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Recommendations 
PAC 48 SUMMARY OF RECOMMENDATIONS 

Number Contact 
Person Title Hall Days 

Req¶d 
Days 

Awarded 
Scientific 

Rating 
PAC 

Decision Topic 

C12-18-005 M. Boer Timelike Compton Scattering Off 
Transversely Polarized Proton 

C 50    C2 4 

C12-19-001 M. Amarian Strange Hadron Spectroscopy with Secondary 
KL Beam in Hall D 

D 200 200 A- Approved 1 

C12-19-002 T. Gogami High accuracy measurement of nuclear masses 
of Lambda hyperhydrogens 

A 13.5   
 

C2 5 

PR12-20-001 J. Bernauer Dark Light: Search for New Physics in e+e- 
Final States Near an Invariant Mass of 17 
MeV Using the CEBAF Injector 

INJ 55   
 

Deferred  6 

PR12-20-002 R. Milner A Program of Spin-Dependent Electron 
Scattering from a Polarized He-3 Target in 
CLAS12 

B 30 30 A- C1  4 

PR12-20-003 L. Tang Extension request for E12-17-003: 
Determining the unknown Lambda-n 
interaction by investigating the Lambda-nn 
resonance 

A 8.5   
 

C2 5 

PR12-20-004 A. Gasparian PRad-II: A New Upgraded High Precision 
Measurement of the Proton Charge Radius 

B 40 40 A C1 2 

PR12-20-005 H. Szumila-
Vance 

Precision measurements of A=3 nuclei in Hall 
B 

B 60 60 A- Approved 5 

PR12-20-006 A. Gasparian Precision Deuteron Charge Radius 
Measurement with Elastic Electron-Deuteron 
Scattering 

B 40   
 

Deferred 2 

PR12-20-007 W. Li Backward-angle Exclusive pi0 Production 
above the Resonance Region  

C 29.4 29 B Approved  4 

PR12-20-008 A. Puckett Polarization Transfer in Wide-Angle Charged 
Pion Photoproduction 

A 2 2 B+ Approved 4 

PR12-20-009 E. Voutier Beam charge asymmetries for Deeply Virtual 
Compton Scattering on the proton at CLAS12 

B 100     C2 4 

PR12-20-010 E. Fuchey Measurement of the Two-Photon Exchange 
Contribution to the Electron-Neutron Elastic 
Scattering Cross Section 

A 2 2 A- Approved 2 

PR12-20-011 A. Deur Measurement of the high-energy contribution 
to the Gerasimov-Drell-Hearn sum rule 

D 29.1 33 A- Approved 3 

PR12-20-012 C. Munoz 
Camacho 

Deeply Virtual Compton Scattering using a 
positron beam in Hall C 

C 77     C2 4 

PR12-20-013 F. Garibaldi Studying Lambda interactions in nuclear 
matter with the 208Pb(e,e'K+)208_LambdaTl 

A 20 20 B+ Approved 5 

Topic*  
1 The Hadron Spectra as Probes of QCD C1=Conditionally Approved w/Technical Review 
2 The Transverse Structure of the Hadrons C2=Conditionally Approved w/PAC Review 
3 The Longitudinal Structure of the Hadrons 
4 The 3D Structure of the Hadrons 
5 Hadrons and Cold Nuclear Matter 
6 Low-Energy Tests of the Standard Model and Fundamental Symmetries  
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C12-19-001  

Scientific Rating:  A-  

Recommendation:  Approved  

Title:  Strange Hadron Spectroscopy with Secondary KL Beam in Hall D  

Spokespersons: M. Amaryan (contact), M. Bashkanov, S. Dobbs, J. Ritman, J. Stevens, I. 
Strakovsky  

Motivation: The spectroscopy of strange baryons and mesons, including their fundamental strong 
interactions, are the focus of this proposal. New and unique data can be obtained with an intense 
KL beam aimed at a hydrogen/deuterium target, using the GlueX apparatus to detect final state 
particles.  

Measurement and Feasibility: The proponents have answered all questions outlined in the 
PAC47 report. Substantial progress has been made on the issues of simulations: details on 
backgrounds and background reactions have been demonstrated, a demonstration of partial wave 
analysis for hyperon production was given.  The proponents have demonstrated the measuring 
technique of missing mass reconstruction, allowing them to extend the measuring range both 
regarding small, four-momentum transfers and isospin decomposition. No show stoppers have 
been pointed out by the TAC.  

Issues:  The PAC strongly recommends that the collaboration intensify their cooperation on two 
issues. (1) Coordinated leadership must be established together with the host laboratory to address 
the various technical issues connected with the R&D efforts and construction of the KL beam. (2) 
Continuous cooperation with JPAC and associated members is recommended for the development 
of tools to master the challenges connected with the clean extraction of Kʌ scattering, the 
identification of the exchange processes at small momentum transfers, and the amplitude analysis 
for ǻ final states.   

Summary: The future KL facility will add a new physics reach to JLab, and the PAC is looking 
forward to see the idea being materialized, in conjunction with the plans for Hall D as spelled out 
in the 2019 White Paper. The collaboration should now devote all its energy to turn this 
challenging project into an experimental facility and in parallel prepare for a successful data 
analysis.   
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 160 physicists from 68 Universities  across 19 countries

This happens because of strong support and
dedicated efforts of the KLF Collaboration

43 Old Dominion University (ODU), Norfolk, VA 23529, USA
44 National Research Centre “Kurchatov Institute", Petersburg Nuclear Physics Institute (PNPI),
Gatchina 188300, Russia
45 Pusan National University, Busan 46241, Republic of Korea
46 Nuclear Physics Institute, Rez 250 68, Czech Republic
47 Rudjer Bošković Institute, Zagreb 10002, Croatia
48 Institut für Theoretische Physik II - Ruhr-Universität, D-44780 Bochum, Germany
49 Thomas Jefferson National Accelerator Facility (JLab), Newport News, VA 23606, USA
50 Tomsk State University, Tomsk 634050, Russia
51 Tomsk Polytechnic University, Tomsk 634050, Russia
52 Institut für Theoretische Physics, Tübingen Universität, Tübingen 72076, Germany
53 University of Regina (UR), Regina, SA S4S 0A2, Canada
54 Universidad Técnica Federico Santa María, Casilla 110-V Valparaíso, Chile
55 University of Tuzla, Tuzla 75000, Bosnia and Herzegovina
56 College of William and Mary (W&M), Williamsburg, VA 23185, USA
57 University of Connecticut (UConn), Storrs, CO 06269, USA
58 University of Georgia (UGA), Athens, GA 30602, USA
59 University of Massachusetts (UMASS Amherst), Amherst, MA 01003, USA
60 University of North Carolina at Wilmington (UNCW), Wilmington, NC 28403, USA
61 University of Virginia (UVa), Charlottesville, VA 22904, USA
62 Centro Mixto Universidad de Valencia-CSIC, 46071 Valencia, Spain
63 University of York (UoY), Heslington, York YO10 5DD, UK
64 INFN Sezione di Bari, 70125 Bari, Italy
65 FMIPA, Universitas Indonesia, Depok 16424, Indonesia
66 European Centre for Theoretical Studies in Nuclear Physics and related Areas (ECT⇤) and Fon-
dazione Bruno Kessler, Villazzano (Trento), I-38123, Italy
67 INFN Sezione di Genova, Genova, I-16146, Italy
68 Institut für Experimentalphysik I - Ruhr-Universität, Bochum 44780, Germany

(The KLF Collaboration)

iii comprised of 160 physicists from 68 Universities             
across 19 countries worldwide

This happens because of strong support from 
the KLF Collaboration

It is hard to not mention PAC 45, 46, 47 Headed by Jim Napolitano for 
not approving this proposal for 3 consecutive years!

New 
Collaborators
from Japan
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Date: March 5, 2021

Proposal for JLab PAC48

Strange Hadron Spectroscopy with Secondary KL Beam in Hall D

Experimental Support:
Shankar Adhikari43, Moskov Amaryan (Contact Person, Spokesperson)43, Arshak Asaturyan1,

Alexander Austregesilo49, Marouen Baalouch8, Mikhail Bashkanov (Spokesperson)63,
Vitaly Baturin43, Vladimir Berdnikov11,35, Olga Cortes Becerra19, Timothy Black60,

Werner Boeglin13, William Briscoe19, William Brooks54, Volker Burkert49, Eugene Chudakov49,
Geraint Clash63, Philip Cole32, Volker Crede14, Donal Day61, Pavel Degtyarenko49,

Alexandre Deur49, Sean Dobbs (Spokesperson)14, Gail Dodge43, Anatoly Dolgolenko26,
Simon Eidelman6,41, Hovanes Egiyan (JLab Contact Person)49, Denis Epifanov6,41,

Paul Eugenio14, Stuart Fegan63, Alessandra Filippi25, Sergey Furletov49, Liping Gan60,
Franco Garibaldi24, Ashot Gasparian39, Gagik Gavalian49, Derek Glazier18, Colin Gleason22,
Vladimir Goryachev26, Lei Guo14, David Hamilton11, Avetik Hayrapetyan17, Garth Huber53,

Andrew Hurley56, Charles Hyde43, Isabella Illari19, David Ireland18, Igal Jaegle49,
Kyungseon Joo57, Vanik Kakoyan1, Grzegorz Kalicy11, Mahmoud Kamel13, Christopher Keith49,
Chan Wook Kim19, Eberhard Klemp5, Geoffrey Krafft49, Sebastian Kuhn43, Sergey Kuleshov2,

Alexander Laptev33, Ilya Larin26,59, David Lawrence49, Daniel Lersch14, Wenliang Li56,
Kevin Luckas28, Valery Lyubovitskij50,51,52,54, David Mack49, Michael McCaughan49,

Mark Manley30, Hrachya Marukyan1, Vladimir Matveev26, Mihai Mocanu63, Viktor Mokeev49,
Curtis Meyer9, Bryan McKinnon18, Frank Nerling15,16, Matthew Nicol63, Gabriel Niculescu27,

Alexander Ostrovidov14, Zisis Papandreou53, KiJun Park49, Eugene Pasyuk49, Peter Pauli18,
Lubomir Pentchev49, William Phelps10, John Price7, Jörg Reinhold13,

