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● The nuclear photoproduction cross section measured off nuclei (per nucleon) 
turns out to be less pronounced and damped in strength compared with the free 
proton cross section. A similar effect is observed in the behavior of the nucleon 
structure function F2 , which shows moderate damping and flattening for the 
deuteron and completely loses its structure, when measured off carbon [1]. 

Exclusive Reactions off Nucleons in Nuclei

● By now exclusive reactions off free protons have been studied in considerable detail, while experimental information on reactions occurring off 
nuclei is scarce and mostly limited to inclusive measurements of total nuclear photoproduction cross sections and nucleon structure function F2.

● Information on exclusive reactions off bound nucleons is crucial, since various exclusive 
channels have different energy dependencies and different sensitivity to reaction mechanisms.

[1] M. Osipenko et al., Phys. Rev. D67 (2003) 092001, Phys.Rev.C 73 (2006) 045205, Nucl.Phys.A845 (2010) 1.



 3

● Fermi motion of the initial proton with the following consequences.

● Smearing of kinematic quantities (W, missing mass, etc.).

● Different procedure of lab-to-cms transformation.

● A moving proton experiment with fixed beam energy is equivalent to the proton at rest experiment with 
varying beam energy.

●  Final State Interactions (FSI) between the reaction final hadrons and the spectator neutron. 

●  Off-shellness of the initial proton.

●  Possible modifications of reaction amplitudes.

Differences from Reactions off Free Protons
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● The Drift Chambers (DC) perform the particle tracking, 
allowing the determination of the particle momentum from 
the curvature of its trajectory.

● The Cerenkov Counters (CC) serve the dual function of 
triggering on electrons and separating electrons from pions.

● The Time-of-Flight system measures the time when a 
particle hits a TOF scintillator, thus allowing for the 
determination of its velocity. 

● The Electromagnetic Calorimeter (EC) performs 
triggering on and detection of electrons as well as detection 
of photons and neutrons.

[2] B. A. Mecking et al., Nucl. Inst. Meth., Vol. A503, pp. 513-553, 2003.

A schematic top view of the CLAS detector cut along the beam line [2].
The experiment was conducted at JLab Hall B with the CLAS 
detector [2], a 2-cm-long liquid deuterium target, and 2.039 GeV 
electron beam.

Experiment 
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Selection of Double-Pion Events 

The analysis employs the standard event selection framework established in numerous CLAS data analyses [3].

Electron candidates are defined as the first in time particle that gives signals in all four parts of the CLAS detector (DC, CC, TOF, and 
EC). To select hadron candidates, signals only in two sub-detectors (DC and TOF) are required. The particle candidates are then subject 
to further detailed selection with the following main components.

● Electron identification is performed via the set of cuts in the EC and CC.
● Hadron identification is performed based on the TOF information.
● Momentum corrections are applied to electrons and protons.
● Exclusivity cuts ensure the final channel identification and isolation of quasi-free events.

[3] Iu. Skorodumina et al., CLAS-Analysis-2021-102 (CLAS-Note-2021-002).
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Exclusivity Cuts in the Presence of Fermi Smearing and FSI

For picking out an exclusive reaction, one needs to register the scattered electron and either all final hadrons or all except one. This 
allows to distinguish between several reaction topologies based on the combination of registered/unregistered hadrons.

● π –-missing topology (~70% of analyzed statistics)  the main analysis topology.
● Fully exclusive topology (~10% of analyzed statistics)  the complementary topology.

                   

Quasi-free
FSI

  

Quasi-free

FSI

In each topology, exclusivity cuts are 
performed to isolate the channel and 
select quasi-free events.

Exclusivity cuts are complicated by 
the Fermi smearing and FSI. 

Black curve – data, blue curve – simulation.
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In this study, the Monte Carlo simulation has been performed using TWOPEG-D, which is an event generator for the double-pion 
electroproduction off a moving proton [4]. The momentum of the initial proton is generated according to the Bonn potential [5].

