
Physics  with Neutral Kaon Beam at 

Moskov Amaryan

1

The GLUEX Collaboration Meeting

Summary of  Workshop

February 20, 2016, JLAB



2

A Letter of Intent to Je↵erson Lab PAC-43.

Physics Opportunities with a Secondary K0

L Beam at JLab.

Moskov J. Amaryan (spokesperson),1, ⇤ Yakov I. Azimov,2 William J. Briscoe,3 Eugene Chudakov,4
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We express our interest in creating a secondary K0
L beam in Hall D to be used with the GlueX

experimental setup for spectroscopy of excited hyperons through formation as well as production
processes.

At first stage an electron beam from CEBAF, with a current in the range Ie = 3 � 5 µA, will
interact with a radiator to produce bremsstrahlung photon beam. The collimated photon beam,
impinging on secondary 1-2 radiation length Be target installed 85 m downstream the tagger radiator
will produce a flow of K0

L mesons, which then interacts with a physics target installed 16 m further
downstream. To stop the photon beam a thick lead absorber (l ⇡ 30 radiation lengths) will be
inserted into the beamline and will be followed by a sweeping magnet to deflect produced charged
particles flow. Our preliminary simulations show that neutron rate on physics target will be less than
the kaon rate for pKL > 2 GeV/c, this neutron rate will only be an order of magnitude larger than
the K-long rate for momenta in the range of 1 < P < 2GeV/c and increase at very low momenta,
which will be cut out with the time-of-flight. This is one of the great advantages of K0

L production
in electromagnetic interactions, as opposed to the case of primary proton beams, where the rate
of neutrons is about 103 times higher than that of K0

L [1], which creates a huge rate of neutron
initiated events.

We estimated the flux of K0
L beam on the GlueX physics target in the range of few times 103/sec

up to 104/sec, to be compared to about 102KL/sec used at SLAC in LASS experiment [2] and
almost comparable to charged kaon rates obtained at AGS [3] and elsewhere in the past. Momenta
of neutral kaons will be measured using time-of-flight technique. Our studies show �p/p ⇡ 0.5% of
K0

L momenta can be achieved.
These measurements will allow studies of very poorly known multiplets of ⇤, ⌃, ⌅, and ⌦ hyperons

with unprecedented statistical precision, and have a potential to observe dozens of predicted (but
heretofore unobserved) states and to establish the quantum numbers of already observed hyperons
listed in PDG [4].

The possibility to run with polarized target (e.g. FROST) , and measuring recoil polarization of
hyperons will open up a new avenue to the complete experiment.

⇤
Contact person, email:mamaryan@odu.edu.
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Physics with KL beam 
     a)-importance 
    b)-uniqueness 

            c)-competitiveness 
 d)-necessity

Outline

        Feasibility and beamline    
                 a)-radiation source 

                         b)-KL production target 
              c)-GLUEX target 

                GLUEX Detector Response    
     a)-simulation 

                                    b)-reconstruction of final states 
                                     c)-Momentum and W Resolution 

Polarized Target at GLUEX

Conclusions
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Introduction

I Main interest in creating high-quality secondary K0

L
beam is to investigate hyperon spectroscopy.

I Here we review what can be learned by studying K0

Lp
scattering going to two-body final states.

I Mean lifetime of the K� is 12.38 ns (c⌧ = 3.7 m)
whereas mean lifetime of the K0

L is 51.16 ns
(c⌧ = 15.3 m). Thus, it is much easier to perform
measurements of K0

Lp scattering at low beam energies
than K�p scattering due to higher beam flux.

3 / 28

(see also talk by A.Filippi)
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Figure: Selected data for K0

Lp! K0

Sp at 1750 MeV
and 1840 MeV. The curves are predictions using
amplitudes from our previous PWA of KN ! KN
combined with KN ! KN amplitudes from SAID
solution.
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Low-energy d�/d⌦ Data for K0
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Figure: Data for K0

Lp! ⇡+⇤ at 1480 MeV and 1500
MeV. No data for K�p! ⇡0⇤ are available below
1540 MeV.
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d�/d⌦ Data for K�p! ⇡0⇤ and K0
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Figure: Comparison of selected d�/d⌦ data for
K�p! ⇡0⇤ (red) and K0

