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High-resolution search for the �+ pentaquark via a pion-induced reaction at J-PARC
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The pentaquark �+ has been searched for via the π−p → K−X reaction with beam momenta of 1.92 and
2.01 GeV/c at J-PARC. A missing mass resolution of 2 MeV (FWHM) was achieved but no sharp peak structure
was observed. The upper limits on the production cross section averaged over the scattering angle from 2◦ to
15◦ in the laboratory frame were found to be less than 0.28 μb/sr at the 90% confidence level for both the 1.92-
and 2.01-GeV/c data. The systematic uncertainty of the upper limits was controlled within 10%. Constraints
on the �+ decay width were also evaluated with a theoretical calculation using an effective Lagrangian. The
present result implies that the width should be less than 0.36 and 1.9 MeV for the spin-parity of 1/2+ and 1/2−,
respectively.
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I. INTRODUCTION

Study of exotic hadrons, which cannot be interpreted as
ordinary three-quark baryons or quark-antiquark mesons, has
a long history starting in the 1970s. The exotic pentaquark
�+(1540) has received enthusiastic attention, and numerous
papers have been published since the first evidence was
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reported by the LEPS Collaboration in 2003 [1]. The �+
baryon has a strangeness quantum number S = +1 with its
minimal quark configuration of uudds̄. A possible existence
of �+ was first advocated by Diakonov, Petrov, and Polyakov
using a chiral soliton model [2]. They predicted an exotic
positive-strangeness baryon, having spin-parity 1/2+ and
isospin 0, with a light mass of about 1530 MeV/c2 and a
width of less than 15 MeV.

Soon after the first experimental evidence, several experi-
mental groups published supporting evidence for �+, followed
by a number of experiments with no evidence; see Refs. [3,4]
for reviews. The experimental situation became controversial.
The mass of �+ claimed in each experiment ranged from 1520
to 1550 MeV/c2. Besides, the spin and parity have not been
determined yet experimentally.

In the γ d → K+K−pn reaction, LEPS confirmed their
original evidence [5]. A peak was observed in the Fermi-
motion-corrected nK+ invariant mass distribution with the
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statistical significance of 5.1σ . In their recent preliminary
result with increased statistics, the significance decreased but
an enhancement remained in data enriching the quasifree γ n
reaction [6]. In contrast, the CLAS Collaboration also searched
for the �+ in the same reaction but observed no peak [7].
Although these results seem to be inconsistent, the discrepancy
might be attributed to the different angular acceptances of
these two experiments. If the �+ production cross section
has a strong angular dependence peaked forward, only the
LEPS detector will show a signal. An alternative theoretical
explanation for the LEPS result was proposed by Martı́nez
Torres and Oset [8]. Based on their γ d → K+K−pn reaction
calculation without �+ production, they claimed that the
statistical significance was only 2σ .

Recently, Amaryan et al. reported an observation of a
narrow peak in the missing mass of K0

S in the γp → pK0
SK0

L

reaction using data from the CLAS detector [9]. They claimed
that the peak may be due to the interference between the
�+ and φ leading to the same final state, whereas the CLAS
Collaboration itself was not convinced of the evidence [10].

The formation reaction, K+n → �+, which is a reverse
reaction of the decay, was investigated by the DIANA and
Belle Collaborations. In this reaction, the �+ width, ��, can
be derived from the cross section. Belle observed no evidence
using kaon secondary interactions in the detector materials
and set an upper limit of �� < 0.64 MeV at the 90% C.L.
[11]. On the other hand, DIANA observed evidence for the
�+ in the pK0

S invariant mass spectra from the K+Xe →
K0pXe′ reaction [12,13]. The width was estimated to be
0.34 ± 0.10 MeV.

A narrow width is peculiar to the �+. According to
reanalyses of old K+d scattering data [14–18], there is a
consensus that the width should be less than a few MeV if the
�+ exists. It is quite narrower than those of ordinary strongly
decaying hadrons. The problem of the narrow width is coupled
with the structure of �+. In naive consideration, an s-wave
resonance having negative parity is unlikely. Jaffe-Wilczek
[19] and Karliner-Lipkin [20] proposed a �+ internal structure
based on diquark correlation. Both predicted positive parity
with finite relative angular momentum. They suggested that
the narrow width might be explained with rearrangement of
the color, spin, and spatial wave functions needed in the
�+ → KN decay. In this manner, the narrowness of �+ is
strongly related to the low-energy quark dynamics.

So far, searches using meson-induced reactions were
performed via the π−p → K−X and K+p → π+X reactions
in the KEK E522 [21] and E559 [22] experiments, respectively.
No significant peak was observed in either reaction; however,
a bump structure at 1530 MeV/c2 was reported in the π−p →
K−X reaction at a beam momentum of 1.92 GeV/c. Since the
statistical significance was only 2.5–2.7 σ , they did not claim
evidence and derived an upper limit of the forward production
cross section of 2.9 μb/sr at the 90% C.L. Their significance
was limited by the poor mass resolution of 13 MeV (FWHM).
We can easily improve the resolution by an order of magnitude
with a good spectrometer system.

Under the current situation, the present experimental search
should satisfy the following requirements. (i) High-statistics
data are indispensable in order not to be disturbed by statistical

fluctuation. (ii) High resolution of less than a few MeV is
desirable to measure the potentially narrow �+.

We intended to investigate the �+ using the π−p → K−X
reaction. It was timely to use high-intensity meson beams
at the recently constructed J-PARC facility [23]. We have
constructed a high-resolution spectrometer system in order
to achieve a good mass resolution of 2 MeV (FWHM). Since
we used the missing mass technique with a liquid hydrogen
target, we could avoid corrections for the Fermi motion or
rescattering effect. An order of magnitude higher sensitivity
than the previous E522 experiment was expected.

