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Abstract Exclusive meson photoproduction off deuteron is a great tool to study final-state interactions (FSI)
between the hadrons produced in the scattering of the incident photon off one of the target nucleons and the
spectator nucleon. FSI in the reaction γ d → K+Λn allow to access the dynamics of Λn elastic scattering
and provide a method of studying the hyperon-nucleon (Y N ) interaction. Also, as deuteron is often used as
a neutron target, FSI contribute to the reaction dynamics in addition to the quasi-free mechanism and their
understanding is critical for the estimate of observables off the free neutron. Here we show preliminary results
for beam-helicity asymmetries for the reactions γ d → K+Λn and γ d → pπ+π−n and their evolution over
the spectator-nucleon momentum. The data were obtained with the CEBAF Large Acceptance Spectrometer at
Thomas Jefferson National Accelerator Facility (JLab). We show how to kinematically select an event sample
dominated by a specific FSI mechanism. We also discuss a method to extract polarization observables for
photoproduction off the free nucleon using the helicity asymmetries for reactions off the deuteron.

1 Introduction

The deuteron is an excellent experimental laboratory to study interesting physics by providing access to reaction
mechanisms such as elementary scattering reactions off the bound nucleon (see Fig. 1 left) and second-step
rescattering (see Fig. 1 middle). The former is widely used to study production off the bound neutron, while
the second allows studying scattering of shortly lived particles (beams or targets of which do not exist or
are difficult to produce) off the nucleon. Exclusivity is critical as the knowledge of the four-momenta of all
final-state particles makes it possible to select an event sample dominated by QF events (events where the
spectator nucleon has momentum that is low compared to the nucleon Fermi momentum in deuteron) and an
event sample dominated by final-state-interaction events (with a high-momentum spectator). Then, one can
extract observables from the quasi-free sample (QF observables) and from the FSI sample (FSI observables).

Exclusive meson photoproduction off the neutron is important for the research of the excited nucleon
spectrum and the search for missing resonances as some resonances are predicted to couple strongly to the
neutron. Extracting observables for production off the free neutron from quasi-free deuteron data however, is
not without challenges as the neutron in the deuteron is bound, the kinematics of some QF events is modified
due to FSI, and high-momentum spectator events are not included in the QF sample. This is typically remedied
by applyingmodel-dependent corrections to theQF observables. FSI in hyperon photoproduction are important
for the research of the hyperon-nucleon interaction due to the contribution of Y N rescattering to the reaction
dynamics. Extracting information about the Y N amplitude using FSI observables is model dependent, as
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Fig. 1 Left A diagram representing the QF mechanism contributing to exclusive meson photoproduction off deuteron. The final-
state hadrons are produced in the scattering of the incoming photon off one of the bound nucleons. The other nucleon acts as
a spectator. Middle An example of a FSI mechanism. One of the particles produced in the first-step process scatters off the
second bound nucleon. Right Blue histogram experimental event distribution over neutron-spectator momentum, Pn , for the
γ d → K+Λn reaction. Black histogram simulated event distribution of final-state interaction events for the same reaction.
Green histogram simulated QF event distribution for the same reaction modeling the np interaction in the deuteron with the Paris
potential [1]. Red curve fit to the experimental data with the simulated QF and FSI histograms. The fit allows to determine the
scaling factors of the QF and FSI histograms

one needs to model the QF process and other mechanisms contributing to the FSI sample. The question we
address in this work is whether the model dependence of the interpretation of QF and FSI observables in terms
of the physics of interest can be reduced using experimental information and to demonstrate some relevant
experimental techniques.