Lp! ⇡+⇤ (blue) at 1760
MeV and 1840 MeV. The curves are from our
previous PWA of K�p! ⇡0⇤ data.
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Polarization Data for K�p! ⇡0⇤ and
K0
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Figure: Comparison of selected polarization data for
K�p! ⇡0⇤ (red) and K0

Lp! ⇡+⇤ (blue) at 1760
MeV and 1880 MeV. The curves are from our
previous PWA of K�p! ⇡0⇤ data.
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Data for K0

Lp! ⇡0⌃+ and K0

Lp! ⇡+⌃0

Figure: Distribution of measured data for K0

Lp! ⇡0⌃+

and K0

Lp! ⇡+⌃0. d�/d⌦ data are shown as blue
open circles and polarization data are shown as red
open circles. � data are shown on the ✓ = 0 line.
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Discussion

I Reactions K0

Lp! ⇡+⌃0 and K0

Lp! ⇡0⌃+ are isospin
selective (only I = 1 amplitudes are involved) whereas
reactions K�p! ⇡�⌃+ and K�p! ⇡+⌃� are not. New
measurements with a K0

L beam would lead to better
understanding of ⌃⇤ states and help constrain
amplitudes for K�p! ⇡⌃ reactions

I No d�/d⌦ data are available for K0

Lp! ⇡0⌃+

I Next two slides compare d�/d⌦ data for K�p and K0

Lp
reactions leading to ⇡⌃ final states at W = 1660 MeV (or
P

lab

= 716 MeV/c)
I Quality of K0

Lp data is comparable to that for K�p data.
It would be advantageous to combine K0

Lp data in a new
coupled-channel PWA with available K�p data
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Discussion

I Threshold for K�p and K0

Lp reactions leading to K⌅ final
states is fairly high (W

thresh

= 1816 MeV)
I There are no d�/d⌦ data available for K0

Lp! K+⌅0 and
very few (none recent) for K�p! K0⌅0 or K�p! K+⌅�

I Measurements for these reactions would be very
helpful, especially for comparing with predictions from
dynamical coupled-channel (DCC) models

I K0

Lp! K+⌅0 is isospin-1 selective, whereas the
reactions K�p! K0⌅0 and K�p! K+⌅� involve both
I = 0 and I = 1 amplitudes

I The Review of Particle Physics lists only two states with
branching fractions (BF) to K⌅, namely, ⇤(2100)

7

2

� (BF
< 3%) and ⌃(2030)

7

2

+ (BF < 2%)
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KN→KΞ(1320) : model results               
                                                                      [Jackson, Oh, Haberzettl, K.N., PRC91(2015)065208] 

Model-independent result : 
        (for hard processes) 

cL = constant 
p’ = final state rel. momentum 

KN→KΞ(1320) : model results   (prediction)           
                                                                      [Jackson, Oh, Haberzettl, K.N., PRC91(2015)065208] 

Kanzo Nakayama
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Some key questions

• Missing hyperon states: complete SU(3) 
multiplets require (ignoring isospin)

• Should all observed hyperons belong into SU(3) 
multiplets?: dynamically generated states may not

• Should baryons filling SU(3) multiplets also fill  
SU(6) multiplets?: probably yes

• Do we have sufficient inputs and theoretical 
tools to make some predictions: yes!

PDG

#⌅ = #⇤ = #N +#� 26; 12; 49

#⇧ = #� 4; 22

#⇥ = #N +#singlets 18; 29

Some key questions

• Missing hyperon states: complete SU(3) 
multiplets require (ignoring isospin)

• Should all observed hyperons belong into SU(3) 
multiplets?: dynamically generated states may not

• Should baryons filling SU(3) multiplets also fill  
SU(6) multiplets?: probably yes

• Do we have sufficient inputs and theoretical 
tools to make some predictions: yes!

PDG

#⌅ = #⇤ = #N +#� 26; 12; 49

#⇧ = #� 4; 22

#⇥ = #N +#singlets 18; 29

Jose Goity
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Comments 

• KL beam opens renewed opportunities to research hyperon physics 
at JLab.

• Predictions grounded on symmetries can be made once a sufficient 
number of states in a given multiplet can be identified. Numerous 
are already available.

• Interesting puzzles exist for PDG listed excited hyperons which do 
not fit into any of the low lying excited multiplets: they need to be 
further revisited and investigated.

