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The single-differential and fully integrated cross sections for quasi-free m

T~ 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 GeV to 1.825 GeV and photon virtuality
Q? from 0.4 GeV? to 1.0 GeVZ2. Sufficient experimental statistics allow 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.

PACS numbers:

I. INTRODUCTION

Exclusive reactions of meson photo- and electropro-
duction off protons are intensively utilized in labora-
tories around the world as a very powerful tool to in-
vestigate nucleon structure and the principles of the
strong interaction. These studies include the extrac-
tion of various observables from analyses of experi-
mental data, as well as subsequent theoretical and
phenomenological interpretations of the extracted ob-
servables [TH3].

Exclusive reactions off free protons have been stud-
ied in considerable detail, and a lot of information
on differential cross sections and different single- and
double-polarization asymmetries with almost com-
plete coverage of the reaction phase space has become
available. A large part of this information comes from
the analysis of data collected in Hall B at Jefferson
Lab (JLab) with the CLAS detector [4 [5].

Meanwhile, reactions occurring in photon and elec-
tron scattering off nuclei have been less extensively
investigated. Experimental information on these pro-
cesses is sparse and mostly limited to inclusive mea-
surements of total nuclear photoproduction cross sec-
tions [6H8] and the nucleon structure function F» [9-
I1], while exclusive measurements off bound nucleons
are lacking.

However, information on exclusive reactions off
bound nucleons is crucially important to the investiga-
tion of nuclear structure and for a deeper understand-
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ing of the processes occurring in the nuclear medium
because various exclusive channels will have different
energy dependencies and different sensitivities to the
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 for initiating
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 ow-
ing to the experiment of electron scattering off a deu-
terium target conducted in Hall B at JLab with the
CLAS detector [4]. The description of the detector
and target setup is given in Sec.[[]] together with in-
formation 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 produc-
tion threshold W =~ 1.22 GeV, contributes signifi-
cantly to the total inclusive cross section for W <
1.6 GeV, and dominates all other exclusive channels
for W 2 1.6 GeV.

Exclusive reactions off bound protons manifest
some specific features that are not present in reac-
tions off free protons and originate from (a) Fermi
motion of the initial proton and (b) final state inter-
actions (FSIs) of the reaction final hadrons with the
spectator neutron. In this paper special attention is
paid to the detailed description of these issues.
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The paper introduces new information on the fully
integrated and single-differential cross sections of the
reaction vy,p(n) — p/(n')rtn~. The cross section
measurements were performed in the kinematic region
of the invariant mass W from 1.3 GeV to 1.825 GeV
and photon virtuality Q2 from 0.4 GeV? to 1.0 GeVZ.
Sufficient experimental statistics allow for narrow bin-
ning, i.e. 25 MeV in W and 0.05 GeV? in Q2, while
maintaining adequate statistical uncertainties. The
extracted cross sections are quasi-free, meaning that
the admixture of events, in which the final hadrons in-
teracted with the spectator neutron, is kinematically
reduced to the achievable minimum.

The details of the cross section extraction analysis
are presented in Secs. [[I]] through [VI, which encom-
pass the selection of quasi-free events, the cross sec-
tion calculation framework, the description of the cor-
rections applied to the cross sections, and the study
of the cross section uncertainties.

Effects of the initial proton motion (also called
Fermi motion) turned out to be tightly interwoven
with many analysis aspects, and for this reason, their
description is scattered throughout the paper. Mean-
while, FSI effects are addressed in a separate Sec-
tion [VII, which outlines specificities of FSIs in re-
actions off bound protons and their differences from
FSIs in conventional free proton reactions. Some de-
tails on F'SI 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—MSUEI model JM, which
is a phenomenological reaction model for the process
of double-pion production off free protons [I2HI4].

This study benefits from the fact that the free pro-
ton cross sections of the same exclusive reaction have
been recently extracted from CLAS data [I5] [16].
These free proton measurements were performed un-
der the same experimental conditions as in this study,
including the beam energy value and the target setup.
For this reason, the free proton study [15, [I6], was
naturally used as a reference point for many analysis
components. This unique advantage allows one not
only to verify the reliability of those analysis aspects
that are similar for reactions off free and bound pro-
tons, but also to obtain a deeper understanding of
those that differ. The latter include the effects of the
initial proton motion and FSIs.

Section [[X] introduces a comparison of the cross
sections extracted in this study with their free pro-
ton counterparts from Refs. [I5] [16], which allowed us
to estimate the proportion of events in which FSIs
between the final hadrons and the spectator neutron
took place. Assuming the latter events to be the main

1 JLab - Moscow State University (Russia) model.
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cause of the difference between the cross section sets,
their contribution to the total number of the reaction
events was found to vary in different regions of the
reaction phase space, but in most parts of the phase
space it maintains a level of 25%. Based on this com-
parison, other potential reasons that may contribute
to the difference between the cross section sets can fur-
ther be explored, which includes possible in-medium
modifications of properties of nucleons and their ex-
cited states [6H8, 17 1g].

II. EXPERIMENT

The electron scattering experiment that provided
data for this study was conducted in Hall B at JLab
as a part of the “ele” run period. A longitudinally po-
larized electron beam was produced by the Continu-
ous Electron Beam Accelerator Facility (CEBAF) and
then was subsequently scattered off the target, which
was located in the center of the CEBAF Large Accep-
tance Spectrometer (CLAS) [4]. This state-of-the-art
detector covered a good fraction of the full solid angle
and provided efficient registration of final-state parti-
cles originating from the scattering process.

The “ele” run period lasted from November 2002
until January 2003 and included several experiments
with different beam energies (1 GeV and 2.039 GeV)
and target cell contents (liquid hydrogen and liquid
deuterium). This study is devoted to the experiment
conducted with the 2-cm-long 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 beamline.
The magnetic field bent charged particles towards or
away from the beam axis (depending 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 nega-
tively charged particles towards the beamline (inbend-
ing configuration).

The magnet coils naturally separated the detector
into six “sectors”, each functioning as an indepen-
dent magnetic spectrometer. FEach sector included
four sub-detectors: drift chambers (DC), Cerenkov
counters (CC), time-of-flight system (TOF), and elec-
tromagnetic calorimeter (EC) [4].

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 [19].
The polar angle coverage spanned from 8° to 45° for
the Cerenkov counters and electromagnetic calorime-
ter and from 8° to 140° for the drift chambers and
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the time-of-flight system.

The drift chambers were located within the region
of the magnetic field and performed charged particle
tracking, allowing for the determination of the par-
ticle momentum from the curvature of their trajecto-
ries. The other sub-detectors were located outside the
magnetic field region, which means that charged par-
ticles traveled through them along a straight line [20].

The Cerenkov counters were located right behind
the DC and served the dual function of triggering on
electrons and separating electrons from pions [21].

The TOF scintillators were located radially outside
the drift chambers and the Cerenkov counters but in
front of the calorimeter. The time-of-flight system
measured the time when a particle hit a TOF scintil-
lator, thus allowing for the determination of its veloc-
ity. Then, using the particle momentum known from
the DC, its mass can be determined, meaning that the
particle can be identified [22 23].

The main functions of the electromagnetic
calorimeter were triggering on and detection of
electrons, as well as detection of photons (allowing
for the 7% and 7 reconstructions from their 2y decays)
and neutrons [19].

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

B. Target setup

The “ele” target had a conical shape with the di-
ameter varying from 0.35 to 0.6 cm, which served the
purpose of effective extraction of gas bubbles formed
in the liquid target content 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-pm-thick alu-
minum 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 spec-
ifications as the entry/exit windows of the target cell
and served for both the estimation of the number of
events that originated in the target windows and the
precise determination of the target z-position along

the beamline (see Sec.[lITD 3)).

More details on the “ele” target assembly can be
found in Ref. [24].

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

C. Data analysis strategy

Events corresponding to the investigated reaction
ep(n) — €'p'(n')nt7~ were distinguished among all
other detected events through the event selection pro-
cedure, described in detail in Sec.[ITI} The selected ex-
clusive 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) geometri-
cal 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.

In order to determine the overall detector effi-
ciency, a Monte Carlo simulation was performed.
In this analysis, double-pion events were gener-
ated with TWOPEG-D, which is an event generator
for double-pion electroproduction off a moving pro-
ton [25]. These events are hereinafter called “gener-
ated” events.

The generated events were passed through a stan-
dard multi-stage procedure of simulating the detector
response [4]. The procedure included the simulation
of the particle propagation through the CLAS detec-
tor from the vertex produced by the event generator
and the subsequent event reconstruction. Events that
survived this process are hereinafter called “recon-
structed” Monte Carlo events. They were analyzed
in the same way as real experimental events.

III. QUASI-FREE EVENT SELECTION

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

A. Electron identification

To select good electrons among all electron can-
didates and to separate them from electronic noise,
accidentals, and 7~ contamination, the electromag-
netic calorimeter (EC) and Cerenkov counter (CC)
responses were analyzed.

According to Ref. [26], the overall EC resolution,
as well as uncertainties from the EC output summing
electronics, lead 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 P, was applied in the software.
The value of this cut was chosen to be 0.461 GeV,
according to the relation suggested in Ref. [26].
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To eliminate part of the pion contamination, a sam-
pling fraction cut was applied based on the differ-
ent energy deposition patterns of electrons and pions
in the EC. Specifically, when traveling through the
EC, an electron produces an electromagnetic shower,
where the deposited energy FEi. is proportional to the
electron momentum P,/, while a 7~ loses a constant
amount of energy per scintillation layer independently
of its momentum. Therefore, for electrons the quan-
tity Eiot/Per plotted as a function of P, is expected to
follow a straight line parallel to the z-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.

o
o

°
IS

Eio/P (unitless)
o
N

(@)

P, (GeV)

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

Figure[l{shows the EC sampling fraction (Etot/Pe)
plotted as a function of the particle momentum for the
experimental data. In this figure, the cut on the min-
imal scattered electron momentum is shown by the
vertical line, while the other two curves correspond
to the sampling fraction cut that was determined via
Gaussian fits to individual momentum slices of the
distribution.

