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Abstract

The γn → π−p and γp → π+n reactions are essential probes of the tran-

sition from meson-nucleon degrees of freedom to quark-gluon degrees of

freedom in exclusive processes. The cross sections of these processes are

also advantageous, for investigation of the oscillatory behavior around the

quark counting prediction, since they decrease relatively slower with energy

compared with other photon-induced processes. Recent data from JLab

experiment E94-104 show dramatic change in the scaled differential cross-

section from the γn → π−p and γp → π+n processes in the center of mass

energy between 1.8 GeV to about 2.4 GeV. We propose to carry out a

CLAS approved analysis of the g10 data on the γn → π−p to investigate

this dramatic behavior in much finer photon energy bins. Furthermore,

the angular dependence of the scaling behavior for this process will also be

studied in detail. We also propose to analyze the g2 data on the γn → π−p

process up to a center-of-mass energy of 2.5 Gev as a function of the pion

center-of-mass angle.
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I. INTRODUCTION AND MOTIVATION

The γn → π−p, γp → π+n and γp → π0p reactions are essential probes of the
transition from meson-nucleon degrees of freedom to quark-gluon degrees of freedom in
exclusive processes. The differential cross-section for many exclusive reactions [1], at high
energy and large momentum transfer, appear to obey the quark counting rule. These
rules were first obtained based on dimensional analysis [2] but later they were confirmed
in the short-distance pQCD framework [3]. In the last few years, an all-orders demon-
stration of counting rules for hard exclusive processes has been shown arising from the
correspondence between the anti-de Sitter space and the conformal field theory [4] which
connects superstring theory to conformal gauge theory. In recent years, a similar trend, i.e.
global scaling behavior, has been observed in deuteron photo-disintegration experiments
at SLAC and JLab [5]- [9], in fact the onset of scaling is observed at a surprisingly low
transverse momentum value above about 1.1 (GeV/c) [7,9]. In addition to the early onset
of scaling, some exclusive processes such as pp and πp elastic scattering, show a striking
oscillation in the scaled differential cross-section about the predicted quark counting rule
behavior (s−10 for pp elastic scattering). One explanation [10] for these oscillations and
the striking spin-correlation [11] in pp elastic scattering involves the interference between
short-distance and long-distance (Landshoff [12]) amplitudes. This QCD process is anal-
ogous to the QED effect of Coulomb-nuclear interference observed in low energy charged
particle scattering. Another explanation [13] interprets the oscillations in terms of opening
of new charm resonance states (uuduudcc̄). One may also explain the enhancement in po-
larized pp elastic scattering data in terms of a threshold effect (almost bound state) since
the “free” case (outside nuclear matter) does not seem to have enough attraction to form
a bound state [14,15]. With a quite modest value for the scattering length as = −0.2 fm

extracted from charmonium-nucleon scattering, de Teramond et al. [16] have shown that
the anomalous spin-spin behavior in pp elastic scattering may be well accounted for.

Deviations (oscillations) from the pQCD counting rule above the resonance region
has recently been shown in a model of a composite system with two spinless charged
constituents [17], employing the so-called concept of “restricted locality” of quark-hadron
duality [18]. Ji, Ma and Yuan [19] derived a generalized counting rule for exclusive
processes at fixed angles involving parton orbital angular momentum and hadron helicity
flip. In this formalism the deviation from the quark counting rule [2] would be related
to the orbital angular momentum. Recently, a non-perturbative derivation of generalized
counting rules including the orbital angular momentum was also obtained by Brodsky
and de Teramond [20].

The photo-pion production reactions are well suited for investigation of the scaling
behavior (ds

dt
∝ s−7) and also for studying oscillatory behavior around the quark counting

rule prediction, because the cross section of these processes decrease relatively slower
with energy compared with other photon-induced processes. The relatively higher rates
for these processes will also allow angular scans to investigate the momentum transfer (t)
and transverse momentum (pT ) dependence of the scaling behavior in addition to the usual
energy scan looking at the center-of-mass energy (W =

√
s) dependence. Recent results

from deuteron photo-disintegration [7,9] suggest an angular dependent scaling onset.
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II. JEFFERSON LAB EXPERIMENT E94-104

Experiment E94-104 was carried out in Hall A [21] at the Thomas Jefferson National
Accelerator Facility (JLab). The continuous electron beam, at a current around 30 µA
and energies from 1.1 to 5.5 GeV, impinged on a 6% copper radiator and generated an
untagged bremsstrahlung photon beam. The production data were taken with the 15
cm cryogenic liquid hydrogen (LH2) target for singles p(γ, π+)n measurement, or with
the liquid deuterium (LD2) target for coincidence d(γ, π−p)p measurement. The two
High Resolution Spectrometers (HRS) in Hall A were used to detect the outgoing pions
and recoil protons. Two new aerogel Čerenkov detectors in the left spectrometer were
constructed for this experiment to provide particle identification for positive particles,
mainly pions and protons, since the time-of-flight technique fails at high momentum.
Details of the Hall A spectrometers can be found in Ref [21].

