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ABSTRACT

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

nucleon degrees of freedom to quark-gluon degrees of freedom in exclusive processes. Following the

Hall A experiment E94-104 on the study of the γn → π−p process, preliminary CLAS g10 results

confirm the E94-104 observation of a broad resonance structure around a center-of-mass energy

of 2.2 GeV and a drastic drop of the differential cross-section in a narrow energy window of 300

MeV for a pion center-of-mass angle of 90◦. Further, the preliminary CLAS g10 data show a new

center-of-mass angle dependent resonance structure and the exact nature of it needs to be further

investigated. We propose to carry out measurements in CLAS using a tagged photon beam on the

γp → π+n process in fine photon energy and pion center-of-mass angular bins. Such measurements

allow for the investigation of a possible angular dependent resonance structure in this channel and

its isospin dependence, and the investigation of the onset of the scaling behavior. The proposed

experiment requires a single charged particle trigger, 100 hours (≈ 4 days) of CW electron beam

at E0 = 5.7 GeV with 25 nA current on a 40 cm liquid hydrogen target.
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INTRODUCTION

The interplay between the nucleonic and partonic pictures of the strong interaction rep-

resents one of the major issues in contemporary nuclear physics. Although standard nuclear

models are successful in describing the interactions between hadrons at large distances,

and Quantum Chromodynamics (QCD) accounts well for the quark interactions at short

distances, the physics connecting the two regimes remains unclear. In fact, the classical

nucleonic description must break down once the probing distances become comparable to

those separating the quarks. The challenge is to study this transition region by looking for

the onset of some experimentally accessible phenomena naturally predicted by perturbative

QCD (pQCD). The simplest is the constituent counting rule (CCR) for high energy exclu-

sive reactions [1], in which dσ/dt ∝ s−n+2, with n the total number of point-like particles

and gauge fields in the initial plus final states. Here s and t are the invariant Mandelstam

variables for the total energy squared and the four-momentum transfer squared, respectively.

Many exclusive reactions [2] at high energy and large momentum transfer appear to obey

the CCR and in recent years, a similar trend, i.e. global scaling behavior, has been observed

in deuteron photo-disintegration experiments [3] - [6] and in photo-production of charged

pions [7] at a surprisingly low transverse momentum value of ∼ 1.1 (GeV/c)2.

The same dimensional analysis which predicts the quark counting rule also predicts

hadron helicity conservation (HHC) for exclusive processes at high energy and large mo-

mentum transfers. However, polarization measurements on deuteron photo-disintegration

[8], recently carried out in Hall A at Jefferson Lab (JLab), show disagreement with hadron

helicity conservation in the same kinematic region where the quark counting behavior is

apparently observed. These paradoxes make it essential to understand the exact mechanism

governing the early onset of scaling behavior. Even though the global s-dependence of the

cross-section for exclusive processes such as the pion-photoproduction display the expected

scaling behavior, no definitive conclusion about the onset of partonic mechanisms can be

made. This problem stems from the lack of theoretical calculations of the absolute cross-

section and the lack of a complete set of experimental data to enable a detailed treatment

of all resonant contributions. In addition to the onset of scaling, the recent data from JLab

Hall-A experiment E94-104 also show dramatic changes in the scaled differential cross-section

of charged pion photo-production in the center of mass energy range of 1.8 GeV to 2.4 GeV

just before the onset of scaling. These data at 90◦ center-of-mass angle for both π− and
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π+ photo-production seem to display a new resonant structure. This unexpected behavior

has been confirmed by an analysis of the CLAS g10 data on the γn → π−p process [9],

which maps out both the energy and the angular dependence of the cross-section in very

fine bins with high statistical precision. The g10 π− data also display a unique angular

dependence in this center of mass energy range. The CLAS π0 photo-production data [10]

confirm this resonance-like behavior. A definitive confirmation of this unique structure in

the cross-section and a detailed extraction of the possible resonant contributions urgently

awaits data on the π+ channel, which is lacking at present. This proposal aims to fill this gap

with a high statistics measurement of the cross-section for the γp → π+n process, scanning

with fine bins over both energy and center-of-mass angle.

