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1. Introduction

Detailed measurements of exclusive reactions on bound nucleons including polarization de-
grees of freedom provide us with crucial information to understand both initial- and final-state
effects. Understanding initial-state effects are important to achieve a reliable determination of nu-
cleon reactions in bound nucleon targets, an unavoidable complication for measuring reactions off
the neutron. This is of particular current importance due to the need for accurate measurement
of exclusive meson photoroduction off the neutron in the hunt for "missing" nucleon resonances,
as some resonances are predicted to couple strongly to the neutron. Since no free-neutron tar-
gets exist, deuteron targets are typically employed, with the undesirable outcome that the deter-
mined observables are modified by both initial- and final-state effects. Here we investigate an
approach to determine initial and final-state effects using polarization observables in a relatively
model-independent way. Final-state effects would provide us with information on reactions involv-
ing short-lived particles that are otherwise experimentally challenging to perform. Specifically,
constraining the hyperon-nucleon (YN) interaction would provide us with the missing ingredi-
ents to obtain a comprehensive and complete understanding of the strong-interaction including the
strangeness degree of freedom. High-precision data from pure YN scattering experiments remain
elusive due to the short hyperon lifetime. Because of this, information on the YN interaction has
been typically inferred from hyper-nuclear studies in a model-dependent way. Final-state inter-
actions (FSI) in exclusive hyperon photoproduction provide us with a complementary approach to
study the YN interaction; one that is largely free from medium-modification and many-body effects.
Here, we discuss our work on studying the YN interaction through FSI in the reaction γd→K+Λn.
The studies presented here were performed using data obtained at JLab with CLAS [1] in experi-
ment E06-103 [2].

2. Experimental setup

The Continuous Electron Beam Accelerator Facility (CEBAF) at JLab provided the polarized
electron beam for the experiment with energies up to 6 GeV and electron polarizations > 80% [3].
The beam was delivered simultaneously to three experimental end stations (Halls A, B, and C) for
complimentary research programs. The CLAS detector was the main scientific instrument for ex-
periments performed in Hall B and provided a nearly 4π angular acceptance for charged-particler
eaction products. The 6-GeV program of JLab was completed in 2012 and detector systems in all
three end stations and accelerator have now been upgraded to receive and deliver electron beams
up to 12 GeV[4]. The CLAS detector was comprised of three layers of drift chambers to mea-
sure charged-particle trajectories as they traversed the φ -direction magnetic field produced by six
kidney-shaped superconducting coils, scintillators to measure time of flight, C̆erenkov counters to
separate electron from π−, and electromagnetic calorimeters used primarily for photon and neu-
tron identification (see left panel of Fig. 1). The CLAS detector provided an efficient detection
of charged particles between 8◦ and 144◦ polar angles, with momentum and angular resolution of
∼ 0.5% and 2 mrad, respectively.

Real-photon experiments were performed using the Hall-B Tagger spectrometer placed up-
stream of CLAS (see right panel of Fig. 1). Photons with energies between 20% and 95% of the
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low rates and then used to monitor the flux at
higher intensities.

The first of these secondary monitors is a pair
spectrometer, operated with a thin conversion foil
in front of the spectrometer. In the early rounds of
CLAS experiments the pair spectrometer was
situated 22 m behind the CLAS target, near the
TASC (see Fig. 2). This arrangement was not ideal
since at high photon rates additional pairs
produced in the CLAS target, and in the medium
between the target and the pair spectrometer,
caused pair rates that were too high and made the
monitoring unstable. In addition, a sizable correc-
tion had to be applied to account for the photons
lost in these pair production processes. More
recently, a pair spectrometer has been installed in
front of the CLAS target. By operating the entire
system in vacuum, and by using a thin pair-
conversion foil that removes less than 1% of the
photons from the beam, it is possible to monitor
the photon flux even at high flux rates.

A second method that uses out-of-time events
allows the monitoring of any changes in the flux
distribution of electrons associated with the
production of tagged photons. Each time a
photon-generated event is detected in CLAS, a
TDC window, 200-ns long, is opened for each of
the 64 timing detectors in the tagger hodoscope.

