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We report measurements of the photon beam asymmetry � for the reaction �γ p → K+�0(1193) using the
GlueX spectrometer in Hall D at Jefferson Lab. Data were collected by using a linearly polarized photon beam
in the energy range of 8.2–8.8 GeV incident on a liquid hydrogen target. The beam asymmetry � was measured
as a function of the Mandelstam variable t , and a single value of � was extracted for events produced in the u
channel. These are the first exclusive measurements of the photon beam asymmetry � for the reaction in this
energy range. For the t channel, the measured beam asymmetry is close to unity over the t range studied, −t =
(0.1–1.4) (GeV/c)2, with an average value of � = 1.00 ± 0.05. This agrees with theoretical models that describe
the reaction via the natural-parity exchange of the K∗(892) Regge trajectory. A value of � = 0.41 ± 0.09 is
obtained for the u channel integrated up to −u = 2.0 (GeV/c)2.

DOI: 10.1103/PhysRevC.101.065206

I. INTRODUCTION

The GlueX experiment at the Thomas Jefferson National
Accelerator Facility (Jefferson Lab) was designed to study
the light quark meson spectrum and to search for exotic reso-
nances. It uses a high-intensity linearly polarized photon beam
impinging on a liquid hydrogen target and is able to access a
broad range of final states. The interpretation of experimental
data from photoproduction of pseudoscalar mesons requires
a deep understanding of the production mechanism, which is
complicated by the possible excitation of baryon resonances.
In this experiment, we study photoproduction of the strange
pseudoscalar meson K+ in the �γ p → K+�0 reaction, above
the baryon resonance region. While the high-energy domain
in photoproduction of pseudoscalar mesons is relatively well
understood in the framework of Regge theory, precise exper-
imental data for the photoproduction of many different final
states at high energy are scarce. In this analysis, we focus
on the photoproduction reaction �γ p → K+�0 to study the
mechanism of strange Reggeon exchange and measure the
relative contributions of natural and unnatural parity exchange
via beam asymmetry measurements.

Our understanding of the photoproduction of kaons at these
energies is based predominantly on measurements from the
Stanford Linear Accelerator Center (SLAC) [1,2]. These mea-
surements were not fully exclusive—the beam was untagged
bremsstrahlung and only the final state K+ was detected. The
first paper reported measurements of beam asymmetry for the
sum of the two photoproduction reactions, K+� and K+�. It
was found to be close to unity. In the later paper, the authors
used the ratio of the cross sections, which was also close to
unity, to extract separate asymmetries for the two processes as
a function of t Mandelstam. Prior to this current publication,
these were the only available measurements above the baryon
resonance region.

Theoretical models [3–7] are necessary for extracting in-
formation from the more detailed measurements obtained at
lower beam energy, such as the beam asymmetry measure-
ments from both proton and neutron targets with a photon
beam at 1.5–2.4 GeV by the Laser Electron Photon beamline
at SPring-8 (LEPS) [8,9], the measurements below 1.5 GeV at
the Grenoble Anneau Accélérateur Laser (GRAAL) [10,11],
and the recent results from the Continuous Electron Beam
Accelerator Facility Large Acceptance Spectrometer (CLAS)
[12], which provide extensive measurements of many observ-
ables for hadronic mass W from 1.71 to 2.19 GeV.

These measurements have been important for resolving
new states and also the status of many excited baryon states;
however, the precision of the existing high-energy data limited
the accuracy of some of the modeling needed for the baryon
studies. The new and more precise data reported here will
make an impact on models used in the lower-energy studies.

Below, we present the first exclusive measurement of the
photon beam asymmetry � in the reaction �γ p → K+�0

beyond the resonance region. The analysis was performed
with approximately 20% of the data collected in the first phase
of the GlueX experiment, which corresponds to a luminosity
of 20.8 pb−1 in the beam-energy range between 8.2 and
8.8 GeV.

II. THEORY

The Mandelstam variables s, t , and u in the reaction �γ p →
K+�0 are defined as

s = (pbeam + ptarget )
2, (1)

t = (pbeam − pK+ )2, (2)

u = (ptarget − pK+ )2, (3)

where pbeam, ptarget, and pK+ are the four-momenta of the
incoming photon beam, the target proton and the produced
K+ meson, respectively.