Moreover, at higher energies in the scaling region a close examination of the agreement

with the scaling expectations have shown oscillations about the scaling behavior. Histor-

ically, elastic proton-proton (pp) scattering at high energies and large momentum transfer

has played a very important role as they show substantial oscillations about the power law

behavior. Oscillations are not restricted to the pp sector; they are also seen in π − p fixed

angle scattering [11]. Exclusive γN → πN processes with their relatively slower fall-off with

energy compared to other photon-induced processes are naturally advantageous to study

possible oscillatory behavior around the quark counting rule prediction. Therefore along

with the fine scan in the 1.8 - 2.4 GeV center of mass energy range, it is essential to extend

the γp → π+n measurements to the highest energies available.

We propose to perform differential cross-section measurements of the γp → π+n process

from hydrogen in Hall B using the CLAS detector, for photon energies between 1.14 to 5.4

GeV. In particular, we plan to map out the region of
√

s = 1.77 - 3.32 GeV in fine energy

bins and carry out an angular distribution study in a center-of-mass angular bin of 5◦ from

50◦ to 115◦. These measurements will achieve the following goals:

• Detailed study of the resonance structure observed at higher center-of-mass energies

and its angular dependent location shown by the γn → π−p channel to investigate

whether one observes similar features in the γp → π+n channel. The isospin de-

pendence of such a structure will help unravel the nature of the observed resonance

structure.

• Detailed investigation of the scaling behavior and the study of the scaling onset and
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its connection to the pion transverse momentum.

• To investigate the possible oscillatory scaling behavior around the CCR prediction.

The proposal body is organized as following. Section II contains the physics motivations

for the measurement, in Section III the proposed measurement is described and results from

a Monte Carlo simulations of the experiment are reported, Section IV contains details of the

experiment, evaluation of the counting rates and the beam time request, and Section V is

the summary.

PHYSICS MOTIVATIONS

Constituent Counting Rule and Oscillations

The constituent counting rule predicts the energy dependence of the differential cross

section at fixed center-of-mass angle for an exclusive two-body reaction at high energy and

large momentum transfer as follows:

dσ/dt = h(θcm)/sn−2 (1)

where h(θcm) depends on details of the dynamics of the process.

The quark counting rule was originally obtained based on dimensional analysis under the

assumptions that the only scales in the system are momenta and that composite hadrons

can be replaced by point-like constituents. Implicit in these assumptions is the approxima-

tion that the class of diagrams which represent on-shell independent scattering of pairs of

constituent quarks (Landshoff diagrams) [12], can be neglected. Also neglected were con-

tributions from quark orbital angular momentum which are power suppressed but can give

rise to hadron helicity flipping amplitudes. Later on, these counting rules were confirmed

within the framework of perturbative QCD analysis up to a logarithmic factor of αs and are

believed to be valid at high energy in the perturbative QCD region. Such analysis relies on

the factorization of the exclusive process into a hard scattering amplitude and a soft quark

amplitude inside the hadron. Finally, in the last few years an all-orders demonstration of

the counting rules for hard exclusive processes has been shown to arise from Ads/CFT [13]
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which treats the conformal gauge field theory as dual of the string theory in anti-de Sitter

space.

Although the quark counting rule agrees with data from a variety of exclusive processes,

the other natural consequence of pQCD, i.e. the hadron helicity conservation selection

rule (HHC), tends not to agree with data in the experimentally tested region, one recent

example is the recoil polarization measurement from deuteron photodisintegration [8]. HHC

arises from the fact that vector interactions (photon or gluon coupling with quarks) conserve

chirality, leading to conservation of the sum of the components of the hadronic spins along

their respective momentum directions, and of predictions of spin observables. In deriving

this rule, higher orbital angular momentum states of quarks or gluons in hadrons and the

effect of the hadron mass at high energies are neglected.

The elastic proton-proton (pp) scattering at high energy and large momentum transfer has

played a very important role in the study of the scaling behavior. A detailed investigation

of the differential cross section of this process shows oscillations about the scaling behavior

s−10 predicted by the quark counting rule [14]. Further, the spin correlation experiment in

pp scattering first carried out at Argonne by Crabb et al. [15] shows striking behavior: at

the largest momentum transfers (pT
2 = 5.09 (GeV/c)2, θc.m. = 90◦) it is ∼ 4 times more

likely for protons to scatter when their spins are both parallel and normal to the scattering

plane than when they are anti-parallel. Later spin-correlation experiments [16] confirm the

early observation by Crabb et al. and showed that the spin correlation ANN (given by

σ(↑,↑)−σ(↑,↓)
σ(↑,↑)+σ(↑,↓)

) varies with energy about the pQCD prediction. Theoretical interpretation of

this oscillatory behavior of the scaled cross-section (s10 dσ
dt

) and the striking spin-correlation

in pp scattering was attempted by many authors. Some explained these features as the

result of the interference between hard pQCD short-distance and long-distance (Landshoff)

amplitudes [17], [18], [19]; others as the opening of a cc̄uuduud resonant states [20].

