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The single-differential and fully integrated cross sections for quasifree π+π− electroproduction off protons
bound in deuterium have been extracted for the first time. The experimental data were collected at Jefferson
Laboratory with the CLAS detector. The measurements were performed in the kinematic region of the invariant
mass W from 1.3 to 1.825 GeV and the photon virtuality Q2 from 0.4 to 1.0 GeV2. Sufficient experimental
statistics allowed for narrow binning in all kinematic variables, while maintaining a small statistical uncertainty.
The extracted cross sections were compared with the corresponding cross sections off free protons, which
allowed us to obtain an estimate of the contribution from events in which interactions between the final-state
hadrons and the spectator neutron took place.

DOI: 10.1103/PhysRevC.109.065205

I. INTRODUCTION

Exclusive reactions of meson photo- and electroproduction
off protons are intensively studied in laboratories around the
world as a very powerful tool to investigate nucleon structure
and the principles of the strong interaction. These studies
include extraction of various observables from analyses of
experimental data, as well as subsequent theoretical and phe-
nomenological interpretations of the extracted observables
[1–5].

Exclusive reactions off free protons have already been
studied in considerable detail, and a lot of information on
differential cross sections and different single- and double-
polarization asymmetries with almost complete coverage of
the reaction phase space has become available. A large part of
this information comes from analyses of data collected in Hall
B at Jefferson Lab (JLab) with the CLAS detector [6,7].

Meanwhile, reactions occurring in photon and electron
scattering off nuclei have been less extensively investigated.
Experimental information on these processes is sparse and
mostly limited to inclusive measurements of the total nuclear
photoproduction cross section [8–10] and the nucleon struc-
ture function F2 [11–13], while exclusive measurements off
bound nucleons are lacking.

However, information on exclusive reactions off bound
nucleons is crucially important to the investigation of nuclear
structure and for a deeper understanding of the processes
occurring in the nuclear medium because various exclusive

channels will have different energy dependences and different
sensitivities to reaction mechanisms. This situation creates a
strong demand for exclusive measurements off bound nucle-
ons, and the deuteron, being the lightest and most weakly
bound nucleus, is the best target with which to begin these
efforts.

This paper presents the results of the data analysis of
charged double-pion electroproduction off protons bound in a
deuteron. The study became possible owing to the experiment
of electron scattering off a deuterium target conducted in Hall
B at JLab with the CLAS detector [6]. The description of
the detector and target setup is given in Sec. II together with
information on the overall data analysis strategy.

The analysis covers the second resonance region, where
double-pion production plays an important role. The channel
opens at the double-pion production threshold W ≈ 1.22 GeV,
contributes significantly to the total inclusive cross section for
W � 1.6 GeV, and dominates all other exclusive channels for
W � 1.6 GeV.

Exclusive reactions off bound protons manifest some spe-
cific features that are not present in reactions off free protons
and originate from (a) Fermi motion of the initial proton and
(b) final-state interactions (FSIs) of the reaction final hadrons
with the spectator neutron. In this paper, special attention is
paid to the detailed description of these issues.

The paper introduces new information on the fully inte-
grated and single-differential cross sections of the reaction
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γv p(n) → p′(n′)π+π−, where γv denotes the virtual photon.
The cross-section measurements were performed in the kine-
matic region of the invariant mass W from 1.3 to 1.825 GeV
and the photon virtuality Q2 from 0.4 to 1.0 GeV2. Suffi-
cient experimental statistics allowed for narrow binning, i.e.,
25 MeV in W and 0.05 GeV2 in Q2, while maintaining ade-
quate statistical uncertainties. The extracted cross sections are
quasifree, meaning that the admixture of events in which the
final hadrons interacted with the spectator neutron is kinemat-
ically reduced to the achievable minimum.

The details of the cross-section extraction analysis are pre-
sented in Secs. III through VI, which encompass the selection
of quasifree events, the cross-section calculation framework,
the description of the corrections applied to the cross sections,
and the study of the cross-section uncertainties, respectively.

Effects of the initial proton motion (also called Fermi
motion) turned out to be tightly interwoven with many anal-
ysis aspects, and for this reason their description is scattered
throughout the paper. Meanwhile, FSI effects are addressed
separately in Sec. VII, which outlines specificities of FSIs in
reactions off bound protons and their differences from FSIs
in conventional free-proton reactions. Some details on FSI
effects in this particular analysis are also presented there.

Section VIII presents the measured cross sections and their
comparison with the cross-section estimation obtained based
on the JLab-MSU (JM) model1, which is a phenomenological
reaction model for the process of double-pion production off
free protons [14–16].

This study benefits from the fact that the free-proton
cross sections of the same exclusive reaction have been re-
cently extracted from CLAS data [17,18]. These free-proton
measurements were performed under the same experimental
conditions as in this study, including the beam energy value
and the target setup. For this reason, the free-proton study
[17,18] was naturally used as a reference point for many
analysis components. This unique advantage allowed us not
only to verify the reliability of those analysis aspects that are
similar for reactions off free and bound protons but also to
obtain a deeper understanding of those that differ. The latter
include the effects of the initial proton motion and FSIs.

Section IX introduces a comparison of the cross sec-
tions extracted in this study with their free-proton counterparts
from Refs. [17,18], which allowed us to estimate the propor-
tion of events in which FSIs between the final hadrons and the
spectator neutron took place. Assuming that events affected
by FSIs with the spectator are the main cause of the difference
between the cross-section sets, their contribution to the total
number of reaction events was found to be on a level of ≈25%
in the most part of the reaction phase space. With further
theoretical interpretation of the performed comparison, vari-
ous FSI mechanisms can be investigated and other potential
reasons that may contribute to the difference between the
cross-section sets can be explored, which includes possible
in-medium modifications of properties of nucleons and their
excited states [8–10,19,20].

1JLab—Moscow State University (Russia) model.

II. EXPERIMENT

The electron scattering experiment that provided data for
this study was conducted in Hall B at JLab as a part of the
“e1e” run period. A longitudinally polarized electron beam
was produced by the Continuous Electron Beam Accelerator
Facility (CEBAF) and then was subsequently scattered off the
target, which was located in the center of the CEBAF Large
Acceptance Spectrometer (CLAS) [6]. This state-of-the-art
detector covered a good fraction of the full solid angle and
provided efficient registration of final-state particles originat-
ing from the scattering process.

The “e1e” run period lasted from November 2002 until
January 2003 and included several experiments with different
beam energies (1 and 2.039 GeV) and target cell contents
(liquid hydrogen and liquid deuterium). This study is devoted
to the experiment conducted with the liquid-deuterium target
and utilizing a 2.039-GeV electron beam.

A. Detector setup

The design of the CLAS detector was based on a toroidal
magnetic field that was generated by six superconducting
coils arranged around the beam line. The magnetic field bent
charged particles towards or away from the beam axis (de-
pending on the particle charge and the direction of the torus
current) but left the azimuthal angle essentially unchanged.
For this experiment, the torus field setting was to bend neg-
atively charged particles towards the beam line (inbending
configuration).

The magnet coils naturally separated the detector into
six sectors, each functioning as an independent magnetic
spectrometer. Each sector included four subsystems: drift
chambers (DC), Čerenkov counters (CC), a time-of-flight
(TOF) system, and an electromagnetic calorimeter (EC) [6].

The azimuthal coverage for CLAS was limited only by
the magnet coils and was approximately 90% at backward
polar angles and 50% at forward angles [21]. The polar angle
coverage spanned from 8◦ to 45◦ for the Čerenkov counters
and the electromagnetic calorimeter and from 8◦ to 140◦ for
the drift chambers and the time-of-flight system.

The drift chambers were located within the region of the
magnetic field and performed charged particle tracking, al-
lowing for determination of the particle momentum from the
curvature of their trajectories [22]. All other subdetectors
were located outside the magnetic field region, meaning that
charged particles traveled through them along a straight line.

The Čerenkov counters were located right behind the DC
and served the dual function of triggering on electrons and
separating electrons from pions [23].

The TOF scintillators were located radially outside the
drift chambers and the Čerenkov counters but in front of
the calorimeter. The time-of-flight system measured the time
when a particle hit a TOF scintillator, thus allowing for de-
termination of the particle velocity. Then, using the particle
momentum known from the DC, its mass can be determined,
meaning that the particle can be identified [24,25].

The main functions of the electromagnetic calorimeter
were triggering on and detection of electrons, as well as
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detection of photons (allowing for the π0 and η reconstruc-
tions from their 2γ decays) and neutrons [21].

The six CLAS sectors were equipped with a common data-
acquisition (DAQ) system that collected the digitized data and
stored the information for later offline analysis.

B. Target setup

The “e1e” target had a conical shape with the diameter
varying from 0.35 to 0.6 cm, which served the purpose of
effective extraction of gas bubbles formed in the liquid target
contents due to the heat that either originated from the beam
and/or came from outside through the target walls. Due to the
conical shape, the bubbles drained upwards and into a wider
area of the target, thus clearing the beam interaction region
and allowing the boiled deuterium to be effectively delivered
back to the cooling system to be reliquified.

The target was located at −0.4 cm along the z axis (near
the center of CLAS) and its interaction region was 2 cm long.
The target cell had 15-µm-thick aluminum entrance and exit
windows. In addition, an aluminum foil was located 2.0 cm
downstream of the target. This foil was made exactly to the
same specifications as the entry and exit windows of the
target cell and served the purpose of providing reference event
distributions for electron scattering off the target windows (see
Sec. III D 3).

In this experiment, the target setup was identical to that
used for the free-proton part of the “e1e” run period [17,18].
More details on the “e1e” target assembly can be found in
Ref. [26].

C. Data analysis strategy

Events corresponding to the investigated reaction ep(n) →
e′ p′(n′)π+π− were distinguished among all other detected
events through the event selection procedure described in
detail in Sec. III. The selected exclusive events, however,
represent only a part of the total number of events produced
in the reaction, while the remainder were not registered due
to (i) geometrical holes in the detector acceptance and (ii)
less than 100% efficient particle detection within the detector
acceptance. Therefore, to extract the reaction cross sections,
the experimental event yield was adjusted for the geometric
acceptance and detection efficiency, thereby accounting for
the lost events.

To determine the overall detector efficiency, a Monte
Carlo simulation was performed. In this analysis, double-pion
events were generated with TWOPEG-D, which is an event
generator for double-pion electroproduction off a moving
proton [27]. These events are hereinafter called “generated”
events.

The generated events were passed through a standard mul-
tistage procedure of simulating the detector response [6]. The
procedure included the simulation of the particle propaga-
tion through the CLAS detector from the vertex produced by
the event generator and the subsequent event reconstruction.
Events that survived this process are hereinafter called “re-
constructed” Monte Carlo events. They were analyzed in the
same way as real experimental events.

FIG. 1. EC sampling fraction distribution for the experimental
data for CLAS sector 1. The vertical red line shows the position of
the minimum momentum cut, while the other two curves correspond
to the sampling fraction cut.

III. QUASIFREE EVENT SELECTION

For each analyzed event, an electron candidate was defined
as the first-in-time particle that had signals in all four subsys-
tems of the CLAS detector (DC, CC, TOF, and EC). To select
hadron candidates, signals only in two subdetectors (DC and
TOF) were required.

A. Electron identification

To select good electrons among all electron candidates and
to separate them from electronic noise, accidentals, and π−
contamination, various cuts in the electromagnetic calorimeter
(EC) and the Čerenkov counters (CC) were applied.

According to Ref. [28], the overall EC resolution, as well as
uncertainties from the EC output summing electronics, led to
fluctuations of the EC response near the hardware threshold.
Therefore, to select only reliable EC signals, a minimal cut
on the scattered electron momentum Pe′ was applied in the
software. The value of this cut was chosen to be 0.461 GeV,
according to the relation suggested in Ref. [28].