In this paper, we present the results of a search for the
�+ via the π−p → K−X reaction. The result at 1.92 GeV/c
momentum was reported in a previous Letter [24]. This paper
reports the results at 2.01 GeV/c momentum including details
of the experimental apparatus and the analysis procedures. A
discussion of the �+ width based on the present results with a
theoretical calculation is also given.

II. EXPERIMENT

We have performed the experiment (J-PARC E19) which is
a high-resolution search for the �+ pentaquark via the π−p →
K−X reaction. In order to realize a high-resolution missing
mass spectroscopy, we have constructed two spectrometers
[25]: the beam spectrometer and the superconducting kaon
spectrometer (SKS). Figure 1 shows a schematic view of
the experimental setup. Physics data were taken in 2010 and
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FIG. 1. Schematic view of the experimental setup in 2012.
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2012 using different beam momenta of 1.92 and 2.01 GeV/c,
respectively. The first run [24] was carried out to have a
direct comparison with the previous E522 experimental result.
The second run was performed using the maximum beam
momentum of the K1.8 beam line. We chose the higher
momentum because an increase in the production cross section
was expected from a theoretical prediction [26,27].

A. K1.8 beam line

A primary proton beam was extracted from the J-PARC
30-GeV proton synchrotron for 2.2-s spill in 6-s repetition
to a platinum production target. The K1.8 beam line [28]
is a separated secondary-particle beam line up to 2 GeV/c
momentum. The beam line has two electrostatic separators
which were designed to obtain high-purity kaon beams. A
typical beam size was 10 (horizontal) × 5 (vertical) mm2

(rms) at the experimental target. The central beam momenta
were set at 1.92 or 2.01 GeV/c with a spread of typically
1% rms. The average beam intensity was adjusted to 1.0 and
1.7 × 106/spill in 2010 and 2012, respectively, which was
limited by an acceptable instantaneous rate. Due to the beam
ripples, the maximum instantaneous rate became up to twenty
times as high as the mean rate [25].1

B. Beam spectrometer

The last part of the K1.8 beam line is the beam spectrometer
[25]. It comprises a QQDQQ magnet system with four sets
of wire chambers (BC1–BC4), a gas Cherenkov counter (GC)
and two sets of segmented plastic scintillation counters (BH1
and BH2).

BC1 and BC2 were 1-mm pitch multiwire proportional
chambers (MWPCs) installed at the upstream part of the
QQDQQ system. At the exit of the last Q magnet, drift
chambers BC3 and BC4 which have drift spaces of 1.5 and
2.5 mm, respectively, were installed. Beam tracks were mea-
sured with a position resolution of 200 μm. Beam momenta
were reconstructed particle by particle with a resolution of
10−3 (FWHM). In order to minimize the multiple-scattering
effect on the momentum resolution, the beam spectrometer
optics was designed to realize point-to-point focus to the first
order. The magnetic field of the dipole magnet was monitored
during the experimental period by a high-precision Hall probe.

BH1 and BH2 were used as trigger and time-of-flight
counters for beam particles with a time resolution of 0.2 ns. GC
is a pressured isobutane gas Cherenkov counter (n = 1.002).
It vetoed electrons, which contaminated 10–20% of the beam,
with a rejection efficiency of 99.5%. The beam trigger was
defined as BEAM ≡ BH1 × BH2 × GC.

C. Superconducting kaon spectrometer

The superconducting kaon spectrometer (SKS) [25] com-
prises a superconducting dipole magnet with four sets of drift
chambers (SDC1–SDC4) and three kinds of trigger counters

1The acceptable beam intensity was increased by ten times in 2013
thanks to efforts by the accelerator group and a detector upgrade [29].

(TOF, AC, and LC). It establishes both a good momentum
resolution of 2 × 10−3 (FWHM) and a large acceptance of
100 msr around 1 GeV/c momentum. The SKS magnet which
had been utilized in the KEK-PS experiments was moved to
the J-PARC hadron facility. Details of the original specification
are described elsewhere [30].

SDC1 and SDC2 were installed at the entrance of the
magnet, which have the same drift-cell structure as that of
BC3 and BC4. Large-area drift chambers, SDC3 and SDC4,
were placed at the exit of the magnet. Since the setup
of SKS was slightly changed between 2010 and 2012, the
momentum acceptance was somewhat different: 0.7–1.0 and
0.8–1.2 GeV/c in 2010 and 2012, respectively. The magnet
was excited at 2.5 T and its field was monitored by an NMR
probe during the experimental period. Helium bags were
installed in the gap of the magnet and between the magnet
and SDC3 to avoid multiple scatterings by air.

The TOF wall consists of 32 vertical plastic scintillation
counters performing the time-of-flight measurement for scat-
tered particle identification. AC is a threshold-type Cherenkov
counter with silica aerogel (n = 1.05) as the radiator for pion
veto. Two small-size ACs were used in the 2010 run, while
we replaced them with a new larger-size AC before the 2012
run. The LC wall consists of 28 vertical threshold-type lucite
Cherenkov counters (n = 1.49). It was used to discriminate
low-momentum protons from pions and kaons. We adopted
a matrix-coincidence trigger (MATRIX) considering a hit-
segment combination of TOF with LC. It distinguishes reaction
events at the target from fake triggers originated from the beam
hitting the magnet and detector frames. Production data were
triggered by the (π,K) reaction events which are defined as
PIK ≡ BEAM × TOF × AC × LC × MATRIX. The typical
trigger rate was 400 per spill.

