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Abstract

We propose to create a secondary beam of neutral kaons iDHallefferson Lab to be used with
the GlueX experimental setup for strange hadron spectpys#oflux on the order o x 10* K, /s
will allow a broad range of measurements to be made by impgpttie statistics of previous data
obtained on hydrogen targets by three orders of magnitude.ofla deuteron target will provide
first measurements on the neutron whickeisa incognita

The experiment will measure both differential cross sedtiand self-analyzed polarizations of the
producedA, ¥, =, and(2 hyperons using the GlueX detector at the Jefferson Lab Hallti
measurements will span c.mos ¢ from —0.95 to 0.95 in the c.m. range aboVv€ = 1490 MeV
and up to 3500 MeV. These new GlueX data will greatly constpartial-wave analyses and reduce
model-dependent uncertainties in the extraction of seaegonance properties (including pole
positions), and provide a new benchmark for comparisons @ED-inspired models and lattice
QCD calculations.

The proposed facility will also have an impact in the stranggeson sector by providing measure-
ments of the final-stat& 7 system from threshold up to 2 GeV invariant mass to establngh
improve on the pole positions and widths of &lf (K 7) P-wave states as well as for the S-wave
scalar mesor(800).
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1 Executive Summary

We propose to establish a second@fy beam line at JLab Hall D for scattering experiments
on both proton and neutron (for the first time) targets in otdedetermine the differential cross

sections and the self-polarization of strange hyperonk thié¢ GlueX detector to enable precise
partial wave analysis in order to determine all the resoesp to 2400 MeV in the spectra of the
A, X, =, and() hyperons.

In addition, we intend to do strange meson spectroscopyudiest of ther — K interaction to
locate the pole positions in the= 1/2 and3/2 channels.

The K; beam will be generated by directing a high energy, high sitgmphoton beam onto a Be
target in front of the GlueX detector. The flux of the, beam will be of the ordes x 10* K/s on

a liquid hydrogen/deuterium cryotarget within the GlueXestor, which has a large acceptance
with coverage of both charged and neutral particles. ThiswWlill allow statistics in the case of
hydrogen targets to exceed that of earlier experimentsipstithree orders of magnitude. The
main components of the experimental setup are the compatdplsource, the Be target with a
beam plug, sweeping magnet and a pair spectrometer.

The physics case for the experiments is aligned witi2hiE5 Long Range Plan for Nuclear Sci-
ence[l]: “...a better understanding of the role of strange qadrkcame an important priority".
Knowledge of the hyperon spectra is an important comporarthis. The empirical knowledge
of the low lying spectra of thd andX hyperons remains very poor in comparison with that of the
nucleon, and in the case of thkehyperons extremely poor. The structure of these hyperan res
nances cannot be understood without empirical deternoimati their pole positions and decays,
which is the goal of the proposed experiments. The detetiomaf the strange hyperon spectra
in combination with the current measurements of the spaftthe charm and beauty hyperons
at the LHCb experiment at CERN should allow a clear undedstanof soft QCD matter and the
approach to heavy quark symmetry.

As the first stage of the GlueX program the focus will be on tvealy and quasi-two-body: elastic
Krp — Kgp and charge-exchand€,p — K*n reactions, then on two-body reactions producing
S =—1(S = —2) hyperons a¥{;,p — 7"A, K;p — 7% andKp — 7°SH(Kpp — KTZ0),

as well as three bodi(;p — KT K™Q—.

For analyzing the data a coupled channel partial wave aisaljl be done of the GlueX data in
parallel with an analysis of the data from the J-PARC measurements, when available. The
best fit will determine the partial wave amplitudes and trsmn@ance pole positions, residues and
Breit-Wigner parameters. These will provide a benchmarkdsults of forthcoming QCD lattice
calculations and lead to the desired understanding of thetate of the strange hyperons.

Our timeline is to begink; beam experiments at the completion of the current GlueX iphys
program.



2 Scope of the Proposal

The nature of QCD confinement continues to provide a chadléngour understanding of soft
QCD. Studies of the baryon spectrum provide one obviousweémunderstand this region since
the location and properties of excited states reflect thawyes and relevant degrees-of-freedom
of hadrons.