Very recently, a number of new developments have generated renewed interest in this

topic. Zhao and Close [21] have argued that a breakdown in the locality of quark-hadron du-

ality (dubbed as “restricted locality” of quark-hadron duality) results in oscillations around

the scaling curves predicted by the counting rule. They explain that the smooth behavior of

the scaling laws arise due destructive interference between various intermediate resonance

states in exclusive processes at high energies, however at lower energies this cancellation

due to destructive interference breaks down locally and gives rise to oscillations about the
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FIG. 1: The scaled differential cross section, s7 dσ
dt

as a function of
√

s at a center-of-mass angle

of 90◦ for γp → π+n channel (left) and the γn → π−p channel (right). The data from JLab

E94-104 are shown as solid circles. The error bars for the new data and for the Anderson et al.

data [24], include statistical and systematic uncertainties. Other data sets [11, 25] are shown with

only statistical errors. The open squares (right panel) were averaged from data at θcm = 85◦

and 95◦ [26]. The solid line was obtained from the recent partial-wave analysis of single-pion

photoproduction data [27] up to Eγ=2 GeV, while the dashed line from the MAID analysis [28] up

to Eγ=1.25 GeV.

smooth behavior. On the other hand, Ji et al. [22] have derived a generalized counting rule

based on pQCD analysis, by systematically enumerating the Fock components of a hadronic

light-cone wave function. Their generalized counting rule for hard exclusive processes in-

clude parton orbital angular momentum and hadron helicity flip, thus they provide the

scaling behavior of the helicity flipping amplitudes. The interference between the different

helicity flip and non-flip amplitudes offers a new mechanism to explain the oscillations in

the scaling cross-sections and spin correlations. Brodsky et al. [23] have used the anti-de

Sitter/Conformal Field Theory correspondence or string/gauge duality [13] to compute the

hadronic light front wave functions exactly and it yields an equivalent generalized counting

rule without the use of perturbation theory.

Given that the nucleon photo-pion production has a much larger cross-section at high



8

energies (dσ
dt

∝ 1
s7 ), it is very desirable to use these reactions to investigate possible oscillatory

scaling behavior. The precision data on γp → π+n and γn → π−p were reported by

JLab experiment E94-104 [7]. The results (Fig. 1) indicate the constituent counting rule

behavior at center-of-mass angle of 90◦, for photon energies above ∼ 3 GeV (i.e. above

the resonance region). In addition to the s−7 scaling behavior, these data also suggest an

oscillatory behavior. However, the rather coarse beam energy settings prevent a conclusive

statement about the oscillatory behavior. Thus, to verify any structure in the scaled cross-

section of photo-pion production processes, it is imperative that we do a fine scan of the

scaling region for the γp → π+n and γn → π−p 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. Most importantly,

such a measurement would allow us to study the new resonant structure observed in the π−

and π0 channels as described in the next section.

Existing data on photopion production

Results from Experiment E94-104 carried out in Hall A at the JLab for single pion photo-

production are shown in Figure 1. They 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 both π− and π+ channels. 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 [5, 6].

Beside the interest in looking for the onset of phenomena predicted by the pQCD, the

study of the charged pions photo-production has also other appealing features. In fact, by

looking at Fig. 1 the data below the scaling region show an interesting enhancement at a

center-of-mass energy ranging approximately from 1.8 GeV to 2.5 GeV. This enhancement

was seen in both channels of the charged pion photoproduction. One also notes a very

striking feature from the data i.e. the scaled differential cross-section dropped by a factor of

several units in a very narrow windows of the center of mass energy (∼ 200-300 MeV). With
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the high statistics CLAS g10 data on the γn → π−p process, these two interesting features

have been firmly established.

Photoproduction of π+, π- and π° at θcm = 90o
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FIG. 2: Scaled differential cross-section s7 dσ
dt

as a function of center-of-mass energy
√

s for a pion

center-of-mass angles of 90◦. The upper panel is for the γp → π+n process, the middle panel is for

the γn → π−p process, and the lower panel is for the γp → π0p process. The green solid circles

are results from [7], and the results from CLAS g10 [9] are shown as red solid circles. Results from

Dugger et al. [10] on the neutral pion production are shown as blue solid squares. The blue open

triangles are results from [24].