D. Experimental target and data acquisition

We used a liquid hydrogen (LH2) target with a thickness
of 0.85 g/cm2. The target size was 67.8 mm in diameter and
120 mm in length along the beam direction. Both end caps
of the target vessel and the windows of the target vacuum
chamber were made of a 0.25-mm-thick mylar. The stability
was monitored during the experimental period and the density
fluctuation was less than 3 × 10−5.

We developed a network-based data acquisition system [31]
for various experiments in the hadron facility. It integrated
several kinds of readout subsystems through network. In
order to validate the data structure among different electronics
standards, a trigger/tag distribution system was developed.
The tags embedded in the data structure were checked at the
beginning of the data decoding.

E. Data summary

Table I shows the data summary. For the �+ search data,
the π−p → K−X reactions at 1.92 and 2.01 GeV/c were
accumulated in the 2010 and 2012 runs, respectively. Empty
target data with the empty vessel instead of the liquid hydrogen
target were also taken in order to estimate a background
contamination from surrounding materials and the vertex cut
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TABLE I. Experimental data summary. The first row is the �+ search data. Others are calibration data.

Reaction Beam momentum (GeV/c) Target Number of particles in beam

2010 data 2012 data

π−p → K−X 1.92 / 2.01 LH2 7.8 × 1010 8.1 × 1010

Empty runa 1.92 / 2.01 empty 4.6 × 109 4.1 × 109

π+p → K+�+ 1.38 LH2 2.9 × 109 8.5 × 108

π−p → K+�− 1.38 LH2 1.2 × 1010 3.8 × 109

π−p → K+�− 1.46 LH2 8.7 × 109

π± beam-through 0.75–1.38 empty

a(π−,π−) scattering events were used for analysis.

efficiency. For the momentum calibration of the spectrometers,
the following two kinds of calibration data were used.

(i) In the π±p → K+�± reactions, incident momenta of
1.38 and 1.46 GeV/c were selected so that the central momenta
of scattered kaons were 0.9 and 1.0 GeV/c, respectively. These
kaon momenta were compatible with those generated by the
�+ production at 1.92 or 2.01 GeV/c beam momentum. The
validity of the analysis was examined by using the missing-
mass peak and the cross section of the � hyperons.

(ii) A low-momentum pion beam around 1 GeV/c can
directly pass through both spectrometers. This kind of data
is called π± beam-through data. The data were acquired at
several momenta between 0.75 and 1.38 GeV/c with both
positively and negatively charged beams.

III. ANALYSIS

The �+ was searched for in a missing mass spectrum of the
π−p → K−X reaction. The missing mass, MX, is calculated
in the laboratory frame as follows:

MX =
√

(Eπ + mp − EK )2 − (
p2

π + p2
K − 2pπpK cos θ

)
,

(1)

where Eπ and pπ are the energy and momentum of a beam
pion, EK and pK are those of a scattered kaon, mp is the mass
of a target proton, and θ is the scattering angle defined as the
angle between the incoming pion and the outgoing kaon. Thus
there are three kinematic variables to be measured; pπ , pK ,
and θ .

The analysis procedure of missing mass reconstruction is
described in the next subsection, followed by calibration meth-
ods. There is no calibration peak in the �+ search data because
the π−p → K−X reaction is an exotic channel; therefore,
analyses on both the mass scale calibration (Sec. III B) and
the mass resolution (Sec. III C) were done by using the �±
production data and the π± beam-through data. The cross
section calculations are described in Sec. III D.

A. Missing mass reconstruction

The procedure of the analysis was as follows: (i) event
selection by using counter information, (ii) momentum re-
construction for beam and scattered particles, (iii) particle
identification of kaons, (iv) reconstruction of the scattering

angle and the vertex point, and (v) calculation of the missing
mass.

An incident pion was selected by using the time-of-flight
information between BH1 and BH2. Then, the beam momen-
tum and the scattered-particle momentum were determined by
reconstructing particle trajectories from the hit positions of
BCs and SDCs. In the tracking process, straight-line tracks
were first defined locally both at the entrance and the exit
of each spectrometer by linear least-squares fitting. Then, χ2

minimization with respect to the momentum vector was done
for each combination of the straight-line tracks. In the beam
spectrometer, a third-order transport matrix calculated with
ORBIT [32] was utilized for the momentum reconstruction,
while, in the SKS, trajectories were reconstructed by means of
the Runge-Kutta method with a magnetic field map calculated
by the finite element method. In the present analysis, events
including more than two beam tracks were discarded.

The mass of a scattered particle was calculated as Mscat =
(p/β)

√
1 − β2, where β is the velocity of a scattered particle

and p is the momentum determined by the SKS tracking.
β is calculated with the path length and the time of flight
between BH2 and TOF. Figure 2 shows a distribution of the
squared mass, M2

scat, obtained in the �+ search data. The
remaining pions are caused by the AC inefficiency of 2%.
The kaon selection cut region is indicated in the spectrum:

]2)2Squared Mass [(GeV/c
-0.2 0 0.2 0.4 0.6 0.8 1
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FIG. 2. Squared mass distribution for scattered particles in the
�+ search data in 2012. It is shown in a momentum range of 0.9–1.1
GeV/c. The vertex cut and the scattering angle selection of 2–15◦

have been applied. The dashed lines indicate the kaon selection gate.
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FIG. 3. (Color online) Vertex distribution along the z axis (beam
direction). The open histogram shows the LH2 target data. The red
hatched histogram shows the empty target data normalized by the
beam flux. The subtraction of these histograms represents a net
contribution from LH2. (π−,π−) events with scattering angles from
2◦ to 15◦ are selected in both histograms. The blue dashed lines
indicate the vertex cut positions.