Through analyses of decades worth of data, from both hacleord electromagnetic (EM) scatter-
ing experiments, numerous baryon resonances have beewedthseith their masses, widths, and
guantum numbers fully determined. There are 109 baryonseiiPDG2016 listings but only 58
of them arel* or 3* [2]. Many more states are predicted by quark models (QMs)ekample, in
the case obU (6) x O(3), 434 resonances would be required, if all partly revealetiptets were
completed (three 70 and four 56).

Three light quarks can be arranged in six baryonic familigés, A*, A*, ¥*, =*, andQ2*. The
possible number of members in a family is not arbitrary [J]the SU(3)r symmetry of QCD

is controlling, then for the octetV*, A*, andX*, and for the decupletA*, ¥*, =*, andQ*.

The number of experimentally identified resonances in eacyn family in PDG2016 summary
tables is 17N*, 24 A*, 14 A*, 12¥*, 7 =*, and 2Q*. Constituent QMs, for instance, predict the
existence of no fewer than @4* and 22A* states with mass less than 3 GeV. The seriousness of
the "missing-states" problem [4] is obvious from these nerabTo complet&'U(3) » multiplets,

one needs no fewer than 1\7s, 41>*s, 41=*s, and 242*s.

If these "missing resonances"” exist, they have either eldeégection or have produced only weak
signals in the existing data sets. The search for such rasesgrovides a natural motivation for
future measurements at Jefferson Lab. As stated ir2@1i®& Long Range Plan for Nuclear Sci-
ence[l]: For many years, there were both theoretical and experimeatsons to believe that the
strange sea-quarks might play a significant role in the nocle structure; a better understanding
of the role of strange quarks became an important priority.

Low-lying baryon resonances, both hyperons and non-stratages, are usually considered to be
three-quark systems; however, those quarks are congtitugncurrent ones. This prevents their
description by the well-understood perturbative QCD. kras, however, that some qualitative
consequences of perturbative QCD still apply even for the-merturbative constituent quarks.
One of them is the suppression of the effective strong intema for the heavier strange quark in
comparison with the lighter up and down flavored quarks (dutaé asymptotic freedom). This
is revealed, e.g., in smaller widths of hyperon resonansempared with similar non-strange
baryon resonances. The same phenomenon is seen also for resgpances (compare the widths
of K* andp meson resonances). Further investigation of this and sthelar properties may help
to improve our understanding of the nature of the constttaearks and other non-perturbative
effects.

The JLab 12 GeV energy upgrade, with the new Hall D, is an ittealfor extensive studies of
non-strange and, specifically, strange baryon resonabpgls Pur plan is to take advantage of the
existing high-quality photon beam line and experimentaban the Hall D complex at Jefferson
Lab to deliver a beam of(;, particles onto a liquid hydrogen/deuterium cryotarget {[LHD-)



within the GlueX detector.

The recently constructed GlueX detector in Hall D is a largeegtance spectrometer with good
coverage for both charged and neutral particles that camldeted to this purpose. Obviously, a
K, beam facility with good momentum resolution is crucial toyade the data needed to identify
and characterize the properties of hyperon resonances. magses and widths of the lowest
andX baryons were determined mainly with kaon beam experimentise 1970s [2]. First de-
terminations of the pole position in the complex-energynpléor a hyperon, for instance for the
A(1520)3/2~, has been made only recently [7]. An intedsg beam would open a new window
of opportunity, not only to locate "missing resonances't, dgo to establish their properties by
studying different decay channels systematically.

The recent white paper, dedicated to the physics with megamb and endorsed by a broad
physics community, summarizethresolved issues in hadron physics, and outlined the pastro
tunities and advances that only become possible with a Pekayg beam facility” [8]. The Hall D
GlueX K-long Facility (KLF) measurements will allow studief very poorly known multiplets of
A*, ¥*, =¥, and ever()* hyperons with unprecedented statistical precision. Thesasurements
also have the potential to observe dozens of predicted @etdfore unobserved) states and to
establish the quantum numbers of already observed hypésted in PDG2016 [2]. Interesting
puzzles exist for PDG-listed excited hyperons that do nantiit any of the low-lying excited mul-
tiplets, and these need to be further revisited and invatstity ExcitecEs, for instance, are very
poorly known. Establishing and discovering new states gartant, in particular, for determina-
tion of the multiplet structure of excited baryons.