Only the correct detector will record the correct
time, but the other detectors will see random
events, out of time with the true signal. This
random rate is proportional to the total photon
rate in the detector. Because of the high rate in the
detectors, this has allowed the measurement of
small rate changes (less than 1%) in time periods
of less than 5 min:

6. Operating conditions

6.1. Targets

Hall B experiments are grouped into running
periods according to beam type and target. A
variety of targets have been used to date, with
dimensions adapted to the particular needs of
either electron or photon running. The most
common target used has been liquid H2: However,
reactions have also been studied using liquid D2;
3He; and 4He; solid 12C; Al, Fe, Pb, and CH2; and
polarized NH3 and ND3 targets. All targets are
positioned inside CLAS using support structures
which are inserted from the upstream end, and are
independent of the detector itself. A sketch of the
insertion scheme for targets inside CLAS, together
with the supporting equipment, is shown for the
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Fig. 23. Hall B photon-tagging system.
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Figure 1: Left: A schematic of the CLAS detector. The kidney-shaped superconducting coils are shown
in yellow, drift chambers in blue, C̆erenkov counters in magenta, time-of-flight scintillators in red, and
electromagnetic calorimeters in green. Right: The Hall-B photon tagging system located upstream of the
CLAS detector.

incident electron energy E0 were tagged with energy and timing resolution of 0.001E0 and 110 ps,
respectively. Both circularly- and linearly-polarized photons beams were produced with the use
of amorphous and crystal radiators. The degree of polarization of the linearly-polarized photon
beam was on average 75% and that of the circularly-polarized photon beams was reaching 80% as
Eγ/E0 → 1.0. These capabilities allowed the precise determination of a large set of polarization
observables in exclusive reactions, providing the experimental tools needed to study initial- and
final-state effects.

3. YN interaction through FSI

Our current knowledge of the strong force stems from the plethora of high-precision scattering
experiments between nucleons. The investigation of the YN interaction, which is currently poorly
constrained, is crucial in obtaining a comprehensive picture of the strong interaction. In addition,
reliable and precise data on the interaction between hyperons and nucleons will allows us to ad-
dress the “Hyperon Puzzle" [5], which reflects how theoretical models cannot predict the role of
hyperons in neutron stars in a manner that is consistent with the most recent observations of mas-
sive neutron stars. As mentioned before, scattering experiments involving hyperons constitute a
daunting task for experimentalists due to the short lifetime of hyperons. Final-state interactions in
exclusive hyperon photoproduction reactions allow us to obtain a clear insight in the dynamics of
the YN interaction and place very stringent constraints on existing theoretical models. Polarization
observables are particularly important as they provide us with the constraints needed to identify
and separate signal from background reactions in a (relatively) model-independent way.

The reaction γd→ K+Λn was reconstructed by identifying the final-state kaon as well as the
proton and negative pion from the Λ-hyperon decay and selecting events in which the missing-
mass, MX , of γd→ K+ΛX corresponded to the mass of the neutron (see left panel of Fig, 2). The
momentum of the missing nucleon was also reconstructed, and the FSI sample was identified by
selecting events in which the neutron momentum was higher than the typical Fermi momentum
(pX >200 MeV/c). The right panel of Fig. 2 shows the momentum of the missing neutron (blue
points) compared with simulations that include the momentum distribution of a bound nucleon
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(green points) calculated from the Paris potential, as well as the momentum distribution of events
in which the nucleon is part of FSI (black line). The FSI contributions result from three main mech-
anisms as depicted in Fig. 3: the pion mediated reaction (panel b), the kaon-neutron rescattering
(panel c), and the hyperon-nucleon rescattering (panel d). The data sample with missing momenta,
pX < 150 MeV/c is dominated by the quasi-free reaction (depicted in panel a).Exclusivity of the Reaction

�d ! K+⇤(n)