0.15 < M2
scat < 0.40. Pion contamination in the kaon gate was

estimated to be 1.9 ± 1.0% in a momentum range of 0.9–1.1
GeV/c, while the kaon identification efficiency was 96%.

The scattering angle and the vertex point were obtained
from two tracks: the local straight-line track obtained from
BC3 and BC4 and the track obtained by the momentum
reconstruction of the SKS. The relative geometry between
the beam spectrometer and the SKS was adjusted by using
the beam-through data. Figure 3 shows a vertex distribution
along the z axis (beam direction). Since the z-vertex resolution
rapidly deteriorates with decrease of the scattering angles,
scattering angles less than 2◦ were excluded. This forward
angle cut was effective to reject muons which originate from
beam pion decay around the target region. In addition, events
with scattering angles more than 15◦ were not used in the
present analysis because of rapidly decreasing acceptance.
The z-vertex resolution was estimated to be 10–20 mm for
scattering angles from 2◦ to 15◦. In Fig. 3, contribution from
the mylar windows of the target vessel (z = ±60 mm) and
the vacuum chamber (z = ±135 mm) are clearly seen in the
empty target data. The bump around 280 mm is due to SDC1.

The vertex cut (−60 < z < 60 mm,
√

x2 + y2 < 30 mm) was
applied by considering the target vessel size.

Finally the missing mass was calculated according to
Eq. (1). The same analysis procedure was applied to the
calibration data. For instance, the missing mass spectrum of
the π−p → K+X reaction at 1.46 GeV/c is shown in Fig. 4,
where the �− hyperon mass is correctly reconstructed with a
resolution of 2.21 ± 0.05(stat.) ± 0.1(syst.) MeV (FWHM).
The systematic uncertainty was estimated by a fitting range
dependence. In the other � production data, � hyperon peaks
were also reconstructed with similar quality. The obtained
peak positions were used in the mass scale calibration, while
the peak widths were used to evaluate the �+ mass resolution.
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FIG. 4. Missing mass spectrum of the π−p → K+X reaction at
1.46 GeV/c after applying the mass scale calibration. The ordinate
represents the differential cross section averaged over 2–15◦ in the
laboratory frame. The �− peak is identified with a resolution of
2.21 ± 0.05(stat.) ± 0.1(syst.) MeV in FWHM. The quoted errors in
the figure are statistical.

B. Mass scale calibration

The missing mass scale, in other words, the momentum
scales of both spectrometers, was adjusted by several calibra-
tion data: �± production data and π± beam-through data.

The initial scales of momenta were reconstructed by the
beam spectrometer and SKS based on the magnetic-field
values monitored by the Hall probe and the NMR probe,
respectively. Then, energy loss correction in the LH2 target
and the BH2 counter was applied event by event considering
the reaction vertex according to the Bethe-Bloch formula. The
� production data provided information on a mass difference
between the reconstructed mass and the known � mass. On
the other hand, a momentum difference, pdiff ≡ pB − pS, was
obtained from each beam-through event, where pB (pS) is the
beam (scattered-particle) momentum at the target position. The
momentum scale calibration was done so as to reduce these
mass and momentum differences.

In the momentum scale calibration, we regarded the
momentum reconstructed by the SKS as a reference, because
the SKS magnet was set at 2.5 T at all times while the
beam spectrometer was excited at different field corresponding
to the beam momenta. Therefore, we applied a correction
on the beam momentum so as to minimize the momen-
tum and mass differences. At first, a polarity offset of
2.7 MeV/c due to the different polarity setting of the beam
spectrometer was corrected. Then, a linear correction with
respect to the beam momentum was applied. As a result,
the momentum differences were reduced within 2 MeV/c,
and the mass differences were within 1 MeV/c2. We regarded
the remaining differences as a systematic uncertainty on
the momentum scale, which was estimated to be 0.12% at
most. Considering the momentum scale uncertainty and the
kinematics of the �+ production, the missing mass scale
uncertainty on �+(1530) was estimated to be 1.4 MeV/c2
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in the 2012 data. The corresponding value in the 2010 data
was 1.7 MeV/c2.

C. Mass resolution

As for the missing mass spectroscopy, the mass resolution
(�M) is derived from the momentum resolution of beam
and scattered particles (�pB and �pS), the scattering angle
resolution (�θ ) and the energy-loss straggling effect (�Estrag).
It can be expressed in the following equations:

�M2 =
(

∂M

∂pB

)2

�p2
B +

(
∂M

∂pS

)2

�p2
S

+
(

∂M

∂θ

)2

�θ2 + �E2
strag, (2)

∂M

∂pB
= 1

M
[βB(mp − ES) + pS cos θ ], (3)

∂M

∂pS
= − 1

M
[βS(mp + EB) − pB cos θ ], (4)

∂M

∂θ
= − 1

M
pBpS sin θ. (5)

These are derived from Eq. (1) where the subscripts π and
K should be replaced by B and S which represent beam and
scattered particle, respectively, and β is the velocity of each
particle. The covariance terms in Eq. (2) were ignored in the
present analysis; since pB and pS are obtained by independent
spectrometers, they have no correlation. The correlation
between the scattering angle θ and each momentum was
neglected because their contribution to the overall resolution
was limited.

In a previous Letter [24], we had assumed �pB/pB =
5.2 × 10−4 (FWHM) which was calculated by the first-order
transport matrix with a tracker position resolution of 0.2 mm
and by fluctuation of the magnetic field. Because the above
value might be underestimated, we applied another estimation
in the present analysis. As well as the mass scale calibration,
the mass resolution for �+ was evaluated by the calibration
data: �± production data and π± beam-through data.

