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Abstract. Single-π− and -π+ photoproduction from deuterium has been measured at energies E = 1.7–
5.6GeV and momentum transfers |t| = 0.4–5.6 (GeV/c)2. The ratio π−/ π+ for data taken at E = 3.4GeV
is presented. Also the ratio of the π+ from hydrogen to the π+ from deuterium is extracted to examine the
nucleon spectator assumption used in the cross-section ratio analysis. Results are discussed in conjunction
with the existing measurements with frameworks ranging from a hadronic description to parton constituent
models which successfully characterize the scaling behaviors observed in the exclusive measurements.

PACS. 13.60.Le Meson production – 24.85.+p Quarks, gluons, and QCD in nuclei and nuclear processes
– 25.10.+s Nuclear reactions involving few-nucleon systems – 25.20.Lj Photoproduction reactions

1 Introduction

High-energy photoreactions, especially when measured at
high momentum transfer, have been used to probe the
quark-gluon structure of the hadronic particles involved
in the reactions. It is of primary interest to develop in-
sight into the transition between the hadronic and quark-
gluon descriptions of the fundamental photoproduction
processes, particularly in the energy regions accessible
with CEBAF at Jefferson Lab.

Current understanding presents two complementary
scenarios of the photoreaction process. In the low-
energy and low-momentum-transfer region, models built
with nucleon-meson degrees of freedom through effective
hadronic Lagrangian have proved to be valid in describ-
ing the existing data [1,2]. At high energy and large mo-
mentum transfer, constituent counting rules (CCR), a de-
scription based on the quark and gluon degrees of freedom
within the domain of perturbative QCD, have been suc-
cessful in characterizing the photoreaction cross-section
data [3,4]. Also, successful agreements between data and
perturbative QCD calculations have been reported for
high-energy pion photoproduction at large transverse mo-
mentum for the inclusive process of γ +N → π0 +X [5,
6]. However, in the same momentum transfer region
where the CCR are valid, another pQCD-based predic-
tion, hadronic helicity conservation (HHC), has not been
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successful in explaining the newly emerged polarization
data from experiments at Jefferson Lab [7,8].

Among the proposed physics observables, the ratio of
the differential cross-section dσ

dt (γn → π−p)/dσ
dt (γp →

π+n) is shown to be explicitly sensitive to the mechanisms
of the scattering processes at high energy and high mo-
mentum transfer where pQCD-based models presumably
apply [9–15]. However, previous data on this observable
have been available only in the momentum transfer region
of |t| below 2.8 (GeV/c)2 [16–18] where they are compared
to different hadronic-model–based calculations [1,2].

This paper reports a recent measurement of the
charged-pion cross-section ratio from experiment E94-104
at Jefferson Lab [19] where single pions from the following
processes are measured: γd → π−X, γd → π+X and
γp → π+X. After a description of the measurement and
data analysis, results of this experiment will be discussed
in connection to the existing measurements and models
based on both hadronic and quark-gluon degrees of
freedom.

2 Experiment and analysis

This experiment was performed in Hall A of the Con-
tinuous Electron Beam Accelerator Facility (CEBAF) at
Jefferson Lab in the spring of 2001. The photon beam was
generated via bremsstrahlung of the electron beam in a
thin 6% Cu radiator located upstream of the target. The
typical electron beam current was ∼ 30µA and data were
taken at beam energies E = 1.723, 2.561, 3.400, 4.236 and
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5.614GeV. The liquid-hydrogen target was operated at a
temperature of 19K and a pressure of ∼ 0.17MPa, giv-
ing a density of 0.072 g/cm3. The liquid-deuterium target
was operated at a temperature of 22K and a pressure of
∼ 0.15MPa, giving a density of 0.167 g/cm3. The target
cells for both the hydrogen and deuterium loops consisted
of aluminum cylinders with their axes oriented along the
beam direction. Special runs with radiator removed were
taken for subtraction of the backgrounds from the elec-
troproduction processes. In addition, dummy target cells
were used to measure empty target backgrounds.