In the analysis TWOPEG-D [4] was successfully used
 

✔ to estimate the detector efficiency,
✔ to fill the cells with zero acceptance, and
✔ to correct for the effects of the proton motion.

Monte Carlo Simulation with TWOPEG-D 

Black curve – data, blue curve – simulation with TWOPEG-D.

TWOPEG-D successfully reproduces the Fermi 
smearing of experimental missing mass and 
momentum distributions of quasi-free events.

FSI

Quasi-free

[4] Iu. A. Skorodumina et al., CLAS12-Note-2017-014, arXiv:1712.07712.
[5] R. Machleidt, K. Holinde, and C. Elster, Phys. Rept., Vol. 149, pp. 1-89, 1987.



8

Quasi-free integral and single-differential cross sections of the reaction γv p(n)  p'(n')π+ π – have been extracted.
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● Filling kinematic cells with zero acceptance.
● Radiative correction.
● Unfolding the effects of the proton motion.
● Correction for binning effects.

Before (orange) and after (blue) the unfolding correction.

Reciprocal of the radiative correction factor.

Contribution from the empty 
cells ignored (squares) and 
taken into account (circles).
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● Statistical uncertainties:
✔ due to the experimental statistics,
✔ due to the Monte Carlo statistics.

● Model dependence uncertainties:
✔ due to the filling of the cells with zero acceptance,
✔ due to the unfolding the effects of the proton motion.

● Systematic uncertainties

Combined are on a 
level of 4%-6%.
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Black symbols – extracted quasi-free integral 
cross sections.

Error bars correspond to the combination of the 
statistical and model dependence uncertainties.

Pink shadowed areas correspond to the total 
uncertainty, which is the combination of the 
statistical, model dependence, and systematic 
uncertainties.

Curves – cross section estimation based on the 
free proton event generator TWOPEG [6] 
(normalized).

[6] Iu. Skorodumina et al., CLAS12-NOTE-2017-001 (2017), arXiv:1703.08081.
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For each integral cross section point, the set of
single-differential cross sections has been obtained.

W = 1.5375 GeV and Q2 = 0.625 GeV2
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Quasi-free events are those events, in which all final hadrons 
manage to avoid interactions with the spectator neutron.

Quasi-free regime Final State Interactions (FSI)

Interactions with the spectator neutron alter the momenta 
of the final hadrons and disturb the reaction kinematics.   



 14

●  Kinematic probing of FSI

Examines redistribution of events with FSI along the reaction phase space, traces FSI manifestations in different reaction 
topologies, and retrieves information on some underlying interaction mechanisms.

● Comparison of the extracted quasi-free cross sections with the cross sections off free protons

Provides a condition-independent estimation of contribution from events with FSI to the total number of reaction events along the 
entire reaction phase-space.
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The spectator neutron is extrinsic to the original exclusive reaction, and therefore any interaction with it breaks the energy-momentum 
conservation imposed on the reaction particles. As a consequence, FSI with the spectator neutron introduce disturbances to the 
distributions of missing quantities. 

Black curve – data, blue curve – simulation with TWOPEG-D.

Quasi-free

FSI

                   

Quasi-free FSI

  

Mismatch between the 
experimental and 
simulated distributions 
reveals agglomerations 
of events with FSI.
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● The probability to interact with the spectator neutron is higher for slower final hadrons.

● Final hadrons involved in FSI change their momentum. It is noteworthy that both momentum loss and gain for affected hadrons are 
in general possible.

● Hardware threshold on the minimal detectable hadron momenta affects registration of hadrons involved in FSI. Depending on the 
momentum alteration due to FSI, a hadron can fall above/below the threshold.

Relative spread of events with FSI in different slices of the proton momentum.
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● A relative excess of events with FSI is expected with increasing hadron polar angle because in the acceptance of the CLAS detector 
the region of large polar angles corresponds mostly to low-momentum hadrons.