To further improve the quality of the electron se-
lection and 7~ /e~ separation, the Cerenkov counter
response was analyzed [2I]. Figure [2]illustrates pho-
toelectron distributions measured in the CC for CLAS
sector 3. As seen in Fig 2] contamination is present in
the measured CC spectra in the form of a peak located
at values of a few photoelectrons. The contamination
is thought to originate from accidental coincidences of
photomultiplier tube (PMT) noise signals with mea-
sured pion tracks [27]. The goal of the event selection
in the CC was to separate the spectrum of good elec-
tron candidates from the contamination peak, while
minimizing the loss of good events. To achieve this
goal, the following set of CC cuts was applied:

e fiducial cut in the CC,
e .. matching cut,

e .. matching cut,
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e geometrical cut that removes inefficient zones,
and

e cut on the number of photoelectrons.

Each of these cuts, except the last one, was defined
in the “CC projective plane” [27], wherein the polar
and azimuthal angles (0., ¢cc) were defined. The de-
tails on the plane definition and angle calculations can
be found in Refs. [27, 28].

The shape of the fiducial cut in the CC plane was
taken from Ref. [29]. The ¢.. and 6. matching proce-
dures were based on the studies [27] and [30] 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 cal-
culated from the DC information), while background
noise and accidentals should not show such a correla-
tion.

ph. el.

FIG. 2. Influence of different CC cuts on the photoelec-
tron distributions for CLAS sector 3. Curves from top to
bottom: black curve — only fiducial cut in the CC plane is
applied, red curve — the .. matching cut is added, blue
curve — the 6. matching cut is added, and green curve —
the geometrical cut that removes inefficient CC zones is
added.

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

To perform 6.. matching, a .. versus segment num-
ber cut was applied. Figure[3|shows the .. versus seg-
ment distribution for CLAS sector 2. Event distribu-
tions in each segment have been plotted as a function
of f.. and fit with Gaussians. The horizontal black
lines correspond to the positions of the fit maxima
+40. Events between these black lines were treated
as good electron candidates.

Another important issue is that some specific geo-
metrical zones in the CC showed low detection effi-
ciency. When an electron hit such a zone, the number
of detected photoelectrons was significantly less than
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FIG. 3. 6. versus CC segment distributions for CLAS
sector 2. Events between the horizontal black lines were
treated as good electron candidates.

expected. This leads to a systematic overpopulation
of the low-lying part of the photoelectron spectrum
and enhances the contamination peak. Since low effi-
ciency zones were distributed inhomogeneously in the
CC plane and the Monte Carlo simulation did not
reproduce them properly, a geometrical cut that re-
moves inefficient zones was applied. The details on
this cut can be found in Refs. [15] [16, 28] [31].

The influence of the above cuts on the photoelec-
tron distributions is demonstrated in Fig.[2] where
the distribution before the matching cuts is plotted
in black, after the ¢.. matching — in red, and after
the subsequent .. 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 photo-
electron 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 spec-
trum essentially unchanged.

The applied cuts result in a significant reduction
of the contamination peak and its better separation
from the main spectrum. As a final step, a cut on
the number of photoelectrons was applied, which al-
together eliminates the remains of the contamination
peak. The cut position was individually optimized for
each PMT for each CC segment for each CLAS sector.
As the Monte Carlo 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 procedure was applied,
which is based on the fit of the photoelectron distri-
butions by a modified Poisson function. More details
on the procedure can be found in Refs. [15] 16} 28], [31].

B. Hadron identification

Hadrons were identified through the timing infor-
mation provided by the TOF System [22] 23], which
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allowed the velocity (5, = vp/c) of the hadron candi-
dates to be determined.

A charged hadron can be identified by comparing
Br determined from TOF information with S, given
by

Pn
VP +mj,
In Eq. By is termed the nominal value and was
calculated using the particle momentum (p;) known

from the DC and the exact particle mass assumption
(m).

Bn = (1)

Positive pions

(unitless)

B.
T
© o o o

15
P (GeV)

FIG. 4. Bp versus momentum distributions for positive
pion candidates. The thin black curve in the middle of
the event band corresponds to the nominal £, given by
Eq. . The red curves show the applied hadron identifi-
cation cuts. Events between the red curves were treated
as good pion candidates.

Experimental (3 versus momentum distributions
were examined for each TOF scintillator for each
CLAS sector. This examination revealed that for
some scintillation counters, the distributions were ei-
ther shifted from their nominal positions or showed a
double-band structure. To correct the timing informa-
tion for such counters, a special procedure, described
in Refs. [28, B1], was developed. In addition, a few
counters were found to give unreliable signals; they
were removed from consideration for both experimen-
tal data and simulation.

Figure 4] shows the 3}, versus momentum distribu-
tion for positive pion candidates plotted for all sectors
and all reliable scintillators. The event band of pion
candidates is clearly seen. 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 tar-
get, the final-state particles lose a part of their energy
due to interactions with the medium. As a result,
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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 in-
significant.

The simulation of the CLAS detector correctly
propagates particles through the media and, there-
fore, the effect of the energy loss is already included
in the efficiency and does not impact the extracted
cross sections. Nevertheless, in this study, the pro-
ton momentum magnitude was corrected for the en-
ergy loss. The simulation of the CLAS detector was
used to establish the correction function, which was
then applied for both experimental and reconstructed
Monte Carlo events [28] [31].

Additionally, Ref. [32] provides evidence that parti-
cle momenta and angles may have some small system-
atic deviations from their real values due to slight mis-
alignments in the DC position, small inaccuracies in
the description of the torus magnetic field, and other
possible reasons. The magnitude of this effect de-
pends on the particle momentum, increasing as the
momentum grows. In the investigated kinematic re-
gion, the effect was discernible only for scattered elec-
trons.

Due to the undefined origin of the above effect, it
cannot be simulated, and therefore, it has become
conventional for CLAS data analyses to apply a spe-
cial momentum correction to the experimental data.
This particular study uses the electron momentum
corrections that have previously been developed and
tested in the analysis of the free proton part of the
“ele” dataset at the same beam energy [15] [16]. To
establish them, the approach [32], which was based
on elastic kinematics, was used. These corrections in-
clude an electron 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 de-
tector was smaller than 47, 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 [4]. Additionally, the detec-
tion area was further limited in the polar angle from
8° up to 45° for electrons and up to 140° for other
charged particles [4].

Furthermore, as was shown in different data anal-
yses, 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 dis-
tortions, and similar effects. Therefore, it has be-
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come common practice to exclude these regions from
consideration by applying specific fiducial cuts. This
method guarantees that events accepted in the anal-
ysis 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/, #+, and 7«~) 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
“ele” dataset at the same beam energy [I5] [16], and
more details can be found in Refs. [28] [31].

2. Data quality checks

During a long experimental run, variations of the
experimental conditions, e.g. fluctuations in the tar-
get density, deviations in the beam current and posi-
tion, and/or changes in the detector response can lead
to fluctuations in event yields. To select for the anal-
ysis 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 used.

The FC charge updated with a given frequency, so
the whole run time can be divided into “blocks”. 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 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. [I5], [16].
For more details see also Refs. [28, [31].

8. Vertex cut

The analyzed dataset included runs with the tar-
get 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 elec-
tron scattering off the target windows.

Figure [5| presents the distributions of the electron
z-coordinate at the interaction vertex for events from
full and empty target runs (black and magenta curves,
respectively). Both distributions are normalized to
the corresponding charge accumulated in the Faraday
cup. The value of the vertex coordinate z is corrected
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for the effects of beam-offset?] 28, BI]. Both distri-
butions in Fig.[§] demonstrate a well-separated peak
around z.s = 2.6 cm originating from the downstream
aluminum foil. The distribution of events from the
empty target runs shows two other similar peaks that
correspond to the entrance and exit windows of the

target cell (see also Sec.|II B).
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FIG. 5. Distributions of the electron z-coordinate at the
vertex for full (black curve) and empty (magenta curve)
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.

Empty target events were passed through the same
selection procedure that was established for the liquid-
deuterium data and eventually were subtracted from
the latter as shown in Sec.[VEl 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.[f} 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 register 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 — e/p'mT7w~ one can, in general, distin-
guish between four “topologies” depending on the spe-
cific combination of registered final hadrons. In this
particular analysis, the following two topologies were
analyzed,

2 The beam offset is the deviation of the beam position from
the CLAS central line (z,y) = (0,0) that can lead to the
inaccurate determination of the vertex position.
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e the fully exclusive topology (all final particles
registered) ep — €'p'm T~ X, and

e the 7~ missing topology ep — e’p'mt X.

The statistics of the fully exclusive topology are
very limited, mainly because CLAS did not cover the
polar angle range 0° < 1, < 8° []. In this exper-
iment, the presence of this forward acceptance hole
mostly impacted registration of the negative particles
(e and 77) as their trajectories were bent by the torus
magnetic field towards the beam axis. This lead to a
constraint on the minimum achievable Q? for elec-
trons and prevented registration of the majority of
negative pions. As a consequence, the m~ missing
topology contains the dominant part of the statis-
tics. 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
therefore from a very large number of empty cells (see
Sec. for more details on empty cells). These cir-
cumstances do not allow for any sensible cross section
information to be obtained from this topology alone.
The 7~ missing topology has a tolerable number of
empty cells and large statistics, and therefore serves
the purpose of the cross section extraction best.