21st International Conference on Few-Body Problems in Physics

FSI
QF

Figure 2. Top panel: Missing-mass distribution of the
reaction �d ! K+⇤X fitted with contributions from
�d ! K+⌃0X (green), �d ! K+⌃⇤X (purple), and ac-
cidental events (magenta) from simulated data. The ver-
tical dotted lines indicate the cuts that select the events
of interest and the fits are used to perform background
subtraction. Bottom panel: Missing momentum of the re-
action �d ! K+⇤X indicating the cut applied to select
FSI.
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Figure 3. Reaction plane definition for �d !
K+⇤n. The upper left panel shows the definition
of the kaon azimuthal angle � in which ⌃ produces
a modulation (see Eq. [1]). The lower left panel
shows the definition of ✓z (and correspondingly ✓x)
in which the double-polarization observables pro-
duce modulations. The main figure defines the
kaon laboratory polar angle ✓K+ , and the hyperon
angle ✓0

⇤
, which is in respect to an axis pointing

along the momentum of the YN pair.

was reconstructed through four-momentum conservation, with the cut to select FSI indicated on the
bottom panel of Fig. 2.

The polarization observables were determined using a maximum likelihood technique. A multi-
dimensional minimization was performed on each of the linearly and circularly polarized data, and
from this, each set of polarization observables were determined. The likelihood function was modelled
according to the polarized cross section

d�
d⌦

=
d�
d⌦

����
0

h
1 � Plin⌃ cos 2� + ↵ cos ✓x(�PlinOx sin 2� � PcircCx)

�↵ cos ✓y(�Py + PlinT cos 2�) � ↵ cos ✓z(PlinOz sin 2� + PcircCz)
i
, (1)

where d�
d⌦

����
0

is the unpolarized cross section, Plin and Pcirc are the degree of linear and circular polar-
ization, respectively, and ⌃, Ox, Oz, Cx, Cz, Py, and T are the polarization observables. The angles �,
and ✓x,y,z are defined in Fig 3. The self-analyzing power of ⇤, which allows the determination of the
⇤ polarization by studying the distribution of its decay products, is denoted by ↵.

3 Results and Discussion

Preliminary results for polarization observables of FSI in the reaction �d ! K+⇤n were determined.
Specifically, ⌃, Ox, Oz, Cx, and Cz were determined for photon energies between 1.0 and 2.4 GeV,
kaon momenta between 0.3 and 1.9 GeV/c, and ✓0

⇤
angles between 0 and 60 degrees as shown in Fig. 4.

Invaluable information on kinematic regions where specific FSI are enhanced can be extracted from
studying the di↵erences between the observables determined for the QF reaction and FSI (see Fig. 4).

pX [GeV/c]

Quasi
free

Figure 2: Missing momentum in the reaction γd→
K+ΛX indicating the cut applied to select FSI. Sim-
ulated data for the quasi-free reaction (green) and the
three FSI mechanisms shown in Fig. 3 (black) were
fitted to experimental data (blue) to establish the rela-
tive contributions of the various mechanisms.

Figure 3: Four main mechanisms that contribute to the reaction γd→ K+Λn according to theoretical mod-
els [6, 7]: (a) quasi-free Λ photoproduction on the proton; (b) pion mediated production; (c) K+ rescattering
off the spectator neutron; (d) Λ rescattering offthe spectator neutron.

The linearly- and circularly- polarized photon beams produced with the Tagger facility in Hall
B and the self-analyzing nature of the Λ hyperon, allow the simultaneous determination of a large
set of polarization observables. Equation (3.1) shows the polarization observables accessible in our
experiment

dσ

dΩ
=

(
dσ

dΩ

)
0
[1−PlinΣcos2φ +α cosθx(−PlinOx sin2φ −PcircCx)

−α cosθy(−Py +PlinT cos2φ)−α cosθz(PlinOz sin2φ +PcircCz)...], (3.1)

where
( dσ

dΩ

)
0 is the unpolarized cross section, Plin and Pcirc are the degree of linear and circular

polarizations, respectively, and Σ, Ox, Oz, , Cx, Cz, Py, and T are the polarization observables. The
azimuthal angle of the kaon, φ , is measured from the photon-polarization plane, and the direction
cosines of the decay proton, cosθx,y,z, are measured in the Λ rest frame with the z axis given by the
photon direction and the y axis by the photon-kaon plane (see Fig 4). The self-analyzing power of
Λ, which allows the determination of the Λ polarization by studying the angular distribution of its
decay products, is denoted by α .

