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Measurement of Separated Structure Functions in thepssse,e0pdddp0 Reaction at Threshold
and Chiral Perturbation Theory
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The reactionpse, e0pdp0 has been studied very close to thresholdDW # 4 MeV and at 4-momentum
transferQ2  0.1 sGeVycd2. The scattered electron and the kinematically focused recoil proton were
detected in coincidence using the 3-magnetic spectrometer setup at the Mainz Microtron MAMI.
The transverse and longitudinal as well as the longitudinal-transverse and the transverse-transverse
interference structure functions have been determined. From the data thes-wave multipolesE01

and L01 have been extracted. The experimental results are compared to recent calculations in chiral
perturbation theory. [S0031-9007(98)05554-9]

PACS numbers: 13.60.Le, 12.39.Fe, 25.30.Rw
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The pion is the lightest hadron and plays a decisiv
role in the structure of the nucleon. It is understood a
a “Goldstone boson” reflecting the spontaneous symme
breaking of the QCD vacuum. At low energies, wher
the color confinement makes the hadrons the only obse
able degrees of freedom, the Goldstone bosons prov
a connection to QCD. Since the interaction of the ligh
mass Goldstone bosons is weak at low energies, effect
field theories can be formulated and observables can
calculated perturbatively in a momentum and quark ma
expansion. This approach to low energy QCD is calle
“chiral perturbation theory” (ChPTh). It comprises two
aspects which make an experimental verification intere
ing. In the first place, the intricate calculations of one
and two-pion-loop corrections and the range of validit
of the renormalization of ChPTh requiring counter term
with constants not given in the framework of ChPTh hav
to be checked. Second, if from such a study a cons
tent picture emerges, the dynamic consequences of sp
taneous symmetry breaking in QCD can be quantified.

The foundation was laid by Weinberg (see [1] an
references therein) and originally limited to system
containing only pions. Consecutively ChPTh was applie
in detail to pp [2] and pN [3] reactions. However,
due to the well known electromagnetic interaction, th
photo- and electroproduction of pions promise particular
significant tests of the limits of validity and permit
the determination of the low energy constants. Th
respective theoretical investigations have been perform
only recently [4]. It was the aim of the experimen
described in this paper to show that pion electroproductio
can achieve the accuracy to provide a meaningful test
ChPTh. Different theoretical approaches, e.g., in Ref. [
are not discussed because of space limitations.
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About 25 years ago, the reactione 1 p ! e0 1 p 1

p0 had been investigated experimentally at threshold an
in the energy region of theDs1232d resonance [6–9].
But only total cross sections significantly above the pio
production threshold and at relatively high 4-momentum
transfers could be determined. The small cross sectio
close to threshold could not be measured at the old lo
duty cycles#2%d electron accelerators, which also had a
disturbing beam halo.

The advent of high current, high duty cycle accelerator
after 1990, together with high resolution magnetic spec
trometers, makes the low pion production cross sections
threshold and at low momentum transfer accessible in coi
cidence experiments. First such electroproduction expe
ments of neutral pions have been performed at NIKHE
with duty factors of 1% [10] and 30% [11]. The first ex-
periment with an old generation accelerator had only lim
ited accuracy. The latter experiment was focused on th
energy range of the production threshold of charged pion
to study possible isospin breaking effects. In the regio
significant for the ChPTh tests very close to threshold (in
variant massW  1073.24 MeV, DW # 5 MeV) this ex-
periment had restricted precision.

This paper presents an investigation of thepse, e0pdp0

reaction very close to threshold at the Microtron MAMI,
a 100%-duty-cycle-electron accelerator with 855 MeV
electron energy [12] with an energy width of the beam
at 120 keV (FWHM) and an absolute uncertainty o
100 keV. The beam current of 16 to22 mA was
measured with a Förster probe to a precision of6150 nA.
The liquid hydrogen was circulated between a cylindrica
target cell with a diameter of 2 cm and a heat exchang
by means of a fan. To further avoid local boiling, the
beam has been wobbled over an area of5 3 6 mm2.
© 1998 The American Physical Society
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The beam position has been measured on an event
event basis to allow reconstruction of the reaction verte
and correction for energy loss. A luminosity of1.1 3

