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Proton Electromagnetic Form Factors in the Timelike Region from 8.9 to 13.0 GeV
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Cross sections for the reaction pp —+ e+e have been measured at s = 8.9, 12.4, and 13.0 GeV .
The cross sections have been analyzed to obtain the proton electromagnetic form factors in the
timelike region. We find that G~(q ) oc q n, (q ) for q ) 5 (GeV/c)

PACS numbers: 13.40.Fri, 12.38.Qk, 13.75.Cs, 14.20.Dh

The understanding of nucleon structure is one of the
central problems of hadronic physics. Measurements of
the electric and magnetic form factors, G'@ and GM, as
functions of the four-momentum transfer q provide ex-
perimental information relating to the nucleon structure.
A large body of precise data obtained primarily from
elastic scattering of electrons by protons and deuterons
now exists for these form factors, with the form factors
of the proton known up to q = 31 (GeV/c) [1]. How-
ever these data are primarily for spacelike momentum
transfers (q ( 0). Results for GM in the timelike re-
gion (s = —q c ) 0) exist only for a small interval near
threshold, 4m„c & s ( 5.6 GeV . These data include
precise measurements recently obtained at the Low En-
ergy Antiproton Ring (LEAR) facility at CERN from
the reaction pp ~ e+e [2]. For larger momentum trans-
fers only upper limits have been established by earlier
e+e ~ pp and pp ~ e+e experiments [3]. Perturba-
tive @CD predicts [4] that for large momentum transfers
q [G~]/pz should be nearly proportional to the square
of the running coupling constant for strong interactions,
a., (q2). Recent data [1] for large spacelike momentum
transfers are in remarkable agreement with this predic-
tion for q2 as small as 5 (GeV/c)2. It is of great interest
to And out if a similar behavior holds for timelike mo-
mentum transfers.

In this I etter we present the results of our measure-

ments of the cross section for the reaction

pp ~ e+e

at ~s = 3.0, 3.5, and 3.6 GeV. These measurements were
made as a part of Fermilab experiment E-760, which is
dedicated to the study of charmonium by resonant forma-
tion in pp annihilations [5]. The differential cross section
for process (1) can be expressed in terms of the proton
magnetic and electric form factors as [6]

dO

d(cos0*)
~a,2(hc) 2

8EP

x GM
~

(1+cos 0*) +

(2)

where E and P are the center of mass energy and mo-
mentum of the antiproton, and 6I' is the angle between
the e and the p in the center of mass system.

Experiment E-760 has been carried out at the antipro-
ton accumulator of the Fermilab Antiproton Source. The
circulating beam of stochastically cooled antiprotons (up
to 4 x 10ii p) intersects an internal hydrogen gas jet tar-
get to provide instantaneous luminosities up to 9 x 10
cm s

The detector is a nonmagnetic spectrometer with cylin-
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drical symmetry about the beam axis [7], optimized for
the detection of electromagnetic final states. The central
calorimeter covers the full azimuth and 11' & 8 & 70',
and consists of an assembly of 1280 lead glass detectors,
each pointing to the beam-jet interaction region. The
planar forward calorimeter covers 2' ( 8 ( 11', and
consists of 144 lead-scintillator sandwich detectors. A
threshold gas Cerenkov counter, with twofold polar and
eightfold azimuthal segmentation, allows discrimination
between electrons and charged hadrons. A coincidence
between the appropriate azimuthal elements of two scin-
tillator hodoscopes (Hl and H2) with the correspond-
ing cells of the Cerenkov counter, and at least two large
energy deposits in the central calorimeter separated by
AP ) 90', define the fast trigger for ttiio electro-n events.
The eKciency of this trigger has been measured at both
J/Q and Q' formation energies as et„s ——0.92 + 0.02
[5]. Charged particle tracking information is provided
by three inner elements, a cylindrical straw chamber, a
radial projection chamber (RPC), and a multiwire pro-
portional chamber, as well as an outer element consisting
of two layers of limited streamer tubes. The luminosity
is determined by detecting recoil protons in a solid-state
detector mounted at L9 = 86.5', and normalizing the yield
to the known pp elastic scattering cross sections.

