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We report a measurement of the negative pion electromagnetic form factor in the range of space-like four-momentum
transfer 0.014 < qv2 < 0.122(GeV/e)?. The measurement was made by the NA7 collaboration at the CERN SPS, by ob-
serving the interaction of 300 GeV pions with the clectrons of a liquid hydrogen target. The form factor is fitted by a pole

form with a pion radius of #2>1/2 = 0.657 + 0.012 fm.

The interaction of a charged pion with a photon of
four-momentum g is modified from a point interac-
tion by the form factor F(g?). At g2 = 0 the slope
dF/dg? is simply related to the mean square charge
radius, Measurements of the form factor for space-
like g2 are restricted to pion-electroproduction and
direct pion-electron scattering. There is evidence [1]
that recent electroproduction results are incompatible
with a smooth extrapolation from time-like data,
while a series of three measurements of the pion
radius by direct scattering {2—4] produced inconsis-
tent results. We have made an improved measurement
of direct scattering, using a beam of 300 GeV ™ at
the CERN SPS and collecting data up to g% = 0.28
(GeV/c)?. Here we report our data in the range
0.014 < g2 <0.122 (GeV/c)?.
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The experimental apparatus (fig. 1) was based on
the FRAMM forward spectrometer, with a vertex de-
tector optimised for the detection of elastic m—e
scattering. The event trigger was a coincidence of sig-
nals from counters in the regions BEAM, VERTEX
and SPECTROMETER. A clean incident beam signal
was defined by the logical combination:

BEAM=S1+S, +S, + 82 V1.

S1 was vetoed if an additional particle was de-
tected within £50 ns. S, S, required one counter in
each hodoscope. S2 signalled two or more simulta-
neous particles.

VERTEX was defined by

VERTEX =83 - MULT2 - (TV+V2-V5+BSTOP) .

0370-2693/84/$03.00 © Elsevier Science Publishers B.V.
(North-Holland Physics Publishing Division)
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Fig. 1. Schematic diagram of the apparatus. The target was a 28 cm long vessel of liquid hydrogen with 50 cm vacuum pipes at
each end. The detectors were, in the BEAM region: Hodoscope (S, Sy); scintillators S1, S2 and V1 (veto); MWPC stacks 1, 2. In
the VERTEX region: multiplicity counters M1, M2 and hodoscopes Ly, Ly. $3 had a circular hole slightly larger than the beam
dimensions. TV, V2-V3 were veto counters, faced with lead and aluminiu. MWPC stacks: 3—5. SPECTROMETER: 4 magnets
and drift chamber stacks [5]. I'S, SD1, SD5 were lead scintillator detectors. SD2, SD3, SD4 were lead-glass arrays. Front SD sec-
tions were 4 radiation lengths, rear section 20 radiation lengths with 3.5 cm lateral granularity. BSTOP was a beam veto telescope

of 3 counters.

33 required at least one particle outside the beam pro-
file 10 m downstream of the target. MULT? required a
combination of signals from the pulse height counters
M1 and M2 and the hodoscopes Ly, L, consistent with
two charged particles. The counters TV, V2-V5
vetoed events at angles of more than 10 mr, discrimi-
nating against hadronic events in the target and down-
stream material. Unscattered beam was vetoed by the
telescope BSTOP.

SPECTROMETER was defined by:

SPECTROMETER = SD# - FS |

where SDr was a signal from any of the front sections
of SD1—-SD4 consistent with an electron shower. The
Front Shower detector (FS) was operated at a thresh-

old of 1 GeV and defined the spectrometer acceptance.

Approximately 2.5 million event triggers were col-
lected. This sample contained 15% n ™ e events gener-
ated in the target, the remainder being dominated by
hadronic events with two or three observed forward
tracks. The vertex MWPC were used to search for a
coplanar two-track vertex, with a measured coordinate
along the beam direction within 50 cm of the target
centre. Events with three separated tracks having a
clean vertex in the target were rejected. For all events
satisfying the vertex conditions, tracks were recon-
structed in the spectrometer and events with a positive
track from the vertex were rejected. A momentum cut
rejected events with a track of less than 1 GeV/e,

where the momentum acceptance of the spectrometer
fell below 100%.

In the scatter plot of the two angles (fig. 2a) most
events lie along the curves expected from elastic kine-
matics. The majority of events below the kinematic
line are due to the radiative process e - mey which
results in a concentration of events near the axes.
Each event was assigned a value of ¢2 corresponding
to the minimum distance Dy to the elastic kinema-
tic line below g2=0.15 (GeV/c)2. A histogram of Dy
is shown in fig. 2b, after subtraction of estimated con-
taminations from K—e (0.9%) and u—e (1.3%) events.
The shape of this distribution is explained by elastic
and radiative e events, with a small component of
hadronic background. The shape of the radiative com-
ponent, which populates the region of negative Dy,
agrees well with a Monte-Carlo simulation of this ef-
fect. A final cut was made at Dy = £0.22 mr, and the
residual background, varying from 0.4% at g2 = 0.014
to 1.2% at 0.12 GeV/c?, estimated from the level of
events at positive Dy .

Corrections to the data which have negligible g2
dependence are listed in table 1. They contribute an
uncertainty of 0.006 to the overall normalisation.

