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- Thermodynamics of the Early Universe



Hyperon Spectroscopy
According  LQCD there should be

many more states including hybrids (thick bordered)

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

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

identifications of their spins and flavors are noted in Fig. 3.
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Figure 41: Total and differential cross section statistical uncertainty estimates (blue points) for the
three topologies (column 1: only K+ reconstructed, column 2: K+

⇤ reconstructed, and column 3:
K+

⌅

0 reconstructed) in comparison with data taken from Ref. [168] (red points).
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Figure 42: Estimates of the statistical uncertainties of the induced polarization of the cascade as
a Left panel: function of W (one-fold differential) and Right panel: function of cos ✓

K

+ (two-fold
differential).

11.1.5 K
L

p ! K+n Reaction

The K0

L

p ! 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 ✓
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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 ✓
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Proposed Measurements on Proton Target

existing data

KLF  100 days

Py Py

W(GeV/c2) cos ✓K+
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Search for Hyperon Resonances with PWA

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

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

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

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

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

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

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

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

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

L

p ! K+

⌅

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

L

p ! K+

⌅

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

64

SAID Solution20 days running 100 days running

Statistics was generated according to KLF for 

KLp ! K+⌅0

Obviously: we need at least 100 days to get unique solution

+-10  MeV

Recoil polarizationCross Section



Figure 59: Feynman diagram of the production mechanism of the reaction K
L

p ! K⇤0(892)p !
K+⇡�p at low �t.

Figure 60: Amplitude (left) and phase-shift (right) from K�p ! K+⇡�n reaction in LASS Spec-
trometer. The red dots represent the data and the black solid line represents the fit to the amplitude.

Figure 61: Left panel: The K+⇡� invariant mass from Ref. [199] (Figure 3). Right panel: The
expected number of events after 100 days runs.

69

ScatteringK⇡

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

194–196].

3. Impact on P -Wave Phase-Shift Study
The pion exchange in the hadro-production mechanism of K⇤0

(892) occurs mostly at low
�t, thus we can have access to the amplitude scattering of K0⇡0 ! K+⇡�, as illustrated
in Fig. 14. Using the resolutions and efficiencies from our simulations, we can estimate the
improvement that can be made on the scattering amplitude analysis of K⇡ ! K⇡. The
range of �t that will be used in this comparison will be [0.14, 0.2] GeV2 to ensure that the t
efficiency is uniform. The efficiency of this t range selection is ✏

⇡

= 17.85 %. The expected
number of events in this case is 2 · 106.

Figure 58: Amplitude (left) and phase-shift (right) from K�p ! K+⇡�n reaction in LASS Spec-
trometer. The red dots represent the data and the black solid line represents the fit to the amplitude.

Figure 59: Left panel: The K+⇡� invariant mass from Ref. [198] (Figure 3). Right panel: The
expected number of events after 100 days runs.

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

KLF

KL⇡
0 ! K+⇡�

Proposed Measurements

region of  (800) SLAC Lower limit

9

M(K⇡)(GeV) M(K⇡)(GeV) M(K⇡)(GeV)



SLAC Data

KLF!
(100 days)

Proposed Measurement

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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Phase shift
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fit to S3/2 alone
UFD

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

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

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

Parameter UFD CFD

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

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

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

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

2. I=1/2 S-wave

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

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

cot δ1/20 (s) =

√
s

2q(s− sAdler)
(B0 +B1ω). (13)

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

sAdler =
!

ΣKπ + 2
"

∆2
Kπ +m2

Km2
π

#

/5 ≃ 0.236GeV2.

