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Abstract

This analysis report is written as a supplemental for the strange meson spectroscopy part of
the KLF proposal submitted to the JLab PAC48.
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1 INTRODUCTION

The simplest hadronic reaction that involves strange quark is Kπ scattering, therefore its
experimental study plays crucial role for our understanding of QCD in the non-perturbative
domain. Theoretically the Kπ scattering amplitude can be calculated based on Chiral Per-
turbation Theory at one loop [1, 2] and at two loops [3]. There are also LQCD calculations
of Kπ scattering from the first principles treatment of QCD [4, 5, 6, 7, 8, 9, 10, 11, 12].

For Chiral Perturbation Theory the interest is on the low energy parameters, particu-
larly the scalar scattering lengths. But there is already quite discrepency between existing
measurements of ChPT [3, 13], dispersive analysis of experimental data [14, 15] and lattice
calculation [7, 9, 16, 17]. Lack of experimental data below 750 MeV for Kπ scattering is be-
ing a huge problem, where one needs an extrapolation down to the threshold at ≈635 MeV.
Thus, the new KLF input at low energies, together with the general improvement in statis-
tics, will settle this issue.

Another important motivation for Kπ scattering amplitudes is the need to confirm the
existence of the exotic κ meson (or K∗0(800) in the I=1/2 S-wave. This state would be the
strange counterpart of the σ (or f0(500)) meson which is now rather well established from
ππ scattering (see the review [18]).

The Kπ scattering has two possible isospin channels, I = 1/2 and I = 3/2. For S-
wave scattering, both are significant below 2 GeV, whereas the P -wave I = 3/2 is almost
negligible. Below 1 GeV the P -wave is basically a narrow elastic wave peaking at 892 MeV,
interpreted as the K∗(892) resonance, whereas a second resonance, the K∗1(1410) exists above
1 GeV, although its properties are less precisely known. The I = 3/2 S-wave is elastic and
repulsive up to 1.7 GeV and contains no known resonances. The P -wave I = 3/2 has been
measured in Ref. [19] and is also repulsive but very small. In case of I = 1/2 S-wave, it
has a peaking broad resonance above 1350 MeV, interpreted as K∗0(1430). In addition, some
phenomenological [20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30] and experimental [31, 32] studies
suggest the presence of the κ resonance with a very large width, in the region close to the
Kπ threshold.

The best way to unravel these states and improve the current knowledge on them is to use
elastic Kπ scattering and perform partial wave analysis at the low t-Mandelstam variable
to ensure scattering on a pion pole in the reactions KN → KπN or KN → Kπ∆. In
the past, charged kaon beams were used for this purpose. The KL-facility will allow us to
study Kπ scattering using the neutral kaon beam through several reactions by charge and
neutral exchanges. We performed simulation on some of those channels to obtain an insight
on the precision measurement of partial waves and hence the κ pole calculation. Here are
the channels we focus our simulation.
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1. KLp→ K±π∓p (1)

2. KLp→ K−π0∆++ (2)

3. KLp→ KLπ
−∆++ (3)

The production mechanism for these channels includes charge and neutral exchanges. In
particular at small momentum transfer region, −t < 0.2 GeV2, the amplitude is dominated
by the one pion exchange contribution, see Fig. 1. Here the top panel is the feynmann
diagram for a neutral pion exchange and the bottom panel for a charge pion exchange.

Figure 1: Illustration of the contribution from one-pion exchange, which is dominant at small
momentum transfer, to the production amplitude. Top panel: KLp → K±π∓p Bottom Panel:
(Left) KLp→ K−π0∆++ and (Right) KLp→ KLπ

−∆++.
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2 KL-FACILITY

The neutral kaon beam (KL) was simulated using bremsstruhlung photon beam scattered
with beryllium target 24 m upstream of the LH2/LD2 cryogenic target. The main mechanism
of KL production is via φ-meson photoproduction, which yields the same number of K0 and
K̄0. Based on the angular distribution calculated from ref [33], we see that the φ decay
in its rest frame is mostly perpendicular to the axis of φ-momentum. Since KLs need to
stay along the original photon beam direction to get to the LH2/LD2 cryogenic target, this
condition requires that the φ production and decay angles in the laboratory frame be about
the same. That means that we will have only KLs from φ-mesons produced at relatively
high momentum transfer t at the Be target. The simulated momentum distribution for KL

is shown in figure 2. Table 1 shows the beam condition for electron, photon and kaon at the
KL experiment.

Table 1: Expected electron/photon/kaon beam conditions at the KL experiment.