In general, two more topologies can be distin-
guished, i.e. the proton missing topology and the 7+
missing topology. Both require registration of the 7~
in the final state and as a result suffer from similar
issues of suppressed statistics and limited acceptance
as the fully exclusive topology. These two topolo-
gies are typically ignored in analyses of the reaction
ep — e'p'rtn~ [33H37]. Nevertheless, as demon-
strated in a previous analysis of this reaction off free
protons [15, [16], 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 the pion pair was produced off the pro-
ton bound in deuterium, these two additional topolo-
gies turn out to be contaminated with events from
other reactions. Specifically, in the proton missing
topology, the missing particle reconstruction fails to
determine whether the pion pair was produced off the
proton or off the neutron because their masses are al-
most identical. A similar situation occurs for the 7+
missing topology, where one can hardly distinguish
between the production of a 777~ pair off the proton
and a 797~ pair off the neutron, if only the proton and
the 7~ in the final state were registered. Furthermore,
the 7+ missing topology also has a strong admixture
of events from the reaction en(p) — e’p/(p’)m . These
circumstances prevented the use of the proton missing
and the 7% missing topologies in this analysis.
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Most notably, 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 interactions (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 mass, re-
action invariant mass W, etc.). This leads to the
Fermi smearing of the corresponding experimental
distributions [38]. To reliably identify the exclusive
channel and correctly estimate the detector efficiency,
a good match between the distributions of experi-
mental events and reconstructed Monte Carlo events
should be observed. This demands the simulated dis-
tributions reproduce the Fermi smearing of the exper-
imental distributions, which implies that the effects
of 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 [25]
event generator, which simulates the quasi-free pro-
cess of double-pion electroproduction off a moving
proton. This is an extension of TWOPEG, which is
the event generator for double-pion electroproduction
off the free proton [39]. For the TWOPEG-D version
of the event generator, the Fermi motion of the ini-
tial proton is generated according to the Bonn poten-
tial [40] and then is merged, in a natural way, into the
specific kinematics of double-pion electroproduction.

FSIs of the reaction final hadrons with the specta-
tor nucleon introduce the second intrinsic feature of
exclusive reactions off bound nucleons. Such interac-
tions alter the total four-momentum of the reaction fi-
nal state and therefore, introduce distortions into the
distributions of some kinematic quantities (such as
missing masses), thus complicating the identification
of a specific exclusive channel [41] (see also Sec[VII B).

In contrast to the effects of the initial proton mo-
tion, which can be simulated fairly easily, the FSI ef-
fects can hardly be taken into account in the simu-
lation because of their complex nature. The Monte
Carlo simulation is hence not able to reproduce the
distortions of some experimental distributions caused
by FSIs with the spectator. For this reason, a proper
procedure for isolation of quasi-free 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 in-
variant mass W and (ii) the hadron scattering angles.
The latter issue causes FSI effects to manifest them-
selves differently depending on the reaction topology,
since the topologies have nonidentical geometrical ac-
ceptance (see Sec.. For this reason, the channel
identification was performed in each topology individ-
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ually, as described in the next subsections.

Finally, the issue of background channels should
also be addressed. For the double-pion production off
free protons, the main background channel is ep —
e'p'mta~n% The analysis [I5 [16] that was carried
out for the same beam energy FEpeqm = 2.039 GeV
demonstrated that although the admixture of the
events from this background channel becomes dis-
cernible at W = 1.6 GeV, it remains negligible and
well separated from the double-pion events via the ex-
clusivity cuts. For the double-pion production off pro-
tons in deuterium, one more background channel can
be distinguished, which is en(p) — e'p'(p/)ntn~ 7™,
but background events from this channel follow the
same kinematic pattern as events from the aforemen-
tioned ep — ¢/p'mT w70 reaction.

2. Fully exclusive topology

To isolate quasi-free double-pion events in the fully
exclusive topology, the distributions of the quantities
determined by Eq. (2)) were used. The missing momen-
tum Px and the missing mass squared M)Q([O] are de-

fined for the reaction ep(n) — €'p’(n’)n 7~ X, where
X corresponds to the undetected part.

= |?e _?e’ —ﬁp’ _ﬁﬂ+ - ?”4

— P — P* )

™

Px

Mz =[PY+ P} —PL—P)

Here P/ are the four-momenta and P the three-
momenta of particle . Both quantities were calcu-
lated under the target-at-rest assumption, i.e. consid-
ering P} = (0,0,0,m,;) with the proton rest mass m,,.

The quantities Px and M)z([o] are unique for the
fully exclusive topology as they can be calculated
only if all final hadrons were registered. Figure [f]
presents the distributions of Px (left plot) and M)2<[0]

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

As seen in Fig. [0 the simulated Px distribution
perfectly matches the experimental one for Px <
0.2 GeV, while for Px > 0.2 GeV the simulation
underestimates the data. The mismatch mainly origi-
nates from experimental events in which final hadrons
interacted with the spectator neutron. The contribu-
tion from such events cannot be reproduced by the
Monte Carlo simulation as the latter does not include
FSI effects. The background channels, also not in-
cluded in the Monte Carlo, contribute to the mis-
match, too.

The cut on the missing momentum Px was applied
to select exclusive events in quasi-free 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 M?([o] was applied
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FIG. 6. Distributions of the quantities Px (left) and MX
(right) defined in Eq. . plotted for experimental data
(black) and Monte Carlo simulation (blue) in one 100-
MeV-wide bin in W. Vertical red lines indicate the cuts
applied for the selection of exclusive quasi-free events. The
plotted quantities as well as the values of W were calcu-
lated under the target-at-rest assumption. The distribu-
tions are normalized to their maxima.

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 exclu-
sive topology the four-momentum of the 7~ was mea-
sured, it was not used in the subsequent calculation
of kinematic variables for the cross section extraction.
The measured four-momentum was instead replaced
by the one that was calculated as missing (and thus
was Fermi smeared) to achieve consistency with the
main 7~ missing topology.

8. m missing topology

In the 7~ missing topology, the quantities Px and
M)Z([O] defined in Eq. (2) are not available due to in-
complete knowledge of the reaction final state. The
channel identification was therefore performed using
the four-momentum P;é[ﬂ_] for the reaction ep(n) —

e/p'(n')nT X, which was calculated as

Py =Pt Pl PL_PL-PL. (3

where P/* are the four-momenta of particle i and X
corresponds to the undetected part.

To isolate quasi-free events in the 7~ missing topol-
ogy, a special procedure was developed, in which the
following quantity was used to perform the exclusivity
cut,

MX[Tr*] = |[PM[7r ]} ‘ (4)

Figure [7] shows the distribution of the quantity
Mx ) plotted for the experimental data (black his-
togram) and Monte Carlo simulation (blue histogram)
in one 25-MeV-wide W bin. The magenta histogram
shows the difference between them and thus repre-
sents the distribution of background events, which
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are mainly events affected by FSIs with the specta-
tor. The green line corresponds to the cut applied to
select quasi-free events.

1.675GeV <W<1.7 GeV

counts

FIG. 7. Distributions of the quantity My, (defined by
Eq. . in one 25-MeV-wide W bin for the experlmental
data (black histogram), Monte Carlo simulation (blue his-
togram), and their difference (magenta histogram). The
explanation of the fit curves is given in the text. The green
line shows the applied exclusivity cut.

As seen in Fig.[7] the exclusivity cut does not allow
for complete isolation of the quasi-free 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 “ef-
fective correction” of the FSI-background admixture
was performed, which included the following steps.

e The Mx,-) distribution of the 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.

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

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

e The correction factor Fhs; was determined for
the left side of the green cut line,

area under the orange curve

FFSI(W) = s 1. (5)

area under the red curve

e In each W bin, the experimental event yield was
multiplied by the factor Fyg;, which served as an
effective correction due to the remaining admix-
ture of the FSI-background events.

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

Note that the exclusivity cut shown in Fig.[7] ac-
companied by the corresponding correction, accounts
for all other possible effects that along with the FSI
effects may contribute to the mismatch between the
data and the simulation in this topology (including
the minor three-pion background contribution).

IV. CROSS SECTION CALCULATION
A. Fermi smearing of the invariant mass W

For the process of double-pion electroproduction off
protons (as for any other exclusive process), the re-
action invariant mass can, in general, be determined
in two ways, i.e. either from the initial particle four-
momenta (W) or from the final particle four-momenta
(W) as Eqgs. (6) and (7)) demonstrate.

Wi = /(B + P3,)? (6)

(7)

We

V(P + P+ By

Here P"., P" , and Pz’f, are the four-momenta of
the final-state hadrons, P} is the four-momentum
of the initial proton and P! = P! — P! the four-
momentum of the virtual photon with P* and P/
the four-momenta of the incoming and scattered elec-
trons, respectively.

In general, to determine W4, all final hadrons should
be registered, while for the calculation of W, it is suffi-
cient to register just the scattered electron. The latter
option allows one to analyze event samples in which
information on the reaction final state is incomplete,
as e.g. in topologies with one unregistered final hadron
(see Sec.. However, in reactions off bound nucle-
ons, this opportunity comes with a complication as to
correctly calculate Wj, information on the initial pro-
ton momentum (P}') is also required. In this analysis,
however, this information is not accessible in the 7~
missing topology. This situation brings up the choice
to either demand registration of all final hadrons to
determine Wt (which reduces the analysis flexibility)
or to calculate W; assuming the initial proton to be
at rest.

