €,5, final number of events N3
together with cross section o and form factor |GP?| for data in the 3.69 = 5.93 GeV?
range. The form factor is extracted from the total cross section according to

47 o® 2Mp2

o= %8 Gr(s)PiL

y
38 ]

where M, is the proton mass, 3 is the proton velocity and |GP?| is the form factor in
the hypothesis that |G| = |G},| also at s # 4 M.

The error on N; includes the effect of background subtraction. In Table 1 the
statistical and the systematic errors respectively are quoted for the cross sections
and the form factors. The main contribution on the systematic error is given by the
uncertainty on annihilation cross sections, annihilation pion spectra, and by LST
efficiency variations. An overall £10% systematic error is obtained.

Finally in Fig.3:the FENICE results are compared with worldwide data on proton
form factor in the time-like region.
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FIG. 1 - Average time T distribution for events selected (a) below threshold 1.82 = +s = 1.86

GeVand (b) at Vs = 1.92 GeV. The pp signal at Vs = 1.92 GeV is given by the number of
events with T > 4.8 ns (see dotted line).
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. 2 = 1/ B distribution for the candidate events at Vs = 2.1GeV.

-
| 1 | | } | ] I ] ] | 1 | I S S
2 3 4 5 6 7




QT-O.8 I i — + -
g I ! op —>e'e
07k- : © LEAR PS170
| i o PS CERN
0.6 F i e'e”—>pp
: X ADONE
: e A DCIDMI
D51 I o DCIDM2
: | E ® FENICE (this experiment)
0.4 3 O 4
| Ei# !
! O 20 o + 1
b2t IR
: | +
01 B E S
O'LIIE.L.1:L4.11..,..1..111.l.ll
3.5 4 4.5 5 5.5 6

y (GeVZ)

FIG. 3 — The proton electromagnetic form factor as a function of V's. The dashed line
corresponds to the nucleon-antinucleon threshold. The FENICE results (full circles) are
compared with worldwide data 1n the same s region. |