Property Value
Electron beam current (µA) 5
Electron flux at CPS (s−1) 3.1× 1013

Photon flux at Be-target Eγ > 1500 MeV (s−1) 4.7× 1012

KL beam flux at cryogenic target (s−1) 1× 104

KL beam σp/p @ 1 GeV/c (%) ∼1.5
KL beam σp/p @ 2 GeV/c (%) ∼5
KL beam nonuniformity (%) < 2
KL beam divergence (◦) < 0.15

K0/K0 ratio at cryogenic target 2:1
Background neutron flux at cryogenic target (s−1) 6.6× 105

Background γ flux at cryogenic target (s−1), Eγ > 100 MeV 6.5× 105

Schematic view of the Hall D beamline for the KLF is presented in top panel of figure 3.
Detail description of it is presenting in the proposal. Bottom panel of figure 3 is the GlueX
detector. The GlueX detector is azimuthally symmetric and nearly hermetic for both charged
particles and photons, and is shown in the Fig. 3. The largest element of gluex detector is
solenoid magnet, providing a magnetic field of about 2 T along the direction of the beam.
The KL beam momentum and time resolution are governed by the time resolution provided
by the GlueX detector from the reconstruction of charged particles produced in the LH2/LD2
target. There are three detector systems that can provide precision timing information for
reconstructed charged particles in GlueX: the Start Counter, Barrel Calorimeter (BCAL),

3



Figure 2: KL momentum spectra originating from all sources at the Be-target.
Total expected flux on GlueX target is 102.

and Time of Flight (TOF) detectors. The simulation studies perform here assumed a time
resolution of 250 ps. More details on the detector components and their performance is
described in Ref. [34].
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Figure 3: Top Panel: Schematic view of KL-facility which contains Hall D
beam line on the way e → γ → KL, Compton Photon Source, the Be tar-
get, sweep magnet, and neutral kaons FM . Beam goes from left to right.
Bottom panel: The GlueX spectrometer in Hall D at JLab.
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3 PARTICLE IDENTIFICATION

For each channel, one primary particle (the K+ for K+π−p, the K− for K−π0∆++, and
the π− for KLπ

−∆++) provides a rough determination for the position of the primary vertex
along the beamline that is used in conjunction with the SC to determine the fight time and
path of the KL from the beryllium target to the hydrogen target, and thus determines its
momentum. Protons, pions, and kaons are distinguished using a combination of dE

dx
in the

chambers and time-of-fight to the outer detectors (BCAL and TOF). The energy loss and
timing distributions for the K−π0∆++ channel are shown as an example in Fig 4.

In Sec 5, the photons from π0 are reconstructed using the shower quality topology. The
shower quality is defined a score between 0 and 1 to the neutral shower in FCAL using
machine learning technique. The cut on shower quality removes the uncorrelated showers
in FCAL that can be misidentified as photon in our analysis. The source of those showers
mostly likely are the hadronic split-off of showers. We choose the quality score greater than
0.5.
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Figure 4: Particle Identification: dE/dx for K−π0∆++
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4 DETAILS OF MC STUDY FOR KLp→ K±π∓p

For this channel, a MC simulation is made to study the Kπ P -wave in the proposed KL

facility. The model used for the MC generation is the Regge Model describing the neutral
exchange production [35] with charged kaon beam, and we adapted for the neutral kaon
beam. The theoretical model showed a good agreement with the data produced with beam
momenta between 2.1 and 10 GeV/c and four momentum transfer up to 1 GeV2. In this
simulation study, we assume that the neutral exchange with charged kaon beam is similar
to neutral kaon beam.

The number of MC events generated in this study was 1 M event, weighted by the beam
profile described in Sec. 2. A relativistic Breit-Wigner is used to simulate the K∗0(892)
resonance, and the kinematics of the decay daughters K+ and π− are simulated uniformly
in the phase-space of K∗0 → K+π−. Figure 5 shows the generated −t distribution and
invariant mass of K+π−.
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Figure 5: Generated MC distribution: Left: four-momentum transfer −t.
Right: K+π− invariant mass.

Next, these generated events sample is simulated through GlueX detector using HDGeant
package, which is the GlueX software developed by the GlueX Collaboration to simulate the
detector response. Finally, the reconstruction of simulation is made by the JLab Reconstruc-
tion Framework JANA. The selection of the reconstructed MC events is performed using the
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Particle Identification (PID) variables dE/dx, the deposit energy from the Central Drift
Chamber (CDC) and Forward Drift Chamber (FDC) of GlueX spectrometer. In addition,
the time difference from the Time-Of-Flight (TOF) was used to identify the forward pion and
kaon in the final state. More details on particle identification is described in section 3. The
number of reconstructed and selected MC events are about 58 K events, which represents
an integrated efficiency of the reconstruction and selection equal to 5.9 %. Fig. 6 shows the
reconstructed/selected MC events integrated over the entire range of beam momentum.
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Figure 6: Reconstructed MC distribution. Left−t variable. Right the invariant
mass of Kπ system, M(K+π−).

We have performed a dedicated resolution and efficiency study to quantify the improve-
ment that KLF facility can provide. The Fig. 7(left) represents the relative resolution of
the negative four momentum transfer −t and the Kπ invariant mass mK+π−(right). The
relative resolution of −t is very high, varying between 3 to 5% for −t > 0.1. At low −t, the
resolution is about 9% due to slow momentum proton reconstruction in the GlueX detector.
The invariant mass resolution is very high, less than 1.2% over the full range of interest.