1037 cm22 s21 was reached in this way.
The experiment was performed using two of the thre

spectrometersA, B, and C of the A1-Collaboration
[13]. The scattered electrons withB and the recoil
protons withA were detected in coincidence. Despite th
relatively small solid angles of magnetic spectrometer
complete coverage of the cm system was obtained clo
to threshold due to the “inverse kinematics” of th
pse, e0pdp0 reaction. IfDW is small the pion is almost
at rest and the outgoing proton is ejected into a sm
cone around the 3-momentum transfer. Thep0 can
be identified by calculating the missing mass from th
4-vectors of the incoming electron and the outgoin
electron and proton. This idea was already used
DESY [8] and later with the mentioned experiments a
NIKHEF [10,11]. A relatively high 4-momentum transfer
of Q2  0.1 sGeVycd2 was chosen. This allowed the
usage of the 2 cm thick cylindrical target. It also
facilitated the control of the spectrometers momentu
and time-of-flight resolutions. On the other hand, ear
ChPTh calculations [14] were not applicable at thisQ2,
but they were quickly extended [15] after the data o
this experiment became available. The data were tak
at fixed momentum transfer at three different inciden
electron energies of 435, 555, and 855 MeV in order
perform a transverse/longitudinal separation of the cro
section. Figure 1 shows the kinematical parameters a
Table I lists the chosen values. The recoil protons we
identified in spectrometerA by their energy loss in the
two successive scintillator layers in the focal plane. Th
remaining contamination by minimum ionizing particle
p1, m1, e1 was less than1024. About 20% of the true
coincidences were triggered by negative pions produc
in the target walls. They were rejected by aČerenkov
detector in spectrometerB.

The random background was reduced by appropria
cuts in the coincidence time spectra. After correcting th
particles time of flight for their different orbit lengths
in the spectrometer the coincidence time resolution w

FIG. 1. The kinematical variables. The electron with mo
menta$e and $e0 in the initial and final state, respectively, define
the scattering plane. The reaction plane defined by the pionp0

and the protonp is tilted by an anglef with respect to the
scattering plane. The angle between the direction of the virtu
photong and the neutral pion is denoted byup0 and that for
the proton byup.
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TABLE I. Kinematics in the laboratory frame. The centra
angles of the spectrometer for the electronue and for the proton
Qp are measured relative to the electron beam.

Q2  0.1 sGeVycd2, W  1073.24 MeV

e eL E E0 ue j $pp j Qp
(MeV) (MeV) sMeVycd

I 0.885 13.87 855 657 24.4± 326 46.6±

II 0.713 11.18 555 357 41.6± 326 39.5±

III 0.529 8.29 435 237 59.0± 326 33.0±

1.1 ns (FWHM). The p0s were identified by their
missing mass peak at 135.0 MeV with an rms width
1 MeV.

Finally, the resulting cross sections were corrected
radiation effects, detector inefficiencies, and dead-tim
loss. The acceptance was determined with a Monte Ca
simulation. The simulated distributions were checke
with the uncorrelated single events and with measu
ments of elastic electron scattering on the proton. In bo
cases the simulation agreed with the data. The error
the absolute normalization was61.5% for the beam cur-
rent and61.7% for the target thickness. A systemati
error of 62% for the radiative corrections was estimate
The largest contribution to the systematic error, howev
arises from the uncertainty of the beam energy and of
momentum calibration of the electron spectrometer. Th
leads to a systematic uncertainty of the cross sections
20% for the lowest energy bin at threshold and to 3%
3.5 MeV above threshold.

FIG. 2. The differential cross sectionsdsydVp
p d as a function

of the polar angleup
p of the pion in the cm system at a beam

energy of 555 MeVse  0.713d for four different regions in
the invariant mass above production threshold. The dashed
shows the new fit of HBChPTh.
2295
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The coincidence cross section for pion electroprodu
tion can be expressed as (see, e.g., [16])

ds

dVfdefdVp
p

 G

µ
dsT

dVp
p

1 eL
dsL

dVp
p

1

q
2eLs1 1 ed

dsLT

dVp
p

cosfp
p

1 e
dsTT

dVp
p

cos2fp
p

∂
, (1)

wheree is the transverse polarization of the virtual photo
and eL  sQ2yvp2de. The pion anglesfp

p and up
p are

the angles in the cm system corresponding to those
the laboratory frame illustrated in Fig. 1. The factorG

is the flux of the virtual photon field. The first two
terms of Eq. (1), the transversesT d and longitudinalsLd
cross sections, do not depend on the azimuthal ang
Therefore, they can be isolated by integrating overfp

p .
Figure 2 showsdsydVp

p , i.e., the sum of the first two
terms in Eq. (1), determined at 555 MeV. By using th
in
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different virtual photon polarizations theL and T cross
sections were separated.

Because this measurement has complete kinematic
coverage from threshold up to an invariant mass of 4 Me
above threshold, the dependence on the azimuthal an
can also be used to isolate the transverse-longitudin
(LT) and the transverse-transverse (TT) interference cro
sections. Figures 3 and 4 show the experimental resul
Taking all partial cross sections, the low energy constan
of heavy baryon chiral perturbation theory (HBChPTh
in Ref. [15] have been newly fitted to the data of this
experiment alone. The new values for the only two fre
parameters area3  20.92 6 0.17 and a4  20.99 6

0.13 which has to be compared to the old valuesa3 
21.46 6 0.14 and a4  20.31 6 0.11. It should be
noted that the correlation between the two parameters
20.99. The resulting curves are shown in Figs. 2–4.