• Excited Ξs are very poorly known. Establishing and discovering new 
states is important for establishing the multiplet structure of excited 
baryons in particular.

• An upcoming source of predictions to be watched is Lattice QCD. 
(D. Richards talk)
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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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Lattice QCD calculations 

N

⇤ ⌃

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.

FLAVOR STRUCTURE OF THE EXCITED BARYON . . . PHYSICAL REVIEW D 87, 054506 (2013)

054506-7

�

Low Lying states

Thick borders: Hybrid states
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FLAVOR STRUCTURE OF THE EXCITED BARYON . . . PHYSICAL REVIEW D 87, 054506 (2013)

054506-7

Lattice QCD calculations 

⌅ ⌦�

Edwards, Mathur, Richards and Wallace	

Phys. Rev. D 87, 054506 (2013) 

Thick borders: Hybrid states

Low Lying states
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3

and Karl [3]. The 12 excited states were predicted up to 2 GeV/c2, whereas only ⌅(1820) is identified as JP = 3/2�

state with three stars.

FIG. 1. Black bars: Predicted ⌅ spectrum based on the quark model calculation [3]. Colored bars: Observed states. The two
ground states and ⌅(1820) are shown in the column of JP = 1/2+, 2/3�, respectively. Other unknown JP states are plotted in
the rightest column. The number represents the mass and the size of the box corresponds to the width of each state.

Recently it is pointed out that there are two distinct excitation modes when a baryon contains one heavy flavor
inside, and the separation of these two modes possibly good enough even at the strange quark mass [4]. Baryons
which contain single (Qqq) and double (QQq) strange and/or charm flavors might be understood as a “dual” system
based on the spatial parametrization concerning a diquark contribution of (qq) and (QQ). In this sense, it should be
noted that cascades and charmed baryons are expected to be closely related.

The ⌅⇤ states were intensively searched for mainly in bubble chamber experiments using the K�p reaction in ’60s �
’70s. The cross section was estimated to be an order of 1 � 10 µb at the beam momentum up to ⇠10 GeV/c. In ’80s
� ’90s, the mass or width of ground or some excited states were measured with a spectrometer in the CERN hyperon
beam experiment. There has been a few experiments to study cascade baryons with the missing mass technique. In
1983, the production of ⌅⇤ resonances up to 2.5 GeV/c2 were reported from the missing mass measurement of the
p(K�,K+) reaction, using multi-particle spectrometer at the Brookhaven National Laboratory [5]. Figure 2 shows
squared missing mass spectra of p(K�,K+) reaction. With ten times intense kaon beam combined with 5 � 10
times better resolution, each sates is expected to be clearly stated even without tagging any decay particles in the
p(K�,K+) reaction.

II. THE PHYSICS CASE

The physics case and experimental method are reviewed in the following.

Status of 

well known 

⌅⇤
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H. Takahashi / Nuclear Physics A 914 (2013) 553–558 555

Fig. 1. Low-lying Ω baryon spectrum predicted by the non-relativistic quark model (CIK) [3], the relativized quark
model (CI) [4], the Glozman–Riska model (GR) [5], the algebraic model (BIL) [6], the recent non-relativistic quark
model (PR) [7], the Skyrme model (Oh) [8], and large Nc analysis [9]. The experimental data were from the particle
listings by the Particle Data Group [2].

The spectroscopy of Ω∗ resonances to confirm known three states and to search for miss-
ing states can be performed in early stage of the S = −3 programs at J-PARC. The production
cross-sections of Ω(2250) and Ω(2470) are 0.63 µb [16] and 0.29 µb [17], respectively, for the
K− beam momentum of 11 GeV/c. If we use a liquid hydrogen target with the thickness of
1 g/cm2, and assume that the 11 GeV/c K− beam intensity is 1 × 105/spill and overall detec-
tion efficiency is 10%, the numbers of measured Ω(2250) and Ω(2470) are expected to be about
22/day and 10/day, respectively.

3. Beam lines

Since the threshold of the elementary process K−p → Ω−K+K0 is 3.1 GeV/c, charged
secondary beam with the higher momentum than that of existing K1.8 beam line is required to
carry out Ω− experiments.

