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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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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? 

⌦�⇤
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6/2/2016 Meson2016, Krakow, Poland, June, 2016 

Baryon Resonances 

B.M.K. Nefkens, SN Newsletter, 14, 150 (1997) 

x�Three light quarks can be arranged in 6 baryonic families, N*, '*, /*, 6*, ;*, & :*. 
x Number of members in a family that can exist is not arbitrary.  
x�If  SU(3)F symmetry of QCD is controlling, then: 

Octet:         N*, /*,�6*, ;* 
Decuplet:  '*, 6*, ;*, & :* 

x�Number of experimentally identified resonances of each baryon family in  
                 summary tables is 17 N*, 24 '*, 14 /
, 12 6*, 7 ;*, & 2 :*. 
x�Constituent Quark models, for instance, predict existence of no less than  
   64 N*, 22 '* states with mass < 3 GeV.   

x�Seriousness of “missing-states” problem is obvious from these numbers. 
 
x�To complete SU(3)F multiplets, one needs no less than 17�/*, 41 6*, 41 ;*, & 24 :*. 

Igor Strakovsky    4 
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6 Previous Measurements

While a formally complete experiment requires the measurement, at each energy and angle, of at
least three independent observables, the current database for KLp → πY and KY is populated
mainly by unpolarized cross sections. Figure 3 illustrates this quite clearly.

Figure 3: Experimental data available for KLp → K+n, KLp → KLp, KLp → KSp, KLp →
π+Λ, KLp → π+Σ0, and KLp → π0Σ+ as a function of c.m. energy W [63]. The number of
data points (dp) is given in the upper righthand side of each subplot [blue (red) shows amount of
unpolarized (polarized) observables]. Total cross sections are plotted at zero degrees.

The initial studies of the KLF program at GlueX will likely focus on two-body and quasi-two-
body processes: elastic KLp → KSp and charge-exchange KLp → K+n reactions, then two-
body reactions producing S = −1 (S = −2) hyperons as KLp → π+Λ, KLp → π+Σ0, and

12

Previous Measurements

Very poor data

no data on Neutron

target at all
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Figure 4: Selected differential cross section data forKLp → KSp atW = 1660MeV,
1720 MeV, 1750 MeV, and 1840 MeV, from Ref. [71]. The plotted points from pre-
viously published experimental data are those data points within 20 MeV of the kaon
c.m. energy indicated on each panel [68]. Plotted uncertainties are statistical only.
The curves are predictions using amplitudes from a recent PWA of KN → KN

data [72, 73], combined with KN → KN amplitudes from the SAID database [68].

15

Previous Measurements
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Figure 5: Comparison of selected differential cross section data for K−p → π0Λ

and KLp → π+Λ at W = 1540 MeV, 1620 MeV, 1760 MeV, and 1840 MeV, from
Ref. [71]. The plotted points from previously published experimental data are those
data points within 20 MeV of the kaon c.m. energy indicated on each panel [68].
Plotted uncertainties are statistical only. The curves are from a recent PWA ofK−p →
π0Λ data [72, 73].

Figure 6: Comparison of selected polarization data for K−p → π0Λ and KLp →
π+Λ at W = 1760 MeV and 1880 MeV, from Ref. [71]. The plotted points from
previously published experimental data are those data points within 20 MeV of the
kaon c.m. energy indicated on each panel [68]. The curves are from a recent PWA of
K−p → π0Λ data [72, 73].

17
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Previous Measurements

Figure 7: Comparison of selected differential cross-section data for K−p → π−Σ+,
K−p → π+Σ−, K−p → π0Σ0, and KLp → π0Σ+ at W = 1660 MeV, from
Ref. [71]. The plotted points from previously published experimental data are those
data points within 20 MeV of the kaon c.m. energy indicated on each panel [68] The
curves are from a recent PWA of K−p → πΣ data [72, 73].

dependent isospin amplitudes from a recent PWA [72, 73]. No differential cross-section data are
available for KLp → π0Σ+. As this example shows, the quality of the KLp data is comparable
to that for the K−p data. It would, therefore, be advantageous to combine the KLp data in a
new coupled-channel PWA with available K−p data. Note that the reactions KLp → π+Σ0 and
KLp → π0Σ+ are isospin selective (only I = 1 amplitudes are involved) whereas the reactions
K−p → π−Σ+ and K−p → π+Σ− are not. New measurements with a KL beam would lead to a
better understanding of Σ∗ states and would help constrain the amplitudes for K−p scattering to
πΣ final states

18

Polarization

Cross sections

all very poor !
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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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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. 