In the next step, to eliminate part of the pion contamination,
a sampling fraction cut was applied, which was based on
different energy deposition patterns of electrons and pions in
the EC. Specifically, when traveling through the EC, an elec-
tron produces an electromagnetic shower, where the deposited
energy Etot is proportional to the electron momentum Pe′ ,
while a π− loses a constant amount of energy per scintillation
layer independently of its momentum. Hence, for electrons,
the quantity Etot/Pe′ plotted as a function of Pe′ is expected to
follow a straight line parallel to the x axis and located around
the value 1/3 on the y axis (since electrons lose about 2/3 of
their energy in the EC lead sheets).

Figure 1 shows the EC sampling fraction (Etot/Pe′ ) plotted
as a function of the particle momentum for the experimental
data. In this figure, the minimum momentum cut is shown
by the vertical line, while the other two curves correspond
to the sampling fraction cut that isolates the band of good
electron candidates. The cut was determined via Gaussian fits
to individual momentum slices of the distribution [29,30].

To further improve the quality of electron identification and
π−/e− separation, event selection in the CC was performed
[23]. Figure 2 illustrates photoelectron distributions measured
in the CC for CLAS sector 3. As seen in Fig. 2, contamination
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FIG. 2. Influence of different CC cuts on the photoelectron spec-
trum for CLAS sector 3. Curves from top to bottom: the black curve,
only the fiducial cut in the CC plane is applied; the red curve, the ϕcc

matching cut is added; the blue curve, the θcc matching cut is added;
the green curve, the geometrical cut that removes inefficient CC
zones is added. The peaking structure on the left is the contamination
peak.

is present in the CC spectrum in the form of a peak located at
values of a few photoelectrons. The contamination is thought
to originate from accidental coincidences of measured pion
tracks with noise signals from photomultiplier tubes (PMTs)
[31]. The goal of event selection in the CC was to separate the
spectrum of good electron candidates from the contamination
peak, while minimizing the loss of good events. To achieve
this goal, the following set of CC cuts was applied:

(i) fiducial cut in the CC,
(ii) ϕcc matching cut,

(iii) θcc matching cut,
(iv) geometrical cut that removes inefficient zones, and
(v) cut on the number of photoelectrons.

Each of these cuts, except the last one, was defined in the
“CC projective plane” [31], wherein the polar and azimuthal
angles (θcc, ϕcc) were defined. The details on the plane defini-
tion and angle calculations can be found in Refs. [29,31].

The analytical shape of the fiducial cut in the CC plane
was taken from Ref. [32]. The ϕcc and θcc matching proce-
dures were based on the studies [31,33] and relied on the
anticipation that, for real events, there must be a one-to-one
correspondence between PMT signals in the CC and the
angles in the CC plane (which are calculated from the DC
information), while background noise and accidentals should
not show such a correlation.

The idea of the ϕcc matching cut is that the particle track
on the right side of the CC segment should match with the
signal from the right-side PMT, and vice versa. Events that
did not satisfy these conditions were removed. Events with
signals from both PMTs were kept.

To perform θcc matching, a θcc versus segment number cut
was applied. Figure 3 shows the θcc versus segment number
distribution for CLAS sector 2. To develop the cut, event
distributions in each segment were plotted as a function of θcc

and fit with Gaussians. The horizontal black lines correspond
to the positions of the fit maxima ±4σ . Events between these
black lines were treated as good electron candidates [29,30].

FIG. 3. θcc versus CC segment number distribution for CLAS
sector 2. Events between the horizontal black lines were treated as
good electron candidates.

Another important issue was that some specific geo-
metrical zones in the CC showed low detection efficiency.
When an electron hit such a zone, the number of detected
photoelectrons was significantly less than expected. This
led to a systematic overpopulation of the low-lying part
of the photoelectron spectrum and an enhancement of the
contamination peak. Low-efficiency zones were distributed
inhomogeneously in the CC plane and (being too dependent
on specific features of the CC design) could not be simulated
by the Monte Carlo technique. For this reason, a geometrical
cut that removes inefficient zones was applied to both ex-
perimental events and reconstructed Monte Carlo events. The
details on this cut can be found in Refs. [17,18,29,30].

The influence of the above cuts on the photoelectron spec-
trum is demonstrated in Fig. 2, where the distribution before
the matching cuts is plotted in black, after the ϕcc matching, in
red, and after the subsequent θcc matching cut, in blue. As seen
in Fig. 2, the matching cuts reduce the contamination peak
but do not affect the main part of the photoelectron spectrum.
Finally, the green distribution is plotted after adding the cut
that removes inefficient CC zones. As expected, this cut leads
to an event reduction in the low-lying part of the photoelectron
spectrum (including the region of the contamination peak),
while leaving the high-lying part of the distribution essentially
unchanged.

The applied cuts result in a significant reduction of the con-
tamination peak and its better separation from the main part of
the photoelectron spectrum. As a final step, an explicit cut on
the number of photoelectrons was applied, which altogether
eliminated the remains of the contamination peak. The cut po-
sition was individually optimized for each PMT for each CC
segment for each CLAS sector. As the Monte Carlo simulation
did not reproduce photoelectron distributions well enough,
the cut was performed only on the experimental data. To
recover good electrons lost in this way, a standard correction
procedure was applied, which was based on the fit of the pho-
toelectron distributions by a modified Poisson function. More
details on the procedure can be found in Refs. [17,18,29,30].

B. Hadron identification

Hadrons were identified through the timing informa-
tion provided by the TOF system [24,25], which allowed
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FIG. 4. βh versus momentum distribution for positive pion can-
didates. The thin black curve in the middle of the event band
corresponds to the nominal βn given by Eq. (1). The red curves show
the applied identification cuts. Events between the red curves were
treated as good pion candidates.

the velocity (βh = vh/c) of the hadron candidates to be
determined.

A charged hadron can be identified by comparing βh deter-
mined from TOF information with βn given by

βn = ph√
p2

h + m2
h

. (1)

In Eq. (1), the quantity βn (which is termed the nominal
value) is calculated using the particle momentum (ph) known
from the DC and the exact particle mass assumption (mh).

To develop hadron identification cuts, experimental dis-
tributions of βh were examined as a function of the particle
momentum for each TOF scintillator for each CLAS sector.
This examination revealed that for some scintillation coun-
ters, the distributions were either shifted from their nominal
positions or showed a double-band structure. To correct the
timing information for such counters, a special procedure,
described in Refs. [29,30], was applied. In addition, a few
counters were found to give unreliable signals; they were
removed from consideration for both the experimental data
and the simulation.

Figure 4 shows the βh versus momentum distribution for
positive pion candidates plotted for all sectors and all reliable
scintillators. The event band of the pion candidates is clearly
seen. The thin black curve in the middle of the event band
corresponds to the nominal βn given by Eq. (1). The red
curves show the applied identification cuts. Events between
the red curves were selected for further analysis. Analogous
identification cuts were performed for the proton and negative
pion candidates.

C. Momentum corrections

While traveling through the detector and the target, the
final-state particles lose a part of their energy due to inter-
actions with the medium. As a result, the measured particle
momentum appears to be lower than the actual value. In the
investigated kinematic region, this effect is pronounced only
for low-energy protons, while for all other detected particles
it is insignificant.

The simulation of the CLAS detector correctly propagates
particles through the media, and therefore the effect of the

energy loss is already included in the estimated detector ef-
ficiency and does not impact the extracted cross sections.
Nevertheless, in this study, the proton momentum magnitude
was corrected for the energy loss. The simulation of the
CLAS detector was used to establish the correction function,
which was then applied to both experimental events and re-
constructed Monte Carlo events [29,30].

Additionally, Ref. [34] provides evidence that particle mo-
menta and angles may have some small systematic deviations
from their real values due to slight misalignments in the DC
position, small inaccuracies in the description of the torus
magnetic field, and other possible reasons. The magnitude of
this effect depends on the particle momentum, increasing as
the momentum grows. In the investigated kinematic region,
the effect was discernible only for scattered electrons.

Due to undefined origin of the above effect, it cannot
be simulated, and therefore, it has become conventional for
CLAS data analyses to apply a special momentum correc-
tion to the experimental data. This particular study uses the
electron momentum corrections that have previously been de-
veloped and tested in the analysis of the free-proton part of the
“e1e” dataset at the same beam energy [17,18]. To establish
them, the approach from Ref. [34], which was based on elastic
kinematics, was used. The applied corrections include an elec-
tron momentum magnitude correction as well as an electron
polar angle correction, which were developed for each CLAS
sector individually.

D. Other cuts

1. Fiducial cuts

The active detection solid angle of the CLAS detector was
smaller than 4π , in part due to the space occupied by the torus
field coils. This is to say that the angles covered by the coils
were not equipped with any detection system and therefore
formed a “dead” area for particle detection [6]. Additionally,
the detection area was further limited in the polar angle from
8◦ up to 45◦ for electrons and up to 140◦ for other charged
particles [6].

As was shown in different data analyses, the edges of the
active detection area also do not provide a safe region for
particle reconstruction, being affected by rescattering from
the coils, field distortions, and similar effects. Therefore, it
has become common practice to exclude these regions from
consideration by applying specific fiducial cuts. This method
guarantees that events accepted in the analysis include only
particles detected in “safe” areas of the detector, where the
acceptance is well understood.

In this study, fiducial cuts were applied for all four final-
state particles (e′, p′, π+, and π−) for both experimental
events and reconstructed Monte Carlo events. The analytical
shapes of the cuts are similar to those used in the analysis
of the free-proton part of the “e1e” dataset at the same beam
energy [17,18], and more details can be found in Refs. [29,30].

2. Data quality checks

During a long experimental run, variations of the exper-
imental conditions (e.g., fluctuations in the target density,
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FIG. 5. Distributions of the electron z coordinate at the vertex for
full (black histogram) and empty (magenta histogram) target runs for
CLAS sector 4. Vertical red lines show the applied cuts. Both the full
and empty target distributions are normalized to the corresponding
FC charge.

deviations in the beam current and position, and/or changes
in the detector response) can lead to fluctuations in event
yields. To select for the analysis only the parts of the run
with relatively stable event rates, cuts on the data-acquisition
(DAQ) live time, and the number of events per Faraday cup
(FC) charge were applied.

The FC charge updated with a given frequency, so that
the whole run time can be divided into “blocks”, where each
block corresponds to the portion of time between two FC
charge readouts. The DAQ live time is the portion of time
within the block during which the DAQ system was able to
accumulate events. A significant deviation of the live time
from the average value indicates event rate alterations.

To establish data quality check cuts, the DAQ live time, as
well as the yields of inclusive and elastic events normalized
to the FC charge, were examined as a function of the block
number. Those blocks for which these quantities demonstrated
large fluctuations were excluded from the analysis. In this
study, the quality check cuts are similar to those used in
Refs. [17,18]. For more details, see also Refs. [29,30].

3. Vertex cut

The analyzed dataset included runs with the target cell
filled with liquid deuterium, as well as runs with the empty
target cell. The latter are needed to account for background
events produced by the electron scattering off the target
windows.

Figure 5 presents the distributions of the electron z coordi-
nate at the interaction vertex for events from full and empty
target runs (black and magenta histograms, respectively).
Both distributions are normalized to the corresponding charge
accumulated in the Faraday cup. The value of the vertex coor-
dinate z is corrected for the effects of the beam offset2 [29,30].
Both distributions in Fig. 5 demonstrate a well-separated peak
around ze′ = 2.6 cm originating from the downstream alu-
minum foil. The distribution of events from the empty target

2The beam offset is the deviation of the beam position from the
CLAS central line (x, y) = (0, 0) that can lead to inaccurate deter-
mination of the vertex position.

runs shows two other similar peaks that correspond to the en-
trance and exit windows of the target cell (see also Sec. II B).