The reconstruction and selection efficiencies for the variables −t and mkπ are shown in
the figure 9. For −t variable, the efficiency varies from 0 to 10 %. But for mkπ, the efficiency
seems more or less consistent, and which averages around 6%. The efficiency for −t goes
zero for −t less than 0.08 GeV2 because of poor reconstruction of recoil proton. After
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Figure 7: Left: Four momentum transfer relative resolution (σt/t) as a function
of −t. Invariant mass relative resolution (σm/m) as a function of M(Kπ).

repeating the same analysis without detecting the proton in final state, KLp → K+π−(p),
the reconstruction efficiency is quite high even at very small −t bin of 0.02 GeV2 and is
shown in figure 10. For the same analysis, the Fig. ??(left) shows the relative resolution of
the negative four momentum transfer −t and the Kπ invariant mass mK+π−(right). Without
detecting proton, with this resolution of −t we could study the Kπ production mechanism
with better statistics at small −t.

The Fig. 11 show the missing mass for KLp→ K+π−X, and is peaking at the rest mass
of proton. Different panels in the figure refer to the missing mass distribution for different
beam momentum. The beam was measured using the TOF detector. So, the resolution of
missing mass (MM(K+π−)) is driven by the TOF timing resolution, i.e 150 ps.

4.1 K∗(892) Production in KLF

Knowing the total acceptance with the cross section and expected luminosity we can
estimate the expected number of events of the K∗0(892) production in KLF. Almost 50
% of the neutral Kπ P -wave are produced as KLp → K∗0(892)(K+π−)p and the rest as
KLp→ K∗0(892)(K−π+)p. Assuming that the reconstruction and selection efficiency of the
final state K+π−p is the same as K−π+p, we can estimate the total number of events of
the neutral K∗ that can produced in KLF during for a given period of time. The expected
number of events is estimated as follows,
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Figure 8: For missing proton analysis in KLp → K+π−(p) Left: Four mo-
mentum transfer relative resolution (σt/t) as a function of −t. Invariant mass
relative resolution (σm/m) as a function of M(Kπ).

N(~p) = σK∗(~p)×BR(K∗ → K+π−)×
∫
Ldt× εtot(~p) (4)

where ~p is the beam momentum, σ is the total cross section of K∗ production, BR K∗(892)→
K+π− is the branching ratio (≈ 100 %). εtot(~p) is the total efficiency function of beam
momentum and

∫
Ldt is the integrated luminosity over the time, and is given as,∫

Ldt = nKntT, (5)

where nK is the rate of incident KL on target per second, nt is the number of scattering
centers per unit area and T is the integrated live time of the detector.

In figure 12 we are comparing total statistics from KLF of 100 days running with previous
high statistics experimental data, i.e SLAC. We expect one to two order of more statistics
for different −t bins in K∗0 production. In addition, the missing proton analysis will have
smaller −t coverage compare to the detected proton analysis.

10

...... ............ 
............ ...........,~~ ----·· --·-·---·~· ........ ,__ 

------+-------

------+-------

--+----+-
------+-------



]2-t [GeV
0 0.2 0.4 0.6 0.8 1

ef
fic

ie
nc

y

0

0.02

0.04

0.06

0.08

0.1

Transfer Four Momentum EfficiencyTransfer Four Momentum Efficiency

]2) [GeV/c-π+IM(K
0.6 0.7 0.8 0.9 1 1.1 1.2

ef
fic

ie
nc

y

0.04−

0.02−

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

 Invariant Mass Efficiency-π+K  Invariant Mass Efficiency-π+K

Figure 9: Reconstruction and selection efficiency of four momentum transfer
(left plot) and K+π− invariant mass (right plot) from the analysis of proton
detected in final state.

]2-t [GeV
0 0.2 0.4 0.6 0.8 1

ef
fic

ie
nc

y

0.04

0.05

0.06

0.07

0.08

0.09

0.1

0.11

Transfer Four Momentum EfficiencyTransfer Four Momentum Efficiency

]2) [GeV/c-π+IM(K
0.6 0.7 0.8 0.9 1 1.1 1.2

ef
fic

ie
nc

y

0.04−

0.02−

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16
 Invariant Mass Efficiency-π+K  Invariant Mass Efficiency-π+K

Figure 10: Reconstruction and selection efficiency of four momentum transfer
(left plot) and K+π− invariant mass (right plot) from the analysis of missing
proton in the final state in final state.

11

--+-<+"~ ' .. '. ' . '. ' ... '.' . ,. "• + ~ • •' •'. '•' •, •' •,.' •' •, •' • ,......,,_, +:+-+-+ + T 

+ 



)-π+
MM(K

0.2 0.4 0.6 0.8 1 1.2 1.4

C
ou

nt
s

0

100

200

300

400

500

600

700

800

900

 P = 0.1 GeV∆ P = 1.5 GeV, 
MMKplus0

Entries  2343
Mean   0.9158
RMS    0.0611
Prob       0
Constant  27.2± 893.5 
Mean      0.0004± 0.9352 
Sigma     0.00034± 0.01656 

 P = 0.1 GeV∆ P = 1.5 GeV, 

)-π+
MM(K

0.2 0.4 0.6 0.8 1 1.2 1.4

C
ou

nt
s

0

100

200

300

400

500

 P = 0.1 GeV∆ P = 2.5 GeV, 
MMKplus1

Entries  3357
Mean   0.9308
RMS    0.07782
Prob  22− 8.833e
Constant  12.6± 495.5 
Mean      0.0008± 0.9382 
Sigma     0.00085± 0.04705 