Fig. 2 shows the scaled differential cross-section s7 dσ
dt

as a function of center-of-mass

energy
√

s for a pion center-of-mass angles of 90◦ for three different channels. The upper

panel is for the γp → π+n process, the middle panel is for the γn → π−p process, and the

lower panel is for the γp → π0p process. The green solid circles are results from [7], the

blue solid squares are results from Dugger et al. [10] on neutral pion production, and the

results from CLAS g10 [9] are shown as red solid circles 1. In both the γp → π+n and the

γp → π0p channel, one sees clearly the ∆ resonance, the N(1500) and the N(1700) nucleon

resonances. In the γn → π−p channel, while one also sees the ∆ resonance and the N(1500)

1 These results are currently being reviewed by the hadron spectroscopy working group of the CLAS Col-

laboration and therefore should be treated as preliminary.
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resonance, one does not see the N(1700) resonance in the scaled differential cross-section.

This is likely caused by the different isospin structure of the nucleon resonances around

1700 MeV. There are two distinct features shown in the data for all three channels: broad

resonance structure around a center-of-mass energy of 2.1 GeV, and a drastic fall-off of the

differential cross-section in a narrow energy window of about 300 MeV. The second feature

was suggested by earlier Jefferson Lab experiment E94-104 [7] (shown as green solid circles),

which now has been firmly established by results from CLAS g10 on the γn → π−p as

the data have very fine energy bins (Fig. 5), and also by the recent JLab CLAS results on

the neutral pion production from proton [10]. Studies have been carried out to investigate

whether such a resonance structure could be an artifact due to the scaling factor of s7

applied to the differential cross-section. The conclusion is the following. While a resonance

peak position may shift slightly towards a higher mass due to the scaling, the s7 scaling

factor alone could not produce a resonance structure, which is obvious because the s7 factor

increases monotonically. Fig. 3 shows two cases for a single resonance structure and the

effect on the mass peak shift due to the s7 scaling. The left panel is for a 2.0 GeV case and

the right panel is for a 2.4 GeV resonace state. As shown the shift becomes smaller as the

invariant mass of the resonance structure becomes larger and the shift is about 7 (17) MeV

for a resonance state with a mass of 2.4 GeV and a width of 100 (150) MeV. Fig. 4 shows

the effect of the s7 scaling on two Breit-Wigner resonances. In our study, we assumed two

resonances with the higher mass resonance less pronounced in the spectrum. As one expects

the scaling amplifies the higher mass resonance effect in the spectrum.

sqrt(s) (GeV)
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FIG. 3: Study of the s7 scaling effect on a Breit-Wigner resonance with a mass of 2.0 GeV (left)

and 2.4 GeV (right).
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FIG. 4: Study of the s7 scaling effect on two Breit-Wigner resonances.

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 1.2, 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 [29], but have not been

seen (or firmly established) experimentally, i.e. the so called ‘missing resonances’. Recently,

there has been evidence for the discovery of new resonances above 2 GeV from a number of

experiments [25, 30, 31]. The BES Collaboration [30] reported evidence for a new resonance

in the invariant mass spectrum of π−p from the decay process of J/Ψ → pπ−n̄. This new

resonance was determined to have a mass of 2068±3+15
−40 MeV/c2, and a width of 165±14±40

(MeV/c)2 based on a simple Breit-Wigner fit. A partial wave analysis [30] concluded that

this new N∗(2065) resonance can not be reproduced due to reflections from the established

N∗ resonances compiled by the Particle Data Group. The CB-ELSA Collaboration [31]

reported from the p(γ, η)p process evidence of a new resonance N(2070)D15 with a mass

and width of 2068 ± 22, and 295 ± 40, respectively. While the CB-Elsa collaboration [25]

also reported evidence for the support of the new resonance N(2070)D15 from the γp → π0p

process, the CLAS data on the same channel [10] does not show evidence for such a new

resonance. The observed enhancement by E94-104 and CLAS g10 results [9] might also be

associated with the strangeness production threshold [20, 32]. They could also be related to
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the φ-N bound state which has been predicted [33, 34].
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FIG. 5: The scaled differential cross-section s7 dσ
dt

for the γn → π−p process as a function of center-

of-mass energy
√

s for different pion center-of-mass angles: from 50◦ to 115◦. The arrows indicate

the location of
√

s corresponding to a transverse momentum value of 1.1 GeV/c. The green solid

squares are results from [7]. The results from CLAS g10 [9] are shown as red solid circles.

