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of chiral perturbation theory. We compare to the recent data from NIKHEF and find good agreement.
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Threshold pion photo- and electroproduction off pro-
tons allows us to test our understanding of the strong in-

teractions at low energies, i.e., in the nonperturbative re-
gime. In the last few years, extensive data were obtained
for the photoproduction process y+p x +p at Saclay
[I] and Mainz [2]. This led to numerous investigations
concerning the so-called low-energy theorem (LET) for
the electric dipole amplitude Eo~ at threshold [3,4] and
also a critical reanalysis of the data was performed [5-8].
Furthermore, in QCD the LET was reconsidered and it
was found that there are additional terms in the expan-
sion of Eo~ in powers of It =M /m (ratio of the pion to
the nucleon mass) at next-to-leading order It [9,10].
This effect is due to a nonanalyticity in the quark mass
whose origin is the triangle diagram. New experimental
information has recently become available for the elec-
troproduction process y*+p z +p, where y* denotes
the virtual photon [11]. The data were obtained in the

energy range from 0 to 2.5 MeV above production thresh-
old and photon four-momenta squared (k ) between
—0.04 and —0. 1 GeV /c . This experiment is a major
step beyond previous measurements which were charac-
terized by a poor energy resolution and also did not come
close enough to threshold; i.e. , they were dominated by
the M]+ multipole. The aim of our Letter is to confront
low-energy QCD predictions with these new data and to
propose further measurements which are sensitive to the
chiral sector of QCD.

Our calculation is based on the chiral perturbation
theory (CHPT) formulation developed in Refs. [9,10].
The essential ingredients of CHPT can be briefly summa-
rized as follows. At low energies, the strong interactions
are dictated by the spontaneously broken chiral symme-
try. In the chiral limit of vanishing quark masses the
pseudoscalar Goldstone bosons are massless. Their self-
interactions and interactions with other particles (e.g. ,

the nucleon) are severely constrained by the Ward-
Takahashi (WT) identities of the broken chiral symmetry
and by Goldstone's theorem. In fact, the WT identities
can be solved in a systematic fashion by making use of an
effective field theory which consists of a string of terms
with an increasing number of derivatives and quark mass
insertions. For the AN@ system we consider here, the
lowest-order term is of order q (one derivative) and con-
tains a few parameters like the pion decay constant (F )
or the axial-vector coupling (g~) (in the chiral limit).
Calculating tree diagrams with the lowest-order effective
Lagrangian is not suScient since unitarity is violated.
This can be cured in a perturbative fashion by going at
next-to-leading order and considering loops [12]. At this
order, one also has a set of higher derivative local terms.
These are accompanied by a priori unknown coe%cients,
the so-called low-energy constants. Since in general the
pion loop diagrams are divergent, one has to perform an
order-by-order renormalization procedure. The infinities
can be absorbed in the low energy couplings. The
remaining finite pieces of the various low-energy con-
stants can be determined from phenomenology [13] or es-
timated by the exchange of heavy meson resonances [14].
A general discussion of these aspects in the zNy system is

given in Refs. [15,16].
Apart from well-known lepton kinematical factors, the

p(e, '
e)ptrcross section is determined from the ampli-

tude of the process y*(k)+p(pt) tr (q)+p(p2) with

k &0. Within CHPT, the transition amplitude takes
the form

T()r+p trod) ) T (tree)+ T (I -loop) + T (c t ) (1)

where T '"" is the lowest-order amplitude generated
from tree graphs of the nonlinear o. model coupled to nu-

cleons. One should notice that the tree amplitude does
not contain form factors or the anomalous magnetic mo-
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ment of the proton. At next-to-leading order, one has
contributions from loops and counterterms (c.t.). In the
case under consideration, there are three finite counter-
terms up to and including dimension q related to photon
couplings. These read

Lg d/ Epyggp Py u Fg% +c6% opvF+

+b9+ y„D„F~"+, (2)

with u„=iu tV„Uu t and u =JU. The matrix-valued field
U collects the pion fields in a nonlinear representation.
We work in flavor SU(2) in the isospin limit and use the
o-model gauge U=(a+is x)/F subject to the con-
straint a +x =F . F"' is the conventional photon field
strength tensor and F„+„=u tQF„,u+ uQF„„u t, with Q
the nucleon charge matrix. The covariant derivative con-
tains external vector and axial-vector fields, i.e., it gives
the coupling of the photon to the nucleons and pions. The
first term in (2) has already been discussed in the pho-
toproduction calculation [16] and the coefficient d~ was
estimated from resonance exchange. The second and
third terms are necessary to account for the physical
values of the anomalous magnetic moment and the elec-
tric charge radius of the proton, respectively. It is impor-
tant to notice that the anomalous magnetic moment Kz
and the form factors are built up order by order from the
loops and counterterms. Also, by construction, gauge in-
variance is preserved. To calculate the transition ampli-
tude [Eq. (I )], one expands in terms of a set of gauge-
and Lorentz-invariant functions [17]

6
T" =iu(p2)ys g Mt'A;(s, u, k )u(p)), (3)

where the Mf can be found in Ref. [17], s = (p ~
+k ),

u =(p~ —q), and the 2; will be calculated in chiral per-
turbation theory. To one-loop order, the contributions to
the 2; fall into three separately gauge-invariant subsets
of diagrams. The explicit form of the first of these sets is
given in [10] and that of the other two will be given else-
where [18]. The second class of diagrams essentially
builds up the anomalous magnetic moment and the pro-
ton electromagnetic form factors and the third one con-
tains the so-called box graphs. Obviously, in the pho-
toproduction case k =0 one recovers the results of Ref.
[16]. To compare with the data of Ref. [11],we have to
calculate the triple diA'erential cross section of the reac-
tion p(e, e'x )p from the amplitude defined in Eq. (3). In
terms of the S- and P-wave multipoles, it can be cast into
the following form [19]:

0do 4 lqxl II
[dAdE, kL rn

with I the virtual photon Aux factor, q* the pion three-
momentum in the xW frame, kL = (s —m )/2m the
equivalent real photon energy, rn the proton mass, and
W=Es the invariant energy. The second term propor-
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FIG. I. Comparison of the NIKHEF data [I ll with the pre-
dictions from one-loop CHPT (x), tree-level (open circles), and
PV (solid circles) calculations.

tional to b in Eq. (4) contains the contributions from the
I'-wave multipoles. The focus of the current interest is
the first term ao which depends only on the S-wave mul-
tipoles Eo+ and Lo+.

kao=l&o+I' —e „ILo+I',
0

(5)

where e and ko =(s —m +k )/2' represent, respec-
tively, a measure of the transverse linear polarization and
the energy of the virtual photon in the zN frame. In Ref.
[11], ao was extracted from the data with an unpre-
cedented accuracy.

Let us now confront the chiral one-loop predictions
with the data. We compare in Fig. 1 the CHPT predic-
tions (marked as &&) and the data from NIKHEF [11].
In the same figure we also show the results from tree dia-
grams (open circles) and from the pseudovector (PV)
Born terms with form factors (solid circles) as explicitly
specified by model B of Nozawa and Lee [19]. Note that
all of the PV results presented here do not include the
vector-meson-exchange and final-state-interaction terms
introduced in Ref. [19] since they induce a strong model
dependence. The possible connection between these two
effects and CHPT will be investigated elsewhere [18].
We see that the one-loop diagrams drastically reduce the
calculated cross sections and bring the CHPT results
within the experimental uncertainties. The results from
PV Born terms are, however, also not too difTerent from
the data. To have a rigorous test of CHPT, more precise
measurements are clearly needed. Let us now focus our
attention on the k dependence of various p(e, e'x )p
cross sections. We consider a kinematics with 8'=1074
MeV, which is perhaps the most realistic case for the ex-
periments in the near future. At this near threshold ener-
gy, 8'th„=1073.26 MeV, the S-wave multipoles dom-
inate. In Fig. 2, the S-wave cross section defined in Eq.
(5) is displayed (e =0.58). The prediction of Scherer and
Koch [20] is very similar to that of the PV terms. Notice
that the data of Ref. [11] also shown are obtained for
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FIG. 2. The 5-wave components of the cross sections, calcu-
lated from CHPT (solid line) and PV (dotted line) are com-
pared. The kinematics is 8'=1074 MeV and a=0.58. The
data extracted in Ref. [11]are also shown.
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m=0. 58, 0.79, and 0.62, in order. However, the CHPT
prediction for a=0.79 lies only slightly above the solid
line shown in Fig. 2. The overall agreement between the
data and the CHPT prediction is satisfactory (see, how-

ever, discussion below). Clearly, the differences between
CHPT and PV can be distinguished easily in the region
near k = —0. 1 GeV /c . The most effective way to test
the CHPT predictions is to perform experiments which
allow a separation of the longitudinal and transverse
parts of the cross section since they have a very different
k dependence. Furthermore, they are drastically differ-
ent from the predictions based on the PV terms.

We have also explored the k dependence of various z
differentia] cross sections (as defined in Ref. [19]). Here
we only present in Fig. 3 the results for the transverse
differential cross sections, which call for an experimental
test. The most striking feature is that the CHPT predic-
tions become forward peaked as Ik I becomes larger than
0.04 GeV /c, while the PV results remain backward
peaked until Ik I=0.07 GeV /c . This is illustrated in

Fig. 3. For comparison, in the shapes of longitudinal
differentia] cross sections one finds no striking differences.
It is important to notice that the transverse cross sections
(cf. Fig. 3) contain contributions from P-wave multipoles.
Although these multipoles are small, they can signifi-
cantly contribute to the cross section through their in-
terferences with the S-wave multipoles. There are pro-
nounced differences in all multipoles between the CHPT
and PV predictions (for details, see Ref. [18]). There-
fore, to have a good test of CHPT it is not suScient to
compare the CHPT prediction for the S-wave multipoles
(cf. Fig. 2) with the data since in the latter case the P
wave contribution was taken from some other sources or
by extrapolating existing analyses at higher energies to
threshold via a Born series. In the future, it will be
preferable to compare the theoretical predictions of the
cross sections directly with the measurements.

To summarize, we have performed a calculation of
threshold pion electroproduction in the framework of
chiral perturbation theory. We have shown that loop
effects are necessary to understand the recently measured
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FIG. 3. The k dependence of the n transverse differential
cross sections in the final rrlV center-of-mass system (as defined
in Ref. [19]) calculated from CHPT (solid curves) and PV
(dotted curves) are compared. The kinematics is &=1074
MeV and k =0, . . . , 0. 1 (GeV/c) .
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triple differential cross section close to threshold and at
photon four-momentum squared between —0.04 and
—0. 1 GeV /c . However, we have also stressed that
more precise measurements, in particular of the trans-
verse cross sections, are needed to serve as a test of chiral
perturbation theory. On the theoretical side, further in-
vestigations of higher loop effects are definitively needed
to learn about the convergence of the chiral expansion
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A more detailed account of this topic and also the discus-
sion of charged pion electroproduction at threshold [22]
will be given in Ref. [18].
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