James Ritman (Spokesperson)28,68, Dimitri Romanov26, Carlos Salgado40, Todd Satogata49,
Susan Schadmand28, Amy Schertz56, Axel Schmidt19, Daniel Sober11, Alexander Somov49,

Sergei Somov35, Justin Stevens (Spokesperson)56, Igor Strakovsky (Spokesperson)19,
Victor Tarasov26, Simon Taylor49, Annika Thiel5, Guido Maria Urciuoli24,

Holly Szumila-Vance19, Daniel Watts63, Lawrence Weinstein43, Timothy Whitlatch49,
Nilanga Wickramaarachchi43, Bogdan Wojtsekhowski49, Nicholas Zachariou63,

Jonathan Zarling53, Jixie Zhang61

Theoretical Support:
Alexey Anisovich5,44, Alexei Bazavov38, Rene Bellwied21, Veronique Bernard42,

Gilberto Colangelo3, Aleš Cieplý46, Michael Döring19, Ali Eskanderian19, Jose Goity20,49,
Helmut Haberzettl19, Mirza Hadžimehmedović55, Robert Jaffe36, Boris Kopeliovich54,

Heinrich Leutwyler3, Maxim Mai19, Terry Mart65, Maxim Matveev44, Ulf-G. Meißner5,29,
Colin Morningstar9, Bachir Moussallam42, Kanzo Nakayama58, Wolfgang Ochs37,

Youngseok Oh31, Rifat Omerovic55, Hedim Osmanović55, Eulogio Oset62, Antimo Palano64,
Jose Peláez34, Alessandro Pilloni66,67, Maxim Polyakov48, David Richards49, Arkaitz Rodas49,56,

Dan-Olof Riska12, Jacobo Ruiz de Elvira3, Hui-Young Ryu45, Elena Santopinto23,
Andrey Sarantsev5,44, Jugoslav Stahov55, Alfred Švarc47, Adam Szczepaniak22,49,

Ronald Workman19, Bing-Song Zou4
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KLF, step 1 (CEBAF)

8

JLAB KLF

Electron Beam:
� 12 GeV 
� 5𝜇𝐴
� 64 ns bunch spacing128
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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

13

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

27

https://arxiv.org/pdf/2008.08215.pdf

75m 24m

Be
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KL Beam Flux

JLab 12 GeV SLAC 16 GeV

N(KL)JLAB

N(KL)SLAC
⇠ 103N(KL)/sec ⇠ 104

18

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
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Hyperon Spectroscopy
LQCD in addition to already known states

predicts many more 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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Edwards, Mathur, Richards and Wallace, Phys. Rev. D 87, 054506 (2013) 
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Hyperons 

5

Octet: 𝑁∗, 𝚲∗, 𝚺∗, 𝚵∗
Decuplet:  Δ∗, 𝚺∗, 𝚵∗, 𝛀∗

Predicted LQCD, 𝑴𝑩 < 𝟐. 𝟓 𝑮𝒆𝑽 “Observed”, PDG
𝑁∗ 64 21
Δ∗ 22 12
𝚲∗ 17 14
𝚺∗ 43 9
𝚵∗ 42 6
𝛀∗ 24 2

212 64
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Electron Beam Parameters

I = 5 µAEe = 12 GeV

Bunch spacing 64 ns

14

128 ns confirmed feasible
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Figure 29: Muon momentum spectrum for the Bethe-Heitler (see details in text).

and gamma fluxes and prompt dose rates for the KLF experiment are below the JLab RadCon
requirement establishing the radiation dose rate limits in the experimental hall.

5.7 KL Momentum Determination and Beam Resolution

The mean lifetime of the KL is 51.16 nsec (c⌧ = 15.3 m) whereas the mean lifetime of the K� is
12.38 nsec (c⌧ = 3.7 m) [1]. For this reason, it is much easier to perform measurements of KLp
scattering at low beam energies compared with K�p scattering.

 [GeV]trueW
1.6 1.8 2 2.2 2.4

, [
M

eV
]

W
σ 

0

20

40

60

80

100
W resolution

Figure 30: Left: Time resolution (�t) for KL beam as a function of KL-momentum. Middle: Momentum
resolution (�p/p) as a function of momentum (note, log scale). Right: Energy resolution (�W ) as a function
of energy. The dashed line shows approximate W resolution from reconstruction of the final-state particles.

The momentum of a KL beam will be measured using time-of-flight (TOF) - the time between the
accelerator bunch (RF signal from CEBAF) and the reaction in the LH2/LD2 target as detected by

42

13



• Why to use kaon beam? What is the advantage compared to 
electrons or photons? 

• What is so special about K-long compared to charged kaon beams?

• What is the advantage of producing secondary kaon beam with EM 
probe, compared to the proton beam?

• How much CEBAF accelerator could make a breakthrough compared 
to previous results at SLAC?

• Why to do this experiment, what are we going to learn?

• How will it affect our knowledge on hyperon spectroscopy?

• What are we going to learn about strange meson spectroscopy ?

• Many more questions - some constructive and some less so - 
answers to which shaped the approved proposal.

We can do it, but why should we?

14
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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

52

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 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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Need 100 days of running  to get precise solution
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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 2500 MeV

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

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

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

6 19



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.  
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ScatteringK⇡

Strange Meson Spectroscopy

8

Physics Processes

18

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

2 − T 3
2),
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3 (T 1
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2 + 2T 3
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3 (T 1

2 − T 3
2),
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2 − T 3
2),
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2 + 2T 3
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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
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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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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 based on 100 days of running time.

Figure 11: Left: Cross section of K�p ! K+⇡�n as a function of the invariant mass from LASS re-
sults [27]. The blue line is the fit to the cross section using composite model containing two RBWs, spin-1
and spin-2, and S-wave LASS parameterization. Right: Expected distribution of the K+⇡� invariant mass
below 1.6 GeV from KLF after 100 days of running. The dark blue 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 [27].

The precise and robust determination of the P -wave elastic phase-shift is crucial for many process
involving strangeness, particularly in that it is the dominant contribution to the K⇡ form factor.
There exist several different alternative studies to the production experiments like the extraction
of the vector form factor f±(t) by Ref. [74], where t is the four-momentum transfer. The vector
form factor, at the optical point f+(0), has an impact on the measurement of the CKM matrix
element Vus [74, 75], where the precision on this measurement plays an important role on probing
the physics beyond the Standard Model. The phenomenological studies [74, 75] analyzed the K⇡
P -wave phase-shift produced by the Belle Experiment [76] using the decay ⌧ ! K⇡⌫⌧ and LASS
data [27] using the scattering reaction K�p ! K+⇡�n. A major concern from these studies is
that as explained in [74] the phase-shift extraction by the LASS experiment [27] could be affected
by systematic effect. Furthermore, there is a clear tension regarding the parameters of the K⇤(892)
between the modern ⌧ decay experiments and the older LASS experiments.

A new, high-statistics measurement of this amplitude at the KLF could resolve these systematic
effects and provide a new precision measurement of the K⇤(892) resonance parameters. We can
evaluate the improvement that can be performed by KLF in these type of studies. A comparison
between the projected KLF results and the LASS results [27], which perform a similar scattering
reaction study with a charged kaon beam, is presented in Fig. 11 (left). The resulting model from
the fit to LASS amplitude is used to simulate the distribution of the invariant mass of K+⇡� in a
P -wave with KLF.

20

KLF 100 Days
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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
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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�++

17
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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.

23

Invariant mass resolution �m/m (%)

K+⇡� K�⇡0 KL⇡
�

Below 1% in all cases
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SLAC Data

KLF
(100 days)

Projected Measurements

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.
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fit to S3/2 alone
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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)

3.0 GeV ANL

4.25 GeV Saclay
5.5 GeV CERN 

13.0 GeV SLAC
14.3 GeV CERN

From Pelaez and Rodas paper: PRD93(2016)

 KLF 100 days

I=3/2         S-wave

Estabrooks(1978)
K±p ! K±⇡+n

K±p ! K±⇡��++
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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]

13

KLp ! K+⇡�p

proton detected

SLAC

100 days KLF
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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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t’=t-tmin

KLp ! K(�,0)⇡(0,�)�++
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Phase-shift 

35

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

I = 3
2 , s − wave

I = 1
2 , p − wave

Results include statistical 

uncertainty only.
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Summary of K⇡ Scattering

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

-It will improve on 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 the uncertainty in the mass 
determination of K*(700) and by by more than a factor of two and by

factor of five the uncertainty on its width

-It will further clarify debates of its existence, and therefore a long 
standing problem of the existence of the scalar meson nonet 
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Workshop on Excited Hyperons in QCD
Thermodynamics at Freeze-Out

(YSTAR2016)
Mini-Proceedings

16th - 17th November, 2016 Thomas Jefferson National Accelerator Facility,
Newport News, VA, U.S.A.
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Editors: M. Amaryan, E. Chudakov, K. Rajagopal, C. Ratti, J. Ritman, and I. Strakovsky

Abstract

This Workshop brought top experts, researchers, postdocs, and students from high-energy heavy-
ion interactions, lattice QCD and hadronic physics communities together. YSTAR2016 discussed
the impact of "missing" hyperon resonances on QCD thermodynamics, on freeze-out in heavy
ion collisions, on the evolution of early universe, and on the spectroscopy of strange particles.
Recent studies that compared lattice QCD predictions of thermodynamic properties of quark-gluon
plasma at freeze-out with calculations based on statistical hadron resonance gas models as well as
experimentally measured ratios between yields of different hadron species in heavy ion collisions
provide indirect evidence for the presence of "missing" resonances in all of these contexts. The aim
of the YSTAR2016 Workshop was to sharpen these comparisons and advance our understanding
of the formation of strange hadrons from quarks and gluons microseconds after the Big Bang and
in todays experiments at LHC and RHIC as well as at future facilities like FAIR, J-PARC and KL
at JLab.

It was concluded that the new initiative to create a secondary beam of neutral kaons at JLab will
make a bridge between the hardron spectroscopy, heavy-ion experiments and lattice QCD studies
addressing some major issues related to thermodynamics of the early universe and cosmology in
general.

PACS numbers: 13.75.Jz, 13.60.Rj, 14.20.Jn, 25.80.Nv.
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Formation of Visible Matter during the
Freeze-Out of the Universe after the Big Bang

 0

 0.05

 0.1

 0.15

 0.2

 130  140  150  160  170  180

χ2
B

T [MeV]

Tpc=156.5(1.5) MeV

cont. extr.