�Estrag denotes contribution from energy-loss straggling
in the target and BH2 to the missing mass resolution. It was
calculated to be 0.39 MeV for the �+ production at 2 GeV/c
assuming the Landau distribution. The dependence on the
reaction vertex point in the target was less than 0.01 MeV.

The stability of the magnetic field was monitored during
data acquisition. The long-term fluctuations of the beam
spectrometer and the SKS field were less than 2.4 × 10−4

and 9.6 × 10−5, respectively, which were neglected in the
momentum resolution.

The missing mass resolution for the �’s was estimated
by fitting the calibration peaks of the � hyperons. As can
be seen in Eqs. (2)–(5), the missing mass resolution depends
on the scattering angle θ . At forward angles of 2–15◦, the
θ dependence predominantly comes from the sin θ term in
Eq. (5). Hence, �θ was obtained by fitting the θ dependence in
the � mass resolution as a function of sin θ . �θ was estimated
to be 5.7 ± 0.8 mrad (FWHM).

In order to obtain �pB and �pS, another equation was
necessary. From the pdiff (=pB − pS) distribution obtained
from the beam-through data, we obtained the width of the
distribution, �pdiff , which is composed of the momentum
resolution of the beam spectrometer and SKS and the energy-
loss straggling effect in BH2 (�pstrag). It is written as

�p2
diff = �p2

B + �p2
S + �p2

strag. (6)

The typical �pdiff value was 2.67 ± 0.12 MeV/c obtained from
the 1.1-GeV/c beam-through data. The effect from different
magnet polarity was examined by several sets of beam-through
data with the same momentum but with the opposite charge. As
a result, the effect on the momentum resolution was negligibly
small (<0.12 MeV/c). �pstrag was calculated in the same
procedure as for �Estrag.

Assuming that the momentum resolution is simply propor-
tional to the momentum, �pB/pB and �pS/pS were derived
by solving the quadratic equations (2) and (6). The resolution
of the beam spectrometer was calculated to be �pB/pB =
(1.4 ± 0.2) × 10−3 and that of the SKS was �pS/pS = (2.0 ±
0.2) × 10−3 (FWHM). Then, the mass resolution expected for
the �+ production was derived as a function of the scattering
angle: �M�(θ ). In order to utilize in the following analysis, we
needed the mass resolution averaged over 2–15◦, which was
found to be 2.13 ± 0.15 MeV (FWHM) assuming isotropic
angular distribution for the �+ production. The dependence
on the angular distribution was examined and found to be
less than 0.1 MeV because the experimental acceptance was
limited to forward angles. The mass resolution in the 2010 data
was similarly reevaluated to be 1.72 MeV (FWHM) [33]. The
difference between the 2010 and 2012 data was mainly due to
the different momentum settings.

D. Cross section

The cross section was calculated from the experimental
yields as

dσ

d�
= A

(ρx) NA
× NK

Nbeam
× 1

εexp d�
, (7)

where A is the atomic mass of target hydrogen, ρx the target
mass thickness, NA Avogadro’s number, Nbeam the scaler
counts of the beam trigger, NK the number of (π,K) events,
εexp the total experimental efficiency, and d� the solid angle
of the SKS. Table II is a list of the experimental efficiency
factors which consists of the beam normalization, detection
efficiency, analysis efficiency, and other factors. Some factors
depended on various experimental conditions, e.g., beam
intensity, scattering angle, and momentum, which were taken
into account.

The beam normalization factor represents a fraction of
the effective pion number in the beam trigger. Electrons in
the beam were rejected by GC at trigger level. However,
muons, which are decay products of pions, can not be
separated from pions. The muon contamination rate was
estimated to be 3.0 ± 2.0% by a Monte Carlo (MC) simulation
using DECAY-TURTLE [34]. The error represents the systematic
uncertainty in the simulation. In previous experiments at KEK-
PS [35], the muon contamination rate was measured and agreed
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TABLE II. List of experimental efficiency factors and their typical
values in 2012 data.

Efficiency Typical value (%)

Beam normalization factor 90.2 ± 1.9
BC1,2 efficiency 85.0 ± 0.5
BC3,4 efficiency 99.1 ± 0.3
Beam spectrometer tracking efficiency 98.2 ± 0.3
Single track ratio 94.3 ± 0.3
SDC1,2 efficiency 97.4 ± 0.2
SDC3,4 efficiency 94.6 ± 1.1
SKS tracking efficiency 97.0 ± 0.8
TOF efficiency 99.6 ± 2.5
LC efficiency 97.5 ± 2.4
AC overkill factor 91.8 ± 2.1
PID efficiency for kaon 95.5 ± 2.0
Vertex cut efficiency 84.8 ± 1.0
Kaon decay factor 48.3 ± 0.4a

K− absorption factor 91.1 ± 1.2
Data acquisition efficiency 76.9 ± 0.5
Matrix trigger efficiency 98.6 ± 1.4

Total efficiency 15.1 ± 0.9

aA representative value in the case of a 1-GeV/c momentum and a
5-m path length.

with a DECAY-TURTLE simulation within 2%. The accidental
coincidence rate between BH1 and BH2 was estimated to
be 3.2 ± 0.3% by using time-of-flight spectra with the beam
trigger. Considering the target vessel size, we applied the beam
profile cut whose efficiency was typically 96.1 ± 0.3%. In
total, the beam normalization factor was 90.2 ± 1.9%.