In this analysis, the invariant mass W; calcu-
lated under the target-at-rest assumption was used
to describe the reaction, based on the statistically
dominant 7~ missing topology. For this reason,
the extracted cross sections turn out to be Fermi
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smeared [25] [38]. To retrieve the non-smeared ob-
servable, a correction that unfolds this effect should
be applied, which is described in Sec.[V.C|

B. Lab to CMS transformation

Once the double-pion events were selected as de-
scribed in Section [[II} 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.[[V.C]

The cross sections were extracted in the center-
of-mass frame of the wvirtual 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 z¢asg-axis pointing along the photon
and the net momentum equal to zero. However, the
procedure of the Lab to CMS transformation differs
depending on the specificity of the reaction initial
state (real or virtual photons, at rest or moving initial
proton).

The correct procedure of the Lab to CMS transfor-
mation for an electroproduction experiment off a mov-
ing 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 “quasi-
Lab”, since the initial conditions of the reaction
in this frame imitate those existing in the Lab
system in the case of the free proton experiment.
The recipe of the Lab to quasi-Lab transforma-
tions is given in detail in Ref. [25].

2. Then, the quasi-Lab to CMS transformation
should be performed by the standard method
used for an electroproduction experiment off a
proton at rest [I5] [16] 28] B1].

The first step of this procedure (Lab to quasi-Lab
transformation) implies that the momentum of the
initial proton is known for each reaction event [25].
In this analysis, 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 2), while in the 7~
missing topology, this information turns out to be ir-
revocably lost due to incomplete knowledge about the
reaction final state. As a result, for the majority of
the analyzed events, the correct Lab to CMS trans-
formation could not be performed. For this reason,
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in this analysis, the procedure of Lab to CMS trans-
formation for an electroproduction experiment off a
proton at rest was used. The procedure is described
in Refs. [15], 16}, 28], B1] and was employed for both fully
exclusive and 7~ missing topologies for consistency.

This approximation in the Lab to CMS transfor-
mation introduces a systematic inaccuracy to the ex-
tracted cross sections. 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 vari-
ables that describe the reaction ep(n) — e'p’(n/)r 7~
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 hadron state of the
reaction is unambiguously determined by five kine-
matic variables [I5], and in general there can be dif-
ferent options for their choice. In this analysis, the
following generalized set of variables was used [14-

16, 28, 311 36} 37, 42]:

e invariant mass of the first pair of hadrons My, p,,

e invariant mass of the second pair of hadrons
Mh,hs,

e the first hadron solid angle Qp,,= (0, ©n, ), and

e the angle oy, between the two planes (i) de-
fined by the three-momenta of the virtual pho-
ton (or initial proton) and the first final hadron
and (ii) defined by the three-momenta of all final
hadrons.

In this study, the cross sections were obtained in
three sets of variables depending on various assign-
ments for the first, second, and third final hadrons:

L. [p/a 7T+a Tri] Mp’7r+7 M7T+7T*a ep’ y Ppr oy Qply
2. [7(_77 7T+a p/] M7T_7T+7 M7r+p’7 077—7 Pr—y Og—, and
3. [7T+u T, p/] Mﬂ'Jrﬂ'*a Mw*p’a 97r+7 Pty Opt.

Details on the calculation of the kinematic vari-
ables from the particle four-momenta can be found

in Refs. [15], 28] 311 [36].

D. Binning and kinematic coverage

The available kinematic coverage in the initial state
variables is shown by the Q? versus W distribution
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in Fig.[§ This distribution is filled with the double-
pion events that survived after the event selection de-
scribed in Sec[ITI} The white boundary limits the ana-
lyzed kinematic area, where the double-pion cross sec-
tions were extracted. The black grid demonstrates the
chosen binning in the initial state variables (25 MeV
in W and 0.05 GeV? in Q?).

The kinematic coverage in the final state variables
has the following reaction-related features. The angu-
lar variables 0, , @p,, and ayp, vary in the fixed ranges
of [0, 7], [0, 27], and [0, 27], respectively. Meanwhile,
the ranges of the invariant masses Mp,p, and Mp,p.,
are not fixed — they are W dependent and broaden
as W grows.

The binning in the final hadronic variables used in
this study is specified in Table [IL 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 ac-
count (i) the statistics drop near the reaction thresh-
old and (ii) the aforementioned broadening of the re-
action phase space with increasing W. The chosen
number of bins in each considered W subrange re-
flects the intention to maintain reasonable statistical
uncertainties of the single-differential cross sections
for all W and Q2 bins.

—~ 13 102
“'> 1.25
12
8 115
< 11
fb 1.05 ST
1] REBPREr T
0.95 e E 10
P bl L g
oz =g
0.75 x =
07 = = L2
0.65 o = 1
06 i

Vo o o Do o » o Lo A o
TEIETGEETEEE TG EETEEEELETEE

FIG. 8. Q? versus W distribution populated with the
selected double-pion events. The cross section was calcu-
lated in 2D cells within the white boundaries.

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

The specific organization of the double-pion
production phase space in the invariant masses
(Mpy by Mp,ny) impels the need to pay careful atten-
tion to the binning in these variables. Equation
exemplifies the expressions for the lower and upper
boundaries of the Mjy,p, distribution and demon-
strates that the upper boundary depends on the value
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TABLE I. Number of bins for hadronic variables.

Hadronic variable

W subrange (GeV)

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

Mp, n, Invariant mass 8 10 12 12
Mp,n, Invariant mass 8 10 12 12
Oh, Polar angle 6 8 10 10
©hy Azimuthal angle 5 5 5 6
ap,  Angle between planes 5 6 8 8
5
Total number of A7 9600 24000 57600 69120

cells in a AWAQ? bin

of W, while the lower does not.

Miower = Mp, + Mp, (8)
Mypper (W) = W —my,

Here mp,, mp,, and my, are the rest masses of the
final hadrons.

1024

Since the cross section is calculated in W bins of |,

a given width, the boundary of Mpper is not dis-

1026

tinct. For the purpose of binning in mass, the value of |,
M pper was calculated using Weenter, at the center of o

the W bin, which caused events with W > W cpter to
be located beyond Mypper. For this reason, it was de-
cided to use a specific arrangement of mass bins with
the bin width AM determined by

Mupper - Mlower

AM =
Nbins -1 ’

9)

where Npi,s is the number of bins specified in the first
row of Table [l The left boundary of the first bin was
set to Miower-

The chosen arrangement of bins forces the last bin
to be situated completely out of the boundaries cal-
culated according to Eq. using Weenter- The cross
section in this extra bin is not reported. However, this
bin was kept in the analysis since its contents (though
being very small) contribute to all cross sections that
were obtained by integrating over the corresponding
invariant mass distribution.

Note that the cross section in the next to last bin
in invariant mass needs a correction. See more details

in Sec.[V Dl
E. Cross section formula
1. Electron scattering cross section

The experimental electron scattering cross section
o, for the reaction ep(n) — €'p’(n’)rT 7~ is seven-fold
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differential and determined by

Nu Nem ty
do. 1 (ﬁ - QcmETy)
dwdQ2d°r R-F AW -AQ2-AS7. |:l~ﬂ’NAj| £
Qe lbd
(10)
where
o d®°r = dMp, b, dMp,p,dQp, dag, is the dif-

ferential of the five independent variables of
the 777~ p final state, which are described in

Sec.IVG}

® Nean and Nempty are the numbers of selected
double-pion events inside the seven-dimensional
bin for runs with liquid deuterium and empty
target, respectively;

e the quantity in the square brackets in the de-
nominator corresponds to the luminosity (per
charge) of the experiment £ in the units
em~2.C~! and its components are

[=2cm the target length,

p=0.169 g-cm 2 the liquid-deuterium density,
N4 =6.022-10"1? mol~! Avogadro’s number,
ge=1.602-10"19 C the elementary charge, and

pg=2.014 g-mol~! the deuterium molar mass,

which results in the luminosity value of £ =
0.63:10*2 ecm~2.C~! = 0.63-10'2 ub~1.C~1;

o Qran = 3734.69 pC and Qempty = 464.797 1C are
the values of the integrated Faraday cup charge
for liquid-deuterium and empty-target runs, re-
spectively, which results in the corresponding
values of the integrated luminosity L = L - @ of
2.35-10° ub~! and 0.29-10° ub~*;

o £ =E(AW,AQ?, A7) is the detector efficiency
(which includes the detector acceptance) for
each seven-dimensional bin as determined by
the Monte Carlo simulation (see Sec.[[V F);

e R = R(AW,AQ?) is the radiative correction
factor described in Sec.[VB}
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o F = F(AW,AQ?, A5T) is the correction factor
that aims at unfolding the effects of the initial
proton motion (see Sec.|V ().