Empty target events were passed through the same selec-
tion procedure that was established for the liquid-deuterium
data and eventually were subtracted from the latter as de-
scribed in Sec. IV E. In addition to the empty target event
subtraction, a cut on the electron z coordinate was applied.
This cut is shown by the two vertical lines in Fig. 5: events
outside these lines were excluded from the analysis.

E. Exclusivity cut in the presence of Fermi smearing and FSIs

1. Reaction topologies

To identify a certain exclusive reaction, one needs to reg-
ister the scattered electron and either all final hadrons or
all except one. In the latter case, the four-momentum of the
unregistered hadron can be deduced using energy-momentum
conservation. Thus, for the reaction ep(n) → e′ p′(n′)π+π−
one can, in general, distinguish between four “topologies”
depending on the specific combination of registered final
hadrons. In this particular analysis, the following two topolo-
gies were analyzed (X denotes the undetected part):

(1) the fully exclusive topology (all final particles are reg-
istered) ep(n) → e′ p′(n′)π+π−X and

(2) the π− missing topology ep(n) → e′ p′(n′)π+X .

The statistics of the fully exclusive topology are very lim-
ited, mainly because CLAS did not cover the polar angle range
0◦ < θlab < 8◦ [6]. In this experiment, the presence of this
forward acceptance hole mostly impacted registration of the
negative particles (e and π−) as their trajectories were bent
by the torus magnetic field towards the beam axis. This led to
a constraint on the minimum achievable Q2 for electrons and
prevented registration of the majority of negative pions. As a
consequence, the π− missing topology contains the dominant
part of the statistics. The contribution of the fully exclusive
topology to the total analyzed statistics varies from ≈5% near
the reaction threshold to ≈25% at W between 1.7 and 1.8 GeV.

Besides the limited statistics, the fully exclusive topology
also suffers from limited acceptance and hence from a very
large number of empty cells (see Sec. V A for more details
on the empty cells). These circumstances do not allow for
any sensible cross-section information to be obtained from
this topology alone. The π− missing topology has a tolerable
number of empty cells and large statistics and therefore serves
the purpose of the cross-section extraction best.

For both analyzed topologies, a small admixture of
the three-pion background is present. This is similar to
double-pion production off free protons, where the main
background channel is ep → e′ p′π+π−π0. The free-proton
analysis [17,18] that was carried out for the same beam
energy Ebeam = 2.039 GeV demonstrated that although the
admixture of events from this background channel becomes
discernible at W � 1.6 GeV, it remains negligible and well
separated from double-pion events via the exclusivity cuts.
For double-pion production off protons in deuterium, one
more background channel can be distinguished, which is
en(p) → e′ p′(p′)π+π−π−, but events from this channel
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follow the same kinematic pattern as events from the afore-
mentioned ep → e′ p′π+π−π0 reaction.

In general, two more topologies can be distinguished, i.e.,
the proton missing topology and the π+ missing topology.
Both require registration of the π− in the final state and as
a result suffer from the same issues of suppressed statistics
and limited acceptance as the fully exclusive topology. These
two topologies are typically ignored in double-pion analyses
[35–39]. Nevertheless, as demonstrated in a previous free-
proton analysis [17,18], all four reaction topologies can be
used in combination, which allows for an increase in the
statistics and a reduction in the number of empty cells.

However, if a π+π− pair was produced off a proton bound
in deuterium, these two additional topologies turn out to be
contaminated with events from other reactions. Specifically, in
the proton missing topology, missing particle reconstruction
fails to determine whether the pion pair was produced off the
proton or off the neutron because their masses are almost iden-
tical. A similar situation occurs for the π+ missing topology,
where one can hardly distinguish between the production of
a π+π− pair off the proton and a π0π− pair off the neutron,
if only the proton and the π− in the final state were regis-
tered. Furthermore, the π+ missing topology also has a strong
admixture of events from the reaction en(p) → e′ p′(p′)π−.
These circumstances prevented the use of the proton missing
and the π+ missing topologies in this analysis.

2. Fermi smearing and FSIs

Exclusive reactions off bound protons have the following
features that are not present in reactions off free protons: (a)
Fermi motion of the initial proton and (b) final-state interac-
tions (FSIs) of the reaction final hadrons with the spectator
neutron. These features introduce some complications into the
exclusive event selection, as discussed below.

Since the momentum of the initial proton was not
experimentally measured, this analysis uses the so-called
target-at-rest assumption for calculation of some kinematic
quantities (such as missing masses, reaction invariant mass W ,
etc.). This leads to the Fermi smearing of the corresponding
experimental distributions [40,41] (see also Sec. IV A). To
reliably identify the exclusive channel and correctly estimate
the detector efficiency, a good match between the distributions
of experimental events and reconstructed Monte Carlo events
should be observed. This demands the simulated distributions
reproduce the Fermi smearing of the experimental distribu-
tions, which implies that the effects of the initial proton
motion are properly included in the Monte Carlo simulation.

For this reason, the Monte Carlo simulation in this analysis
was performed using the TWOPEG-D [27] event generator,
which simulates a quasifree process of double-pion elec-
troproduction off a moving proton. This is an extension of
TWOPEG, which is an event generator for double-pion elec-
troproduction off a free proton [42]. For the TWOPEG-D
version of the event generator, the Fermi motion of the ini-
tial proton is generated according to the Bonn potential [43]
and then is naturally merged into the specific kinematics of
double-pion electroproduction.

FSIs of the reaction final hadrons with the spectator nu-
cleon introduce the second intrinsic feature of exclusive
reactions off bound nucleons. Such interactions alter the to-
tal four-momentum of the reaction final state and, therefore,
introduce distortions into distributions of some kinematic
quantities (such as missing masses), thus complicating iden-
tification of a specific exclusive channel [41] (see also
Sec. VII B).

In contrast to the effects of the initial proton motion,
which can be simulated fairly easily, FSI effects can hardly be
taken into account in the simulation because of their complex
nature. The Monte Carlo simulation is hence not able to repro-
duce the distortions of some experimental distributions caused
by FSIs with the spectator. For this reason, a proper procedure
for isolation of quasifree events from the FSI background had
to be developed.

The yield of events in FSI-disturbed kinematics turned
out to strongly depend on (i) the reaction invariant mass W
and (ii) the hadron scattering angles. The latter issue causes
FSI effects to manifest themselves differently depending on
the reaction topology, since the topologies have nonidentical
geometrical acceptance (see Sec. VII C). For this reason, the
channel identification was performed in each topology indi-
vidually, as described in the following sections.

3. Fully exclusive topology

To isolate quasifree double-pion events in the fully exclu-
sive topology, the distributions of the quantities determined by
Eq. (2) were used. The missing momentum PX and the missing
mass squared M2

X [0] are defined for the reaction ep(n) →
e′ p′(n′)π+π−X , where X corresponds to the undetected part.

PX = |−→P e − −→
P e′ − −→

P p′ − −→
P π+ − −→

P π−|;
M2

X [0] = [
Pμ

e + Pμ
p − Pμ

e′ − Pμ

p′ − Pμ

π+ − Pμ

π−
]2

.
(2)

Here Pμ
i are the four-momenta and

−→
Pi the three-momenta

of the particle i. Both quantities were calculated under the
target-at-rest assumption, i.e., considering Pμ

p = (0, 0, 0, mp)
with the proton rest mass mp.

The quantities PX and M2
X [0] are unique for the fully ex-

clusive topology, as they can be calculated only if all final
hadrons were registered. Figure 6 presents the distributions
of PX (left plot) and M2

X [0] (right plot) for the experimental
data (in black) and the Monte Carlo simulation (in blue) in a
100-MeV-wide bin in W .

As seen in Fig. 6, the simulated PX distribution matches the
experimental one for PX < 0.2 GeV, while for PX > 0.2 GeV
the simulation underestimates the data. The mismatch mainly
originates from experimental events in which the final hadrons
interacted with the spectator neutron. The contribution from
such events cannot be reproduced by the Monte Carlo simula-
tion as the latter does not include FSI effects. The background
channels, also not included in the simulation, contribute to the
mismatch, too.

The cut on the missing momentum PX was applied to select
exclusive events in quasifree kinematics, and the cut value was
chosen to be PX = 0.2 GeV. To further clean up the sample of
selected events, the cut on the missing mass squared M2

X [0] was
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FIG. 6. Distributions of the quantities PX (left) and M2
X [0] (right)

defined in Eq. (2) plotted for the experimental data (black) and the
Monte Carlo simulation (blue) in one 100-MeV-wide bin in W . Ver-
tical red lines indicate the cuts applied to select exclusive quasifree
events. The distributions are normalized to their maxima.

applied complementing the cut on the missing momentum.
The cuts are shown in Fig. 6 by the vertical red lines.

It is noteworthy that although in the fully exclusive topol-
ogy the four-momentum of the π− was measured, it was
not used in the subsequent calculation of kinematic variables
for the cross-section extraction. Instead, it was replaced by
the four-momentum that was calculated as missing (and thus
was Fermi smeared) to achieve consistency with the main π−
missing topology.

4. π− missing topology

In the π− missing topology, the quantities PX and M2
X [0]

defined in Eq. (2) are not available due to incomplete knowl-
edge of the reaction final state. The channel identification was
therefore performed using the four-momentum Pμ

X [π−] for the
reaction ep(n) → e′ p′(n′)π+X , which was calculated as

Pμ

X [π−] = Pμ
e + Pμ

p − Pμ

e′ − Pμ

p′ − Pμ

π+ , (3)

where Pμ
i are the four-momenta of the particle i and X corre-

sponds to the undetected part.
To isolate quasifree double-pion events in the π− missing

topology, a special procedure was developed, in which the
following quantity was used to perform the exclusivity cut:

MX [π−] =
√∣∣[Pμ

X [π−]

]2∣∣. (4)

Figure 7 shows the distribution of the quantity MX [π−]

plotted for the experimental data (black histogram) and the
Monte Carlo simulation (blue histogram) in one 25-MeV-
wide W bin. The magenta histogram shows the difference
between them and thus represents the distribution of back-
ground events, which are mainly events affected by FSIs with
the spectator. The green line corresponds to the cut applied to
select quasifree events.

As seen in Fig. 7, the exclusivity cut does not allow for
complete isolation of the quasifree event sample. Tightening
the cut would lead to significant reduction in the statistics
of selected events, yet without total elimination of the FSI
background. Therefore, an “effective correction” of the FSI-

FIG. 7. Distributions of the quantity MX [π−] [defined by Eq. (4)]
in one 25-MeV-wide W bin for the experimental data (black his-
togram), the Monte Carlo simulation (blue histogram), and their
difference (magenta histogram). The black and blue histograms are
normalized to their maxima. The explanation of the fit curves is given
in the text. The vertical green line shows the applied exclusivity cut.

background admixture was performed, which included the
following steps.

(i) The MX [π−] distribution of reconstructed Monte Carlo
events (blue histogram) was fit with a polynomial. A
typical result of this fit is shown in Fig. 7 by the solid
orange curve.

(ii) The magenta background distribution was fit with a
Gaussian. The result of the fit is shown by the dark
magenta dash-dotted curve.

(iii) The orange and dark magenta curves were summed
up to produce the red dashed curve that matches the
black experimental histogram.

(iv) The correction factor FFSI was determined for the left
side of the green cut line,

FFSI(W ) = area under the orange curve

area under the red curve
� 1. (5)

(v) In each W bin, the experimental event yield was mul-
tiplied by the factor FFSI, which served as an effective
correction due to the remaining admixture of FSI-
background events.