PDG-HRG

QM-HRG
Nτ = 6

  8

  12

 0

 0.05

 0.1

 0.15

 0.2

 130  140  150  160  170  180

Figure 36: Top: Comparison of predicted and measured excited strange hadronic states in PDG2018,
PDG2018+ (including one star states), QM, and hQM. Bottom left: Lattice QCD calculations of the tem-
perature dependence of the leading order susceptibility ratio (µs/µB) compared to results from HRG model
calculations with varying number of hadronic states. Bottom right: Lattice QCD calculations of the temper-
ature dependence of the baryon number susceptibility �2

B compared to results from HRG model calculations
with varying number of hadronic states.

The relativistic heavy-ion community at the RHIC and LHC has recently embarked on specific
analyses to address the issue of strangeness hadronization. LQCD calculations in the QCD crossover
transition region between a deconfined phase of quark and gluons and a hadronic resonance gas
have revealed a potentially interesting sub-structure related to the hadronization process. Studies
of flavor-dependent susceptibilities, which can be equated to experimental measurements of con-
served quantum-number fluctuations, seem to indicate a slight flavor hierarchy in the three-quark
sector (u,d,s) in thermalized systems. Specifically, the ratios of higher-order susceptibilities in the
strange sector show a higher transition temperature than in the light sector [125]. Recently, original
estimates of the pseudo-critical temperature [126, 127] have been significantly improved placing
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Salinas San Martin, Karthein, Hammelmann, Hirayama, Parotto, Elfner, 
Noronha-Hostler, Ratti, to appear soon

Private Communication:

Formation of Visible Matter during the
Freeze-Out of the Universe after the Big Bang

Needs to Observe dozens
Of Missing states: https://arxiv.org/abs/2309.0173735
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A.1 Interest of the RHIC/LHC Community in Excited Hyperon Measure-
ments

Figure 35: KLF Project will provide a valuable missing input needed to shed a light on thermodynamic
properties of the Early Universe around 1 µs after the Big Bang.

At temperatures on the order of the pion mass strongly interacting matter undergoes a transition
(rapid crossover) from the confined phase with hadronic degrees of freedom to a deconfined phase
with partonic degrees of freedom, Quark-Gluon Plasma (QGP). A reverse process, hadronization
has taken place shortly after the Big Bang when the matter in the Universe started cooling down and
underwent a chain of transitions, as illustrated in Fig. 35. The properties of the strongly interacting
matter under extreme temperatures and densities and the transition to QGP are under intense study
at the Relativistic Heavy-Ion Collider (RHIC) at BNL and the Large Hadron Collider (LHC) at
CERN. To relate experimentally measured particle yields to theoretically predicted thermodynamic
observables, a detailed understanding of the hadronization process of light and strange degrees of
freedom is required.
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What else?
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with JP = 1/2+, 3/2+, 5/2+ decaying via cascades would
strengthen the conjecture.

In Ref. [10] the three states are predicted to have masses
of 2099MeV; 2176MeV; 2150MeV. We suggest to search
first for the member of the 20-plet with JP = 3/2+ in the
reaction

KL p ! ⇡+⇤20 , ⇤20 ! ⇤(1520)⌘ or ⇤(1670)⌘ . (13)

This is an S wave decay to an intermediate state with or-
bital angular momentum excitation. The first decay mode
has the disadvantage that ⇤(1520) is dominantly a SU(3)
singlet, ⌘ dominantly SU(3) octet but the mixing angles
deviate significantly from pure SU(3) eigenstates. The sec-
ond mode might be forbidden kinematically if the mass of
the expected resonance is low. With L = 2 between ⌘ and
exciated hyperon, also the states with JP = 1/2+ and
5/2+ could be observed. Note that ⇤ excitations with a
total quark spin S = 3/2 exist only in the SU(6) 20-plet.

3.4 Pentaquark search

The concept of a nucleon composed of three constituent
quarks is certainly oversimplified, and the hadronic prop-
erties of nucleons cannot be understood or, at least, are
not understood in terms of quarks and their interactions.
Skyrme studied the pion field and discovered that by adding
a non–linear “� term” to the pion field equation, stable
solutions can result [59]. These solutions have half inte-
ger spin and a winding number identified by Witten [60]
as the baryon number. These stable solutions of the pion
field equation are called soliton solutions.

The chiral soliton model predicts the existence of a
full antidecuplet of states [61,62] with quantum numbers
JP = 1/2+. The antidecuplet is shown in Fig. 3; the
states are called pentaquarks [63]. Note that the three cor-
ner states have quantum numbers which cannot be con-
structed out of three quarks. In the minimum quark model
configuration, the flavor wave function of the state with
positive strangeness is given by ⇥+ = uudds̄. The strange
quark fraction increases from 1 to 2 units in steps of 1/3
additional s quark. The masses of the pentaquark states
were predicted in Ref. [63]. The increase in mass per unit
of strangeness is is 540MeV, instead of the 120MeV that
are derived when the ⇢ or ! mass is compared to the K⇤

mass. The splitting is related to the so–called �⇡N term
in low–energy ⇡N scattering. Its precise value is di�cult
to determine and has undergone a major revision [64].

Pentaquarks were highly discussed when the so-called
⇥+ was observed in di↵erent experiments [65,66,67,68]. It
has positive strangeness S = +1, its flavor wave function
has a minimal quark content uudds̄. However, in a series
of precision experiments, the evidence for pentaquarks has
faded away (see, e.g., Ref. [69,70,71]) even though some
evidence remains that a narrow state with JP = 1/2+

at 1720MeV might exist [72,73,74]. High-precision exper-
iments are mandatory to settle this important issue. Par-
ticularly convincing would be, of course, the discovery or
confirmation of one o the states having quantum numbers
that are incompatible with a qqq interpretation.

Attractive and easily accessible is the ⇥+. It is best
searched for in the reaction

KLp ! K+n . (14)

The reaction does not receive contributions from ⌃ res-
onances, nor from Pomeron exchange nor from the ex-
change of f0/f2 mesons. In this paper, we concentrate on
inelastic scattering processes and do not expand on reac-
tion (14).

Particularly interesting is the search for a member of
the quartet of ⌅ pentaquarks. The minimal quark content
of the ⌅+(2070) is uussd̄. It can be produced in the KLp
induced reaction

KLp ! KS⌅
+(2070) (15)

At the first moment, the reaction looks like an elastic scat-
tering process. However, the reaction (15) is more compli-
cated. The minimal quark flow is depicted in Fig. 4. The
process can be described as formation of a ⌃+ state be-
longing to the antidecuplet.

Evidence for an isospin partner of ⌅+(2070) with S =
�2, Q = �2 was reported [75] studying proton proton
collisions at the CERN SPS. Its mass of (1862±2)MeV
was a bit low when compared to the prediction [63]. The
state was not confirmed in later experiments [69].

The ⌅+(2070) is best searched for in its decay into
⌅0⇡+, predicted with 30% branching ratio, followed by
the decay ⌅0 ! ⇤⇡0 (⇠ 100%). Thus the reaction

KLp ! KS⇡
+⇡0⇤ ⇤ ! p⇡�;KS ! ⇡+⇡� (16)

needs to be studied. The K0 mass and momentum can
be reconstructed from the ⇡+⇡� pair. With a known KL

momentum, the ⌅+(2070) mass and momentum can be
determined. Then, using the ⇡+ four-vector, the ⌅0 mass
and momentum can be deduced. The ⇤ mass and momen-
tum can be deduced from its decay particles; the crossing
of the ⌅0 and ⇤ trajectories defines the decay point of the
⌅0. The ⌅0 has a mean free path c⌧ = 8.71 cm. Thus, the
reaction chain will be reconstructed with very little back-
ground. An alternative attractive decay mode is given by
⌅(2070) ! K⇤+⌃0. The threshold for this decay mode is
2084MeV.

The non-strange and strange partners in the anti-decu-
plet su↵er from the di�culty that their identification as
members of the anti-decuplet is model-dependent. Evi-
dence for the possible existence of two narrow states at
1685 and 1720MeV has been reported [72,73,74]. The
peak at 1685MeV is discussed extensively in the litera-
ture, see, e.g.,Refs. [76,77,78,79,80,81,82]. It seems to be-
long to the JP = 1/2� partial wave and to be unrelated
to pentaquark spectroscopy. The structure at 1720MeV
certainly requires further investigations but we do not see
a particular advantage to use a KL beam.

There is a triplet of ⌃ states in the antidecuplet. It
is predicted to mix with its nns-partners. In Ref. [83] the
mass of the additional mainly-1̄0 state is calculated to
fall into the range 1795 < M1̄0 < 1830MeV; its main
decay modes with estimated branching ratios of nearly
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Fig. 3. The antidecuplet and its quark model decomposition. The antidecuplet predicted by the chiral soliton model describes
nucleons in terms of the pion field and not by the number of quarks [63]. The three corner-states are incompatible with a qqq
assignment.

Fig. 4. (Color online)Left: Quark flow diagram for the reaction
KLp ! KS⌅

+(2070). s-quarks in red, s̄ in orange, d-quarks in
blue, d̄ in green, u-quarks in black. Right: Hadron representa-
tion of the scattering process.

60% (16%) are K̄N (⇡⇤). The ⌃+ decuplet state can be
searched for in a formation experiment. The main di�-
culty is to identify it against the expected nns states.
Quark models, e.g. the Isgur quark model, predicts six
JP = 1/2+ states in the second excitation band at 1720,
1915, 1970, 2005, 2030, 2105MeV. Given the uncertain-
ties with the calculation of Roper-like states in the quark
model and the uncertainty of the predictions using the
chiral soliton model, there is certainly a significant model-
dependence in any attempt to assign a specific state with
non-exotic quantum numbers to the antidecuplet.