The local straight-line tracking efficiencies of BC1,2,
BC3,4, SDC1,2, and SDC3,4 were typically 85.0 ± 0.5%,
99.1 ± 0.3%, 97.4 ± 0.2% and 94.6 ± 1.1%, respectively. The
beam spectrometer tracking efficiency was 98.2 ± 0.3% and
the single beam track fraction was 94.3 ± 0.3%. The SKS
tracking efficiency was estimated by using scattered proton
events contaminating the data set of the π±p → K+�±
reaction because protons are free from an effect of decay in
flight. Since the efficiency slightly depends on the incident
angle to the SKS, it was estimated angle by angle. A typical
value was 97.0 ± 0.8%.

The TOF and LC efficiencies were estimated to be 99.6 ±
2.5% and 97.5 ± 2.4%, respectively, by means of controlled
data obtained by the trigger without each detector. The AC
overkill rate was estimated to be 8.2 ± 2.1%, which was caused
by two factors: one was accidental coincidence (3.3 ± 0.6%)
which was calculated by the AC single rate of 200 kHz and
the trigger coincidence width; the other was induced by δ rays
(4.9 ± 2.0%), which was estimated by using scattered proton
events with the trigger without AC.

As described in Sec. III A, scattered kaons were identified
by calculating M2

scat (Fig. 2). The kaon identification efficiency
slightly depended on the momentum, which was taken into
account. The typical efficiency was 95.5 ± 2.0%. The uncer-
tainty was due to the ambiguity of the low-mass tail of the
kaon peak.

The vertex cut efficiency was obtained by subtracting the
empty-target data from the LH2-target data (Fig. 3). The vertex
cut efficiency strongly depends on the scattering angle because
of the poor vertex resolution at small angle. Therefore, it was
calculated angle by angle. The averaged value was 84.8 ±
1.0%. The remaining background events from surrounding
materials were estimated to be less than 3% in the selected
region.

The kaon decay rate was corrected event by event using
the momentum and the flight path length. Some kaons which
decayed after passing through SDC4 fired AC or escaped
from the acceptance. The probability of these leakages from
the (π,K) trigger was evaluated by a simulation. A typical
kaon decay correction factor was 48.3 ± 0.4% in the case of
1 GeV/c momentum and a 5 m path length.

The K−N inelastic cross section is approximately 20 mb
around 1 GeV/c [36]. The K− absorption rate was estimated
to be 8.9 ± 1.2% by using a MC simulation.

A typical data-acquisition efficiency was measured to be
76.9 ± 0.5%. The matrix-coincidence trigger efficiency of
98.6 ± 1.4% was obtained from the controlled data acquired
by the trigger without the matrix coincidence.

Summarizing the efficiency factors described above, the
overall efficiency factor was calculated event by event. A
typical value was 15.1% and a typical uncertainty was 0.9%.
Hence, the relative systematic uncertainty caused by the
efficiency correction was estimated to be 6%.

The solid angle of the SKS was calculated with a MC simu-
lation as a function of the scattering angle and the momentum.
The beam profile and the reaction vertex point were taken into
account in the simulation. The typical uncertainty of 1% was
due to the statistical one in the simulation.

Finally the total systematic uncertainty on the cross section
was estimated to be 7%, summing 6% from the efficiency and
1% from the acceptance. The validity of the efficiency and
the acceptance correction was examined by using the known
� production cross sections. Figure 5 shows the differential
cross sections of the π+p → K+�+ reaction at 1.38 GeV/c.
Both of the present data sets taken in 2010 and 2012 are in
good agreement with the previous experimental data [37].

IV. RESULTS

Figure 6 shows the missing mass spectrum of the π−p →
K−X reaction at 2.01 GeV/c at scattering angles from 2◦
to 15◦. The data are indicated as points with error bars. The
spectrum is structureless and no clear peak was observed.

In the present reaction, several background processes
are associated with the �+ production. The π−p → K̄KN
reaction at 1.8–2.2 GeV/c was reported in Ref. [38] and we
considered following three processes as the main background:

π−p → φ n → K−K+n, (8)

π−p → �(1520) K0 → K−K0p, (9)

π−p → K−K+n or K−K0p (nonresonant). (10)

Since other higher excited �∗ and �∗ resonances were not
observed in [38], we assumed the cross section is small and
neglected the contribution.
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FIG. 5. (Color online) Angular distribution for the π+p →
K+�+ reaction at 1.38 GeV/c. The black solid circles and the red
open circles are the present E19 data in 2012 and 2010, respectively.
The blue crosses are the data from Candlin et al. [37], converted from
the center-of-mass frame to the laboratory one. The scattering angle
is defined as the one between the outgoing kaon and the incoming
pion. The quoted errors are statistical only.

The background shape was reproduced by a MC simulation
taking account of the reactions (8)–(10). A background event
was originated from a K− in the three-body final state detected
in the spectrometer acceptance. The cross section and angular
distribution of the φ and �(1520) productions were taken
from Refs. [38,39]. Since there was no reliable information
on the nonresonant cross section, the scale of the nonresonant
contribution was normalized to the present experimental data.
The simulated background spectra are overlaid as histograms
in Fig. 6. Note that these background processes do not make
any sharp structure in the missing mass spectrum.