The factor FFSI is assumed to be only W dependent as it was
not found to exhibit any Q2 dependence, and the dependence
on the final hadronic variables is neglected due to the statistics
limitation. The value of FFSI varies from ≈0.97 to ≈0.93 for
the W bins in the range from 1.45 to 1.825 GeV. For W < 1.45
GeV, the correction was not needed as no mismatch between
the experimental and the simulated distributions was observed
in this region (see Sec. VII C).

Note that the exclusivity cut shown in Fig. 7, accompanied
by the corresponding correction, accounts for all other pos-
sible effects that along with FSI effects may contribute to the
mismatch between the data and the simulation in this topology
(including a minor three-pion background contribution).
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IV. CROSS-SECTION CALCULATION

A. Fermi smearing of the invariant mass W

For the process of double-pion electroproduction off pro-
tons (as for any other exclusive process), the reaction invariant
mass can, in general, be determined in two ways, i.e., either
from the initial-particle four-momenta (Wi) or from the final-
particle four-momenta (Wf) as Eqs. (6) and (7) demonstrate.

Wi =
√(

Pμ
p + Pμ

γv

)2
. (6)

Wf =
√(

Pμ

π+ + Pμ

π− + Pμ

p′
)2

. (7)

Here Pμ

π+ , Pμ

π− , and Pμ

p′ are the four-momenta of the final-
state hadrons, Pμ

p is the four-momentum of the initial proton,
and Pμ

γv
= Pμ

e − Pμ

e′ the four-momentum of the virtual photon
with Pμ

e and Pμ

e′ the four-momenta of the incoming and scat-
tered electrons, respectively.

In general, to determine Wf, all final hadrons should be
registered, while for calculation of Wi, it is sufficient to register
just the scattered electron. The latter option allows one to ana-
lyze event samples in which information on the reaction final
state is incomplete, as, e.g., in topologies with one unregis-
tered final hadron (see Sec. III E 1). However, in reactions off
bound nucleons, this opportunity comes with a complication,
for to correctly calculate Wi, information on the initial proton
momentum (Pμ

p ) is also required. In this analysis, however,
this information is not accessible in the π− missing topology.
This situation brings up a choice to either demand registration
of all final hadrons to determine Wf (which reduces the analy-
sis flexibility) or to calculate Wi assuming the initial proton to
be at rest.

In this study, the invariant mass Wi calculated under the
target-at-rest assumption was used to describe the reaction,
based on the statistically dominant π− missing topology. For
this reason, the extracted cross sections turn out to be Fermi
smeared [27,40]. To retrieve the nonsmeared observable, a
correction that unfolds this effect was applied, which is de-
scribed in Sec. V C.

B. Lab-to-CMS transformation

Once the double-pion events were selected as described
in Sec. III, the laboratory four-momenta of all final particles
are known as they are either registered or reconstructed as
missing. These four-momenta were then used to calculate the
kinematic variables, which are introduced in Sec. IV C.

The cross sections were extracted in the center-of-mass
frame of the virtual photon–initial proton system (CMS).
Therefore, to calculate the kinematic variables, the four-
momenta of all particles need to be transformed from the
laboratory system (Lab) to the CMS.

The CMS is uniquely defined as the system where the
initial proton and the photon move towards each other with
the net momentum equal to zero and the zCMS axis pointing
along the photon. However, the procedure of the Lab-to-CMS
transformation differs depending on the specificity of the re-
action initial state (real or virtual photons, at rest or moving
initial proton).

The correct procedure of the Lab-to-CMS transformation
for an electroproduction experiment off a moving proton can
be subdivided into two major steps.

(1) First, one needs to perform a transition to the auxiliary
system, where the target proton is at rest, while the
incoming electron moves along the z axis. This system
can be called “quasiLab” because the initial conditions
in this frame imitate those existing in the Lab system
for the case of a free-proton experiment. The recipe of
the Lab-to-quasiLab transformation is given in detail
in Ref. [27].

(2) Then, the quasiLab-to-CMS transformation should
be performed by the standard method used for an
electroproduction experiment off a proton at rest
[17,18,29,30].

The first step of this procedure (Lab-to-quasiLab transfor-
mation) implies that the momentum of the initial proton is
known for each analyzed event [27]. In this study, however,
information on the initial proton momentum can be accessible
only in the fully exclusive topology (it can be deduced via
momentum conservation as shown in Sec. III E 3), while in
the π− missing topology, this information turns out to be irre-
vocably lost due to incomplete knowledge about the reaction
final state. As a result, for the majority of analyzed events, the
correct Lab-to-CMS transformation could not be performed.
For this reason, in this analysis, the procedure of the Lab-
to-CMS transformation for an electroproduction experiment
off a proton at rest was used. The procedure is described
in Refs. [17,18,29,30] and was employed for both the fully
exclusive and the π− missing topologies for consistency.

This approximation in the Lab-to-CMS transformation
introduces a systematic inaccuracy to the extracted cross sec-
tions. A correction for this effect is included in the procedure
of unfolding the effects of the initial proton motion (see
Sec. V C).

C. Kinematic variables

Once the four-momenta of all particles were defined and
transformed into the CMS, the kinematic variables that de-
scribe the reaction ep(n) → e′ p′(n′)π+π− were calculated.
To define the reaction initial state, only two variables are
needed. In this study, they were chosen to be the reaction
invariant mass W and the photon virtuality Q2.

Meanwhile, the three-body final hadronic state of the reac-
tion is unambiguously determined by five kinematic variables
[17], and in general there can be different options for their
choice. In this analysis, the following generalized set of vari-
ables was used [16–18,29,30,38,39,44]:

(i) invariant mass of the first pair of hadrons, Mh1h2 ,
(ii) invariant mass of the second pair of hadrons, Mh2h3 ,

(iii) the first hadron solid angle 	h1 = (θh1 , ϕh1 ), and
(iv) the angle αh1 between the two planes: (a) defined by

the three-momenta of the virtual photon (or initial
proton) and the first final hadron and (b) defined by
the three-momenta of all final hadrons.
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FIG. 8. Q2 versus W distribution populated with selected double-
pion events. The black grid demonstrates the chosen binning in the
initial-state variables (25 MeV in W and 0.05 GeV2 in Q2) The cross
section was calculated in two-dimensional cells within the white
boundaries.

The cross sections were obtained in three sets of variables
depending on various assignments for the first, second, and
third final hadrons:

(1) [p′, π+, π−] Mp′π+ , Mπ+π− , θp′ , ϕp′ , αp′ ,
(2) [π−, π+, p′] Mπ−π+ , Mπ+ p′ , θπ− , ϕπ− , απ− , and
(3) [π+, π−, p′] Mπ+π− , Mπ− p′ , θπ+ , ϕπ+ , απ+ .

Details on the calculation of the kinematic vari-
ables from the particle four-momenta can be found in
Refs. [17,29,30,38].

D. Binning and kinematic coverage

The available kinematic coverage in the initial-state vari-
ables is shown by the Q2 versus W distribution in Fig. 8.
This distribution is filled with the double-pion events that
survived after the event selection described in Sec. III. The
white boundary shows the analyzed kinematic area, where
the double-pion cross sections were extracted. The black grid
demonstrates the chosen binning in the initial-state variables
(25 MeV in W and 0.05 GeV2 in Q2).

The kinematic coverage in the final-state variables has the
following reaction-related features. The angular variables θh1 ,
ϕh1 , and αh1 vary in the fixed ranges of [0, π ], [0, 2π ], and
[0, 2π ], respectively. Meanwhile, the ranges of the invariant

masses Mh1h2 and Mh2h3 are not fixed – they are W dependent
and broaden as W grows [29,30].

The binning in the final hadronic variables used in this
study is specified in Table I. In each W and Q2 bin, the full
range of each final hadronic variable was divided into bins of
equal size. The number of bins differs in various W subranges
in order to take into account (i) the statistics drop near the
reaction threshold and (ii) the aforementioned broadening of
the reaction phase space with growing W . The chosen number
of bins in each considered W subrange reflects the intention
to maintain reasonable statistical uncertainties of the single-
differential cross sections for all W and Q2 bins.

For the binning in the polar angle, the reader should note
the following. The cross section, although being differential
in [− cos θ ], is binned in θ . These �θ bins are of equal size
in each corresponding W subrange. See also Sec. IV E on this
matter.

The specific organization of the double-pion production
phase space in the invariant masses (Mh1h2 , Mh2h3 ) impels the
need to pay careful attention to the binning in these variables.
Equation (8) exemplifies the expressions for the lower and
upper boundaries of the Mh1h2 distribution and demonstrates
that the upper boundary depends on the value of W , while the
lower does not.

Mlower = mh1 + mh2 ;

Mupper(W ) = W − mh3 .
(8)

Here mh1 , mh2 , and mh3 are the rest masses of the final
hadrons.

Since the cross section is calculated in W bins of a given
width, the boundary of Mupper is not distinct. For the purpose
of binning in masses, the value of Mupper was calculated using
Wcenter, at the center of the W bin, which caused events with
W > Wcenter to be located beyond Mupper. For this reason, it
was decided to use a specific arrangement of mass bins with
the bin width �M determined by

�M = Mupper − Mlower

Nbins − 1
, (9)

where Nbins is the number of bins specified in the first row of
Table I. The left boundary of the first bin was set to Mlower.

The chosen arrangement of bins forces the last mass bin
to be situated completely out of the boundaries determined
according to Eq. (8) using Wcenter. The cross section in this
extra bin is not reported. However, the bin was kept when

TABLE I. Number of bins for hadronic variables.

W subrange (GeV)

Hadronic variable [1.3, 1.35] [1.35, 1.4] [1.4, 1.475] [1.475, 1.825]

Mh1h2 Invariant mass 8 10 12 12
Mh2h3 Invariant mass 8 10 12 12
θh1 Polar angle 6 8 10 10
ϕh1 Azimuthal angle 5 5 5 6
αh1 Angle between planes 5 6 8 8

Total number of �5τ cells in a �W �Q2 bin 9600 24 000 57 600 69 120
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integrating the cross section over the mass distributions so that
no events were lost [see Eqs. (14)].

Note that the cross section in the next-to-last bin in invari-
ant masses needs a correction. See more details in Sec. V D.

E. Cross-section formula

1. Electron scattering cross section

The experimental electron scattering cross section σe for
the reaction ep(n) → e′ p′(n′)π+π− is sevenfold differential
and determined by

d7σe

dW dQ2d5τ
= 1

R · F

( Nfull
Qfull

− Nempty

Qempty

)
�W �Q2 �5τ

[ l·ρ·NA

qe·μd

]E , (10)

where

(i) d5τ = dMh1h2 dMh2h3 d	h1 dαh1 is the differential of
the five independent variables of the pπ+π− final
state, which are described in Sec. IV C;

(ii) Nfull and Nempty are the numbers of selected double-
pion events inside a seven-dimensional bin for runs
with liquid deuterium and empty target, respectively;

(iii) the quantity in the square brackets in the denominator
corresponds to the luminosity (per charge) of the ex-
periment L in the units cm−2 C−1 and its components
are

l = 2 cm, the target length,
ρ = 0.169 g cm−3, the liquid-deuterium density,
NA = 6.022 × 1023 mol−1, Avogadro’s number,
qe = 1.602 × 10−19 C, the elementary charge, and
μd = 2.014 g mol−1, the deuterium molar mass,

which results in the luminosity value of L = 0.63 ×
1042 cm−2 C−1 = 0.63 × 1012 µb−1 C−1;

(iv) Qfull = 3734.69 µC and Qempty = 464.797 µC are
the values of the integrated Faraday cup charge for
liquid-deuterium and empty-target runs, respectively,
which results in the corresponding values of the in-
tegrated luminosity L = LQ of 2.35 × 109 µb−1 and
0.29 × 109 µb−1;

(v) E = E (�W,�Q2,�5τ ) is the detector efficiency
(which includes the detector acceptance) for each
seven-dimensional bin as determined by the Monte
Carlo simulation (see Sec. IV F);

(vi) R = R(�W,�Q2) is the radiative correction factor
described in Sec. V B;

(vii) F = F (�W,�Q2,�5τ ) is the correction factor that
aims at unfolding the effects of the initial proton
motion (see Sec. V C).