4 The Regge trajectories

The masses of light-quark baryons fall onto Regge trajec-
tories. Figure 5 shows the Regge trajectory of � baryons;
plotted is the squared baryon mass M2 versus the to-
tal angular momentum J . The four states �(1232)3/2+,
�(1950)7/2+,�(2420)11/2+, and�(2950)15/2+ – all hav-
ing J = L + S with L = 0, .., 4 and S = 3/2 – are com-
patible with a linear trajectory. This trajectory is com-
pared with the mesonic trajectory, again for mesons with

Fig. 5. The Regge trajectories M2 versus J for mesons and
� baryons have the same slope. This observation suggests for
stretched states with J = L+ S a string excitation between a
quark and a diquark in baryons (from Ref. [20]).

J = L + S but S = 1 and for even and odd angular
momenta. (Note that the negative parity �(1700)3/2�,
�(2200)7/2� and likely �(2750)11/2� have spin S = 1/2.
Nevertheless, they fall onto the trajectory shown in Fig. 5
when the orbital angular momentum L instead of J is
considered.)

For ⌃ resonances, there are only two states that can be
considered at the moment:⌃(1385)3/2+ and⌃(2030)7/2+.
Their squared-mass di↵erence suggests an identical slope
as the one for � states. Nevertheless, it would be impor-
tant to increase our knowledge on high-mass⌃ resonances.

The ⇤ Regge trajectory could be extracted from an
analysis of KLn interactions. Here, ⇤ resonances in SU(3)
singlet and octet and ⌃ resonances in SU(3) octet and
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assignment.

Fig. 4. (Color online)Left: Quark flow diagram for the reaction
KLp ! KS⌅

+(2070). s-quarks in red, s̄ in orange, d-quarks in
blue, d̄ in green, u-quarks in black. Right: Hadron representa-
tion of the scattering process.

60% (16%) are K̄N (⇡⇤). The ⌃+ decuplet state can be
searched for in a formation experiment. The main di�-
culty is to identify it against the expected nns states.
Quark models, e.g. the Isgur quark model, predicts six
JP = 1/2+ states in the second excitation band at 1720,
1915, 1970, 2005, 2030, 2105MeV. Given the uncertain-
ties with the calculation of Roper-like states in the quark
model and the uncertainty of the predictions using the
chiral soliton model, there is certainly a significant model-
dependence in any attempt to assign a specific state with
non-exotic quantum numbers to the antidecuplet.

4 The Regge trajectories

The masses of light-quark baryons fall onto Regge trajec-
tories. Figure 5 shows the Regge trajectory of � baryons;
plotted is the squared baryon mass M2 versus the to-
tal angular momentum J . The four states �(1232)3/2+,
�(1950)7/2+,�(2420)11/2+, and�(2950)15/2+ – all hav-
ing J = L + S with L = 0, .., 4 and S = 3/2 – are com-
patible with a linear trajectory. This trajectory is com-
pared with the mesonic trajectory, again for mesons with

Fig. 5. The Regge trajectories M2 versus J for mesons and
� baryons have the same slope. This observation suggests for
stretched states with J = L+ S a string excitation between a
quark and a diquark in baryons (from Ref. [20]).

J = L + S but S = 1 and for even and odd angular
momenta. (Note that the negative parity �(1700)3/2�,
�(2200)7/2� and likely �(2750)11/2� have spin S = 1/2.
Nevertheless, they fall onto the trajectory shown in Fig. 5
when the orbital angular momentum L instead of J is
considered.)

For ⌃ resonances, there are only two states that can be
considered at the moment:⌃(1385)3/2+ and⌃(2030)7/2+.
Their squared-mass di↵erence suggests an identical slope
as the one for � states. Nevertheless, it would be impor-
tant to increase our knowledge on high-mass⌃ resonances.

The ⇤ Regge trajectory could be extracted from an
analysis of KLn interactions. Here, ⇤ resonances in SU(3)
singlet and octet and ⌃ resonances in SU(3) octet and
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Table 6. The signs of the SU(6) amplitudes for
⌃+(1670)3/2� ! ⇡+⇤(1405); ⇤(1405) ! ⌃±⇡⌥ and
⌃+(1670)3/2� ! ⇡+⇤(1405); ⇤(1405) ! ⌃±⇡⌥

⇤(1405) SU(3) structure: 1 8

⌃+(1670)3/2� ! ⇤(1405)⇡+ + +

,! ⌃±⇡⌥ + -

Sign of transition amplitude at pole: + -

⌃+(1670)3/2� ! ⌃0(1385)⇡+ + +

,! ⌃±⇡⌥ + +

Sign of transition amplitude at pole: + +

sis [56] required only one isoscalar resonance with a pole at
[(1421±3)-i((23±3)]MeV. The pole can be identified with
the ⇤(1405) at a slightly higher mass compared to the
nominal mass. The isovector interactions were described
by two resonances, one below, one above the considered
mass range (1300 - 1500MeV). The SU(3) structure was
determined to be consistent with a singlet but not with an
octet state. There was, however, a second solution with a
description of the data with similar quality. This second
solution was compatible with a second broader isoscalar
resonance with a fixed mass at 1380MeV. In this solu-
tion, the ⇤(1405) changed its SU(3) structure from being
dominant SU(3) singlet to dominant SU(3) octet. Obvi-
ously, the ⇤(1405) SU(3) structure cannot be determined
in a model-independent way from existing K�p scattering
alone, even when the CLAS data on photo-induced data
on ⇤(1405) production are included in the analysis.

TheK�p threshold is at 1432MeV, considerably above
the nominal ⇤(1405) mass. At present, data on di↵erential
cross sections forK�p ! ⇤(1405) ! KN exist only above
1470MeV, those for K�p ! ⇤(1405) ! ⇡⌃ only above
1530MeV. It will be important to repeat the BnGa anal-
ysis with data on K�p scattering covering a mass range
starting from close to the threshold to about 1540MeV.

In the reaction K�p ! ⇡�⇡+ ⇡±⌃⌥ studied in [50],
the full ⇤(1405) line shape can be investigated. In this re-
action, the SU(3) assignment follows from the correlation
in the production and decay dynamics. The derivation re-
lies on approximate SU(6) symmetry in baryon decays.
We consider the two decay sequences

⌃+(1670)3/2� ! ⇡+⇤(1405); ⇤(1405) ! ⌃±⇡⌥ (4a)

⌃+(1670)3/2� ! ⇡+⌃(1385); ⌃(1385) ! ⌃±⇡⌥ (4b)

that are shown to contribute to this reaction [56].
The SU(6) amplitude for reaction (4a) depends on the

SU(3) structure of ⇤(1405) and on the primary ⌃+(1670)
3/2� (see Table 6). The sign of this amplitude is given
by the product of the signs for ⌃+(1670)3/2� ! ⌃⇡ and
⇤+(1405)1/2� ! ⌃⇡. The ⌃+(1670)3/2� belongs domi-
nantly to a spin-1/2 SU(3) octet in the SU(6) 70-plet; ↵ =
5/8. The sign of the SU(6) amplitude for ⌃+(1670)3/2�

! ⌃⇡ is given by 2
p
2 · ↵, hence +1; the sign for the

⇤+(1405) ! ⌃⇡ transition depends on the SU(3) struc-
ture of ⇤+(1405): if it is an octet with spin-1/2 in the

SU(6) 70-plet, it is given by 2(↵� 1) with ↵ = 5/8, hence
negative. If it is a singlet, it is

p
6/4 and positive. The sign

of the transition amplitudes for reactions (4a) and (4b)
are the same when ⇤(1405) is an octet, they are di↵erent
when ⇤(1405) is an octet.

3 The positive-parity states in the second
excitation band

3.1 Missing resonances

The second excitation band contains a number of repre-
sentations:

(56, 0+0 ); (70, 0
+
2 ); (56, 0

+
2 ); (70, 0

+
2 ); (20, 1

+
2 ) . (5)

In total, there are 8 � and 8 ⌦ resonances expected in
the 2nd excitation shell, 13 nucleon resonances, 19 ⇤ reso-
nances, and 21 ⌃ and 21 ⌅ resonances. The Particle Data
Group classifies baryon resonances with a star rating; 3*
and 4* resonances are considered to be established, 1* and
2* resonances not. Table 7 gives the number of predicted
states and compares this number with the number of es-
tablished and the number of 1* or 2* states.

Table 7. Number of expected and observed resonances
that can be assigned to the 2nd excitation shell for JP =
1/2+, .., 7/2+. The first number gives the expected number
of resonances, followed by the number of observed resonances
with 3* and 4*, 1* and 2* (in parentheses).

1/2+ 3/2+ 5/2+ 7/2+ Sum

seen N 4 (4,0) 5 (3,1) 3 (1,2) 1 (1,0) 13 (9,3)

seen � 2 (1,1) 3 (2,0) 2 (1,0) 1 (1,0) 8 (5,1)

seen ⇤ 6 (2,1) 7 (1,1) 5 (2,0) 1 (0,1) 19 (5,3)

seen ⌃ 6 (1,1) 8 (0,4) 5 (1,1) 2 (1,0) 21 (3,6)

seen ⌅ 6 (0,0) 8 (0,0) 5 (0,0) 2 (0,0) 21 (0,0)

seen ⌦ 2 (0,0) 3 (0,0) 2 (0,0) 1 (0,0) 8 (0,0)

In the nucleon spectrum, thirteen states are expected
in the second excitation level. Nine states are established,
three states need further confirmation, one state is miss-
ing. The number of JP = 1/2+ states seems complete; yet
the state with highest mass, N(2100)1/2+, may already
belong to the fourth excitation shell. (It could be low in
mass like the Roper resonance in the second excitation
shell, see Ref. [10].) Then, one state would be missing.
For JP = 3/2+, one state is missing. Below we will dis-
cuss the reasons why we might expect not to observe the
two nucleon states (with JP = 1/2+ and 3/2+) in the
20-plet. In the � spectrum, one state with JP = 3/2+,
one with JP = 5/2+ are missing, one further states with
JP = 1/2+ is seen with little evidence only. The situa-
tion is much worse in for ⇤ and ⌃ hyperons: only 17 of
42 states are seen, only 8 of them are established. No ⌅

-
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the state with highest mass, N(2100)1/2+, may already
belong to the fourth excitation shell. (It could be low in
mass like the Roper resonance in the second excitation
shell, see Ref. [10].) Then, one state would be missing.
For JP = 3/2+, one state is missing. Below we will dis-
cuss the reasons why we might expect not to observe the
two nucleon states (with JP = 1/2+ and 3/2+) in the
20-plet. In the � spectrum, one state with JP = 3/2+,
one with JP = 5/2+ are missing, one further states with
JP = 1/2+ is seen with little evidence only. The situa-
tion is much worse in for ⇤ and ⌃ hyperons: only 17 of
42 states are seen, only 8 of them are established. No ⌅