The beam-spin asymmetry Σ can be obtained independently of the double-polarization ob-
servables using any of the final state particles (K+, Λ, or n). This provides us with an excellent
tool to identify kinematic regimes where Y N FSI dominate. Specifically, in a quasi-free sample the
beam-spin asymmetry determined using the kaon azimuthal distribution, ΣK+ , is consistent with the
beam-spin asymmetry determined using the Λ azimuthal distribution, ΣΛ, as the two particles go
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Figure 2. Top panel: Missing-mass distribution of the
reaction �d ! K+⇤X fitted with contributions from
�d ! K+⌃0X (green), �d ! K+⌃⇤X (purple), and ac-
cidental events (magenta) from simulated data. The ver-
tical dotted lines indicate the cuts that select the events
of interest and the fits are used to perform background
subtraction. Bottom panel: Missing momentum of the re-
action �d ! K+⇤X indicating the cut applied to select
FSI.
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was reconstructed through four-momentum conservation, with the cut to select FSI indicated on the
bottom panel of Fig. 2.

The polarization observables were determined using a maximum likelihood technique. A multi-
dimensional minimization was performed on each of the linearly and circularly polarized data, and
from this, each set of polarization observables were determined. The likelihood function was modelled
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ization, respectively, and ⌃, Ox, Oz, Cx, Cz, Py, and T are the polarization observables. The angles �,
and ✓x,y,z are defined in Fig 3. The self-analyzing power of ⇤, which allows the determination of the
⇤ polarization by studying the distribution of its decay products, is denoted by ↵.

3 Results and Discussion

Preliminary results for polarization observables of FSI in the reaction �d ! K+⇤n were determined.
Specifically, ⌃, Ox, Oz, Cx, and Cz were determined for photon energies between 1.0 and 2.4 GeV,
kaon momenta between 0.3 and 1.9 GeV/c, and ✓0

⇤
angles between 0 and 60 degrees as shown in Fig. 4.

Invaluable information on kinematic regions where specific FSI are enhanced can be extracted from
studying the di↵erences between the observables determined for the QF reaction and FSI (see Fig. 4).

Figure 4: Reaction plane definition for γd→ K+Λn.
The upper left panel shows the definition of the kaon
azimuthal angle φ with which Σ produces a modula-
tion (see Eq. (3.1)). The lower left panel shows the
definition of θz (and correspondingly θx) with which
the double-polarization observables produce modula-
tions. The main figure defines the kaon laboratory po-
lar angle θK+ , and the hyperon angle θΛ′ , which is
with respect to an axis pointing along the momentum
of the YN pair.

back-to-back in their center-of-momentum frame. However, different FSI mechanisms dilute the
magnitude of Σ in a predicted manner. For example, a kinematic regime where the pion-mediated
reaction dominates, both beam-spin asymmetries, ΣK+ and ΣΛ, should vanish, but in a sample
where the kaon-rescattering mechanism dominates, ΣK+ is diluted but ΣΛ is left unchanged. Simi-
larly, in a YN-rescattering-dominated sample, ΣΛ is diluted while ΣK+ is left unchanged. Figure 5
shows the preliminary results from CLAS for ΣK+ and ΣΛ as a function of photon energy for an FSI
dominated sample (left panel) and a quasi-free dominated sample (right panel). The determination

FSI Quasi-Free

E� [GeV]

Figure 5: Beam-spin asymme-
try Σ determined using the kaon
(black points) and the hyperon
(red points) azimuthal distribution
for an FSI dominated sample (left
panel) and a quasi-free dominate
sample (right panel).

of all accessible polarization observables in kinematic regimes where YN FSI dominate allows us
to place very stringent constraints on the underlying dynamics of the YN interaction and tune the
existing and largely unconstrained YN potentials [6, 8]. The large CLAS data set allows us to
obtain this set of observables and study their kinematical dependence, not only for one-fold differ-
ential kinematics, but also for up to three-fold differential kinematics, providing an unprecedented
insight on the bare YN interaction.