● Torus magnetic field affects the registration of hadrons involved in FSI. Depending on the momentum alteration due to FSI, a hadron 
could be bent into different angels.

Relative spread of events with FSI in different slices of the proton polar angle.
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● For all final hadrons, the fraction of events with FSI is maximal in the regions of low momentum and large polar angles. As the momenta grow 
and the polar angles decrease, the relative contribution of events with FSI declines with the decline rate being different for different final 
hadrons. The maximal and minimal observed values of the relative FSI contribution also differ among the final hadrons.

● The fraction of events with FSI is strongly correlated with the proton kinematics, giving steep rises in the low-momentum region as well as in 
the region of large polar angles. The correlation with the pion kinematics is mild.

● In the regions of the π – momentum > 0.5 GeV and 
the π – polar angle < 40°, the event sample is 
dominated by quasi-free events.

● In the regions of the proton momentum < 0.5 GeV 
and the proton polar angle > 45°, the event sample 
is dominated by events with FSI.

Black curve – data, blue curve – simulation.
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FSI probability differs for hadrons attributed to various 
topologies due to their non-identical geometrical acceptance. 
Therefore FSI manifestations are topology dependent.

Fully exclusive topology

π- missing topology

Black curve –  data, blue curve – simulation.
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The quantity M2
X  

reflects only information on FSI of each of the two registered final hadrons, while the information on FSI of the 
unregistered hadron is not used in the calculation of M2

X
.

          isolates pn and π+n FSI.       

● All final hadrons in an event avoid FSI with the neutron. 
This is a true quasi-free event.

● The unregistered hadron avoids FSI, while one of the 
registered hadrons interacts with the neutron. This event 
contributes to the FSI-background.

● The unregistered hadron interacts with the neutron and the 
registered hadrons avoid FSI. Such an event then 
kinematically mimics a quasi-free event. This is a false 
quasi-free event.

Black curve – data, blue curve – simulation.

Presence of falsely defined quasi-free events is inevitable for any topology 
with a missing hadron in reactions off bound nucleons.
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● The performed examination is capable of retrieving information on some underlying FSI mechanisms, among which the process of 
resonance formation in the intermediate state of pion-neutron interactions is particularly remarkable.

● To check the presence of an unstable particle in the intermediate state, invariant mass distributions can be of use. If the particles involved 
in the invariant mass calculation are the decay products of an unstable particle, then the invariant mass distribution acquires a peak at the 
unstable particle mass.

Black curve – data.

Blue curve – regular simulation.

Green curve – simulation with 
phase-space distributions of 
kinematic variables.

where       is the four-momentum of the 
spectator neutron calculated as missing 
under the target-at-rest assumption.

Pion-neutron FSI willingly evolve through formations of resonances, including those from the second resonance region.
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● Registration of events affected by FSI depends on experimental conditions, as for instance, the hardware threshold on the 
minimal detectable hadron momenta or the torus magnetic field. Therefore, any quantitative estimations of the contribution 
from FSI events made from event yields are not informative.

● An informative quantitative estimation of the contribution from events with FSI to the total number of reaction events can be 
performed through a comparison of the extracted quasi-free cross sections with the free proton cross sections as the difference 
between them is mostly due to the FSI between the final hadrons and the spectator neutron.  
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● This study benefits from the fact that the corresponding cross sections of the same exclusive reaction off free protons have been recently 
extracted from CLAS data [7].

● The free proton measurements [7] were performed under the same experimental conditions as in this study. Both measurements hence have 
identical binning in all kinematic variables and similar inherent systematic inaccuracies.

● A comparison between the two cross section sets represents the experimentally best possible opportunity to explore distinctions between 
the π+ π− electroproduction off protons in deuterium and off free protons.

[7] Phys. Rev., vol. C98, no. 2, p. 025203, 2018,  arXiv:1804.05136.

