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Measurement of Separated Structure Functions in thep(e,e’p)7® Reaction at Threshold
and Chiral Perturbation Theory

M. O. Distler] A. M. Bernstein? K. I. Blomqvist,! W.U. Boeglin! R. Bohm! R. Edelhoff! J. Friedrich! R. Geiges,
M. Kahrau! M. Korn,! H. Kramer! K. W. Krygier,' V. Kunde! M. Kuss? A. Liesenfeld! H. Merkel! K. Merle!
R. Neuhauseh,Th. Pospischil, M. Potokar} A. Rokavec® A.W. Richter! G. Rosner, P. Sauet, St. Schardt,
H. Schmieden, S. Sirca® B. Vodenik? A. Wagner! Th. Walcher! and St. Wolf
"Institut fir Kernphysik, Universitat Mainz, D-55099 Mainz, Germany
2Institut fur Kernphysik, TH Darmstadt, D-64289 Darmstadt, Germany
3Institute “Jozef Stefan”, University of Ljubljana, SI-1001 Ljubljana, Slovenia

*Massachusetts Institute of Technology, Cambridge, Massachusetts 02139
(Received 10 November 1997; revised manuscript received 21 November 1997

The reactiorp (e, e’ p)° has been studied very close to threshaldt < 4 MeV and at 4-momentum
transferQ? = 0.1 (GeV/c)>. 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 datewhge multipolesE-
and Lo+ 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

The pion is the lightest hadron and plays a decisive About 25 years ago, the reactien+ p — e’ + p +
role in the structure of the nucleon. It is understood asr® had been investigated experimentally at threshold and
a “Goldstone boson” reflecting the spontaneous symmetrin the energy region of the\(1232) resonance [6-9].
breaking of the QCD vacuum. At low energies, whereBut only total cross sections significantly above the pion
the color confinement makes the hadrons the only obsenproduction threshold and at relatively high 4-momentum
able degrees of freedom, the Goldstone bosons provideansfers could be determined. The small cross sections
a connection to QCD. Since the interaction of the lightclose to threshold could not be measured at the old low
mass Goldstone bosons is weak at low energies, effectivduty cycle(=2%) electron accelerators, which also had a
field theories can be formulated and observables can kdisturbing beam halo.
calculated perturbatively in a momentum and quark mass The advent of high current, high duty cycle accelerators
expansion. This approach to low energy QCD is callecafter 1990, together with high resolution magnetic spec-
“chiral perturbation theory” (ChPTh). It comprises two trometers, makes the low pion production cross sections at
aspects which make an experimental verification interesthreshold and at low momentum transfer accessible in coin-
ing. In the first place, the intricate calculations of one-cidence experiments. First such electroproduction experi-
and two-pion-loop corrections and the range of validityments of neutral pions have been performed at NIKHEF
of the renormalization of ChPTh requiring counter termswith duty factors of 1% [10] and 30% [11]. The first ex-
with constants not given in the framework of ChPTh haveperiment with an old generation accelerator had only lim-
to be checked. Second, if from such a study a consisted accuracy. The latter experiment was focused on the
tent picture emerges, the dynamic consequences of spoanergy range of the production threshold of charged pions
taneous symmetry breaking in QCD can be quantified. to study possible isospin breaking effects. In the region

The foundation was laid by Weinberg (see [1] andsignificant for the ChPTh tests very close to threshold (in-
references therein) and originally limited to systemsvariant mas$vV = 1073.24 MeV, AW = 5 MeV) this ex-
containing only pions. Consecutively ChPTh was appliedberiment had restricted precision.
in detail to 77 [2] and #N [3] reactions. However, This paper presents an investigation of e, e/p)7°
due to the well known electromagnetic interaction, thereaction very close to threshold at the Microtron MAMI,
photo- and electroproduction of pions promise particularlya 100%-duty-cycle-electron accelerator with 855 MeV
significant tests of the limits of validity and permit electron energy [12] with an energy width of the beam
the determination of the low energy constants. Theat 120 keV (FWHM) and an absolute uncertainty of
respective theoretical investigations have been performeti00 keV. The beam current of 16 t82 uA was
only recently [4]. It was the aim of the experiment measured with a Forster probe to a precision:a50 nA.
described in this paper to show that pion electroproductiohe liquid hydrogen was circulated between a cylindrical
can achieve the accuracy to provide a meaningful test dfrget cell with a diameter of 2 cm and a heat exchanger
ChPTh. Different theoretical approaches, e.g., in Ref. [5py means of a fan. To further avoid local boiling, the
are not discussed because of space limitations. beam has been wobbled over an areaSok 6 mn?.
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The beam position has been measured on an event BABLE I. Kinematics in the laboratory frame. The central
event basis to allow reconstruction of the reaction vertexngles of the spectrometer for the electtrand for the proton
and correction for energy loss. A luminosity ofl x  ©, are measured relative to the electron beam.