10 

-1 
z 1.C o i-- ,,o, 
i f )  

o 

(.9 
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THRESHOL~ 
I l l  
2 4 

THIS EXPERIMENT ~ . ~ ~  

I I I I 
8 10  12 1/., 

½- BEAM MOMENTUM (GeVlc) 

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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Figure 12: I=1/2 Kπ scattering P-wave phase shift together with experimental results from
LASS [88] and Estabrooks et al. [87]. The opening of the first inelastic πK∗ channel is indicated
by dashed vertical line. The gray band represents the fit results from Boito et al. [103].

phase shifts are very poorly measured and need more experimental data.

Figure 13: Left panel: I = 1/2 S-wave phase shift (curves and data in the upper half of the figure)
and the I = 3/2 S-wave phase shift (curves and data in the lower half). Experimental data are from
SLAC experiments as in previous figure. The curves are obtained from central, upper, and lower
values of parameters in the Roy-Steiner solutions ellipse [104]. Right panel: Same as in previous
figure for I = 3/2. Data points are from Estabrooks et al. [87].

The intensive beam flux of the proposedKL beam will provide high statistics data on both charged
Kπ as well as with final-state neutral kaon in the reactions:

• KLp → K±π∓p (simultaneousely measurable withKL beam).

• KLp → KSπ+n on a proton target (for the first time).
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How to make a kaon beam?
Thomas Jefferson National Accelerator Facility
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Hall D Beamline
Current setup



17Figure 14: Schematic view of Hall D beamline on the way e → γ → 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.

10.1.1 Compact Photon Source: Conceptual Design

An intense high-energy gamma source is a prerequisite for the production of theKL beam needed
for the new experiments described in this proposal. In 2014 on a Hall A Collaboration meet-
ing, Wojtsekhowski, Abrahamyan, and Niculescu presented a novel concept of a Compact Photon
Source (CPS) [105] which was developed for a Wide-Angle Compton Experiment proposed to
PAC43 [106]. Based on these ideas, we suggested (see Ref. [107]) to use the new concept in this
experiment. A possible practical implementation adjusted 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-
sign provides much less disturbance of the available infrastructure at the Tagger Area, and better
flexibility in achieving high-intensity photon beam delivery to Hall D. The new CPS solution will
satisfy the proposedKL beam production parameters; we do not envision any significant technical

26

KL Beam 

• Radiator 0.1 R.L.

• Be target 40cm

•  Compact Proton Source

• Distance Be-LH2 16m

• LH2 target 40cm

• LH2 target R=3cm
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K0L beam (continued)

-Momentum measured with TOF

-K0L flux mesured with pair spectrometer

-Electron beam with Ie = 5µA

-Delivered with 64 ns bunch spacing avoids  
overlap in the range of P=0.3-10.0 GeV/c  

-Side remark: Physics case with polarized  
          targets is under study and feasible  
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Rate of neutrons and K0L on GlueX target

• With a proton beam ratio n/KL = 103-104
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FIG. 2, Comparison of the neutron and K2 fluxes at
the hydrogen bubble chamber for 2' production with 16-
GeV electrons.

sponding K, spectrum at the chamber. " The
relative normalization of the E2 and neutron dis-
tributions is accurate to within 40%. As seen in
Fig. 2, the neutron momentum spectrum at the
chamber peaks below 1.0 GeV/c and the neutron-
to-K, ' ratio decreases by an order of magnitude
over the neutral-beam momentum range from 2
to 5 GeV/c.
We wish to thank A. Kilert, W. Walsh, R. Fri-

day, D. Mcshurley, and A. Baumgarten for help
in design and construction of the neutral beam,
R. Watt and the bubble chamber staff, and our
scanning and measuring staff. We are grateful
for several discussions with Y. S. Tsai.
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Figure 19: KL and neutron momentum spectra. Left plot: MC calculations using JLab package
DINREG [156]. The rate of KL (green filled squares) and neutrons (black open diamonds) on
LH2/LD2 cryogenic target of Hall D as a function of their event MC generators with 104 KL/s.
Right plot: Experimental data from SLAC measurements at 16 GeV/c electrons from Ref. [66].
The rate ofKL (black filled squareds) and neutrons (red filled circles).