]2Missing Mass [GeV/c

1.45 1.50 1.55 1.60

)2
C

ou
nt

s 
/ (

M
eV

/c

0

100

200

300

400

500
E19 data (2012)

Simulation sum

KNKNonresonant 

 nφ
0(1520) KΛ

 X  at 2.01 GeV/c- K→ p -π

FIG. 6. (Color online) Missing mass spectrum of the π−p →
K−X reaction at 2.01 GeV/c. The experimental data are indicated
by black points with statistical errors. The red histogram represents
the total background shape obtained by a MC simulation including
three processes: nonresonant K̄KN (blue dashed), φ-intermediated
K−K+n (green dotted) and �(1520)-intermediated K−K0p (ma-
genta dashed-dotted). The scale of the nonresonant components is
normalized to the experimental data.
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FIG. 7. Missing mass spectrum of the π−p → K−X reaction at
2.01 GeV/c. The ordinate represents the differential cross section
averaged over 2–15◦ in the laboratory frame. The quoted errors are
statistical.

Figure 7 shows the missing mass spectrum of the π−p →
K−X reaction at 2.01 GeV/c where the experimental ef-
ficiency and the acceptance were corrected; the ordinate
represents the differential cross section averaged over 2◦ to
15◦ in the laboratory frame. We evaluated the upper limits
on the �+ production cross section. As shown in the top
figure of Fig. 8, we fitted the spectrum with a background
using a second-order polynomial function and a Gaussian
peak with a width of 2.13 MeV (FWHM) which was the
expected experimental resolution. The natural width for the
�+ was ignored in the fitting. In addition, the error bar at
each point indicates only the statistical uncertainty because
the systematic uncertainty which came from the efficiency and
acceptance correction was almost common within the local
mass range of a few MeV/c2. The systematic uncertainty is
discussed later. Therefore the fitting provides an estimation of
the effect from statistical fluctuation. The fitting was repeated
for every assumed peak position from 1500 to 1560 MeV/c2

with 1-MeV steps. Then the cross section was calculated
from the area of the Gaussian function. The bottom figure
of Fig. 8 shows the results and the upper limits at the
90% confidence level. In the confidence level estimation, we
assumed the Gaussian approximation where an unphysical
region corresponding to negative cross section was excluded.
The 90% C.L. upper limit on the differential cross section
averaged over 2–15◦ was derived to be at most 0.28 μb/sr in
the mass region of 1500–1560 MeV/c2.

We investigated the influence upon the result from some
systematic uncertainties. First, the result was affected by
the cross section uncertainty of 7% described in Sec. III D.
Second, the mass resolution uncertainty of ±0.15 MeV, which
was described in Sec. III C, caused 4.2% influence upon the
upper limit. Finally, we examined an uncertainty due to the
background shape. We applied a third-order polynomial func-
tion instead of the second-order one and found the influence
negligibly small. As a whole, the systematic uncertainties were
controlled within 10% and did not have much influence upon
the upper limits.

035205-8



HIGH-RESOLUTION SEARCH FOR THE �+ . . . PHYSICAL REVIEW C 90, 035205 (2014)

]2Mass [GeV/c

1.50 1.51 1.52 1.53 1.54 1.55 1.56

b/
sr

]
μ

 [ °
2-

15
σ

-0.3

-0.2

-0.1

0.0

0.1

0.2

0.3
90% C.L. upper limit   at 2.01 GeV/c+Θ - K→ p -π

]2Missing Mass [GeV/c

1.50 1.51 1.52 1.53 1.54 1.55 1.56

))
]

2
b/

(s
r 

(M
eV

/c
μ

 [ °
2-

15
σ

0.0

0.2

0.4

0.6

0.8

1.0

 / ndf = 66.5 / 672χ
 (fixed)2M = 1.537 GeV/c

 = 2.13 MeV (fixed)expΓ
b/srμ 0.083 ±Area = 0.171 

 X  at 2.01 GeV/c
-

 K→ p -π

FIG. 8. (Color online) (Top) Missing mass spectrum of the
π−p → K−X reaction at 2.01 GeV/c in the mass region of the �+
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(blue dotted) whose width is fixed by the experimental resolution of
2.13 MeV. (Bottom) Allowed signal yields for each mass. The error
bars denote the statistical uncertainty. The red line indicates the upper
limit at the 90% confidence level.

As for the 2010 data [24] taken at 1.92 GeV/c beam
momentum, we reevaluated the upper limits using the updated
experimental resolution of 1.72 MeV described in Sec. III C.
The upper limits were derived to be at most 0.28 μb/sr in the
mass region of 1510–1550 MeV/c2.

Combining the 2010 and 2012 data, we have found the
upper limits on the �+ production cross section to be less than
0.28 μb/sr both at 1.92 and 2.01 GeV/c. These are an order of
magnitude lower than the previous E522 experimental result of
2.9 μb/sr [21]. We conclude that the bump structure observed
in the E522 experiment was not a sign of �+ (and the authors
did not claim so). Furthermore, the obtained upper limits are
extraordinarily small as a hadronic production cross section.
We quantitatively discuss it in the next section.

V. DISCUSSION

In this section, we discuss the constraint on the existence of
the �+ focusing on its decay width. Theoretical calculations
for the meson-induced �+ productions have been studied

in Refs. [26,27,40–45], where the authors adopted an ef-
fective interaction Lagrangian approach with several reaction
mechanisms and different frameworks. In the π−p → K−�+
reaction for the isosinglet �+, s- or t-channel diagram or
two-meson coupling is allowed at tree level. Nonobservation
of �+ in the K-induced reaction [22] implied that the t-
channel process, where the K∗ vector meson is exchanged,
is quite small according to a preceding theoretical calculation
[42]. Two meson couplings of NπK� were studied in [45].
Nonobservation of �+ in both the π - and K-induced reactions
[21,22] resulted in the smallness of the two-meson coupling.
Thus, the s-channel contribution seems to be dominant in the
π−p → K−�+ reaction.

