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Hyperon Spectroscopy
According  LQCD there should be

many more states including hybrids (thick bordered)

FIG. 4 (color online). Results for baryon excited states using the ensemblewithm! ¼ 391 MeV are shownversus JP. Colors are used to
display the flavor symmetry of dominant operators as follows: blue for 8F inN,!,", and#; beige for 1F in!; yellow for 10F in$,",#,
and%. The lowest bands of positive- and negative-parity states are highlighted within slanted boxes. The eight excited states of ", with
JP ¼ 3

2
þ , that are shown within a slanted box, are Hg states 1, 2, 4, 5, 7, 8, 13 and 15. Fits for the same states are shown in Fig. 1 and

identifications of their spins and flavors are noted in Fig. 3.
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Figure 41: Total and differential cross section statistical uncertainty estimates (blue points) for the
three topologies (column 1: only K+ reconstructed, column 2: K+⇤ reconstructed, and column 3:
K+⌅0 reconstructed) in comparison with data taken from Ref. [168] (red points).
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Figure 42: Estimates of the statistical uncertainties of the induced polarization of the cascade as
a Left panel: function of W (one-fold differential) and Right panel: function of cos ✓K+ (two-fold
differential).

11.1.5 KLp ! K+n Reaction

The K0
Lp ! K+n reaction is a very special case in kaon-nucleon scattering. Due to strangeness

conservation, formation of intermediate resonances is forbidden for this reaction. The main contri-
bution comes from various non-resonant processes, which can be studied in a clean and controlled
way. Similar non-resonant processes can be seen in other reactions where they can interfere with
hyperon production amplitudes, causing distortion of the hyperon signals. That is why knowledge
of the non-resonant physical background is important not only for the kaon-induced reactions but
for all reactions with strangeness. The non-resonant nature of the reaction does not guarantee the
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Proposed Cross Section Measurements

100 days on LH2 target
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Figure 41: Total and differential cross section statistical uncertainty estimates (blue points) for the
three topologies (column 1: only K+ reconstructed, column 2: K+⇤ reconstructed, and column 3:
K+⌅0 reconstructed) in comparison with data taken from Ref. [168] (red points).
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Figure 42: Estimates of the statistical uncertainties of the induced polarization of the cascade as
a Left panel: function of W (one-fold differential) and Right panel: function of cos ✓K+ (two-fold
differential).
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Proposed Cross Section Measurements

100 days on LH2 target
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Figure 41: Total and differential cross section statistical uncertainty estimates (blue points) for the
three topologies (column 1: only K+ reconstructed, column 2: K+⇤ reconstructed, and column 3:
K+⌅0 reconstructed) in comparison with data taken from Ref. [168] (red points).
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Figure 42: Estimates of the statistical uncertainties of the induced polarization of the cascade as
a Left panel: function of W (one-fold differential) and Right panel: function of cos ✓K+ (two-fold
differential).

11.1.5 KLp ! K+n Reaction

The K0
Lp ! K+n reaction is a very special case in kaon-nucleon scattering. Due to strangeness

conservation, formation of intermediate resonances is forbidden for this reaction. The main contri-
bution comes from various non-resonant processes, which can be studied in a clean and controlled
way. Similar non-resonant processes can be seen in other reactions where they can interfere with
hyperon production amplitudes, causing distortion of the hyperon signals. That is why knowledge
of the non-resonant physical background is important not only for the kaon-induced reactions but
for all reactions with strangeness. The non-resonant nature of the reaction does not guarantee the
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Proposed Measurements on Proton Target

existing data

KLF  100 days

Py Py

W(GeV/c2) cos ✓K+
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KLn ! K+⌅�

states [166].

2. KLn ! K
+⌅� Reaction

The analysis of reaction on the neutron is based on the same approach as the one described
above for KLp ! K

+⌅0. The main difference comes from the momentum distribution of
the target nucleon. This issue can be easily addressed by selecting semi-exclusive events
having only spectator proton undetected. The analysis requires the detection of all final state
particles besides spectator, namely the positive kaon, the negative pion from the cascade
decay and the proton and negative pion from the ⇤ decay. Even though this condition reduces
the available statistics, the W resolution can be kept high.

Based on the models described in Sec. 8, polarized data on the reaction KLn ! K
+⌅�

were generated. In 100 days of beamtime, we expect to produce several million events
(between 3 and 10) depending on the two available solutions, which give very different
predictions. From this, the reconstruction of 7 ⇥ 104 or 3 ⇥ 105 events is expected for
the fully exclusive reaction selection. In the same manner as the reaction on the proton
(KLp ! K

+⌅0), we will utilize the fact the the cascade is self-analyzing with an analyzing
power of �0.458 [2]. The statistical uncertainties obtained over a period of 100 days for the
induced cascade polarization are illustrated in Fig. 45.