1037 cm™2 3*1_ was reached in this way. 02 = 0.1 (GeV/c)2, W = 1073.24 MeV

The experiment was performed using two of the three . . 7 B 9 ™ 0
spectrometersd, B, and C of the Al-Collaboration t (MeV) (MeV) (Mg\[}/c) !
[13]. The scattered electrons witB and the recoll 3885 1387 855 657 24.4° 326 46.6°

protons withA were detected in coincidence. Despite the;; 9713 11.18 555 357 41.6° 326  395°
relatively small solid angles of magnetic spectrometers);; 0529 8.29 435 237 59.0° 326 33.0°
complete coverage of the cm system was obtained close
to threshold due to the “inverse kinematics” of the
ple,e'p)m? reaction. IFAW is small the pion is almost

at rest and the outgoing proton is ejected into a small.1 ns (FWHM). Thex%s were identified by their
cone around the 3-momentum transfer. Th& can missing mass peak at 135.0 MeV with an rms width of
be identified by calculating the missing mass from thel MeV.

4-vectors of the incoming electron and the outgoing Finally, the resulting cross sections were corrected for
electron and proton. This idea was already used atadiation effects, detector inefficiencies, and dead-time
DESY [8] and later with the mentioned experiments atloss. The acceptance was determined with a Monte Carlo
NIKHEF [10,11]. A relatively high 4-momentum transfer simulation. The simulated distributions were checked
of 02 = 0.1 (GeV/c)?> was chosen. This allowed the with the uncorrelated single events and with measure-
usage of the 2 cm thick cylindrical target. It also ments of elastic electron scattering on the proton. In both
facilitated the control of the spectrometers momentuntases the simulation agreed with the data. The error of
and time-of-flight resolutions. On the other hand, earlythe absolute normalization was1.5% for the beam cur-
ChPTh calculations [14] were not applicable at tili$, rent and+1.7% for the target thickness. A systematic
but they were quickly extended [15] after the data oferror of =2% for the radiative corrections was estimated.
this experiment became available. The data were takeTfhe largest contribution to the systematic error, however,
at fixed momentum transfer at three different incidentarises from the uncertainty of the beam energy and of the
electron energies of 435, 555, and 855 MeV in order tanomentum calibration of the electron spectrometer. This
perform a transverse/longitudinal separation of the croskeads to a systematic uncertainty of the cross sections of
section. Figure 1 shows the kinematical parameters ang20% for the lowest energy bin at threshold and to 3% at
Table | lists the chosen values. The recoil protons wer&.5 MeV above threshold.

identified in spectrometeA by their energy loss in the
two successive scintillator layers in the focal plane. The
remaining contamination by minimum ionizing particles
7, ut, et was less tharl0~*. About 20% of the true
coincidences were triggered by negative pions produced
in the target walls. They were rejected byCa&renkov
detector in spectrometd. + + )

The random background was reduced by appropriate — +H_+_ +++—+—
cuts in the coincidence time spectra. After correcting the I i
particles time of flight for their different orbit lengths
in the spectrometer the coincidence time resolution was
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FIG. 1. The kinematical variables. The electron with mo- ZMeV‘P’A%'\‘,?g"sI:cg'B@ aMev (Pf&?ya:\?g'e@

mentae andé’ in the initial and final state, respectively, defines
the scattering plane. The reaction plane defined by the pfon FIG. 2. The differential cross sectiddo /dQ)*) as a function

and the protonp is tilted by an angle¢ with respect to the of the polar angle?;, of the pion in the cm system at a beam
scattering plane. The angle between the direction of the virtuaénergy of 555 MeV(e = 0.713) for four different regions in
photony and the neutral pion is denoted Iy and that for the invariant mass above production threshold. The dashed line
the proton byg,. shows the new fit of HBChPTh.
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The coincidence cross section for pion electroproducdifferent virtual photon polarizations the and T cross

tion can be expressed as (see, e.g., [16]) sections were separated.

do dor doy Because this measurement has complete kinematical

AQ0.ded0* F(dﬂ* 2 40" coverage from threshold up to an invariant mass of 4 MeV
SRR, i 7 above threshold, the dependence on the azimuthal angle
+4/2e,.(1 + ¢€) d‘TLT cose: can also be used to isolate the transverse-longitudinal

dQ; (LT) and the transverse-transverse (TT) interference cross

dorr . sections. Figures 3 and 4 show the experimental results.

