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Measurement of the p(y, x ) Cross Section at Threshold
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Differential and absolute cross sections for the reaction p(y, tt") have been measured with energy-

defined photons in the threshold region (E„=131.4-157.2 MeV). The Eo+ amplitude has been extract-

ed out of the data. The values found are in disagreement with predictions of low-energy theorems.

PACS numbers: 13.60.Le, 25.20.Lj

Low-energy theorems (LETs) based on gauge invari-

ance and the partial conservation of the axial-vector
current have been used to make model-independent pre-
dictions for the photoproduction of pions from nucleons.

Good agreement with the experimental data on

charged-pion photoproduction was taken as evidence for
the validity of the underlying fundamental assumptions.

However, drastic deviations from the LET predictions
have been found in a recent measurement of neutral-pion

photoproduction performed with the Saclay Linac. ' The
discrepancy with the theoretical predictions becomes
even more pronounced with the present experiment
measuring angular distributions of neutral pions, to
which the theoretical predictions are very sensitive.

The differential photoproduction cross section close to
threshold is dominated by s and p waves. The s-wave

photoproduction amplitude En+ (this abbreviation will

be used throughout the text for Ep~+) is uniquely given

by LET up to p =(m,/Mtv) (m, denotes the pion

mass; Mtv denotes the nuclear mass). In an attempt to
reconcile the LET prediction with the experimental re

suit of Ref. 1, the influence of corrections due to rescat-
tering effects, virtual excitations of nucleon reso-

nances, and meson exchange in the t channel has been

investigated, in addition to contributions due to chiral-

symmetry breaking on the quark level. In consequence,
previous calculations of rescattering contributions used

in order to extract the LET-constrained Eo+ amplitude
have been challenged.

In this Letter we present data on the diA'erential and

total cross sections from threshold to 10 MeV above
threshold at five different energies. The experiment was

performed at the Mainz Microtron MAMI A, using a

tagging facility in combination with a x spectrome-
ter. ' A cw electron beam of 183.5 MeV, provided by
MAMI A, was used to produce photons with well defined

energies (FWHM=0. 28 MeV) by means of bremsstrah-

lung tagging. In the energy range 131.4-157.2 MeV the

tagged-photon flux was 1&&10 /s. The tr spectrometer
consisted of two arrays of lead-glass detectors placed
horizontally on either side of the beam at a distance of
50 cm from a liquid-hydrogen target. The arrays con-
tained a total of 88 separate lead-glass detectors. The
angle between the centroid of the blocks and the y beam
was chosen to be 80'. In this configuration the complete
tr angular distribution 0 ~ 8~ 180' was covered for the
given tagging range. The absolute detection efficiency
and the angular acceptances have been determined using
Monte Carlo simulations which were checked by mea-
surements of the ' C(y, tr ) reaction. The p-wave nature
of this coherent process, within 4.4 MeV above the pro-
duction threshold, provided a characteristic angular dis-
tribution. The absolute energy calibration of the tagging
spectrometer was checked by measuring the known ener-

gy of the MAMI beam directly using the spectrometer
and by the determination of the threshold of the process

C(y, tr )' C. From these separate measurements the
uncertainty in the energy of the tagged photons was es-
timated to be 220 keV. The target thickness of 11 cm
together with the tagged-photon flux of 1 x 10 /s provid-
ed a luminosity of 4.6X10 s 'cm

Neutral pions were identified event by event by a cut
in a two-dimensional plot of the tagged energy versus

opening angle of the decay photons. Random events
were subtracted using appropriate cuts in the time spec-
tra. Figure 1 shows the total cross section as a function
of the photon energy together with the data obtained by
Mazzucato et al. ' There is agreement within the experi-
mental error bars. The diff'erential cross sections for five

energy intervals around photon energies E,= 146.8,
149.1, 151.4, 153.7, and 156.1 MeV are shown in Figs.
2 (a)-2 (e).