G.V. Fedotov, Iu. A. Skorodumina, V.D. Burkert, R.W. Gothe, K. Hicks, V.I. Mokeev, and others (The CLAS Collaboration)
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Black symbols – ratio of the extracted quasi-free 
integral cross sections over the free proton cross 
sections.

Error bars correspond to the combination of the 
statistical and model dependence uncertainties. 
The systematic effects are assumed to cancel out.

The dashed lines mark the value of 0.75.

Red curves – polynomial fit.

The cross section ratio is on the 
level of 70%-75%.

Ratio of integral cross sections.



 25

Black symbols – ratio of the extracted invariant 
mass distributions over their free proton analogues.

Error bars correspond to the combination of the 
statistical and model dependence uncertainties. 
The systematic effects are assumed to cancel out.

The dashed lines mark the value of 0.75.

Red curves – polynomial fit.

Ratio of invariant mass distributions.

p π+

 π + π −

π− p The cross section ratio is on the 
level of 70%-75%.
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Ratio of angular distributions.

Black symbols – ratio of the extracted angular 
distributions over their free proton analogues.

Error bars correspond to the combination of the 
statistical and model dependence uncertainties. 
The systematic effects are assumed to cancel out.

The dashed lines mark the value of 0.75.

Red curves – polynomial fit.

θ

α

The cross section ratio is on the 
level of 70%-75%.
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The difference between the two cross section sets originates mainly from FSI between the final 
hadrons and the spectator neutron for the reaction off protons in deuterium.

The performed comparison allows to estimate the contribution from events with FSI to the total 
number of reaction events, which was found to vary from 60% to a few percent in different regions ∼60% to a few percent in different regions 
of the reaction phase-space. However, in most parts of the phase-space it maintains a level of 25%.∼60% to a few percent in different regions 
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A thorough exploration of the process of charged double-pion electroproduction off protons bound in deuterium nuclei has been 
performed, delivering the following results.

● Quasi-free integral and single-differential cross sections have been extracted. The cross section extraction analysis has 
undergone CLAS Collaboration Review by the Hadron Spectroscopy Working Group committee and been approved.

● Effects of the initial proton motion and their influence on different analysis aspects have been explored in detail. The set of 
related special methods and techniques has been developed, which enrich the conventional analysis framework elaborated in 
numerous free proton studies.

● A kinematic probing of Final State Interactions (FSI) between the reaction final hadrons and the spectator neutron has been 
performed that examines redistribution of events with FSI along the reaction phase space, traces FSI manifestations in different 
reaction topologies, and retrieves information on some underlying interaction mechanisms.

● Extracted cross sections have been compared with the analogues cross sections off free protons. The comparison allows to 
estimate  the contribution from events with FSI to the total number of reaction events, which was found to be on a level of 25%.

● A paper, which is to be submitted to PRC, is currently undergoing ad-hoc review. 
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Thank you!



 30

● Yu. Skorodumina et al., “Investigating of the exclusive reaction of π+π- pair electroproduction on a proton bound in a deuteron”, Bull. 
Russ. Acad. Sci. Phys., vol. 79, no. 4, pp. 532-536, 2015. [Izv. Ross. Akad. Nauk Ser. Fiz.79,no.4,575(2015)].

● Iu. A. Skorodumina et al., “Nucleon resonances in exclusive reactions of photo-and electroproduction of mesons”, Moscow Univ. 
Phys. Bull., vol. 70, no. 6, pp. 429-447, 2015. [Vestn. Mosk. Univ.,no.6,3(2015)].

● Iu. Skorodumina, G. V. Fedotov, et al., “TWOPEG: An Event Generator for Charged Double Pion Electroproduction off Proton”, 
CLAS12-NOTE-2017-001, 2017, arXiv:1703.08081.

● Iu. Skorodumina, G. V. Fedotov, and R. W. Gothe, “TWOPEG-D: An Extension of TWOPEG for the Case of a Moving Proton Target”, 
CLAS12-NOTE-2017-014, 2017, arXiv:1712.07712.

