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Abstract

We propose to measure the neutral pion form factor Fle e at low Q? using small angle
electroproduction of 7°’s in the Coulomb field of a heavy nucleus. These measurements will
provide fundamental information on the interaction radius of the pion in the y*y#® transition.
Such low @* measurements are expected to be largely model independent in their extraction
of this interaction radius, as they are quite insensitive to the functional form used for the
form factor in its extrapolation to the photon point. This experiment will utilize the unique
small scattering angle capabilities of the TINAF Hall A Moller polarimeter.



Introduction

As an ingredient in theories of few-body and heavy nuclei and as a fundamental testing
ground for QCD, the properties of the pion have generated intense interest. The structure
of the pion’s electromagnetic coupling is typically studied in the context of the vector meson
dominance model in which a photon couples to hadronic matter via an intermediate vector
meson. Such a mode! implies a form factor of the form:

2
u
> (1)

where m, is the mass of the p meson, and the approximation holds at low g>. For the
charged pion case, the Coulomb form factor has been measured(l] and the charge radius
was determined to be about 0.6 fm. Due to charge conjugation symmetry, however, the
elastic Coulomb form factor (y7°r°) vanishes. The v*y7° transition vertex, on the other
hand, is of great interest and has been studied theoretically from the point of view of models
based on the VDM as well as those involving treatments of the #° quark substructure[2][3].
This transition is characterized by the form factor F(q2,¢2) which, if only one photon has
significant mass, depends upon a form factor typically parameterized by the pole form (1),

and approximated at low ¢ by:
2
9
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r

(2)
where a is a measure of the 4*yx° interaction radius.
Previous experiments in the time-like region

A number of experiments aimed at measuring a have been performed in the time-like

momentum transfer region utilizing the x° Dalitz decay 7° — ete™~ reaction[3-12] The
amplitude for this process involves the F,., o form factor which, in the usual linear expansion

Fa)m 1+ aete (3)



a reference

+0.025 4 0.014 £ 0.026 Meijer Drees, 1992 [4]
+0.026 + 0.024 & 0.048 Farzanpay, 1992 [5]
—0.11 £ 0.03 + 0.08 Fonvielle, 1989 [6]
—0.01 + 0.08 — 0.06 Gumplinger, 1987 [7]

0.12 + 0.05 — 0.04 Tupper, 1983 [8] (reanalysis of [9])
+0.10 £ 0.03 Fischer, 1978 [9]

+0.02 £ 0.1 Burger, 1972 [10]

+0.01 £ 0.11 Devons, 1969 [11]

—0.24 £ 0.16 Samios, 1961 [12]

—0.15 + 0.10 Kobrak, 1961 [13]

A sumrmary of these measurements is shown in the table above, where it can be seen that
the published values for the slope range from —0.24 to +0.12. Such experiments suffer from
small kinematically accessible ranges and significant backgrounds, and they require large
final-state radiative corrections. As such, these experiments have not been able to determine
even the sign of the form factor slope.

Previous measurements in the space-like region

The CELLO collaboration at PETRA has measured F,..,- in the space-like region at
large momentum transfers using the reaction ete~ — ete~#°[14]. In this experiment two
photons are radiated virtually by the colliding e¥e™ beams. One of the virtual photons is
close to real and the other has a larger g2 and is tagged by the detection of an et or e~.

Measurements were taken at momentum transfers ranging from 0.62 to 2.17 (GeV/c)?,
and the value of & was deduced by extrapolation under the assumption of vector meson dom-
inance. The authors quote a value of @ = 0.0325 4 0.0026 (statistical) with systematic errors
estimated to be of the same order as the statistical error. The results of these measurements
are shown in figure 1 with the corresponding fit to Fiye,ro. New data covering the g% region
from 2 to 20 GeV? have also been reported by the CLEO collaboration[15]. In the experi-
ment proposed here, however, this form factor will be measured in the very low qﬁ regime
ranging from 0.01 to about 0.035 (GeV/c)? to extract a. Such studies will complement the
higher ¢2 data from CELLO and CLEQ. Measurements at extremely low q> can be expected
to greatly minimize the model dependency of the extraction of a, as they do not suffer from
the large systematic uncertainties associated with the extrapolation to gz — 0.