The ofF-line analysis of the data is based on the iden-
tification of two electron tracks collinear in the center of
mass, with an invariant mass m, +,—compatible with the
center of mass energy (v s) of the pp system. The fiducial
range of polar angle in which the electrons are accepted is
15' & 0 & 60'. A preliminary selection requires the two
highest energy showers in the central calorimeter to be as-
sociated with the electron track candidates. The electron
identification is based on the pulse height information
from the hodoscope H2 and the Cerenkov counter, dE/dz
information from the RPC, and the transverse shape of
the energy deposition in the central calorimeter [5]. The
e+e invariant mass distribution at this stage of the se-
lection is shown in Figs. 1(a), 1(b), and 1(c) for ~s = 3.0,
3.5, and 3.6 GeV, respectively. A feature common to the
three distributions is the presence of a low invariant mass
background, which we attribute to residual Dalitz pairs
or photon conversions from the vast 7t. component of the
pp annihilation. In addition, Figs. 1(b) and 1(c) show
a prominent signal corresponding to the inclusive pro-
duction of J/Q and its subsequent decay, J/g ~ e+e
[8]. Both the background and the J/Q signal disappear
when we require only two showers in the electromagnetic
calorimeter and impose the requirements of two body
kinematics on the electron directions. Prom a study of a
background-free sample of pp —+ J/g ~ e+e events, we
determine our angular resolution and apply +2.5o cuts
on the azimuthal and polar collinearity: specifically we
require 178.3' & P„& 181.7' and 177' & 8,*, & 183'
where P„ is the azimuthal angle between the two elec-
trons, and 6t,*, is the sum of the center of mass polar
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I IG. 1. Distribution of the e+e invariant mass for events
collected at (a) s = 8.9 GeV, (b) s = 12.4 GeV, and (c)
8 = 13.0 GeV . The open histograms are for events passing
the preliminary event selection. The shaded histograms are
for events which survive the final collinearity cut.

angles of the two electrons with respect to the antipro-
ton direction. The events remaining after these cuts are
shown as the shaded area in Fig. 1 and are seen to clus-
ter around the corresponding center of mass energy with
a spread compatible, to within +2 standard deviations,
with the experimental mass resolution. Notice that no
cut on the e+e invariant mass has been necessary to
obtain a very low background sample of events belonging
to reaction (1). The efficiency of the above event selec-
tion, determined by using the e+e events from the J/g
and Q' data samples, is found to be s„i = 0.79 + 0.03.
Thus the overall eKciency is e = et„~ t „~ = 0.73 + 0.03.
Figure 2 shows the O„distribution for events with only
two clusters in the central calorimeter if, alternatively, we
cut on the azimuthal opening angle P„and on the e+e
invariant mass. This sample includes all events found
with the previous selection.

Two-pion final states are the main source of back-
ground for reaction (1). The cross section, o(pp
x+~ ) is known to be & 10 pb for 3.0 & ~s & 3.6 GeV
[9]. The pion contamination is measured from a sample
of resolved pp —+ ~+~ events that were collected with
a dedicated hadron trigger. Prom these we measure a
probability of 2 x 10 3 for a pion to produce a shower in
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FIG. 2. 0,*, for e e coplanar pairs with an invariant mass
compatible with the center of mass energy of the interaction
for events with only two clusters in the calorimeter at (a)
s = 8.9 GeV, (b) s = 12.4 GeV, and (c) s = 13.0 GeV .
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the central calorimeter which simulates an electromag-
netic shower with an energy compatible with the two-
body kinematics of the e+e final state, and a 1.2 x 10
probability for a pion to produce a Cerenkov signal that
would pass the selection criteria used to define an elec-
tron. The combined calorimeter and Cerenkov rejection
for ~++ events is thus 1.6 x 10 . This leads to an es-
timated background cross section ( 0.01 pb, which is
negligible when compared to the measured cross section.

The pp —+ m vr annihilation is also a source of possible
background, when each of the two ~ 's either undergoes
a Dalitz decay or has one of the two decay photons con-
verted in the 0.2 mm stainless steel wall of the beam pipe.
This background has been estimated from data collected
in the same experiment with an all neutral trigger de-
signed to detect pp —+ pp events. These data provide
the cross section for neutral events with just two clusters
in the central calorimeter satisfying the kinematic con-
straints used to select reaction (1). The measurement
gives a cross section of 800 pb at ~s = 3.0 GeV and
100 pb at v s = 3.5 GeV. Taking into account the conver-
sion probability (2%) per photon and the probability for
both pairs to be misidentified as single electrons (5%) we
estimate a background cross section from photon conver-
sions to be & 0.016 pb at v s = 3.0 GeV and & 0.002 pb
at ~s = 3.5 GeV, which is also negligible. Similar con-
tributions come from one or both vr 's decaying into a
Dalitz pair. In conclusion, we estimate the total back-
ground from all sources to be less than 0.3 event among
the 29 events observed.