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

α = 1.15, s0 = (1.1GeV)2. (15)

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

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

Parameter UFD CFD

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

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

t1/20 (s) =
Sb
0S

r
1S

r
2 − 1

2iσ(s)
, (16)

where

Sb
0 = exp[2iqηK(φ0 + φ1q

2
ηK)]. (17)

For Sr
1 we use Eq.(10) with

P1(s) = (sr1 − s)β + e1G1
p1(qπK)

p1(qrπK)

qπK − q̂πK
qrπK − q̂πK

,(18)

Q1(s) = (1− e1)G1
p1(qπK)

p1(qrπK)

qηK
qrηK

ΘηK(s), (19)

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



Scalar Meson Nonet 

Four states called 
still need further confirmation(PDG)

We can measure all of them
11
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Measurement of 

100 days of running

(800)

12Figure 64: Present situation of the determinations of the  pole. The figure is from Ref. [20, 126]
but we have added as a red point with uncertainties, the simulation of the pole position that would
be obtained by means of a Roy-Steiner analysis when fitting to the amplitude and phase-shift of
LASS, but scaled by the precision that will produced by KLF experiment after 100 days of run.
This calculation also include estimates of systematic effects. Note that the other points are either
predictions [22] or illustrative models that may have additional systematic uncertainties due to
their model dependence, like Breit-Wigner determinations.
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Evolution of Early Universe at Freeze-out
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 QM
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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 14: Schematic view of Hall D beamline on the way e ! � ! K
L

. Electrons first hit
the tungsten radiator, then photons hit the Be target assembly, and finally, neutral kaons hit the
LH

2

/LD
2

cryotarget. The main components are CPS, Be target assembly, beam plug, sweep mag-
net, and pair spectrometer. See the text for details.

and the LH
2

/LD
2

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 K
L

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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Compact Photon Source

Conceptual design is !
completed for Halls C/A!

for I=                     2.7 µA

Could be extended for I= 5 µA

in Hall D

Figure 19: The CPS view.

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

L

production, due to the expected overwhelming radiation and activation levels in
the vault.

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

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

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

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

10.1.3 Be Target Assembly: Conceptual Design

.
.

50 cm

70 cm

40 cm

100 cm

120 cm

76 cm

6 cm

Borated Polyethylene

Be

Lead

Tungsten

Air

Photons Kaons
Vacuum

Concrete

150 cm

Figure 20: Schematic view of the Be-target (K
L

production target) assembly. Concrete, borated
polyethylene, lead, tungsten, beryllium, vacuum beam pipe, and air shown by grey, pink, brown,
light blue, blue, violet, and white color, respectively. Beam goes from left to right.

A conceptual design of the Be target assembly for neutral kaon experiments to be used with the
GlueX experimental setup is given in Ref. [151] (See Appendix A4 (Sec. 16) for further details
of elements of the Be-target assembly). The schematic view of the Be-target assembly is given in
Fig. 20. For the target material, we selected beryllium because at the same radiation length it has
higher number of atoms compared to other materials with the large atomic masses. This justifies
the choice of beryllium as a K

L

production target as it was done at SLAC [93] and NINA [91].
Then the beam tungsten plug of a 0.10 m thick (30% R.L.) is connected to the beryllium (Fig. 20).

Elements of the Be-target assembly are presented in Table 6 (Appendix A4 (Sec. 16)). The weight
of the Be-target assembly is 14.5 ton. Changeover from the photon to K

L

beamline and from
the K

L

beamline to photon needs to be further evaluated and in the most conservative scenario
may take approximately 6 months or less. This maximal break period may fit the current CEBAF
Accelerator schedule. It has to be mentioned that the collimator cave has enough space (with the
4.52 m width) for the Be-target assembly to remain far enough from the beamline.

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

10.1.4 K
L

Flux Monitor

An accurate determination of the K
L

beam flux is necessary to maximize the physics impact of
the resulting data. To reach an accuracy of <5% in the determination of the flux, we plan to
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build a dedicated FM. This will provide a significant improvement over the typical 10% accu-
racy achievable from normalization of the data to previously measured reactions, for instance, for
K

L

p ! K
S

p [90]. The operation of a K
L

flux monitor could employ the regeneration of K
L

! K
S

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 K

L

beam. Therefore, a
more effective choice for the FM at JLab would utilize in-flight decays of the K

L

.

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 K
L

has four dominant decay modes [2]:

1. K
L

! ⇡+⇡�⇡0, BR = 12.54± 0.05%.

2. K
L

! ⇡0⇡0⇡0, BR = 19.52± 0.12%.