Fig. 5 shows the scaled differential cross-section s7 dσ
dt

as a function of the center-of-

mass energy
√

s for different pion center-of-mass angles: from 50◦ to 115◦ for the γn →

π−p process. The blue arrows indicate the location of
√

s corresponding to a transverse

momentum value of 1.1 GeV/c. The transverse momentum has been shown as the physical

quantity governing the onset of the scaling behavior, and 1.1 GeV/c is the onset value

as demonstrated by experiments on deuteron photodisintegration [5, 6]. The green solid

circles are results from [7]. The results from CLAS g10 are shown as red solid circles. The

reach of the scaling region is clearly shown in the more backward angle kinematics: 70 to

110 degrees. In the forward angle of 50 degree, higher energies are necessary to reach a

transverse momentum value of 1.1 GeV/c, required for the onset of the scaling behavior.

A very unique angular-dependent feature is clearly shown in these data sets in the scaled

differential cross-section. The aforementioned broad resonance structure around a
√

s value

of 2.1 GeV at the pion center-of-mass angle of 90◦ seems to “be running” as a function of
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FIG. 6: The scaled differential cross-section s7 dσ
dt

for the γp → π+n as a function of center-of-

mass energy
√

s for different pion center-of-mass angles: from 50◦ to 115◦. The arrows indicate

the location of
√

s corresponding to a transverse momentum value of 1.1 GeV/c. The green solid

squares are results from [7]. The blue dotted lines indicate the locations of various nucleon

resonance states.

the cms angle: from
√

s of 1.80 GeV at 50◦ to 2.45 GeV at 105◦ as shown by the red dotted

lines. However, it is not clear whether this resonance behavior dies off for pion cms angle

larger than 105◦ or it is “running” to further higher energies. The blue dotted lines indicate

the locations of the ∆ and the N ∗(1500) which do not change with respect to the pion cms

angle as one expects. Fig. 6 is a similar plot for the γp → π+n process. Our studies have

shown that such observed “running” behavior in the resonance like structure can not be

produced due to the s7 scaling factor. Therefore, it is extremely important to carry out

measurements on the γp → π+n process in fine energy bins as those of the g10 measurement

and to much higher photon energies to determine the nature of this enhancement in the

differential cross-section.
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Regge approach on charged pion photoproduction

Recently, a global analysis [35] of charged pion photoproduction based on Regge model

has been carried out for photon energies between 3 to 8 GeV where nucleon resonance

contributions are expected to be negligible. This allows for the extraction of the non-resonant

background which can then be used to make prediction for photon energies below 3 GeV. The

deviation between the data and the prediction can then be interpreted as possible signatures

for excited baryon resonances. This is particularly the case of polarization observables and

differential cross-section in the case of π− photoproduction from the neutron thanks to the

results from E94-104 [7] and CLAS g10 [9]. The situation for the γp → π+n channel is

quite different. Therefore, it is essential to carry out the proposed experiment to remedy

the situation with the lack of data for this process.

Figs 7, 8 show the differential cross-section dσ
dt

for the γp → π+n process as a function

of −t for different center-of-mass energies. Fig. 9, 10 show the corresponding plots for the

γn → π−p channel. While the Regge approach describes the data well at higher center-of-

mass energies and lower -t region for both channels, the signature for baryon excitations is

more pronounced in the γn → π−p channel which is consistent with what we have seen in

the CLAS g10 data and JLab Hall A data [7]. Therefore, it is extremely important to carry

out the proposed measurements on the γp → π+n channel.

THE PROPOSED MEASUREMENT

We propose to carry out a measurement of the photo-pion production cross-section for

the fundamental γp → π+n process from a hydrogen target at a center-of-mass energy range

∼ 1.77 GeV to 3.32 GeV. This measurement is to be carried out in Hall B using the CLAS

detector and the tagged photon beam. The large acceptance detection and a tagged photon

capabilities have enormous advantages for doing the fine energy scan and the angular scan

simultaneously. We plan to perform a detailed investigation of the scaled differential cross-

section s7 dσ
dt

as a function of
√

s for the γp → π+n channel up to 3.32 GeV and a detailed

study of the angular dependence of the scaling behavior will also be carried out. The data

on the angular dependence can also be used to perform a partial wave analysis to determine

the nature of the dramatic feature seen in the E94-104 data for the same process. Our
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FIG. 7: The differential cross-section dσ
dt

for the γp → π+n process as a function of −t for four

different center-of-mass energies: 1.77, 1.99, 2.06, 2.35 GeV. The black solid curve is the Regge

prediction discussed in the text and the red stars are data from Zhu et al. [7]. All other data are

plotted as inverse triangles [36], asterisk [37] and open squares [38], respectively.

collaboration includes experts in partial wave analysis, for example the group from George

Washington University.