The proposed experiment

The real Primakoff effect on heavy nuclei has been used in a number of experiments to
study the 7°[16][18](19]. The production of #°’s in the Coulomb field of a nucleus by real
photons is essentially the inverse decay 7° — v, and the cross section for this process thus
provides a measure of the pion lifetime. In 1989, Hadjimichael and Fallieros[20] suggested
that the virtual Primakoff effect, figure 2, could access additional fundamental information
about the pion as the cross section is proportional to | Fyysyro(g2)|*. The full expression for
the virtual Primakoff scattering cross section is[20][21]:
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(4)
where o is the Mott cross section, n? = (4/am?3)/7, 7 is the x° lifetime, K is the (nearly real)
photon four momentum from the Coulomb field, the pion four momentum is Q = (§,wr)
Br = §/wx, and Fn(K?) is the nuclear form factor.

As can be seen from the above expression for the form factor (1), the sensitivity to «a
(or equivalently to the interaction radius) calls for a finite value of g% whereas the cross
sectlon 1s larger at lower qf,. Hadjimichael and Fallieros examined the sensitivity of the cross
section to a for energy transfers up to 1.6 GeV. They saw only moderate sensitivity and
noted that the cross section is optimized for . — 0 and 8, — 0 whereas pion energies
above 2 GeV are favored for probing the v*y7¢ vertex. We have extended these calculations
to kinematical regimes available with the 6 GeV electron beam at TINAF and the Hall A
Modller polarimeter, i.e. to . of 2.7 degrees and energy transfers of 4.4 GeV, and note that
good sensitivity to the y*y7° form factor is present.

Figure 3 shows the cross sections for the virtual Primakoff process on lead for a fixed
electron energy loss of 4.4 GeV, and electron scattering angle of 2.7 degrees and a pion angle
of 0.1 degrees with respect to ¢. The two curves are for the VDM prediction (a = 0.03) and
that determined by the 7% — ete™y experiment (a = 0.1) of reference [9]. From the plot
one can see that the cross sections are large, and are quite sensitive to the pion transition
form factor. If we define a figure of merit to be the difference in the predicted cross section
for the two form factors times the square root of the average cross section, figure 4, we see
that the optimal kinematics are at 8,=1 - 3 degrees and w &~ 4 GeV. While such kinematics
are difficult to access with most standard electron spectrometer systems, the TINAF Hall A
Moller polarimeter is uniquely suited for such very small angle electron scattering measure-
ments.

Y



The TINATF Hall A Moller Polarimeter

As part of the spin physics program at TINAF, the University of Kentucky, the Kharkov
Institute of Physics and Technology, and TINAF are developing a Mdller polarimeter for
Hall A. This electron polarimeter will be a part of the standard beamline instrumentation
and its principle design requirements are as follows:

e high counting rate and high precision (Ap = 3%) for the polarization measurement,
o fixed element positions within the whole energy range (0.8 — 6 GeV),
o large signal-to-background ratio,

¢ minimum perturbations on the beam parameters and trajectory.

The device will use electron-electron (Moller) scattering in a set-up in which the polarized
electron beam is scattered from a polarized electron target. The asymmetry obtained in the
scattering for the case in which the electron spins are aligned versus anti-aligned gives the
polarization of the incident electron beam. A set of magnets and particle detectors will
analyze the kinematics of the scattered electrons. The polarimeter can be divided into the
following sub systems (see figure 5):

o A polarized electron target,
o Three quadrupole magnets for selection of the angular range of the Méller electrons,
» A dipole magnet for energy analysis of the Mdller electrons,

o The detectors for the Moller electrons.