Figure 45: Estimates of the statistical uncertainties of the induced polarization of the ⌅� as a
function of cos ✓K+ (two-fold differential). The curves show the theoretical predictions based on
two solutions as described in Sec. 8.

It is evident that the determination of Py will place very stringent constraints on the available
models. The statistical uncertainties obtained over a period of 100 days are sufficient to
investigate the underlying dynamics and cleanly differentiate between leading theoretical
predictions.

57

100 days on LD2 target

Sensitivity to different solutions

Proposed Measurements on Neutron Target
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Search for Hyperon Resonances with PWA

For Scattering experiments on both 
proton & neutron targets we need to determine: 

-differential cross sections &
 -self polarization of strange hyperons
-perform coupled-channel PWA 

-look for poles in complex energy plane
(not naïve bump hunting)

-identify                                     up to 2400 MeV ⇤⇤,⌃⇤,⌅⇤ & ⌦⇤

As kaon nucleon scattering data are very poor
we use  pion nucleon scattering data with statistics

generated according to expected KLF data for 20(100) days
to show PWA sensitivity to obtain results close to the best fit
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Using ⇡p Scattering
Using ⇡p Scattering

Figure 52: Two examples (W = 1743 MeV) showing the impact of the proposed data on the SAID
SES. The green (blue) hatched band indicates the present uncertainties in the SES for 20 (100)
days. The yellow solid curve corresponds to the SAID WI14 solution.

Figure 53: Two more examples (✓ = 70�) showing the impact of the proposed data on the SAID
SES. The green (blue) hatched band indicates the present uncertainties in the SES for 20 (100)
days. The yellow solid curve corresponds to the SAID WI14 solution.

would be adequate to extract all observables with sufficient accuracy, dedicated studies were per-
formed. One can determine the recoil polarisation utilizing large self-analysing powers of hyperon
decays. In this case, the errors on the polarisation measurement are essentially of statistical nature,
hence one can infer desired accuracy in the polarisation measurement to a required beam time of
experiment in a straightforward way. From theoretical perspective, the polarisation error on the or-
der of 0.1 looks essential in getting unambiguous PWA solution (see Sec. 11.2). Polarisation errors
larger than 0.5 would have no influence on convergence of the PWA fit, hence will be discarded.
This tight theoretical constrains impose strict requirement for the duration of experiment to collect
sufficient statistics in each channel. Fig. 54 shows the expected error in measurement of polari-
sation observable as a function of CM energies (left) and experiment duration (right) for the key
reaction KLp ! K

+⌅0. The expected error is a complex three-fold function of kaon flux (Fig. 24
with maximum at W = 3 GeV), cross-section (Ref. [165]) and detector acceptance (Fig. 74). In
case of KLp ! K

+⌅0 reaction it lead to a maximum statistics reachable in the range of 2.2< W
<2.7 GeV.

64

SAID Solution20 days running 100 days running

Statistics was generated according to KLF for 

KLp ! K+⌅0

Obviously: we need at least 100 days to get unique solution
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Bonn-Gatchina PWA Analysis

20 days

100 days



Figure 59: Feynman diagram of the production mechanism of the reaction KLp ! K
⇤0
(892)p !

K
+
⇡
�
p at low �t.

Figure 60: Amplitude (left) and phase-shift (right) from K
�
p ! K

+
⇡
�
n reaction in LASS Spec-

trometer. The red dots represent the data and the black solid line represents the fit to the amplitude.

Figure 61: Left panel: The K
+
⇡
� invariant mass from Ref. [199] (Figure 3). Right panel: The

expected number of events after 100 days runs.

69

ScatteringK⇡

Strange Meson Spectroscopy
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improvement in K
⇤(892) statistics in comparison to previously collected data [188,191,192,

194–196].

3. Impact on P -Wave Phase-Shift Study
The pion exchange in the hadro-production mechanism of K⇤0(892) occurs mostly at low
�t, thus we can have access to the amplitude scattering of K0

⇡
0 ! K

+
⇡
�, as illustrated

in Fig. 14. Using the resolutions and efficiencies from our simulations, we can estimate the
improvement that can be made on the scattering amplitude analysis of K⇡ ! K⇡. The
range of �t that will be used in this comparison will be [0.14, 0.2] GeV2 to ensure that the t

efficiency is uniform. The efficiency of this t range selection is ✏⇡ = 17.85 %. The expected
number of events in this case is 2 · 106.

Figure 58: Amplitude (left) and phase-shift (right) from K
�
p ! K

+
⇡
�
n reaction in LASS Spec-

trometer. The red dots represent the data and the black solid line represents the fit to the amplitude.

Figure 59: Left panel: The K
+
⇡
� invariant mass from Ref. [198] (Figure 3). Right panel: The

expected number of events after 100 days runs.