4. Initial-state effects

It has been predicted that some nucleon resonances couple strongly to the neutron and there-
fore, for a detailed study of the excited nucleon spectrum, neutron targets need to be employed.
Since no free neutron targets exist, bound neutron targets, the simplest of which is deuterium, are
typically employed. The method discussed above allows us to establish contributions and the ef-
fects of FSI. In exclusive reactions initial-state effects can be significantly reduced or eliminated by
studying the dependence of the observables on the momentum of the target nucleon. This approach
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was investigated using reactions off the bound proton that allow us to directly compare the deter-
mined observables with ones that are determined using free-proton targets. Specificaly, the reaction
γd → K+Λn was used to determine a set of polarization observables and study their dependence
on the missing momentum, pX . The left panel of Fig. 6 shows the evolution of the beam-spin
asymmetry for the quasi-free reaction. The horizontal line shows the determined observable when
data with pX < 150 MeV/c are used, an approach typically employed. The red dotted curve shows
the approach employed in this analysis in which the observable of interest is determined with a
polynomial extrapolation to pX → 0 MeV/c. The right panel of Fig. 6 compares the results ex-
tracted using the extrapolation method with recently published results obtained from free proton
target. Our studies show that the determination of polarization observables utilizing a method that
neglects the target nucleon momentum leads to estimates that are biased compared to ones that are
determined by extrapolation to the free-nucleon point of pX = 0 MeV/c.
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Figure 35: Comparison of results for ⌃, Ox, and Ox between g8 (free proton) and g13 (bound proton)
from this work, as a function of kaon angles for three bins in W .

QF and g8 free proton data indicate that the methods employed here are robust and produce reliable
results. The binning and results follow the conventions of the recently published g8 data [17].

Table 4 summarises the systematic uncertainties associated with this analysis. The final value of
the systematic uncertainty for each point is determined by adding each source in quadrature. To obtain
estimates of the systematic uncertainties associated with the photon polarisation and the self-analysing
power, the value of the determined observable is used, and therefore the total systematic uncertainty
dependents on the final results.
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Figure 35: Comparison of results for ⌃, Ox, and Ox between g8 (free proton) and g13 (bound proton)
from this work, as a function of kaon angles for three bins in W .

QF and g8 free proton data indicate that the methods employed here are robust and produce reliable
results. The binning and results follow the conventions of the recently published g8 data [17].

Table 4 summarises the systematic uncertainties associated with this analysis. The final value of
the systematic uncertainty for each point is determined by adding each source in quadrature. To obtain
estimates of the systematic uncertainties associated with the photon polarisation and the self-analysing
power, the value of the determined observable is used, and therefore the total systematic uncertainty
dependents on the final results.
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Figure 35: Comparison of results for ⌃, Ox, and Ox between g8 (free proton) and g13 (bound proton)
from this work, as a function of kaon angles for three bins in W .

QF and g8 free proton data indicate that the methods employed here are robust and produce reliable
results. The binning and results follow the conventions of the recently published g8 data [17].

Table 4 summarises the systematic uncertainties associated with this analysis. The final value of
the systematic uncertainty for each point is determined by adding each source in quadrature. To obtain
estimates of the systematic uncertainties associated with the photon polarisation and the self-analysing
power, the value of the determined observable is used, and therefore the total systematic uncertainty
dependents on the final results.
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The missing-momentum dependence of the polarisation observables was also determined. The results
shown in Fig. 43 were determined for an integrated kinematic bin using the kaon to define �.
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Figure 43: Polarisation observables as a function of missing momentum. The solid bands represent the
systematic uncertainties.
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Free Proton 
Bound Proton

p [GeV/c] cos ✓c.m.

Figure 6: Evolution of Σ with target pro-
ton momentum determined using exclusive
kaon photoproduction off the bound pro-
ton (left panel) and a comparison of results
obtained through extrapolation with results
off a free proton target. The blue solid line
indicates the average value of the observ-
able with pX < 200 MeV/c and the dotted
red line shows the fit to determine the ex-
trapolated result.
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