The observables of the photoproduction reaction are dis-
cussed in terms of s-channel helicity amplitudes with definite
parity in the t channel to leading order in s defined in Ref. [3]:

f1 = f1+,0+,

f2 = f1+,0−,

f3 = f1−,0+,

f4 = f1−,0−, (4)

where in fab,cd the subscripts a, b, c, d represent the helici-
ties of the incoming photon, the target proton, the produced
spin-zero meson, and the recoiling baryon, respectively. The
following combinations can be formed:

f ±
1 = 1

2 ( f1 ± f4),

f ±
2 = 1

2 ( f2 ∓ f3), (5)

where the superscript + (−) indicates natural-parity
(unnatural-parity) exchange in the t channel. In Regge theory,
for the reaction of interest, �γ p → K+�0, these are realized
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via exchange of K∗(892) and K (494) trajectories for the
natural- and unnatural-parity exchanges, respectively.

The polarized photon beam asymmetry is given by

� =
[

dσ⊥
dt

− dσ‖
dt

]/[
dσ⊥
dt

+ dσ‖
dt

]

= (| f +
1 |2 + | f +

2 |2 − | f −
1 |2 − | f −

2 |2)

(| f +
1 |2 + | f +

2 |2 + | f −
1 |2 + | f −

2 |2)
, (6)

where dσ⊥
dt ( dσ‖

dt ) is the cross section with a photon beam
polarized perpendicular (parallel) to the reaction plane. The
experimental value of � provides a direct measurement of
the relative contributions of the natural- and unnatural-parity
exchange mechanisms to the photoproduction of the K+�0

final state.

III. EXPERIMENT

The measurements were performed by using the GlueX
spectrometer, which is located in Hall D at Jefferson Lab. An
11.6 GeV electron beam from the Continuous Electron Beam
Accelerator Facility is used to create a tagged linearly polar-
ized photon beam by coherent bremsstrahlung off a diamond
radiator. The polarization approaches 40% in the region of the
coherent peak, from 8.2 to 8.8 GeV. The scattered electrons
are directed into the Tagger Detector, a scintillating-fiber array
which, by measuring the momenta of the recoil electrons,
enables a measurement of the energy of the produced photons
to 0.1% precision within the region of the coherent peak.

The photon beam passes through a collimator in order
to suppress the incoherent part, a triplet polarimeter [13],
and a pair spectrometer [14], which provide continuous,
noninvasive measurements of the photon beam polarization
and the relative flux, respectively, before reaching the liquid
hydrogen target. The target is surrounded by a scintillator start
counter [15], a straw-tube central drift chamber [16], and a
lead and scintillating-fiber barrel calorimeter [17], all inside
the bore of a superconducting solenoid. Four sets of planar
wire drift chambers [18] are also located inside the solenoid,
downstream of the central drift chamber. A time-of-flight
scintillator wall and a forward lead-glass calorimeter [19] are
located further down the beamline and outside of the solenoid.
The drift chambers provide measurements of momentum and
specific energy loss for charged particles, while the calorime-
ters provide energy and position measurements for showers
caused by both charged and neutral particles. Time-of-flight
measurements for particle identification are provided by the
start counter, the calorimeters, and the time-of-flight wall. The
trigger signal is generated for events that deposit sufficient
energy in the calorimeters. The spectrometer has a nearly
hermetic angular coverage.

The data used in this analysis were collected in spring
2017. Four orientations of the diamond radiator were used to
produce bremsstrahlung photons in two sets with orthogonal
linear polarization, one set parallel and perpendicular to the
lab floor (referred to as 0/90), and a second set, rotated
by 45◦ from the first one (−45/45). The two different sets
of orientations allow an independent check of systematic
uncertainties.
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FIG. 1. Photon beam polarization as a function of beam energy,
as measured by the triplet polarimeter, averaged over the four
different diamond orientations. Dashed vertical lines indicate the
beam-energy range used for this analysis. Vertical error bars show the
statistical uncertainty and inner shaded regions show the systematic
uncertainty due to the 1.5% relative uncertainty from the polarimeter
analyzing power. The polarizations for the individual orientations are
presented in Ref. [21].