Based on two-body kinematics, the incident photon energy was reconstructed from
final states, i.e. the momentum and angle of the π+ in the singles measurement, and the
momenta and angles of the π− and p in the coincidence measurement. A 100 MeV bin with
the center of the bin 75 MeV from the beam energy, was chosen for the data analysis, where
the multi-pion contribution was negligible. The data after background subtraction, with
cuts on trigger type, coincidence timing, particle identification, acceptance and photon
energy, were compared to a Monte Carlo simulation code modified for this experiment
based on MCEEP [22] with the same cuts on acceptance and photon energy. The raw
cross section was extracted by comparing data and simulation. The distributions of
acceptance, reconstructed momentum and photon energy were in good agreement with
results obtained from simulations. Details on the simulation and the bremsstrahlung
photon flux calculation can be found in Ref [23].

Important correction factors were applied to deduce the final cross section such as
the nuclear transparency factor in the deuteron due to the final state interaction, material
absorption of pions and protons, pion decay loss, detection efficiency, etc.. Analysis details
can be found in Refs [23,24]. The total errors were dominated by systematic errors and
were estimated to be 10% for the cross section, while point-to-point uncertainties for the
three kinematics at 3.3, 4.2 and 5.5 GeV were estimated to be 5%. The statistical errors
were approximately 2%. The results [25], as shown in Figure 1 and Figure 2, agree with
the world data within uncertainties in the overlapping region. The data at θcm = 70◦, 90◦

exhibit a global scaling behavior predicted by the constituent counting rule in π− channel,
similar to what was observed in the π+ channel at similar center-of-mass angles. The data
at θcm = 50◦ do not display scaling behavior and may require higher photon energies for
the observation of the onset of the scaling behavior. The data suggest that a transverse
momentum of around 1.2 GeV/c might be the scale governing the onset of scaling for
the photo-pion production, which is consistent with what has been observed in deuteron
photodisintegration [7,9].

Another interesting feature of the data is an apparent enhancement in the scaled
differential cross section at center-of-mass angle of 90◦ below the scaling region, at a
center-of-mass energy ranging approximately from 1.8 GeV to 2.5 GeV, in both channels
of the charged pion photoproduction, as shown in Fig. 3 and Fig. 4. This effect has been
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observed in existing neutral pion photoproduction [26,27] data as well as in the preliminary
CLAS results on the γp → π+n and the γp → π0p channels shown in Fig. 5 [31] and
Fig. 6 [32]. Without any conclusive statements at present, some speculations might be
made. The observed enhancement around 2.2 GeV might relate to some unknown baryon
resonances, as some of the well known baryon resonances (∆, N?’s around 1.5 GeV and
1.7 GeV) are clearly seen in the scaled cross section below 2.2 GeV. Several baryon
resonances are predicted to be in this energy region by the constituent quark model [33],
but have not been seen experimentally, i.e. the so called ’missing resonances’. The
observed enhancement might be associated with the strangeness production threshold.

III. PROPOSED CAA

Recently, the CLAS Collaboration has completed the g10 data taking with the goal
of high statistics search for pentaquark Θ+ state. The data was taken on a 24-cm liquid
deuterium target, with two settings of the torus magnet current (I=3375 and I=2250) and
with two charged particle triggers. The incident electron beam energy was 3.767 GeV,
which corresponded to a maximum

√
s of 2.8 GeV. This data set is therefore ideal for

the detailed investigation of the scaled differential cross-section s7 dσ
dt

as a function of
√

s

for the γn → π−p channel up to 2.7 GeV. Detailed study of the angular dependence of
the scaling behavior will also be carried out. Furthermore, we also propose to carry out
similar studies of the g2 data, which allow a maximum center of mass energy value of 2.5
GeV for the γn → π−p process.