Independent measurements of the oppositely charged
pions were performed with both of the High Resolution
Spectrometers (HRS) in Hall A. The beam-left HRS arm
was used to measure positively charged particles and the
beam-right arm to measure negatively charged particles.
The position and angle of the emitted particles were
tracked with two vertical drift chambers in each of the two
HRS arms. Particle identification for positive tracks was
obtained with a combination of scintillators and two aero-
gel Čerenkov counters. For negative tracks, particle sepa-
ration was obtained by using a gas Čerenkov counter and
two layers of lead glass shower counters in the right arm.

Charged-pion cross-section ratios are obtained from
the analysis of bremsstrahlung yield curves. The incident-
photon energy is reconstructed on the basis of single-pion
production kinematics under the assumption that the nu-
cleon spectator model is valid. It is believed that the fol-
lowing is a good approximation

π−

π+
≡ dσ/dt(γn −→ π−p)
dσ/dt(γp −→ π+n)

� dσ/dt(γd −→ π−pp)
dσ/dt(γd −→ π+nn)

, (1)

where the known effects that cause differences in cross-
sections between free nucleons in hydrogen and in deu-
terium partially cancelled out when the above ratio is
formed [18], including 1) the Pauli exclusion principle,
and 2) the Glauber corrections for interactions of the pion
with the spectator nucleon and the final-state interactions
of the two nucleons.

In extracting the π−/π+ ratios, it was required that
the photon energy, calculated from the momentum and an-
gle of the detected pion, fall within a range E−125MeV <
Eγ < E − 25MeV for both π+ and π−. This procedure
effectively eliminated multipion processes because of their
higher threshold. By varying both the width and the lo-
cation of this Eγ cut, the contribution of multipion pro-
cesses to the π−/π+ ratio was examined and found to be
less than ∼ 3%. Contaminations of electrons and protons
to the measured π− and π+ yields are found to be at a
level below ∼ 1%. Variations of both the acceptance cuts
and the PID cuts reveal a maximum uncertainty in the
π−/π+ ratio at a level below ∼ 3%. Other systematic er-
rors should essentially cancel out when taking the ratio of
π− and π+ yields.
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Fig. 1. π−
π+ ratio from deuterium measured at E = 3.400GeV,

comparing to the CEA and DESY data taken at same energy.

3 Results and discussion

3.1 Ratio π−/π+ at E = 3.400 GeV

The |t|-dependence of the π−/π+ ratio from deuterium for
data taken at E = 3.400GeV is shown in fig. 1, together
with previous data obtained at the same beam energy
from the Cambridge Electron Accelerator (CEA) [16] and
DESY [17]. Using the same analysis approach as used in
the previous measurements, results from this experiment
suggest a very good agreement with the CEA results in
their overlap region of momentum transfer. The π−/π+

ratio is close to unity in the forward direction, then falls
sharply as |t| increases, reaching a ∼ 1/3 minimum at |t| �
0.4 (GeV/c)2. Further, the π−/π+ ratio rises smoothly as
|t| continue to increase between |t| � 0.4–2.8 (GeV/c)2.

3.2 Ratio of π+ in hydrogen over π+ in deuterium

As an examination of the validity of the assumption in
eq. (1), the ratio of the π+ produced in hydrogen to the π+

produced in deuterium was also extracted over the same
momentum transfer region of |t| = 0.4–2.8 (GeV/c)2,

π+(H)
π+(D)

=
dσ/dt(γp −→ π+n)
dσ/dt(γd −→ π+nn)

, (2)

where the neutron in the deuterium target is viewed as a
spectator when the π+ is produced from the interaction
between the photon and the struck proton. This ratio is
plotted as a function of |t| in fig. 2. Explicitly, the result
reveals a prominent departure from unity as the measure-
ment proceeded to increasingly higher momentum trans-
fer. In the lower region of |t| below ∼ 1.5 (GeV/c)2, this
ratio is found to be in the vicinity of unity which is in good
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Fig. 2. Ratio of π+ from hydrogen target over the π+ from
deuterium target. An earlier result from CEA [16] is also shown
as open squares.

agreement with the same check done in the CEA data [16].
Furthermore, in a window of |t| = 1.5–2.0 (GeV/c)2, this
ratio dropped abruptly from ∼ 1 down to a value of ∼ 1/3.