 P = 0.1 GeV∆ P = 2.5 GeV, 

)-π+
MM(K

0.2 0.4 0.6 0.8 1 1.2 1.4

C
ou

nt
s

0

100

200

300

400

500

 P = 0.2 GeV∆ P = 3.0 GeV, 
MMKplus2

Entries  4553
Mean   0.9284
RMS    0.1022
Prob  20− 1.26e
Constant  10.2± 467.4 
Mean      0.0011± 0.9391 
Sigma     0.00107± 0.06693 

 P = 0.2 GeV∆ P = 3.0 GeV, 

)-π+
MM(K

0.2 0.4 0.6 0.8 1 1.2 1.4

C
ou

nt
s

0

50

100

150

200

250

300

 P = 0.2 GeV∆ P = 3.5 GeV, 
MMKplus3

Entries  3366
Mean   0.9233
RMS    0.1327
Prob  17− 1.138e
Constant  6.0± 237.7 
Mean      0.0019± 0.9402 
Sigma     0.00176±0.09716 − 

 P = 0.2 GeV∆ P = 3.5 GeV, 

)-π+
MM(K

0.2 0.4 0.6 0.8 1 1.2 1.4

C
ou

nt
s

0

20

40

60

80

100

120

140

160

 P = 0.2 GeV∆ P = 4.0 GeV, 
MMKplus4

Entries  2412
Mean   0.9155
RMS    0.1692
Prob   0.01178
Constant  3.9±   133 
Mean      0.0029± 0.9419 
Sigma     0.0029±0.1254 − 

 P = 0.2 GeV∆ P = 4.0 GeV, 

)-π+
MM(K

0.2 0.4 0.6 0.8 1 1.2 1.4

C
ou

nt
s

0

10

20

30

40

50

60

70

80

90

 P = 0.2 GeV∆ P = 4.5 GeV, 
MMKplus5

Entries  1494
Mean   0.9151
RMS    0.1878
Prob   0.0003773
Constant  2.56± 69.03 
Mean      0.0044± 0.9486 
Sigma     0.0039± 0.1413 

 P = 0.2 GeV∆ P = 4.5 GeV, 

Figure 11: Different panels show the missing mass for KLp → K+π−X in
different beam momentum. It is then fitted by gaussian distribution.

12



Figure 12: Statistics comparision between 100 days KLF production of K∗0p
for missing and detected proton in final state and SLAC data from Ref. [38]
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5 DETAILS OF MC STUDY FOR KLp→ K−π0∆++

The reaction KLp→ K−π0∆++ is simulated using the theoretical Kπ scattering ampli-
tude and phase provided by A. Rhodas [15]. More details is in appendix A.1. Figure 14
shows a sample plot for polar angle versus momentum distribution of K−, π+, proton and
π0 from the generated event (left) and reconstructed event (right). A generated p-wave is
then weighted using relativistic Breit-Wigner K∗−(892) resonance and is shown in figure 14.

The phase space of recoil ∆++ depends on the kinematics of Kπ system. Figure 15
shows generated Breit-Wigner shaped ∆-resonance with mass 1.232 GeV and variable width
calculated using equation 6.

Γ(q) =
0.74× q3 × 6.32

(1 + 6.32 ∗ q2)
(6)

where q is the decay pion momentum.
Events were processed through the standard Hall-D GEANT simulation with GlueX

detector and momentum smearing and utilized JANA for particle reconstruction that was
simulated. The particle identification of charged particles follow the similar approach pre-
sented in the previous section and also in Sec.3. In case of neutral particle, the π0 was set
to be decayed in the GEANT and is reconstructing using neutral identification described in
section 3. The reconstructed π0 distribution is shown in figure 16. We applied 3σ invariant
mass cut on π0 to remove any possible background of photons. With this selection, the
reconstructed invariant mass of K−π0 is shown in Fig. 16.

The Kπ production mechanism is depend on the beam momentum and four momentum
transfer. Previous SLAC studied for partial wave analysis [19] was conducted with charged
kaon beam at 13 GeV for a single t′ bin less than 0.15 or 0.2 GeV2 for four different reactions.
Here we have performed a dedicated efficiency and resolution study to quantify the improve-
ment that KLF facility can provide. Figure 17 (left) represents the relative resolution of the
negative four momentum transfer (−t) and the Kπ invariant mass mK−π0(right). The rela-
tive resolution of −t is very high, varying between 3% to 6% above 0.3 GeV2, whereas it is
increasing towards threshold to 14%. This behaviour came from low momentum of praticles,
proton and pion decayed from the recoil delta. However, this resolution is sufficient to have
a binning width of 0.02 GeV2 at low −t region. The Fig. 17 (right) show the invariant mass
relative resolution σm/m varying from 4 to 9%. The invariant mass resolution is directly
depend on the reconstruction of neutral kaon in the final state.

An efficiency study on the variables p(KL), t and mKπ were made to evaluate the im-
provement on the study of the Kπ system with KLF. According to this simulation, the total
integrated efficiency for the reaction KLp → K−π0∆++ is found to be about 7% and this

14



Figure 13: Momentum and angular distribution for the different particles.
First row panel: K−, Second row: π0, Third row: proton and Fourth row: pi+.
In each row panel, the first column is for generated distribution and the second
column is for reconstructed distribution.
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Figure 14: The generated kinematics of momentum transfer −t (left) and K∗

mass (right).

