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Neutral-Pion Electroproduction on the Proton near Threshold
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The double-differential coincidence cross section for the reaction 'H(e, e'p)pro has been measured at
Q2 = 0.1 (GeV/c)2 in a range in the invariant mass of 2 —14 MeV above threshold. From the angular
dependence of the data values of the pion s-wave multipoles Fo+ and Lo+ have been extracted. The
results are compared to predictions from chiral perturbation theory and models based on an effective
Lagrangian. None of the models is able to describe both the Fo+ and the Lo+ multipoles.
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The production of a ~ meson on the proton near
threshold is of fundamental interest as a test of our
knowledge of the strong interaction at low energies.
At threshold the reaction is determined by the s-wave
multipoles Eo+ and Lo+. Several theories predict the
values of these multipoles. The low energy theorem
(LET) [1—6], which is based on gauge invariance, partial
conservation of axial current (PCAC), crossing symmetry,
and analyticity, makes a prediction for the values of
Eo+ and Lo+ at threshold up to order p, , with p, =
m /m„, where m and m„are the masses of the pion
and the proton, respectively. For electroproduction, the
range of validity of the LET is limited to rather small
values of Q2 = —q2, where q is the transferred four
momentum. Chiral perturbation theory (ChPT) [7] uses
an effective mN Lagrangian, which includes the above
mentioned symmetries, in which the effect of chiral-
symmetry breaking is treated in a perturbative fashion.
It can calculate observables to higher orders in p„and
thus includes the LET. On account of its structure ChPT
can make predictions at values of the invariant mass
W of the mW system also away from threshold, and at
nonzero values of Q2. Finally, there are pion-nucleon
models, using an effective AN Lagrangian [8—10]. In
these models pion-production operators [11,12], which are
based on Born plus delta-isobar (b, ) terms, are used. The
models include mN rescattering via a ~N potential or
Watson's theorem [13].

Photoproduction (y, 7ro) experiments [14,15] have gen-
erated a lot of excitement, because the first analysis of
the data suggested that the value of the Eo+ multipole
was significantly different from the LET prediction. An
important item in the discussion was how to account for
the effect of the (y, sr+)(7r+, mo) charge-exchange cha. n-

nel and, related to this, the threshold at which the LET
should be applied (the sr+ threshold lies 5.9 MeV above
the one for pro production). The consensus now is that
LETs have to be applied at their own physical threshold.
Furthermore, all analyses, though indicating that the value
of Eo+ varies considerably with the invariant mass W, are
consistent with the LET prediction at the vr threshold
[16—18]. In this context it should be remarked that there
is discussion about the validity and practical use of these
"old" LETs [19].

The first electroproduction experiment near threshold
was performed at NIKHEF [20]. The total cross section
for the 'H(e, e'p)pro reaction was measured at Q2 = 0.05
and 0.10 (GeV/c)2. It yielded the value of ao = iEo+i +
eLiLo+i close to threshold, where et = eQ2/co*2, with
e the virtual-photon polarization, and co* the energy of
the virtual photon in the 7r pcenter of -mass (c.m. )
frame. With reasonable assumptions extrapolation to
Q = 0 yielded a value of Lo+ in agreement with the LET
prediction [20]. Calculations in ChPT also gave a good
description of the measured Q dependence of ao [21].

The purpose of the present work is to study the
behavior of the Eo+ and Lo+ multipoles separately, and
as a function of W. This is done by measuring the
pion angular distribution in the 'H(e, e'p)pro reaction for
values of W from threshold to about 14 MeV above it.
In this way it becomes possible to confront the various
models for the prediction of vr production at low energies
with detailed data, especially around the important m+

threshold.
The coincidence cross section for the (e, e'vr ) reac-

tion can be written as d3rr/dE, dQ, dA* = I drr/dQ'
[18],with I the virtual photon flux. The pion production
cross section in the c.m. frame der/dA" can be expressed
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in terms of four structure functions R, which depend on
W, Q2, and 0*, the c.m. polar angle of the pion with re-
spect to the transferred three momentum q,

do p* W
[RT + eLRI + e cos(2@*)RT&

dA qJ mp

+ $2eL(e + 1) cos@*Rl.r], (1)
with @* the c.m. azimuthal angle of the pion with respect
to q, p* the c.m. momentum of the pion, and qL =
(W —m2)/2m„.

Assuming only s and p waves for the pion this
expression reduces to

der p* W
{A + Bcos0' + C sin0* cos@*

dO, „* qL mp

+ D cos 0' + F sin 0" cos(2@")). (2)
The coefficients A, B, and C can be written in terms of the
s- and p-wave multipoles,

]
A = ~~ILo+ I' + l~o+ I' + —,13~i+ —Mi+ + Mi-I'

+ 2 i2Mi+ + Mi
3()

B = 2RejEo+(3Eii + Mi+ —Mi )),
C = —QeL(e + 1)Re(Lo+(3Ei+ —Mi+ + Mi )).

