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Hyperon Spectroscopy
According  to 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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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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Measurements on Proton Target

existing data

KLF  100 days

Py Py

W(GeV/c2) cos ✓K+
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Need 100 days of running  to get precise solution
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Need 100 days of running  to get precise solution



Some Numerical Results

100d M = 1.923± 0.010± 0.010 GeV

� = 0.321± 0.01± 0.010 GeV

� = 0.327± 0.025± 0.025 GeV

20d M = 1.977± 0.021± 0.025 GeV

⌃(1920) 5/2�

{
Simulated

LQCD M=
2.027 GeV
2.487 GeV
2.659 GeV
2.781 GeV

R.G. Edwards et al., 
PRD 87,no.5. 054506 (2013)

PDG2020 M= 1.775± 0.005GeV



Search for Hyperon Resonances with PWA

For Scattering experiments on both 
proton & neutron targets one needs to determine: 

-differential cross sections 
 -self polarization of strange hyperons
-perform Partial Wave Analysis 

-look for poles in complex energy plane
-identify excited hyperons with masses up to 2400 MeV

In a formation and production reactions 
⇤⇤,⌃⇤,⌅⇤ & ⌦⇤

we use  KN  scattering data with statistics
generated according to expected K-long Facility (KLF) 

data for 20 and 100 days to show PWA sensitivity 
to obtain results close to the best fit

6

Neurons for the first time



Strange Meson Spectroscopy

KL p → K±π∓p = ⟨KLπ0 |K±π∓⟩ = ± 1
3 (T 1

2 − T 3
2),

KL p → KLπ0p = ⟨KLπ0 |KLπ0⟩ = 1
3 (T 1

2 + 2T 3
2),

KL p → K(L,S)π+n = ⟨KLπ+ |KLπ+⟩ = 1
3 (T 1

2 + 2T 3
2),

KL p → K+π0n = ⟨KLπ+ |K+π0⟩ = − 1
3 (T 1

2 − T 3
2),

KL p → K−π0Δ++ = ⟨KLπ− |K−π0⟩ = 1
3 (T 1

2 − T 3
2),

KLn → K±π∓n = ⟨KLπ0 |K±π∓⟩ = ± 1
3 (T 1

2 − T 3
2),

KL p → K(L,S)π−Δ++ = ⟨KLπ− |KLπ−⟩ = 1
3 (T 1

2 + 2T 3
2),

KLn → KLπ0n = ⟨KLπ0 |KLπ0⟩ = 1
3 (T 1

2 + 2T 3
2),

KLn → K(L,S)π±Δ∓ = ⟨KLπ± |KLπ±⟩ = 1
3 (T 1

2 + 2T 3
2),

KLn → K±π0Δ∓ = ⟨KLπ± |K±π0⟩ = ± 1
3 (T 1

2 − T 3
2),

Possible channels with proton and deuterium 

target and corresponding CG coefficient.  



ScatteringK⇡

Strange Meson Spectroscopy

8

Physics Processes

18

KL p → K±π∓p = ⟨KLπ0 |K±π∓⟩ = ± 1
3 (T 1

2 − T 3
2),

KL p → KLπ0p = ⟨KLπ0 |KLπ0⟩ = 1
3 (T 1

2 + 2T 3
2),

KL p → K(L,S)π+n = ⟨KLπ+ |KLπ+⟩ = 1
3 (T 1

2 + 2T 3
2),

KL p → K+π0n = ⟨KLπ+ |K+π0⟩ = − 1
3 (T 1

2 − T 3
2),

KL p → K−π0Δ++ = ⟨KLπ− |K−π0⟩ = 1
3 (T 1

2 − T 3
2),

KLn → K±π∓n = ⟨KLπ0 |K±π∓⟩ = ± 1
3 (T 1

2 − T 3
2),

KL p → K(L,S)π−Δ++ = ⟨KLπ− |KLπ−⟩ = 1
3 (T 1

2 + 2T 3
2),

KLn → KLπ0n = ⟨KLπ0 |KLπ0⟩ = 1
3 (T 1

2 + 2T 3
2),

KLn → K(L,S)π±Δ∓ = ⟨KLπ± |KLπ±⟩ = 1
3 (T 1

2 + 2T 3
2),

KLn → K±π0Δ∓ = ⟨KLπ± |K±π0⟩ = ± 1
3 (T 1

2 − T 3
2),

Possible channels with proton and deuterium 

target and corresponding CG coefficient.  Neutral pion exchange


 process.  