Figure 15: Generated Breit-Wigner shaped ∆-resonance of mass
M = 1.232 GeV and width from eq. 6.

value remains uniform almost all bins of −t. Also, the efficiency of K−π0 invariant mass is
uniform over the entire mass range, see Fig. 18. With this efficiency and the beam flux, we
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Figure 16: Left: Invariant mass of two photons peaked at π0 mass. Right:
Invariant mass of K−π0.
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Figure 17: Left:Four momentum transfer relative resolution (σt/t) as a function
of -t.Right:Invariant mass relative resolution (σm/m) as a function of MKπ.

estimated the expected number of K∗ for 100 days of KLF running for −t < 0.2 GeV2 and
is shown in figure 19.

The Kπ S-wave was also simulated below 1.2 GeV using the dispersive parametrization
described in Appendix A.1. The S and P wave simulation of the reaction KLp→ K−π0∆++

is used to estimate the total production in KLF after 100 days of running. We expect roughly
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Figure 18: The efficiency of reconstruction of four-momentum transfer (left)
and K−π0 invariant mass (right).

0.65 M events for S-wave and 1.3 M events for P -wave. Fig. 19 show 100 days expected
statistics in KLF for S wave (light blue) and P wave (light red). On these data we are
performing the partial wave analysis (more details in Sec 7).
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Figure 19: Expected distribution of the K−π0 invariant mass below 1.2 GeV
after 100 days of running. The light red distribution represents the K−π0 P -
wave and light blue distribution represents the S-wave.
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6 DETAILS OF MC STUDY FOR KLp→ KLπ
−∆++

This section described the reconstruction of KLp→ KLπ
−∆++ where particle identifica-

tion and reconstruction is similar to previous channels. One main difference here is missing
neutral kaon in the final state, KL. From the missing mass technique, the neutral kaon is
reconstructed. The resolution of missing mass MM(pπ+π−) is driven by the SC time res-
olution where the beam is determined from time-of-flight method, utilizing the 24 m flight
path between the Be-target and the hydrogen target. Figure 21 shows W resolution ranges
between 2 to 12%. This resolution could be improved by applying the constrained kine-
matical fit as described in hyperon analysis note [37]. Figure 22 shows an example of the
invariant mass of Kπ for generated (left) and reconstructed (right) events. Among those
the top panel is for S wave and bottom panel is for P wave. For the final selection of the
reaction KLp→ KLπ

−∆++, we have 3σ cut on missing mass distribution shown in figure 21.
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Figure 20: The W resolution for the KLπ
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Figure 21: Fitted distribution for the missing mass from the reaction
KLp→ π−∆++(pπ+)X.
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Figure 22: Generated and Reconstructed invariant mass of KLπ
− for S and P

wave. Top panel, S-wave generated on left and reconstructed on right. Bottom
panel, P -wave generated and reconstructed on left and right consecutively.

Similar to previous analyses we have performed the efficiency and resolution studies.
Figure 17 (left) represents the relative resolution of the negative four momentum transfer
(−t) and the relative resolution of Kπ invariant mass mKLπ−(right). The −t resolution
is very high, varying between 3% to 6% above 0.3 GeV2, whereas it is increasing towards
threshold to 13%. The invariant mass relative resolution (σm/m) is varying from 4 to 9%.
The invariant mass resolution is directly depend on the reconstruction of neutral kaon in the
final state.

In next section, we will explain in detail the partial wave analysis and their results for
Kπ → Kπ elastic scattering. To isolate Kπ elastic scattering from what we measure of
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Figure 23: Left: the four-momentum transfer resolution. Right: the invariant
mass M(KLπ

−) resolution.

KLp→ KLπ
−∆++, we are selecting events at small values of −t (< 0.2 GeV2). The Fig. 24

shows reconstructed −t as a function of beam energy. In particular at small values of −t,
the pion exchange is more likely in the t-channel production compare to other processes. In
this region of −t we have almost similar statistics for this analysis as of previous channel(see
Fig: 19). Even though the minimum momentum of recoil delta is higher compare to proton
(for the same value of Kπ mass and beam energy), we have sufficient statistics at small
−t region where the decay particles of delta carried sufficient momentum which results
successfully reconstruction in GlueX detector.
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Figure 24: Left: Sample −t′ distriution. Right: Sample 2d distribution of −t as a
function of beam momentum.
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7 PARTIAL WAVE ANALYSIS

Both nucleon and delta recoil reactions are used previously to calculate phase shift and
amplitude for Kπ scattering [19, 38]. In the small |t| region, both nucleon and delta recoil
channels are dominated by pion exchange. The π exchange contribution to the ∆ recoil
reactions does not vanish at t = 0 but it does in the nucleon recoil reactions. Although
the behavior of the data as a function of t is very different for the nucleon and delta recoil
reactions, there is a procedure developed by Estabrooks and et.al [19] which enables us to
calculate the Kπ partial-wave amplitudes independent of the nature of the recoiling particles
against the Kπ system.