The construction of a new primary proton beam line (Fig. 2) is now scheduled to be completed
in 2016. The beam line “high-p” is branched from the existing primary beam line at the middle of
the beam-switching yard between the Main Ring and the HD-hall. H. Noumi proposed to modify
it to a secondary beam line “π15” in the next a few years by replacing beam-splitting magnets
with a production target and by installing several additional beam-transport magnets [18]. The
π15 beam line is designed to provide high-resolution (dp/p ∼ 0.1%) beams with the momentum
up to 15 GeV/c. Secondary beams are generated by a production target with the thickness equiv-
alent to 15-kW beam loss and delivered to the HD-hall. The beams are dispersively focused just
after the entry to the hall, where their momenta are measured with some tracking devices, and
then transported and focused to a target in the experimental area. In order to achieve high reso-
lution, second-order aberrations are eliminated at the dispersive focus by using three sextupole

Status of 

only one well known state? 

⌦�⇤



20

Very Limited World Data  with KL beam 

blue points: d�/d⌦ red points: Polarization
 compilation by I. Strakovsky)

�t

(mainly low stat. bubble chamber data

we are not aware of any data on Neutron target
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How to make a kaon beam?
Thomas Jefferson National Accelerator Facility
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K0L beams at JLab Workshop,  February 1-3,  2016                 Page 8 

“Brute  Force”  Approach  Problematic 
• Radiation environment at the Tagger Area measured 

recently was reasonably close to original calculations 
• Simply increasing radiator thickness would make the 

expected dose rates and activation unacceptable 
• Mitigation would include removal of sensitive 

electronic components, building new temporary 
shielding walls, disposal of beam line components   

• Dose rate and activation evaluation would require 
complex simulations, quality and reliability control 

• Possible, but costly and lots of headaches for all 
• Max radiator R.L. may still be below K0

L beam needs 
• We suggest the “Compact  Gamma  Source”  approach 
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Compact Photon Source Concept 
• Strong magnet after radiator deflects exiting electrons  
• Long-bore collimator lets photon beam through 
• Electron beam dump placed next to the collimator 
• Water-cooled Copper core for better heat dissipation 
• Hermetic shielding all around and close to the source 
• High Z and high density material for bulk shielding 
• Borated Poly outer layer for slowing, thermalizing, and 

absorbing fast neutrons still exiting the bulk shielding 
• No need in tagging photons, so the design could be 

compact, as opposed to the Tagger Magnet concept 
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K0L beams at JLab Workshop,  February 1-3,  2016                 Page 14 

CPS, horizontal plane (1) 
(a

xi
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vi
ew

 e
xp

an
de

d 
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 fa
ct

or
 4

) 

Tungsten radiator 
Permanent magnet 

Beam diagnostics volume 
Dump entrance Collimator 

Shielding: Copper-Tungsten bulk,  Borated Poly layer  
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K0L beams at JLab Workshop,  February 1-3,  2016                 Page 17 

Dose Rate Evaluation and Comparison 

• The dose rates in the Tagger vault for the CPS setup 
with 10% R.L. radiator are close to Standard XD ops  

• The radiation spectral composition is different; most of 
the contribution in the CPS setup is from higher energy 
neutrons 



27

I. Larin, KL2016 Workshop at Jefferson Lab 

4 

Pb Be 

L  40cm 

L 15cm 

sweeping 
magnet 

collimators 

spectrometer Hall D 

Collimator area 

Wall 

Liquid hydrogen target 

16…20m  to  target 

Ilya Larin
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neutrons Pythia

Klongs

neutrons DINREG
neutrons DINREG, with Pb shield

Yields in Be

Rate of neutrons and K0L on GlueX target

• With a proton beam ratio n/KL = 103-104
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K0L beam

• Electron beam 

• Radiator (rad. length) 

• Be target (R=3cm) 

• LH2 target(L=30cm) 

• Distance Be-LH2 

• KL Rate/sec

Ee = 12GeV ; Ie = 5µA

5% 10%

L = 40cm

104

24m 24m

~103 ~

R = 3cm R = 4cm

L = 60cm
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K
L
 studies with the GlueX detector

Simon Taylor / JLab

 Event generation
 GlueX detector

 K
L
pÆK

S
p

 K
L
pÆLp+

 K
L
pÆK+X0
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6Reconstruction of pK
S
 events

Generated 100,000 events
Allowed GEANT to decay K

S

Require detection of recoil proton Æ primary “vertex”

K
L
 momentum reconstructed from time-of-flight between proton time 

at “vertex” and time at Be target  
Particle identification:  dE/dx in drift chambers, time-of-flight

K
L
 studies with the GlueX detector
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7Particle identification

Each track fitted using several mass hypotheses:  {p,K+,p+} for +, {K-,p-} for -

Measure dE/dx, compute Dt at vertex for each hypothesis Æ convert to probability

pK
S
 events

pppp

protonproton

protonproton

 We can do better if we also reconstruct K
S
Æp+p-, at the expense of 

statistics...