In these expressions we neglected the contribution from
the L& and L&+ multipoles, which are relatively small
in the discussed models in our kinematical regime. The
coefficients D and E are combinations of p-wave multi-
poles only.

By measuring the cross section at 0* = 0 and 180
and at (0*,@*)= (90', 0 ) and (90', 180 ) the values of B
and C can be determined. Since the imaginary parts of
the p-wave multipoles are small near threshold, the real
part of the values of the Fo+ and the Lo+ multipoles can
be extracted if one has a reliable estimate of the relevant
combinations of p-wave multipoles.

The experiment was performed at NIKHEF-K with
the extracted electron beam from the Amsterdam Pulse-
Stretcher (AmPS) ring [22] and the two-spectrometer
setup [23]. Data were taken at an incident electron energy
of 525 MeV with a current of 10 p, A and a duty factor of
30%. The angle of the scattered electron was 45.4, giving
Q = 0.10 (GeV/c)2 and e = 0.67.

The scattered electron was detected in the quadrupole-
dipole-dipole (QDD) spectrometer. The detection of a

particle was avoided by detecting the recoiling proton
in the quadrupole-dipole-quadrupole (QDQ) spectrometer
instead. Close to threshold the proton has a low kinetic
energy in the c.m. frame. Therefore, in the laboratory
frame the proton will be emitted in a cone centered on
q, with an opening angle that depends on W. Since the
QDQ spectrometer in which the proton is detected has
a relatively large solid angle, it is possible to measure
in one setting a considerable fraction of the mo angular
distribution. Measurements were performed at central
values 0* = 0 and 180', and at (0*,P* ) = (90,0 ) and
(90', 180 ).

A cryogenic H2 target [24] with a length of 10 cm was
used, operated just above the critical point at 35 K and
15 bars. The resulting density of 22 mg/cm3 was a com-
promise between count rate and loss of resolution due to
the straggling of the protons in the target. The acceptance
along the beam line of the coincidence setup was limited
by the electron spectrometer to 2.5 cm, which determined
the effective target thickness to be about 55 mg/cm~. The
product of accumulated charge (Q) and target thickness
(t) was calibrated by measuring elastic 'H(e, e) scatter-
ing with the electron spectrometer, positioned at the same
angle as during the m measurement. Concurrently, the
number of single protons in the QDQ spectrometer was
measured at the same settings as during the ~ measure-
ments. In this way the number of proton singles acted as
a monitor on the luminosity Q X t during the 7ro runs.

The coincidence efficiency of the detector setup was de-
termined to be 0.99 ~ 0.01 by measuring elastic ' H (e, e'p)
scattering with a CH2 target. Detection efficiencies of
the spectrometers were 0.94 for the QDQ and 0.97 for
the QDD. The dead time in the QDQ was 1.7%, while
in the QDD it was smaller than 0.1%. The final system-
atic error on the cross section is 4 k.

The analysis of the data included the following steps:
(1) reconstruction of the momentum vectors of the par-
ticles in the vertex by using the optical properties of
the spectrometers; (2) calculation of W and Q2 from the
reconstructed electron momentum vector. The FWHM
resolution was 2 X 10 3 (GeV/c)2 in Q2 and 0.8 MeV in
W; (3) calculation of 0' and P' from W, Q2, and the re-
constructed proton and electron momentum vectors. De-
pending on the kinematics the resolution varied, for 0
from 6 to 10 and for @* from 11 to 24', (4) correction
of the time of detection of the particles for path length
differences, which resulted in a coincidence time (t, )
resolution of 1 ns; (5) calculation of the missing mass F.
from the particle momenta and energies, which yielded a
peak at 135 MeV, with a width of 1.4 to 3.5 MeV, de-
pending on the kinematics; (6) binning of the data in W,
0*, and @' with windows on t, and E; (7) subtraction of
accidental coincidences using a proper window on t, ; (8)
division by Q X t, efficiency factors, dead time correc-
tions, and by the detection volume to obtain the differen-
tial cross section. The acceptance of the detector setup
(detection volume) was calculated with a Monte Carlo
method by using the program GEANT [25]. Finally, the
cross section was corrected for radiation losses [26].

The extracted cross sections as a function of 0* for
@" = 0' and P" = 180' are presented in Fig. 1 in two W
ranges. The large difference between P* = 0 and 180
indicates a large value of the RLT structure function. A
fit was made to the data for each W bin of 1 MeV width,
using Eq. (2). The fit of the coefficients D and F. resulted
in values per W bin that were small with large errors.
Therefore, since D and E are combinations of p-wave
multipoles, their energy dependence was parametrized as
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FIG. 1. Measured cross sections as a function of 0„* in the
range —30 ( P* ( 30 (solid squares) and 150 ( P* ( 210'
(empty circles) in two AW bins, where b W is the value of W
above threshold. The lower and upper curves represent the fit
to the data for P' = 0' and 180, respectively.