A top view of the layout of the polarimeter is shown in figure 5. Polarized electrons
from the TINAF accelerator are incident upon a magnetized iron foil which serves as the
polarized electron target. Pairs of electrons which have undergone Moller scattering exit the
target and are focussed in a series of three quadrupole magnets. Since the analyzing power
for Moller scattering is maximum for scattering at 90 degrees in the center of mass system,
the optics are chosen to select electrons which each have half the incident beam energy and
have symmetric angles with respect to the beam. The optimum Maller angles are dependent
upon the incident beam energy and range from 0.75 to 2.3 degrees. The quadrupoles trans-
form the trajectories of the Moller electrons such that they become parallel to the incident
beam. They are then momentum analyzed in a dipole magnet (bent into the page in the
figure) and detected, in coincidence, by a set of lead glass and plastic detectors. In order to
not perturb the main electron beam as it passes through the dipole, a piece of iron is placed



on the median plane of the dipole with a hole drilled along its length to accommodate the
beam. This provides magnetic shielding for the electron beam so that it may pass through
the dipole without deflection.

Experimental considerations

With some relatively minor modifications, this device can be used to measure the (¢, ¢'r°)
cross section at low ¢2. Principle backgrounds to the Primakoff mechanism will consist of
nuclear coherent pion production and multiple pion production. The Primakoff cross section
is zero for pions emmitted along ¢, has a sharp maximum at an angle 8, ~ m,[2E2, and
falls rapidly to zero at larger angles. It is proportional to Z? and its peak value is roughly
proportional to E*. The nuclear coherent cross section is also zero in the forward direction,
has a broad maximum outside the angular region of the Primakoff effect, and falls at larger
angles as shown in figure 6. It is expected to vary little with energy[17]. Consequently, this
experiment requires a 7° detector with good angular resolution to eliminate nuclear coherent
production and modest energy resolution will enable an invariant mass cut to suppress multi
photon backgrounds. To carry out such a measurement, we propose to remove the third
polarimeter quadrupole magnet and move the first and second quadrupoles to positions 44.5
and 93.9 cm downstream of the M&ller target position, respectively. In addition, we plan
to place a series of lead glass photon detectors just upstream of the dipole. With minor
modifications to the vacuum system, one can registrate the two photons from the decay of
the #%’s and, using the first two Méller polarimeter quadrupole magnets, focus the scattered
electrons on the Moller polarimeter detector package. A GEANT generated invariant mass
distribution from such an experimental geometry is shown in figure 7. A series of four
arrays of lead glass detectors are proposed as shown in figure 8 which shows a side view of
the modified Moéller polarimeter along with a GEANT simulation of one virtual Primakofl
event. For these kinematics, the photons come out at about 2 degrees with respect to the
pion.

Position resolution in the lead glass photon detectors is required to constrain fes to
small angles (less than about one degree) to exclude nuclear coherent pion production. A
GEANT generated simulation of the .5 resolution for a 3 x 3 array of 4 x 4 x 40 cm
lead glass blocks is shown in figure 9, where the angular resolution is found to be about
0.5 degrees. Simple estimates[22] indicate that by choosing [t| < 2 x 10~*(GeV/c)?, the
Primakoff mechanism dominates over p° and w exchanges in the t-channel. Typical Jt|’s for
the kinematics suggested here are around 5 x 107°(GeV/c)%.

At the kinematics under consideration here, the opening angle of the 7° decay photons
is about 4 degrees, and the pion angle is about one degree with respect to the beam. The
most favored location for the lead glass blocks is 3 meters downstream of the target and
about twelve centimeters from the beam. A series of plastic veto detectors in front of the



lead glass blocks will be employed to reject charged particles.
Count rate estimates

Due to the high flux of virtual photons at small electron scattering angles, the cross
sections for this process are relatively high. On the other hand, the backgrounds in the
7° detector argue for low beam currents and a thin target. Count rates estimates were
performed for #.==2.7 degrees, incident electron beam of 54A and energy of 6 GeV and a
lead target with a thickness of 1073 radiation lengths. Acceptances for the electron arm
were calculated from the Moller polarimeter optics with a series of four lead glass detectors
placed just upstream of the Méller dipole. The sensitivity to the form factor F..,.., with
projected error bars obtained as described below, is shown in figure 10. It should be noted
that the maximum ¢2 is limited by the focusing ability of the first two Mbller quadrupole
magnets and the incident beam energy. In this regard, the higher the available beam energy,
the more favorable the lever arm is for determining @. The lower qﬂ points on the other
hand, extend the lever arm for determination of the slope of the form factor, and provide a
check of the systematic errors in ensuring that the form factor extrapolates back to 1 at low
g2. Whereas relative cross section measurements are adequate for determining the slope of
Fyeyre, absolute cross sections enable one to use the known value at ¢2 = 0 to constrain the
slope. As such, we intend to obtain absolute cross sections.