It is important to make clean sample of those reaction before conducting any partial wave
analysis. Once this pion exchange portion has been isolated, an extrapolation to the pion
pole (t = µ2) then yielded the real kπ elastic scattering amplitudes. In general, the data
determines only the magnitude and relative phases of the amplitudes. An overall phase can
not be determined. In the low mass region, M(Kπ) < 1.2, the S and P waves are known to
be elastic so that the imposition of elastic unitarity is sufficient to fix the overall phase.

From above analyses, we have two sets of reactions, neutral exchange KLp → K±π∓p
and charge exchange KLp → K−π0∆++ or KLp → KLπ

−∆++. The Kπ in final state is
composed of two isospin components 1/2 and 3/2 with CG coefficient as,

KLp→ K+π−p =
〈
KLπ

0|K+π−
〉

=
1

3
(T

1
2 − T

3
2 ) (7)

KLp→ K−π+p =
〈
KLπ

0|K−π+
〉

= −1

3
(T

1
2 − T

3
2 ) (8)

KLp→ K−π0∆++ =
〈
KLπ

−|K−π0
〉

=
1

3
(T

1
2 − T

3
2 ) (9)

KLp→ KLπ
−∆++ =

〈
KLπ

−|KLπ
−〉 =

1

3
(T

1
2 + 2T

3
2 ) (10)

Where T ’s are the isospin components for I=1/2 and I=3/2. For S-wave scattering, both
components are significant below 2 GeV. The I=3/2 S-wave is elastic and repulsive up to
1.7 GeV and contains no known resonances whereas I=1/2 S-wave has a broad resonance
peaking above 1350 MeV, is known as K∗(1430). Beside that there are several phenomeno-
logical and experimental studies suggest a possible S-wave resonance with a very large width
in the region close to the Kπ threshold called κ (kappa), or K∗0(800). Because of limited
experimental data for S-waves, both states are not well defined. For P -wave scattering,
the I=3/2 is almost negligible below 2 GeV. But for I=1/2, P -wave has two resonance one
at 892 MeV, known as K∗(892) and the second is the K∗1(1410) that exists above 1 GeV,
although its properties are less precisely known.
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For the reactions neutral kaon scattering off proton producing a Kπ system with charged
exchange, i.e reactions 8 and 9, due to elastic unitarity below 1.2 GeV, the P -wave (3/2) is
almost zero. The overall phase of P -wave (1/2) for t′ < 0.2GeV 2 is shown in figure 25.

Figure 25: Phase-shift of P -wave I=1/2. Expected KLF production 100 days
of running that are generated using the parametrization of dispersive approach.

For S-wave as mentioned above, there is most likely one resonance 0+ exist around
threshold mass of Kπ with isospin 1/2. In case of charged exchange reaction (such as eq 8 and
9) with neutral kaon beam, the S-wave final state is composed the two isospin components.
Since the MC were produced using parametrization of dispersive approach as explained
in A.1, the pure S-wave separation was carried from independent analysis of two reactions
(Sec: 5 and Sec: 6). It should be noted that this separation was not performed for LASS.
Actually, the existing I=3/2 data are previous to LASS and of much less precision, which is
a large source of uncertainty that contaminates the extraction of the I=1/2 amplitude and
the κ or other strange resonance poles. On figure 26, the upper panel shows the S-wave for
I=1/2, whereas the lower one shows the phase for I=3/2.

In Fig. 27, the upper plot is phase shift for S wave I=1/2 which includes experimental
data from SLAC. And the lower plot is phase shift for S-wave I=3/2 with all available
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Figure 26: The S-wave phase-shift for isospin I=1/2 (upper panel) and isospin
I=3/2 (lower panel) as a function of

√
s, invariant mass of Kπ system (see text

for details).

world data. The yellow band corresponds to the uncertainty of the fit to data without KLF,
whereas the red diamond points are KLF expected result with statistical and systematic
uncertainties added in quadrature. Since the MC generation used the parametrization from
current dispersive relation study by Paleaz and Rodas [39], the central value on the diamond
points are normalized according to their results.

Finally, these data are used to recalculate the κ pole using the Roy-Steiner dispersion
dispersion relation. There are many models describing the κ/K∗0(700) and its associated
pole (see the PDG2018 [44] for an exhaustive compilation). For illustration we show some
representative results in Fig. ??. Note that many of them still use BW parameterizations,
which unfortunately are not applicable in this case because they violate chiral symmetry and
do not have the left and circular cuts that are numerically relevant for precise determinations
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Figure 27: The S-wave phase-shift for isospin I=1/2 (upper panel) and isospin I=3/2 (lower
panel) ). The fit were produced by A. Rhodas, author of 26. The KLF results includes
statistical and systematic errors from 100 days running of KLF.
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of the κ/K∗0(700) pole. Inspite of all these models, the Roy-Steiner Dispersion Relations
provides the most rigorous determination of the κ/K∗0(700) pole with a realistic estimate of
both statistical and systematic uncertainties. Thus, in order to estimate the effect of the
proposed KLF experiment, we have recalculated the pole obtained by using a Roy-Steiner
analysis either using all the existing data [41, 42, 43] or with the LASS data rescaled to
the expected accuracy of the KLF experiment. In the first case, without KLF, Peláez et
al. [41, 42] finds Mκ ' 648± 7 MeV and Γκ = 580± 32 MeV, whereas by using the expected
KLF data the uncertainties are divided by slightly more than a factor of two for the mass, so
that we find: Mκ ' 648± 4 MeV; and by more than a factor of three for the width, finding:
Γκ = 580± 16 MeV. According to these results, just due to the precise KLF measurement, a
significant improvement on the κ/K∗0(700) search can be performed, especially by improving
the elastic region of the Kπ invariant mass. Fig. ?? shows as pole positions in the complex
plane, the different determinations of the κ mass and width, including the determination
with the expected amplitude and phase-space that will be produced by KLF after 100 days
of run. The expected result for the kappa pole is