After passing through 30% R.L. tungsten beam plug and swiping out charged background
component, we will have some residual γ background and neutrons produced by EM show-
ers. Momentum spectrum of residual γs shown on Fig. 20 (left). It decreases exponentially
with increasing energy of photons. For the rates, we obtained ∼ 105 s−1 for γs with energy
above 50 MeV and ∼ 103 s−1 for γs with energy above 500 MeV. Overall, gamma flux for
the KLF experiment is tolerable.

2. Muon Background
Following to Keller [157], our Geant4 [158] simulations included Bethe-Heitler muon back-
ground from the Be-production target and photon dump, both background into the detector
and muon dose rate outside Hall D. Obviously, most of the muons are produced in the pho-
ton dump. Our calculations show that muons will be swiped out of the KL beam line thus
they are not our background. But since their high penetration ability, it might be important
for purposes of the shielding. We taken into account only the Bethe-Heitler muon produc-
tion process. Muons from pion decays and other productionmechanisms will increase total
muon yield only slightly. They were not included in our model. Number of produced muon
in the Be target and lead beam plug is about the same, lead originating muons have much
softer momentum spectrum. Estimated number of produced muons is ∼ 6 × 106 s−1. Their
momentum spectrum is shown on Fig. 20(right).
To summarize: Half of muons have momenta higher than 2 GeV/c, ∼ 10% of muons have
momenta higher than 6 GeV/c, and∼ 1% of muons with momenta above 10 GeV/c. Overall,
the muon flux for the KLF experiment is tolerable.

36

KL Beam Profile

SLACProposed at GlueX

SLAC
KLF JLabone month

at 3 GeV N(KL)/200 MeV/c=0.15x106 

in one month 
(24x30=720h):

at 3 GeV N(KL)/200 MeV/c!
=70x4x3.6x103 ~ 106

in one hour :

N(KLF)/N(SLAC) = 720/0.15 = 4800

�⌦ = ⇡R2/16 = ⇡ ⇥ 32 ⇥ 10�4/162 = 11µsr

�⌦ = 20µsr

✏ =
NKL(KLF )�⌦KLF

NKL(SLAC)�⌦SLAC
= 2.4⇥ 103

SLAC-177!
R.J. Jamartino

proposed facility is more effective 
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III.3. EXPERIMENTS 53

Table III-2: Comparison of the KL production yield. The BNL AGS kaon and neutron yields are
taken from RSVP reviews in 2004 and 2005. The Project X yields are for a thick target, fully
simulated with LAQGSM/MARS15 into the KOPIO beam solid angle and momentum acceptance.

Beam energy Target (lI) p(K) (MeV/c) KL/s into 500 µsr KL : n (En > 10 MeV)

BNL AGS 24 GeV 1.1 Pt 300-1200 60⇥106 ⇠1 : 1000
Project X 3 GeV 1.0 C 300-1200 450⇥106 ⇠1 : 2700

quality data sets from the COSY/ANKE experiment [77]. One such benchmark, shown in Fig. III-
8, is an absolute prediction of forward K+ production yield on carbon and is in excellent agreement
with COSY/ANKE data. The estimated (LAQGSM/MARS15) kaon yield at constant beam power
(yield/Tp) is shown in Fig. III-9. The yield on carbon saturates at about 5 GeV, and the Tp = 3.0 GeV
yield is about a factor of about two times less than the peak yield in the experimentally optimal an-
gular region of 17–23 degrees which mitigates the high forward flux of pions and neutrons. The 3.0
GeV operational point is a trade-off of yield with accelerator cost. The enormous beam power of
Project X more than compensates for operation at an unsaturated yield point.

The comparative KL production yields from thick targets fully simulated with LAQGSM/MARS15
are shown in Table III-2.

The AGS KL yield per proton is 20 times the Project X yield; however, Project X compensates
with a 0.5 mA proton flux that is 150 times the RSVP goal of 1014 protons every 5 seconds. Hence
the neutral kaon flux would be eight times the AGS flux goal into the same beam acceptance. The
nominal five-year Project X run is 2.5 times the duration of the KOPIO AGS initiative and hence
the reach of a Project X K0

L ! p

0
nn̄ experiment could be 20 times the reach of the RSVP goals.

