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New results for the exclusive and quasifree cross sections off neutrons bound in deuterium γvn(p) → pπ−(p)

are presented over a wide final state hadron angle range with a kinematic coverage of the invariant mass (W )

up to 1.825 GeV and the four-momentum transfer squared (Q2) from 0.4 to 1.0 GeV2. The exclusive structure

functions were extracted and their Legendre moments were obtained. Final-state-interaction contributions have

been kinematically separated from the extracted quasifree cross sections off bound neutrons solely based on the

analysis of the experimental data. These new results will serve as long-awaited input for phenomenological

analyses to extract the Q2 evolution of previously unavailable n → N∗ electroexcitation amplitudes and to

improve state-of-the-art models of neutrino scattering off nuclei by augmenting the already available results

from free protons.

DOI: 10.1103/PhysRevC.107.015201

I. INTRODUCTION

The studies on nucleon resonance electroexcitation ampli-
tudes (also referred to as γv pN∗ electrocouplings or transition
form factors) from the data on exclusive meson electropro-
duction off protons have been proven to be an effective tool in
the exploration of the nucleon resonance (N∗) structure [1–4].
These studies have provided unique information on many
facets of the strong interaction dynamics in the region where
the QCD running coupling and the emergence of hadron mass
are largest. This so-called strong QCD (sQCD) regime defines
the manifestation of all nucleon excited states with various
quantum numbers and distinctively different structures [5]. It
makes the exploration of nucleon resonance electroexcitations
an important direction in contemporary hadron physics that
focuses on gaining insights into sQCD from the experimental
results for the spectrum of the ground and excited hadron
states and their characteristic structures [6,7].

The CLAS detector at Jefferson Lab [8] has provided the

dominant part of all available experimental results on differen-

tial cross sections and polarization asymmetries for exclusive

meson electroproduction off protons in the resonance region

at invariant masses W � 2.01 GeV and photon virtualities

Q2 � 6.0 GeV2 [1,5]. The numerical data on the measured

observables are stored in the CLAS Physics Database [9]. The

wealth of the experimental data from CLAS enabled us in this

kinematic regime to determine the γv pN∗ electrocouplings of

most nucleon resonance states based on independent studies

of the exclusive π+n, π0 p [10–13], ηp [14], and π+π− p

[15–18] electroproduction channels. Consistent γv pN∗ elec-

trocoupling results obtained in these independent studies

make it possible to establish systematic uncertainties for the

extraction of these quantities imposed by the reaction models.
The CLAS results on the γv pN∗ electrocouplings have

had a considerable impact on the exploration of the excited
nucleon state structure. It was found that all nucleon reso-
nance structures studied so far are consistent with an interplay
between the inner core of three dressed quarks and an external
meson-baryon cloud. This conclusion is based on independent
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studies of the Q2 evolution of γv pN∗ electrocouplings within
quark models [19–23] and the advanced coupled-channels
approach developed by the Argonne-Osaka group [24,25].

Coupled-channels approaches in general are making

progress towards the extraction of the γv pN∗ electrocou-

plings from combined analyses of meson photo-, electro-, and

hadroproduction data. Recently, the πN and ηp electropro-

duction multipoles, which are directly related to the γv pN∗

electrocouplings, were determined from CLAS data within a

multichannel analysis [26,27].

A successful description of the �(1232)3/2+ and

N (1440)1/2+ γv pN∗ electrocouplings has been achieved at

Q2 > 0.8 GeV2 and Q2 > 2.0 GeV2, respectively, by a contin-

uum QCD approach with a traceable connection to the QCD

Lagrangian [28,29]. The γv pN∗ electrocouplings of these

resonances are well reproduced by employing the same QCD-

inferred momentum-dependent dressed quark mass function

[30] that was also used for the successful description of the

pion and nucleon elastic form factors [28,31]. This success

demonstrates the ability to gain insights into the dynami-

cal hadron mass generation from combined studies of the

pion, nucleon elastic, and N → N∗ transition form factors.

Therefore, further studies on various nucleon resonance elec-

troexcitations are of particular importance in order to address

the key open problem of the Standard Model on the emergence

of hadron mass [6,32].

Currently available data on exclusive meson electropro-

duction in the resonance region are limited to the results off

hydrogen targets, as the results on exclusive meson production

off bound neutrons are mostly limited to photoproduction data

only [33]. As a consequence, only photocouplings for reso-

nance excitations off bound neutrons are currently available

[34,35]. The experimental results on the γvnN∗ electrocou-

plings of bound neutrons are of particular importance for

the isospin decomposition of the electromagnetic N → N∗

transition currents, addressing important open problems in

the exploration of the N∗ structure and sQCD dynamics that

underline N∗ generation from quarks and gluons.

Analyses of the γv pN∗ electrocouplings demonstrated

that while the relative contributions from the meson-baryon

cloud to the N∗ electrocouplings decreases with Q2 towards

quark core dominance at high Q2, the interplay between

the meson-baryon cloud and quark core depends substan-

tially on the resonance spin, parity, and isospin projection.

For instance, the meson-baryon cloud contribution to the

A1/2 γv pN∗ electrocoupling of the N (1440)1/2+ resonance

changes from being substantial at Q2 < 1.0 GeV2 to being

negligible at Q2 > 2.0 GeV2. In contrast, contributions from

the meson-baryon cloud to the A1/2 electroexcitation ampli-

tude of the N (1520)3/2− resonance remain modest over the

entire Q2 range covered by the measurements [16,17]. The

electroexcitation of the N (1675)5/2− resonance is expected

to demonstrate a pronounced dependence on the isospin pro-

jection [36]. While the A1/2 electroexcitation amplitude of

the N (1675)5/2− off protons is dominated by the meson-

baryon cloud, the corresponding A1/2 amplitude off neutrons

is expected to be determined by a more complex interplay

between the inner core of three dressed quarks and the external

meson-baryon cloud. This shows that the combined studies of

N∗ electroexcitation off both free protons and bound neutrons

are of particular importance in order to explore the emergence

of the meson-baryon cloud in the sQCD regime and other

isospin breaking effects.

First predictions of the Q2 evolution for the γvnN∗ elec-

trocouplings and a light-quark flavor separation have become

available in the continuum QCD approach [37,38]. A suc-

cessful description of the measured γvNN∗ electrocouplings

off free protons and quasifree neutrons with the same dressed

quark mass function will further validate the credible insight

into the hadron mass generation dynamics.

The studies of π− p photo- and electroproduction off bound

neutrons play an important role in addressing these open

problems in N∗ physics. Differential π− p photoproduction

cross sections off deuterons in the resonance region have

been measured with CLAS [39] over a wide range of final

state pion emission angles in the center-of-mass (CM) frame.

Substantial progress has been achieved in reaction models

accounting for the πN final state interaction (FSI) within

deuterons [34,35,40–43]. Previously published results on π− p

electroproduction off bound neutrons at photon virtualities

covered by our measurements of Q2 < 1.0 GeV2 [44–46] are

scarce and have very limited pion azimuthal angle coverage

in the CM frame, making it virtually impossible to determine

exclusive structure functions from these measurements.

In Sec. VII we present differential cross sections and vir-

tual photon polarization dependent structure functions for the

exclusive π− p electroproduction off bound neutrons in the

reaction,

γv + D → π− + p + ps, (1)

where ps is the spectator proton in the deuteron. This pro-

cess has been measured with the CLAS detector at Jefferson

Lab during the “e1e” run period within the kinematically

accessible region of W < 1.825 GeV and photon virtualities

0.4 < Q2 < 1.0 GeV2. The experiment conditions and the

data analysis procedures are described in Secs. II–VI. The

Legendre moments of the exclusive structure functions have

also been extracted by analyzing their polar angle distribu-

tions; see Sec. VIII. The results on pion electroproduction off

both protons [47] and deuterons [48,49] have now become

available under the same experimental conditions. The latter

offers additional opportunities to investigate pion electropro-

duction off bound protons and bound neutrons in detail and

to minimize the impact of the initial and final state inter-

actions within deuterons on the measured observables. The

obtained results presented here provide experimental input

for the phenomenological extraction of the nucleon resonance

electroexcitation amplitudes off bound neutrons (see Sec. IX).

For the kinematics of the scattering process off a bound

moving neutron in a deuteron, we have to consider the in-

fluence of Fermi motion, off-shell effects, and the final state

interactions on the measured cross sections. These effects are

introduced next.