The e+e events from the decay in the tails of the J/g
and Q' resonances constitute a possible background for
the form factor events of reaction (1). This contribution
has been calculated to be negligible.

We recall that the fiducial range has been restricted
to 15 & 8 & 60'; this corresponds to difFerent accep-
tance ranges for cos8* at difFerent energy values. For a
given integrated luminosity 2, , and overall efIiciency e,
the number of events is

N = 6 8 OCQlf)

with

where

and

COS Omax

d(cos 8*)(1 + cos 8*) (5)

COS 8' 2

d(cos 8*) " sin 8* .
S

In Table I we present the values of 8 = —q, cos 8*

A, B, and o., „. The cross sections o.„„are obtained
from Eq. (3). Because of the limited statistics and an-
gular coverage we cannot derive t ~ and CM separately.
The values of ~GM] are deduced using Eq. (4) under the
assumptions that (a) ]G@~ = ~GM~, and (b) the term
containing G~ is neglected; the values are reported in
Table I. It is to be noted that the values of ]GM deter-
mined under the two approximations difFer by less than
15%. The values of the proton magnetic form factor, un-
der assumption (a), are shown in Fig. 3 in the form of
q ]GM~/p, „vs —q (p„= 2.79), along with the earlier
results from the literature [2]. The curve corresponds
to GM(q ) oc q n, (q ), where n, (q ) is proportional
to 1/ln(q~/A~), with A = 0.2 GeV. The dependence
on q2 is consistent with what was found for comparable
spacelike momentum transfers [1]; however, the nurneri-
cal values of ~GM

~

in the timelike region are nearly twice
as large as those in the corresponding spacelike region.

The fit presented in Fig. 3 leads to the estimate that
]GM(q = MJi~)~ = 0.026 + 0.002 and ~GM(q

M@,)] = 0.012+0.001. By integrating Eq. (2) and then
applying the principle of detailed balance, we obtain the
total cross sections, o 7 (e+e ~ p' ~ pp) = 5.9 + 0.9 pb
at MJ/Q and oT(e+e ~ p* ~ pp) = 0.83 + 0.13 pb
at M@ . The cross section oT(e+e —+ p* —+ hadrons)
in the continuum is given by [47m (hc) /3] x R/s, where
the ratio R = o(e+e —+ hadrons)/cr(e+e —+ p+p )
has the measured value of 2.5+ 0.2 in this mass region
[10, ll]. Thus the branching fractions

oT(e'e ~* pS )f v+
o T (e+e —+ p* —+ hadrons)

are (2.6+ 0.5) x 10 4 at the 1/Q, and (0.52 j 0.09) x
10 4 at the Q'. The corresponding branching fractions
for gluonic decays of the J/Q and the Q'

vrn2 (trc) ~

[A]GM] + B]G@ ], (4)
~(+~ ~ 999 ~ PP)fggg =—

I'(R ~ ggg —+ hadrons)

TABLE I. Summary of results for the magnetic form factor of the proton. The GM values in
column (a) are obtained with the assumption ~G~] = ~GM]. Those in column (b) are obtained by
neglecting the contribution of the term containing G~.

(GeV ) (pb ')
corr
(pb)

i

cos8' IGM
I

(a) (b)

8.9
12.4
13.0

2.8+0.1
17.7+0.9
6.0+0.3

14
11
4

8+2 ~ 3—1.8
0.85+'-"—0.25
p 91+0.72

—0.44

0.45
0.60
0.62

0.96 0.33
1.34 0.30
1.40 0.29

0 033+—0.004
0.013+—0.002
p p13+0.005—0.003

0 039+'"'—0.005
p 014+0.003

—0.002
p 15+0.006

—0.004
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are estimated to be (31 + 2) x 10 4 and (12 + 4) x 10
for the J/g and Q', respectively. A comparison of these
branching fractions leads us to the purely experimental
result that the hadronization via gluons favors the pp
channel by approximately an order of magnitude as com-
pared to hadronization via a photon.
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FIG. 3. Variation of q [GM]/p„vs —q = s/c . The tri-
angles are from this experiment. For the sources of the other
data see Ref. [2]. The dashed curve showers the perturbative
@CD fit to the data for q ) 5 (GeV/c) described in the
text.
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