Figure III-7: Illustration of the KOPIO concept for Project X. Precision measurement of the photon
arrival time through time-of-flight techniques is critical. Good measurement of the photon energies
and space angles in a high rate environment is also critical to controlling backgrounds.

Project X Physics

• ProjectX (Fermi Lab) arXiv:1306.5009

KL beam can be used to study rare decays 
However it will be impossible to use it for hyperon spectroscopy 

because of momentum range and  n/K Ratio
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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

Talk by Onishi at KL2016

Other Facilities
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Expected rates

Production J-PARC* Jlab (this proposal)

flux/s 3⇥ 104K�

⌅⇤
/month

⌦�⇤
/month

3⇥ 105

600 4000

2⇥ 105

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

3⇥ 104KL
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Proposed Measurements
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Expected cross sections + uncertainties in 100 days

Figure 29: Reconstructed KLp → KSp differential cross sections for various values of W for
100 days of running.

Figure 30: The total cross section for KLp → π+Λ reaction as a function of beam momen-
tum [133] (left) and the differential cross sections for various beam momentum ranges.

10 for comparison with the SLAC data. The proposed measurements will provide unprecedented
statistical accuracy to determine the cross section for a wide range ofKL momentum.

11.1.4 KLp → K+Ξ0 Reaction

The study of cascade data will allow us to place stringent constraints on dynamical coupled-channel
models. It was recently found inN∗ spectroscopy that manyN∗ resonances do not couple strongly

42
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Figure 31: The total cross-section uncertainty estimate (statistical error only) for KLp → π+Λ
reaction as a function of KL beam momentum in comparison with SLAC data [133]. The experi-
mental uncertainties have tick marks at the end of the error bars. The box-shaped error bars in the
MC points were increased by a factor of 10.

to a Nπ channel, but nicely seen in KΛ and KΣ channels. The corresponding situation in hy-
peron spectroscopy lead to many Λ∗ and Σ∗ resonances decaying preferably to a KΞ channel,
see Appendix A1 13 for details. In addition, cascade data will provide us with long-sought in-
formation on missing excited Ξ states and the possibility to measure the quantum numbers of the
already established Ξ(1690) and Ξ(1820) from a double-moments analysis. The expected large
data sample will allow us to determine the induced polarization transfer of the cascade with un-
precedented precision, which will place stringent constraints on the underlying dynamics of the
reaction. Polarization measurements of hyperons shed light on the contribution from individual
quarks to the overall polarization of these states. The polarization of the ground-state cascade can
be measured from its weak decay in a straightforward way. With aKL beam, the study of the reac-
tionKLp → K+Ξ0 is quite simple and an unprecedented statistical sample can be easily obtained.
The statistical uncertainty obtained for 2-fold differential polarization observables with 100 days
of beam time (∼ 3 × 105 reconstructed events) is of the order of 0.05-0.1, which is more than an
order of magnitude smaller from existing measurements, allowing precision tests on the underlying
dynamics to be performed.

Several topologies can be used to reconstruct KLp → K+Ξ0 events, thereby enhancing the avail-
able statistics. The biggest contribution results from requiring the reconstruction of only the K+

in the final state and reconstructing the reaction using the missing-mass technique. The Ξ0 decays
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Figure 33: Total and differential cross section statistical uncertainty estimates (blue points) for the
three topologies (column 1: onlyK+ reconstructed, column 2: K+Λ reconstructed, and column 3:
K+Ξ0 reconstructed) in comparison with data taken from Ref. [134] (red points).
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Figure 34: Estimates of the statistical uncertainties of the induced polarization of the cascade as a
function ofW (one-fold differential) and cos θK+ (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
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can be seen in Fig. 36(left). The highest flux is expected around W = 3 GeV, where we had to
increase statistical errors by a factor of 10 to make them visible, see Fig. 36(right).
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Figure 36: The cross-section uncertainty estimates (statistical only) for KLp → K+n reaction for
theW = 2 GeV (left) in comparison with data from Ref. [136] andW = 3 GeV (right) The error
bars for the right plot were increased by factor of 10 to make them visible.