A. Fermi motion

In the process of Eq. (1), the initial state neutron is moving

around in the deuteron rest frame or in the laboratory frame.
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Due to energy and momentum conservation, the sums of the

four-momenta of the initial virtual photon qμ and deuteron-

taget Dμ and of the final hadrons should be equal,

qμ + Dμ = (π−)μ + pμ + pμ
s or

qμ + p
μ

i + nμ = (π−)μ + pμ + pμ
s ,

(2)

where qμ is the four-momentum of the virtual photon and

Dμ=(mD, �0) is the four-momentum of the deuteron in the

laboratory frame, while nμ and p
μ

i correspond to the four-

momenta of the initial state neutron and proton, respectively,

which are moving and loosely bound in the deuteron. pμ

stands for the four-momentum of the final state proton in

the π− p electroproduction channel off bound neutrons. The

four-momentum of the outgoing proton from the deuteron

breakup, pμ
s , was not directly measured in CLAS due to its

acceptance limitation for protons to momenta larger than 0.25

GeV, but it can be fully reconstructed by

pμ
s = qμ + Dμ − (π−)μ − pμ, (3)

and hence the three-momentum of this proton in the laboratory

frame (i.e., the deuteron rest frame) is determined by

�ps = �q − �π
− − �p. (4)

For the quasifree process of the reaction in Eq. (1), where the

initial state proton is treated as a “spectator” that is totally

unaffected by the interaction; it follows that �pi = �ps in the

laboratory frame, and ignoring the off-mass-shell effects, we

can rewrite Eq. (2) as

qμ + nμ = (π−)μ + pμ, (5)

and the initial state neutron momentum is reconstructed by

�n = �π
− + �p − �q. (6)

For the quasifree process, by comparing Eq. (4) with Eq. (6),

we get

�ps = �pi = −�n. (7)

The Fermi motion causes changes in the kinematics compared

to scattering off a neutron at rest frame.

B. Off-shell effects

As mentioned previously, the bound neutron is also off-

mass-shell in addition to moving around in the deuteron. Even

in the quasifree process p
μ

i is not equal to pμ
s , because the

initial state proton pi is off mass shell while the outgoing

“spectator” proton ps is on mass shell; see also Eq. (1).

In this process the relation �pi = �ps = −�n is not influenced

by the off-mass-shell effects. The off-shell neutron four-

momentum can be best approximated by nμ = (En,−�ps) with

En =
√

(�n)2 + (Moff )2. To avoid uncertainties due to the off-

shell-ness of the target neutron when presenting the final cross

section, it is better to choose the invariant mass as Wf , which is

directly measured and well defined by W 2
f = (pμ + (π−)μ)2,

rather than as Wi defined by W 2
i = (qμ + nμ)2, which is af-

fected by the off-shell-ness of the target nucleon. Regarding

the “spectator,” in order to best conserve energy and momen-

tum in the scattering process, we have set the off-shell mass

W (GeV)
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n
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n
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E
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w

FIG. 1. The comparison of W distributions for π− p electropro-

duction events in quasifree kinematics within the entire Q2 range

covered by this measurement from 0.4 to 1.0 GeV2, where the

kinematic energy K =
p2

s

2mn
. The black line presents Wf calculated

from the measured four-momenta of the final π− and proton. The

red line shows Wi calculated by setting nμ = (En, �n) with En =
√

(−�ps )2 + (Moff )2 and Moff according to Eq. (8) achieving best

agreement with Wf .

of the neutron to

Moff = mn − 2
p2

s

2mn

− EB, (8)

reestablishing Wi = Wf . Here mn is mass of the free neutron

and EB is the binding energy of deuteron. Other possible

choices for Moff lead to shifted and/or smeared Wi distribu-

tions when compared to Wf , as shown in Fig. 1.

C. Final state interactions (FSI)

The full exclusive reaction process of interest is described

by Eq. (1), but for | �ps| < 200 MeV the quasifree process,

which is depicted by the impulse approximation diagram

in Fig. 2(a), is dominant (see Sec. IV B). However, in the

full exclusive process it is also possible to have final state

(a)

(b)

(c)

FIG. 2. Kinematic sketch of the three leading terms in the γv +

D → π− + p + p process: (a) impulse approximation, (b) pp rescat-

tering, and (c) π− p rescattering. Diagrams (b) and (c) are the two

main sources of final state interactions.
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FIG. 3. Schematics of π− electroproduction off a moving neutron.

interactions, such as pp rescattering and pπ rescattering,

shown in Figs. 2(b) and 2(c), respectively. These processes

correspond to the situation in which the outgoing proton

or π− interacts with the spectator proton (ps). Thus, the

four-momenta of the final state particles are changed due to

these final state interactions. It is also possible to have other

kinds of FSI in the pion production process off the deuteron,

such as π0 + ns → π− + p and π− + ps → π0 + n, which

can increase or decrease the final state π− p production. In

this paper, these kinds of final state interactions are not fur-

ther quantified, since the main interest here focuses on the

quasifree cross section extraction.

D. Boosting of the kinematic variables

In order to use the kinematic variables, directly corre-

sponding to those describing pion electroproduction off free

protons to present the final cross sections of γv + D(n) →
π− + p + ps, we first boost all particle four-momenta from

the laboratory frame (deuterium rest frame) into the neu-

tron rest frame with the boost vector �β1 = −�n/En, where �n
and En are calculated as defined above. The four-momentum

transfer qμ = (ν, �q), and hence particularly the direction of

�q relative to which the angles θπ and φπ are defined, is

then calculated in this frame. Therefore, the reported fi-

nal (Wf , Q2, cos θ c.m.
π , φc.m.

π )-dependent cross sections (where

“c.m.” denotes when variables are calculated in the CM frame)

are no longer influenced by the Fermi momentum of the ini-

tial state neutron in the deuteron, and the neutron rest frame

coordinate system is defined by setting ẑ parallel to the virtual

photon direction and ŷ perpendicular to the electron scattering

plane with x̂ staying in the electron scattering plane. Now

we boost all particle four-momenta from the laboratory frame

into the π− p CM frame with the well defined boost vector
�β2 = −( �p + �π−)/(Ep + Eπ− ), and rotate ẑc.m. back to ẑ the

virtual photon direction in the neutron rest frame to stay true

to the proper polar and azimuthal angle definitions.

In summary, the coordinates are set by

(1) ẑ in the direction of �q in the n rest frame,

(2) x̂ in the �k, �k′ plane of the n rest frame and perpendicu-

lar to ẑ,

(3) and ŷ = ẑ × x̂,

which are illustrated in Fig. 3.

FIG. 4. Three-dimensional view of the CLAS detector cut along

the beamline [8], with EC–electromagnetic calorimeter, TOF–

scintillation counter, CC–Cherenkov counter, three regions R1–R3

of drift chambers, and the torus magnet.

II. EXPERIMENTAL FACILITY

This experiment was carried out with the CEBAF Large

Acceptance Spectrometer (CLAS) [8] (see Fig. 4) in Hall

B at Jefferson Laboratory. The CLAS torus magnet coils

naturally separated the detector into six identical and inde-

pendent sectors. Each of the CLAS sectors was equipped with

an identical set of detectors: three layers of drift chambers

(DC) for charged particle tracking and momentum recon-

struction, Cherenkov counters (CC) for electron identification

and event triggering, scintillation counters (SC) for time-of-

flight measurements and charged particle identification, and

sampling-type electromagnetic calorimeters (EC) for refined

electron identification and triggering.

This measurement was part of the “e1e” run period that

started in the beginning of 2003. An electron beam with an

energy of 2.039 GeV interacted with a 2-cm-long unpolarized

liquid-deuterium target. The target had a conical shape with a

diameter varying from 0.4 to 0.6 cm (see Fig. 5). Data were

FIG. 5. A schematic diagram of the “e1e” target [50] indicating

the target window positions.
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FIG. 6. Measured electron vertex (Ze) distributions for full target

events (black) and scaled empty target events (red).

taken with a +2250 A torus current and +6000 A minitorus

current (a small normal-conducting magnet to keep low mo-

mentum electrons produced by Møller scattering in the target

from reaching the innermost drift chambers). Furthermore,

empty-target runs were performed to measure contributions

from all three target windows, which were used to subtract

the contribution of the background events produced by the

scattering of electrons on the 15 μm target windows (see

Fig. 5).

The electron z-vertex distributions for full-target and

empty-target events are compared, as shown in Fig. 6. Both

distributions are normalized to the corresponding charge ac-

cumulated in the Faraday cup (FC), which is located in the

beam dump, ≈29 meters downstream from the CLAS target.

It completely stops the electrons and thus allows measurement

of the accumulated charge of the incident beam. There is a

small peak at 2.58 cm due to the downstream 15-μm-thick

aluminum foil of the target, which should be at the same po-

sition for both full-target and empty-target events neglecting

thermal expansions [empty target Ze (red) presented in Fig. 6].