K
L
 studies with the GlueX detector
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9W resolution

Invariant mass technique
K

L
 momentum (time-of-flight) technique

K
L
 studies with the GlueX detector
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21Summary
Simulations were performed using a GEANT-based Monte Carlo for 

K
L
pÆpK

S
, Lp+, and K+X0

W resolution for time-of-flight technique rises with W
W resolution using invariant mass technique better for high W
Kinematic fitting looks promising

Additional constraints on  p+p- mass for K
S
 channel and pp- mass for p+L channel will help 

improve W resolution for invariant mass technique

K
L
 studies with the GlueX detector
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Hadron physics  
with K- at J-PARC 

1

Hiroaki Ohnishi
RIKEN/RCNP Osaka Univ.
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K1.8

K1.8BR

K1.1

High-p

40 kW

under 
construction

under 
construction

unseparated beam 

⇡±,K±, p, p̄

⇡±,K±, p, p̄

⇡±,K±, p, p̄

(5⇥ 105 K�/5.52s)

(1.5⇥ 105 K�/5.52s)

(1.5⇥ 105 K�/5.52s)

(> 107 ⇡�/5.52s)

1011p/5.52s@30GeV
1011p/5.52s@30GeV

J-PARC 
Japan Proton Accelerator Research Complex 

K1.8BR

K1.8

High-p

K1.1

K1.1 & High-p beam lines 
are under construction

Two beam lines are  
under operation
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Physics with a Neutral Kaon Beam.  Jefferson Lab, February 2, 2016 31 

Summary: targets for a kaon facility 

•  The existing hall D cryotarget can provide LH2 targets with a diameter 
of ~6cm and volume up to 400 ml.  

•  Larger cells are possible, but will require some modification or new 
construction. 

•  Dynamically polarized targets are also a clear possibility, with frozen 
spin being the most likely choice.  Size matters. 

•  Cryogenic support for a polarized target will be a concern.  A 
cryogen-free frozen spin target might be a viable option. 

Chris Keith
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Complete experimental measurements 
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Virginia  Caucus 

Primary Physics with Secondary Beams 

Virginia  Caucus 
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Thank You!
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Backup Slides
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K0L beam at JLAB

-Momentum measured with TOF

-K0L flux mesured with pair spectrometer

-Electron beam with Ie = 5µA

-Delivered with 60ns bunch spacing avoids  
overlap in the range of P=0.35-10.0 GeV/c  

-Side remark: Physics case with polarized  
targets is under study 
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FIG. 4. (Color online) Total cross section results with individual resonances switched off (a) for K− + p → K+ + Ξ− and (b)
for K− + p → K0 + Ξ0. The blue lines represent the full result shown in Figs. 2 and 3. The red dashed lines, which almost
coincide with the blue lines represent the result with Λ(1890) switched off. The green dash-dotted lines represent the result
with Σ(2030) switched off and the magenta dash-dash-dotted lines represent the result with Σ(2250)5/2− switched off.
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FIG. 5. (Color online) Kaon angular distributions in the center-of-mass frame (a) for K− + p → K+ + Ξ− and (b) for
K− + p → K0 + Ξ0. The blue lines represent the full model results. The red dashed lines show the combined Λ hyperons
contribution. The magenta dash-dotted lines show the combined Σ hyperons contribution. The green dash-dash-dotted line
corresponds to the contact term. The numbers in the upper right corners correspond to the centroid total energy of the system
W . Note the different scales used. The experimental data (black circles) are the digitized version as quoted in Ref. [50] from the
original work of Refs. [31–34, 36, 37] for the K− +p → K++Ξ− reaction and of Ref. [30, 36, 37, 40] for the K− +p → K0+Ξ0

reaction.