There are three major sources of background: np → K+nn, np → π+nn, and KLp → K+Ξ0.
Neutron flux drops exponentially with energy (see Appendix A4 (Sec. 16) for details) and generally
the high-energy neutron flux is small, but nonvanishing. If neutrons and KLs have the same speed
they cannot be separated by time of flight. Neutron-induced reactions have high cross sections,
which is why it is necessary to consider them as a possible source of background. Fortunately,
neutron-induced kaon production contributes at the low level of 10−3, which, with missing-mass
cuts, can be reduced below 10−4. Some of the pions from np → π+nn reaction can be misidentified
as kaons, but with missing mass and time-of-flight cuts we can reduce the contribution of this
background to a sub-per mill level. A detailed description of various backgrounds can be found
in Appendix A5 (Sec. 17). KLp → K+Ξ0 has a cross section 100 times smaller than that for
KLp → K+n. Below W < 2.3 GeV, KLp → K+Ξ0 can be completely filtered out by a 3σ
K+ missing-mass cut. At high W , there is some overlap. One can use conventional background
subtraction techniques to eliminate it. The Ξ0 often has charged particles in its decay chain, which
can be used to veto the channel. Our studies show that the background from Ξ0 → π0Λ → π0π0n
can be reduced below 10−4 level as well.

11.1.6 ReactionKLp → K−π+p

1. I=1/2 P-wave Phase Shift Analysis
The Kπ S-wave scattering, below 2 GeV, has two possible isospin channels, I = 1/2 and
I = 3/2. In the same range of mass, the P -wave has one isospin, I = 1/2. The P -wave
is a narrow elastic wave peaking at 892 MeV and interpreted as K∗(892). The I = 3/2
S-wave is elastic and repulsive up to 1.7 GeV and contains no known resonances. In the
I = 1/2 S-wave, a peaking broad resonance appears above 1350 MeV. Moreover, some
phenomenological studies [139–143] predict the presence of a resonance with a very large
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Figure 38: The I = 1/2 Kπ scattering P -wave phase-shift function ofmKπ. The left panel shows
experimental results from LASS [88] and Estabrooks et al. [87]. The gray band represents the
fit to the τ decay data by Boito et al. [103]. On the right panel, we present results of expected
measurement for 100 days of running. The statistical errors on the right panel are increased by
factor of 10 for a better visibility.

topics at heavy-ion colliders.

Besides hyperon spectroscopy, the experimental data obtained in the strange meson sector in the
reactionsKLp → K±π∓p andKLp → KSπ±n(p) will provide precise and statistically significant
data for experimental studies of theKπ system. This will allow a determination of quantum num-
bers of strange meson resonances in S- (including κ(800)), P-, D-, and higher-wave states. It will
also allow a determination of phase shifts to account for final-stateKπ interactions. Measurements
of Kπ form factors will be important input for Dalitz-plot analyses of D-meson and charmless B
mesons with Kπ in final state. These will be important inputs for obtaining accurate an value of
the CP-violating CKM matrix element Vus and testing the unitarity relation, in particular through
the measurement of the τ → Kπντ decay rate.

The approval and construction of the proposed facility at JLab will be unique in the world. The
high-intensity secondary beam ofKL (3 × 104 KL/s) would be produced in electromagnetic inter-
actions using the high-intensity and high-duty-factor CEBAF electron beam with very low neutron
contamination as was done at SLAC in the 1970s; but now, with three orders of magnitude higher
intensity. The possibility to perform similar studies with charged kaon beams is under discussion
at J-PARC with intensities similar to those proposed for the KL beam at JLab. If these proposals
are approved, the experimental data from J-PARC will be complementary to those of the proposed
KL measurements.

Below in Table 1, we present the expected statistics for 100 days of running with a LH2 target in
the GlueX setup at JLab. The expected statistics for the 5 major reactions are very large. There are
however, two words of cautions at this stage. These numbers correspond to an inclusive reaction
reconstruction, which is enough to identify the resonance, but might not be enough to uncover its
nature. The need for exclusive reconstruction to extract polarization observables further decrease
the expected statistics, e.g., from 4M to 400k events in the KΞ case. These statistics, however,
would allow a precise measurement of the double-differential polarization observables with statis-
tical uncertainties on the order of 5–10%. Secondly, kaon flux has a maximum aroundW = 3GeV,
which decreases rapidly towards high/low W ’s. Thus, the 100 days of beam time on the LH2 are
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essential to maximize the discovery potential of the KL Facility and cover the densely populated
hyperon regime at low-W .