The absolute overall systematic error amounts to
7.5', due to the uncertainty in the luminosity, the z
detection efficiency, and dead-time corrections. The ex-
periment was performed at one setting of the spectrome-
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ter and incoming electron energy. Consequently, relative
uncertainties in the energy dependence as well as the an-
gular distribution were minimized. Using this data base,
which is a factor of 10 larger than the previous measure-
ment, the extraction of the Ep+ amplitude as a function
of energy has been accomplished in essentially a model-
independent way. Since close to threshold only I 0, I
partial waves are important, the differential cross section
can be parametrized according to

(A+8cos8+ Ccos28) .0
Here q and k are the momentum of the pion and the
photon, respectively, and 8 is the emission angle of the
xp in the c.m. system relative to the photon momentum.
A, 8, and C are functions of the complex multipoles
Ep+, Mi+, Mi —,and Ei+. The angular distribution
coefficients have been determined by fits to the angular
distributions and are listed in Table I.

The s-wave amplitude Ep+ and the p-wave amplitude
Mi 3Ei++Mi+ —Mi can be determined from the
following symmetrical system of equations:

A+ C Eii+ —M i,
8 2 Re(Eo+Mi) .

(2)

(3)

Assuming the imaginary part of the amplitudes can be
neglected compared to the real one (e.g. , a contribution
of the imaginary part as large as calculated in Ref. 2
would change the result by 3.5/o in the worst case), the
solutions are

E,M, = —,
' (~ dW+8+C+ ia —8+C), (4)

which can be labeled Eo++, Eo+, Eo+ +, and Eo+
in an obvious notation (analogously for Mi). Since the
experimental 8 coefficient is negative for all incident
photon energies (see Table I) A+8+C is always small-
er than A —8+C. In addition Eo+ and Mi have dif-
ferent signs because of Eq. (3). Only the following com-
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FIG. 1. Total cross section for the reaction p(y, zo). Solid
circles, this work; open rhombi, Ref. 1.
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binations are allowed: (i) For Ep+ & 0, M i & 0,

(Eo++ Mi+ ). if IEo+ I
& IMi I

(Eo'++', Mi' '), if IEo+I & IMil;

(ii) for Ep+ & 0, Mi & 0,

(Eo+ ', Mi +'), if IEo+I& IM I,

(Eo+,Mi++ ), if IEii+I & IMiI.

(Sa)

(sb)

Since Ep+" =Mi"" (x =+, —), two combinations of

FIG. 2. Differential cross sections. The curves are the result
of a fit to the data (for E„146.8 MeV, the ~ I o results are
also plotted). (a) E„156.1 MeV, (b) E„153.7 MeV, (c)
E„151.4 MeV, (d) E„149.1 MeV, (e) E„146.8 MeV.
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TABLE I. Results of the fit for the coeScients 3, B, and C
defined in Eq. (1).

Ey (MeV) 8 (pb/sr) 8 (pb/sr) C (pb/sr)

146.8
149.1

151.4
153.7
156.1

0.099 + 0.011
0.158+ 0.011
0.225 + 0.012
0.277 ~ 0.012
0.376+ 0.014

—0.0158 + 0.012
—0.049 + 0.012
—0.044+ 0.013
—0.024+ 0.016
—0.048 + 0.018

—0.047 + 0.021
—0.09 + 0.022

—0.141 + 0.025
—0.158 + 0.027
—0.139+0.033
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solutions are finally obtained, which are mirror sym-
metric. If one chooses (i) or (ii), a unique solution is

found, provided it is known whether ~Epy~ is greater or
less than ~Mi~. The amplitudes obtained according to
this prescription are plotted as solid circles (squares) in

Fig. 3 as a function of qk (the mirror-symmetric solution
has been omitted for clarity). Obviously the positive and
linearly increasing solution should be identified with the
p-wave amplitudes (a p wave close to threshold being
proportional to qk, i.e., solution M I++) ) because of the
dominant M i ~ amplitude, while the negative and almost
constant data set is the s-wave amplitude (i.e., solution

Ep+ ). Here, it has been assumed that ~Mi~ & ~Ep+~
for all energies (solid symbols in Fig. 3); in the following
this data set is named solution I. Because of the
different energy dependences of s- and p-wave ampli-
tudes, ~Mi~ will become smaller than ~Ep+~ at some

qk close to threshold. In this case the combination
(Ep+,Mi + ) has to be used (see above). This
change of signs ensures the correct threshold behavior of
Ep+, i.e., Ep~ =3 and 8 =C =0.