III. DATA ANALYSIS

A. Electron identification

An accepted electron candidates required geometrical

matching of each negative DC track (inbending toward the

beamline in the “e1e” experiment) with the corresponding hits

in the CC, SC, and EC detectors (see Fig. 4). The overall EC

energy resolution as well as uncertainties in the EC output

from the summing electronics gave arise to the amplitude

fluctuations of the EC response near the hardware threshold.

According to Ref. [51], the Pe > 461 MeV cut was applied to

the electron candidates to select reliable EC signals.

Furthermore, the torus magnetic field bent the electrons to-

ward the beamline and the CC segments were placed radially

relative to the CLAS polar angle, so there should be a one-to-

one correspondence between θCC and the CC segment number

CC segment
0 2 4 6 8 10 12 14 16 18 20

θ
C

C

0

10

20

30

40

50

60

1

10

210

310

410

sector2

FIG. 7. θCC versus CC segment number histogram in sector 2,

where μ, μ + 3σ , and μ − 4σ are marked as black stars and fit by

second degree polynomial functions shown by the curves.

for real electron tracks. The background and accidental tracks

should not show such a correlation, as shown in Fig. 7. θCC

[52] can be calculated from

θCC = arccos

(

| pz |

| �p |

)

. (9)

The θCC cuts shown by the outer lines in Fig. 7 were applied

to both experimental data and simulation.

In order to further reduce contributions from negative pions

and other background tracks, cuts on the photoelectron yield

Nphe measured in the CC (Nphe > 3) were applied on the elec-

tron candidates. In Fig. 8, the green area under the Poisson fit

function [from Eq. (11) shown by the red curve] corresponds

to good electron candidates, and the small peak at Nphe ≈ 2

contains not only background and negative pions, but also

some good electron candidates beneath it. With the extrap-

olation of the fitted modified Poisson function, those lost

candidates are quantified by the calculated red area, which can

be accounted for by applying the correction factor (Ncorrect
phe ) as

a weight for each accepted event in this segment. The weight

pheN
0 5 10152025 3035

Y
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15000
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FIG. 8. Nphe histograms of the left and right PMTs in the tenth

CC segment of sector 2 plotted separately and fit by the Poisson

function in Eq. (11) shown by the red curve.
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FIG. 9. Etotal/p versus p distribution, where the black lines show

the upper and lower Etotal/p cut limits. The events outside the cut

limits correspond to minimum ionizing particles and background.

factor Ncorrect
phe was calculated by

Ncorrect
phe =

green area

red area + green area

=

∫ 45

3
f (x)dx

∫ 45

0
f (x)dx

, (10)

where f (x) is the Poisson fit function (see red curves in Fig. 8)

defined as

f (x) = p0

p
( x

p2
)

1 e−p1

Ŵ( x
p2

+ 1)
, (11)

where p0, p1, and p2 are free fit parameters. The correction

factor was determined by the Nphe distributions of the left or

right photomultiplier tube (PMT) in each CC segment.

The EC was used for separating the electrons from the fast-

moving pions. Pions and electrons have different mechanisms

of primary energy deposition in the EC. The energy deposi-

tion mechanism of an electron in the EC depends linearly on

its momentum. Meanwhile, charged pions lose their energy

largely due to ionization, which is not directly proportional to

their momentum, resulting in much less energy deposited in

the EC. Thus the measured deposited energy Etotal for show-

ering electrons should be proportional to their momentum,

resulting in a constant value of Etotal/pe versus pe. This sam-

pling fraction (SF) for electrons in the EC is roughly 25%, as

shown in Fig. 9. In this analysis ±3σ cuts were placed on this

distribution to select the scattered electrons, with separate cut

limits determined for each sector of both data and simulation.

B. Hadron identification

The difference �Ti between the time calculated from the

velocity and track length of the hadron candidate i and the

actual measured SC time tSC
i should naively peak at zero for

the assumed hadron candidate. This time difference is defined

by

�Ti =
lSC
i

βic
− tSC

i + t0, (12)
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FIG. 10. (a) Typical negative pion �T versus p histogram for

sector 1 with upper and lower �T cut limits. The bands above π−

upper �T cut limit correspond to negative muons and electrons,

separately. (b) Proton �T versus p histogram for sector 1 with upper

and lower �T cut limits. The band above proton upper cut limit

corresponds to π+.

where lSC
i is the path length of the hadron candidate track from

the vertex to the SC hit, and βi = vi

c
is the speed of the hadron

candidate calculated from the momentum and the assumed

rest mass mi of the hadron candidate given by

βi =

√

p2
i

m2
i c2 + p2

i

, (13)

and t0 is the start time of each reconstructed event,

t0 = tSC
e −

lSC
e

c
. (14)

Here tSC
e is the electron flight time measured from SC, lSC

e is

the electron path length from the vertex to the SC hit, and c

is the speed of light. t0 is used as the reference time for all

remaining tracks in that event.

Figures 10(a) and 10(b) show typical distributions of �Ti

versus momentum for π− and proton candidates, respectively.

The solid black curves represent the corresponding �T cuts

for hadron identification, which were individually applied on

the hadron candidates for each sector.

During the “e1e” run, some SC scintillation counters with

low gain PMT were removed from both experimental data

and simulation. Additionally, it was found that some hadron

candidates were shifted from the nominal position on the

015201-7



Y. TIAN et al. PHYSICAL REVIEW C 107, 015201 (2023)

sector
1 2 3 4 5 6

)
2

 (
G

e
V

s
M2

μ

0.86

0.87

0.88

0.89

0.9

0.91

FIG. 11. The fitted mean values of the measured proton spec-

tator missing mass squared μM2
s

versus detector sector without any

kinematic corrections (black squares), with only electron momentum

corrections (red triangles), and with both electron momentum and

proton energy loss corrections (blue dots). The black line represents

the squared proton rest mass ≈0.88 GeV2.

�Ti plots, which could be attributed to SC timing calibration

inaccuracies. A special procedure was developed to correct

the timing information for the affected SC counters [52].

C. Kinematic corrections

Due to our somewhat incomplete knowledge of the ac-

tual CLAS detector geometry and magnetic field distribution,

which is therefore not precisely reproduced in the simulation

process, a small momentum correction needs to be applied to

the experimental data. From CLAS-Note 2003-012 [53], it is

known that momentum corrections are essential for only the

highest momentum particles. For the “e1e” run, with a beam

energy of 2.039 GeV, the expected momentum corrections

for hadrons are significantly less than for electrons and can

be neglected. In the analysis, the reconstructed momentum is

lower than the initial momentum at the vertex of the reaction,

particularly for slow charged particles. This effect has much

more influence on the heavy charged particles, which in this

case are the low energy protons in the π− p channel. This

effect is also reproduced in the simulation process. There-

fore, energy loss corrections [52] have to be applied to the

reconstructed proton momentum for both experimental data

and simulation.

The influence of these corrections on the spectator missing

mass squared mean μM2
s

[M2
s is defined by Eq. (15)] is shown

in Fig. 11. Although the spectator proton is dependent on the

selection cuts and therefore not always a true spectator, we

keep this nomenclature for consistency throughout this paper.

The corrections bring the position of the missing mass squared

of the spectator proton closer to the proton mass squared for

all six CLAS sectors.

D. Fiducial cuts

The active detection area of CLAS was limited by the torus

field coils and the edge regions of the detectors. Therefore,

(a)

(b)

FIG. 12. (a) φe versus θe distribution of electrons for sector 4

within the 1.12 < | �pe| < 1.2 GeV momentum interval. The blue

lines show the fiducial cut boundaries for electrons. (b) φe distribu-

tions for the selected θe bin [29◦ < θe < 30◦ shown as the vertical

shaded band in (a)] for the same momentum bin. The green area in

the center indicates the selected fiducial range.

fiducial volumes were defined to select the maximal phase

space coverage with reliable detector efficiencies. These fidu-

cial cut functions depend on azimuthal and polar angles, as

well as momentum, and are different for different particles.

For negatively charged particles (e− and π−), symmetrical

momentum-dependent but sector-independent cuts were ap-

plied on both experiment and simulation reconstructed data.

A typical example for the electron φe versus θe distributions in

a specific momentum slice for sector 4 is shown in Fig. 12(a).

The φe distribution for each θe and pe interval per sector

is expected to be a flat distribution [see green regions in

Fig. 12(b)] because the cross section is φe independent in the

laboratory frame. The empirical shape of this kind of fiducial

cut for the “e1e” run is described in Ref. [54]. For protons,
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FIG. 13. Typical φ versus θ distributions for π− (a) and protons

(b) in sector 1 within the same momentum interval 0.6 < | �p| < 0.8

GeV.

which were outbending (bending away from the beamline),

momentum-independent and slightly asymmetrical, sector-

dependent fiducial cuts were established in the same way as

for electrons and pions. Corresponding examples of the φ

versus θ distributions in a specific momentum slice for sector

1 with the applied fiducial cuts are shown in Fig. 13(a) for π−

and Fig. 13(b) for protons.