The study of the K⇡ P -wave phase-shift is mainly used to extract the vector form factor
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SLAC Belle
K�⇡+ ! K�⇡+ ⌧ ! K⇡⌫⌧

KLF

KL⇡
0 ! K+⇡�

Proposed Measurements

region of  (800) SLAC Lower limit
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Figure 55: Left panel: Four momentum transfer relative resolution (�t/t) as a function of �t.
Right panel: Invariant mass relative resolution (�m/m) as a function of M(K⇡).

Figure 56: Reconstruction and selection efficiency of beam momentum versus four momentum
transfer (left plot) and beam momentum versus K+

⇡
� invariant mass (right plot).

Figure 57: Reconstruction en selection efficiency of four momentum transfer (left plot) and K
+
⇡
�

invariant mass (right plot).
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ScatteringK⇡ Resolutions

-Good resolution at low-t is 
needed to be on pion pole

-Binning in ~10 MeV  will cover almost 
entire elastic K-pi  scattering range 

21



SLAC Data

KLF
(100 days)

Proposed Measurement

I=1/2        S-Wave 

9

Figure 63: Left panel: Expected distribution of the K
+
⇡
� invariant mass below 1.6 GeV from

KLF after 100 days of run. The dark magenta function represents the K
+
⇡
�
P -wave, light brown

the S-wave and green the D-wave. The dashed line represents the threshold of K⇡ invariant mass
in LASS results [136]. Right panel: Zoomed-in view of K+

⇡
� invariant mass below 0.85 GeV

where the pole of  is expected to exist.

Figure 64: Left panel: Plot produced by the authors of Ref. [124]. Data from LASS results [136,
138]. The upper panel shows the 1/2 isospin S-wave K⇡ amplitude, whereas the lower one shows
the phase-shift, which were measured independently. The continuous line is the unconstrained fit
from Pelaez and Rodas dispersion relation study [124], whose uncertainties are covered by the gray
band. For comparison, the red line represent the fit the amplitude of LASS scaled by the expected
KLF production during 100 days of run, whose corresponding uncertainties are delimited by the
red band. Reft panel: is the zoom of the left plot.

72

Amplitude

Phase shift



Scalar Meson Nonet 

Four states called 
still need further confirmation(PDG)
We can mesure all of them
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phenomenological values of the resonance poles. In this study the mass and width of
 are found to be m = 673 ± 15 MeV and � = 674±15 MeV. Fig. 62 (left) and ??
(right), taken from Ref. [199], show the fit to the amplitude with dispersion relation
study, including a fit to LASS amplitudes [126] scaled by the precision that will be
produced by KLF after 100 days of run. Fig. 63 shows the different measurement of
 mass and width, including a measurement with the expected amplitude and phase-
space that will be produced by KLF after 100 days of run. According to these results, a
significant improvement on  search can be performed by KLF, especially at the elastic
region of the K⇡ invariant mass.

Figure 63: Plot produced by the authors of Ref. [199]. Measurement of the pole of  resonance
with different models. Red point represents the pole results using Pelaez and Rodas model [199]
fit to the amplitude and phase-shift of LASS, scaled by the precision that will produced by KLF
experiment after 100 days of run.

11.2 Expected Statistical Accuracy

A coupled-channel PWA is the most direct and least model-dependent way to extract resonance
properties. However, as shown in Sec. 11.1.6, it requires knowledge of both the differential and
polarisation observables at the same CM energy. In order to ensure that the duration of the ex-
periment would be adequate to extract all observables with sufficient accuracy, dedicated studies
were performed. One can determine the recoil polarisation utilizing large self-analysing powers
of hyperon decays. In this case, the errors on the polarisation measurement are essentially of sta-
tistical nature, hence one can infer desired accuracy in the polarisation measurement to a required

70

Measurement of 

100 days of running

(800)

(stat.)
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Figure 14: Schematic view of Hall D beamline on the way e ! � ! KL. Electrons first hit
the tungsten radiator, then photons hit the Be target assembly, and finally, neutral kaons hit the
LH2/LD2 cryotarget. The main components are CPS, Be target assembly, beam plug, sweep mag-
net, and pair spectrometer. See the text for details.

and the LH2/LD2 target (located inside Hall D detector) was taken as 16 m in our calculations It
can be increased up to 20 m.

10.1.1 Compact Photon Source: Conceptual Design

An intense high-energy gamma source is a prerequisite for the production of the KL beam needed
for the new experiments described in this proposal. In 2014, Hall A Collaboration has been dis-
cussed a novel concept of a Compact Photon Source (CPS) [116]. It was developed for a Wide-
Angle Compton Experiment proposed to PAC43 [117]. Based on these ideas, we suggested (see
Ref. [118]) to use the new concept in this experiment. A possible practical implementation ad-
justed to the parameters and limitations of the available infrastructure is discussed below. The
vertical cut of the CPS model design, and the horizontal plane view of the present Tagger vault
area with CPS installed are shown in Fig. 15.