It is interesting to examine this apparent breakdown
of the simple nucleon spectator picture within the context
of a series of exclusive cross-section measurements, includ-
ing the previous measurements at SLAC on the γp → π+n
process [18,20] and the latest measurements on both the
γp → π+n and γn → π−p processes from this experi-
ment [21].

First, as shown in fig. 2, both of the two data points
down to the 1/3 ratio region are from measurements
at center-of-mass energy

√
s larger than 2.7GeV, corre-

sponding to a photon energy of 3.4GeV, and at center-of-
mass angle θcm larger than 70◦. It has been observed that
for

√
s larger than 2.7GeV, the differential cross-section

for both γn → π−p and γp → π+n at θcm = 90◦ can be
represented approximately by dσ/dt ∼ s−7f(θcm) [18,20,
21], which are in good agreement with the prediction of
the parton constituent models [22–24].

Secondly, the breakdown point in the vicinity of |t| ∼
2.0 (GeV/c)2 from fig. 2 is coincident with the earlier
observations made in the measurements at SLAC [20]
where the cross-section of dσ/dt(γp → π+n) was mea-
sured as a function of momentum transfer |t| for E = 4.0–
7.5GeV. It revealed that after an exponential (∼ e3|t|)
fall-off for |t| values up to about 2.0 (GeV/c)2, the cross-
section dσ/dt entered a central region of momentum trans-
fer where dσ/dt is independent of |t| and the cross-section
has a steep energy dependence of s−7. In addition, by
extracting the effective value of the Regge trajectory pa-
rameter α(|t|), as defined in dσ/dt ∼ s2[α(|t|)−1] [25,26],
it was found that this parameter underwent a transition

at |t| � 2.0 (GeV/c)2 from its nominal zero value at lower
momentum transfer to a definitive departure from zero
into the higher-|t| region where the cross-section scales
with center-of-mass energy s2−n with n � 7.3± 0.4.

With the convergent observations made in this mea-
surement and other available data on the exclusive cross-
sections [20,21], it appears that in the region of energy
and momentum transfer accessed by this experiment, i.e.
E = 1.7–5.6GeV and |t| = 0.4–2.8 (GeV/c)2, an ap-
parent transition might have happened where scaling in
cross-section is observed to set in as the process proceeds
over a joint threshold in the center-of-mass energy

√
s at

∼ 2.7GeV and momentum transfer |t| at ∼ 2.0 (GeV/c)2.
Nevertheless, the significance of other potential mecha-
nisms such as multistep pion production processes in driv-
ing the high-t behavior of the ratio in eq. (2) remains to be
investigated before a definitive conclusion may be drawn.

4 Summary

Data of single π− and π+ have been taken for the beam en-
ergies E = 1.7–5.6GeV and momentum transfer |t| = 0.4–
5.6 (GeV/c)2. The ratio π−/π+ from deuterium for data
taken at E = 3.400GeV is in good agreement with the
CEA data taken over a region of overlapped kinematics.
In addition, the ratio of the π+ from hydrogen to the π+

from deuterium is extracted with an intention to exam-
ine the validity of the nucleon spectator model. A promi-
nent breakdown from the naive expectation is observed
at |t| � 2.0 (GeV/c)2. This finding, though revealed with
a different observable, is concurrent to the observations
made by earlier measurements from SLAC on the exclusive
cross-sections. Due to this apparent breakdown, π−/π+

ratios at higher momentum transfer are to be investigated
with additional input from the exclusive measurements.
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