2. Virtual photoproduction cross section

The goal of the analysis was to extract the vir-
tual photoproduction cross section o, of the reac-
tion y,p(n) — p/(n/)nt7~. This virtual photopro-
duction cross section o, is five-fold differential and
in the single-photon exchange approximation is con-
nected with the seven-fold differential electron scat-

tering cross section o, via 1070
d5 1 d7 1071
ov _ L Oe (11)
dr  Tyadwd@2d’r’ 073
1074
where T’y is the virtual photon flux given by 1075
o 1 W(W2 . mg) 1076
L,(W,Q%) = — PL (12
(W, Q) dm B2, om2 (1 —e7)Q? (12)

Here « is the fine structure constant (1/137), m,, o

the proton mass, Fpeam = 2.039 GeV the energy of
the incoming electrons in the Lab frame, and er the
virtual photon transverse polarization given by

1078
1079

1080

V2 5 96/ -1 1081
ST—<1+2(1+622>tan <2>> s (13) 1082

1083

where v = Eyeam — Fe is the virtual photon energy, 1ss
while E., and 6. are the energy and the polar angle of 10
the scattered electron in the Lab frame, respectively. 1085

The limited statistics of the experiment do not al- s
low for estimates of the five-fold differential cross sec- 10ss
tion o, with reasonable accuracy. Therefore, the cross 1os
section o, was first obtained on the multi-dimensional 190
grid and then integrated over at least four hadronic
variables, which means that only single-differential 102
and fully integrated cross sections were obtained. 1003

For each W and @Q? bin, the following cross sections 1
were extracted for each set of variables (see Sec.[IV C]), 1ss

1096

da-v dso-v 1097
m B /ﬁdM}ththldahl’ 1098
do d’o 1009
= | —5 dMp,p,dQ,d

dMp,ny / 457 hihyU32h, A0, , EZ?
dav dSUV 1102
m - /ﬁthlhz th2h3d(ph1dah1ﬂ 1103
doy dE)O'V 1104
. - Wthlhszhz;%thn and EZ:
Jint(W QQ) = d5anMh ne M 0. A, day, 1107
v 9 d57’ 1n2 2hs 1 - o
14 1109

(

As a final result for each W and Q? bin, the fully 1o
integrated cross section o!**, averaged over the three nu

v o

14

variable sets, is reported together with the nine single-
differential cross sections given in Eq. (L5), where each
column is taken from the corresponding variable set.

doy doy doy,
dM o+ dM, -+ dM -
dO’V dO'V dO-v
(15)
d[—cosf,]  d[—cosO,-]  d[—cosf,+]
do, do, do,
dayy do, - do+

Regarding the middle row in Eq. , note the fol-
lowing. Although being differential in [— cos#], the
cross sections were calculated in Af bins, which are
of equal size in the corresponding W subrange (see
also Sec.. This follows the convention used to
extract the #-distributions in studies of double-pion
cross sections [I5] 16l B3H37, 43].

F. Efficiency evaluation

In this study, the Monte Carlo simulation was per-
formed using the TWOPEG-D event generator [25],
which is capable of simulating the quasi-free process
of double-pion electroproduction off a moving pro-
ton. In this event generator, the Fermi motion of
the initial proton is generated according to the Bonn
potential [40] and then is naturally merged into the
specific kinematics of double-pion electroproduction.
TWOPEG-D accounts for radiative effects according
to the approach described in Refs. [39] [44].

Events generated with TWOPEG-D were passed
through the standard detector simulation and recon-
struction procedures with the majority of parameters
kept the same as in the studies [15], 16l [45H47], which
were also devoted to the “ele” run period. More in-
formation on the simulation /reconstruction procedure
and the related parameters can be found in Ref. [28].

In studies of double-pion production cross sections,
it is important to generate enough Monte Carlo statis-
tics in order to saturate each multi-dimensional bin
of the reaction phase space with events (see Table [I)).
Insufficient Monte Carlo statistics will lead to an im-
proper efficiency evaluation and an unnecessary rise in
the number of empty cells (see Sec., thus system-
atically affecting the accuracy of the extracted cross
sections. For this study, about 4-10'° double-pion
events were generated in the investigated kinematic
region, which was found to be sufficient.

TWOPEG-D performs a weighted event genera-
tion [39], which 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 individ-
ual weight that reflects the cross section value at that



1112

1113

1114

1115

1116

1117

1118

1119

1120

1121

1122

1123

1124

1125

1126

1127

1128

1129

1130

1131

1132

1133

1134

1135

1136

1137

1138

1139

1140

1141

1142

1143

1144

1145

1146

1147

1148

1149

1150

1151

1152

1153

1154

1155

1156

1157

point. The efficiency factor £ from Eq. was then
calculated in each AWAQ?A5T bin by

Nrec
N 2w
E(AW,AQ* A%r) = 5 = =— (16)
gen gen

> wj
=1

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

In some kinematic bins, the efficiency & could
not be reliably determined due to boundary effects,
bin-to-bin event migration, and limited Monte
Carlo statistics. In such bins, the relative efficiency
uncertainty d€/E is typically large. In this study,
a cut on the relative efficiency uncertainty 0€/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 other empty cells, were subject
to the filling procedure (see Sec..

The cut on the relative efficiency uncertainty di-
rectly impacts the cross section uncertainties. On the
one hand, it eliminates the A®7 bins with large 6€/&
values, thus reducing the total statistical uncertainty
of the extracted cross sections (see Sec. . On
the other hand, this cut increases the number of
empty cells, thus increasing the cross section model
dependence and the uncertainty associated with
it (see Sec. . The cut value was chosen as a
compromise between these two effects.

The idea of this cut has been taken from the
study [15] [16], which also sets the cut value at 30%.
More details can be found in Refs. [15], 16}, 28] B1].

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 turn out to have
zero acceptance. In such bins, which are usually called
empty cells, the cross section cannot be experimen-
tally defined. These cells contribute to the integrals
in Egs. along with the other kinematic bins. If
ignored, the contribution from these cells causes a
systematic underestimation of the cross section and,
therefore, some assumptions for the empty cell con-
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tents are needed. This situation causes some model
dependence of the extracted cross sections.

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

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 de-
tails in Refs. [15], [16, [B3H37, [43].

In the present work, empty multi-dimensional cells
were filled with the Monte Carlo events generated
with TWOPEG-D [25]. These events were subject
to integral scaling, in order to adjust them to the ex-
perimental yield in the regular (non-empty) cells. The
scaling was performed individually in each AWAQ?
bin according to the ratio of the integrated yields
of the experimental and reconstructed Monte Carlo
events in the non-empty cells [28] [31].

Figure [9]introduces the single-differential cross sec-
tions given by Egs. and . The empty squares
correspond to the case when the contribution from
the empty cells was ignored, and the black circles
are for the case when that was taken into account
as described above. The figure indicates a satisfac-
tory 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 6 distributions (middle row) reveal pronounced
contributions due to the negligible/zero CLAS accep-
tance in the corresponding directions.

For most of the (W, Q?) points, the contribution
from the empty cells to the fully integrated cross sec-
tion is kept to a low level of ~15%, slightly rising at
the low Q2 and high W boundaries. Besides this, the
empty cell contribution grows towards the threshold
(i.e. for W < 1.4 GeV). This behavior was also ob-
served in Refs. [15] 16}, B3] [36] devoted to double-pion
electroproduction off the free proton.

To account for the model dependence, the approach
established for the previous studies of double-pion
cross sections was followed [I5], 37, [48], i.e. the part
of the single-differential cross section that came from
the empty cells is assigned a 50% relative uncertainty

(more details are in Sec.[VIB]).

B. Radiative corrections

The incoming and scattered electrons are subject
to radiative effects, which means that they can emit
photons, thereby reducing their energy. Information
on such emissions is typically experimentally inacces-
sible, and therefore, these changes in electron energy
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FIG. 9. Extracted single-differential cross sections for the cases when the contribution from the empty cells was ignored
(empty squares) and when it was taken into account (black circles). The former are reported with the uncertainty 0%y

given by Eq. (22), while the latter are with the uncertainty §

tot
stat,mod

given by Eq. (26). All distributions are given for one

particular bin in W and Q% (W =1.6375 GeV, Q* =0.625 GeV?).

cannot be directly taken into account in the cross sec-
tion calculation. As a result, measured cross sections
acquire distortions.

The common way of handling this problem is to
apply radiative corrections to the extracted cross sec-
tions. In this study, the radiative corrections were
performed using TWOPEG-D [25], which is the event
generator for the double-pion electroproduction off a
moving proton. TWOPEG-D accounts for the ra-
diative effects by means of the well-known Mo and
Tsai approach [44], which has traditionally been used
for the radiative corrections in studies of double-pion
electroproduction [15] [16] B3H37, 43]. In Ref. [44], the
approach was applied to the inclusive case, while in
TWOPEG-D, the fully integrated double-pion cross
sections are used instead [25] [39].

In the employed approach [25] 39, 44], the radia-
tive photons 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
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two parts. The “soft” part assumes the energy of the
emitted radiative photon to be less than a certain min-
imal 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 calcu-
lation of the “hard” part, an inclusive hadronic tensor
is assumed. Based on previous experience, the latter
assumption is considered to be adequate [15], [16] [33-
37, [43]. 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. was
determined in the following way. Double-pion events
either with or without radiative effects were generated
with TWOPEG-D. Both radiated and non-radiated
events were subjected to the Fermi smearing. Then
the ratio given by Eq. was taken in each AW AQ?
bin.

Nrad

RAW, AQ?) = o
norad

(17)
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FIG. 10. Reciprocal of the radiative correction factor
(i.e. 1/R) as a function of W for different Q* bins (see

Eq. )

Here N;,q and Nyopaq are the weighted numbers of
generated events in each AW AQ? bin with and with-
out radiative effects, respectively. Note that neither
Nyaq nor Nyopaq were subject to any cuts.

This approach gives the correction factor R only as
a function of W and @2, disregarding its dependence
on the hadronic variables. However, the need to inte-
grate the cross section at least over four hadronic vari-
ables (see Eq. (I4))) considerably reduces the influence
of the final-state hadron kinematics on the radiative
correction factor, thus justifying the applicability of
the procedure [25] [39] [44].

The quantity 1/R is plotted in Fig. as a function
of W for different 2 bins. The uncertainties associ-
ated with the statistics of generated events are very
small and therefore not visible in the plot.