Annika Thiel and Eberhard Klempt: Highlights of the Spectroscopy of Hyperons and Cascade Baryons 5

Table 6. The signs of the SU(6) amplitudes for
⌃+(1670)3/2� ! ⇡+⇤(1405); ⇤(1405) ! ⌃±⇡⌥ and
⌃+(1670)3/2� ! ⇡+⇤(1405); ⇤(1405) ! ⌃±⇡⌥

⇤(1405) SU(3) structure: 1 8

⌃+(1670)3/2� ! ⇤(1405)⇡+ + +

,! ⌃±⇡⌥ + -

Sign of transition amplitude at pole: + -

⌃+(1670)3/2� ! ⌃0(1385)⇡+ + +

,! ⌃±⇡⌥ + +

Sign of transition amplitude at pole: + +

sis [56] required only one isoscalar resonance with a pole at
[(1421±3)-i((23±3)]MeV. The pole can be identified with
the ⇤(1405) at a slightly higher mass compared to the
nominal mass. The isovector interactions were described
by two resonances, one below, one above the considered
mass range (1300 - 1500MeV). The SU(3) structure was
determined to be consistent with a singlet but not with an
octet state. There was, however, a second solution with a
description of the data with similar quality. This second
solution was compatible with a second broader isoscalar
resonance with a fixed mass at 1380MeV. In this solu-
tion, the ⇤(1405) changed its SU(3) structure from being
dominant SU(3) singlet to dominant SU(3) octet. Obvi-
ously, the ⇤(1405) SU(3) structure cannot be determined
in a model-independent way from existing K�p scattering
alone, even when the CLAS data on photo-induced data
on ⇤(1405) production are included in the analysis.

TheK�p threshold is at 1432MeV, considerably above
the nominal ⇤(1405) mass. At present, data on di↵erential
cross sections forK�p ! ⇤(1405) ! KN exist only above
1470MeV, those for K�p ! ⇤(1405) ! ⇡⌃ only above
1530MeV. It will be important to repeat the BnGa anal-
ysis with data on K�p scattering covering a mass range
starting from close to the threshold to about 1540MeV.

In the reaction K�p ! ⇡�⇡+ ⇡±⌃⌥ studied in [50],
the full ⇤(1405) line shape can be investigated. In this re-
action, the SU(3) assignment follows from the correlation
in the production and decay dynamics. The derivation re-
lies on approximate SU(6) symmetry in baryon decays.
We consider the two decay sequences

⌃+(1670)3/2� ! ⇡+⇤(1405); ⇤(1405) ! ⌃±⇡⌥ (4a)

⌃+(1670)3/2� ! ⇡+⌃(1385); ⌃(1385) ! ⌃±⇡⌥ (4b)

that are shown to contribute to this reaction [56].
The SU(6) amplitude for reaction (4a) depends on the

SU(3) structure of ⇤(1405) and on the primary ⌃+(1670)
3/2� (see Table 6). The sign of this amplitude is given
by the product of the signs for ⌃+(1670)3/2� ! ⌃⇡ and
⇤+(1405)1/2� ! ⌃⇡. The ⌃+(1670)3/2� belongs domi-
nantly to a spin-1/2 SU(3) octet in the SU(6) 70-plet; ↵ =
5/8. The sign of the SU(6) amplitude for ⌃+(1670)3/2�

! ⌃⇡ is given by 2
p
2 · ↵, hence +1; the sign for the

⇤+(1405) ! ⌃⇡ transition depends on the SU(3) struc-
ture of ⇤+(1405): if it is an octet with spin-1/2 in the

SU(6) 70-plet, it is given by 2(↵� 1) with ↵ = 5/8, hence
negative. If it is a singlet, it is

p
6/4 and positive. The sign

of the transition amplitudes for reactions (4a) and (4b)
are the same when ⇤(1405) is an octet, they are di↵erent
when ⇤(1405) is an octet.

3 The positive-parity states in the second
excitation band

3.1 Missing resonances

The second excitation band contains a number of repre-
sentations:

(56, 0+0 ); (70, 0
+
2 ); (56, 0

+
2 ); (70, 0

+
2 ); (20, 1

+
2 ) . (5)

In total, there are 8 � and 8 ⌦ resonances expected in
the 2nd excitation shell, 13 nucleon resonances, 19 ⇤ reso-
nances, and 21 ⌃ and 21 ⌅ resonances. The Particle Data
Group classifies baryon resonances with a star rating; 3*
and 4* resonances are considered to be established, 1* and
2* resonances not. Table 7 gives the number of predicted
states and compares this number with the number of es-
tablished and the number of 1* or 2* states.

Table 7. Number of expected and observed resonances
that can be assigned to the 2nd excitation shell for JP =
1/2+, .., 7/2+. The first number gives the expected number
of resonances, followed by the number of observed resonances
with 3* and 4*, 1* and 2* (in parentheses).

1/2+ 3/2+ 5/2+ 7/2+ Sum

seen N 4 (4,0) 5 (3,1) 3 (1,2) 1 (1,0) 13 (9,3)

seen � 2 (1,1) 3 (2,0) 2 (1,0) 1 (1,0) 8 (5,1)

seen ⇤ 6 (2,1) 7 (1,1) 5 (2,0) 1 (0,1) 19 (5,3)

seen ⌃ 6 (1,1) 8 (0,4) 5 (1,1) 2 (1,0) 21 (3,6)

seen ⌅ 6 (0,0) 8 (0,0) 5 (0,0) 2 (0,0) 21 (0,0)

seen ⌦ 2 (0,0) 3 (0,0) 2 (0,0) 1 (0,0) 8 (0,0)

In the nucleon spectrum, thirteen states are expected
in the second excitation level. Nine states are established,
three states need further confirmation, one state is miss-
ing. The number of JP = 1/2+ states seems complete; yet
the state with highest mass, N(2100)1/2+, may already
belong to the fourth excitation shell. (It could be low in
mass like the Roper resonance in the second excitation
shell, see Ref. [10].) Then, one state would be missing.
For JP = 3/2+, one state is missing. Below we will dis-
cuss the reasons why we might expect not to observe the
two nucleon states (with JP = 1/2+ and 3/2+) in the
20-plet. In the � spectrum, one state with JP = 3/2+,
one with JP = 5/2+ are missing, one further states with
JP = 1/2+ is seen with little evidence only. The situa-
tion is much worse in for ⇤ and ⌃ hyperons: only 17 of
42 states are seen, only 8 of them are established. No ⌅
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Table 6. The signs of the SU(6) amplitudes for
⌃+(1670)3/2� ! ⇡+⇤(1405); ⇤(1405) ! ⌃±⇡⌥ and
⌃+(1670)3/2� ! ⇡+⇤(1405); ⇤(1405) ! ⌃±⇡⌥

⇤(1405) SU(3) structure: 1 8

⌃+(1670)3/2� ! ⇤(1405)⇡+ + +

,! ⌃±⇡⌥ + -

Sign of transition amplitude at pole: + -

⌃+(1670)3/2� ! ⌃0(1385)⇡+ + +

,! ⌃±⇡⌥ + +

Sign of transition amplitude at pole: + +

sis [56] required only one isoscalar resonance with a pole at
[(1421±3)-i((23±3)]MeV. The pole can be identified with
the ⇤(1405) at a slightly higher mass compared to the
nominal mass. The isovector interactions were described
by two resonances, one below, one above the considered
mass range (1300 - 1500MeV). The SU(3) structure was
determined to be consistent with a singlet but not with an
octet state. There was, however, a second solution with a
description of the data with similar quality. This second
solution was compatible with a second broader isoscalar
resonance with a fixed mass at 1380MeV. In this solu-
tion, the ⇤(1405) changed its SU(3) structure from being
dominant SU(3) singlet to dominant SU(3) octet. Obvi-
ously, the ⇤(1405) SU(3) structure cannot be determined
in a model-independent way from existing K�p scattering
alone, even when the CLAS data on photo-induced data
on ⇤(1405) production are included in the analysis.

TheK�p threshold is at 1432MeV, considerably above
the nominal ⇤(1405) mass. At present, data on di↵erential
cross sections forK�p ! ⇤(1405) ! KN exist only above
1470MeV, those for K�p ! ⇤(1405) ! ⇡⌃ only above
1530MeV. It will be important to repeat the BnGa anal-
ysis with data on K�p scattering covering a mass range
starting from close to the threshold to about 1540MeV.

In the reaction K�p ! ⇡�⇡+ ⇡±⌃⌥ studied in [50],
the full ⇤(1405) line shape can be investigated. In this re-
action, the SU(3) assignment follows from the correlation
in the production and decay dynamics. The derivation re-
lies on approximate SU(6) symmetry in baryon decays.
We consider the two decay sequences

⌃+(1670)3/2� ! ⇡+⇤(1405); ⇤(1405) ! ⌃±⇡⌥ (4a)

⌃+(1670)3/2� ! ⇡+⌃(1385); ⌃(1385) ! ⌃±⇡⌥ (4b)

that are shown to contribute to this reaction [56].
The SU(6) amplitude for reaction (4a) depends on the

SU(3) structure of ⇤(1405) and on the primary ⌃+(1670)
3/2� (see Table 6). The sign of this amplitude is given
by the product of the signs for ⌃+(1670)3/2� ! ⌃⇡ and
⇤+(1405)1/2� ! ⌃⇡. The ⌃+(1670)3/2� belongs domi-
nantly to a spin-1/2 SU(3) octet in the SU(6) 70-plet; ↵ =
5/8. The sign of the SU(6) amplitude for ⌃+(1670)3/2�

! ⌃⇡ is given by 2
p
2 · ↵, hence +1; the sign for the

⇤+(1405) ! ⌃⇡ transition depends on the SU(3) struc-
ture of ⇤+(1405): if it is an octet with spin-1/2 in the

SU(6) 70-plet, it is given by 2(↵� 1) with ↵ = 5/8, hence
negative. If it is a singlet, it is

p
6/4 and positive. The sign

of the transition amplitudes for reactions (4a) and (4b)
are the same when ⇤(1405) is an octet, they are di↵erent
when ⇤(1405) is an octet.