√
sκ ≡M − iΓ/2 = 648±4 - i 280±8 MeV

(the error coming from πK scattering is less than 1 MeV, the rest comes basically from
the high energy Regge input and the crossed channel ππ → KK̄ input to the dispersive
integrals).
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7.1 Partial wave analysis for neutral exchange

The other analyses we mentioned previously are the neutral exchange using KL beam
producing Kπ by recoiling proton in final state. The study of this channel is presenting in
details (section 4) with two topologies, K+π−p and K+π−(p). For this channel the MC was
produced including three partial wave S, P , and D. The structure caused by those waves can
be seen directly in the scatter plot of fig. 30 from the reconstruction sample of KLp→ K+π−p
channel, which show the cosine of the decay angle at Kπ rest frame (Gottfried-Jackson)
against K+π− invariant mass for events with t′ < 0.2 GeV2. Clear structure can be seen
at K∗(890) (P-wave) and K∗2(1430)(D-wave). Beside that there is distinct band at 1800
which came from the interference of all three waves. With more production mechanism, the
interference structure grows more complex at high masses. In any case, the complexity of
those interference patterns demonstrate the importance of performing a partial wave analysis
at the pion pole in order to fully understand the resonance structure. Previous measurement
at SLAC perform partial wave analysis of Kπ system from threshold to 2.6 GeV/c2 including
waves through H of JP = 5. With limited waves and statistics in our MC sample, we are
exercising the available tools and technique of partial wave analysis from GlueX that can be
used in future KLF data analysis.

Here we are fitting three partial waves S, P , and D in the MC sample shown in figure 30.

31



Figure 29: The cos θGJ , cosine of the Gottfried-Jackson angle, as a function of
the invariant mass M(Kπ) in GeV.

32

0.75 

0.50 

0.25 
·o1 

(1:) 
0.00 VI 

0 u 
-0 .25 

-0.50 

- 0. 75 

0 .8 1.0 1.2 

M(Krr) 

1.4 1.6 1.8 



 [GeV]πKM
0.6 0.8 1 1.2 1.4 1.6 1.8

 [d
eg

re
e]

δ

0

20

40

60

80

100

120

140

160

180

Figure 30: The P -wave phase-shift distribution obtained by using Amp-
tool [40].

33

,;. 
,;. 

,;. 

,;. 

,;. 

.. ,;. ,;. 

,;. ,;. · , 1 •• 
,;. i •.;. i • , • I 

,;. ,;. i ,, • ,r 

,;. •' + 



8 SYSTEMATIC UNCERTAINTIES

Non-Kπ scattering backgrounds are likely to play a role leading to systematic errors in
the results of this analysis. One source of background could be the higher mass baryonic
resonances in the case of K±π∓p final states. In the case when the final system is K−π0∆++,
one source of uncertainties is due to the background under the π0 peak, which according
to the current GlueX measurement [34] is estimated to be on the order of less than 1%,
another source of systematic uncertainties is stemming from the KL beam flux normalization
systematics on the order of 5%. In the case of π−∆++(KL) in addition the uncertainty may
come from the Λπ+(π0) background, which should be vetoed by selecting events, where
invariant mass of pπ− lies above ground state Λ(1116). Overall for the reactions with ∆++

we expect systematic uncertainties to be on the order ∼ 5%, while in the neutral pion
exchange reactions systematic errors may be higher.
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9 SUMMARY

As it is discussed in this note, there are many aspects of Kπ scattering that require
improvement on the existing measurements. First of all it is the quest to establish existence
or non-existence of scalar κ meson either to complete scalar meson nonet or to find an
alternative way to explain well established non-strange σ, a0, and f0 meson family. Besides
there are some fundamental questions that need to be clarified. In particular, currently there
is a sizable tension between the values of scattering lengths obtained from dispersive analyses
of data [14, 15], on one side, and the predictions from Chiral Perturbation Theory [2, 3] and
lattice calculations [5, 7, 9, 16], on the other side. The values of the threshold parameters are
related to two important questions. On the one hand, for phenomenology, establishing the
convergence and reliability of SU(3) Chiral Perturbation Theory. On the other hand, for the
foundations of QCD, the size of the strange versus the non-strange chiral condensate, i.e.,
the detailed pattern of the QCD spontaneous chiral symmetry breaking is very important.