Near thresholds- andp-wave amplitudes dominate the
cross section [15,16] and the four parts of Eq. (1) can b
written as
dsT

dVp
p

 N

Ω
jE01j2 1

1
2

sjP2j
2 1 jP3j

2d 1 2 ResE01Pp
1 d cosup

p 1

∑
jP1j

2 2
1
2

sjP2j
2 1 jP3j

2d
∏

cos2 up
p

æ
,

dsL

dVp
p

 NfjL01j2 1 jP5j
2 1 2 ResL01Pp

4d cosup
p 1 sjP4j

2 2 jP5j
2d cos2 up

pg ,

dsLT

dVp
p

 Nf2ResE01Pp
5 1 L01Pp

2 d sinup
p 1 ResP1Pp

5 1 P4Pp
2 d sinup

p cosup
p g ,

(2)

dsTT

dVp
p

 N
1
2

sjP2j
2 2 jP3j

2d sin2 up
p ,
on-
ee
with qp the pion cm momentum andN  2WqpysW2 2

m2
N d. [In the notationXlp 6s1y2d, X stands for the mul-

tipole characterE (electric), L (longitudinal), M (mag-
netic), lp denotes the angular momentum of the outgo

FIG. 3. The same as Fig. 2 fordsLT ydVp
p .
g

pion and the spins1y2d of the nucleon is omitted.] The
combinations ofp-wave amplitudesPi calculated with
ChPTh are considered to be reliable because the one-pi
loop contributions are much smaller than those of the tr

FIG. 4. The same as Fig. 2 fordsTT ydVp
p .
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TABLE II. Results of the fit to the Mainz data. The uppe
rms error is statistical, the lower systematic.

DWyMeV 0.5 6 0.5 1.5 6 0.5 2.5 6 0.5 3.5 6 0.5

E01

1023ymp

1.9660.33
60.29 1.8260.19

60.19 2.1260.17
60.20 1.5260.18

60.16

2L01

1023ymp

1.4260.05
60.16 1.4160.03

60.07 1.3660.03
60.08 1.2760.03

60.11

x2ynf 1.29 1.19 1.68 1.84

diagrams. On the other hand, thes-wave amplitudesE01

and L01 need large one-pion-loop corrections even
DW  0 andQ2  0, effectively destroying the classica
low energy theorems. Therefore, using the predictions
the p-wave multipoles given in [15], Eq. (2) can be use
to determine thes-wave multipolesE01 andL01. Below
the p1n thresholdsDW  5.9 MeVd all multipoles are
real. dsLydVp

p and dsT ydVp
p fix the values ofL01

and E01 with the leading term. dsLT ydVp
p represents

an additional constraint [see Eq. (1)] in the commonx2

fit of the s-wave amplitudes to the cross sections. Th
results are compiled in Table II and are depicted in Fig.
together with the NIKHEF results. The systematic erro
contains the mentioned uncertainty of the cross sectio
and a theoretical uncertainty of thePis of 610%. It has

FIG. 5. The results for the real part of the amplitudesE01 and
L01. The small error bars of the Mainz datasjd represent the
statistical, the wide bars the quadratic sum of the systema
and statistical error. The error bars of the NIKHEF datasdd
are statistical only. The curves show the new fit of HBChPT
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to be noted that the NIKHEF results are derived without
LyT separation and by using additional assumptions, e.g.
that the imaginary part of the multipoles can be neglected.

The agreement between this experiment and the ChPTh
fit is not bad, but it represents a test of limited significance
only since theoretically undetermined parameters are fitted
to the data. In order to avoid the need for the higher order
constants and at the same time to make connection to th
photo production at threshold [17–20], i.e., atQ2  0,
rather difficult experiments atQ2 , 0.1 sGeVycd2 have
to be done. This work is in progress at MAMI. At
the photon pointE01  s21.31 6 0.08d 3 1023mp , i.e.,
is negative [18,20]. The experiment shows that the
E01 amplitude changes sign with increasingQ2 and is
predicted to be zero aroundQ2  0.04 sGeVycd2 [15].

In summary, the results of this study represent the first
LyT separation and first determination of the LT and TT
structure functions of thepse, e0pdp0 reaction close to
threshold. The precision of the data is good enough to
allow a meaningful confrontation with theory. However,
a decisive test of ChPTh will need experiments at even
lower Q2.
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