p → K+ + Ξ− and K− + p → K0 + Ξ0 are shown in
Figs. 5(a) and 5(b), respectively, in the energy domain up
to W = 2.8 GeV for the former and up to W = 2.5 GeV
for the latter reaction. Overall, the model reproduces
the data quite well. There seem to be some discrepancies
for energies W = 2.33 to 2.48 GeV in the charged Ξ−

production. Our model underpredicts the yield around
cos θ = 0. As in the total cross sections, the data for the
neutral Ξ0 production are fewer and less accurate than

for the charged Ξ− production. In particular, the Ξ0

production data at W = 2.15 GeV seems incompatible
with those at nearby lower energies and that the present
model is unable to reproduce the observed shape at back-
ward angles. It is clear from Figs. 5(a) and 5(b) that the
charged channel shows a backward peaked angular dis-
tributions, while the neutral channel shows enhancement
for both backward and forward scattering angles (more
symmetric around cos θ = 0) for all but perhaps the high-
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original work of Refs. [31–34, 36, 37] for the K− +p → K++Ξ− reaction and of Ref. [30, 36, 37, 40] for the K− +p → K0+Ξ0

reaction.

p → K+ + Ξ− and K− + p → K0 + Ξ0 are shown in
Figs. 5(a) and 5(b), respectively, in the energy domain up
to W = 2.8 GeV for the former and up to W = 2.5 GeV
for the latter reaction. Overall, the model reproduces
the data quite well. There seem to be some discrepancies
for energies W = 2.33 to 2.48 GeV in the charged Ξ−

production. Our model underpredicts the yield around
cos θ = 0. As in the total cross sections, the data for the
neutral Ξ0 production are fewer and less accurate than

for the charged Ξ− production. In particular, the Ξ0

production data at W = 2.15 GeV seems incompatible
with those at nearby lower energies and that the present
model is unable to reproduce the observed shape at back-
ward angles. It is clear from Figs. 5(a) and 5(b) that the
charged channel shows a backward peaked angular dis-
tributions, while the neutral channel shows enhancement
for both backward and forward scattering angles (more
symmetric around cos θ = 0) for all but perhaps the high-

Cascade production on proton with K beam 

Estimated measurement 
for 10 days exposition 

Existing measurements in 
charged channels 

World Data on 

Simulated with GlueX 
104 KL/sec, one day of running

Jackson, Oh, Haberzettl, Nakayama 
 Phys. Rev. C 91, 065208 (2015)

⌅
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FIG. 3. Missing mass squared {X)for K +p K+
+X. (a) Acceptance. (b) Kz, cross hatched areas
are events with detected A-p~. (c) Kz. Smooth
curves in (b) and (c) are fits to background plus reso-
nances.

v =AP), b "
with & -3.o to 3.5.' A source of data for such re-
actions comes from the CERN 4.2-GeV/c bubble-
chamber experiment. "Table l also lists the
computed cross sections using & =3.5 and shows
that there is good agreement with our measure-
ment for all the well-established = states.
Many experiments have observed the four well

established states =(1317), (1530), +1820), and
-"(2030).' The downstream MPS detectors enabled
the detection of A's associated with some of the
events, and helped in verifying that the bumps
indeed behave like particles. The =(1317),
:-(1530), and (1820) have &'s in over 95Vo of
their decays. A selection is indicated in the
shaded region of Fig. 3(b), and in fact, about 50'%%uo

of the events in these three peaks have a detect-
ed A, consistent with the observation probability
of the A.
=(2030) is not observed in the cross-hatched

area in Fig. 3(b), as expected, because it decays
predominantly to &K where only 20'fo have a de-
tected A. The difference in cross section for the
:-(2030) between K~ and Ks is attributed to statis-
tical fluctuations. No ~ selection is presented

TABLE I. Reported = states are listed in column 1. The PDG (Particle Data Group) status (Ref. 3) is listed in
column 2 (4 means well established, 1 means weakly established). FWHM are the detector resolutions. The cross-
section errors are statistical first and systematic second. An extrapolation of the K p K+ - * cross sections
from the 4.2-GeV/c experiment is in column 9 (0«&zpp) The last column has the weighted average cross sections
for (1820) and - (2030) and the best value from either detector for the other states—errors are statistical only.
The upper-limit cr 's are 95% confidence level.