IV. EVENT SELECTION

The exclusive reaction �γ p → K+�0 was selected by us-
ing the subsequent decays of �0 → �0γ and �0 → pπ−.
Candidate events for this reaction were required to contain
at least two positively charged tracks, one negative track, and
one photon candidate. Extra tracks, showers, and tagged beam
photons were also permitted in the initial event selection. The
proton was identified via its specific energy loss dE/dx in the
central drift chamber, and time-of-flight information was used
to refine the selection of all the charged-particle tracks. The
absolute value of the squared missing mass for the reaction
was limited to less than 0.08 (GeV/c2)2. A kinematic fit was
used to select particle combinations satisfying conservation of
energy and momentum with a constraint on the event vertex.
Following the kinematic fit, further event selection required
that the vertex of the K+ track originate within 1 cm from
the beamline and within the target volume, while the pion
and proton from the � decay were permitted to originate
from a detached vertex. A quality requirement was placed on
neutral showers in the forward calorimeter in order to reduce
the likelihood that they were caused by split-off clusters from
charged particle showers [20].

The beam photons were selected from the coherent peak
region, between 8.2 and 8.8 GeV, where the polarization
was highest. Figure 1 shows the measured polarization as a
function of the photon energy averaged over the four diamond
orientations. Dashed vertical lines indicate the photon beam
energy range used in this analysis.

The energy of the beam photon initiating the event was
defined by the position of the fired tagger counter in the
Tagger Detector. The candidates were selected using the time
difference |�t | between the timing of the signal in the counter,
projected to the vertex location, and the vertex time. The
electron beam had a 4 ns bunch structure but the vertex
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FIG. 2. Invariant mass of pπ−γ vs invariant mass of pπ− after
all cuts. The enhancement in the overlap region corresponds to the
�0(1116) and �0(1193).

timing resolution permitted the association of the events
with a particular bunch, thus improving the |�t | resolution.
Prompt beam candidates were selected in the range |�t | <

2 ns. Accidental coincidences, mostly within the same bunch,
would provide incorrect beam energies. Such background was
statistically subtracted by selecting a sample of out-of-time
candidates in the window 6 ns < |�t | < 18 ns.

Figure 2 shows the correlation between the invariant mass
of the pπ−γ system and its pπ− subsystem. A clear enhance-
ment can be seen in the overlap region between the masses of
�0(1193) and �0(1116), respectively. The one-dimensional
pπ− mass distribution in Fig. 3 shows the � peak. This
distribution was fit by using a Voigtian function for the signal
and a first-order Chebyshev polynomial for the background.
The fit shows a mean value of M� = 1116 MeV/c2 and has a
corresponding Gaussian width σ = 3 MeV/c2. Events within
the range |Mpπ− − M�| < 3σ were selected as shown in Fig. 3
by dashed vertical lines to reconstruct the invariant mass of
�γ .

Figure 4 shows the invariant mass of the �γ system. It
was fit by using a Voigtian function for the signal and a
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FIG. 3. Invariant mass of pπ− (solid circles). The solid curve
is the sum of a Voigtian and a first-order Chebyshev polynomial
(dashed curve) fit to the data. The selection region of � signal events
is indicated by the vertical dashed lines.
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FIG. 4. The invariant mass of �γ (solid circles). The solid curve
is the sum of a Voigtian and a first-order Chebyshev polynomial
(dashed curve) fit to the data. The selection region of �0 events for
further analysis is indicated by the vertical dashed lines.

first-order Chebyshev polynomial for the background. A mean
value of M� = 1193 MeV/c2 and a corresponding Gaussian
width of σ = 8 MeV/c2 were obtained for the �0 peak.
The range |M�γ − M�| < 3σ is indicated by dashed vertical
lines. The events within this range, 1.169 GeV/c2 < M�γ <

1.217 GeV/c2, were used for the beam asymmetry analysis.
The fraction of background events within 3σ of the peak was
found to be approximately constant with t at about 2%.

Figure 5 shows the yields of K+�0 events as a function
of −t and −u within the range of 1.169 GeV/c2 < M�γ <

1.217 GeV/c2. The acceptances are shown in the same figure
as dashed lines. They were obtained by passing a sample
of generated events through a GEANT3 [22] model of the
detector and applying the same selection criteria as used in
the analysis.

V. PHOTON BEAM ASYMMETRY

The event yields for the orthogonal orientations Y‖ and
Y⊥ are given by Eqs. (7) and (8), where φ is the angle
between a plane parallel to the laboratory floor and the K+
production plane, σ0 is the unpolarized cross section, A(φ) is
a function representing the detector acceptance, N‖ (N⊥) is the
flux of photons, P‖ (P⊥) is the magnitude of the photon beam
polarization, and � is the beam asymmetry:

Y‖(φ) ∝ N‖[σ0A(φ)(1 − P‖� cos 2φ)], (7)

Y⊥(φ) ∝ N⊥[σ0A(φ)(1 + P⊥� cos 2φ)]. (8)