2. Virtual photoproduction cross section

The goal of the analysis was to extract the virtual pho-
toproduction cross section σv of the reaction γv p(n) →
p′(n′)π+π−. This virtual photoproduction cross section σv

is fivefold differential and in the single-photon exchange
approximation is connected with the sevenfold differential

electron scattering cross section σe via

d5σv

d5τ
= 1

�v

d7σe

dW dQ2d5τ
, (11)

where �v is the virtual photon flux given by

�v(W, Q2) = α

4π

1

E2
beamm2

p

W
(
W 2 − m2

p

)
(1 − εT)Q2

. (12)

Here α is the fine structure constant (1/137), mp the proton
mass, Ebeam = 2.039 GeV the energy of the incoming elec-
trons in the Lab frame, and εT the virtual photon transverse
polarization given by

εT =
(

1 + 2

(
1 + ν2

Q2

)
tan2

(
θe′

2

))−1

, (13)

where ν = Ebeam − Ee′ is the virtual photon energy, while Ee′

and θe′ are the energy and the polar angle of the scattered
electron in the Lab frame, respectively.

The limited statistics of the experiment did not allow for
estimates of the fivefold differential cross section σv with
reasonable accuracy. Therefore, the cross section σv was first
calculated on the multidimensional grid and then integrated
over at least four hadronic variables, which means that only
single-differential and fully integrated cross sections were
obtained.

For each variable set described in Sec. IV C, the following
cross sections were extracted:

dσv

dMh1h2

=
∫

d5σv

d5τ
dMh2h3 d	h1 dαh1 ,

dσv

dMh2h3

=
∫

d5σv

d5τ
dMh1h2 d	h1 dαh1 ,

dσv

d[− cos θh1 ]
=

∫
d5σv

d5τ
dMh1h2 dMh2h3 dϕh1 dαh1 , (14)

dσv

dαh1

=
∫

d5σv

d5τ
dMh1h2 dMh2h3 d	h1 , and

σ int
v (W, Q2) =

∫
d5σv

d5τ
dMh1h2 dMh2h3 d	h1 dαh1 .

As a final result for each W and Q2 bin, the fully integrated
cross section σ int

v , averaged over the three variable sets, is
reported together with the nine single-differential cross sec-
tions given in Eq. (15), where each column is taken from the
corresponding variable set.

dσv

dMp′π+

dσv

dMπ−π+

dσv

dMπ− p′

dσv

d[− cos θp′]

dσv

d[− cos θπ− ]

dσv

d[− cos θπ+ ]

dσv

dαp′

dσv

dαπ−

dσv

dαπ+

(15)

Regarding the middle row in Eq. (15), note the fol-
lowing. Although being differential in [− cos θ ], the cross
sections were calculated in �θ bins, which are of equal size
in a corresponding W subrange (see also Sec. IV D). This

065205-12



DOUBLE-PION ELECTROPRODUCTION OFF PROTONS … PHYSICAL REVIEW C 109, 065205 (2024)

follows the convention used to extract the θ distributions in
studies of double-pion cross sections [17,18,35–39,45].

F. Efficiency evaluation

In this study, the Monte Carlo simulation was performed
using the TWOPEG-D event generator [27], which is capable
of simulating a quasifree process of double-pion electropro-
duction off a moving proton. In this event generator, the Fermi
motion of the initial proton is generated according to the Bonn
potential [43] and then is naturally merged into the specific
kinematics of double-pion electroproduction. TWOPEG-D
accounts for radiative effects according to the approach de-
scribed in Refs. [42,46].

Events generated with TWOPEG-D were passed through
a standard multistage procedure of the detector simulation
and event reconstruction with the majority of the parameters
kept the same as in the studies [17,18,47–49] that were also
devoted to the “e1e” run period. More information on the pro-
cedure and the related parameters can be found in Ref. [29].

In studies of double-pion cross sections, it is important to
generate enough Monte Carlo statistics in order to saturate
each multidimensional bin of the reaction phase space with
events (see Table I). Insufficient Monte Carlo statistics will
lead to an improper efficiency evaluation and an unnecessary
rise in the number of empty cells (see Sec. V A), thus system-
atically affecting the accuracy of the extracted cross sections.
For this study, the total of about 4 × 1010 double-pion events
were generated in the investigated kinematic region, which
was found to be sufficient.

TWOPEG-D performs a weighted event generation [42].
This means that all kinematic variables are randomly
generated according to the double-pion production phase
space, while each event generated at a particular kinematic
point acquires an individual weight that reflects the cross-
section value at that point. The efficiency factor E from
Eq. (10) was then calculated in each �W �Q2�5τ bin by

E (�W,�Q2,�5τ ) = Nrec

Ngen
=

∑Nrec
i=1 wi∑Ngen

j=1 w j

, (16)

where Ngen is the number of generated double-pion events
(without any cuts) inside a multidimensional bin and Nrec is
the number of reconstructed double-pion events that survived
in the bin after the event selection, while Ngen and Nrec are the
weighted numbers of the corresponding events and w is the
weight of an individual event.

In some kinematic bins, the efficiency E could not be
reliably determined due to boundary effects, bin-to-bin event
migration, and/or limited Monte Carlo statistics. In such bins,
the relative efficiency uncertainty δE/E is typically large. In
this study, a cut on the relative efficiency uncertainty δE/E
was performed that excluded from consideration all multi-
dimensional cells with uncertainties greater than 30%. The
excluded cells were ranked as “empty cells” and, along with
the other empty cells, were subject to the filling procedure (see
Sec. V A).

It is noteworthy that the impact of the δE/E cut on the
cross-section uncertainties is not straightforward. On the one

hand, the cut eliminates �5τ bins with large δE/E values,
hence reducing the uncertainty due to the Monte Carlo statis-
tics and, consequently, the total statistical uncertainty of the
extracted cross sections (see Sec. VI A). On the other hand,
this cut increases the number of empty cells, thus increasing
the cross-section model dependence and the uncertainty asso-
ciated with it (see Sec. VI B). The cut value was chosen as a
compromise between these two effects.

The idea of this cut was taken from the free-proton study
[17,18], which also sets the cut value at 30%. More details can
be found in Refs. [17,18,29,30].

V. CORRECTIONS TO THE CROSS SECTIONS

A. Filling kinematic cells with zero acceptance

Due to blind areas in the geometrical coverage of the CLAS
detector, some kinematic bins of the double-pion production
phase space turned out to have zero acceptance. In such bins,
which are usually called empty cells, the cross section can-
not be experimentally defined. These cells contribute to the
integrals in Eqs. (14) along with all other kinematic bins.
If ignored, the contribution from the empty cells causes a
systematic underestimation of the cross section, and therefore
some assumptions for their contents are needed. This situa-
tion causes some model dependence of the extracted cross
sections.

The map of the empty cells was determined using the
Monte Carlo simulation. A multidimensional cell was treated
as empty if it contained generated events (Ngen > 0) but did
not contain any reconstructed events (Nrec = 0). The cells
with unreliable efficiencies, ruled out based on the 30% cut
on the efficiency uncertainty, were also treated as empty (see
Sec. IV F).

For studies of double-pion cross sections with CLAS, it
has become conventional to fill the empty cells by means of
a Monte Carlo event generator in order to account for their
contribution. See more details in Refs. [17,18,35–39,45].

In the present work, empty multidimensional cells were
filled with generated Monte Carlo events produced by
TWOPEG-D [27]. These events were subject to integral scal-
ing, in order to adjust their yield to the yield of experimental
events in regular (nonempty) cells. The scaling was performed
individually in each �W �Q2 bin according to the ratio of
the integrated yields of experimental events and reconstructed
Monte Carlo events in all nonempty cells of that bin (see
Refs. [29,30] for details).

Figure 9 introduces the single-differential cross sections
given by Eqs. (14) and (15). The open squares correspond
to the case when the contribution from the empty cells was
ignored, and the black circles are for the case when it was
taken into account as described above. The figure indicates
a satisfactory small contribution from the empty cells for
the majority of data points (and therefore a small model
dependence of the results). Only the edge points in the θ distri-
butions (middle row) reveal pronounced contributions due to
the negligible or zero CLAS acceptance in the corresponding
directions.

For most of the (W, Q2) points, the contribution from the
empty cells to the fully integrated cross section is kept to a
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FIG. 9. Extracted single-differential cross sections for the cases when the contribution from the empty cells was ignored (open squares)
and when it was taken into account (black circles). The former are reported with the uncertainty δtot

stat given by Eq. (22) and the latter with the
uncertainty δtot

stat,mod given by Eq. (26). All distributions are given for one particular bin in W and Q2 (i.e., W = 1.6375 GeV, Q2 = 0.625 GeV2).

low level of ≈15%, slightly rising at the low-Q2 and high-W
boundaries. Besides this, the empty cells contribution grows
towards the reaction threshold (i.e., for W � 1.4 GeV). This
behavior was also observed in Refs. [17,18,37,38] devoted to
double-pion electroproduction off free protons.

To account for the model dependence, the approach estab-
lished in previous studies of double-pion cross sections was
followed [17,39,50]; i.e., the part of the single-differential
cross section that came from the empty cells was assigned a
50% relative uncertainty (more details are in Sec. VI B).

B. Radiative corrections

The incoming and scattered electrons are subject to ra-
diative effects, which means that they can emit photons,
thereby reducing their energy. Information on such emis-
sions is typically experimentally inaccessible, and therefore,
these changes in electron energy cannot be directly taken into

account in the cross-section calculation. As a result, measured
cross sections acquire distortions.

The common way of handling this problem is to ap-
ply radiative corrections to the extracted cross sections.
In this study, radiative corrections were performed using
TWOPEG-D [27], which is an event generator for double-
pion electroproduction off a moving proton. TWOPEG-D
accounts for radiative effects by means of the well-known
Mo and Tsai approach [46], which has traditionally been
used for radiative corrections in studies of double-pion cross
sections [17,18,35–39,45]. In Ref. [46], the approach was
applied to the inclusive case, while in TWOPEG-D, the fully
integrated double-pion cross sections are used instead [27,42].

In the employed approach [27,42,46], the radiative pho-
tons are considered to be emitted collinearly either in the
direction of the incoming or scattered electron (termed the
“peaking approximation”). The calculation of the radiative
cross section is split into two parts. The “soft” part assumes

065205-14



DOUBLE-PION ELECTROPRODUCTION OFF PROTONS … PHYSICAL REVIEW C 109, 065205 (2024)

FIG. 10. Reciprocal of the radiative correction factor (i.e., 1/R)
as a function of W for different Q2 bins [see Eq. (17)].

the energy of the emitted radiative photon to be less than
a certain minimal value (10 MeV), while the “hard” part is
for the photons with an energy greater than that value. The
“soft” part is evaluated explicitly, while for the calculation
of the “hard” part, an inclusive hadronic tensor is assumed.
Based on previous experience with radiative corrections for
double-pion cross sections, the latter assumption is considered
to be adequate [17,18,35–39,45]. Also note that approaches
that are capable of describing radiative processes in exclusive
double-pion electroproduction are not yet available.