Furthermore, there were additional low-efficiency regions

due to dead wires of the DC and bad photomultiplier tubes in

the SC. These regions, seen in the θ versus p distributions

for the particles in each sector, were cut out in both data

and simulation. In Figs. 14(a) and 14(b), the pairs of black

lines represent the boundaries of a removed region in sector 2

for π−, which was applied simultaneously to experiment and

simulation reconstructed data.

IV. EVENT SELECTION

A. Exclusive event selection

The “spectator” proton missing mass squared M2
s was de-

termined by

M2
s = (pμ

e − p
μ

e′ + p
μ

D − p
μ

π− − pμ
p )2, (15)
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FIG. 14. Typical θ versus p histograms of π− in sector 2 are

compared for experiment (a) and simulation reconstructed (b) data.

The paired black lines show the corresponding removed low effi-

ciency region defined from experiment data.

where pμ
e , p

μ

e′ , p
μ

D, p
μ

π− , and pμ
p are the four-momenta of

the corresponding particles. The 0.811 < M2
s < 0.955 GeV2

cuts (see Fig. 15) were applied for both experiment and

simulation reconstructed data (see Sec. V for simulation de-

tails) to select the exclusive process γvn(p) → pπ−(p), where

the contribution of any physical background, such as two-pion

electroproduction, is negligible. See Sec. VI E for further de-

tails.

B. Quasifree exclusive event selection

Based on the exclusive events, an additional cut on the

missing momentum of the “spectator” (| �ps|) was applied

to both experiment and simulation reconstructed data, as is

shown in Fig. 17. | �ps| is calculated by

| �ps| =| �pe − �pe′ − �pπ− − �pp | . (16)

Figure 17(a) shows the missing momentum of the spectator

proton for experimental data (black histogram), simulated

thrown data (red histogram), and simulated data smeared by

the experimental resolution for the reconstructed measured

missing momentum (blue histogram). As expected from an

adequate detector simulation, the simulated missing momen-
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FIG. 15. M2
s distribution with the cut region represented by the

red lines showing the exclusive event selection process.

tum distribution that is smeared according to the experimental

detector resolution (shown in Fig. 16) should match in the

absence of FSI the measured missing momentum distribution

almost perfectly. No meaningful difference between the re-

constructed simulated (blue histogram) and measured (black

histogram) missing momentum distributions up to | �ps| = 200

MeV is visible in Fig. 17(b). There is a significant dif-

ference between the simulated thrown (red histogram) and

measured (black histogram) missing momentum distributions

at low momenta. Therefore, any final state interaction with

a momentum transfer between the spectator proton and any
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FIG. 16. Experimental momentum resolution �p_s, which is

described by the difference between the simulation thrown and re-

constructed momenta.
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FIG. 17. The black histogram represents the missing momentum

distribution (| �ps|) of the unmeasured proton from experimental data.

Based on the CD-Bonn potential [55], the scaled Monte Carlo sim-

ulated (thrown) proton momentum distribution is shown by the red

histogram and the detector-reconstructed Monte Carlo distribution

by the blue histogram. (b) Zoomed in version of (a) to show this

comparison at small more clearly. The red vertical line indicates the

200 MeV missing momentum cut position.

other hadron that is on average larger than 10 MeV (corre-

sponding to an energy transfer larger than 50 KeV) would

cause a comparable additional broadening of the measured

distribution beyond the broadening due to experimental de-

tector resolution. This reveals that the quasifree process is

absolutely dominant in the | �ps| < 200 MeV region, up to po-

tential FSIs with less than 50 KeV energy transfer. Hence, the

quasifree process can be kinematically isolated by applying

the | �ps| < 200 MeV cut. Meanwhile, some good quasifree

events were cut as well. Here “r” denotes the factor to correct

for good quasifree events outside the | �ps| < 200 MeV cut,

which is calculated from the reconstructed simulation data by

r(W, Q2, cos θ c.m.
π , φc.m.

π )

=
N

| �ps|<200 MeV
simu (W, Q2, cos θ c.m.

π , φc.m.
π )

N
q f

simu(W, Q2, cos θ c.m.
π , φc.m.

π )

=
green

green + red
(in Fig. 18), (17)
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FIG. 18. The missing momentum distributions of the “spectator”

proton | �ps| of experimental data (black histogram) and simulation

(blue histogram) where the “green” and “red” filled areas represent

the integral of the blue distribution from 0 to 200 MeV and above

200 MeV, respectively.

where N
q f

simu represents the simulated exclusive quasifree

yields in each kinematic bin and N
| �ps|<200 MeV
simu are the simu-

lation yields in each kinematic bin after applying the | �ps| <

200 MeV cut. The corresponding green and red areas shown

in Fig. 18 represent the integrals of the | �ps| distribution below

and above the 200 MeV cut, respectively.

V. SIMULATION

MAID is a unitary isobar model for partial wave analy-

sis on the world data of pion photo and electroproduction

in the resonance region. After comparison of our measured

quasifree exclusive event yields with different MAID versions,

the electromagnetic multipole table [56] of the MAID2000

model [57] was chosen as input for the event generator. Be-

sides the MAID2000 version, there are MAID98, MAID2003,

and MAID2007 versions [56] also available in the “aao_rad”
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FIG. 19. Experimental W distribution of quasifree exclusive

event yields in comparison to various MAID models.
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FIG. 20. Typical of acceptance correction factors as a function of

φc.m.
π− for W = 1.2125 GeV and Q2 = 0.5 GeV2, and cos θ c.m.

π− = 0.1.

package [58]. In order to determine which version describes

the experimental data best, the W distributions of the quasifree

exclusive reconstructed events from different MAID versions

and the data were plotted, as shown in Fig. 19. Even though

MAID2007 is the latest version, the second resonance peak

from this version is shifted relative to the experimental neu-

tron data. However, the resonance peaks from the MAID2000

version match with that from the neutron data best, which is

important for the radiative and bin centering corrections.

Simulated en → e′ pπ− events with radiative effects, ac-

cording to the prescription of Mo and Tsai [59], were

generated by a modified version of the available “aao_rad”

software package [58]. The initial state neutron mass was set

to the neutron rest mass. An additional proton was gener-

ated with its Fermi momentum calculated from the CD-Bonn
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FIG. 21. M2
s distributions for the measured (black histogram) and

simulated γvn(p) → pπ−(p) (blue histogram) data, as well as the

simulated γv p → pπ−π+ events (magenta histogram). The M2
s cut

region is shown by the vertical lines.
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FIG. 22. The final-state-interaction contribution factor RFSI determined from experiment data which account for the FSI in deuteron target

as a function of θ c.m.
π for individual Wf bins in 0.025 GeV increments in the range of 1.1375 < W < 1.3375 GeV for 0.4 < Q2 < 0.6 GeV2.

The gray shaded regions represent the corresponding systematic uncertainties.

potential [55] and its mass set to the proton rest mass. In

this way, the generated proton behaved like a spectator (ps).

After adding the “spectator” proton in the event generator, the

simulated physics process could be treated in the same way as

the exclusive quasifree process of the experimental data.

VI. CROSS SECTION EXTRACTION

A. Kinematic binning

The kinematic variables W = Wf , Q2, cos θ c.m.
π , and φc.m.

π

are used to present the final cross sections. The binning

choices are listed in Tables I and II. Due to the low detector

acceptance for π−, even in the highest statistics W and Q2 bins

there are empty kinematic phase space cells at very small and

very large φc.m.
π angles. To mitigate this problem, various φc.m.

π

bin sizes were studied as listed in Table II. This allows for

the optimization of the individual bin statistics and kinematic

TABLE I. W and Q2 binning of the analysis.

Variable Lower limit Upper limit Bin size

W 1.1 1.825 0.025 GeV

Q2 0.4 1.0 0.2 GeV2

coverage and serves as a consistency check for the cross

sections.

B. Bin-centering corrections

Because of the possibly nonlinear behavior of the cross

section across a bin, the average cross section value does

not necessarily correspond to the center of the bin. Hence,

presenting the extracted cross section at the center of the

bin might not be accurate. To account for this effect, a

correction was applied to the cross sections for each four-

dimensional (W, Q2, cos θ c.m.
π , φc.m.

π ) bin. This bin-centering

correction (RBC) was calculated as

RBC (W, Q2, cos θ c.m.
π , φc.m.