C. Unfolding the effects of initial proton motion

In this study, information on the initial proton mo-
mentum is inaccessible for the majority of analyzed
experimental events, as discussed above. For this
reason, the invariant mass W, calculated under the
target-at-rest assumption has to be used for the cross
section binning (see Sec. , which leads to the
Fermi smearing of both the fully integrated and single-
differential cross sections. The same reason necessi-
tates the use of an approximate procedure of the Lab
to CMS transformation (see Sec.. This approx-
imation introduces some inaccuracy to the measured
angular (6, ¢, and «) distributions without having
an impact on the invariant mass distributions and W
and @Q? cross section dependencies due to the Lorentz
invariance of the corresponding variables.

Being folded with the aforementioned effects of
the initial proton motion, the extracted cross sec-
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tions require a corresponding unfolding correction.
This correction was performed by means of two
Monte Carlo event generators TWOPEG [39] and
TWOPEG-D [25]. TWOPEG is the event genera-
tor for the double-pion electroproduction off the free
proton that currently provides the best cross sec-
tion estimation in the investigated kinematic region.
TWOPEG-D is the event generator for the same ex-
clusive reaction but off the proton that moves in the
deuterium nucleus. This event generator was specif-
ically developed to be used in the studies where ex-
perimental information on the initial proton momen-
tum is inaccessible, and one has to work under the
target-at-rest assumption. TWOPEG-D convolutes
the double-pion cross section with effects of the ini-
tial proton motion and thus imitates the conditions of
the 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 transformation was applied,
so that the sample incorporates the same inaccuracies
as the experimentally extracted cross sections.

The unfolding correction was performed in each
multi-dimensional bin of the double-pion production
phase space, i.e. in each AWAQ?AST bin the cross
section was divided by the correction factor F that
was calculated as

N fermi

FAW, AQ2, A7) = L)

Nnofermi
where Nyofermi and Ngepmi are the weighted numbers
of generated double-pion events in the AW AQ?A>r
bin produced off the proton at rest and off the moving
proton, respectively.

This correction mostly affects the cross section near
the reaction threshold, while for higher W its impact
is small [28] [31].

The value of the correction factor in Eq. de-
pends on both the free proton cross sections and the
model of the deuteron wave function that are em-
ployed in the event generators. The former relies
strongly on the JM model fit of the available data
on the double-pion cross sections, while for the lat-
ter, the Bonn model was used (see Refs. [25], [39] for
more detail). Therefore, the uncertainty of the ex-
tracted cross sections that comes from this unfolding
correction was attributed to the model-dependent un-
certainty as discussed in Sec.[VIB]

D. Corrections for binning effects

In general, being extracted in a finite bin, the cross
section naturally undergoes averaging within this bin,
and this averaged value is then assigned to the bin
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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 ef-
fect, a binning correction was applied that includes
a cubic spline approximation for the cross section
shape [28, [3T]. Due to the relatively fine binning in all
kinematic variables used in this study, the influence of
the binning effects on the cross sections is marginal:
the typical value of the correction 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 specific separate correction, which is de-
scribed in detail in Refs. [15] [16] 28] B1]. 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
dependent.

VI. CROSS SECTION UNCERTAINTIES

In this study (like in other studies of the double-
pion cross sections [I5] 16, B3H37, 43]) three separate
types of cross section uncertainties were considered,
i.e. statistical uncertainties, 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 lim-
ited statistics of the experimental data was calculated
in the non-empty multi-dimensional bins as

N, Nem
) ( full 4 ;pty)

Full empty

exp 5.y —
6stat(A T) - 5R]:FV : AWAQQAE)T[,C} i (19)
where T’y is the virtual photon flux given by Eq. 7
while the other variables are explained in the context
of Eq. .
The absolute uncertainty due to the limited Monte
Carlo statistics was estimated in the non-empty bins

as
d’o, (€

Ot (A7) = ——~ [ = 20

Stat( T) d57’ (‘: ) ( )

where (55‘” is the virtual photoproduction cross sec-

tion given by Eq. , & is the efficiency inside the
multi-dimensional bin defined by Eq. , and 6 is
the absolute statistical efficiency uncertainty.

The calculation of the efficiency uncertainty 6&
is not straightforward because (i) Ngen and Nye. in
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Eq. are not independent and (ii) Monte Carlo
events in this equation are subject to weighting.
Therefore, the special approach described in Ref. [49]
was used to calculate 6€. Neglecting the event migra-
tion between bins, this approach gives the following
expression for the absolute statistical uncertainty of
the efficiency in a bin for the case of a weighted Monte
Carlo simulation,

N- N en
. Ngen — 2N — N2 &
55(A0T) _ gan3 rec Z wi2 + NZCC Z w?’a
gen i=1 gen j=1

(21)
where Ngen and Nye. are the number of the gener-
ated and reconstructed Monte Carlo events inside the
multi-dimensional bin, respectively, Ngen and Ny are
the corresponding weighted event numbers, and w is
the weight of an individual event.

The two parts of the statistical uncertainty given
by Egs. and were combined quadratically
into the total absolute statistical uncertainty in each
non-empty AST bin,

5108, (A%7) = \(052)% + (049) .

The cross section assigned to the empty AST cells
acquires zero statistical uncertainty.

For the extracted single-differential cross sections,
the statistical uncertainty 6% (AX) (where X is one
of the final state variables, e.g. My, p,, On,, an,) was
obtained from the uncertainties 0:2%, (A57) of the five-
fold differential cross sections according to the stan-

dard error propagation rules.

(22)

B. Model-dependent uncertainties

In studies of double-pion production off free pro-
tons, the cross section model dependence originates
from the filling of the empty cells and the correspond-
ing cross section uncertainty is commonly treated as a
separate uncertainty type [15, [16], B3H37, [43]. In this
analysis, one further source of the model dependence
is the correction that unfolds the effects of the initial
proton motion (see Sec.. The two sources were
found to give comparable uncertainties for the two
lowest W bins, while for the other bins the dominant
part of the model-dependent uncertainty comes from
the filling of the empty cells.

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

Sec..
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The absolute cross section uncertainty 6<%  (AX)

due to the filling of the empty cells was calculated by

> ([55] o (55 )
- (|| -2 (@)
2 dX filled dX not filled

where the parentheses contain the difference between
the cross section values calculated with the empty
cell contributions (“filled”) and without them (“not
filled”), see also Fig.[9]

For each AX bin of the single-differential distribu-
tions, the relative uncertainty due to the unfolding
procedure was estimated by

cells
6model

(AX)

fold [%‘(]fldd_[%‘(] folded
6312)3631(AX) = [dl ece i [dl]uno < . (24)
dX Ifolded dX lunfolded

The corresponding absolute

given by
doy .
dX final

C. Systematic uncertainties

uncertainty is then

unfold
model

6unfold(AX)

model

(25)

The systematic uncertainty of the extracted cross
sections was estimated in each bin in W and Q?. The
following sources are considered to contribute to the
total systematic uncertainty.

The presence of quasi-elastic events in the dataset
facilitates the verification of both the overall cross sec-
tion normalization and the quality of the electron se-
lection. The former may lack accuracy due to poten-
tial miscalibrations of the Faraday cup, fluctuations in
the target density, and imprecision knowledge of other
parameters involved in the luminosity calculation (see
Eq. ) The quality of the electron selection in turn
may suffer from potential miscalibrations of different
detector parts, inaccuracies in the electron tracking
and identification, and uncertainties of the cuts and
corrections involved in the electron selection.

To verify the cross section normalization and the
quality of the electron selection, the quasi-elastic cross
section was estimated and compared with the Bosted
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parameterization of the quasi-elastic cross section off 1497

the deuteron [50, [5I]. This comparison indicates a
better than 5% agreement between the experimental
and parameterized cross sections and, therefore, a 5%
global uncertainty was assigned to the extracted cross
sections to account for potential inaccuracies in the
normalization and electron selection [28] [31].

In this study, the cross sections were extracted
in three sets of kinematic variables, as described in
Sec.[[VC|] The fully integrated cross sections were
found to slightly differ among the sets due to different
data and efficiency propagation to various kinematic
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grids. As a final result, integral cross sections aver-
aged (as arithmetic mean) over these three grids are
reported and the standard error of the mean is in-
terpreted as a systematic uncertainty [28, [3T]. Since
different variable sets correspond to different regis-
tered final hadrons (and, therefore, to different com-
binations of the hadron cuts), the uncertainty due to
integration over the three sets of final hadronic vari-
ables includes uncertainties due to the shapes of the
hadron cuts that were used in the analysis. The av-
erage value of this uncertainty among all W and @Q?
bins is 1.6%.

The cut on the relative efficiency uncertainty per-
formed in this study excludes entire kinematic cells
from further consideration, and therefore reduces the
total statistical uncertainty and increases the model-
dependent uncertainty of the extracted cross sections.
To achieve a compromise between these two effects,
the cut value was set to 30% (see Sec.[[IVE)). To esti-
mate the systematic effect of this cut, the fully inte-
grated cross sections were also calculated for the cut
values 25% and 35%. As a final result, the arithmetic
mean of the integral cross sections for these three cut
values is reported, and the standard error of the mean
is interpreted as a systematic uncertainty [28, B1].
The systematic effect of the relative efficiency uncer-
tainty cut was estimated for each bin in W and Q?
individually and was found to be minor, i.e. the aver-
age uncertainty value is 0.8%.

One more part of the systematic uncertainties
comes from the effective correction due to FSI-
background admixture. This correction was per-
formed for the experimental events in the 7~ missing
topology as described in Sec.[[ITE3] The fit shown in
Fig.[7] (as well as the corresponding correction factor
given by Eq. (5))) was found to be slightly dependent
on the histogram binning. To account for this un-
certainty, the correction factor was calculated for five
different histogram bin sizes, and the arithmetic mean
of these five individual values was used for the correc-
tion (for each bin in W). The absolute uncertainty of
the resulting correction factor was calculated as the
standard error of the mean. The corresponding cross
section uncertainty was estimated according to the
standard error propagation rules [28, [31]. The sys-
tematic effect of the FSI-background correction was
estimated for each bin in W and Q2 where the cor-
rection was applied. For such bins, the average value
of the relative systematic uncertainty is 0.4%.