For the process of interest, γp → π+n, one can use two-body kinematics to reconstruct

the photon energy by detecting the π+ momentum and angle. The incident photon energy is

known from the photon tagger. Thus, the redundancy in photon energy determination from

the reconstructed photon energy based on the two-body process provides a crosscheck. This

study will allow the detailed mapping of the dramatic transition region suggested by the

Hall A E94-104 data [7]. It will also help confirm the oscillations in the scaled cross-section.

We have analyzed one run from the g11 running period where the trigger was set for single

charged particles. This run had used a 25 nA electron beam on a 40 cm liquid hydrogen

target. This gave a trigger rate of 4KHz. The sample spectra from this run are shown

in Figure 11. The upper left panel shows the missing mass spectrum, where the recoiling

neutron peak is clearly identifiable. The upper right panel shows a plot of photon energy

versus missing mass and once again shows the neutron events (from the γp → π+n process)
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FIG. 8: The differential cross-section dσ
dt

for the γp → π+n process as a function of −t for four

different center-of-mass energies: 2.67, 2.95, 3.36, 3.87 GeV. The black solid curve is the Regge

prediction discussed in the text and the red stars are from Zhu et al. [7]. All other data are shown

as solid squares [39], solid circles [40], solid triangles [41], and open circles [24, 42]. The black

dotted line is based on the CCR.

can be easily identified at all energies. The bottom left panel shows the broad center-of-

mass angular distribution for all single pion events, while the bottom right panel shows the

angular coverage for pions from the process γp → π+n (selected by putting a cut around

the neutron mass in the missing mass spectrum).

Figure 12 shows the number of γp → π+n events as a function of photon energy (for

150 MeV bins) for various 10◦ angular bins around the central C.M. angle of 50◦, 70◦, 90◦

and 120◦ respectively. These spectra are used to estimate the number of events that will be

collected during the proposed experiment.

Monte Carlo Simulation

We performed Monte Carlo simulations of the proposed experiment using the CLAS

simulation package GSIM [45] and the event generator GENBOS [46]. All possible positive

particle production channels for a hydrogen target were included in the event generator.
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FIG. 9: The differential cross-section dσ
dt

for the γn → π−p process as a function of −t for four

different center-of-mass energies: 1.7, 1.99, 2.06, 2.35 GeV. The black solid curve is the Regge

prediction discussed in the text and the red stars are from Zhu et al. [7]. All other data are shown

as open circles [43], solid inverse triangles [26], and solid triangles [44]

.

The simulations were performed at B = Bmax (I = 3375 A) and at B = 0.5 × Bmax (I =

1920 A)and compared to help decide the optimal running conditions. The results of the

simulation are shown in Figures 13 - 15. Fig. 13 shows the missing mass spectrum for all

positive pion events detected, it also shows (in red) the cut around the neutron mass that

was used to select the γp → π+n events. The right panel is for B = 0.5 × Bmax while the

left panel is for B = Bmax. Fig. 14 shows the lab angle and momentum distributions of the

detected pions. The panels on the left are for all detected π+ events while the ones on the

right are for events which have a missing mass within a narrow cut around the neutron mass.

The blue histograms are for B = 0.5 × Bmax while the red ones are for B = Bmax. These

results clearly show that at B = Bmax the acceptance for the background is reduced (see

Fig. 13) without effecting the acceptance for the γp → π+n channel (see Fig. 14). Thus we

have chosen to run this experiment at B = Bmax. In Figure 15 we have show the simulated

signal to background ratio. This ratio for Eγ < 3.85 GeV was normalized to the data from
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FIG. 10: The differential cross-section dσ
dt

for the γn → π−p process as a function of −t for four

different center-of-mass energies: 2.67, 2.95, 3.36 GeV. The black solid curve is the Regge prediction

discussed in the text and the red stars are from Zhu et al. [7]. The data from [39, 40] are shown

as solid circles and solid squares, respectively. The black dotted line is based on the CCR.

g11 running period taken with single charged particle trigger (red histogram in Fig. 15).

The simulations suggest that the signal to background is almost flat between 4 and 5.4 GeV

and since one is able to separate the signal from the background at 4 GeV (as shown in

Fig. 11) this experiment is feasible.