Charged pion exchange processes.  

P P
⇡0

KL

K+

⇡�



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

9

M(K⇡)(GeV) M(K⇡)(GeV) M(K⇡)(GeV)



Scalar Meson Nonet 

Four states called 
still need further confirmation(PDG)

We can measure all of them
11
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0(700)

K̄⇤
0(700) K⇤+(700)
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JPC = 0++



Figure 6. A cartoon representation of the masses of a q̄q̄qq nonet compared with a q̄q nonet.

of the multiplet. The other isosinglet, ud̄dū is the only state without strange
quarks and therefore lies alone at the bottom of the multiplet. The strange
isodoublets should lie in between. In summary, one expects a degenerate
isosinglet and isotriplet at the top of the multiplet and strongly coupled K̄K,
an isosinglet at the bottom, strongly coupled to ππ, and a strange isodoublet
coupling to Kπ in between. Fig. (6) shows the mass spectrum and quark
content of a q̄2q2 nonet and, for comparison, a q̄q nonet like the vector mesons
(ρ, ω, and φ K∗).

The most well established 0++ mesons are the I = 0 f0(980) and the
I = 1 a0(980). The f0 couples to ππ and K̄K. The a0 couples to πη and
K̄K. Both are so close to the K̄K threshold at 990 MeV that their shapes
are strongly distorted by threshold effects, but it is clear that they couple
strongly to K̄K. This has always troubled those who would like to identify
them as q̄q states. It is a natural consequence of the hidden s̄s component if
they are predominantly q̄q̄qq.§

The contribution of Black et al. centers on the other isosinglet and strange
isodoublet needed to fill up a nonet. If they are predominantly q̄2q2 states,
they should couple strongly to ππ and Kπ respectively. Since the ππ and Kπ
thresholds are very low, one expects these states to “fall apart” into ππ or
Kπ with very large width. Enhancements in ππ and Kπ s-wave scattering
have been known for decades. Black et al. make the case that these enhance-
ments correspond to broad states at approximately 560 MeV in ππ (known
as the σ(560)) and at 900 MeV in Kπ (known as the κ(900)). Together the

§Another interpretation of the f0 and a0 as “K̄K molecules” is closely related to the q̄q̄qq
interpretation.11

R.L. Jaffe — Color, Spin, and Flavor-Dependent Forces in QCD 12

R. Jaffe 
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COLOR, SPIN, AND FLAVOR-DEPENDENT FORCES

IN QUANTUM CHROMODYNAMICS

R.L. JAFFE

Center for Theoretical Physics and Department of Physics
Laboratory for Nuclear Physics Massachusetts Institute of Technology

Cambridge, Massachusetts 02139
E-mail: jaffe@mit.edu

In Memoriam Kenneth A. Johnson 1931–1999

A simple generalization of the Breit Interaction explains many qualitative features
of the spectrum of hadrons. hep-ph/0001123 MIT CTP # 2938

1 Introduction

I did not know Gregory Breit, but two of his closest associates influenced
me deeply. I did research in Gerry Brown’s group as an undergraduate at
Princeton. Gerry welcomed young students into his research family and gave
us wonderful problems to work on. He taught us that complicated problems
often have simple answers – something that has proved true in particle physics
over the past quarter century. Vernon Hughes invented deep inelastic spin
physics in the early 1970’s and has championed it relentlessly ever since. He
and his collaborators have literally rewritten the book on the quark and gluon
structure of the nucleon. It is a pleasure to speak at a symposium celebrating
their teacher, Gregory Breit.

My talk will be largely pedagogical. I would like to show how a gener-
alization of the “Breit Interaction” can account for some of the regularities
of hadron physics. Although the basic ideas described here date back to the
1970’s, they have not been presented quite this way before, and some devel-
opments are still at the forefront of modern research in QCD. This subject
was a special favorite of my friend and collaborator, Ken Johnson, who died
this past winter. Ken had many friends at Yale. He would have liked to hear
this story, so I dedicate my talk to his memory.