As a common practice in studies of the double-pion
cross sections with CLAS [15], 16, 33H37, [43], a 5%
global uncertainty was assigned to the cross section
due to the inclusive radiative correction procedure
(see Sec.[VB].

The uncertainties due to these sources were
summed up in quadrature in each W and Q? bin to
obtain the total systematic uncertainty for the fully
integrated cross sections. The common value of the
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total relative systematic uncertainty %% is around 7%

(it is, however, higher near the threshold).

D. Summary for the cross section uncertainties

Finally,  the model-dependent uncertainties
seells (AX) and §'nfeld(AX) defined by Eq. and

Eq. (25), respectively, were combined with the total
statistical uncertainty d52% (AX) defined in Sec.[VI Al

as follows,

158 moa (AX) = (0517 + (3558)° + (O35
(26)
The extracted cross sections are reported with the
uncertainty 5%, .4, Which for the single-differential
distributions is given by Eq. . For the fully in-
tegrated cross sections, §5% . is obtained from the
uncertainty of the single—differential distributions ac-
cording to the standard error propagation rules. For
the majority of integral (W, Q?) points, the uncer-
tainty 052%, | q Stays on a level of 4%-6%.

For the f{llly integrated cross sections, in addition to
the uncertainty 6% .. the total systematic uncer-
tainty is also reportea as a separate quantity. If neces-
sary, the relative systematic uncertainty (¢{%) in each
W and Q? bin can be propagated as a global factor
to the corresponding single-differential distributions.

In this study, the uncertainty 6£2f, - is less than
the total systematic uncertainty for ‘the majority of
(W, Q?) points, exceeding it only for W < 1.4 GeV.
This is because the former rises near the threshold due
to small experimental statistics, large contribution of
the empty cells (see Sec., and pronounced impact
of the unfolding correction (see Sec.[V.C).

The extracted cross sections with their estimated

uncertainties are presented in Sec.[VIII]

VII. FINAL STATE INTERACTIONS

A. FSIs for v,p(n) — p'(n )t~

Hadrons produced in exclusive reactions are subject
to final state interactions (FSIs). The nature of this
phenomenon is complicated due to numerous mecha-
nisms being involved, most of which are driven by the
strong interaction [52), [53].

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

e interactions among the final hadronsﬂ and

3 Here the term “final hadrons” denotes p’, 7, and 7, which
define the reaction final state.
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e interaction of the final hadrons with the specta-
tor nucleorq]

Both FSI types can involve simple momentum ex-
changes between the hadrons, as well as far more com-
plicated processes, such as nucleon resonance excita-
tions or charge exchange.

Clearly, FSIs in conventional reactions off free pro-
tons are limited to the first type.

The reaction final hadrons are produced in one ver-
tex and after the production, they fly apart in radial
directions. The spectator neutron, which was not in-
volved in the production of the final hadrons, is lo-
cated aside from the production vertex, so that the fi-
nal hadrons can scatter off the neutron. Therefore, for
the double-pion production off protons bound in deu-
terium, FSIs with the spectator correspond to a com-
bination of proton-neutron [54} 55] and pion-neutron
scattering [56H58], and thus represent 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 in-
vestigated reaction are thought to happen elastically,
which implies that the quantum numbers of the par-
ticipating hadrons do not change and no new particles
are produced in such interactions [54].

B. Distortions due to FSIs

The two FSI types introduced above have some
kinematical distinctions from each other and their im-
pact on the extracted cross sections also differ.

First, it is important that FSIs among the final
hadrons preserve the total four-momentum of all three
final hadrons and, therefore, do not alter missing mass
distributions as long as no new particles are produced
in these interactions [31]. However, FSIs among the
final hadrons still affect the momenta of the individ-
ual particles, 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 on the level of the experimen-
tal data analysis due to the insensitivity of the miss-
ing mass distributions to this FSI type. This issue
needs to be accounted for at the level of theoreti-
cal/phenomenological cross section interpretation.

Meanwhile, FSIs with the spectator nucleon have
one distinctive difference from FSIs among the final
hadrons. Specifically, as the spectator nucleon is ex-
trinsic to the original exclusive reaction, any inter-
action with it changes the total four-momentum of

4 Here the term “spectator” denotes the neutron, which is the
spectator of the original exclusive reaction.
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the reaction final state. As a consequence, events
in which final hadrons interacted with the specta-
tor, introduce distortions into missing mass distribu-
tions [41]. These distortions reveal agglomerations of
FSlI-affected events, which allows for their separation
from the quasi-free event sample, so that the quasi-
free cross sections can be extracted (see more details
in Sec..

In this analysis, distortions due to FSIs with the
spectator neutron are clearly visible in experimen-
tal distributions of the missing quantities Px and
M)z([ﬁ_]7 where the former is defined by Eq. and the
latter is [P)’é[r]P with the P)’é[ﬂ,] defined by Eq.(3).
These distortions were found to differ in different re-
gions of the reaction phase space and also to be topol-
ogy dependent. Illustrations and further details are
given in the following subsections.

C. Comparison between the two topologies

Figure presents the M)z([w_]
the fully exclusive (left) and the 7~ missing (right)
topologies in five 100-MeV-wide bins in W. Experi-
mental FSI-affected distributions are shown in black,
while blue histograms correspond to simulated distri-
butions of pure quasi-free events. The mismatch be-
tween them therefore reveals agglomerations of events
in which the final hadron interacted with the specta-
tor neutron. The Monte Carlo simulation was per-
formed on the basis of the TWOPEG-D event gen-
erator [25], which successfully reproduces the Fermi
smearing of the missing quantities, but does not in-
clude 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 hadrons attributed to various topologies have
different kinematics and therefore different probabil-
ities 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.[[1] More details can be found in
Ref. [31].

distributions for

D. FSIs in the fully exclusive topology

To better understand the redistribution of events
with FSIs in the fully exclusive topology, experimen-
tal Px and M)Z{[ﬂ,] distributions were examined in
different slices of the final hadron momentum magni-
tudes 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 final
hadron momenta/angles.
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FIG. 11. Mf([ﬂ,] distributions for the fully exclusive (left)
and for the 7~ missing (right) topologies in five 100-MeV-
wide bins in W. The mismatch between the experimental
(black) and the simulated (blue) histograms reveals ag-
glomerations of events in which the final hadron interacted
with the spectator neutron. The distributions are normal-
ized 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.

Remarkably, some regions of the reaction phase
space were found to be completely dominated by
quasi-free events. For example, Fig.[I2] shows a good
match between the experimental (black) and the sim-
ulated (blue) distributions of the quantities Px (left)
and quﬂ_] (right) for 7~ momentum magnitudes
from 0.5 GeV to 1.4 GeV, which indicates the domi-
nance of quasi-free events in this momentum range.

Conversely, other regions of the reaction phase



1654

1655

1656

1657

1658

1659

1660

1661

1662

1663

1664

1665

1666

1667

1668

1669

1670

1671

0.5 GeV < p < 1.4 GeV

9 o 2
=] =]
3 3
0.5r 0.5
9 0.5 T 0% -02 0 02 04

P, (GeV) M (GeV?)

FIG. 12. Experimental (black) and simulated (blue) dis-
tributions of the quantities Px (left) and M3 -, (right)
for the 7~ momentum magnitude ranging from 0.5 to
1.4 GeV. The distributions are plotted for the fully exclu-
sive topology and normalized in a way that the maxima

of the main peaks are equal to one.
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FIG. 13. Experimental (black) and simulated (blue) dis-
tributions of the quantities Px (left) and Mi[w,] (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.

space were revealed to be mostly populated by events
with FSI-disturbed kinematics. Figure [13] illustrates
this effect for proton polar angles ranging from 40°
to 60°, where a large mismatch between the experi-
mental (black) and the simulated (blue) distributions
is observed, which reveals a considerable fraction of
events affected by FSI with the spectator in this kine-
matic region. More illustrations can be found in
Ref. [31].

E. FSIs in topologies with a missing hadron

In topologies with an unregistered hadron ¢, the
quantity M)Q(M is typically used for the channel iden-
tification. For reactions occurring off bound nucleons,
interactions between the final hadrons and the specta-
tor nucleon have a different impact on M)Q([i] depend-
ing on which final hadron experienced the FSI.

In general, the following three possibilities can be
distinguished for events from the topologies with an
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unregistered hadron for reactions off a proton bound
in deuterium (assuming that at most one final hadron
in an event interacted with the neutron).

1. All final hadrons in an event avoided interac-
tions with the neutron. Then this event is a
true quasi-free 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 its kinematic affiliation to the ini-
tial reaction. This does not allow for proper
reconstruction of the missing hadron four-
momentum, causing the event to contribute
to the FSI-background in the M;m distribu-

tions [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 quasi-free event.

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

VIII. EXTRACTED QUASI-FREE CROSS

SECTIONS

In Fig.[14] the W dependence of the extracted fully
integrated cross sections of the reaction ~,p(n) —
p'(n")rtn~ is shown by the black filled circles for
twelve analyzed Q2 bins. For each point, the pink
shadowed area is the total cross section uncertainty,

which is the uncertainty dir, .4 (see Sec.
summed up in quadrature with the total systematic
uncertainty (see Sec.. The error bars correspond
to the %t | uncertainty only.