For the process of interest, the γn → π−p quasifree process from the deuteron,
only events with two charged particles will be analyzed. Using the two-body kinematics,
the photon energy as well as the spectator proton can be reconstructed by detecting
the π− and the proton in coincidence. The incident photon energy is known from the
photon tagger. The redundancy in photon energy determination from the reconstructed
photon energy based on the two-body process provides crosscheck. This study will allow
the detailed mapping of the dramatic transition region suggested by the Hall A E94-104
data [24], and also will help to elucidate the discrepancy between the Bonn data [28]
and the Hall A data [24]. Furthermore, the angular dependence of this rather interesting
transition behavior will be also studied in great details.

Fig. 7 shows sample spectra from analyzing the γn → π−p process from deuterium
at the quasielastic kinematics by detecting the proton and the π− particles in the final
state from a small subset of the g10 data. The upper left panel shows that the maximum
center-of-mass energy from the g10 data is 2.8 GeV for the γn → π−p process. The
upper right panel shows the center-of-mass angle distribution for the π− particle from
the γn → π−p process. As one can see that the CLAS g10 data set covers a broad
angular range for the reaction of interest, therefore allows for a detailed study of the
angular dependence of the scaling behavior. The lower left panel shows the reconstructed
missing momentum of the spectator proton, which should be compared with the fermi
momentum of the nucleon inside the deuteron for the quasifree γn → π−p process. The
lower right panel shows the reconstructed spectator proton mass squared distribution from
the measured momentum and angle of the π− and proton. The mass resolution is around
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30 MeV (FWHM). Fig. 8 shows similar spectra from g10 except for the upper right panel
in which a cut is applied requiring the missing particle be the spectator proton. One can
see that there are dips in the π− center-of-mass angular distribution. Fig. 9 and Fig. 10
show the π− and the proton angular distribution in the lab with (right panel) and without
(left panel) the missing mass cut on the spectator proton. One sees similar dips in the π−

angular distribution in the lab, which is likely caused by the detection inefficiency. The
detection efficiency is currently being studied. Fig. 11 shows the two dimensional plot of
the π− (right) and proton (left) momentum and angle in the lab frame, respectively. The
pion and proton momentum and angular distributions were obtained with the spectator
proton being reconstructed.

In addition to the quasifree γn → π−p process discussed previously, we plan to
study the exclusive γd → π−pp process by detecting the 3-charged particles in the final
state. Fig. 12 shows sample spectra from analyzing the 3-charged particle final state. The
upper left panel shows the coverage of the center-of-mass energy for the γd system and
the maximum value is above 4.0 GeV. The momentum and angular acceptance for the
three-charged particles are shown individually in the upper right, lower left and left right
panels, respectively.

IV. ANTICIPATED RESULTS

Preliminary CLAS results shown in Fig. 5 on the γp → π+n process from g1c analysis
is based on an integrated luminosity of 1.1 ×106 µb−1 1. For the g10 running, there are
two torus field settings and the integrated luminosity for each torus field setting is 25 pb−1.
Fig. 13 shows the projected results from the proposed analysis on the γn → π−p process
at the 90◦ based on the CLAS acceptance, the preliminary analysis of the g10 data, and
the statistical errors of the preliminary γp → π+n results from g1c (Fig. 5). Also shown in
the same figure are the Hall A E94-104 results [24] with statistical uncertainties, together
with all other existing data on this reaction. The projected statistical errors correspond
to an integrated luminosity of 50 pb−1. The average proton detection efficiency is 90%,
evaluated using GSim as a function of the azimuthal angle φ. The detection efficiency for
π− is around 70% obtained from a study of the g10 data set on the γd → π−pp process
and the γd → ppX process with X being π− from reconstruction. Fig. 14 shows the
pion detection efficiency as a function of π− angle in the lab frame from this study. The
center-of-mass angle coverage for the γn → π−p process for the g10 data is from 40◦ to
150◦ for the π− particle. The expected statistical uncertainties for other center-of-mass
angles are similar to those of the 90◦.

In summary, we propose to analyze the g2 and the g10 data sets to extract the
differential cross-section dσ

dt
from the γn → π−p process as functions of the center-of-

mass angle and the center-of-mass energy. This will allow detailed investigation of the

1The total integrated luminosity for g1c is 2.5 pb−1 for photon energies between 1.8 and 2.3

GeV and 4 pb−1 till ∼ 3 GeV

6



dramatic scaling behavior observed by the 90◦ data from experiment E94-104 [24] in the
center-of-mass energy region of ∼ 2.0 - 2.5 GeV. Furthermore, the angular dependence
of the scaling behavior will be studied in detail. We will also study the scaling behavior
of the γd → π−pp process as a function of the center-of-mass energy and its angular
dependence. The results from the proposed analysis will be published as articles in peer
reviewed journals.