The following corrections were g2 dependent:

(a) The geometric acceptance of the spectrometer
was determined from the measured beam distribution
and the aperture of the front shower detector. It was
100% above g2 = 0.023 and fell smoothly to 20% at
0.014 (GeV/c)2. )
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Fig. 2. (a) The angle of the left-going particle versus angle of
the right-going particle for a fraction of the event sample.
(Events with opening angle less than 2.5 mr were discarded.)
Inset, the two curves predicted for elastic m—e kinematics.
q2 increases from 0.014 (GeV/c)? at 9 mur electron angle to
0.15 (GeV/c)? at the cross-over point. (b) The distribution
of Dy for the whole sample, and (arrows) the final cuts

applied.
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Table 1
q? independent corrections to the data (%)

beam kaon contamination 0.85 £ 0.03
beam muon contamination 1.20 £ 0.10
incident pion absorption 1.85 +0.20
target electron density 0 +0.25
downstream pion absorption 34 +0.20
vetoing by §-rays 25 +03
spectrometer trigger loss 1.0 £0.2
downstream MWPC incfficiency 0.7 £0.2

(b) The trigger multiplicity (MULT?2) efficiency
varied linearly from 94% to 92% with increasing g2.
For multiplicity less than four this was calibrated by
studying the redundant response of individual trigger
components. The contribution to high multiplicity
from secondary interactions of the electron or an as-
sociated photon was estimated from a Monte Carlo
simulation to be 0.7%.

(c) The radiative correction was determined from a
Monte Carlo generation of e events to order a3 [6],
and varied from 1.3% to 3.7%. Since our analysis used
only angle measurement to determine we kinematics,
no correction was required for kinematic bias due to
external bremsstrahlung of the electron.

(d) Above g2 = 0.07 (GeV/c)2 the ambiguity in
pion—electron assignment is not resolved by the angle
measurement, and the sample is contaminated by a
fraction of events with g2 > 0.15. The correction for
this effect, which rises to 18% at ¢ = 0.12, was com-
puted from the high g2 cross section and the measured
angular precision. It is insensitive to the values of
these parameters, and is confirmed by the information
from the shower detectors.

The square of the form factor was computed by
dividing the corrected, measured cross section by the
theoretical lowest order point cross section. The result
is given in table 2 and plotted in fig. 3.

We have fitted the data with the normalisation, n,
as a free parameter. A pole form,F2 =n/(1+ (r2)612/6)2
gives values of n = 0.990 + 0.004 and (r>) = 0.431
+0.013 fm2, with a x2 probability of 37%. We have
estimated the error due to uncertainties in the g2 de-
pendent corrections to be 0.006 in # and 0.010 in
(r2). Combining all sources of error gives: 7 = 0.990
+0.010, (*2)=0.431 £ 0.016 fm2, or (+2)1/2 = 0.657
+0.012 fm. A dipole fit, FZ = n/(1 + (r2)q2/12)*,
gives (r2)1/2 = 0.641 £ 0.012 fm, with a similar nor-
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nalisation and x2. Since the results are slightly sensi-
tive to the form assumed for (), we have made a
form independent fit, to the sum of orthogonal poly-
nomials up to the term in (@2)2, over the range of the
data. This gives the form independent result (r2)1/2
=0.660 * 0.024 fm.

Previous results from direct e scattering are con-
fined to the series of measurements by the Soviet—
American collaboration [2—4].1n table 3 we have
quoted their results from a pole fit, but without the
constraint F2(0) = 1 which resulted in discrepancy be-
tween the three measurements. Other determinations
of the pion radius from individual experiments are less
direct, involving extrapolation of the form factor from
higher |g2|. Heyn and Lang [1] have reported a model-
independent fit to both space- and time-like data, find-
ing values for (r?)1/2 between 0.65 and 0.70 fm. In 1
similar analysis, Dubnicka et al. [7] found for their
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Table 2
q? F? Error
((GeV/e)?) (statistical)
0.015 0.939 0.006
0.017 0.918 0.006
0.019 0.933 0.006
0.021 0.927 0.006
0.023 0.911 0.006
0.025 0.906 0.007
0.027 0.899 0.007
0.029 0.889 0.008
0.031 0.886 0.008
0.033 0.891 0.009
0.035 0.872 0.009
0.037 0.876 0.010
0.039 0.853 0.010
0.042 0.840 0.008
0.046 0.836 0.009
0.050 0.834 0.009
0.054 0.806 0.010
0.058 0.803 0.011
0.062 0.814 0.012
0.066 0.784 0.013
0.070 0.780 0.013
0.074 0.778 0.014
0.078 0.768 0.015
0.083 0.739 0.013
0.089 0.714 0.014
0.095 0.737 0.015
0.101 0.680 0.016
0.107 0.705 0.017
0.113 0.700 0.018
0.119 0.665 0.018

best fit (+2)1/2 = 0,663 + 0.037 fm. Recent time-ike
data reported by us and by the Novosibirsk groups

[8--10] should improve the determination of the ra-
dius from this type of analysis. We conclude that our
result is consistent with the most reliable determina-

tions of (#2y1/2 reported to date, and represents the
most precise direct measurement.

Table 3

Results of a pole fit to direct e scattering data taken from ref, [4] and this experiment
Source q2 (r2y1/2 F2(0) (fitted)
Adylov (50 GeV) [2] 0.013--0.036 1.01 +0.17 1.11 +0.08
Daily (100 GeV) [3] 0.031-0.071 0.65 +0.11 1.039 + 0.052
Dally (250 GeV) |4} 0.037-0.094 0.620 £ 0.071 0.974 + 0.039
Data of refs. [2-4)

combined 0.013-0.094 0.674 + 0.050 1.021 £ 0.027

this experiment 0.014-0.122 0.657 + 0.012 0.990 + 0.010
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