2 Experimental Results and Discussion

The studies presented here use data collected in the E06-103 experiment [2], which took place in Hall B at
JLab. Circularly-polarized tagged real photons with energies from 0.5 to 2.5GeV were incident on a 40-cm-
long liquid deuterium target. For the γ d → K+Λn reaction, the K+ and the charged products of the Λ
decay, p and π−, were detected with the CEBAF Large Acceptance Spectrometer (CLAS) and the neutron
was reconstructed using four-momentum conservation. For the γ d → pπ+π−n reaction, p, π+, and π−
were detected and the neutron was reconstructed using four-momentum conservation. The QF mechanism in
Λ production is γ (p) → K+Λ, whereas the QF mechanism in two-pion production is γ (p) → pπ+π−.
Since the neutron was not directly measured, its momentum is referred to as missing momentum.

Figure 1 right shows the experimental missing-momentum distribution for Λ production. The distribution
peaks at around 50MeV/c, which is consistent with the Fermi momentum distribution calculated using the
Paris potential. The experimental and the Fermi momentum distributions begin to diverge from each other
at about 200MeV/c, above which value the data show more strength. This is attributed to FSI contributions.
We construct the QF sample to contain only events with Pn < 200MeV/c, whereas the FSI sample contains
only events with Pn > 200MeV/c.1 This experimental selection yields a QF sample that contains about 99%
QF events and about 1% FSI background and a FSI sample containing about 70% FSI events and about 30%
QF background. QF and FSI observables are typically extracted from the corresponding sample by averaging
over the spectator momentum, i.e. by averaging over the target-nucleon momentum since the spectator and the
target nucleons have momenta of the same magnitude. In order to study the effect of this averaging, we extract
helicity asymmetries for the reaction γ d → pπ+π−n and the Λ polarizations for the reaction γ d → K+Λn
as a function of target-protonmomentum.We then compare the value of each observable obtained by averaging
over the target-nucleon momentum range (0, 200) MeV/c with the value at spectator momentum of 0MeV/c
(free-proton point) obtained by linear extrapolation to that value. The extrapolation provides amethod to obtain
a more accurate estimate of the observables for scattering off the free proton from the data off the bound proton.
The spectator momentum evolution of one helicity asymmetry and the Λ polarizations are shown in Fig. 2 left
and right, respectively.

The distributions show clearly that the magnitude of each polarization observable decreases as the proton
momentum increases. This is expected since FSI dilute the polarizations. The shape of themomentum evolution

1 The FSI sample can be selected by cutting even higher in missing momentum. A preliminary study of the effect of the cut
on the FSI observables showed a very weak dependence on the cut value. Thus, we chose to keep it at its lowest reasonable value
of 200MeV/c.
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Fig. 2 Left Helicity asymmetry, a1, for the reaction γ d → pπ+π−n as a function of target proton momentum, pp , for several
kinematic bins. The asymmetry is obtained by fitting Fourier series

∑3
k=1 ak sin kϕ + ∑3

k=0 bk cos kϕ to the ϕ distribution of

the experimental asymmetry Aexp(ϕ) = 1
Pγ

N+−N−
N++N− , where Pγ is the photon polarization and N+ and N− are the reaction

yields obtained by photons with positive and negative helicity, respectively. ϕ is the angle between the plane defined by the
center-of-mass (c.m.) 3-vectors of the final-state p and π+ and the plane defined by the c.m. 3-vectors of the photon and the
target proton. The fits yield that all cosine terms in the series are consistent with zero. The kinematic binning variables are the
total c.m. energy, W , and the polar angle between the π+ c.m. 3-vector and the Z axis (which points in a direction opposite to
the direction of the π− c.m. 3-vector). The asymmetries are obtained by C. Nickle. Right Evolution of the Λ polarizations with
target-proton momentum, pp , in the reaction γ d → K+Λn. The quantization axes are defined as follows: ẑ = pγ

|pγ | , ŷ = pγ ×pK
|pγ ×pK | ,

and x̂ = ŷ × ẑ, where pγ and pK are the photon and the kaon 3-vectors, respectively. Thus, Cx and Cz are the polarization
transfers from the circularly-polarized photon to the Λ along the X and the Z axis, respectively, whereas Py is the Λ induced
polarization. θKCM is the c.m. 3-vector of K+. The data are obtained by T. Cao