THE EXPERIMENT

Overview

We propose to use the Hall B bremsstrahlung tagged photon beam and the CLAS detector

with a 40 cm long cryogenic liquid hydrogen target placed at the center of CLAS. The

bremsstrahlung photon beam will be produced with a gold radiator having a thickness of

10−4 radiation lengths. We request an electron beam energy E0 = 5.7 GeV and a current

of 25 nA. The entire CLAS tagger will be read out during data taking, covering from 20%

to 95% of the electron beam energy, i.e. (1.14 − 5.4) GeV. The full tagger together Start
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FIG. 11: Sample spectra from g11 run 44013 which had a single charge particle trigger. Upper left

panel is the missing mass spectrum for π+ events. Upper right panel is the missing mass versus

photon energy. Lower left panel is angular distribution for all pion events and lower right panel is

the angular distribution for γp → π+n events.

Counter (ST) and CLAS will will trigger the data acquisition, covering the entire range

of photon energies available. Since we are interested in final states with only one charged

particles we will require the detection of at least one positively charged particles in CLAS.

Finally an in-bending torus field of B = Bmax (I =3375 A) will be requested.

Tagger rate

Under the above experimental conditions the rate of the entire tagger will be

∼ 24.3×106γ/s. This corresponds to a rate of ∼ 63 kHz on each E-counter and ∼ 400 kHz

on each T-counter. The rate of multiple hits in the tagger can be estimated as
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obtained from a single g11 run (with single charge particle trigger).

Rmultiplehits
tagger = 2 × ∆τ × φγ × φγ ' 2400 kHz (2)

where the coincidence time of ∆τ = 2 ns reflects the time resolution achievable in the

off-line analysis. This rate corresponds to ∼ 15% of the MOR (master OR) rate and it is an

acceptable value. Since we do not detect the recoil neutron we cannot recover these events,

we propose to drop these events and correct for them.

CLAS, Start Counter and MOR: Trigger rates and accidentals

The relevant hadronic rate comes from photons (mainly untagged) above the pion thresh-

old (Eγ > 140 MeV) which corresponds to 58 × 106γ/s. This means that, assuming a
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on the right are for only the π+ events which have a missing mass around the neutron mass. The

blue histograms are for B = 0.5 × Bmax while the red are for B = Bmax.
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44013, with single charged particle trigger) for Eγ < 3.85 GeV shown in red.

photo-absorption cross section of σhadron = 150 µbarn [47]

Rhadron = φγ(Eγ > π) · Tlength · ρ · N · σhadron w 15 kHz (3)

where Tlength = 40 cm is the target length, N = 6.02 × 1023 is the Avogadro’s number

and ρ = 0.0708gr/cm3 is the liquid hydrogen density. Approximately 44% of these events

comes from tagged photons and the remaining 56% from untagged photons [48]. All these

events will produce a hit in the Start Counter, which is almost 100% of acceptance, while

CLAS will see only ∼ 60% of them (we have evaluated this number considering ∼ 90% for

the single particle detection efficiency and ∼ 70% for the CLAS acceptance).

In addition to the hadronic events, the Start Counter will also be affected by the electromag-

netic background produced by the photon beam. Based on the work of [49] and from g11

experiment, this electromagnetic background could be estimate of the order of ∼ 7 MHz.

To estimate the trigger rate and the accidentals we will proceed in two steps: first we will

consider the MOR × ST coincidence rate and then the (MOR × ST) × CLAS one.

• MOR × ST

The MOR will be used in coincidence with the Start Counter within a 10 ns coincidence

window. The MOR × ST coincidence rate will be affected by two type of accidentals:
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1) Hadronic events in the Start Counter induced by photons which are below the

minimum triggered energy of 1.14 GeV;

2) hits in the Start Counter induced by electromagnetic background.

Assuming a coincidence window of ∆τ = 10 ns, we have:

Racc1
MORXST = 2 · ∆τ · φtagged · (Rhadr

ST − Rhadr
ST (tagged)) ' 4.0 kHz (4)

where Rhadr
ST = 15 kHz

Racc2
MORXST = 2 · ∆τ · φtagged · RBG

ST ' 580 kHz (5)

where for RBG
ST a value of 1.2 MHz has been chosen, because, the segmentation of the

new Start Counter allows for a configuration in which groups of 6 scintillators could

be put in coincidence with each CLAS sector. Thus the total 7 MHz has been divided

by 6.