Table 1: Expected statistics for differential cross sections of different reactions with LH2 and below
W = 3.5 GeV for 100 days of beam time.

Reaction Statistics
(events)

KLp → KSp 8M
KLp → π+Λ 24M

KLp → K+Ξ0 4M
KLp → K+n 200M

KLp → K−π+p 2M

There are no data on "neutron" targets and, and for this reason, it is hard to make a realistic estimate
of the statistics for KLn reactions. If we assume similar statistics as on a proton target, the full
program will be completed after running 100 days with LH2 and 100 days with LD2 targets.

12 Cover Letter for KLF Proposal Submission to PAC45

This Proposal follows the Letter of Intent LoI12–15–001, Physics Opportunities with Secondary
KL beam at JLab presented to PAC43 in 2015. The Issues and Recommendations included in the
PAC43 Final Report document read as follow:

Issues: It is not clear what this experiment can do that the J-PARC charged kaon program cannot
do substantially better. An experimental concern is the transverse size of the KLF beam that must
impinge on a 2-3 cm target. Backgrounds from neutrons andKL outside the target acceptance may
be important in event rates and signal to background rejection.

Recommendation: Any proposal would require full simulations of the beam line and detector to
determine the effect of backgrounds from neutrons and kaons outside the target acceptance. But it
is not clear to the committee if this experiment would in any way be competitive with J-PARC or
a potential Fermilab or CERN program in this energy range. The superiority of a neutral beam
and/or the GlueX detector for these measurements would need to be demonstrated before a future
proposal would be considered favorably.

The KLF Collaboration believes that the current proposal addresses all the concerns following the
recommendations expressed by the PAC43:

1. Q1: It is not clear what this experiment can do that the J-PARC charged kaon program
cannot do substantially better.
A1: The proposedKL beam intensity is similar to the proposed charged kaon beam intensity
at J-PARC, so there is no reason to expect that J-PARC will do substantially better. Using
different probes (KL for JLab andK− for J-PARC), in principle, we and J-PARC (if charged
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Figure 38: The I = 1/2 Kπ scattering P -wave phase-shift function ofmKπ. The left panel shows
experimental results from LASS [88] and Estabrooks et al. [87]. The gray band represents the
fit to the τ decay data by Boito et al. [103]. On the right panel, we present results of expected
measurement for 100 days of running. The statistical errors on the right panel are increased by
factor of 10 for a better visibility.
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reactionsKLp → K±π∓p andKLp → KSπ±n(p) will provide precise and statistically significant
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bers of strange meson resonances in S- (including κ(800)), P-, D-, and higher-wave states. It will
also allow a determination of phase shifts to account for final-stateKπ interactions. Measurements
of Kπ form factors will be important input for Dalitz-plot analyses of D-meson and charmless B
mesons with Kπ in final state. These will be important inputs for obtaining accurate an value of
the CP-violating CKM matrix element Vus and testing the unitarity relation, in particular through
the measurement of the τ → Kπντ decay rate.

The approval and construction of the proposed facility at JLab will be unique in the world. The
high-intensity secondary beam ofKL (3 × 104 KL/s) would be produced in electromagnetic inter-
actions using the high-intensity and high-duty-factor CEBAF electron beam with very low neutron
contamination as was done at SLAC in the 1970s; but now, with three orders of magnitude higher
intensity. The possibility to perform similar studies with charged kaon beams is under discussion
at J-PARC with intensities similar to those proposed for the KL beam at JLab. If these proposals
are approved, the experimental data from J-PARC will be complementary to those of the proposed
KL measurements.

Below in Table 1, we present the expected statistics for 100 days of running with a LH2 target in
the GlueX setup at JLab. The expected statistics for the 5 major reactions are very large. There are
however, two words of cautions at this stage. These numbers correspond to an inclusive reaction
reconstruction, which is enough to identify the resonance, but might not be enough to uncover its
nature. The need for exclusive reconstruction to extract polarization observables further decrease
the expected statistics, e.g., from 4M to 400k events in the KΞ case. These statistics, however,
would allow a precise measurement of the double-differential polarization observables with statis-
tical uncertainties on the order of 5–10%. Secondly, kaon flux has a maximum aroundW = 3GeV,
which decreases rapidly towards high/low W ’s. Thus, the 100 days of beam time on the LH2 are
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Issues: It is not clear what this experiment can do that the J-PARC charged kaon program cannot
do substantially better. An experimental concern is the transverse size of the KLF beam that must
impinge on a 2-3 cm target. Backgrounds from neutrons andKL outside the target acceptance may
be important in event rates and signal to background rejection.