The CPS design combines in a single properly shielded assembly all elements necessary for the
production of the intense photon beam, such that the overall dimensions of the setup are limited
and the operational radiation dose rates around it are acceptable. Compared to the alternative,
the proposed CPS solution presents several advantages: much lower radiation levels, both prompt
and post-operational due to the beam line elements’ radio-activation at the vault. The new de-

26

Hall-D beamline and GlueX Setup

24m Flux Monitor

LH2/LD Target
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Electron Beam Parameters

I = 5 µAEe = 12 GeV

Repetition rate 64 ns

Doable !

No major problems.

Confirmed by Todd Satogata

Estimated investment  ~$60 K for injector upgrade
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Compact Photon Source

Conceptual design is 
completed for Halls C/A

for I=                     2.7 µA

Could be extended for I= 5 µA

in Hall D

Figure 19: The CPS view.

proper local shielding is set around the dump. The presently installed dump is placed behind the
iron labyrinth walls, and is surrounded by a massive iron shielding, made of iron blocks available
at the time of construction. The standard GlueX setup is optimized for operations using very
thin radiators producing relatively low intensity photon beam such that the beam electrons losing
energy to photon production in the radiator may be detected and counted in the tagger hodoscope
counters. The present setup is not suitable for production of massively more intense photon beams
needed for the KL production, due to the expected overwhelming radiation and activation levels in
the vault.

The electron energy dumping starts on the side of the photon beam channel, so the shift of the
electron trajectory by just 1 – 3 mm is already sufficient for the start of the shower. At the same
time, such a deflection needs to be accomplished at a relatively short distance (much shorter than
the size of the radiation shielding) after the beam passes through the radiator to keep the source
really compact. The scheme of beam deflection to the absorber/dump is given on Fig. 20. The new
CPS device should be capable of taking the same beam power of 60 kW, using optimized shielding
made of high-Z material, which would make the necessary equivalent shielding compact, requiring
less total weight of the shielding. In the currently proposed CPS magnet, the radius is about 10 m
for 11 GeV electrons, the channel size is 0.3 cm, and the raster size is 0.2 cm, so the distancehas
an average value of 17 cm with a spread of 12 cm. A total field integral of 1000 kG-cm is adequate
for our case. It requires a 50 cm long iron dominated magnet.

The above concept of the combined magnet-dump allows us to reduce dramatically the magnet
aperture and length, as well as the weight of the radiation shield, due to the reduction of the
radiation leak though the openings and the short length of the source. This consideration opens
a practical way to CPS because it leads to a reduction of power deposition density in the copper
absorber.

The Compact Photon Source conceptual design has been established with extensive and realistic
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Be Target Assembly: Conceptual Design

problem in the CPS internal dump, and thus make the available design suitable for this ex-
periment, without the need to increase size and weight.

10.1.3 Be Target Assembly: Conceptual Design

.
.

50 cm

70 cm

40 cm

100 cm

120 cm

76 cm

6 cm

Borated Polyethylene

Be

Lead

Tungsten

Air

Photons Kaons
Vacuum
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Figure 20: Schematic view of the Be-target (KL production target) assembly. Concrete, borated
polyethylene, lead, tungsten, beryllium, vacuum beam pipe, and air shown by grey, pink, brown,
light blue, blue, violet, and white color, respectively. Beam goes from left to right.

A conceptual design of the Be target assembly for neutral kaon experiments to be used with the
GlueX experimental setup is given in Ref. [151] (See Appendix A4 (Sec. 16) for further details
of elements of the Be-target assembly). The schematic view of the Be-target assembly is given in
Fig. 20. For the target material, we selected beryllium because at the same radiation length it has
higher number of atoms compared to other materials with the large atomic masses. This justifies
the choice of beryllium as a KL production target as it was done at SLAC [93] and NINA [91].
Then the beam tungsten plug of a 0.10 m thick (30% R.L.) is connected to the beryllium (Fig. 20).

Elements of the Be-target assembly are presented in Table 6 (Appendix A4 (Sec. 16)). The weight
of the Be-target assembly is 14.5 ton. Changeover from the photon to KL beamline and from
the KL beamline to photon needs to be further evaluated and in the most conservative scenario
may take approximately 6 months or less. This maximal break period may fit the current CEBAF
Accelerator schedule. It has to be mentioned that the collimator cave has enough space (with the
4.52 m width) for the Be-target assembly to remain far enough from the beamline.

Water cooling would be required around the beryllium and tungsten plug. Cooling water is avail-
able in the experimental hall that can be used to dissipate 6 kW of power delivered by the photon
beam.