Mass FTHM
State PGD (MeV) (MeV)

Mass
(MeV)

KB
FWHM
(Mev) ( p, b)

+extra p
(pb)

K~ and/or K~
CT Mass

(p, b) (MeV)

=(1320)
=-(1530)
- (1630)
=(1680)
=(1820)
- (1940)
"„-(2030)
„--(2120)
=(2250)
=(2370)
=(2500)

2218+ 6

4 1320+ 6
4 1541+12
2
2
3 1823+ 6
2
3 2022+ 9
1
1
2
2

158
106

49

7.2+ 0.6+ 0.6
2.8+ 0.6+ 0.2

& 1.Q
3.4+ 0.6+ 0.3

& 1.3
1.1+0.6+ 0.1

& 1.1
2.0+ 1.0+ 0.2 2197~ 12

2356 + 10
2505+ 10

32
36
36

1813+ 15 92

2022 + 12 63

2.7 +
& 0.8
2.1+

& 1.4
1.0+
0.9+
1.0+

7.4
2.7

0.7+ 0.2 3.0

0.5 + 0.2 1.5

0.3+ 0.1
0.3+ 0.1
0.5+ 0.1

7.2 + 0.6 1320+ 6
2.8 + 0.6 1541+ 12

& 1.Q
3.1+0.5 1822 + 6

& 0.8
1.7+ 0.4 2022+ 7

& 1.1
1.0+ 0.3 2214 + 5
0.9+ 0.3 2356+ 10
1.0+ 0.5 2505+ 10

953

Status of ⌅⇤

Very poorly  
measured at  
AGS (BNL) 
32 years ago

	
 .	
 C.M. Jenkins et al., Phys. Rev. Lett. 51, 951 (1983) 	
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J . K .  Hassa l l  e t  al.  / S = - 2 a n d  - 3 baryon  s ta tes  405 
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Fig. 4. Cross section for K p ~ "---X as a function of K momentum. 

64.2% chance  of the A decay ing  by  a charged  mode  the correc ted  number  of  .E 
events is 1907.1. These  occurred  on a sample  of  f i lm cor respond ing  to 11.9 ev//~b,  so 
the E -  cross sect ion is 

o ( K - p  ~ E - X )  = 160 ± 8 # b .  

The error  quoted  is pure ly  statist ical .  
The total  "" -  p roduc t ion  cross sect ion is c o m p a r e d  with those de t e rmined  in 

previous  exper iments  in fig. 4. The  da ta  have been taken f rom ref. [12]. The 
agreement  with o ther  exper iments  is good. 

3.2. CROSS SECTIONS OF SOME EXCLUSIVE CHANNELS 

This sect ion presen ts  cross sect ions for cer tain of  the exclusive channels  that  occur  
in the exper iment .  The  cross sect ions have been correc ted  for scanning  and  measur -  

J .  K .  Hassa l l  et  al. / S = - 2 a n d  - 3 baryon  s tates  

TABLE 2 
Inclusive ~2 cross sections 

417 

Beam energy o(K p ~ ~2 X) 

4.2 0.5 -+0.1 /~b 
4.9 0.9 ÷ 0.7/Lb 
5.5 a) 1.35 ÷ 0.75 ktb 
6.0 1.3 ± 0.7 yb 
6.5 (this experiment) 1.4 + 0.6/zb 

10.0 b) 4.2 -+ 1.2 p~b 
14.3 c) 3.3 + 1.4/~b 

a)Multiply quoted figure of 0.9 ± 0.5 ~b for ~ ~ AK by 3 
b)Multiply quoted figure of 2.5 ± 0.7/Lb for ~2 ~ AK by 23 and by 1.t to correct for scanning loss. 

10 C)Multiply quoted figure of 2.4 ± 1.0/zb by t~ to find cross section for ~2 ~ AK and by 3 to find 
total cross section. 
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Fig. 13. Cross section for K p ~ f~ X as a function of K momentum. The curve is a fit by eye to the 
data. 

K�p ! ⌅�X K�p ! ⌦�X

Cross Sections 

J.K. Hassal et al., NPB 189 (1981)
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Expected rates

Production J-PARC* Jlab (this proposal)

flux/s 3⇥ 104K�

⌅⇤
/month

⌦�⇤
/month

3⇥ 105

600 4000

104K0
L

2⇥ 105

* H.~Takahashi, NP A 914, 553 (2013) 
M.~Naruki and K.~Shirotori, LOI-2014-JPARC