The radiative correction factor R in Eq. (10) was deter-
mined in the following way. Double-pion events either with
or without radiative effects were generated with TWOPEG-D.
Both radiated and nonradiated events were subjected to the
Fermi smearing. Then the ratio given by Eq. (17) was taken in
each �W �Q2 bin.

R(�W,�Q2) = Nrad

Nnorad
. (17)

Here Nrad and Nnorad are the weighted numbers of gener-
ated events in each �W �Q2 bin with and without radiative
effects, respectively. Neither Nrad nor Nnorad were subject to
any cuts.

This approach gives the correction factor R only as a func-
tion of W and Q2, disregarding its dependence on the hadronic
variables. However, the need to integrate the cross section at
least over four hadronic variables [see Eq. (14)] considerably
reduces the influence of the final-state hadron kinematics on
the radiative correction factor, thus justifying the applicability
of the procedure [27,42,46].

The quantity 1/R is plotted in Fig. 10 as a function of W
for different Q2 bins. The uncertainties associated with the
statistics of generated events are very small and therefore not
visible in the plot.

C. Unfolding the effects of the initial proton motion

In this study, information on the initial proton momen-
tum is inaccessible for the majority of analyzed experimental
events, as discussed above. For this reason, the invariant mass

Wi calculated under the target-at-rest assumption was used for
the cross-section binning (see Sec. IV A), which leads to the
Fermi smearing of the fully integrated and single-differential
cross sections. The same reason necessitates the use of an ap-
proximate procedure of the Lab-to-CMS transformation (see
Sec. IV B). This approximation introduces some inaccuracy to
the measured angular (θ , ϕ, and α) distributions but does not
affect the invariant mass distributions and W and Q2 cross-
section dependences due to the Lorentz invariance of these
variables.

Being folded with the aforementioned effects of the initial
proton motion, the extracted cross sections require a corre-
sponding unfolding correction. This correction was performed
by means of two Monte Carlo event generators TWOPEG [42]
and TWOPEG-D [27]. TWOPEG is an event generator for
double-pion electroproduction off a free proton that currently
provides the best cross-section estimation in the investigated
kinematic region. TWOPEG-D is an event generator for the
same exclusive reaction but off a proton that moves in a
deuterium nucleus. This event generator was specifically de-
veloped for the studies where experimental information on
the initial proton momentum is inaccessible and the target-at-
rest assumption has to be employed. TWOPEG-D convolutes
double-pion cross sections with the effects of the initial proton
motion, thus imitating the conditions of experimental cross-
section extraction.

To calculate the correction factor, two samples of double-
pion events, produced off protons at rest and off moving
protons, were generated with TWOPEG and TWOPEG-D,
respectively. For the latter, the smeared value of W was used
for the binning and the approximate Lab-to-CMS transforma-
tion was applied, so that the sample incorporated the same
inaccuracies as the experimentally extracted cross sections.

The unfolding correction was performed in each multidi-
mensional bin of the double-pion production phase space; i.e.,
in each �W �Q2�5τ bin the cross section was divided by the
correction factor F that was calculated as

F (�W,�Q2,�5τ ) = NFermi

NnoFermi
, (18)

where NnoFermi and NFermi are the weighted numbers of gen-
erated double-pion events in a �W �Q2�5τ bin produced off
protons at rest and off moving protons, respectively.

For most points of the fully integrated cross sections at
W > 1.4 GeV, the correction does not exceed ±5%. However,
for W closer to the reaction threshold, the correction grows
rapidly, reaching up to about 40% for the first W bin (see
Refs. [29,30] for details).

The value of the correction factor in Eq. (18) depends on
both the free-proton cross sections and the deuteron wave
function implemented into the event generators. The former
relies strongly on the JM model fit of the available data on
double-pion cross sections, whereas for the latter, the Bonn
model was used (see Refs. [27,42]). Therefore, the uncertainty
of the extracted cross sections that comes from the unfolding
correction was attributed to the model-dependent uncertainty
as discussed in Sec. VI B.
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D. Corrections for binning effects

Being extracted in a finite bin, the cross section naturally
undergoes averaging within this bin. In the present work, this
averaged value is then assigned to the bin central point. Any
nonlinear behavior of the cross section within the bin will
likely result in an offset of the obtained cross-section value. To
cure this effect, binning corrections were applied to the fully
integrated and single-differential cross sections that included
a cubic spline approximation for the cross-section shape
[29,30]. Due to the relatively fine binning in all kinematic
variables used in this study, the influence of binning effects
on the cross sections is marginal: the typical value of the cor-
rection is ≈1% rising up to 5% for some data points at low W .

In addition to that, the cross section in the next-to-last point
of the invariant mass distributions was subject to a separate
correction, which is described in detail in Refs. [17,18,29,30].
The need for this correction follows from the broadening of
the reaction phase space with W , which causes the upper
boundary of the invariant mass distributions to be W depen-
dent.

VI. CROSS-SECTION UNCERTAINTIES

In this study (like in other studies of double-pion cross
sections [17,18,35–39,45]) three separate types of cross-
section uncertainties were considered, i.e., statistical uncer-
tainties, uncertainties due to the model dependence, and
systematic uncertainties.

A. Statistical uncertainties

The limited statistics of both the experimental data and
the Monte Carlo simulation are the two sources of statistical
fluctuations of the extracted cross sections.

The absolute statistical uncertainty due to the limited statis-
tics of the experimental data was calculated in a nonempty
multidimensional bin as

δ
expt
stat (�5τ ) = 1

ERF�v

√( Nfull

Q2
full

+ Nempty

Q2
empty

)
�W �Q2 �5τ [L]

, (19)

where �v is the virtual photon flux given by Eq. (12), while
the other variables are explained in the context of Eq. (10).

The absolute uncertainty due to the limited Monte Carlo
statistics was estimated in nonempty bins as

δMC
stat (�5τ ) = d5σv

d5τ

(
δE
E

)
, (20)

where d5σv
d5τ

is the virtual photoproduction cross section given
by Eq. (11), E is the efficiency inside a multidimensional
bin defined by Eq. (16), and δE is the absolute efficiency
uncertainty.

The calculation of the efficiency uncertainty δE is not
straightforward because (i) Ngen and Nrec in Eq. (16) are
not independent and (ii) Monte Carlo events in this equa-
tion are subject to weighting. Therefore, a special approach
described in Ref. [51] was used to calculate δE . Neglecting
event migration between bins, this approach gives the follow-
ing expression for the absolute statistical uncertainty of the

efficiency in a bin for the case of a weighted Monte Carlo
simulation:

δE (�5τ ) =
√√√√Ngen − 2Nrec

N3
gen

Nrec∑
i=1

w2
i + N2

rec

N4
gen

Ngen∑
j=1

w2
j , (21)

where Ngen and Nrec are the numbers of generated and recon-
structed Monte Carlo events inside a multidimensional bin,
respectively, Ngen and Nrec are the corresponding weighted
event numbers, and w is the weight of an individual event.

The two parts of the statistical uncertainty given by
Eqs. (19) and (20) were combined quadratically into the total
absolute statistical uncertainty in each nonempty �5τ bin,

δtot
stat(�

5τ ) =
√(

δ
expt
stat

)2 + (
δMC

stat

)2
. (22)

The cross section assigned to the empty �5τ cells acquires
zero statistical uncertainty.

For the extracted single-differential cross sections, the
statistical uncertainty δtot

stat(�X ) was obtained from the uncer-
tainty δtot

stat(�
5τ ) of the fivefold differential cross section ac-

cording to the standard error propagation rules (where X
denotes one of the final-state variables, e.g., Mh1h2 , θh1 , αh1 ).

B. Model-dependent uncertainties

In studies of double-pion production off free protons, the
cross-section model dependence originates from the filling
of the empty cells, and the corresponding cross-section un-
certainty is commonly treated as a separate uncertainty type
[17,18,35–39,45]. In this analysis, one further source of the
model dependence appears, which is the correction that un-
folds the effects of the initial proton motion (see Sec. V C).
The two sources were found to give comparable uncertainties
for the two lowest W bins, while for the other bins the domi-
nant part of the model-dependent uncertainty comes from the
empty cells filling.

Both the contribution from the empty cells and the value
of the unfolding correction vary greatly (from insignificant to
considerable) for different bins in the final hadronic variables.
Therefore, the model-dependent uncertainties were estimated
in each �X bin of the single-differential cross sections (where
X is one of the final-state variables introduced in Sec. IV C).

The absolute uncertainty δcells
model(�X ) due to the filling of

the empty cells was calculated by

δcells
model(�X ) = 1

2

([
dσ

dX

]
filled

−
[

dσ

dX

]
not filled

)
, (23)

where the parentheses contain the difference between the
cross-section values calculated with the empty cells contribu-
tions (“filled”) and without them (“not filled”). See also Fig. 9.

For each �X bin of the single-differential distributions,
the relative uncertainty due to the unfolding correction was
estimated by

εunfold
model (�X ) =

∣∣∣∣∣
[

dσ
dX

]
folded − [

dσ
dX

]
unfolded[

dσ
dX

]
folded + [

dσ
dX

]
unfolded

∣∣∣∣∣. (24)
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The corresponding absolute uncertainty is then given by

δunfold
model (�X ) =

[
dσv

dX

]
final

εunfold
model . (25)

C. Systematic uncertainties

The systematic uncertainty of the extracted cross sec-
tions was estimated in each bin in W and Q2. The following
sources are considered to contribute to the total systematic
uncertainty.

The presence of quasielastic events in the dataset facilitates
the verification of both the overall cross-section normalization
and the quality of electron selection. The former may lack
accuracy due to potential miscalibrations of the Faraday cup,
fluctuations in the target density, and imprecise knowledge of
other parameters involved in the luminosity calculation [see
Eq. (10)]. The electron selection quality in turn may suf-
fer from potential miscalibrations of different detector parts,
inaccuracies in electron tracking and identification, and un-
certainties of the cuts and corrections involved in the electron
selection.

To verify the cross-section normalization and the quality
of electron selection, the quasielastic cross section was es-
timated and compared with the Bosted parameterization of
the quasielastic cross section off the deuteron [52,53]. This
comparison indicated a better than 5% agreement between the
experimental and the parameterized cross sections, and there-
fore a 5% global uncertainty was assigned to the extracted
double-pion cross sections to account for potential inaccura-
cies in the normalization and electron selection [29,30].

In this study, the cross sections were extracted in three
sets of kinematic variables, as described in Sec. IV C. The
fully integrated cross sections σ int

v were found to slightly differ
among the sets due to different data and efficiency propagation
to various kinematic grids. For this reason, the arithmetic
mean of the cross sections σ int

v obtained in the three variable
sets is reported as a final result, and the standard error of
the mean is interpreted as a systematic uncertainty [29,30].
Since different variable sets correspond to different registered
final hadrons (and, therefore, to different combinations of the
hadron cuts), this uncertainty includes potential inaccuracies
in the hadron identification. The average value of this uncer-
tainty among all W and Q2 bins is 1.6%.

The cut on the relative efficiency uncertainty performed in
this study excluded from consideration all multidimensional
cells with uncertainties greater than 30% (see Sec. IV F). To
estimate the systematic effect of this cut, the fully integrated
cross sections were also calculated for the cut values 25%
and 35%. As a final result, the arithmetic mean of the cross
sections σ int

v calculated for these three cut values is reported,
and the standard error of the mean is interpreted as a system-
atic uncertainty [29,30]. The systematic effect of the relative
efficiency uncertainty cut was estimated for each bin in W
and Q2, and the average uncertainty value among all bins was
found to be 0.8%.