On the electron arm, count rates estimates were performed for the virtual Primakoff
effect, for {e,77) using the code EPC of Lightbody and O’Connell, and for inclusive (e,e7)
processes using the code QFS also of Lightbody and O’Connell[23). The results are shown
in the accompanying table. :

‘The kinematics for Méller scattering of a 6 GeV beam lie outside the energy and angle
ranges of the Moller spectrometer (see figure 11), and therefore are not expected to contribute
signtficantly to the electron rates. The =~ rates indicate the need for a gas Cherenkov
detector for particle identification. In addition, we propose the construction of a detector
with coordinate resolution to enable adequate resolution in 2.

The following cross sections and acceptances were used in the count rate estimates. The
rates quoted for the virtual Primakoff effect in the following table are integrated over all
7° kinematics. 7° detection efficiency was taken into account in the final coincidence rate
calculations. The polarimeter has two collimators placed on the upstream side of the dipole
magnet which can be used to define the acceptance in the azimuthal angle of the scattered
electrons. In the rate estimates this acceptance was taken to be +5°,



E alow - Hhigh AQe (e-» el),n.o (6, ﬂ-_) (6, 6’)
(GeV) (degrees) (msr) pb/(srMeV) pb/(srMeV) ub/(srMeV)

1.6 1.9-3.2 0.35 4.2 x 1074 3.3 x 1072 2.9

1.7 1.7-2.6 0.21 5.3 x 1071 3.2 x 1072 4.2

1.8 1.5-2.2 0.14 9.1 x 1071 3.1 x 10~2 6.0

1.9 1.4-2.0 0.11 9.1 x 10—+ 2.9 x 1072 7.4

2.0 1.35-1.9 0.095 1.3 x 1073 2.8 x 1072 8.8

We obtain the following rates for a 5uA beam current and a Pb target of thickness 10~3
radiation lengths. The (e, e’7®) coincidence rates were calculated with a 25% pion detection
efficiency.

E’ (e,e)m°  (e,e'n®) coinc (e, x”) (e,€)
(GeV) counts/sec  counts/day counts/sec counts/sec

1.6 8.5 x 1073 180 6.0 x 107! 58

1.7 6.5 x 1073 135 3.7 x 1071 50

1.8 7.0 x 1073 155 2.5 x 107! 48

1.9 5.5 x 1073 120 1.8 x 1071 46

2.0 6.5 x 1073 145 1.5 x 1071 47

The resulting projected error bars on F., .o are shown in figure 10.
Q? reconstruction

Figure 12 shows the range of qﬁ acceptance of the proposed experiment. As is evident
from figure 11, a given scattered electron energy can arise from a range of scattered elec-
tron angles. Consequently, trajectory information must be measured to ensure adequate qﬁ
resolution. Figure 13 shows the hit pattern of scattered electrons on the face of the present
polarimeter detector package for two different scattered electron energies (1.62 GeV+0.5%
and 1.69 GeV10.5%) and two scattering angle ranges (each 1 mr in width with central values
separated by 2 mr). The Y axis is the dispersive direction measured in centimeters from
the beam. The X axis is also in centimeters and is the transverse direction measured from
the median plane of the Méller dipole. Multiple scattering in the target and exit windows is

9



taken into account in the simulation. As is seen from the figure, the energies are separated
in the dispersive direction, and the transverse direction is sensitive to the scattering angle.
Figure 14 illustrates the typical expected resolution in ¢? for a coordinate resolution of 4 mm.