3. K
L

! ⇡±e⌥⌫
e

, BR = 40.55± 0.11%.

4. K
L

! ⇡±µ⌥⌫
µ

, BR = 27.04± 0.07%.

All K
L

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

L

! ⇡+⇡�⇡0, where both charged particles have the
same mass.

To account for various possible acceptance effects during K
L

beam propagation from the Be-
target, we plan to measure the K

L

flux upstream of the GlueX detector, utilizing the Hall D Pair
Spectrometer [142] as shielding against K

L

which have decayed further upstream.

The FM design proposed and described in this section will measure a small fraction of decayed
K

L

’s, concentrating on the portion decaying within a distance of 2 m downstream of the Pair
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Figure 25: K
L

-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 K

L

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 K

L

flux determination is achievable in less than a day.
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Reconstructed KL mass

Flux measurement stat. err. <1%

Estimated syst. err. ~5%
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KL Beam Flux

Figure 25: K
L

and neutron momentum spectra on the cryogenic target. Left panel: The rate of K
L

(red) and neutrons (blue) on the LH
2

/LD
2

cryogenic target of Hall D as a function of their generated
momentum, with a total rate of 1⇥ 104 K

L

/s and 6⇥ 104 n/s. Kaon calculations were performed
using Pythia generator [152] while neutron calculations were performed using the MCNP transport
code [159]. Right panel: Experimental data from SLAC measurements using a 16 GeV/c electron
beam from Ref. [93]. The rate of K

L

(red filled circles) and neutrons (black filled squares) is
shown.

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

To estimate the expected rate of K
L

s at the LH
2

/LD
2

cryogenic target, we used the condi-
tions listed in Tables 1 and 2 which results in a beam flux of about 1⇥ 104 KL/s from all
production mechanisms at the cryogenic target (Fig. 25). We simulated the K

L

and neutron
production from 12-GeV electrons under these conditions for the GlueX K

L

Facility and the
results (Fig. 25 (left)) are in reasonable agreement with the K

L

spectrum measured by SLAC
at 16 GeV (Fig. 25 (right)).

2. K
L

Beam Background: Muons, Neutrons, and Gammas
Background radiation conditions are one of the most important parameters of the K

L

beam
for the JLab GlueX KL Facility [158].

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

L

beamline; thus, they are not inherently a significant background. However, due to

40

JLab

SLAC

N(KL)JLAB

N(KL)SLAC
⇠ 103N(KL)/sec ⇠ 104
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Figure 42: Left panel: The averaged polarization, h↵P
⇤

i as a function of the beam momentum
from Ref. [159], p

K

0 > 2.5 GeV/c (red boxes), p
K

0
= 2.5 � 3.8 GeV/c (blue triangles) and

p
K

0 > 3.8 GeV/c (purple bullets). The experimental uncertainties have tick marks at the end of
the error bars. The box-shaped error bars from the MC for the K

L

beam at GlueX, assuming
100 days beamtime. ↵ = 0.645 is the ⇤ analysing power. Right panel: Estimates of the statistical
uncertainties of the ⇤ polarization as a function of CM cos⇥

⇡

+ for the W = 2.4 – 2.5 GeV energy
bin.

Figure 43: W resolution of �
W

/W , for the time-of-flight method (black) and when W is deter-
mined from all detected final-state particles (blue).

can be eliminated.

The KL Facility can be utilized to study excited cascade states K
L

p ! K+

⌅

⇤ with ⌅

⇤ !
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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 LH

2

/LD
2

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 LH
2

/LD
2

cryogenic target. Right: Conceptual
design for a larger target cell for the proposed K

L

beam at Hall D experiment.

LH
2

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 LH

2

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 LD

2

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 LH

2

and LD
2

.