One more part of the systematic inaccuracies comes from
the effective correction due to the FSI-background admixture.
This correction was performed for experimental events in

the π− missing topology as described in Sec. III E 4. The
fit shown in Fig. 7 and the corresponding correction factor
given by Eq. (5) were found to be slightly dependent on the
histogram binning. To account for this uncertainty, the cor-
rection factor was calculated for five different histogram bin
sizes, and the arithmetic mean of these five individual values
was used for the correction. The absolute uncertainty of the
resulting correction factor was calculated as the standard er-
ror of the mean. The corresponding cross-section uncertainty
was estimated according to the standard error propagation
rules [29,30]. The systematic uncertainty due to the FSI-
background correction was estimated for each bin in W and
Q2 where the correction was applied, and its average value
was found to be 0.4%.

As a common practice in studies of double-pion cross sec-
tions with CLAS [17,18,35–39,45], a 5% global uncertainty
was assigned to the cross sections due to the inclusive radia-
tive correction procedure (see Sec. V B).

The uncertainties due to these sources were summed up in
quadrature in each W and Q2 bin to obtain the total systematic
uncertainty for the fully integrated cross sections. The average
value of the total relative systematic uncertainty εtot

sys is 7.4%.

D. Summary for the cross-section uncertainties

Finally, the model-dependent uncertainties δcells
model(�X ) and

δunfold
model (�X ) defined by Eqs. (23) and (25), respectively, were

combined with the total statistical uncertainty δtot
stat(�X ) de-

fined in Sec. VI A as follows:

δtot
stat,mod(�X ) =

√(
δtot

stat

)2 + (
δcells

model

)2 + (
δunfold

model

)2
. (26)

The extracted cross sections are reported with the uncer-
tainty δtot

stat,mod, which for the single-differential distributions
is given by Eq. (26). For the fully integrated cross sections,
δtot

stat,mod is obtained from the uncertainty of the single-
differential distributions according to the standard error
propagation rules. For the majority of integral (W, Q2) points,
the uncertainty δtot

stat,mod stays on a level of 4–6%.
For the fully integrated cross sections, in addition to the

uncertainty δtot
stat,mod, the total systematic uncertainty is also

reported as a separate quantity. If necessary, the relative sys-
tematic uncertainty εtot

sys can be propagated as a global factor
to the corresponding single-differential distributions in each
W and Q2 bin.

For most points of the fully integrated cross sections, the
uncertainty δtot

stat,mod is less than the total systematic uncer-
tainty, exceeding the latter only for W � 1.4 GeV. This is
because δtot

stat,mod rises near the reaction threshold due to small
experimental statistics, large contributions from the empty
cells (see Sec. V A), and pronounced impact of the unfolding
correction (see Sec. V C).

The extracted cross sections with their estimated uncertain-
ties are presented in Sec. VIII.

VII. FINAL-STATE INTERACTIONS

A. FSIs for γv p(n) → p′(n′ )π+π−

Hadrons produced in exclusive reactions are subject to
final-state interactions (FSIs). The nature of this phenomenon
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is complicated due to numerous mechanisms being involved,
most of which are driven by the strong interaction [54,55].

For reactions occurring off nucleons contained in nuclei,
one can separate FSIs into two general types:

(1) interactions among the final hadrons3 and
(2) interaction of the final hadrons with the spectator nu-

cleon4.

Both FSI types can involve simple momentum exchanges
between the hadrons, as well as far more complicated pro-
cesses, such as nucleon resonance excitations or charge
exchange.

Clearly, FSIs in conventional reactions off free protons are
limited to the first type.

The reaction final hadrons are produced in one vertex, and
after the production, they fly apart in radial directions. The
spectator neutron, which was not involved in the reaction,
is located aside from the production vertex, so that the final
hadrons can scatter off the neutron. Therefore, for double-
pion production off protons bound in deuterium, FSIs with
the spectator correspond to a combination of proton-neutron
[56,57] and pion-neutron scattering [58–60] and thus rep-
resent a superposition of a broad spectrum of mechanisms
inherent for these two scattering types.

Due to the relatively low energy of the final hadrons in this
experiment, the majority of FSIs in the investigated reaction
are thought to happen elastically, which implies that the quan-
tum numbers of the participating hadrons do not change, and
no new particles are produced in such interactions [56].

B. Distortions due to FSIs

The two FSI types introduced above have some kinematic
distinctions from each other and their impacts on the extracted
cross sections also differ.

An important feature of FSIs among the final hadrons is
that they preserve the net four-momentum of all three final
hadrons (as long as no new particles are produced in such
interactions). For this reason, this FSI type does not affect
missing mass distributions [30]. However, interactions among
the final hadrons still alter the momenta of the individual par-
ticles and thus introduce distortions into the measured cross
sections (no matter whether off a free or bound nucleon).
These cross-section distortions can hardly be avoided at the
level of experimental data analysis due to insensitivity of
missing mass distributions to this FSI type. This issue needs to
be accounted for at the level of theoretical and/or phenomeno-
logical cross-section interpretation.

Meanwhile, interactions with the spectator nucleon have
one distinctive difference from FSIs among the final hadrons.
Specifically, as the spectator nucleon is extrinsic to the orig-
inal exclusive reaction, any interaction with it changes the

3Here the term “final hadrons” denotes p′, π+, and π−, which
define the reaction final state.

4Here the term “spectator” denotes the neutron, which is the spec-
tator of the original exclusive reaction.

total four-momentum of the reaction final state. As a conse-
quence, events in which the final hadrons interacted with the
spectator introduce distortions into missing mass distributions
[41]. These distortions reveal agglomerations of FSI-affected
events, which allows for their separation from the quasifree
event sample, so that the quasifree cross sections can be ex-
tracted (see more details in Sec. III E).

In this analysis, distortions due to FSIs with the spectator
neutron are clearly visible in experimental distributions of the
missing quantities PX and M2

X [π−], where the former is defined
by Eq. (2) and the latter is [Pμ

X [π−]]
2 with the Pμ

X [π−] defined
by Eq. (3). The distortions were found to differ in different
regions of the reaction phase space and also to be topology
dependent. Illustrations and further details are given in the
following sections.

C. Comparison between the two topologies

Figure 11 presents the M2
X [π−] distributions for the fully

exclusive (left) and the π− missing (right) topologies in
five 100-MeV-wide bins in W . Experimental distributions
are shown in black, while the blue histograms correspond
to simulated distributions of pure quasifree events. The
mismatch between them therefore reveals agglomerations of
events in which the final hadrons interacted with the spectator
neutron. The Monte Carlo simulation was performed on
the basis of the TWOPEG-D event generator [27], which
successfully reproduces the Fermi smearing of the missing
quantities but does not include FSI effects. The distributions
are normalized in a way that the peak maxima are equal to
one and then zoomed in on the range [0, 0.25] on the y axis,
to better visualize the mismatch.

Final-state hadrons attributed to various topologies have
different kinematics and therefore different probabilities to
interact with the spectator neutron. For this reason, events
affected by FSIs with the spectator are distributed differently
in the two reaction topologies as illustrated by Fig. 11. More
details can be found in Ref. [30].

D. FSIs in the fully exclusive topology

To better understand the redistribution of events with FSIs
in the fully exclusive topology, experimental PX and M2

X [π−]
distributions were examined in different slices of the final
hadron momentum magnitudes and polar angles (in the Lab
system).

In general, the proportion of events affected by FSIs with
the spectator was found to vary greatly (from negligible to
considerable) in different ranges of the final hadron momenta
and/or angles.

Remarkably, some regions of the reaction phase space were
found to be completely dominated by quasifree events. For ex-
ample, Fig. 12 shows a good match between the experimental
(black) and the simulated (blue) distributions of the quantities
PX (left) and M2

X [π−] (right) for the π− momentum magni-
tude from 0.5 to 1.4 GeV, which indicates the dominance of
quasifree events in this momentum range.

Conversely, other regions of the reaction phase space were
revealed to be mostly populated with events in FSI-disturbed
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FIG. 11. M2
X [π−] distributions for the fully exclusive (left) and

the π− missing (right) topologies in five 100-MeV-wide bins in W .
The mismatch between the experimental (black) and the simulated
(blue) histograms reveals agglomerations of events in which the final
hadrons interacted with the spectator neutron. The distributions are
normalized in a way that the peak maxima are equal to one and then
zoomed in on the range [0, 0.25] on the y axis, to better visualize
the mismatch. The presented statistics correspond to the unzoomed
experimental distributions.

kinematics. Figure 13 illustrates this effect for the proton polar
angle range from 40◦ to 60◦, where a large mismatch between
the experimental (black) and the simulated (blue) distributions
is observed, which reveals a considerable fraction of events
affected by FSIs with the spectator in this kinematic region.
More illustrations can be found in Ref. [30].

FIG. 12. Experimental (black) and simulated (blue) distributions
of the quantities PX (left) and M2

X [π−] (right) for the π− momentum
magnitude ranging from 0.5 to 1.4 GeV. The distributions are plotted
for the fully exclusive topology and normalized in a way that the
maxima of the main peaks are equal to one.

E. FSIs in topologies with a missing hadron

In topologies with an unregistered hadron i, the quantity
M2

X [i] is typically used for the channel identification (it is de-
fined analogously to M2

X [π−] introduced above). For reactions
occurring off bound nucleons, interactions between the final
hadrons and the spectator nucleon have different impacts on
M2

X [i] depending on which final hadron experienced the FSI.
In general, the following three possibilities can be distin-

guished for events from the topologies with an unregistered
hadron for reactions off a proton bound in deuterium (assum-
ing that at most one final hadron in an event interacted with
the neutron).

(1) All final hadrons in an event avoided interactions with
the neutron. Then this event is a true quasifree event
and the four-momentum of the unregistered hadron can
be successfully reconstructed as missing.

(2) The unregistered hadron avoided FSIs, while one of
the registered hadrons interacted with the neutron,
changing its four-momentum and hence losing kine-
matic affiliation to the original exclusive reaction. This
does not allow for proper reconstruction of the missing

FIG. 13. Experimental (black) and simulated (blue) distributions
of the quantities PX (left) and M2

X [π−] (right) for the proton polar angle
ranging from 40◦ to 60◦. The distributions are plotted for the fully
exclusive topology and normalized in a way that the maxima of the
main peaks are equal to one.
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FIG. 14. W dependences of the fully integrated cross sections in various bins in Q2. The pink shadowed areas show the total cross-
section uncertainty, which is the uncertainty δtot

stat,mod (see Sec. VI D) summed up in quadrature with the total systematic uncertainty (see
Sec. VI C). The error bars correspond to the δtot

stat,mod uncertainty only. The cross-section estimation shown by the solid curves is based on the
free-proton event generator TWOPEG [42] (see text for more details).

hadron four-momentum, causing the event to con-
tribute to the FSI background in the M2

X [i] distributions
[41].

(3) The unregistered hadron interacted with the neutron
and the registered hadrons did not. In this case, the
missing four-momentum of the unregistered hadron
corresponds to its four-momentum before the FSI.
Such an event then kinematically mimics a quasifree
event.

This disposition reveals that for reactions off bound nucle-
ons, topologies with a missing hadron suffer from the presence
of falsely defined quasifree events, which are events of the
third type. Such events are kinematically indistinguishable
from true quasifree events and for this reason this effect can
hardly be corrected for.

VIII. EXTRACTED QUASIFREE CROSS SECTIONS

In Fig. 14, the W dependences of the extracted fully inte-
grated cross sections of the reaction γv p(n) → p′(n′)π+π−
are shown by the solid black circles for 12 analyzed Q2

bins. For each point, the pink shadowed area is the total
cross-section uncertainty, which is the uncertainty δtot

stat,mod (see
Sec. VI D) summed up in quadrature with the total systematic

uncertainty (see Sec. VI C). The error bars correspond to the
δtot

stat,mod uncertainty only.
For each integral cross-section point, a set of nine single-

differential cross sections was obtained (as described in
Sec. IV E). As a typical example, Fig. 15 presents the single-
differential cross sections for W = 1.5375 GeV and Q2 =
0.625 GeV2. The cross sections are reported with the un-
certainty δtot

stat,mod shown by the error bars. The full set of
extracted single-differential cross sections is available in the
CLAS physics database [7] and also on GitHub [61].