π ) =
σ model

center

σ model
average

, (18)

where σ model
center is the cross section calculated by using the

parametrization function of the MAID2000 model at the center

TABLE II. cos θ c.m.
π and φc.m.

π binning of the analysis.

Variable Lower limit Upper limit Bin size

cos θ c.m.
π −1 1 0.2

φc.m.
π 0◦ 360◦ 40◦, 45◦, 60◦
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FIG. 23. The final-state-interaction contribution factor RFSI determined from experiment data which account for the FSI in deuteron target

as a function of θ c.m.
π for individual Wf bins in 0.025 GeV increments in the range of 1.1375 < W < 1.3375 GeV for 0.6 < Q2 < 0.8 GeV2.

The gray shaded regions represent the corresponding systematic uncertainties.

of each kinematic bin and σ model
average is

σ model
average =

∫ x2

x1
σ (x)dx

�W �Q2� cos θ c.m.
π �φc.m.

π

, (19)

where x represents the kinematic bin (W, Q2, cos θ c.m.
π , φc.m.

π ),

x1 and x2 are the limits of the bin, and σ (x) is the MAID2000

model cross section function within the bin.

C. Acceptance corrections

Acceptance-correction factors (ARad) were calculated using

the Monte Carlo simulated events (total 8 × 109 events to

avoid statistical fluctuations) for each four-dimensional bin by

ARad(W, Q2, cos θ c.m.
π , φc.m.

π )

=
NRad

rec (W, Q2, cos θ c.m.
π , φc.m.

π )

NRad
thrown(W, Q2, cos θ c.m.

π , φc.m.
π )

, (20)

where NRad
thrown(W, Q2, cos θ c.m.

π , φc.m.
π ) represents the number of

events that were generated by the physics event generator

“aao_rad” with MAID2000 and radiative effects turned on in

each kinematic bin. NRad
rec denotes the number of events in the

same kinematic bin that have gone through the entire simula-

tion and reconstruction process passing all of the analysis cuts

described above. A typical φ-dependent acceptance distribu-

tion for one (W, Q2, cos θ c.m.
π ) bin is presented in Fig. 20.

D. Radiative corrections

The incoming and outgoing scattered electrons can change

their energy (emit unobserved photons) due to the radiative

effects. Although those effects do not influence the kinematic

variable Wf [Wf = pμ + (π−)μ], they can influence the vari-

ables Wi and Q2. The approach developed by Mo and Tsai

[59] was used to correct the final results. The same num-

ber of en → e′ pπ− events with and without radiative effects

were generated by the available “aao_rad” and “aao_norad”

software packages [58], respectively, by using the same elec-

tromagnetic multipole table from the MAID2000 model. The

radiative correction factor RC was calculated by

RC(W, Q2, cos θ c.m.
π , φc.m.

π )

=
NRad

thrown(W, Q2, cos θ c.m.
π , φc.m.

π )

NnoRad
thrown(W, Q2, cos θ c.m.

π , φc.m.
π )

, (21)

where NnoRad
thrown(W, Q2, cos θ c.m.

π , φc.m.
π ) is the number of events

without radiative effects generated by the “aao_norad”

software package [58] in each kinematic bin, and

NRad
thrown(W, Q2, cos θ c.m.

π , φc.m.
π ) is the same quantity as used in

Eq. (20). The order of the RC corrections is less than 4% over
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FIG. 24. The final-state-interaction contribution factor RFSI determined from experiment data which account for the FSI in deuteron target

as a function of θ c.m.
π for individual Wf bins in 0.025 GeV increments in the range of 1.1375 < W < 1.3375 GeV for 0.8 < Q2 < 1.0 GeV2.

The gray shaded regions represent the corresponding systematic uncertainties.

all coverage W region. Finally, RC was combined with the

acceptance corrections factor ARad (see Eq. (20)) to calculate

the radiative-corrected acceptance ARC , represented by

ARC (W, Q2, cos θ c.m.
π , φc.m.

π )

= ARad(W, Q2, cos θ c.m.
π , φc.m.

π )RC(W, Q2, cos θ c.m.
π , φc.m.

π )

=
NRad

rec (W, Q2, cos θ c.m.
π , φc.m.

π )

NnoRad
thrown(W, Q2, cos θ c.m.

π , φc.m.
π )

. (22)

E. Background subtraction

The events of the γv p → pπ+π− process, considered to

be the main source of possible physics background, were

simulated by the double-pion electron scattering event gener-

ator (“genev” [60]) and reconstructed with the same analysis

procedure. Figure 21 shows the resulting and properly scaled

M2
s distributions in comparison to the “e1e” run experimental

data and the γvn(p) → pπ−(p) simulation events. Inside the

0.811 < M2
s < 0.955 GeV2 cut region, there is no γv p →

pπ+π− background contribution. Furthermore, the M2
s dis-

tributions for experimental events were compared bin by

bin [kinematic bin (W, Q2, cos θ c.m.
π , φc.m.

π )] with the simulated

γvn(p) → pπ−(p) events to check the variation in the back-

ground contribution [52]. In summary, there is no need to

apply any background subtraction for the exclusive γvn(p) →
pπ−(p) process in the “e1e” analysis.

F. Systematic uncertainties

The characteristic parameters corresponding to each step in

the data analysis procedure have been varied to quantify their

influence on the final cross sections and structure functions

on a bin-by-bin basis. A summary of all sources studied and

the magnitudes of the assigned systematic uncertainties are

listed in Table III. The total average systematic uncertainty

of the cross sections is 8.6%, calculated as the quadrature

sum of the individual contributions. The individual systematic

uncertainties are reported for each data point in the CLAS

Database [9].

The biggest source of systematic uncertainties is the yield

normalization. A comparison of the measured inclusive cross

sections and Osipenko’s world-data parametrization [61] was

carried out, and the ratios deviate from 1 by no more than

5% [52]. Due to the model dependence of the Osipenko event

generator, we also cross-checked against the systematic uncer-

tainty of quasi-elastic scattering cross section of nucleons in

nuclei [62]. We found that the world data and the normalized

“e1e” data agree to the 5% level with these parametrizations,

which is consistent with our Osipenko-derived uncertainty.
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FIG. 25. Fully exclusive (black points) and quasifree (green squares) cross sections in μb/sr for W = 1.2125 GeV and Q2 = 0.5 GeV2.

The φc.m.
π -dependent cross sections are shown in each cos θ c.m.

π bin and the color-matched dashed lines represent the fits to the cross sections by

the function a + b cos 2φc.m.
π + c cos φc.m.

π . The magenta and blue solid lines show the SAID [63,64] and MAID2000 [57] model predictions,

respectively. The gray bars at the bottom of each subplot quantify the systematic uncertainties of each cross section point and the statistical

uncertainties are typically smaller than the data point markers.

G. Full exclusive cross section

The exclusive cross section of the γvn(p) → pπ−(p) process can be calculated from the acceptance-corrected yield of the

exclusive events as

d2σ ex

d�c.m.
π

=
1

Ŵυ (W, Q2)

d4σ

dW dQ2d�π c.m.

=
[�Nfull(W, Q2, cos θ c.m.

π , φc.m.
π ) − Sratio�Nempty(W, Q2, cos θ c.m.

π , φc.m.
π )]RBC

Ŵυ (W, Q2)ARC (W, Q2, cos θ c.m.
π , φc.m.

π )�W �Q2� cos θ c.m.
π �φc.m.

π Lint

, (23)

where �Nfull and �Nempty represent the number of

exclusive events inside each four-dimensional bin

(W, Q2, cos θ c.m.
π , φc.m.

π ) for the target with (full) and

without (empty) LD2 (liquid deuterium), respectively. The

virtual photon flux Ŵυ (W, Q2) is defined in Appendix A.

ARC (W, Q2, cos θ c.m.
π , φc.m.

π ) was calculated from Eq. (22), and

Sratio is the integrated Faraday cup ratio between the target

with and without LD2, which was calculated to be

Sratio =
Qtotal

Qempty

=
4.420 mC

0.467 mC
= 9.465, (24)

where Qtotal and Qempty are the live-time accumulated charge

in the Faraday cup for runs with LD2 and empty target,

respectively. Live time refers to the fact that the signal is

integrated when the DAQ system is live, and the charge is cor-

rected for the DAQ dead time. In addition, the bin-centering

correction factor RBC was calculated from Eq. (18). �W ,

�Q2, � cos θ c.m.
π , and �φc.m.