11 Running Condition

11.1 Event Identification, Reconstruction, Acceptances

The K
L

beam is generated by sampling the momentum distribution of K
L

particles coming from
the decays of � mesons produced by interactions of a photon beam with a beryllium target 24 m
upstream of the LH

2

/LD
2

cryogenic target. The K
L

beam profile was simulated to be uniform
within a ?0.06 m at the LH

2

/LD
2

cryogenic target. The expected K
L

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 � ! K

L

K
S

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⇥ 104 K

L

/s on a 0.40 m long LH
2

target for a beamtime of 100 PAC days.
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Figure 55: Left panel: Four momentum transfer relative resolution (�t/t) as a function of �t.
Right panel: Invariant mass relative resolution (�m/m) as a function of M(K⇡).

Figure 56: Reconstruction and selection efficiency of beam momentum versus four momentum
transfer (left plot) and beam momentum versus K+⇡� invariant mass (right plot).

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

invariant mass (right plot).
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ScatteringK⇡ Resolutions

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

-Binning in ~10 MeV  will cover almost 
entire elastic K-pi  scattering range 
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SUMMARY
-Proposed KL Facility has an unique capability to 

improve existing world database up to three 
orders of magnitude

-In Hyperon spectrsocopy !
PWA will allow to measure pole positions !

and widths of excited hyperon states

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

including  scalar f0(800) states

To complete physics program running for 
100 days per LH2 and LD2 targets is required

All components of KL Facility considered are feasible
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the proton and the two negative pions to be consistent with the mass of ⌅�. An additional
requirement that the invariant mass of the proton-pion pair be consistent with the mass of
the ⇤ will eliminate any background contributions other than the excited cascade channels.
Contributions from excited cascade states can also be identified and removed by the appli-
cation of coplanarity cuts between the strange meson and reconstructed cascade. Excited
cascade states K

L

n ! K+

⌅

�⇤ can also be identified, isolated, and studied in detail using
the missing-mass technique assuming the target nucleon at rest.

3. K
L

n ! K+

⌅

⇤� Reaction
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Figure 47: Left panel: The ⌅

⇤ discovery potential achievable at KLF during the 100 (blue) and 20
(green) day experiment, under assumption of 10 % statistical accuracy and Br(⌅⇤ ! ¯K⇤) = 1.
The gray band corresponds to typical ⌅⇤ cross sections and horizontal lines are few examples
of BNL cross sections from Ref. [196] Right panel: Estimation of lowest measurable ⌅

⇤ ! ¯K⇤

branching fraction at KLF as a function of experiment duration at W⇠3.1±0.025 GeV. Two bench-
mark cases of 100 (20) days are highlighted by dashed blue (green) curves.

In addition to the K
L

n ! K+

⌅

� reaction, we also studied production of excited cascades
with the neutral kaon beam K

L

p ! K+

⌅

⇤0. The spectrum of excited cascades is barely
known and practically nothing is known about their quantum numbers (see Chapters 7.5 and
4 for theory overview). To understand the ability of the KLF to contribute in this field we
have performed a series of simulations. The production of Cascades is always accompanied
with kaons (K+ or K0) due to strangeness conservation. We have concentrated on reactions
with the K+ only to avoid unnecessary complications arising from the K0 secondary decay
vertexes. With K

L

beam and associated K+ one can produce either ⌅⇤0 on a proton target
(K

L

p ! K+

⌅

⇤0) or ⌅

⇤� on a neutron target (K
L

n ! K+

⌅

⇤�). In both cases, the ⌅

⇤

properties are reconstructed from the final-state particles; hence, minor differences due to the
spectator momentum does not play any role. A dominant ⌅⇤� decay branch is ⌅⇤ ! ¯K⇤.
The ⌅

⇤� production looks more attractive since it has direct ⌅⇤� ! K�
⇤ ! K�p⇡� decay

with only one detached vertex from ⇤ decay. The full reaction contains four particles in
the final state K

L

n ! K+

⌅

⇤� ! K+K�p⇡� all of different types, which simplifies the
analysis. Two negative pions - one from the ⇤ decay and one from the ¯K0 and an extra
detached vertex sufficiently complicates the analysis of this branch on proton target. Here
we will present only the simplest case K

L

n ! K+

⌅

⇤� leaving other options for future
studies. The energy dependence of the K

L

N ! K+

⌅

⇤� is not known. From the BNL
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