Recommendation: Any proposal would require full simulations of the beam line and detector to
determine the effect of backgrounds from neutrons and kaons outside the target acceptance. But it
is not clear to the committee if this experiment would in any way be competitive with J-PARC or
a potential Fermilab or CERN program in this energy range. The superiority of a neutral beam
and/or the GlueX detector for these measurements would need to be demonstrated before a future
proposal would be considered favorably.

The KLF Collaboration believes that the current proposal addresses all the concerns following the
recommendations expressed by the PAC43:

1. Q1: It is not clear what this experiment can do that the J-PARC charged kaon program
cannot do substantially better.
A1: The proposedKL beam intensity is similar to the proposed charged kaon beam intensity
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Evolution of an Early Universe at Freeze-out
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Figure 1: Ratio µS/µB at leading order as a function of the temperature. The two curves are the
HRG model result obtained with the well-known states from the PDG2012 (full black line) and
Quark Model (dotted red line).

The lattice results for this observable are shown in Fig. 1, in comparison to the HRG model
results based on the well-established states from the PDG2012 (full, black line) and the
Quark Model (dotted, red line). The improvement due to the inclusion of the QM states
is evident. However, for other observables such as χS

4 /χ
S
2 and χus

11 , the agreement between
HRG model and lattice gets worse when the QM states are included (see the two panels of
Fig. 2).
By observing these plots we can already try to understand what the issue could be. The ratio
χS
4 /χ

S
2 is proportional to the average strangeness squared in the system. The fact that the

QM overestimates the data means that it either predicts too many multi-strange states or not
enough S = 1 states. Analogously, χus

11 measures the correlation between u and s quarks: it
is positive for baryons and negative for mesons. The fact that the QM overestimates the data
means that it either predicts too many strange baryons or not enough strange mesons.
In order to solve this ambiguity, we decided to look at each particle family separately, divid-
ing them according to their baryonic and strangeness content. In order to do so, we defined
the partial pressures for each family in the hadronic phase, according to the following equa-
tions [15]:

P (µ̂B, µ̂S) = P00 + P10 cosh(µ̂B) + P0|1| cosh(µ̂S)

+ P1|1| cosh(µ̂B − µ̂S)

+ P1|2| cosh(µ̂B − 2µ̂S)

+ P1|3| cosh(µ̂B − 3µ̂S) , (5)

where µ̂i = µi/T , and the indexes are PB|S|.
Our results are shown in Fig. 3. The first five panels show the contributions of strange
mesons, non-strange baryons and baryons with |S| = 1, 2, 3 respectively. All lattice results
are continuum-extrapolated, with the exception of the strange mesons, for which the finite-
Nt lattice data do not scale. The last panel shows the relative contribution of the single
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Figure 3: Partial pressures for the different hadronic families as functions of the temperature. The
upper panels show the contributions due to strange mesons (left), non-strange baryons (center) and
baryons with |S| = 1 (right). The lower panels show the contributions due to |S| = 2 baryons
(left), |S| = 3 baryons (center) and the relative contributions of the single families with respect
to the total (right). In the first five panels, the points are the lattice results, while the curves are
PDG2016 (solid black), PDG2016+ (with inclusion of one star states, red dotted), PDG2016+ and
additional states from the hQM (blue, dashed) [33–37]. In the lower center panel, the dark red
short-dashed curve corresponds to the PDG2016+ with inclusion of the Ω resonances predicted by
the QM [28,29].

hQM pushes the agreement with the lattice to higher temperature for most observables.
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Summary
- KN scattering still remains very poorly studied 

- lack of data on excited hyperon states requires 
   significant experimental efforts to be completed 

- Our preliminary studies show that production of few 
times104K0L/s at  GlueX target in Hall D is feasible

-Proposed setup will have highest intensity K0L 
beam ever used for hadron spectroscopy

-Data obtained at Jlab will be unique and partially 
complementary to charged kaon data 

- Experimental data on Kpi system needs to 
be updated for many different reasons 
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Thank You!