10.1.4 KL Flux Monitor

An accurate determination of the KL beam flux is necessary to maximize the physics impact of
the resulting data. To reach an accuracy of <5% in the determination of the flux, we plan to
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build a dedicated FM. This will provide a significant improvement over the typical 10% accu-
racy achievable from normalization of the data to previously measured reactions, for instance, for
KLp ! KSp [90]. The operation of a KL flux monitor could employ the regeneration of KL ! KS

and detection of ⇡+
⇡
� pairs in Pair Spectrometer as done at Daresbury (see Ref. [92] and refer-

ences therein). However, this technique affects the quality of the resulting KL beam. Therefore, a
more effective choice for the FM at JLab would utilize in-flight decays of the KL.

Y

Z
pair spectrometer magnet

1 deg track

5 deg track

magnet 50 cm inner diameter backward tracker

1202cm to LH2/LD2 target

150 cm 100 cm 100 cm

beam pipe

7cm diameter

110 cm

50 cm

full assembly ~100cm outer diameter

forward tracker

796cm to LH2/LD2 target

Flux Monitor

46 cm

40 cm endcap

frontcap

Air

vacuum

Figure 21: Schematic view of the Flux Monitor setup.

The KL has four dominant decay modes [2]:

1. KL ! ⇡
+
⇡
�
⇡
0
, BR = 12.54± 0.05%.

2. KL ! ⇡
0
⇡
0
⇡
0
, BR = 19.52± 0.12%.

3. KL ! ⇡
±
e
⌥
⌫e, BR = 40.55± 0.11%.

4. KL ! ⇡
±
µ
⌥
⌫µ, BR = 27.04± 0.07%.

All KL decay modes with two charged particles in the final state (1,3,4) can be used for flux
determination, with the simplest one being KL ! ⇡

+
⇡
�
⇡
0, where both charged particles have the

same mass.

To account for various possible acceptance effects during KL beam propagation from the Be-
target, we plan to measure the KL flux upstream of the GlueX detector, utilizing the Hall D Pair
Spectrometer [142] as shielding against KL which have decayed further upstream.

The FM design proposed and described in this section will measure a small fraction of decayed
KL’s, concentrating on the portion decaying within a distance of 2 m downstream of the Pair
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Figure 25: KL-momentum spectra originating from all sources simulated using the Pythia gener-
ator [151] for the kaons reached cryotarget (red) and decayed within the Flux Monitor acceptance
(blue).
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Figure 26: The Flux Monitor missing mass resolution (All charged particles in all decay channels
are assumed to have mass of pion). Left panel: based on ToF system. Right panel: based on
magnetic system.

To be measured by the FM, both charged particles from the kaon decay need to be incident within
the FM acceptance. Taking into account the different branching ratios, we expect to reconstruct
the following number of KL from various decay channels (see Fig. 24, left). One can quantify the
expected rate in terms of the achievable statistical error within a one day measurement (see Fig. 24,
right).

For the kaon beam momenta range appropriate for the hyperon program a 1% statistical error of
the KL flux determination is achievable in less than a day.
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KL Beam Flux

Figure 25: KL and neutron momentum spectra on the cryogenic target. Left panel: The rate of KL

(red) and neutrons (blue) on the LH2/LD2 cryogenic target of Hall D as a function of their generated
momentum, with a total rate of 1⇥ 10

4
KL/s and 6⇥ 10

4
n/s. Kaon calculations were performed

using Pythia generator [152] while neutron calculations were performed using the MCNP transport
code [159]. Right panel: Experimental data from SLAC measurements using a 16 GeV/c electron
beam from Ref. [93]. The rate of KL (red filled circles) and neutrons (black filled squares) is
shown.

with the rest originating from hyperon decays. The number of K0 exceeds the number of
K0 by 30% points according to this generator for our conditions.

To estimate the expected rate of KLs at the LH2/LD2 cryogenic target, we used the condi-
tions listed in Tables 1 and 2 which results in a beam flux of about 1⇥ 104 KL/s from all
production mechanisms at the cryogenic target (Fig. 25). We simulated the KL and neutron
production from 12-GeV electrons under these conditions for the GlueX KL Facility and the
results (Fig. 25 (left)) are in reasonable agreement with the KL spectrum measured by SLAC
at 16 GeV (Fig. 25 (right)).

2. KL Beam Background: Muons, Neutrons, and Gammas
Background radiation conditions are one of the most important parameters of the KL beam
for the JLab GlueX KL Facility [158].

(a) Muon Background
Following Keller [160], our Geant4 [161] simulations included Bethe-Heitler muon
background from the Be-production target and photon dump at CPS, both background
into the detector and muon dose rate outside Hall D. Most of the muons are produced
in the photon dump. Our calculations show that muons will be swept out of the KL

beamline; thus, they are not inherently a significant background. However, due to
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time and GlueX spectrometer time resolutions. Since the accelerator signal has a very good
time resolution (⇠ 150 ps or better), TOF resolution will be defined by GlueX detector. The
time resolution of the GlueX detectors are discussed in Sec. 4. In our calculations, we used
currently achieved Start Counter time resolutions of 250 ps to show the dependence of the
beam momentum and W resolution.