It is hard to make definite statements about hadrons made of the light u,
d, and s quarks. The nonperturbative regime is too complicated. It may never
be solved to our satisfaction except on a computer. Nevertheless, the spectrum
and interactions of baryons and mesons display remarkable regularities, which
correlate with simple symmetry properties of the fundamental quark/gluon
interactions. The role of models in QCD is to build simple physical pictures
that connect the phenomenological regularities with the underlying structure.

�


a0� a0, f0 a0+
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Figure 7: For missing proton analysis in KLp ! K+⇡�(p). Left: Four mo-
mentum transfer relative resolution (�t/t) as a function of �t. Right: Invariant
mass relative resolution (�m/m) as a function of M(K⇡).

proton and with this resolution of �t, we could study the K⇡ production mechanism with
better statistics at small �t.

The Fig. 10 show the missing mass for KLp ! K
+
⇡
�
X, and is peaking at the rest mass

of proton. Di↵erent panels in the figure refer to the missing mass distribution for di↵erent
beam momentum. The beam was measured using the TOF detector. So, the resolution of
missing mass (MM(K+

⇡
�)) 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 K⇡ P -wave are produced as KLp ! K

⇤0(892)(K+
⇡
�)p and the rest as

KLp ! K
⇤0(892)(K�

⇡
+)p. Assuming that the reconstruction and selection e�ciency of the

final state K
+
⇡
�
p is the same as K

�
⇡
+
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,

N(~p) = �K⇤(~p)⇥ BR(K⇤ ! K
+
⇡
�)⇥

Z
Ldt⇥ ✏tot(~p) (5)

10

Figure 15: Left: Invariant mass of two photons peaked at ⇡0 mass. Right:
Invariant mass of K�⇡0.
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Figure 16: Left: Four momentum transfer relative resolution (�t/t) as a func-
tion of -t. Right: Invariant mass relative resolution (�m/m) as a function of
MK⇡.

estimated the expected number of K⇤ for 100 days of KLF running for �t < 0.2 GeV2 and
is shown in Fig. 18.

The K⇡ 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

�
⇡
0�++
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Figure 22: Left: Four-momentum transfer resolution. Right: Invariant mass
M(KL⇡�) resolution.

K⇡ ! K⇡ elastic scattering. To isolate K⇡ elastic scattering from what we measure of
KLp ! KL⇡

��++, we are selecting events at small values of �t (< 0.2 GeV2). The Fig. 23
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. 18). Even though the minimum momentum of recoil � is higher compare to
proton (for the same value of K⇡ mass and beam energy), we have su�cient statistics at
small �t region where the decay particles of delta carried su�cient momentum which results
successfully reconstruction in GlueX detector.
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Invariant mass resolution �m/m (%)

K+⇡� K�⇡0 KL⇡
�

Below 1% in all cases



SLAC Data

KLF
(100 days)
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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

S1/2 (GeV)

I=3/2+1/2         S-wave

PAC47

K±p ! K±⇡+n
K±p ! K±⇡��++

K�p ! K�⇡+n

Aston(1988)

Estabrooks(1978)



5

0.8 1 1.2 1.4 1.6
s1/2(MeV)

-30

-25

-20

-15

-10

-5

0

δ
0

3/2(s)
Jongejans et al.
Cho et al.
Bakker et al.
Estabrooks et al.
Linglin et al.
fit to S3/2 alone
UFD

FIG. 1: Experimental data on the S3/2 phase shift, δ3/20 (s).
The data come from [22] (Y. Cho et al.), [23] (A.M. Bakker et
al.), [26] (B. Jongejans et al.), [25] (D. Linglin et al.) and [27]
(P. Estabrooks et al.). The dashed line shows our fit to these
data and the dotted lines enclose its uncertainty band. The
continuous line represents our unconstrained fit including also
the data on t1/20 + t3/20 /2, whose uncertainty is represented by
the gray band.

slightly less than one. The resulting fits are rather sim-
ilar, but we have preferred the uncertainty band of the
first because the systematic uncertainty is not correlated
to the statistical one. In addition, the second approach
satisfies much worse the threshold sum rules that we will
check in the next sections. The result of our fit, with the
estimate of systematic uncertainty added to the statisti-
cal uncertainties, is χ2/d.o.f. = 37/(44− 3 + 1).