Figure 6 shows the yields for the photon polarization
planes oriented at 0◦(Y‖) and 90◦(Y⊥), integrated over the t
region used in the analysis, and Fig. 7 shows the yields for the
other orientation set, −45◦(Y‖) and 45◦(Y⊥). Assuming that
there is no background, these yields can be used to obtain a
polarization-dependent yield asymmetry, given by

Y⊥ − FRY‖
Y⊥ + FRY‖

= (P⊥ + P‖)� cos 2(φ − φ0)

2 + (P⊥ − P‖)� cos 2(φ − φ0)
, (9)
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FIG. 5. Event yields for �γ p → K+�0 (solid circles) and detector
acceptance (dashed lines) (a) as a function of −t and (b) as a function
of −u.

where FR = N⊥
N‖

is the ratio of the integrated photon flux for
the two orthogonal orientations. A phase offset φ0 accounts
for a possible small misalignment of the beam polarization
from its nominal orientation and the additional 45◦ offset
for the −45/45 dataset. The flux normalization ratio FR

was found to be 1.038 for the 0/90 dataset and 0.995 for
the −45/45 dataset. The yield asymmetry allows the beam
asymmetry � to be extracted without requiring any correction
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FIG. 6. Yield of �γ p → K+�0 events versus φ integrated over t
for the 90◦ (open upward triangles) and 0◦ (solid downward triangles)
polarization orientations.
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FIG. 7. Yield of �γ p → K+�0 events versus φ integrated over
t for the 45◦ (open upward triangles) and −45◦ (solid downward
triangles) polarization orientations.

for instrumental acceptance. The yield asymmetries for the
0/90 and −45/45 orientation sets are shown in Figs. 8 and 9,
respectively.

After fitting the yield asymmetry with the function given
in Eq. (9), the beam asymmetry � was extracted as the only
free parameter in the fit. The yield asymmetry was measured
in four bins of t , with roughly equal statistics in each bin. The
beam asymmetry values for the 0/90 and −45/45 orientations
were combined by using weighted averages.

Systematic uncertainties were estimated by varying the
event-selection criteria, the phase offset φ0, the flux normal-
ization, and the minimum shower energy. They are listed in
Tables I and II.

For the event selection, the invariant mass cuts for π− p
and �γ were varied within the Gaussian 2σ and 4σ range,
where 3σ is the nominal range. For the other cuts in the event
selection, they are varied between ranges such that the signal
yield was not allowed to change by more than 10% from
the nominal range to avoid statistical effects. The systematic
uncertainty due to the phase offset φ0 was found by letting φ0

be a free parameter in the fit and extracting beam asymmetry
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FIG. 8. The yield asymmetry for the 0/90 orientation set, corre-
sponding to the data in Fig. 6 with a fit of Eq. (9) (solid curve). See
text for details.
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FIG. 9. The yield asymmetry for the −45/45 orientation set,
corresponding to the data in Fig. 7 with a fit of Eq. (9) (solid curve).
See text for details.

� values. The flux normalization was varied ±5% from the
nominal value and the systematic uncertainty was found by
using the corresponding � values.

The minimum detection threshold for shower energy in
the barrel calorimeter is 50 MeV [17]. The acceptance for
radiated photons from low momentum �0 decay is sensitive
to this energy threshold at low −t . The systematic uncertainty
was found by varying this minimum radiative photon energy
to 55 and 60 MeV. For the low −u domain, the �0 has
high momentum leading to higher radiative photon energies,
making the acceptance insensitive to the minimum shower
energy around 50 MeV. Therefore, the systematic uncertainty
due to this is estimated for the low −t domain only.

The uncertainty from the 2% background was estimated
by measuring beam asymmetry for events in the region
1.23 GeV/c2 < M�γ < 1.4 GeV/c2. These are events from
K+� combined with an uncorrelated shower. The systematic
uncertainty from this background is 0.4% for both t and u
regions.

Since this reaction is studied in the fully exclusive final
state, there is a potential bias arising from the nonuniform
acceptance of decay products of the polarized �. This leads
the measured φ yields to be sensitive to unmeasured polariza-
tion observables of the recoiling hyperon [12]. A conservative
estimate of the uncertainty due to this effect was made by
convoluting the acceptance of the decay proton, obtained from

TABLE I. Summary of systematic uncertainties for the low −t
[0.1 < −t < 1.4 (GeV/c)2] region.