3 The positive-parity states in the second
excitation band

3.1 Missing resonances

The second excitation band contains a number of repre-
sentations:

(56, 0+0 ); (70, 0
+
2 ); (56, 0

+
2 ); (70, 0

+
2 ); (20, 1

+
2 ) . (5)

In total, there are 8 � and 8 ⌦ resonances expected in
the 2nd excitation shell, 13 nucleon resonances, 19 ⇤ reso-
nances, and 21 ⌃ and 21 ⌅ resonances. The Particle Data
Group classifies baryon resonances with a star rating; 3*
and 4* resonances are considered to be established, 1* and
2* resonances not. Table 7 gives the number of predicted
states and compares this number with the number of es-
tablished and the number of 1* or 2* states.

Table 7. Number of expected and observed resonances
that can be assigned to the 2nd excitation shell for JP =
1/2+, .., 7/2+. The first number gives the expected number
of resonances, followed by the number of observed resonances
with 3* and 4*, 1* and 2* (in parentheses).

1/2+ 3/2+ 5/2+ 7/2+ Sum

seen N 4 (4,0) 5 (3,1) 3 (1,2) 1 (1,0) 13 (9,3)

seen � 2 (1,1) 3 (2,0) 2 (1,0) 1 (1,0) 8 (5,1)

seen ⇤ 6 (2,1) 7 (1,1) 5 (2,0) 1 (0,1) 19 (5,3)

seen ⌃ 6 (1,1) 8 (0,4) 5 (1,1) 2 (1,0) 21 (3,6)

seen ⌅ 6 (0,0) 8 (0,0) 5 (0,0) 2 (0,0) 21 (0,0)

seen ⌦ 2 (0,0) 3 (0,0) 2 (0,0) 1 (0,0) 8 (0,0)

In the nucleon spectrum, thirteen states are expected
in the second excitation level. Nine states are established,
three states need further confirmation, one state is miss-
ing. The number of JP = 1/2+ states seems complete; yet
the state with highest mass, N(2100)1/2+, may already
belong to the fourth excitation shell. (It could be low in
mass like the Roper resonance in the second excitation
shell, see Ref. [10].) Then, one state would be missing.
For JP = 3/2+, one state is missing. Below we will dis-
cuss the reasons why we might expect not to observe the
two nucleon states (with JP = 1/2+ and 3/2+) in the
20-plet. In the � spectrum, one state with JP = 3/2+,
one with JP = 5/2+ are missing, one further states with
JP = 1/2+ is seen with little evidence only. The situa-
tion is much worse in for ⇤ and ⌃ hyperons: only 17 of
42 states are seen, only 8 of them are established. No ⌅
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Table 6. The signs of the SU(6) amplitudes for
⌃+(1670)3/2� ! ⇡+⇤(1405); ⇤(1405) ! ⌃±⇡⌥ and
⌃+(1670)3/2� ! ⇡+⇤(1405); ⇤(1405) ! ⌃±⇡⌥

⇤(1405) SU(3) structure: 1 8

⌃+(1670)3/2� ! ⇤(1405)⇡+ + +

,! ⌃±⇡⌥ + -

Sign of transition amplitude at pole: + -

⌃+(1670)3/2� ! ⌃0(1385)⇡+ + +

,! ⌃±⇡⌥ + +

Sign of transition amplitude at pole: + +

sis [56] required only one isoscalar resonance with a pole at
[(1421±3)-i((23±3)]MeV. The pole can be identified with
the ⇤(1405) at a slightly higher mass compared to the
nominal mass. The isovector interactions were described
by two resonances, one below, one above the considered
mass range (1300 - 1500MeV). The SU(3) structure was
determined to be consistent with a singlet but not with an
octet state. There was, however, a second solution with a
description of the data with similar quality. This second
solution was compatible with a second broader isoscalar
resonance with a fixed mass at 1380MeV. In this solu-
tion, the ⇤(1405) changed its SU(3) structure from being
dominant SU(3) singlet to dominant SU(3) octet. Obvi-
ously, the ⇤(1405) SU(3) structure cannot be determined
in a model-independent way from existing K�p scattering
alone, even when the CLAS data on photo-induced data
on ⇤(1405) production are included in the analysis.

TheK�p threshold is at 1432MeV, considerably above
the nominal ⇤(1405) mass. At present, data on di↵erential
cross sections forK�p ! ⇤(1405) ! KN exist only above
1470MeV, those for K�p ! ⇤(1405) ! ⇡⌃ only above
1530MeV. It will be important to repeat the BnGa anal-
ysis with data on K�p scattering covering a mass range
starting from close to the threshold to about 1540MeV.

In the reaction K�p ! ⇡�⇡+ ⇡±⌃⌥ studied in [50],
the full ⇤(1405) line shape can be investigated. In this re-
action, the SU(3) assignment follows from the correlation
in the production and decay dynamics. The derivation re-
lies on approximate SU(6) symmetry in baryon decays.
We consider the two decay sequences

⌃+(1670)3/2� ! ⇡+⇤(1405); ⇤(1405) ! ⌃±⇡⌥ (4a)

⌃+(1670)3/2� ! ⇡+⌃(1385); ⌃(1385) ! ⌃±⇡⌥ (4b)

that are shown to contribute to this reaction [56].
The SU(6) amplitude for reaction (4a) depends on the

SU(3) structure of ⇤(1405) and on the primary ⌃+(1670)
3/2� (see Table 6). The sign of this amplitude is given
by the product of the signs for ⌃+(1670)3/2� ! ⌃⇡ and
⇤+(1405)1/2� ! ⌃⇡. The ⌃+(1670)3/2� belongs domi-
nantly to a spin-1/2 SU(3) octet in the SU(6) 70-plet; ↵ =
5/8. The sign of the SU(6) amplitude for ⌃+(1670)3/2�

! ⌃⇡ is given by 2
p
2 · ↵, hence +1; the sign for the

⇤+(1405) ! ⌃⇡ transition depends on the SU(3) struc-
ture of ⇤+(1405): if it is an octet with spin-1/2 in the

SU(6) 70-plet, it is given by 2(↵� 1) with ↵ = 5/8, hence
negative. If it is a singlet, it is

p
6/4 and positive. The sign

of the transition amplitudes for reactions (4a) and (4b)
are the same when ⇤(1405) is an octet, they are di↵erent
when ⇤(1405) is an octet.

3 The positive-parity states in the second
excitation band

3.1 Missing resonances

The second excitation band contains a number of repre-
sentations:

(56, 0+0 ); (70, 0
+
2 ); (56, 0

+
2 ); (70, 0

+
2 ); (20, 1

+
2 ) . (5)

In total, there are 8 � and 8 ⌦ resonances expected in
the 2nd excitation shell, 13 nucleon resonances, 19 ⇤ reso-
nances, and 21 ⌃ and 21 ⌅ resonances. The Particle Data
Group classifies baryon resonances with a star rating; 3*
and 4* resonances are considered to be established, 1* and
2* resonances not. Table 7 gives the number of predicted
states and compares this number with the number of es-
tablished and the number of 1* or 2* states.

Table 7. Number of expected and observed resonances
that can be assigned to the 2nd excitation shell for JP =
1/2+, .., 7/2+. The first number gives the expected number
of resonances, followed by the number of observed resonances
with 3* and 4*, 1* and 2* (in parentheses).

1/2+ 3/2+ 5/2+ 7/2+ Sum

seen N 4 (4,0) 5 (3,1) 3 (1,2) 1 (1,0) 13 (9,3)

seen � 2 (1,1) 3 (2,0) 2 (1,0) 1 (1,0) 8 (5,1)

seen ⇤ 6 (2,1) 7 (1,1) 5 (2,0) 1 (0,1) 19 (5,3)

seen ⌃ 6 (1,1) 8 (0,4) 5 (1,1) 2 (1,0) 21 (3,6)

seen ⌅ 6 (0,0) 8 (0,0) 5 (0,0) 2 (0,0) 21 (0,0)

seen ⌦ 2 (0,0) 3 (0,0) 2 (0,0) 1 (0,0) 8 (0,0)

In the nucleon spectrum, thirteen states are expected
in the second excitation level. Nine states are established,
three states need further confirmation, one state is miss-
ing. The number of JP = 1/2+ states seems complete; yet
the state with highest mass, N(2100)1/2+, may already
belong to the fourth excitation shell. (It could be low in
mass like the Roper resonance in the second excitation
shell, see Ref. [10].) Then, one state would be missing.
For JP = 3/2+, one state is missing. Below we will dis-
cuss the reasons why we might expect not to observe the
two nucleon states (with JP = 1/2+ and 3/2+) in the
20-plet. In the � spectrum, one state with JP = 3/2+,
one with JP = 5/2+ are missing, one further states with
JP = 1/2+ is seen with little evidence only. The situa-
tion is much worse in for ⇤ and ⌃ hyperons: only 17 of
42 states are seen, only 8 of them are established. No ⌅
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⌃+(1670)3/2� ! ⌃0(1385)⇡+ + +

,! ⌃±⇡⌥ + +

Sign of transition amplitude at pole: + +

sis [56] required only one isoscalar resonance with a pole at
[(1421±3)-i((23±3)]MeV. The pole can be identified with
the ⇤(1405) at a slightly higher mass compared to the
nominal mass. The isovector interactions were described
by two resonances, one below, one above the considered
mass range (1300 - 1500MeV). The SU(3) structure was
determined to be consistent with a singlet but not with an
octet state. There was, however, a second solution with a
description of the data with similar quality. This second
solution was compatible with a second broader isoscalar
resonance with a fixed mass at 1380MeV. In this solu-
tion, the ⇤(1405) changed its SU(3) structure from being
dominant SU(3) singlet to dominant SU(3) octet. Obvi-
ously, the ⇤(1405) SU(3) structure cannot be determined
in a model-independent way from existing K�p scattering
alone, even when the CLAS data on photo-induced data
on ⇤(1405) production are included in the analysis.

TheK�p threshold is at 1432MeV, considerably above
the nominal ⇤(1405) mass. At present, data on di↵erential
cross sections forK�p ! ⇤(1405) ! KN exist only above
1470MeV, those for K�p ! ⇤(1405) ! ⇡⌃ only above
1530MeV. It will be important to repeat the BnGa anal-
ysis with data on K�p scattering covering a mass range
starting from close to the threshold to about 1540MeV.