However, there are strong indications in our data
[based, for example, on the ratio 8/(A+C)] that the
switching among solutions occurs between our data
points at E,=149.1 and 151.4 MeV, i.e., near the z+
production threshold of 151.4 MeV, although our results
are not precise enough to definitely exclude the solution
with no change in the covered energy range. We have,
therefore, included a second data set for Eo+ in Fig. 3
(open circles, open squares) and Table II (solution II).
Solutions I and II coincide for energies above the
charged-pion threshold. Below this threshold the solu-
tion Eo+ yields values for the s-wave amplitude which
are strongly enhanced and could be due to rescattering
through a charged intermediate pion. However, with

this solution the simple qk dependence of the M~ ampli-
tude is destroyed below the (y, tr+) threshold. In any
case a dramatic discrepancy between the LET prediction
(Ep+ = —2.5&10 /m ) and our experimental result
(see Table II) is clearly established at and above the tr+

threshold energy where eAects due to rescattering are
minimized in the real part of the Eo+ amplitude.

The prediction of Nozawa et al. which includes re-
scattering eff'ects in a dynamical model is plotted in Fig.
3. It turns out that this calculation is not able to repro-
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FIG. 3. Results for Eo+ (see Table II) and the correspond-

ing M~ plotted as a function of qk. Solid squares (circles),
solution I; open squares (circles), solution II (see text). At
qk=0 the LET prediction is indicated. The solid line is the
prediction of Ref. 2.

TABLE II. The extracted values for E0+ by using Eqs.
(2)-(5) and the fit coefficients of Table I. First column: solu-
tion I, assuming that Eo+ &0, M~ & 0, arid (Mi~ & ~Eo+

~
for

a/l energies (Eoi ', see text). Second column: solution II, as-
suming that ~M~~ & ~Eo+~ for E„&151.4 MeV (Eo'+ ') while

[Mi( & (Eo+( for E„&151.4 MeV (Eo+ ).

Ey (MeV)

146.8
149.1

151.4
153.7
156.1

E+ (10 '/m )

—0.25+ 0.19
—0.72 ~ 0.17
—0.56 ~ 0.13
—0.26+ 0.17
—0.35+ 0.13

E: (10-'/m. )

—1.61 + 0.16
—1.69+ 0.18
—0.56 ~ 0.13
—0.26+ 0.17
—0.35+ 0.13

duce the experimental data for energies above the
(y, tr+) threshold. Calculations which include, in a self-
consistent manner, rescattering effects as well as chiral-
symmetry breaking on the current-quark-mass level
would perhaps be able to describe the data. ''

The sum of the p-wave multipoles, entering in Eqs.
(2)-(5), yields, for solution I, an average value of
(Mi) =(8.3+'0.2) &&10 qk/m, in agreement with the
result reported in Ref. 1. A detailed evaluation of these
multipoles will be published in a forthcoming paper.

Summarizing, the Ep+ amplitude for neutral-pion pro-
duction from the proton has been determined for several
energies near the production threshold, and previously
reported deviations from LET are confirmed by good-
statistics angular distribution data. However, a certain
ambiguity remains for our two low-energy points (solu-
tions I and II). In model calculations the p wave should
be calculated in order to compare with the measured
cross sections.

Furthermore, the present Letter demonstrates that
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with the new cw facilities which are currently ~orking or
proposed for the future, new classes of experiments can
be performed. Of great importance will be a measure-
ment of the reaction n(y, tr ) which, together with mea-

surements of charged-pion production, will allow isospin

violation in the threshold region to be investigated for
the first time. In particular, since the isoscalar and iso-

spin even multipoles show a special sensitivity to the
chiral-breaking terms in the interaction, ' studies of
these specific parts of the interaction will become feasi-
ble.
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