D = dp* and E = ep* . The values thus obtained, d =
(—0.73 ~ 0.51) X 10 4 pb/(srMeV~) and e = (—0.12 ~
0.46) X 10 4 pb/(srMeV~), were used to constrain D
and E in the final fit. The small values of d and e are
consistent with the fact that in most model calculations
Mi+/Mi = —2, which yields d, e = 0. The solid curves
in Fig. 1 represent the results of the fit to the data for
P* = 0 (lower curve) and @" = 180'(upper curve). The
fitted coefficients A, B, and C are plotted in Fig. 2.

The coefficient A can be parametrized as ap + bp*,
where ap represents the s-wave part and the second term
the contribution from p waves. The values of ap and b
determined in this way were ap = 0.390 +. 0.042 p, b/sr
and b = (0.444 ~ 0.028) X 10 3 p, b/(sr MeV~). These
values are in good agreement with the values ap = 0.353
0.087 and b = 0.4 ~ 0.1 determined by Welch et al. [20]
and Brauel et al. [27], respectively. The parametrization
is indicated with the solid curve in the top panel of Fig. 2.

The curves in Fig. 2 represent the results of several
theoretical predictions. The dotted curves are the result
of a calculation by Blaazer [10,28], who uses the Dressier
operator [12]. In this case no rescattering was included.
The dashed curves are due to Lee [29]. Both calculations
include the Born terms with some minor effects due
to vector-meson exchange and contributions from the 5
resonance. Watson's theorem [13] was used to account
for rescattering in the calculations by Lee. The dash-
dotted curves represent results from a calculation by
Davidson [9,30], in which the same terms as above
are evaluated. A K-matrix approach [17], consistent
with Watson's theorem, was used to estimate the energy
dependence of the Ep+ multipole. Apart from this, this
calculation's main difference with the others is that it
is relativistic and that the crossed 5 term is also taken
into account in the calculation. The open diamonds
represent the relativistic ChPT predictions [7,31]. In these
calculations all the tree and one-loop diagrams have been
evaluated, and the different thresholds for ~ and m. +
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FIG. 2. Coefficients A, B, and C, obtained from fitting Eq. (2)
to the measured cross sections, with the terms D and F
constrained as described in the tert, compared to the results
of theoretical calculations.

have been taken into account. It should be noted that the
one-loop corrections become rather large at this Q [7].

All calculations give a fair description of the A term.
However, none of the calculations describes both the
value of C (representing the interference structure func-
tion RLr, which is proportional to Lp+) and the value of
B (representing the cosB* term in the cross section, pro-
portional to Fp+) The calcula. tion by Davidson gives the
best description of all the terms.

For the extraction of Ep+ and Lp+ from the experimen-
tally determined values of B and C [see Eq. (3)] we used
a recent LET prediction [32] for the value of the p-wave
multipoles. Since the values for the relevant p-wave com-
binations calculated by Blaazer and Davidson within their
models differ by less than about 10% from these values,
the model dependence in the resulting values of Ep+ and
Lp+ is estimated to be about 10%. The values of the thus
extracted real parts of Ep+ and Lp+ are presented in Fig. 3.
With respect to the value at the photon point, Ep+ has
changed sign and its value is now positive.

It is interesting to investigate whether our data give
indication for a variation of the multipoles with W as
was observed for Ep+ in the photoproduction case. The
solid curve in Fig. 3 represents the value of Ep+ at Q~ = 0
taken from Ref. [16],shifted upwards by 2.7 X 10 3/m +

to globally account for the change in Q~, according to
Ref. [6]. If at all, our data point to a smaller variation
with W. However, our values for Lp+ clearly show a
variation around the m threshold. This variation in Lp+
(as observed in the C term) is not described by any model.
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FIG. 3. Values of ReEo+ and ReLO+ at g' = 0.1 (GeV/c)2 as
a function of W. The solid curve represents values of Fo+ at
the photon point, shifted upwards by 2.7 units. The arrows
indicate the position of the (rr+n) threshold.

In summary, differential cross sections near threshold
for the reaction 'H(e, e'p)7ro have been measured, made
possible by the high duty factor of the beam, extracted
from the AmPS ring, in combination with the high
momentum and angular resolution of the detectors. The
cross section was determined in a range in invariant mass
W of 2—14 MeV above the ~ threshold. No theoretical
calculation is able to describe simultaneously the cos@*
dependent term in the cross section, which depends on the
Lp+ multipole, and the cosO* term, which depends on the
Ep+ multipole.

From the data the real parts of the values of the Ep+
and Lp+ multipoles have been extracted, using a recent
LET p-wave prediction to estimate the contribution of the
p-wave multipoles. The data indicate a variation of Lp+
with TV around the ~+ threshold. This variation is not
described by any model, presumably due to the fact that
the charge-exchange contribution is not taken into account
explicitly.
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