V. COLLABORATION

Members of the collaboration have extensive experience in carrying out photopion
production experiments both in Hall A and Hall B. The proposed g10 analysis on the
γn → π−p process as a function of center-of-mass energy and center-of-mass angle will
comprise the majority of the Ph.D. thesis work of Wei Chen, a graduate student from
Duke University. The expertise and manpower of this collaboration is adequate to carry
out the proposed analysis. The collaboration also has very strong theoretical support.
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FIG. 1. The scaled differential cross section s7 dσ
dt

versus center-of-mass energy for the

γp → π+n at θcm = 90◦, 70◦, 50◦.
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0

2.5

5

7.5

10

1 1.5 2 2.5 3 3.5 4

Beneventano et al (1969/1974)
Scheffler et al (1970/1974)
Fujii et al (1977)

Benz et al (1968/1973)

Besch et al (1982)
JLab E94-104 (2002)

0

5

10

15

1 1.5 2 2.5 3 3.5 4

0

5

10

15

20

1 1.5 2 2.5 3 3.5 4

s7 d
s/

d
t(

10
7 G

eV
14

 n
b

/G
eV

2 )

s1/2 (GeV)

θcm ≈ 90 o

θcm ≈ 70 o

θcm ≈ 50 o

FIG. 2. The scaled differential cross section s7 dσ
dt

versus center-of-mass energy for the

γn → π−p at θcm = 90◦, 70◦, 50◦.
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FIG. 3. The scaled differential cross section s7 dσ
dt

versus center-of-mass energy for the

γp → π+n at θcm = 90◦. The data from JLab E94-104 are shown as solid circles. The er-

ror bars for the new data and for the Anderson et al. data [1], include statistical and systematic

uncertainties. Other data sets [26,27] are shown with only statistical errors. The open squares

in the lower plot were averaged from data at θcm = 85◦ and 95◦ [28]. The solid line was obtained

from the recent partial-wave analysis of single-pion photoproduction data [29] up to Eγ=2 GeV,

while the dashed line from the MAID analysis [30] up to Eγ=1.25 GeV.
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FIG. 4. The scaled differential cross section s7 dσ
dt

versus center-of-mass energy for the

γn → π−p at θcm = 90◦. The data from JLab E94-104 are shown as solid circles. The er-

ror bars for the new data and for the Anderson et al. data [1], include statistical and systematic

uncertainties. Other data sets [26,27] are shown with only statistical errors. The open squares

in the lower plot were averaged from data at θcm = 85◦ and 95◦ [28]. The solid line was obtained

from the recent partial-wave analysis of single-pion photoproduction data [29] up to Eγ=2 GeV,

while the dashed line from the MAID analysis [30] up to Eγ=1.25 GeV.
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FIG. 5. Preliminary results from CLAS g1c on the scaled differential cross section s7 dσ
dt

versus center-of-mass energy for the γp → π+n at θcm = 90◦. The purpose of this figure is

to show the statistical uncertainties of the g1c measurement, which is used in projecting the

statistical uncertainties for the proposed g10 analysis on the γn → π−p process (see text).
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lower left panel is the reconstructed nucleon momentum distribution inside the deuteron, and

the right panel is the missing mass squared plot from γd → π−pX.
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FIG. 8. Sample spectra from CLAS g10 data on the γn → π−p process. All panels shown

here are the same as shown in Fig. 7 except for the upper right panel in which a cut is applied,

requiring the missing particle be a proton.
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FIG. 9. The π− angular distribution in the lab frame from CLAS g10 coincidence detection

of π−, p for the quasifree γn → π−p process. The left panel is without the missing particle mass

cut and the right panel is with the cut (see text for details).
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FIG. 10. The proton angular distribution in the lab frame from CLAS g10 coincidence

detection of π−, p for the quasifree γn → π−p process. The left panel is without the missing

particle mass cut and the right panel is with the cut (see text for details).
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FIG. 11. The momentum and angular acceptance of the π− and proton from CLAS g10 data

for the quasifree γn → π−p process.
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FIG. 12. Sample spectra from CLAS g10 data on the γd → π−pp process.
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FIG. 13. Projected CLAS g10 results for the γn → π−p process at the 90◦ center-of-mass

angle.
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FIG. 14. The π− detection efficiency from g10 data as a function of the π− angle in the lab

frame (see text for details).
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