Figure 32: The energy resolution (�W) as a function of energy. The dashed line shows approxi-
mate W resolution from reconstruction of the final-state particles. The shaded area corresponds to
the typical hyperon width.

To get precise TOF information, the electron beam needs to have a narrow bunch time struc-
ture. As discussed in Sec. 10.1.1, the electron beam can be delivered with predetermined
repetition rate. For the KL experiment, the 64 ns bunch spacing structure is an optimal
choice. It allows no cross-bunch overlap for the full range of kaon beam momentum from
pKL>320 MeV/c.

The uncertainty in a neutral kaon production position at lower momenta (p < 0.5 GeV/c)
affects timing resolution caused by the TOF difference between the photon and kaon time
traversing the Be target, however, as �p/p = �

2
�t/t momentum resolution is below 1%

at lower momenta. Figure 31 shows TOF �t, (left) and beam momentum resolution, �p/p

(right) as a function of the KL beam momentum, respectively. The TOF resolution is flat for
momenta higher than 1 GeV/c. The momentum resolution decreases with momentum: for
1 GeV/c it is ⇠1.5% and for 2 GeV/c it is ⇠5%. Figure 32 shows that for W < 2.18 GeV,
�W< 30 MeV, which is suitable for studying low-lying hyperons with widths of � = 30 –
50 MeV [2]. For fully reconstructed final states W can be reconstructed directly, providing a
better resolution in the region where the TOF method deteriorates, W > 2.2 GeV (see dashed
curve in Fig. 32).

4. GlueX Detector Time Resolution
The KL beam momentum and time resolution are governed by the time resolution pro-
vided 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 infor-
mation for reconstructed charged particles in GLUEX: the Start Counter (ST) [164], Barrel
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10.2 LH2/LD2 Cryogenic Target for Neutral Kaon Beam at Hall D

The proposed experiment will utilize the existing GlueX liquid hydrogen cryogenic target (Fig. 34)
modified to accept a larger diameter target cell [169]. The GlueX target is comprised of a kapton
cell containing liquid hydrogen at a temperature and pressure of about 20 K and 19 psia, respec-
tively The 100 ml cell is filled through a pair of 1.5 m long stainless steel tubes (fill and return)
connected to a small container where hydrogen gas is condensed from two room-temperature stor-
age tanks. This condenser is cooled by a pulse tube refrigerator with a base temperature of 3 K and
cooling power of about 20 W at 20 K. A 100 W temperature controller regulates the condenser at
18 K.

Figure 34: The GlueX liquid hydrogen target.

The entire target assembly is contained within an “L"-shaped stainless steel and aluminum vacuum
chamber with a Rohacell extension surrounding the target cell. The ST for the GlueX experiment
fits snugly over this extension. The vacuum chamber, along with the hydrogen storage tanks, gas
handling system, and control electronics, is mounted on a custom-built beamline cart for easy
insertion into the Hall D solenoid. A compact I/O system monitors and controls the performance
of the target, while hardware interlocks on the target temperature and pressure and on the chamber
vacuum ensure the system’s safety and integrity. The target can be cooled from room temperature
and filled with liquid hydrogen in about 5 hours. For empty target runs, the liquid can be boiled
from the cell in about 20 minutes (the cell remains filled with cold hydrogen gas), and then refilled
with liquid in about 40 minutes.

The GlueX cell (Fig. 35) is closely modeled on those utilized at Hall B for more than a decade and
is a horizontal, tapered cylinder about 0.38 m long with a mean diameter of 0.02 m. The cell walls
are 130 µm kapton glued to an aluminum base. A ?0.02 m reentrant beam window defines the
length of LH2/LD2 in the beam to be about 0.30 m. Both entrance and exit windows on the cell
are 75 µm kapton. In normal operation, the cell, the condenser, and the pipes between them are all
filled with liquid hydrogen. In this manner, the liquid can be subcooled a few degrees below the
vapor pressure curve, greatly suppressing bubble formation in the cell. In total, about 0.4 liter of
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Figure 35: Left: Kapton target cell for the GlueX LH2/LD2 cryogenic target. Right: Conceptual
design for a larger target cell for the proposed KL beam at Hall D experiment.

LH2 is condensed from the storage tanks, and the system is engineered to recover this quantity of
hydrogen safely back into the tanks during a sudden loss of insulating vacuum, with a maximum
allowed cell pressure of 49 psia [170].