In the reaction K�p ! ⇡�⇡+ ⇡±⌃⌥ studied in [50],
the full ⇤(1405) line shape can be investigated. In this re-
action, the SU(3) assignment follows from the correlation
in the production and decay dynamics. The derivation re-
lies on approximate SU(6) symmetry in baryon decays.
We consider the two decay sequences

⌃+(1670)3/2� ! ⇡+⇤(1405); ⇤(1405) ! ⌃±⇡⌥ (4a)

⌃+(1670)3/2� ! ⇡+⌃(1385); ⌃(1385) ! ⌃±⇡⌥ (4b)

that are shown to contribute to this reaction [56].
The SU(6) amplitude for reaction (4a) depends on the

SU(3) structure of ⇤(1405) and on the primary ⌃+(1670)
3/2� (see Table 6). The sign of this amplitude is given
by the product of the signs for ⌃+(1670)3/2� ! ⌃⇡ and
⇤+(1405)1/2� ! ⌃⇡. The ⌃+(1670)3/2� belongs domi-
nantly to a spin-1/2 SU(3) octet in the SU(6) 70-plet; ↵ =
5/8. The sign of the SU(6) amplitude for ⌃+(1670)3/2�

! ⌃⇡ is given by 2
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2 · ↵, hence +1; the sign for the

⇤+(1405) ! ⌃⇡ transition depends on the SU(3) struc-
ture of ⇤+(1405): if it is an octet with spin-1/2 in the

SU(6) 70-plet, it is given by 2(↵� 1) with ↵ = 5/8, hence
negative. If it is a singlet, it is

p
6/4 and positive. The sign

of the transition amplitudes for reactions (4a) and (4b)
are the same when ⇤(1405) is an octet, they are di↵erent
when ⇤(1405) is an octet.

3 The positive-parity states in the second
excitation band

3.1 Missing resonances

The second excitation band contains a number of repre-
sentations:

(56, 0+0 ); (70, 0
+
2 ); (56, 0

+
2 ); (70, 0

+
2 ); (20, 1

+
2 ) . (5)

In total, there are 8 � and 8 ⌦ resonances expected in
the 2nd excitation shell, 13 nucleon resonances, 19 ⇤ reso-
nances, and 21 ⌃ and 21 ⌅ resonances. The Particle Data
Group classifies baryon resonances with a star rating; 3*
and 4* resonances are considered to be established, 1* and
2* resonances not. Table 7 gives the number of predicted
states and compares this number with the number of es-
tablished and the number of 1* or 2* states.

Table 7. Number of expected and observed resonances
that can be assigned to the 2nd excitation shell for JP =
1/2+, .., 7/2+. The first number gives the expected number
of resonances, followed by the number of observed resonances
with 3* and 4*, 1* and 2* (in parentheses).

1/2+ 3/2+ 5/2+ 7/2+ Sum

seen N 4 (4,0) 5 (3,1) 3 (1,2) 1 (1,0) 13 (9,3)

seen � 2 (1,1) 3 (2,0) 2 (1,0) 1 (1,0) 8 (5,1)

seen ⇤ 6 (2,1) 7 (1,1) 5 (2,0) 1 (0,1) 19 (5,3)

seen ⌃ 6 (1,1) 8 (0,4) 5 (1,1) 2 (1,0) 21 (3,6)

seen ⌅ 6 (0,0) 8 (0,0) 5 (0,0) 2 (0,0) 21 (0,0)

seen ⌦ 2 (0,0) 3 (0,0) 2 (0,0) 1 (0,0) 8 (0,0)

In the nucleon spectrum, thirteen states are expected
in the second excitation level. Nine states are established,
three states need further confirmation, one state is miss-
ing. The number of JP = 1/2+ states seems complete; yet
the state with highest mass, N(2100)1/2+, may already
belong to the fourth excitation shell. (It could be low in
mass like the Roper resonance in the second excitation
shell, see Ref. [10].) Then, one state would be missing.
For JP = 3/2+, one state is missing. Below we will dis-
cuss the reasons why we might expect not to observe the
two nucleon states (with JP = 1/2+ and 3/2+) in the
20-plet. In the � spectrum, one state with JP = 3/2+,
one with JP = 5/2+ are missing, one further states with
JP = 1/2+ is seen with little evidence only. The situa-
tion is much worse in for ⇤ and ⌃ hyperons: only 17 of
42 states are seen, only 8 of them are established. No ⌅
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Table 6. The signs of the SU(6) amplitudes for
⌃+(1670)3/2� ! ⇡+⇤(1405); ⇤(1405) ! ⌃±⇡⌥ and
⌃+(1670)3/2� ! ⇡+⇤(1405); ⇤(1405) ! ⌃±⇡⌥

⇤(1405) SU(3) structure: 1 8

⌃+(1670)3/2� ! ⇤(1405)⇡+ + +

,! ⌃±⇡⌥ + -

Sign of transition amplitude at pole: + -

⌃+(1670)3/2� ! ⌃0(1385)⇡+ + +

,! ⌃±⇡⌥ + +

Sign of transition amplitude at pole: + +

sis [56] required only one isoscalar resonance with a pole at
[(1421±3)-i((23±3)]MeV. The pole can be identified with
the ⇤(1405) at a slightly higher mass compared to the
nominal mass. The isovector interactions were described
by two resonances, one below, one above the considered
mass range (1300 - 1500MeV). The SU(3) structure was
determined to be consistent with a singlet but not with an
octet state. There was, however, a second solution with a
description of the data with similar quality. This second
solution was compatible with a second broader isoscalar
resonance with a fixed mass at 1380MeV. In this solu-
tion, the ⇤(1405) changed its SU(3) structure from being
dominant SU(3) singlet to dominant SU(3) octet. Obvi-
ously, the ⇤(1405) SU(3) structure cannot be determined
in a model-independent way from existing K�p scattering
alone, even when the CLAS data on photo-induced data
on ⇤(1405) production are included in the analysis.

TheK�p threshold is at 1432MeV, considerably above
the nominal ⇤(1405) mass. At present, data on di↵erential
cross sections forK�p ! ⇤(1405) ! KN exist only above
1470MeV, those for K�p ! ⇤(1405) ! ⇡⌃ only above
1530MeV. It will be important to repeat the BnGa anal-
ysis with data on K�p scattering covering a mass range
starting from close to the threshold to about 1540MeV.

In the reaction K�p ! ⇡�⇡+ ⇡±⌃⌥ studied in [50],
the full ⇤(1405) line shape can be investigated. In this re-
action, the SU(3) assignment follows from the correlation
in the production and decay dynamics. The derivation re-
lies on approximate SU(6) symmetry in baryon decays.
We consider the two decay sequences

⌃+(1670)3/2� ! ⇡+⇤(1405); ⇤(1405) ! ⌃±⇡⌥ (4a)

⌃+(1670)3/2� ! ⇡+⌃(1385); ⌃(1385) ! ⌃±⇡⌥ (4b)

that are shown to contribute to this reaction [56].
The SU(6) amplitude for reaction (4a) depends on the

SU(3) structure of ⇤(1405) and on the primary ⌃+(1670)
3/2� (see Table 6). The sign of this amplitude is given
by the product of the signs for ⌃+(1670)3/2� ! ⌃⇡ and
⇤+(1405)1/2� ! ⌃⇡. The ⌃+(1670)3/2� belongs domi-
nantly to a spin-1/2 SU(3) octet in the SU(6) 70-plet; ↵ =
5/8. The sign of the SU(6) amplitude for ⌃+(1670)3/2�

! ⌃⇡ is given by 2
p
2 · ↵, hence +1; the sign for the

⇤+(1405) ! ⌃⇡ transition depends on the SU(3) struc-
ture of ⇤+(1405): if it is an octet with spin-1/2 in the

SU(6) 70-plet, it is given by 2(↵� 1) with ↵ = 5/8, hence
negative. If it is a singlet, it is

p
6/4 and positive. The sign

of the transition amplitudes for reactions (4a) and (4b)
are the same when ⇤(1405) is an octet, they are di↵erent
when ⇤(1405) is an octet.

3 The positive-parity states in the second
excitation band

3.1 Missing resonances

The second excitation band contains a number of repre-
sentations:

(56, 0+0 ); (70, 0
+
2 ); (56, 0

+
2 ); (70, 0

+
2 ); (20, 1

+
2 ) . (5)

In total, there are 8 � and 8 ⌦ resonances expected in
the 2nd excitation shell, 13 nucleon resonances, 19 ⇤ reso-
nances, and 21 ⌃ and 21 ⌅ resonances. The Particle Data
Group classifies baryon resonances with a star rating; 3*
and 4* resonances are considered to be established, 1* and
2* resonances not. Table 7 gives the number of predicted
states and compares this number with the number of es-
tablished and the number of 1* or 2* states.

Table 7. Number of expected and observed resonances
that can be assigned to the 2nd excitation shell for JP =
1/2+, .., 7/2+. The first number gives the expected number
of resonances, followed by the number of observed resonances
with 3* and 4*, 1* and 2* (in parentheses).

1/2+ 3/2+ 5/2+ 7/2+ Sum

seen N 4 (4,0) 5 (3,1) 3 (1,2) 1 (1,0) 13 (9,3)

seen � 2 (1,1) 3 (2,0) 2 (1,0) 1 (1,0) 8 (5,1)

seen ⇤ 6 (2,1) 7 (1,1) 5 (2,0) 1 (0,1) 19 (5,3)

seen ⌃ 6 (1,1) 8 (0,4) 5 (1,1) 2 (1,0) 21 (3,6)

seen ⌅ 6 (0,0) 8 (0,0) 5 (0,0) 2 (0,0) 21 (0,0)

seen ⌦ 2 (0,0) 3 (0,0) 2 (0,0) 1 (0,0) 8 (0,0)

In the nucleon spectrum, thirteen states are expected
in the second excitation level. Nine states are established,
three states need further confirmation, one state is miss-
ing. The number of JP = 1/2+ states seems complete; yet
the state with highest mass, N(2100)1/2+, may already
belong to the fourth excitation shell. (It could be low in
mass like the Roper resonance in the second excitation
shell, see Ref. [10].) Then, one state would be missing.
For JP = 3/2+, one state is missing. Below we will dis-
cuss the reasons why we might expect not to observe the
two nucleon states (with JP = 1/2+ and 3/2+) in the
20-plet. In the � spectrum, one state with JP = 3/2+,
one with JP = 5/2+ are missing, one further states with
JP = 1/2+ is seen with little evidence only. The situa-
tion is much worse in for ⇤ and ⌃ hyperons: only 17 of
42 states are seen, only 8 of them are established. No ⌅

-

-

++

+0

- 0
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with JP = 1/2+, 3/2+, 5/2+ decaying via cascades would
strengthen the conjecture.