For each integral cross section point, a set of nine
single-differential cross sections was obtained (as de-
scribed in Sec. [[VE|). As a typical example, Fig-
ure[15|presents the single-differential cross sections for
W = 1.5375 GeV and Q? = 0.625 GeV2. The cross
sections are reported with the uncertainty ¢

stat,mod
shown by the error bars.

The full set of extracted
single-differential cross sections is available in the
CLAS physics database [5] and also on GitHub [59].

The extracted cross sections are quasi-free, mean-
ing that the contribution from events in which the
final hadrons interacted with the spectator neutron
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FIG. 14. W dependences of the fully integrated cross sections in various bins in Q?. The pink shadowed areas show
the total cross section uncertainty, which is the uncertainty 5§§;t7mod (see Sec. ) summed up in quadrature with the
total systematic uncertainty (see Sec.. The error bars correspond to the 6;€at,mod uncertainty only. The cross section
estimation shown by the solid curves is based on the free proton event generator TWOPEG [39] (see text for more details).

is 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.[VIIB]). Also note that in this study, the initial
proton is assumed to be on-shell.

In general, the admixture of the FSI-background
left after the exclusivity cut in the 7~ missing topol-
ogy may potentially affect the shape of the extracted
single-differential distributions as it was corrected
only in an integral sense (as described in Sec..
However, as this admixture is present only for events
from the 7~ missing topology for W > 1.45 GeV
and stays there at a level of 3%-7%, its impact is
not thought to be discernible against the total cross
section uncertainty.

One more potential uncertainty source for the ex-
tracted quasi-free cross sections is the presence of
falsely identified quasi-free events in the 7~ missing
topology. Unfortunately, as true quasi-free events are
kinematically identical to those that are falsely identi-
fied, no corresponding correction to the cross section
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can be developed (see Sec.[VILE| for details).

The solid curves in Figs. and correspond
to the cross section estimation performed by means
of TWOPEG [39], which is the event generator for
double-pion electroproduction off free protons. This
event generator currently provides the best estimation
of the free proton cross sections in the investigated
kinematic region.

The cross section approximation implemented into
the TWOPEG event generator is based on the meson-
baryon reaction model JM [I2HI4]. The generator
employs the five-differential structure functions from
the recent version of the JM model fit to the exist-
ing CLAS results on double-pion photo- and electro-
production off free protons [I3, 34, 36, 48]. In the
kinematic areas already covered by the CLAS data,
TWOPEG performs the interpolation of the model
structure functions and successfully reproduces the
available fully integrated and single-differential cross
sections. In the areas not yet covered by the CLAS
data, special extrapolation procedures were applied
that included additional world data on the fully inte-
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grated photoproduction cross sections [60} [61].

For the purpose of this comparison, the cross sec-
tion distributions obtained by TWOPEG were nor-
malized to integrally match the quasi-free cross sec-
tions extracted in this study.

Figures[14]and [T5]indicate that apart from the over-
all integral scaling, the free proton cross sections may
serve as an adequate zeroth-order approximation for
the quasi-free cross sections off protons in deuterium.
More elaborate insight into the interpretation of the
extracted quasi-free cross sections is given in the next
section, which presents their comparison with the free
proton measurements from Refs. [I5], [16].

IX. COMPARISON WITH THE FREE
PROTON MEASUREMENTS

This study benefits from the fact that the cross sec-
tions of the same exclusive reaction off free protons
have been recently extracted from CLAS data [15] [16].
These free proton measurements were performed un-
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see text for more details).

der the same experimental conditions as in this study,
including the beam energy value and the target setup.
For the majority of integral (W, Q?) points, the statis-
tical uncertainty combined with the model-dependent
uncertainty is at a level of 1%-3% for the free proton
cross sections and at a level of 4%-6% for the cross
sections obtained in this study. Both measurements
have identical binning in all kinematic variables and
similar inherent systematic inaccuracies. Therefore,
a direct comparison of the cross sections extracted in
this study with their free proton counterparts from
Refs. [15] [T6] provides the experimentally best possi-
ble opportunity to explore distinctions between the
m+ 7~ electroproduction off protons in deuterium and
the corresponding reaction off free protons.

This section compares the two cross section sets and
examines the difference between them over the entire
reaction phase space. In this investigation, only the
statistical and model-dependent uncertainties of the
two measurements were considered, while the system-
atic effects were assumed to cancel out.

Figure [16] presents the ratio of the fully integrated
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FIG. 16. Ratio of the fully integrated quasi-free cross sections obtained in this study over the free proton cross sections
from Refs. [15] [16]. The red curves correspond to the polynomial fit. The dashed line marks the value of 0.75.

quasi-free cross sections obtained in this study over
the free proton cross sections of Refs. [15] [16]. The
ratio was fit with a fourth-order polynomial. The
dashed line marks the value of 0.75.

As seen in Fig.[T6] 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 threshold, 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 and the free proton
study [I5], 16]. Rows from top to bottom correspond
to My n+, My+r—, and M-, respectively. The ra-
tios were obtained individually for each (W, Q?) point
and then averaged over Q2 to decrease the resulting
uncertainties. The kinematic broadening of the invari-
ant mass distributions with W (illustrated by Eq.
in Sec. and the consequent nonidentical distri-
bution of data points in different W bins does 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.[I7] the cross section ratio demon-
strates different consistent patterns for the three in-
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variant mass distributions. For M, .+ (top row), it
gives a rise near the left distribution edge, then grad-
ually drops towards the right edge, featuring a small
plateau in the middle. For M +,- (middle row), the
situation is different, i.e. the cross section ratio shows
a pronounced drop of up to ~40% at the left edge,
then rises abruptly up to ~75% and stays on this con-
stant level further on. For the third invariant mass,
M, -, (bottom row), the ratio continuously and al-
most linearly grows from ~60% at the left edge to
~100% at the right.

Figure[18| presents the ratio of the angular distribu-
tions from this study and the free proton study [I5]
16]. The first row shows the 60,, .-, and 6,+ dis-
tributions, while the second row shows the a;/, ar_,
and o4 distributions, respectively. The ratios were
obtained individually for each (W, Q?) point and then
averaged over W and Q2 to minimize the resulting un-
certainties. The red curves correspond to polynomial
fits and the dashed line marks the value of 0.75.

As seen in Fig.[I8] the behavior of the cross sec-
tion ratio differs for various angular distributions. Its
dependence on hadron polar angles appears to be of
the most interest. For 6, (top left plot), the ratio
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starts from ~70% at small angles, grows up to ~75%
at 50°, and further stays on a distinct plateau up to
120°, showing then a mild rise up to ~80% at back-
ward angles. For 6,.- (top middle plot), the ratio stays
at ~75% at small angles, then grows up to ~80% giv-
ing a broad peak at around 100°, and drops down to
~T70% at backward angles. For the third polar angle
(6++), the ratio value maintains on the level of ~75%
all the way through around 120°, then peaks up to
more than 80% at 150°, and finally shows a steep
drop.

Note that the conventional free proton cross sec-
tions represent all reaction events, while the cross sec-
tions extracted in this study are quasi-free (up to the
accuracy with which quasi-free events can be kine-
matically isolated) and hence do not include contri-
butions from events in which final hadrons interacted
with the spectator neutron. The latter events there-
fore 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 spectator neutron for the reaction off pro-
tons in deuterium. From Figs. and one
can conclude that the contribution from such events
to the total number of the reaction events varies from
~60% to a few percent in different regions of the re-
action 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 example from possible modifications
of nucleons and their excited states inside the nuclear
medium [6H8, 17, [18]. To make any conclusions on this
matter, a further more comprehensive investigation is
needed, which should employ a theoretical interpreta-
tion of the obtained cross section ratios.

X. CONCLUSIONS

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

The fully integrated and single-differential cross
sections of the reaction ,p(n) — p'(n’)rT7~ have
been obtained for the first time. The measurements
were performed in the kinematic region of the
invariant mass W from 1.3 GeV to 1.825 GeV and
photon virtuality @2 from 0.4 GeV? to 1.0 GeVZ.
The results benefit from fine binning in all kinematic
variables, small statistical uncertainties, and modest
model dependence. The extracted cross sections are
quasi-free, meaning that the admixture of events in
which the final hadrons interacted with the spectator
neutron is reduced to the kinematically achievable

1912

1913

1914

1915

1916

1917

1918

1919

1920

1921

1922

1923

1924

1925

1926

1927

1928

1929

1930

1931

1932

1933

1934

1935

1936

1937

1938

1939

1940

1941

1942

1943

1944

1945

1946

1947

1948

1949

1950

1951

1952

1953

1954

1955

1956

1957

1958

1959

1960

1961

1962

1963

1964

1965

1966

27

minimum. The whole set of the obtained cross
sections is available in the CLAS physics database [5]
and also on GitHub [59].

Due to the Fermi motion that initial protons
undergo in deuterium nuclei, this study encountered
a set of peculiarities, which were not relevant for
free proton studies. Effects of the initial proton
motion turned out to be intertwined with many
analysis aspects: they lead to the smearing of some
kinematic quantities, alter the common procedure of
the Lab to CMS transformation, cause the need to
perform an unfolding correction to the extracted
cross sections, and more [25], 28, B1]. To deal with
these issues, special methods and techniques were
developed, which go beyond the conventional anal-
ysis framework elaborated in previous free proton
studies [15, [16], B3H37, [43], 48].

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

The paper also presents the comparison of the
obtained cross sections with the corresponding free
proton cross sections recently extracted from CLAS
data [I5, [16]. 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 comparison
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%. This
comparison also opens an opportunity to explore
other potential reasons that may contribute to the
difference between the cross section sets, which in-
cludes possible in-medium modifications of properties
of nucleons and their excited states [6H8] 17, [I8].
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