TABLE I: Parameters of the S3/2-wave.

Parameter UFD CFD

B0 2.25 ±0.04 2.27 ±0.04
B1 4.21 ±0.17 3.94 ±0.17
B2 2.45 ±0.50 3.36 ±0.50

Had we considered only two Bk parameters, the fit
would yield an 80% larger χ2/d.o.f., whereas with four
it would decrease by 15%. Since three parameters as in
Eq.11 already provide a χ2/d.o.f. < 1 we do not consider
necessary to have a fourth parameter. We show this fit
as a dashed line in Fig.1, where the uncertainty band is
delimited by the dotted lines.
Still this is not our final fit because there is also ex-

perimental information on the tS ≡ t1/20 + t3/20 /2 combi-
nation. In the next subsection we will explain how the
fit to the tS data produces a small modification on the
S3/2-wave. The result provides the final S3/2 parameteri-
zation, which is also shown in Fig.1 as a thick continuous
line whose uncertainties are covered by the gray band.
Since no dispersion relation has been imposed yet, this

result will be called Unconstrained Fit to Data (UFD),
whose parameters are found in Table I. The Constrained
Fit to Data (CFD) in that table will be discussed later
in Sec.V. In the Figure it can be noticed that this UFD
result is similar to the fit to the S3/2-wave data alone
that has been described in this subsection.

2. I=1/2 S-wave

For this wave, inelasticity has been measured above
1.3 GeV and for the most part it is due to the Kη state
rather than to states with more than two mesons. Hence,
we are going to parameterize the amplitude using the
elastic formalism of Subsec.III B 1 below Kη threshold,
and with the inelastic formalism of Subsec.III B 2 above
that threshold.
Thus, for (mK +mπ)2 ≤ s ≤ (mK +mη)2 we will use

a conformal expansion of the type in Eq.(6), namely:

cot δ1/20 (s) =

√
s

2q(s− sAdler)
(B0 +B1ω). (13)

Once again we have explicitly factorized the Adler zero,
which we have set to its leading order within Chiral Per-
turbation Theory value:

sAdler =
(

ΣKπ + 2
√

∆2
Kπ +m2

Km2
π

)

/5 % 0.236GeV2.

(14)
As explained in Appendix A, for this wave it is conve-
nient to fix the constants that define the center of the
conformal variable ω in Eq.(7) to the following values

α = 1.15, s0 = (1.1GeV)2. (15)

The parameters obtained for the best Unconstrained
Fit to Data (UFD) are given in the first column of Ta-
ble II.

TABLE II: Parameters of the elastic S1/2-wave.

Parameter UFD CFD

B0 0.411 ±0.007 0.411 ±0.007
B1 0.181 ±0.034 0.162 ±0.034

In contrast, in the s ≥ (mK + mη)2 region we will
implement the inelastic formalism of Eqs.(8),(9),(10) as
follows:

t1/20 (s) =
Sb
0S

r
1S

r
2 − 1

2iσ(s)
, (16)

where

Sb
0 = exp[2iqηK(φ0 + φ1q

2
ηK)]. (17)

For Sr
1 we use Eq.(10) with

P1(s) = (sr1 − s)β + e1G1
p1(qπK)

p1(qrπK)

qπK − q̂πK
qrπK − q̂πK

,(18)

Q1(s) = (1− e1)G1
p1(qπK)

p1(qrπK)

qηK
qrηK

ΘηK(s), (19)
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From Pelaez and Rodas paper: PRD93(2016)
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Figure 11: Statistics comparison 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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Figure 23: Left: Sample �t0 distribution. Right: Sample 2d distribution of �t as a
function of beam momentum.
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Phase-shift 
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AI(cosθGJ, ϕGJ) =
4π
qi ∑

l,m
aI

l (2l + 1)Ym
l (cosθGJ, ϕGJ)

For L=0, 1

aI
L = aI=1/2

L + 1
2 aI=3/2

L

In the elastic region

aI
L = (2L + 1)ϵI sin δI

LeδI
L

I = 1
2 , s − wave
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2 , s − wave
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uncertainty only.
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Summary of K⇡ Scattering

-The KLF will have a very significant impact on our knowledge  
on scattering amplitudes K⇡

-It will certainly improve still conflictive determination of heavy K*’s  parameters

-It will help to settle the tension between phenomenological  determinations 
of scattering lengths from data versus ChPT and LQCD

-Finally, and very importantly, it will reduce by more than a factor of two the 
uncertainty in the mass determination of K*(700) and by

factor of five the uncertainty on its width, and therefore on its coupling

-It will help  to clarify debates of its existence, and therefore a long 
standing problem of existence of the scalar nonet 



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-
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jected photon beam. We have instead considered adjustments to the existing Hall D final focus
optics to maximize the beam size at the CPS while maintaining required projected photon beam
convergence.