In Ref. [10] the three states are predicted to have masses
of 2099MeV; 2176MeV; 2150MeV. We suggest to search
first for the member of the 20-plet with JP = 3/2+ in the
reaction

KL p ! ⇡+⇤20 , ⇤20 ! ⇤(1520)⌘ or ⇤(1670)⌘ . (13)

This is an S wave decay to an intermediate state with or-
bital angular momentum excitation. The first decay mode
has the disadvantage that ⇤(1520) is dominantly a SU(3)
singlet, ⌘ dominantly SU(3) octet but the mixing angles
deviate significantly from pure SU(3) eigenstates. The sec-
ond mode might be forbidden kinematically if the mass of
the expected resonance is low. With L = 2 between ⌘ and
exciated hyperon, also the states with JP = 1/2+ and
5/2+ could be observed. Note that ⇤ excitations with a
total quark spin S = 3/2 exist only in the SU(6) 20-plet.

3.4 Pentaquark search

The concept of a nucleon composed of three constituent
quarks is certainly oversimplified, and the hadronic prop-
erties of nucleons cannot be understood or, at least, are
not understood in terms of quarks and their interactions.
Skyrme studied the pion field and discovered that by adding
a non–linear “� term” to the pion field equation, stable
solutions can result [59]. These solutions have half inte-
ger spin and a winding number identified by Witten [60]
as the baryon number. These stable solutions of the pion
field equation are called soliton solutions.

The chiral soliton model predicts the existence of a
full antidecuplet of states [61,62] with quantum numbers
JP = 1/2+. The antidecuplet is shown in Fig. 3; the
states are called pentaquarks [63]. Note that the three cor-
ner states have quantum numbers which cannot be con-
structed out of three quarks. In the minimum quark model
configuration, the flavor wave function of the state with
positive strangeness is given by ⇥+ = uudds̄. The strange
quark fraction increases from 1 to 2 units in steps of 1/3
additional s quark. The masses of the pentaquark states
were predicted in Ref. [63]. The increase in mass per unit
of strangeness is is 540MeV, instead of the 120MeV that
are derived when the ⇢ or ! mass is compared to the K⇤

mass. The splitting is related to the so–called �⇡N term
in low–energy ⇡N scattering. Its precise value is di�cult
to determine and has undergone a major revision [64].

Pentaquarks were highly discussed when the so-called
⇥+ was observed in di↵erent experiments [65,66,67,68]. It
has positive strangeness S = +1, its flavor wave function
has a minimal quark content uudds̄. However, in a series
of precision experiments, the evidence for pentaquarks has
faded away (see, e.g., Ref. [69,70,71]) even though some
evidence remains that a narrow state with JP = 1/2+

at 1720MeV might exist [72,73,74]. High-precision exper-
iments are mandatory to settle this important issue. Par-
ticularly convincing would be, of course, the discovery or
confirmation of one o the states having quantum numbers
that are incompatible with a qqq interpretation.

Attractive and easily accessible is the ⇥+. It is best
searched for in the reaction

KLp ! K+n . (14)

The reaction does not receive contributions from ⌃ res-
onances, nor from Pomeron exchange nor from the ex-
change of f0/f2 mesons. In this paper, we concentrate on
inelastic scattering processes and do not expand on reac-
tion (14).

Particularly interesting is the search for a member of
the quartet of ⌅ pentaquarks. The minimal quark content
of the ⌅+(2070) is uussd̄. It can be produced in the KLp
induced reaction

KLp ! KS⌅
+(2070) (15)

At the first moment, the reaction looks like an elastic scat-
tering process. However, the reaction (15) is more compli-
cated. The minimal quark flow is depicted in Fig. 4. The
process can be described as formation of a ⌃+ state be-
longing to the antidecuplet.

Evidence for an isospin partner of ⌅+(2070) with S =
�2, Q = �2 was reported [75] studying proton proton
collisions at the CERN SPS. Its mass of (1862±2)MeV
was a bit low when compared to the prediction [63]. The
state was not confirmed in later experiments [69].

The ⌅+(2070) is best searched for in its decay into
⌅0⇡+, predicted with 30% branching ratio, followed by
the decay ⌅0 ! ⇤⇡0 (⇠ 100%). Thus the reaction

KLp ! KS⇡
+⇡0⇤ ⇤ ! p⇡�;KS ! ⇡+⇡� (16)

needs to be studied. The K0 mass and momentum can
be reconstructed from the ⇡+⇡� pair. With a known KL

momentum, the ⌅+(2070) mass and momentum can be
determined. Then, using the ⇡+ four-vector, the ⌅0 mass
and momentum can be deduced. The ⇤ mass and momen-
tum can be deduced from its decay particles; the crossing
of the ⌅0 and ⇤ trajectories defines the decay point of the
⌅0. The ⌅0 has a mean free path c⌧ = 8.71 cm. Thus, the
reaction chain will be reconstructed with very little back-
ground. An alternative attractive decay mode is given by
⌅(2070) ! K⇤+⌃0. The threshold for this decay mode is
2084MeV.

The non-strange and strange partners in the anti-decu-
plet su↵er from the di�culty that their identification as
members of the anti-decuplet is model-dependent. Evi-
dence for the possible existence of two narrow states at
1685 and 1720MeV has been reported [72,73,74]. The
peak at 1685MeV is discussed extensively in the litera-
ture, see, e.g.,Refs. [76,77,78,79,80,81,82]. It seems to be-
long to the JP = 1/2� partial wave and to be unrelated
to pentaquark spectroscopy. The structure at 1720MeV
certainly requires further investigations but we do not see
a particular advantage to use a KL beam.

There is a triplet of ⌃ states in the antidecuplet. It
is predicted to mix with its nns-partners. In Ref. [83] the
mass of the additional mainly-1̄0 state is calculated to
fall into the range 1795 < M1̄0 < 1830MeV; its main
decay modes with estimated branching ratios of nearly
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where Nbkgd corresponds to statistics during 100 days of the KLF running period
(Nbkgd ¼ 5" 103 events), !m0 is the "þ mass resolution corresponding to !p=p and
!m0 ¼ 1MeV, branching ratios Bi and Bf into the initial and ¯nal channels of "þ

according to the Breit{Wigner form (see Eq. (1) from Ref. 20) and Bi ¼ Bf ¼ 1=2.
The !0 is a geometrical factor calculated as in Eq. (2) from Ref. 20

!0 ¼
2J þ 1

ð2sKL
þ 1Þð2sp þ 1Þ

4"

k2
¼ 68mb; ð2Þ

where k is the center-of-mass momentum of the neutral kaon beam (k ¼ 0:268GeV=c),
sKL

(sKL
¼ 0) and sp (sp ¼ 1=2) are incident spins, and J (J ¼ 1=2) is the spin of the

"þ P01 resonance.
Finally, with all these calculations, we arrive at the number of events of the

resonance of "þ in a 1MeV bin of the square root of the invariant energy W ¼ s1=2,
which is equal to the invariant mass of the two-bodyKþN system. Thus, in 100 days
of running of KLF it is expected to observe 18,000 events with the acceptance and
e±ciency correction, it ends up to 10,000 events of the "þ formation or an impressive
amount of 100 events per day. The corresponding graph is presented in Fig. 5.
It must be mentioned that the statistics at KLF will exceed those obtained by the
DIANA experiment17 by &50 times.

4. Discussion and Outlook

In summary, according to our estimation, about 10,000 exotic events "þ will be
observed in a 100 days of running KLF. It is worth to mention that here we will
measure not the invariant mass of Kþn system, but rather the W of the initial state
for this reaction bene¯ting from the extraordinary momentum resolution below
1MeV of the incoming neutral kaon momenta in the region of interest.

W [GeV]
1.5 1.52 1.54 1.56 1.58

Co
un

ts
 / 

M
eV

410

Fig. 5. (Color online) Expected number of events in reaction KLp ! Kþn as a function of W. The
background for KLp ! KþN (solid green curve) was simulated based on the prediction of the model.19

The number of events in the peak for 100 days of running (purple solid curve) is estimated to be about
10,000 events (see text for details).
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Is everything feasible from hardware point of view?

Next few slides will answer this question.
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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-
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Hall-D beamline and GlueX Setup

24m Flux Monitor

LH2/LD Target

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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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.

34

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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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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6cm2cm

Current Proposed & Feasible
30cm 40cm

Longer and ticker target is needed to enhance production rate

Conceptual design has been endorsed by the JLAB target group 

20

6cm

Compact Photon Source
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Timeline of Design,  Construction and Installation

The Facility is Flexible and can be   
switched back to photon beam

Scheduling Outlook

13

Activity, experiment 
running

2021 2022 2023 2024 2025 2026 2027 2028 2029 2030

Run PRIMEX-K

Run SRC

Installation CPP

Run CPP-NPP

Run GlueX-II

Installation FCAL2

Run GlueX-II+JEF

Installation KLF (KL beam)

Commissioning, Run KLF

Back to photon beam

Installation of GDH

Commissioning, Run GDH

• Assumed 25 weeks/year for Hall D  running
• Assumed timely budgeting for KLF and GDH 

• Assumed timely construction of 
JEF,KLF,GDH

scheduled

13

E. Chudakov
GlueX Coll. Meeting, Oct. 2021

KLF
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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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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 a few dozens of new excited states
- -In Strange Meson Spectroscopy                  

PWA will allow  to measure excited K* states 
To accomplish physics program 200 days 

running is approved
All components of KL Facility considered are feasible

-With total cost  of the project below 2M 

At the end we would like to invite everyone to join us.

Thanks for your attention!
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