π are the bin widths of the corre-

sponding kinematic variables. Lint is the integrated luminosity

calculated by

Lint = NeNd =

(

Qtotal

e

)

×

(

NAdT lT

Md

)

= 2.6788 × 1039 cm−2,

(25)

where e is the elementary charge, dT is the density of the

liquid deuterium, lT is the target length, NA is Avogadro’s

number, and Md is the molar mass of deuterium.
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FIG. 26. Full exclusive (black points) and quasifree (green squares) cross sections in μb/sr are presented for W = 1.5125 GeV and Q2

= 0.5 GeV2. The φc.m.
π -dependent cross sections are shown in each cos θ c.m.

π bin and the color-matched dashed lines represent the fits to the

cross sections by the function a + b cos 2φc.m.
π + c cos φc.m.

π . The magenta and blue solid lines show the SAID [63,64] and MAID2000 [57] model

predictions, respectively. The magenta points show the previous available world data [44–46]. The gray bars at the bottom of each subplot

quantify the systematic uncertainties of each cross section point and the statistical uncertainties are typically smaller than the data point

markers.

H. Exclusive quasifree cross section

The exclusive quasifree cross section was calculated by

d2σ q f

d�c.m.
π

=
d2σ cut

d�c.m.
π

1

r
(

W, Q2, cos θ c.m.
π , φc.m.

π

) , (26)

where d2σ cut

d�c.m.
π

is the cross section calculated after applying

the | �ps| < 200 MeV cut and r(W, Q2, cos θ c.m.
π , φc.m.

π ) obtained

from Eq. (17) denotes the factor to correct for the good

quasifree events outside the | �ps| < 200 MeV cut. Based on

the yield of the events surviving this cut, the cross section was

extracted via

d2σ cut

d�c.m.
π

=

[

�Ncut
full

(

W, Q2, cos θ c.m.
π , φc.m.

π

)

− Sratio�Ncut
empty

(

W, Q2, cos θ c.m.
π , φc.m.

π

)]

RBC

Ŵυ (W, Q2)Acut
RC (W, Q2, cos θ c.m.

π , φc.m.
π )�W �Q2� cos θ c.m.

π �φc.m.
π Lint

, (27)

where “cut” designates the corresponding quantities that were calculated with the | �ps| < 200 MeV cut. For the quasifree events,

the radiative-corrected acceptance Acut
RC (W, Q2, cos θ c.m.

π , φc.m.
π ) was calculated analogously to Eq. (22) by

Acut
RC (W, Q2, cos θ c.m.

π , φc.m.
π ) =

N
(| �ps|<200 MeV)Rad
rec (W, Q2, cos θ c.m.

π , φc.m.
π )

N
(| �ps|<200 MeV)noRad

thrown (W, Q2, cos θ c.m.
π , φc.m.

π )
. (28)

VII. RESULTS AND DISCUSSION

In this section we quantify the kinematically identified FSI

contributions and present the extracted twofold differential

cross sections for the reaction γvn(p) → pπ−(p) together

with their quasifree contributions. From these results, we

have determined the exclusive π− p electroproduction struc-

ture functions σT + ǫσL, σT T , and σLT and their Legendre

moments and explore their sensitivity to contributions from

particular excited states of the nucleon.
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FIG. 27. Full exclusive (black points) and quasifree (green squares) cross sections in μb/sr are presented for W = 1.6625 GeV and Q2 = 0.5

GeV2. The φc.m.
π -dependent cross sections are shown in each cos θ c.m.

π bin (the bins with reasonable statistics are shown) and the color-matched

dashed lines represent the fits to the cross sections by the function a + b cos 2φc.m.
π + c cos φc.m.

π . The magenta and blue solid lines show the

SAID [63,64] and MAID2000 [57] model predictions, respectively. The magenta points show the previous available world data [44–46]. The

gray bars at the bottom of each subplot quantify the systematic uncertainties of each cross section point and the statistical uncertainties are

typically smaller than the data point markers.

A. Kinematically defined quasifree contributions

The comparison of the missing momentum | �ps| distri-

butions of the experimental and simulated data shows that

TABLE III. Summary of sources of the average systematic un-

certainty. Further information on the systematic uncertainties due to

different boost vectors and different deuteron potentials can be found

in [52]

Source Uncertainty (%)

Electron θCC cut 0.78

Electron sampling fraction cut 1.26

Electron fiducial cut 2.10

Proton �T cut 1.39

Proton fiducial cut 2.39

Pion �T cut 1.78

Pion fiducial cut 1.73

M2
s cut 2.29

ps cut 2.21

Boosts into neutron rest frame [52] 2.12

Choice of deuteron potential [52] 3.2

Bin centering correction 0.55

Radiative correction 2.0

Normalization 5.0

Total 8.6

the quasifree process is absolutely dominant and can hence

be kinematically isolated in the | �ps| < 200 MeV region (see

Sec. IV B). However, for | �ps| >200 MeV, FSI contributions

appear and become larger with increasing | �ps|. Beyond the

extraction of the full exclusive and quasifree differential cross

sections, this comparison allows us to calculate the final-state-

interaction contribution factor RFSI for each four-dimensional

bin (W, Q2, cos θ c.m.
π , φc.m.

π ), which is kinematically defined

based only on the experimental data. Hence, this factor pro-

vides information on the fraction of kinematically identified

final state interactions in the fully exclusive process defined

by

RFSI (W, Q2, cos θ c.m.
π , φc.m.

π ) =

d2σ q f

d�c.m.
π

d2σ ex

d�c.m.
π

. (29)

In order to present the most meaningful RFSI values pos-

sible, the exclusive events were binned in Wf = pμ + (π−)μ

to be consistent with the binning of quasifree events, even

though Wf for exclusive events with final state interactions

is different from the true W = Wi. Typical φc.m.
π integrated

RFSI versus θ c.m.
π distributions are plotted for different W

and Q2 bins and shown in Figs. 22–24. It turns out that the

kinematically defined final-state-interaction contribution for

the reaction γvn(p) → pπ−(p) and the “e1e” kinematics is
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FIG. 28. Example of the W -dependent σT + ǫσL , σT T , and σLT structure functions at cos θ c.m.
π = −0.3 and Q2 = 0.5 GeV2 that were

extracted from the fully exclusive (black points) and quasifree (green squares) cross sections. For W > 1.35 GeV, the rightmost y-axis scale

is used. The data are compared with the MAID2000 [57] (magenta line) and MAID2007 [56] (blue line) models. The gray bars represent the

corresponding systematic uncertainties. The origin of the large gray bars is described in Sec. VII C.

on average about 10%–20%. These results are of interest for

reaction models that describe FSIs for the π− p final state with

a deuteron target [34,35,41,42].

B. Differential γvn(p) → pπ
−(p) cross sections

Fully exclusive differential γvn(p) → pπ−(p) cross sec-

tions off bound neutrons and their quasifree contributions

estimated as described in Sec. VII A are now available for

W < 1.825 GeV and 0.4 < Q2 < 1.0 GeV2. The numerical

results can be found in the CLAS Physics Database (CLAS

DB) [9]. Figures 25–27 show representative examples for the

exclusive differential π− p electroproduction differential cross

sections and quasifree contributions in the Q2 bin from 0.4

to 0.6 GeV2 and selected W bins corresponding to the first,

second, and third resonance regions. Our results are compared

with the expectations from the SAID [63] and MAID2000 [57]

model predictions.

In Figs. 25–27, the exclusive and quasifree cross sec-

tions are represented by the black filled circles and the filled

green squares with error bars, respectively, and the corre-

sponding systematic uncertainties are represented by the gray

shaded bars at the bottom of each plot. The previously avail-

able data that were obtained with small-acceptance detectors

[44–46] can also be seen in the 1.51 and 1.66 GeV W bins.

The very limited coverage in φc.m.
π of these older data, together

with their substantial uncertainties, prevented the extraction

of structure functions from these data. Our measurements

extend the φc.m.
π coverage considerably. In most bins of W ,

Q2, and cos θ c.m.
π , nearly complete coverage over the az-

imuthal φc.m.
π angle has been achieved. However, there are not

enough data in some (W, Q2, cos θ c.m.
π ) bins to provide overall

statistically meaningful cross sections, particularly at very low
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corresponding systematic uncertainties of the fully exclusive data (black points). The origin of the large gray bars is described in Sec. VII C.

and high φc.m.
π angles. These φc.m.

π areas can be best identified

by excluding the phase space where the relative acceptance

uncertainties determined by the simulation are smaller than

2%.