Reference [99] evaluates the existing Hall D final focus optics and quadrupole apertures for three
conditions: 95% full width horizontal beam sizes of 1.0 cm, 1.4 cm, and 1.7 cm. A 95% full width
vertical beam size of O(1 cm) is expected at the CPS; it cannot be smaller than this to maintain
reasonable projected photon beam convergence.

The 95% full width horizontal 1.0 cm beam size case is quite similar to existing optics for GlueX.
Under these conditions, KLF should expect similar beam size stability to that observed during
GlueX-II operations.

The 1.4 cm case requires more aggressive focusing that results in a maximum beam size in the
existing final focus quadrupoles that is ⇡65% of the existing aperture. At these beam sizes chro-
matic and nonlinear effects start contributing substantially to beam quality. It may be feasible to
run KLF with this beam size at the CPS face, but beam size stability and sensitivity of tune may be
problematic.

The 1.7 cm case requires substantially more aggressive focusing. The maximum beam size in the
existing final focus quadrupoles in this condition would be at least 75% of the existing aperture.
Here chromatic conditions and sensitivity of tune to energy fluctuations starts to dominate, and
there is very little room for orbit and beam size variation.

For 95% full width horizontal beam sizes on the CPS dump face above 1.5 cm, new final focus
quadrupoles would likely be required with larger apertures of 20–30 mm radius compared to the
existing radii of 16 mm.

5.2 KL Beam Overview

Figure 17: Schematic view of Hall D beam line with the production chain e ! � ! KL. The main
components are the CPS, KPT, sweep magnet, and KFM (see text for details). We do not need in pair
spectrometer [112]. Beam goes from left to right.

We propose to create a secondary beam of neutral kaons at Hall D at Jefferson Lab to be used with
the GlueX experimental setup for strange hadron spectroscopy. The superior CEBAF electron
beam will enable a flux on the order of 1 ⇥ 104KL/sec, which exceeds the kaon flux previously
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Electron Beam Parameters

I = 5 µAEe = 12 GeV

Bunch spacing 64 ns
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No major problems.
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Compact Photon Source

Conceptual design is 
completed for Halls A&C

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

33
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The details of the CPS are designed 
by the CPS Collaboration

Paper published in NIM, A957(2020)



Be Target Assembly: Conceptual Design

-Meets  RadCon  Radiation Requirements
-Conceptual Design Endorsed by Hall-D Engineering Staff  
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production yield with a lower absorption of kaons, as pointed out in previous SLAC studies [113].
These studies showed that beryllium is the optimal material for neutral kaon photoproduction. An-
other common target material is carbon, which is easier to handle than beryllium, however the
simulations we performed show that a beryllium target performs significantly better than a similar
target made of carbon. The Pythia [110] simulations showed that the kaon yield from beryllium is
higher than that from carbon at the same radiation length. The ratio of beryllium to carbon gives
a factor of 1.51 for kaon yield. At the same time, MCNP simulations demonstrated that the beryl-
lium target reduces the neutron yield more effectively than carbon. The ratio of generated particles
from beryllium to the carbon appears to be about ⇠ 1.45 for neutrons.

Figure 24: Schematic view of the Be-target (KL production target) assembly. Concrete, borated polyethy-
lene, 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 tungsten beam plug of a 10 cm thickness (30 X0) and 16 cm diameter is attached to the beryllium
target (Fig. 24) to clean up the beam and absorb induced radiation. In the same SLAC studies ref-
erenced above, it was shown that tungsten is the optimal material for the plug and that tungsten has
a lower absorption factor for kaons as compared to copper. Our Pythia simulations showed that the
ratio of tungsten to copper (20%) gives 1.16 (1.36) at kaon momentum 1 GeV/c (0.5 GeV/c). Our
MCNP simulations additionally demonstrated that the tungsten plug reduces the yield of neutrons
and gamma compared to a plug of lead or copper of the same length. The production ratio for lead
(copper) to tungsten is 2.25 (9.29) for neutrons and 8.11 (66.8) for gammas.