• MOR × ST × CLAS

After requiring the coincidence with CLAS, the first accidental rate will be reduced

by the CLAS acceptance and efficiency while, on the contrary, the second rate will be

reduced to a greater extent, since it is uncorrelated with CLAS.

Assuming a coincidence window ∆τ = 100 ns, the final accidental rates are estimated

to be:

Racc1
(MORXST )XCLAS = Racc1

MORXST · EffCLAS ' 2.4 kHz (6)

Racc2
(MORXST )XCLAS = 2·∆τ ·Racc2

MORXST ·(Rhadr
ST −Rhadr

ST (tagged))·EffCLAS ' 590 Hz (7)

The total DAQ rate is then:

Rtrigger = Rtrue
hadr · EffCLAS + Racc1

(MORXST )XCLAS + Racc2
(MORXST )XCLAS ' 6.9 kHz (8)

which is within the DAQ limits.

Moreover, the recent improvements in the DAQ makes it possible to run with trigger rates

of 8 -9 KHz with low deadtime [50]. This has been demonstrated during the g13 running

where a 10-12% deadtime was observed at a trigger rate of 8 KHz [51]. In the off-line data

analysis the ′′true′′ events will be extracted from the total recorded events using a tighter
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time coincidence between Start Counter and MOR. This software coincidence window is set

to 1 ns and will reduce the accidental rate to ' 200 Hz and to ' 48 Hz respectively.

The final contamination to the true rate due to accidentals is therefore estimated to be less

than 10%.

Counting Rates and Beam Time Estimate

Based on the sample spectra obtained from run 44013 of the g11 running period, we can

estimate the number of events we can expect to get in 100 hours of running with a 25 nA

beam on a 40 cm liquid hydrogen target. We have estimated the expected yield for 10◦ bins

around the C.M. angles of 50◦, 70◦, 90◦ and 120◦. The yield is determined for each photon

energy bin (150 MeV wide) based on the rates shown in Figure 12. For photon energy

beyond 3.8 GeV the yield is estimated by assuming s−7 scaling. These rates were found to

be consistent with the rates measured in the previous experiment (E94-104) at 70◦ and 90◦.

For the 50◦ case however, the scaling assumption under-estimates the yields.

We have also carried out a preliminary study of the feasibility of running the proposed

experiment concurrently with the g12 experiments. There are in principle two possibili-

ties: (1) running with an additional single charged particle trigger with a prescaling factor;

(2) adding a second trigger with one charged particle in CLAS and one neutral particle in

the opposite sector from the Electromagnetic Calorimeter (EC + LAC). For the proposed

experiment, precise knowledge of the photon flux is crucial for the extraction of the differ-

ential cross-section. Therefore, we want to avoid multiple triggers because of the potential

ambiguities in determination of the photon flux. There are also potential issues both in

the extraction of cross-section from prescaled data, and in the determination of the neutral

particle detection and trigger efficiencies. Moreover, a trigger with a neutral particle in the

EC dramatically reduces the angular coverage at forward angles which is undesirable for

this experiment. Therefore, our conclusion is to request for 4 days of dedicated beam time

for the proposed experiment with a current of 25 nA and a beam energy of 5.7 GeV with a

dedicated single charged particle trigger in CLAS.
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FIG. 16: The center of mass energy
√

s vs the incident photon energy for the simulated γp → π+n

events (left). The simulated coverage of the pion center of mass angle (right).

Projected Results

The expected coverage in the center of mass energy
√

s and angle θCM are shown in

Figure 16. The projected results for a fraction of the entire angular coverage θcm centered

from 50◦ to 115◦, are shown in Figure 17. Only the statistical uncertainties are shown in

these projections.

SUMMARY

We have proposed a measurement of the γp → π+n reaction using the CLAS detector.

With an energy beam of E0 = 5.7 GeV we plan to map out the region of
√

s =1.77 - 3.32 GeV

in fine steps of approximately 0.15 GeV and also perform an angular scan in steps of 10◦.

These measurements would i) help understand the dramatic enhancement and rapid drop in

the scaled cross-section observed in the E94-104 data and ii) provide information on the onset

of scaling behavior over a wide angular range, and iii) test the possible oscillatory behavior

of the scaled free space differential cross-sections about the quark counting prediction. We

will use the standard Hall B equipment along with the radiator and tagger. The Hall B

cryogenic 40 cm liquid hydrogen target will be used. A total of 100 hours (4 days) of beam
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time will be required for this experiment.
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