and the rate of change with momentum however, is different for different observables and different kinematics.
The specific shape of the evolution over the range from 0 to 200MeV/c determines how much a weighted
average differs from the extrapolated value to the free-proton point. For the helicity asymmetry for two-pion
photoproduction, this difference varies from 5 to 15%, depending on the kinematic bin. For theΛ polarizations
in K+Λ photoproduction, the difference varies from 0.5 to 46%. The latter large value is observed for Cx
at 0.9 < Eγ < 1.3GeV and 0 < cos θKCM < 0.5 and is due to the very steep linear increase of Cx as the
proton-target momentum increases.

These results suggest that the shape of the evolution of the polarization observables for exclusive photo-
production off the bound nucleon in deuteron with target nucleon momentum is important for the estimate
of the observables off the free nucleon and needs to be taken into account whenever the available statistics
allows it. Selecting QF events with small target-nucleon momentum, such as <200MeV/c, and disregarding
the momentum dependence can yield an estimate that is biased compared to the estimate obtained by extrap-
olation to the free-nucleon point of 0MeV/c. Further studies with simulated data should allow for a better
understanding of this effect.

When a specific FSI in a photoproduction reaction is of interest, as in the case ofΛn elastic scattering in the
reaction γ d → K+Λn, it is benefitial to explore the extent to which available experimental information can
be used to select an event sample dominated by that specific FSI. As discussed previously, removing events
with low target-nucleon momentum yields an event sample dominated by FSI. In such a sample, however,
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Fig. 3 Left Coordinate axes and angle definitions, and the helicity asymmetry b as a function of c.m. angle for FSI events. The
experimental yield asymmetry, AY (ϕCMS), was determined from reaction yields obtained with photons of positive and negative
helicity as described in the caption of Fig. 2. Right Top Distribution of QF events over Δp∗

Λ versus ΔpK , where the former is
the difference between the measured Λ c.m. momentum and the one calculated from Eγ and the Λ lab-system (l.s.) polar angle
assuming the Λ was produced in the elementary γ p → K+Λ mechanism off a proton at rest, and the latter is the difference
between the measured kaon l.s. momentum and the one calculated from Eγ and the K+ l.s. polar angle assuming the K+ was
produced in the elementary γ p → K+Λ mechanism off a proton at rest. The figures and data are produced by W. Xiong

events produced by the FSI of interest are mixed with events produced by any other FSI that lead to the same
final state. We have studied the use of helicity asymmetries and kinematic constraints for the γ d → K+Λn
reaction to identify phase-space regions where the Λn FSI is dominant. Preliminary results of these studies
are shown in Fig. 3.

In order to see if theΛn rescattering causes large helicity asymmetries, we determine the latter by placingΛ
and n in the same plane. The asymmetry b suggests a large effect atΛ c.m. angle of about 60◦. It is interesting to
observe an increase of the asymmetry at kaon c.m. angle of about 60◦ when the kaon and the neutron are placed
in a plane. When K+ andΛ are placed in a plane (to search for large effects due to pion-mediated production),
no significant structures are observed. Alternatively, one can study signatures of events produced in the two-
step scattering shown in Fig. 1, by assuming both elementary mechanisms occurred on target nucleons at rest
and checking if the 3-vectors of the final-state strange particles obey two-body kinematics. One expects, that
K+ will be consistent with two-body kinematics of the γ p → K+Λ reaction, whereas Λ will be inconsistent.
As shown in Fig. 3, the test distributions exhibit visible enhancements compatible withΛn and K+n FSI when
the neutron momentum is large (above 0.5GeV/c). Further investigation with simulated data and a realistic
event generator should allow to explore in more depth the helicity asymmetries and the kinematic method of
identifying specific FSI.
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