It was found that increasing the plug diameter will increase the neutron background. For example,
increasing the diameter to 24 cm from 16 cm in diameter yields an increase of neutron production
by a factor of 2.8. This effect is due to re-scattered neutrons in the plug. There is no effect for
gammas. It was also found that increasing the plug length will decrease the neutron background.
For example, increasing the length to 15 cm from 10 cm in length gives a factor of 0.60 in neutron
production. For gammas, the effect is more significant. However, we will do not plan to not
increase the length to prevent similar losses in KL yield.
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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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Reconstructed KL mass

Flux measurement stat. err. <1%

Estimated conservative syst. err. ~5%
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Figure 23: The KL and neutron momentum spectra on the cryogenic target. Left: Rate of KL (red) and
neutrons (blue) on the LH2/LD2 cryogenic target of Hall D as a function of their generated momenta, with
a total rate of 1 ⇥ 104 KL/sec and 6.6 ⇥ 105 n/sec, respectively. Kaon calculations were performed using
Pythia generator [110] while neutron calculations were performed using the MCNP transport code [103].
Right: Experimental data from SLAC measurements using a 16 GeV/c electron beam were taken from
Ref. [113] (Figure 3).

5.4.1 Kaon and Neutron Flux:
Neutral kaon production was simulated for a photon bremsstrahlung beam produced by the 12 GeV
electron beam in the Hall D CPS. The main mechanism of KL production in our energy range is via
�-meson photoproduction, which yields the same number of K0 and K̄0. Calculations of the KL

flux [109] are performed using the Pythia MC generator [110], while the neutron flux calculations
were performed using the MCNP radiation transport code [103].

The MCNP model simulates a 12 GeV 5 µA electron beam hitting the copper radiator inside of the
CPS. Electron transport was traced in the copper radiator, vacuum beam pipe for bremsstrahlung
photons, and Be-target. Neutrons and photons were traced in all components of the MCNP model.
The areas outside the concrete walls of the collimator alcove and bremsstrahlung photon beam
pipe was excluded from consideration to facilitate the calculations. Additionally, we ignore Pair
Spectrometer (PS) [112] and KFM magnets but took into account five iron-blocks around beam
pipe in front of the GlueX spectrometer.

Figure 23 demonstrates that our simulations for the KLF kaon and neutron flux (Fig. 23 (left)) are
in a reasonable agreement with the KL spectrum measured by SLAC at 16 GeV [113] (Fig. 23
(right)).

5.4.2 Target and Plug Materials:
The KL beam will be produced with forward emission kinematics due to the interaction of the
photon beam with a Be-target. Beryllium is used because lighter elements have a higher photo-

33



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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10.2 LH2/LD2 Cryogenic Target for Neutral Kaon Beam at Hall D
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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.
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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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Figure 32: Diagram illustrating a potential timeline for the different stages of the design, con-
struction, and installation of the KL beamline.

A complete understanding of three-quark bound states requires accurate measurements of the full
spectra of hyperons with their spin-parity assignments, pole positions, and branching ratios. An
important impact of these strange hyperon spectroscopy measurements is their significance for the
thermodynamic properties of the early universe at freeze-out, which is one of the main physics
topics at heavy-ion colliders.

Besides hyperon spectroscopy, the experimental data obtained in the strange meson sector in the
reactions KLp ! K±⇡⌥p and KLp ! KS⇡±n(p) will provide precise and statistically significant
data for experimental studies of the K⇡ system. This will allow a determination of quantum num-
bers of strange meson resonances in S- (including (800)), P -, D-, and higher-wave states. It will
also allow a determination of phase shifts to account for final-state K⇡ interactions. Measurements
of K⇡ form factors will be important input for Dalitz-plot analyses of D-meson and charmless B
mesons with K⇡ in final state.