A conceptual design for the neutral kaon beam target is also shown in Fig. 35. The proposed
target cell has a ?0.06 m and a 0.40 m length from entrance to exit windows, corresponding
to a volume of about 1.1 liter, which will require filling the existing tanks on the target cart to
about 50 psia. The collaboration will work with the JLab Target Group to investigate alternative
materials and construction techniques to increase the strength of the cell. As an example, the LH2

target cell recently developed for Hall A is ?0.063 m, 0.18 m long and has a wall thickness of
approximately 0.2 mm. The cell is machined from a high-strength aluminum alloy, AL7075-T6,
and has a maximum allowed pressure of about 100 psia. It is expected that minor modifications
to the cryogenic target’s piping systems will also be required to satisfy the increased volume of
condensed hydrogen.

The proposed system is expected to work equally well with liquid deuterium, which condenses at
a slightly higher temperature than hydrogen (23.3 K versus 20.3 K at atmospheric pressure). The
expansion ratio of LD2 is 13% higher, which implies a storage pressure of about 60 psia. Therefore,
the new target cell must be engineered and constructed to work with both LH2 and LD2.

11 Running Condition

11.1 Event Identification, Reconstruction, Acceptances

The KL beam is generated by sampling the momentum distribution of KL particles coming from
the decays of � mesons produced by interactions of a photon beam with a beryllium target 24 m
upstream of the LH2/LD2 cryogenic target. The KL beam profile was simulated to be uniform
within a ?0.06 m at the LH2/LD2 cryogenic target. The expected KL beam nonuniformity is
below 2%, beam divergence < 0.15

� (see Table 1). Due to the very strong t-dependence in the �

photoproduction cross section [171] and the P -wave origin of the � ! KLKS decay, the majority
of kaons will be produced at very small angles. In the simulation studies discussed in this section,
we assume a flux of 1⇥ 10

4
KL/s on a 0.40 m long LH2 target for a beamtime of 100 PAC days.
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SUMMARY
-Proposed KL Facility has unique capability to 

improve existing world 
database up to three orders of magnitude

-In Hyperon spectroscopy 
PWA will allow to measure pole positions 

and widths of excited hyperon states
- -In Strange Meson Spectroscopy 
- PWA will allow  to measure excited K* states 

including  scalar f0(800) states
- To accomplish physics program

100 days per LH2 and LD2 is required

-All components of KL Facility considered are feasible

-With total cost < $ 7 M
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- Future extension with polarized target is possible
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Possible Other Impacts

Br(⌧ ! K⇡⌫) ⇠ |f+(0)Vus|2

f0 that occurs in the effective Lagrangian and represents the value of fπ in the chiral limit.
Although trading fπ for f0 in the expression for the NLO term affects the result only at
NNLO, it may make a significant numerical difference in calculations where the latter are
not explicitly accounted for (the lattice results concerning the value of the ratio fπ/f0 are
reviewed in Sec. 5.3).

[223]
[224]
[225]
[226]
[227]

Figure 7: Comparison of lattice results (squares) for f+(0) and fK±/fπ± with various model
estimates based on χPT (blue circles). The ratio fK±/fπ± is obtained in pure QCD including
the SU(2) isospin-breaking correction (see Sec. 4.3). The black squares and grey bands
indicate our estimates. The significance of the colours is explained in Sec. 2.

The lattice results shown in the left panel of Fig. 7 indicate that the higher order contri-
butions ∆f ≡ f+(0) − 1− f2 are negative and thus amplify the effect generated by f2. This
confirms the expectation that the exotic contributions are small. The entries in the lower part
of the left panel represent various model estimates for f4. In Ref. [227] the symmetry-breaking
effects are estimated in the framework of the quark model. The more recent calculations are
more sophisticated, as they make use of the known explicit expression for the Kℓ3 form fac-
tors to NNLO in χPT [226, 228]. The corresponding formula for f4 accounts for the chiral
logarithms occurring at NNLO and is not subject to the ambiguity mentioned above.17 The
numerical result, however, depends on the model used to estimate the low-energy constants
occurring in f4 [223–226]. The figure indicates that the most recent numbers obtained in this
way correspond to a positive or an almost vanishing rather than a negative value for ∆f . We
note that FNAL/MILC 12I [23] have made an attempt at determining a combination of some
of the low-energy constants appearing in f4 from lattice data.

4.3 Direct determination of f+(0) and fK±/fπ±

All lattice results for the form factor f+(0) and many available results for the ratio of decay
constants, that we summarize here in Tabs. 13 and 14, respectively, have been computed in
isospin-symmetric QCD. The reason for this unphysical parameter choice is that there are
only few simulations of SU(2) isospin-breaking effects in lattice QCD, which is ultimately

17Fortran programs for the numerical evaluation of the form factor representation in Ref. [226] are available
on request from Johan Bijnens.
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No precise data yet !
|Vud|2 + |Vus|2 + |Vub|2 = 1

FLAG Collaboration Eur.Phys.J. C77 (2017) no.2, 112

Br(KL ! ⇡e⌫) ⇠ |f+(0)Vus|2

test of unitarity:

20 M. Antonelli et al.: Evaluation of |Vus| and Standard Model tests from kaon data

Mode |Vus|f+(0) % err BR τ ∆ Int Correlation matrix (%)
KL → πeν 0.2163(6) 0.26 0.09 0.20 0.11 0.06 +55 +10 +3 0
KL → πµν 0.2166(6) 0.29 0.15 0.18 0.11 0.08 +6 0 +4
KS → πeν 0.2155(13) 0.61 0.60 0.03 0.11 0.06 +1 0
K± → πeν 0.2160(11) 0.52 0.31 0.09 0.40 0.06 +73
K± → πµν 0.2158(14) 0.63 0.47 0.08 0.39 0.08
Average 0.2163(5)

Table 14. Values of |Vus|f+(0) as determined from each kaon decay mode, with approximate contributions to relative uncertainty
(% err) from branching ratios (BR), lifetimes (τ ), combined effect of δKℓ

EM and δKℓ
SU(2) (∆), and phase space integrals (Int).

comparison with Eq. (9), rµe is equal to the ratio g2µ/g
2
e ,

with gℓ the coupling strength at the W → ℓν vertex. In
the SM, rµe = 1.

Before the advent of the new BR measurements de-
scribed in Sects. 3.2 and 3.4, the values of |Vus|f+(0) from
Ke3 and Kµ3 rates were in substantial disagreement. Us-
ing the KL andK± BRs from the 2004 edition of the PDG
compilation [100] (and assuming current values for the Iℓ3
and δKℓ

EM), we obtain rµe = 1.013(12) for K± decays and
1.040(13) for KL decays.

As noted in Sect. 3.2, the new BR measurements pro-
cure much better agreement. From the entries in Table 14,
we calculate rµe separately for charged and neutral modes
(including the value of |Vus|f+(0) from KS → πeν de-
cays, though this has little impact) and obtain 0.998(9)
and 1.003(5), respectively. The results are compatible; the
average value is rµe = 1.002(5). As a statement on the
lepton-flavor universality hypothesis, we note that the sen-
sitivity of this test approaches that obtained with π →
ℓν decays ((rµe) = 1.0042(33) [138]) and τ → ℓνν̄ de-
cays ((rµe) = 1.000(4) [139]). Alternatively, if the lepton-
universality hypothesis is assumed to be true, the equiva-
lence of the values of |Vus|f+(0) fromKe3 andKµ3 demon-
strates that the calculation of the long-distance correc-
tions δKℓ

EM is accurate to the per-mil level.

4.4 Determination of |Vus/Vud| × fK/fπ

As noted in Sect. 2.1, Eq. (2) allows the ratio |Vus/Vud|×
fK/fπ to be determined from experimental information on
the radiation-inclusive Kℓ2 and πℓ2 decay rates. The lim-
iting uncertainty is that from BR(Kµ2(γ)), which is 0.28%
as per Table 6. Using this, together with the value of τK±

from the same fit and Γ (π± → µ±ν) = 38.408(7) µs−1 [87]
we obtain

|Vus/Vud|× fK/fπ = 0.2758(5). (55)

4.5 Test of CKM unitarity

We determine |Vus| and |Vud| from a fit to the results
obtained above. As starting points, we use the value
|Vus|f+(0) = 0.2163(5) given in Table 14, together with
the lattice QCD estimate f+(0) = 0.959(5) (Eq. (17)).
We also use the result |Vus/Vud| × fK/fπ = 0.2758(5)
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Fig. 10. Results of fits to |Vud|, |Vus|, and |Vus/Vud|.

discussed in Sect. 4.4 together with the lattice estimate
fK/fπ = 1.193(6) (Sect. 2.1.1). Thus we have

|Vus| = 0.2254(13) [Kℓ3 only],

|Vus/Vud| = 0.2312(13) [Kℓ2 only].
(56)

Finally, we use the evaluation |Vud| = 0.97425(22) from
a recent survey [140] of half-life, decay-energy, and BR
measurements related to 20 superallowed 0+ → 0+ nu-
clear beta decays, which includes a number of new, high-
precision Penning-trap measurements of decay energies,
as well as the use of recently improved electroweak ra-
diative corrections [141] and new isospin-breaking correc-
tions [142], in addition to other improvements over past
surveys by the same authors. Our fit to these inputs gives

|Vud| = 0.97425(22),

|Vus| = 0.2253(9) [Kℓ3,Kℓ2, 0
+ → 0+],

(57)

with χ2/ndf = 0.014/1 (P = 91%) and negligible corre-
lation between |Vud| and |Vus|. With the current world-
average value, |Vub| = 0.00393(36) [87], the first-row uni-
tarity sum is then ∆CKM = |Vud|2 + |Vus|2 + |Vub|2 − 1 =
−0.0001(6); the result is in striking agreement with the
unitarity hypothesis. (Note that the contribution to the
sum from |Vub| is essentially negligible.) As an alternate
expression of this agreement, we may state a value for
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