● Iu. Skorodumina, G. V. Fedotov, and R. W. Gothe, “Testing Parameterizations of the Deuteron Quasi-Elastic Peak”, CLAS12-NOTE-
2019-003, 2019, arXiv:2003.02337.

● Iu. Skorodumina, G. V. Fedotov, and R. W. Gothe, “Peculiar features of missing mass distributions in studies of exclusive reactions”, 
CLAS12-NOTE-2021-002, 2021.
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● Exclusive reactions of meson photo- and electroproduction off protons are a 
very powerful tool for the investigation of nucleon structure and the principles 
of strong interaction.

● Studies of exclusive reactions are performed all over the world and include the 
extraction of various observables through the analysis of experimental data as 
well as subsequent theoretical and phenomenological interpretations of the 
extracted observables.

● The double-pion electroproduction channel opens at the double-pion production 
threshold at W ≈ 1.22 GeV, contributes significantly to the total inclusive cross 
section for W ≤ 1.6 GeV, and starts to dominate all other exclusive channels for 
W ≥ 1.6 GeV.

● The channel is sensitive to the manifestation of nucleon resonances above the 
∆(1232) as most of them have a considerable branching ratio to the Nππ final 
state, especially those with masses above 1.6 GeV, which are known to decay 
mostly by the emission of two charged pions.

Exclusive Reactions off Protons

Yields of various exclusive channels of meson 
electroproduction off protons measured wth CLAS. 

Total yield
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Exclusivity Cut in the Fully Exclusive Topology

Cut P
x
 = 0.2 GeV selects quasi-free events.

After the cut.

Black curve – data, Blue curve – simulation (FSI not included).

FSI
Quasi-free
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Exclusivity Cut in the π –-Missing Topology

Black histogram – experimental data, Blue histogram – simulation, Purple histogram – their difference. Green curve – fit to the 
simulation, Purple curve – fit to the difference, Red curve – their sum.

The corresponding correction factor
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Double-Pion Kinematics 
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Due to blind areas in the geometrical coverage of the CLAS detector, some kinematic bins of the double-pion production 
phase-space turned out to have zero acceptance. In such bins, which are usually called empty cells, the cross section cannot 
be experimentally defined. The empty cells contribute to the cross section integrals along with the other kinematic bins. 
Ignoring the contribution from the empty cells leads to a systematic cross section underestimation.

The contribution from the empty cells is ignored – empty squares,  taken into account  – black circles.
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Smearing of the Reaction Invariant Mass (W)

W
f

W
i

Experimental event yield in
the fully exclusive topology

● W
f 
 is better suitable for the cross section extraction, but it is not 

available in the π- missing topology

● The cross section is therefore binned in W
i
 and hence is folded 

with the effects of the initial proton motion

● The corresponding cross section inaccuracy is corrected 

● The correction is based on the Monte Carlo simulation 

● The multi-dimensional  correction factor is estimated as
 

 N
rest

 – from TWOPEG off protons at rest

N
moving

 – from TWOPEG-D off moving protons 

(target-at-rest assumption)
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Phys. Rev., vol. C98, no. 2, p. 025203, 2018,  arXiv:1804.05136.

G.V. Fedotov, Iu. A. Skorodumina, V.D. Burkert, R.W. Gothe, K. Hicks, V.I. Mokeev, 
and others (The CLAS Collaboration)

 The same experimental conditions: beam energy of 2.039 GeV, 2-cm-long liquid hydrogen target, “e1e” run period.
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● The quantity P
X
 incorporates information on FSI of each hadron type (p, π+, and π –). 

● The quantity M2
X  

absorbs only information on FSI of each of the two registered final hadrons, while the information on 
FSI of the unregistered hadron is not used in the calculation of M2

X
.

● This remarkable feature offers the opportunity of isolating FSI contributions from various pairs of final hadrons 
considering the missing masses related to the corresponding third hadron.

          isolates pn and π+n FSI       isolates pn and π –n FSI isolates π+n and π –n FSI
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