Source 0/90 set −45/45 set

Event selection 3.1%–5.9% 3.0%–5.3%
Phase offset 0.1% 0.7%
Flux normalization 0.5% 0.4%
Minimum shower energy 2.6% 2.9%
Background 0.4% 0.4%
Nonuniform acceptance 3.0% 3.0%

Total 5.1%–7.1% 5.2%–6.8%

TABLE II. Summary of systematic uncertainties for the low −u
[−u < 2.0 (GeV/c)2] region.

Source 0/90 set −45/45 set

Event selection 5.0% 4.0%
Phase offset 2.2% 2.1%
Flux normalization 0.6% 0.2%
Background 0.4% 0.4%
Nonuniform acceptance 1.5% 1.5%

Total 5.7% 4.8%

detailed Monte Carlo simulations, with a range of polarization
observables spanning a conservative range of values. The
contribution of the hyperon decay dependence to the yield
asymmetry was found to be 3% or less for each bin in t . A
uniform 3% systematic uncertainty was applied to all bins.
The same approach was used for the u-channel production,
for which 1.5% uncertainty was obtained.

The dominant systematic uncertainties are due to the vari-
ation in event-selection criteria. A 2.1% relative uncertainty
in the measurement of the photon beam polarization comes
from the combination of the 1.5% systematic uncertainty in
the instrument combined with the statistical uncertainty in the
number of detected triplet events. This uncertainty applies to
the overall scale of the measured beam asymmetries and is not
combined with the other uncertainties.

Table III gives the average values of the beam asymmetry,
together with the statistical and systematic uncertainties for
the low −t region. The combined systematic uncertainty for
each bin in t or u is taken to be the larger of the systematic
uncertainties from the two data sets, and the total uncertainties
are found by adding the statistical and systematic errors in
quadrature.

The extracted beam asymmetry results shown in Fig. 10
are close to unity within errors in all four t bins. The
mean value of � over the entire measured t range is found
to be � = 1.00 ± 0.04(stat) ± 0.03(syst) ± 0.02(pol). From
Eq. (6) it follows that natural-parity exchange dominates in the
photoproduction of K+�0. This result is consistent with the
theoretical predictions from RPR-2007 [6,7] and Guidal et al.
[5], where K+�0 photoproduction proceeds via exchange of
K∗(892), the lowest member of the linear Regge trajectory for
natural-parity exchange.

The beam asymmetry for the measured low −u re-
gion, −u < 2.0 (GeV/c)2, is found to be � = 0.41 ±
0.07(stat) ± 0.06(syst) ± 0.02(pol) at an average value of
−u = 0.53 ± 0.34 (GeV/c)2.

TABLE III. Average beam asymmetry � for the low −t region
with statistical and systematic uncertainties.

−t [(GeV/c)2] �

0.27 0.99 ± 0.08 ± 0.07
0.42 1.02 ± 0.07 ± 0.07
0.59 1.03 ± 0.07 ± 0.05
0.91 0.95 ± 0.07 ± 0.05
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FIG. 10. The beam asymmetry � for �γ p → K+�0 as a func-
tion of −t . The results from the 0/90 and −45/45 data sets are
averaged (solid circles) where horizontal error bars indicate the
rms widths of the t bins and vertical error bars represent statistical
and systematic uncertainties added in quadrature. An additional
2.1% overall relative polarization uncertainty is not included. The
triangles are previous SLAC results [2] at Eγ = 16 GeV, the curves
show predictions from RPR-2007 [6,7] (solid) and Guidal et al. [5]
(dashed) at Eγ = 8.5 GeV.

VI. CONCLUSIONS

We present experimental results for the first measurement
of the photon beam asymmetry � in the exclusive reaction
�γ p → K+�0 beyond the baryon resonance region, which
have significantly higher precision than the earlier SLAC mea-

surement [2]. The measured beam asymmetry as a function
of t is consistent, within a few percent, with unity and with
model predictions from Refs. [5–7], suggesting a dominant
natural-parity exchange. The beam asymmetry for the region
of −u < 2.0 (GeV/c)2 has never been extracted before. An
average beam asymmetry of 0.41 ± 0.09 for the u interval
is obtained. In this kinematic domain, u-channel hyperon
exchanges of both � (J = 1/2 trajectory) and Y ∗ (J = 3/2
trajectory) contribute to the production of the K+�0 final
state. Currently there is no prediction for the beam asymmetry
as a function of u. These results place significant new con-
straints on photoproduction models for strangeness-exchange
reactions.
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