As previously noticed the existing SLAC data on Kπ scaattering start at 750 MeV, and
one needs an extrapolation down to the threshold at ∼635 MeV. Hence, the new KLF data
at low energies, together with the general improvement in statistics, will be determinant to
resolve this tension.
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A Appendices

A.1 Generation Model For Monte Carlo

For the MC generation model, we used the t-dependence of the amplitude L±λ for pro-
duction of Kπ state of mass M , center-of-mass momentum q, angular momentum L, and
t-channel helicity λ, by natural and unnatural parity exchange [19, 38],

L0 =

√
−t

m2
π − t

GL
Kπ+(mKπ, t),

L−1 =

√
L(L+ 1)

2
GL
Kπ+(mKπ, t)γc(mkπ) exp(bc(mkπ)(t−m2

π)),

L+
1 =

√
L(L+ 1)

2
GL
Kπ+(mKπ, t)

[
γc(mkπ)ebc(mkπ).(t−m2

π) − 2iγa(mkπ)eba(mkπ).(t−m2
π)
]
,

L±λ = 0, λ ≥ 2. (11)

where GL
Kπ is related to the Kπ elastic scattering amplitude aL by,

GL
Kπ+(mKπ, t) = N

mKπ√
q
aL(mKπ)ebL(mkπ).(t−m2

π) (12)

here N is the normalization factor and is determined by requiring the Kπ P-wave in
the 900 MeV region to be an elastic Breit-Wigner resonance. Other parameters are mass
dependent and the values are reported in [38]. The value of aL from Eq. 12 in the elastic
region is,

alL =
√

(2L+ 1)εI sin δILe
δIL , (13)

and in inelastic region is

aL = |aL|eiφL . (14)

The intensity |aL| and the phase φL values are taking from the dispersive calculation in
Ref. [39]. The production amplitude L±λ is then used as a model to generate the Monte Carlo
events. The first two panels on figure 31 show I = 1

2
intensity and phase distributions for

S, P and D waves respectively. Whereas the last panel is a phase distribution for I = 3
2
S

wave.
For recoil ∆++, the production amplitudes are in eq 15, where Lλ±∆N is use to represent

the amplitude for angular momentum L, helicity λ, Kπ production by natural (+) and
unnatural (-) parity exchange with ∆ helicity and proton helicity N .
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Figure 31: Intensity and Phase distribution calculated from the dispersive analysis (Ref. 31).
First row shows intensity distributions for S-, P - and D-waves of I = 1/2. Second row show
corresponding phase shifts. The last row is the phase shift distribution for I=3/2 S wave.

L0
1+ = gL

√
(M∆ −MN)2 − t

µ2 − t

L1+
1− =

1√
3
L1+

3+ =
√

2γA(−t′)
√
L(L+ 1)gL (15)
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where gL is,

gL = N
MKπ√
q
aLe

bL(t−µ2) (16)

Here aL is the Kπ scattering amplitude, N is normalization constant which can be deter-
mined by assuming a P -wave in 900 MeV Kπ mass region to elastic Breit-Wigner resonance.

38



References

[1] V. Bernard, N. Kaiser, and U. G. Meißner, “pi K scattering in chiral perturbation
theory to one loop,” Nucl. Phys. B 357, 129 (1991).

[2] V. Bernard, N. Kaiser, and U. G. Meißner, “Threshold parameters of pi K scattering
in QCD,” Phys. Rev. D 43, 2757 (1991).

[3] J. Bijnens, P. Dhonte, and P. Talavera, “pi K scattering in three flavor ChPT,” JHEP
0405, 036 (2004).

[4] C. Miao, X. i. Du, G. w. Meng, and C. Liu, “Lattice study on kaon pion scattering
length in the I = 3/2 channel,” Phys. Lett. B 595 400-407 (2004).

[5] S. R. Beane et al., “pi K scattering in full QCD with domain-wall valence quarks,”
Phys. Rev. D 74, 114503 (2006).

[6] J. Nagata, S. Muroya, and A. Nakamura, “Lattice study of K pi scattering in I = 3/2
and 1/2,” Phys. Rev. C 80, 045203 (2009).

[7] Z. Fu, “Lattice study on πK scattering with moving wall source,” Phys. Rev. D 85,
074501 (2012).

[8] C. B. Lang, L. Leskovec, D. Mohler, and S. Prelovsek, “K pi scattering for isospin 1/2
and 3/2 in lattice QCD,” Phys. Rev. D 86, 054508 (2012).

[9] K. Sasaki et al. [PACS-CS Collaboration], “Scattering lengths for two pseudoscalar
meson systems,” Phys. Rev. D 89, no. 5, 054502 (2014).

[10] D. J. Wilson, J. J. Dudek, R. G. Edwards, and C. E. Thomas, “Resonances in coupled
πK, ηK scattering from lattice QCD,” Phys. Rev. D 91, no.5, 054008 (2015).

[11] C. Helmes et al. [ETM Collaboration], “Hadron-Hadron Interactions fromNf = 2+1+1
Lattice QCD: I = 3/2 πK Scattering Length,” Phys. Rev. D 98, no.11, 114511 (2018).

[12] C. K. Guruswamy, U. G. Meißner and C. Y. Seng, “Contraction Diagram Analysis in
Pion-Kaon Scattering,” [arXiv:2002.01763 [hep-lat]].

[13] V. Bernard, “First determination of f+(0)|Vus| from a combined analysis of τ → Kπντ
decay and πK scattering with constraints from K`3 decays,” JHEP 1406, 082 (2014).
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