The electron detector package

The present Moller polarimeter detector package is designed to measure two high en-
ergy electrons in coincidence. It consists of two sets each of an aperture plastic scintillation
detector, a series of plastic scintillator hodoscope channels segmented in the dispersive di-
rection, and some lead glass Cherenkov detectors (see figure 15). We plan to operate this
detector package in its present configuration with an added gas Cherenkov detector for par-
ticle identification just upstream of the Mdller detector package, and two U-V wire chambers
(approximately 10 cm x 20 cm) in front of the gas Cherekov detector for trajectory definition.

7m° detection

The 7°’s are produced with energies w, essentially equal to the energy transfer of the
scattered electron, and are emmitted at angles very nearly along the three momentum trans-
fer direction, which is directed about one degree with respect to the beamline. Figure 16
shows the spatial distribution of the 7° decay gamma rays as they propagate from the target
to the 7° detector, with the final frame indicating the acceptance of the photon detectors.
The present beampipe is shown for reference. To reduce secondary interactions in the beam
pipe walls, we plan to enlarge the vacuum pipe downstream of the second quadrupole magnet
up to the pion detector to accommodate both the scattered electrons and the pion decay
photons, with a window just before the photon detectors for the photons to exit the vacuum.
The gammas will actually describe two cones, each centered on the three momentum transfer
direction corresponding to each electron arm of the polarimeter. Background neutral particle
rates on the lead glass photon detectors were calculated with GEANT to be 2.5 kHz at 5uA
with a 1 GeV threshold, and 25 kHz with a 1 MeV energy threshold.

Facility impact

We are requesting 10 days of beamtime in Hall A with an unpolarized 6 GeV (or highest
energy available} beam at 5 pAmps. No energy or spectrometer angle changes are required.
Since the necessary apparatus is largely decoupled from the Hall A High Resolution Spec-
trometers and targets, some or all of this program could conceivably be performed during
what would otherwise be Hall A down time, such as in parallel with major equipment instal-
lation in the hall. Such an experiment would require an upgrade of the Moller polarimeter
detector package so that it includes a gas Cherenkov detector and wire chambers. The Mbller
data aquisition system would have to modified to accommodate event mode data, and tem-
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porary modifications to quadrupole positions and the vacuum systermn would need to be made.
The collaboration

By the time this experiment could run, many of the people involved in this collabora-
tion will have had extensive experience with both the Hall A Méller polarimeter, and with
running experiments at TINAF. Many of us have been intimately involved in the design and
construction of the polarimeter, and the collaboration includes a number of people who have
extensive experience in designing and constructing the types of detectors needed to mount
this experiment.

Summary

The TINAF Hall A Mdller polarimeter provides a unique opportunity to study physics
in the extremely low ¢> regime. In particular, a definitive, largely model independent mea-
surement of the v*y7° transition vertex which will provide fundamental information on the
structure of the neutral pion is possible. The proposed hardware upgrades to the Hall A
Moller polarimeter can be expected to open up the very low q2 regime to experimental in-
vestigation and to broaden the range of physics accessible at TINAF.
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Figure 2. The virtual Primakoff process and its associated kinematics.
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Figure 9. GEANT generated 7° angular resolution.
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Figure 11. Shaded region: scattered electron energy and angle acceptance.
Dashed line: Moller scattering kinematics.
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Figure 13. GEANT generated distribution of hit patterns of particles on the detector for
two different energies and angles. Y axis is dispersive direction. Transverse displacements
of hits are due to 2 mrad difference in scattering angle at the target.
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Figure 14. For a fixed energy, regions of ¢2 corresponding to the 2 mrad angular difference
of the previous figure.
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Figure 15. Conceptual design of present Mdller polarimeter detector package containing
aperture and hodoscope scintillators, and lead glass detectors.
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Figure 16. Spatial distribution of photon trajectories cut in planes perpendicular to the
beamline (a) after the first quadrupole, (b) after the second quadrupole (c) before the lead
glass pion detectors, and (d) before the lead glass pion detectors with an energy cut on the
lead glass detector. Photons are sampled 90° 4 20° in the center of mass. On (c) note the

effect of the poles of the quadrupole. Dashed lines in (d) indicate position of lead glass

detectors.
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