The KL facility at JLab will be unique in the world. The high-intensity secondary beam of KL

(1 ⇥ 104 KL/s) would be produced in EM interactions using the high-intensity and high-duty-
factor CEBAF electron beam with very low neutron contamination as was done at SLAC in the
1970s [34]; but now, with three orders of magnitude higher intensity. The possibility to perform
similar studies with charged kaon beams is under discussion at J-PARC with intensities similar to
those proposed for the KL beam at JLab. If these proposals are approved, the experimental data
from J-PARC will be complementary to those of the proposed KL measurements.

In Table 7, we present the expected statistics for 100 days of running with a LH2 target in the
GlueX setup at JLab. The expected statistics for the 5 major reactions are very large. There are
however, two words of cautions at this stage. These numbers correspond to an inclusive reaction
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Timeline of Design,  Construction and Installation

The Facility is Flexible and can be  
switched to photon beam in 6 months



KL2016    
[60 people from 10 countries, 30 talks]   h9ps://www.jlab.org/conferences/kl2016/ 
           OC: M. Amaryan, E. Chudakov, C. Meyer, M. Pennington, J. Ritman, & I. Strakovsky 

YSTAR2016  
[71 people from 11 countries, 27 talks] h9ps://www.jlab.org/conferences/YSTAR2016/ 
           OC: M. Amaryan, E. Chudakov, K. Rajagopal, C. RaT, J. Ritman, & I. Strakovsky 

HIPS2017     
[43 people from 4 countries, 19 talks]     h9ps://www.jlab.org/conferences/HIPS2017/ 
           OC: T. Horn, C. Keppel, C. Munoz-Camacho, & I. Strakovsky 

PKI2018        
[48 people from 9 countries, 27 talks]    h9p://www.jlab.org/conferences/pki2018/ 
           OC: M. Amaryan, U.-G. Meissner, C. Meyer, J. Ritman, & I. Strakovsky

In total: 222 participants & 103 talks
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https://na01.safelinks.protection.outlook.com/?url=https%3A%2F%2Fwww.jlab.org%2Fconferences%2Fkl2016%2F&data=01%7C01%7Cmamaryan%40odu.edu%7C9bec8a8cb9484b76790908d5b336bac2%7C48bf86e811a24b8a8cb368d8be2227f3%7C0&sdata=UqgjQ9PtJ1XFm3c7ydjZCz6DjJnsaqO91jagBk0rDpU%3D&reserved=0
https://na01.safelinks.protection.outlook.com/?url=https%3A%2F%2Fwww.jlab.org%2Fconferences%2FYSTAR2016%2F&data=01%7C01%7Cmamaryan%40odu.edu%7C9bec8a8cb9484b76790908d5b336bac2%7C48bf86e811a24b8a8cb368d8be2227f3%7C0&sdata=6CbgbAF5bW5ABL0ZqX%2BvDiuD60YOZYKIuNx7077QzIY%3D&reserved=0
https://na01.safelinks.protection.outlook.com/?url=https%3A%2F%2Fwww.jlab.org%2Fconferences%2FHIPS2017%2F&data=01%7C01%7Cmamaryan%40odu.edu%7C9bec8a8cb9484b76790908d5b336bac2%7C48bf86e811a24b8a8cb368d8be2227f3%7C0&sdata=tU6TTK4sN7xccd%2BipQaKhRIOh6qArmLbduKVjr4Zi9Q%3D&reserved=0
https://na01.safelinks.protection.outlook.com/?url=http%3A%2F%2Fwww.jlab.org%2Fconferences%2Fpki2018%2F&data=01%7C01%7Cmamaryan%40odu.edu%7C9bec8a8cb9484b76790908d5b336bac2%7C48bf86e811a24b8a8cb368d8be2227f3%7C0&sdata=%2BVMIYdc%2FADlnntuWVV5smHchB%2FdT7bFwZ49JwOh0KPc%3D&reserved=0
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SUMMARY
-Proposed KL Facility has a unique capability to 

improve existing world database up to three 
orders of magnitude

-In Hyperon spectrosocopy 
PWA will allow to unravel and measure pole 

positions and widths of dozens of new excited 
hyperon states

- -In Strange Meson Spectroscopy                  
PWA will allow  to measure excited K* states 

including  scalar K*(700) states
To accomplish physics program

100 days per LH2 and LD2 is required
All components of KL Facility considered are feasible

24

-With total cost  of the project below $5M



Thank you !