T e dQr 0052‘1’#)’ (1) Taking all partial cross sections, the low energy constants

wheree is the transverse polarization of the virtual photon®f heavy baryon chiral perturbation theory (HBChPTh)

and e, = (0%/w*)e. The pion anglesp® and 6* are N Ref. [15] have been newly fitted to the data of this

the angles in the cm system corresponding to those igxperiment alone. The new values for the only two free

the laboratory frame illustrated in Fig. 1. The factor Parameters are; = —0.92 = 0.17 and a, = —0.99 =
is the flux of the virtual photon field. The first two 0-13 which has to be compared to the old valugs=

terms of Eq. (1), the transver$) and longitudinal(z) ~ — 146 = 0.14 and a; = —0.31 = 0.11. It should be
cross sections, do not depend on the azimuthal ang@.oted that the correlation between the two parameters is

Therefore, they can be isolated by integrating oyér. —0.99. The resulting curves are shqwn in Figs.. 2—-4.
Figure 2 showsdo/dQ%, i.e., the sum of the first two Near threshold- and p-wave amplitudes dominate the

terms in Eq. (1), determined at 555 MeV. By using tﬁ]ecross section [15,16] and the four parts of Eqg. (1) can be

written as
dor 2 1 2 2 # # 2 1 2 2 *
Jqr = N{1Eos? + 5 (P2l + IPs?) + 2Re(Eo+ P) costy, + | [P1I* = = (IP2f* + [P3]*) |cos 67 ¢,
d * * *
oo = NOLo+ P + IPs” + 2RelLo. P) cost, + (IPsl* = |PsP*) cos 03],
7 (2)
d((TlL*T = N[-ReEy+P; + Lo+ P5)sing. + Re(P\P; + P4P;)sing. cost ],
dO'TT 1 2 2 - s
= N — (|P,|* — |P3]?)sir?
a0x > (1P| |P5|%) 0.,
with ¢* the pion cm momentum andl = 2Wgq*/(W? — ! pion and the spir(1/2) of the nucleon is omitted.] The

m;zv). [In the notationX;_«(;/2), X stands for the mul- combinations ofp-wave amplitudesP; calculated with
tipole charactert (electric), L (longitudinal), M (mag- ChPTh are considered to be reliable because the one-pion-
netic), I, denotes the angular momentum of the outgoindoop contributions are much smaller than those of the tree
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TABLE II.  Results of the fit to the Mainz data. The upper to be noted that the NIKHEF results are derived without

rms error is statistical, the lower systematic. L/T separation and by using additional assumptions, e.g.,
AW/MeV 05+05 15+05 25+05 35=+05 thattheimaginary partof the multipoles can be neglected.
The agreement between this experiment and the ChPTh

Eo, 1965033 1825019 o 1007 | 5018 fitis not bad, but i; represents a test of limited significarjce
1073 /my, only since theoretically undetermined parameters are fitted
Lo+ 1425005 1 415003 1 361003 72003 to the data. In order to avoid the need for the higher order
1073 /my, constants and at the same time to make connection to the
x*/ng 129 1.19 1.68 1.84 photo production at threshold [17-20], i.e., @ = 0,

rather difficult experiments ap? < 0.1 (GeV/c)?> have

to be done. This work is in progress at MAMI. At

, _ the photon poinEy = (—1.31 = 0.08) X 10 3m,, i.e.,
diagrams. On the other hand, thevave amplitude€o+ 5 pegative [18,20]. The experiment shows that the
and Lo+ need large one-pion-loop corrections even atg, . amplitude changes sign with increasigg and is
AW = 0andQ? = 0, effectively destroying the classical predicted to be zero arour@? = 0.04 (GeV/c)? [15].

low energy theorems. Therefore, using the predictions for |, symmary, the results of this study represent the first
the p-wave multipoles given in [15], Eq. (2) can be used; ;7 separation and first determination of the LT and TT
to detfrmme the-wave multipolest. andLo+. Below  girycture functions of the(e, e/p)#° reaction close to
the 77 n thresDoId(AW =359 *M?V) all multipoles are  {hreshold. The precision of the data is good enough to
real. do./dQ); anddor/dQ; fix the va}klues ofLo+  allow a meaningful confrontation with theory. However,
and Eo+ with the leading term.do.r/d(); represents g gecisive test of ChPTh will need experiments at even
an additional constraint [see Eqg. (1)] in the commph lower Q2.

fit of the s-wave amplitudes to the cross sections. The This work was supported by the Deutsche Forschungs-
results are compiled in Table Il and are depicted in Fig. EQemeinschaft.
together with the NIKHEF results. The systematic error

contains the mentioned uncertainty of the cross sections

and a theoretical uncertainty of tligs of £10%. It has
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