Recently, Hyodo et al. have published a comprehensive
calculation [27] which can be directly compared to our
experimental result. They considered only the nucleon pole
term which corresponds to the s-channel diagram in the
π−p → K−�+ reaction. Their calculation was performed
for the isosinglet �+ with JP = 1/2± and 3/2± cases. They
introduced two schemes for the Yukawa couplings, namely
pseudoscalar (PS) and pseudovector (PV) schemes. They also
introduced two types of form factors, namely static (Fs) and
covariant (Fc) types, to reflect the finite size of the hadrons.
Theoretical parameters were determined based on the known
hadron reactions except for the unknown KN� coupling
constant. Note that the KN� coupling constant corresponds to
the �+ width. Since the amplitude for the s-channel diagram is
proportional to the KN� coupling constant, the cross section
(σ�) is simply proportional to the width of �+ (��):

dσ�

d�
= kC,F (pπ,m�) ��, (11)

where the coefficient k is obtained in each coupling scheme
(C), PS or PV, and form factor (F ), Fs or Fc. k is also a
function of the incident momentum, pπ , and the �+ mass, m�.
The differential cross section was calculated at the incident
momenta of 1.92 and 2.00 GeV/c and at the �+ mass every
10 MeV in the range 1510–1550 MeV/c2.

From the present experimental results, we obtained two
structureless missing-mass spectra at 1.92 and 2.01 GeV/c. We
simultaneously fitted these spectra with respect to a common
width parameter, ��, which is related to the cross section
according to Eq. (11). The Breit-Wigner distribution smeared
by the experimental resolution was used as a signal function.
The experimental resolution was fixed at 1.72 and 2.13 MeV
(FWHM) for the 1.92- and 2.01-GeV/c data, respectively.
The signal cross section was constrained by Eq. (11). We
allowed both positive and negative cross sections in fitting
the spectra. In case of the negative cross section, the signal
function was a Gaussian with the experimental resolution
and negative height. As was done in Sec. IV, second-order
polynomial functions were used as the background shape.
The fitting result was obtained at each mass. The 90% C.L.
upper limits were estimated assuming parabolic error and the
Gaussian approximation in the same manner as described in
Sec. IV.

Figure 9 shows the obtained upper limits on the �+
decay width for each theoretical scheme and spin-parity.
Here we considered the 1/2± cases. The 3/2± cases are
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highly disfavored in [27] since the width derived from the
previous experiments [21,22] becomes too narrow. Because
the difference among each scheme is a theoretical uncertainty,
we took the most conservative one, where the obtained result
gives the largest upper limit. In the 1/2+ case (top figure of
Fig. 9), the PV scheme with Fc form factor gives the largest
upper limits. The upper limits of the decay width are less
than 0.36 MeV in almost the entire mass region of 1510–1550
MeV/c2. On the other hand, the 1/2− case (bottom panel of
Fig. 9) shows relatively larger width than the 1/2+ case. This
can be understood by the partial wave of the � → KN decay.
�+ decays in s (p) wave in the 1/2− (1/2+) case. In general,
the decay width is smaller for higher wave with respect to the
same coupling constant. In the 1/2− case, the PS scheme with
Fc form factor gives the largest upper limits. The upper limits
of the decay width are less than 1.9 MeV in the mass region
around 1530 or 1540 MeV/c2, whereas the sensitivity is not
enough outside the range.

We investigated the influence upon this result from the
systematic uncertainty in the fitting. The missing mass has

a systematic uncertainty due to the mass scale calibration.
As was described in Sec. III B, the mass scale uncertainties
were estimated to be 1.7 and 1.4 MeV in the 2010 and 2012
data, respectively. Due to this uncertainty, the upper limits
could vary by ±30% and +10

−30% in the 1/2+ and 1/2− cases,
respectively. This was the dominant uncertainty in this fitting.

Finally, the obtained upper limits on the �+ width are
compared to other experimental results. From the viewpoint
of hadron structure, for �+ with 1/2−, which decays in s wave,
it is difficult to explain the extraordinarily narrow width. We
discuss �+ with 1/2+ next. We derived the upper limits on the
width of less than 0.36 MeV in the possible �+ mass region in
the most conservative case. Our limits are more stringent than
both the old K+d scattering data [14–18], where the width was
derived to be less than a few MeV, and Belle’s upper limits, e.g.,
0.64 MeV at 1539 MeV/c2 [11]. In Fig. 9, the DIANA result is
also indicated. They claimed that the �+ was observed at 1538
± 2 MeV/c2 with the width of 0.34 ± 0.10 MeV [13]. Our
upper limits are comparable to their value. The consistency is
subtle but our result does not completely contradict the DIANA
claim.

VI. SUMMARY

We have searched for the pentaquark �+ via the π−p →
K−X reaction at the K1.8 beam line in the J-PARC hadron
facility. We acquired the experimental data at beam momenta
of 1.92 and 2.01 GeV/c with mass resolutions of 1.72 and
2.13 MeV (FWHM), respectively. No peak structure was
observed in the missing mass spectra at scattering angles of
2–15◦ in the laboratory frame. The 90% C.L. upper limits on
the forward production cross section were found to be less
than 0.28 μb/sr in both the 1.92- and 2.01-GeV/c data for
the possible �+ mass region. Combining with the theoretical
calculation using the effective Lagrangian, where the cross
section is proportional to the decay width of �+, constraints
on the �+ decay width were evaluated. The 90% C.L. upper
limits on the decay width were derived to be less than 0.36
and 1.9 MeV for the �+ spin-parities of 1/2+ and 1/2−,
respectively.
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