According to the results in Figs. 25–27, the fully exclu-

sive cross sections in all (W, Q2, cos θ c.m.
π ) bins is always

larger than the quasifree cross section. In fact, the quasifree

cross sections represent the contribution to the full cross

section after contributions with FSI have been removed. As

expected, the measured yields and the corresponding cross

sections shown in Figs. 25–27 decrease with increasing Q2

and are symmetrically distributed with respect to φc.m.
π =

180◦. The measured cross sections are compared with the

predictions of two models, SAID [63] and MAID2000 [57],

which successfully describe the cross sections of single-pion

production off the free proton in the first and second resonance

regions, but their comparison with the π− p electroproduction

cross sections from the measurements reported here demon-

strates substantial differences between the expectations from

both models and our data, as well as between the predic-

tions from SAID and MAID2000 themselves. Therefore, our

π− p electroproduction measurements off bound neutrons pro-

vide new information on the dynamics of the γvn(p) →

pπ−(p) reaction that was not captured by the SAID [63] or

the MAID2000 [57] reaction models, which predict cross sec-

tions off the free neutron.

C. Structure functions

The exclusive structure functions σT + ǫσL, σT T , and σLT

for π− p electroproduction were determined assuming the

one-photon-exchange approximation [56,57] and by fitting the

φc.m.
π angular distributions in each bin of W , Q2, and cos θ c.m.

π

according to

d2σ

d�c.m.
π

= a + b cos 2φc.m.
π + c cos φc.m.

π ,

a = σT + ǫσL,

b = sin2θπǫσT T , and

c = sin θπ

√

2ǫ(1 + ǫ)σLT , (30)

where ǫ, defined in Appendix A, is the degree of transverse

polarization of the virtual photon, T and L represent the trans-

verse and longitudinal, T T the transverse-transverse, and LT

the transverse-longitudinal interference structure functions.

The φc.m.
π angular dependence expressed in Eq. (30) is a direct

consequence of the single-photon-exchange approximation
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FIG. 30. Example of the cos θ c.m.
π -dependent structure functions σT + ǫσL (top row), σT T (middle row), and σLT (bottom row) for W =

1.2125 GeV at Q2 = 0.5 GeV2 (left column), Q2 = 0.7 GeV2 (middle column), and Q2 = 0.9 GeV2 (right column) that were extracted for the

exclusive (black points) and quasifree (green squares) cross sections and compared with the predictions of the SAID SM08 (red line), MAID2000

(magenta line), and MAID2007 (blue line) models. The solid gray bars represent the corresponding systematic uncertainties of the data. The

Legendre polynomial expansions were fitted to the corresponding structure function data for π− p orbital momenta up to lmax = 1 (black dashed

lines) and lmax = 2 (black solid lines).

for exclusive electroproduction dynamics. The good quality of

our data description achieved using Eq. (30), shown for repre-

sentative bins in Figs. 25–27 by the black and green dashed

lines, supports a reliable extraction of the full exclusive as

well as the quasifree π− p electroproduction cross sections off

bound neutrons.

Numerical data on the structure functions σT + ǫσL, σT T ,

and σLT , as determined from our results, can be found in the

CLAS Physics Database [9] along with the differential cross

sections (6475 differential cross section data points have been

added in total). Representative examples for the W dependen-

cies of these structure functions are shown for the Q2 bin from

0.4 to 0.6 GeV2 in Fig. 28, together with the expectations

from the SAID [63] and MAID [56,57] models. The larger

systematic uncertainties (gray error bars) in Fig. 28 appear

due to the uncertainties of the fit parameters in Eq. (30). Since

there are not enough differential cross section data points

in some (W, Q2, cos θ c.m.
π ) bins at very low and high φc.m.

π

angles, the structure function fits are not well constrained,

which can lead to large uncertainties of the fit parameters.

The most prominent feature is the substantial contribution

from the �(1232)3/2+ resonance, which is clearly exhibited

in the W dependencies of all three exclusive structure func-

tions in the first resonance region. Beyond that, all structure

functions exhibit shoulders in the second resonance region

near W ≈ 1.5 GeV, which is suggestive of interferences be-

tween nucleon excitations and nonresonant contributions or

coupled-channels effects related to the hadronic interaction

of the π− p final state with the ηn channel that opens at

W > 1.5 GeV. The predictions from the MAID2000 [57] and

MAID2007 [56] models are close in the first resonance region,

where they are also in a reasonable agreement with our data.

However, in the 1.45 < W < 1.65 GeV regions the prediction

of these models are very different and far from the data (see

Fig. 28), suggesting that our results provide new information

on the π− p electroproduction dynamics, which so far has

not been captured by either the SAID [63] or MAID [56,57]

models.

The W dependencies of the so-called unpolarized σT + ǫσL

structure function for exclusive π− p electroproduction and

their respective quasifree contributions are shown in Fig. 29

compared to the interpolated results on the unpolarized struc-
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FIG. 31. The W -dependent Legendre moments Ai of σT + ǫσL in Eq. (31) up to lmax = 2 at Q2 = 0.5 GeV2 that are extracted from

the exclusive (black points) and quasifree (green squares) cross sections. For W > 1.35 GeV, the rightmost y-axis scale is used. The data

are compared with the MAID2007 [56] and MAID2000 [57] models. The solid lines represent the full model calculations. The dashed lines

correspond to the MAID2007 model with specific resonant helicity amplitudes turned off [e.g., noP33 indicates turning off the �(1232)3/2+

contributions]. The gray bars represent the corresponding systematic uncertainties of the data.

ture function of π+n electroproduction off free protons [65]

in the Q2 bin from 0.4 to 0.6 GeV2 and for W < 1.35

GeV, which corresponds to the first resonance region. Here,

the πN electroproduction amplitudes at forward angles are

driven by both resonant and nonresonant parts, while with

increasing pion CM angles the �(1232)3/2+ resonance con-

tribution becomes dominant [12,56,57]. Since this isospin

I=3/2 resonance can only be excited through the isovector

component of the electromagnetic current, the �(1232)3/2+

electroexcitation amplitudes off the free proton and the free

neutron should be equal owing to the isospin invariance of

the strong interaction. Therefore, in the kinematic areas where

the �(1232)3/2+ resonance dominates, the unpolarized struc-

ture function of quasifree π− p electroproduction off neutrons

should be equal to that of π+n electroproduction off free

protons. This expectation is reflected in the results of our mea-

surements as demonstrated in Fig. 29. At cos θ c.m.
π < 0.5, the

unpolarized structure functions for quasifree π− p electropro-

duction off neutrons are consistent within their uncertainties

with the interpolated values of the unpolarized structure

function for π+n electroproduction off free protons, which

further supports the proper extraction of the quasifree π− p

cross sections from the measured data. Within the range of

the small pion CM emission angles (cos θ c.m.
π > 0.5), sizable

contributions from the nonresonance t-channel processes are

responsible for the differences between π+n and π− p cross

sections.

VIII. LEGENDRE POLYNOMIAL EXPANSION

In order to further explore the sensitivity of our data to the

contributions from particular excited nucleon states, the angu-

lar dependencies of the structure functions in each (W, Q2) bin

were decomposed by the Legendre polynomials Pl (cos θ c.m.
π ).

A general form of Legendre polynomial expansion can be

written as

σT + ǫσL =

2l
∑

i=0

AiPi(cos θ c.m.
π ) (31)

σT T =

2l−2
∑

i=0

BiPi(cos θ c.m.
π ) (32)

σLT =

2l−1
∑

i=0

CiPi(cos θ c.m.
π ), (33)

where the Legendre moments Al (W ), Bl (W ), and Cl (W ) have

been obtained for the σT + ǫσL, σT T , and σLT structure func-

tions. l is the orbital angular momentum of the π− relative to

the proton.

A representative example for the angular dependencies of

the structure functions at W = 1.21 GeV within the cov-

ered Q2 range is shown in Fig. 30 in comparison with the

MAID2000 [57], MAID2007 [56], and SAID [63] reaction model

predictions and a Legendre polynomial expansion up to l = 2.
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Substantial differences between these model expectations and

the experimental data, seen in all structure functions, em-

phasize again the value of the new results presented here.

The Legendre moments Al , Bl , and Cl can be associated

with the magnetic (Ml±), electric (El±), and scalar (Sl±) πN

multipoles [1,66]. In the first resonance region, a Legendre

moment decomposition truncated at lmax = 1 already provides

a reasonable description of the unpolarized structure function

for π− p, but fails to describe the angular dependencies of both

the σT T and σLT structure functions (see Fig. 30). The angular

dependencies of all structure functions are well reproduced

with an lmax = 2 truncation of the π− p orbital momenta.

In order to test the sensitivity of the Legendre moments

to particular excited nucleon states, their W dependencies

were computed in the 0.4 to 0.6 GeV2 Q2 bin within the

MAID2007 model [56] by switching the γvnN∗ electrocou-

plings of the �(1232)3/2+, N (1440)1/2+, N (1520)3/2−, and

N (1535)1/2− resonances on and off. The results are shown in

Figs. 31–33. The sensitivity is visualized by the difference be-

tween the full MAID2007 model prediction (blue solid curves)

and the expectations when particular resonance contributions

are turned off.