The extracted cross sections are quasifree, meaning that the
contribution from events in which the final hadrons interacted
with the spectator neutron was reduced to the kinematically
achievable minimum. The cross sections, however, are still
convoluted with effects of FSIs among the final hadrons,
which is like conventional free-proton cross sections (see
Sec. VII B).

In general, the admixture of the FSI background left after
the exclusivity cut in the π− missing topology may potentially
affect the shape of the extracted single-differential distribu-
tions (because this effect was corrected only in an integral
sense as described in Sec. III E 4). However, as this admixture
is present only in the π− missing topology for W > 1.45 GeV
and stays at a level of 3–7%, its impact is not thought to be
discernible against the total cross-section uncertainty.
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FIG. 15. Single-differential cross sections for W = 1.5375 GeV and Q2 = 0.625 GeV2. The error bars correspond to the uncertainty δtot
stat,mod

defined in Sec. VI D. The cross-section estimation shown by the solid curves is based on the free-proton event generator TWOPEG [42] (see
text for more details).

One more potential uncertainty source for the extracted
quasifree cross sections is the presence of falsely identified
quasifree events in the π− missing topology. Unfortunately,
as true quasifree events are kinematically identical to those
that are falsely identified, no corresponding correction to the
cross sections can be developed (see Sec. VII E for details).
Also note that in this study, the initial proton is assumed to be
on shell.

The solid curves in Figs. 14 and 15 correspond to the cross-
section estimation performed by means of TWOPEG [42],
which is an event generator for double-pion electroproduction
off free protons. This event generator currently provides the
best estimation of free-proton cross sections in the investi-
gated kinematic region.

The cross-section approximation implemented into the
TWOPEG event generator is based on the meson-baryon
reaction model JM [14–16]. The generator employs the five-
differential structure functions from the JM model fit to the
existing CLAS results on double-pion photo- and electro-

production off free protons [15,36,38,50]. In the kinematic
areas already covered by the CLAS data, TWOPEG per-
forms interpolation of the model structure functions and
successfully reproduces the available fully integrated and
single-differential cross sections. In the areas not yet cov-
ered by the CLAS data, special extrapolation procedures were
applied that included additional world data on the fully inte-
grated photoproduction cross sections [62,63].

For the comparison shown in Figs. 14 and 15, cross-section
distributions obtained by TWOPEG were normalized to in-
tegrally match the quasifree cross sections extracted in this
study.

Figures 14 and 15 indicate that, apart from the overall
integral scaling, free-proton cross sections may serve as an
adequate zeroth-order approximation for quasifree cross sec-
tions off protons in deuterium. More elaborate insight into
the interpretation of the extracted cross sections is given in
the next section, which presents their comparison with the
free-proton measurements from Refs. [17,18].
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FIG. 16. Ratio of the fully integrated quasifree cross sections obtained in this study to the free-proton cross sections from Refs. [17,18].
The red curves correspond to polynomial fits. The dashed line marks the value of 0.75.

IX. COMPARISON WITH THE FREE-PROTON
MEASUREMENTS

This study benefits from the fact that the cross sections of
the same exclusive reaction off free protons have been re-
cently extracted from CLAS data [17,18]. These free-proton
measurements were performed under the same experimental
conditions as in this study, including the beam energy value
and the target setup. For most points of the fully integrated
cross sections, the uncertainty δtot

stat,mod is at a level of 1–3%
for the free-proton measurements and at a level of 4–6% for
the cross sections obtained in this study (see Sec. VI D). The
two measurements have identical binning in all kinematic
variables and similar inherent systematic inaccuracies (with a
typical value of the total systematic uncertainty in a W and
Q2 bin of about 7–8%). Therefore, a direct comparison of
these two cross-section sets would provide the experimentally
best possible opportunity to explore distinctions between the
π+π− electroproduction off protons in deuterium and the
corresponding reaction off free protons.

This section compares the cross sections extracted in this
study with their free-proton counterparts from Refs. [17,18]
and examines the difference between them over the entire
reaction phase space. In this comparison, only statistical and
model-dependent uncertainties of the two measurements were
considered (δtot

stat,mod), while systematic effects were assumed
to cancel out.

Figure 16 presents the ratio of the fully integrated quasifree
cross sections obtained in this study to the free-proton cross
sections of Refs. [17,18]. The ratio was fit with a fourth-order
polynomial. The dashed line marks the value of 0.75.

As seen in Fig. 16, the ratio of the two cross-section sets
demonstrates a modest W dependence with an average level of
70–75%, appearing to drop slightly near the reaction thresh-
old, as well as in the dip region between the two integral
resonance peaks.

Figure 17 shows the ratio of the invariant mass distributions
from this study to those from the free-proton study [17,18].
Rows from top to bottom correspond to Mp′π+ , Mπ−π+ , and
Mπ− p′ , respectively. The ratios were obtained individually for
each (W, Q2) point and then averaged over Q2 to decrease the
resulting uncertainties. Kinematic broadening of the invariant
mass distributions with W (described in Sec. IV D) and the
consequent nonidentical distribution of data points in different
W bins did not allow for further averaging over W . The red
curves correspond to the fit with a fourth-order polynomial
and the dashed line marks the value of 0.75.

As seen in Fig. 17, the cross-section ratio demonstrates
different consistent patterns for the three invariant mass dis-
tributions. For Mp′π+ (top row), it gives a rise near the
left distribution edge, then gradually decreases towards the
right edge, featuring a small plateau in the middle. For
Mπ−π+ (middle row), the situation is different as the cross-
section ratio shows a pronounced drop down to ≈40% at
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FIG. 17. Ratio of the invariant mass distributions obtained in this study to their free-proton counterparts from Refs. [17,18]. Rows from
top to bottom correspond to Mp′π+ , Mπ−π+ , and Mπ− p′ , respectively. The ratios were averaged over Q2 to decrease the resulting uncertainties.
The red curves correspond to polynomial fits. The dashed line marks the value of 0.75.

the left edge, then rises abruptly up to ≈75% and stays on
this constant level further on. For the third invariant mass,
Mπ− p′ (bottom row), the ratio continuously and almost lin-
early grows from ≈60% at the left edge to ≈100% at the
right.

Figure 18 presents the ratio of the angular distributions
from this study to those from the free-proton study [17,18].
The first row shows the θp′ , θπ− , and θπ+ distributions, while
the second row shows the αp′ , απ− , and απ+ distributions,
respectively. The ratios were obtained individually for each

FIG. 18. Ratio of the angular distributions from this study to their free-proton counterparts from Refs. [17,18]. The first row shows the θp′ ,
θπ− , and θπ+ distributions, while the second row shows the αp′ , απ− , and απ+ distributions, respectively. The ratios were averaged over W and
Q2 to minimize the resulting uncertainties. The red curves correspond to polynomial fits. The dashed line marks the value of 0.75.
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(W, Q2) point and then averaged over W and Q2 to minimize
the resulting uncertainties. The red curves correspond to poly-
nomial fits and the dashed line marks the value of 0.75.

As seen in Fig. 18, the behavior of the cross-section ratio
differs for various angular distributions. Its dependence on
the hadron polar angles appears to be of the most interest.
For θp′ (top left plot), the ratio grows from ≈70% at small
angles up to ≈75% at 50◦ and further stays on a distinct
plateau up to 120◦, showing then a mild rise up to ≈80% at
backward angles. For θπ− (top middle plot), the ratio stays at
≈75% at small angles, then grows up to ≈80% giving a broad
peak at around 100◦, and drops down to ≈70% at backward
angles. For the third polar angle, θπ+ (top right plot), the ratio
maintains the level of ≈75% up to around 120◦, then peaks up
to more than 80% at 150◦, and finally shows a steep drop.

Note that conventional free-proton cross sections represent
all reaction events, while the cross sections extracted in this
study are quasifree (up to the accuracy with which quasifree
events could be kinematically isolated) and hence do not
include contributions from events in which the final hadrons
interacted with the spectator neutron. The latter events thus
are mainly responsible for the difference between the two
cross-section sets.

Therefore, the performed comparison allows us to estimate
the proportion of events affected by FSIs with the specta-
tor neutron for the reaction off protons in deuterium. From
Figs. 16–18, one can conclude that the contribution from such
events to the total number of reaction events varies from
≈60% to a few percent in different regions of the reaction
phase space. However, for the most part of the phase space,
one can estimate the contribution from events affected by FSIs
with the spectator to be on a level of ≈25%.

Meanwhile, a small part of the difference between the two
cross-section sets may come from other sources, as for exam-
ple from possible modifications of nucleons and their excited
states inside the nuclear medium [8–10,19,20]. To make any
conclusions on this matter and also to gain insight into differ-
ent involved FSI mechanisms, a further more comprehensive
investigation is needed, which should employ a theoretical
interpretation of the obtained cross section ratios.

X. CONCLUSIONS

This paper reports the results of the experimental data anal-
ysis for the process of charged double-pion electroproduction
off protons bound in deuterium.

The fully integrated and single-differential cross sec-
tions of the reaction γv p(n) → p′(n′)π+π− have been ob-
tained for the first time. The measurements were performed in
the kinematic region of the invariant mass W from 1.3 to 1.825
GeV and the photon virtuality Q2 from 0.4 to 1.0 GeV2. The
results benefit from fine binning in all kinematic variables,
small statistical uncertainties, and modest model dependence.
The extracted cross sections are quasifree, meaning that the
admixture of events in which the final hadrons interacted
with the spectator neutron is reduced to the kinematically
achievable minimum. The whole set of the obtained cross
sections is available in the CLAS physics database [7] and
also on GitHub [61].

Due to the Fermi motion that initial protons undergo in
deuterium nuclei, this study encountered a set of peculiari-
ties that were not relevant for free-proton studies. Effects of
the initial proton motion turned out to be intertwined with
many analysis aspects: they led to the smearing of some
kinematic quantities, altered the common procedure of the
Lab-to-CMS transformation, caused the need to perform an
unfolding correction to the extracted cross sections, and more
[27,29,30,41]. To deal with these issues, special methods and
techniques were developed, which go beyond the conventional
analysis framework elaborated in previous free-proton studies
[17,18,35–39,45,50].

Interactions of the reaction final hadrons with the spectator
nucleon represent another peculiar aspect of this analysis.
These interactions introduce distortions into distributions of
some kinematic quantities (such as missing masses), thus
complicating the exclusive event selection. FSI effects were
found to differ depending on the reaction topology due to non-
identical geometrical acceptance of the topologies in CLAS.
For this study, isolation of quasifree events from the FSI
background was performed in each topology individually ac-
cording to the specially developed procedures.

The paper also presents the comparison of the obtained
cross sections with the corresponding free-proton cross sec-
tions recently extracted from CLAS data [17,18]. Assuming
that the difference between the two cross-section sets mostly
originates from events in which FSIs between the final
hadrons and the spectator neutron took place, this compar-
ison allowed us to make an estimate of the contribution
from such events to the total number of reaction events. For
the most part of the reaction phase space, the contribution
from events affected by FSIs with the spectator was found
to be around 25%. Further theoretical interpretation of the
obtained cross-section ratios will allow one to investigate var-
ious involved FSI mechanisms and to explore other potential
reasons that may contribute to the difference between the
cross-section sets, which includes possible in-medium mod-
ifications of properties of nucleons and their excited states
[8–10,19,20].
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