The results reveal a pronounced sensitivity of A0−A3,

B0−B2, and C0−C2 Legendre moments to the contribu-

tions from the �(1232)3/2+ resonance. Switching off the

�(1232)3/2+ affects the W dependencies of the Legen-

dre moments in the entire kinematic range covered by the

measurements. The pronounced �(1232)3/2+ tail impact-

ing the second and third resonance regions is related to

the fact that the �(1232)3/2+ cross section is almost an

order of magnitude bigger than the measured π− p cross sec-

tions in the second and the third resonance regions. Owing

to isospin invariance, the �(1232)3/2+ electroexcitation am-

plitudes off the neutron and the proton should be the same.

This prominent contribution of the �(1232)3/2+ resonance

seen in our data is consistent with recent studies [67] of the

resonant contributions to the F2 and FL inclusive structure

functions.

The Legendre moments of the σT + ǫσL and σT T struc-

ture functions exhibit no significant sensitivity to the

N (1440)1/2+ resonance, while a moderate sensitivity to the

contributions from this resonance can be observed in the W

dependence of the σLT Legendre moments (see Fig. 33). The

N (1440)1/2+ in π− p electroproduction can hence be best

explored through the interference between longitudinal and

transverse production amplitudes. The Breit-Wigner shape of

the N (1440)1/2+ resonance in the W dependence of the C1 to

C3 Legendre moments can only be produced in the interfer-

ence with the imaginary part of the nonresonant amplitudes,

which are small. This makes it difficult to observe the mani-

festation of the N (1440)1/2+ resonance in the W dependence

of the σLT structure function. Instead manifestations of this

015201-22



EXCLUSIVE π− ELECTROPRODUCTION OFF THE … PHYSICAL REVIEW C 107, 015201 (2023)

W (GeV)

1.15 1.2 1.25 1.3

b
/s

r)
μ

 (
3

C

2−

0

2

4

b
/s

r)
μ

 (
2

C 2−

0

2

b
/s

r)
μ

 ( 1
C 2−

0

2

MAID2007 noP11
MAID2007 noD13
MAID2007 noS11

b
/s

r)
μ

 (
0

C

4−

2−

0

exclusive
quasi-free

1.4 1.5 1.6 1.7

2−

0

2

2−

0

2

2−

0

2

1−

0

1

2MAID2007
MAID2000
MAID2007 noP33

FIG. 33. The W -dependent Legendre moments Ci of σLT in Eq. (33) up to lmax = 2 at Q2 = 0.5 GeV2 that are extracted from the exclusive

(black points) and quasifree (green squares) cross sections. For W > 1.35 GeV, the rightmost y-axis scale is used. The data are compared

with the MAID2007 [56] and MAID2000 [57] models. The solid lines represent the full model calculations. The dashed lines correspond to the

MAID2007 model with specified resonant helicity amplitudes turned off [e.g., noP33 indicates turning off the �(1232)3/2+ contributions]. The

gray bars represent the corresponding systematic uncertainties of the data.

resonance can be seen in the interference between the real

parts of the resonant and nonresonant contributions. Conse-

quently any structure from N (1440)1/2+ contributions to the

σLT moments would be expected to be shifted away from the

Breit-Wigner mass of this resonance.

Switching off the electrocouplings of the N (1520)3/2−

and N (1535)1/2− resonances affects the W dependencies

of mostly all Legendre moments of all three structure func-

tions in the second resonance region. However, since there

are no available experimental results on the N (1440)1/2+,

N (1520)3/2−, and N (1535)1/2− electrocouplings off bound

neutrons, the observed sensitivity to the contributions from

these states only indicates a good opportunity to determine

their electrocouplings from the π− p differential cross sec-

tions presented here.

IX. CONCLUSIONS AND OUTLOOK

Exclusive differential cross sections of the electroproduc-

tion process γvn(p) → pπ−(p) off the bound neutron in

deuterium have been extracted for the first time with an al-

most complete azimuthal pion-angle coverage in most of the

(W, Q2) bins from the JLab CLAS “e1e” dataset within the

kinematic region of W = 1.1–1.825 GeV and Q2 = 0.4–1.0

GeV2. The results on exclusive π− p electroproduction off

bound neutrons with nearly complete coverage for the final

hadron emission angles in the CM frame provide needed

input to extend the models for description of FSI in π− p

photoproduction off bound neutrons [35,40–43] towards elec-

troproduction. Accounting for FSI at the amplitude level is

of particular importance in paving a way to determine the N∗

electroexcitation amplitudes off neutrons. The quasifree cross

sections have been evaluated within this analysis via a particu-

lar procedure to determine and separate the FSI contributions

that are kinematically accessible through the measured ob-

servables. The FSI contributions in this kinematic region for

π− p electroproduction are about 10%–20% on average. The

azimuthal angular dependence of the extracted quasifree cross

sections shows the typical photon-polarization-dependent be-

havior that is expected for any exclusive electroproduction

process assuming the one-photon-exchange approximation,

which is a general and otherwise model-independent con-

straint. Consistent results for the σT + ǫσL structure function

for π+n and π− p electroproduction off protons and neutrons,

respectively, as observed in the first resonance region in the

angular range where the contribution from the �(1232)3/2+

dominates, further support the reliable extraction of the

quasifree cross sections.

Additionally, all accessible associated structure functions,

σT + ǫσL, σT T , and σLT , have been extracted based on the

φc.m.
π dependence of the exclusive differential cross sec-

tions with statistical and appropriate systematic uncertainties.
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The extracted Legendre moments of these structure functions

demonstrate the sensitivity to resonant contributions in the

first and the second resonance regions. This observed sensitiv-

ity underlines the importance of the extracted quasifree cross

section data for phenomenological extractions of the n → N∗

electroexcitation amplitudes of various resonances, which will

ultimately grant access to isospin-dependent structure effects

in various nucleon excitations that emerge from the underly-

ing strong interaction mechanisms.

Now, as we have established a method to extract fully

exclusive quasifree differential cross sections off the bound

neutron, it would be very valuable to extend the kinematic

coverage for the π− p electroproduction data, particularly to

very forward and very backward π− polar angles, W > 1.6

GeV, and Q2 > 1 GeV2, by analyzing the data from those

further fully exclusive deuterium target experiments with the

new CLAS12 detector in Hall B at JLab. This would allow us

to expand the W and Q2 coverage and to obtain new infor-

mation on the Q2 evolution of the n → N∗ electroexcitation

amplitudes.
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APPENDIX: CROSS SECTION FORMALISM

The cross section for the exclusive γvn → pπ− reaction

with an unpolarized electron beam and off unpolarized free

neutrons is given by

d4σ

dW dQ2d�c.m.
π

= Ŵυ (W, Q2)
dσ

d�c.m.
π

. (A1)

The invariant mass W and virtual photon momentum transfer

Q2 are calculated by

W =
√

Q2 + M2
n + 2Mn(E − E ′) and (A2)

Q2 ≃ 4EE ′sin2 θe

2
= 2EE ′(1 − cos θe), (A3)

where E is the electron beam energy, and E ′ and θe are the

outgoing electron energy and scattering angle, respectively.

�c.m.
π corresponds to the solid angle of the outgoing π−, and

“c.m.” denotes when variables are calculated in the CM frame.

The virtual photon flux is defined as

Ŵυ (W, Q2) =
Ŵυ (E ′,�e′ )

J (W, Q2)

=
α

4π

1

E2M2
n

W
(

W 2 − M2
n

)

(1 − ǫ)Q2
. (A4)

Since Q2 = −qμqμ = �q 2 − ν2 and Q2 ≃ 4EE ′sin2 θe

2
, the

transverse polarization of the virtual photon ǫ also can be

simplified as

ǫ =

(

1 + 2

(

�q 2

Q2

)

tan2 θe

2

)−1

(A5)

=

(

1 + 2

(

1 +
ν2

Q2

)

tan2 θe

2

)−1

(A6)

≃

(

1 + 2
Q2 + ν2

4EE ′ − Q2

)−1

. (A7)

The hadronic differential cross section is calculated from

the fourfold differential cross section [Eq. (A1)], which is

finally extracted from the experimental yield,

d2σ

d�c.m.
π

=
1

Ŵυ (W, Q2)

d4σ

dW dQ2d�c.m.
π

. (A8)

For the exclusive γvn(p) → pπ−(p) reaction, we use the same

equations to extract the hadronic differential cross section by

ignoring the off-mass-shell effects when calculating the vir-

tual photon flux.
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