We have organized three Workshopdiysics with Neutral Kaon Beam at JL&KL2016) (Febru-
ary 2016) [9],Excited Hyperons in QCD Thermodynamics at Freeze{®¥8{TAR2016) (Novem-
ber 2016) [10], andNew Opportunities with High-Intensity Photon Sour@d?S2017) (February
2017) [11]. They were dedicated to the physics of hyperoondyred by the neutral kaon beam.
The KL2016 Workshop [12] followed our Lol-12-15-001 [13] help address the comments
made by PAC43 and to prepare the full proposal for PAC45. Topgsed GlueX KLF program is
complementary, for instance, to the CLAS12 baryon spect@gexperiments [14, 15] and would
operate in Hall D for several years. The YSTAR2016 Worksh§j vas a successor to the re-
cent KL2016 Workshop and considered the influence of passibissing” hyperon resonances on
QCD thermodynamics, on freeze-out in heavy ion collisiamgia the early universe, and in spec-
troscopy. Finally, the HIPS2017 Workshop [17] aimed at pi@dg an optimized photon source
concept with potential increase of scientific output atelstin Lab, and at refining the science for
hadron physics experiments benefitting from such a higéngity photon source.

Additionally, the proposed facility will also have a greatpact in the strange meson sector by
measurements of the final-stater system from threshold up to 2 GeV in invariant mass to estab-
lish and improve on pole positions and widths of/@ll( K w) P-wave states and the-wave scalar
mesonx(800). In particular, thex(800) meson has been under discussion for decades and still
remains to be unequivocally confirmed with correspondingnfum numbers by doing detailed
phase-shift analysis with high statistics data [18]. A detbstudy of theK' 7 system is very im-
portant to extract the so-callddr vector and scalar form factors to be compared with- K7v,
decay and can be used to constraintheCabibbo-Kobayashi-Maskawa (CKM) matrix element



as well as to be used in testing CP violation in decays of héaeynd D mesons intdK 7 final
states.

The proposal is organized in the following manner. We giv&gacutive Summary in Seld 1 and
the Scope of the proposal in SEc 2. Then the Brief Case of ldyp8pectroscopy is given in
Sec[B while Hyperons in Lattice studies are presented irid5e&n overview of the Interest of the
RHICH/LHC community in Hyperon measurements is summarinegec[. The short overview
of previous bubble chamber measurements is given ildbearBaPwvave phenomenology is con-
sidered in Sed]7 and Theory for the "Neutron" Target in EecA&hort overview for Strange
Meson Spectroscopy is given in SEt. 9. Our Proposed measntsrare reported in Sdc]10. It
describes a Compact Photon Sourkg,production ands; beam properties, Start Counter Reso-
lution, measurements df;, flux, and cryotarget description. Running conditions argcdeed in
Sec[Il. Se€12 contains a Cover Letter for the KLF propagaihgssion. The Appendixes contain
many technical details for our proposal: Analysis of ThBmsly Final States in Appendix ATIL3,
Determination of Pole Positions in Appendix A2 14, StatistTools for Spectroscopy of Strange
Resonances in Appendix A3115, Neutron Background in AppeAdilld, Details of Monte Carlo
Study in Appendix A51l7, Current Hadronic Projects in Appign&b [[8, Additional Physics Po-
tential with ak’;, Beam Appendix in AT_19, and List of New Equipment and of CharigdExisting
Setup Required in Appendix ABPO.

3 The Brief Case for Hyperon Spectroscopy

Our present experimental knowledge of the strange hypgreatisim is deplorably incomplete,
despite the fact that the ground states of the strange hypérave been known since the 1960s.
In the case of thé. hyperon resonance spectrum, only the lowest negativéymioublet is well
established even though the structure of these resonagroesns under discussion. In the case of
the > and= hyperons, only the lowest decuplet resonance staté385) and=(1530) are well
understood.

The masses of the lowest positive-parity resonances inpibetreim of the\ andX: hyperons, the
A(1600) andX(1660) are experimentally known, but their structure is not. In ¢hse of the=
hyperon, the lowest positive-parity resonance remainbseved.

To settle the nature of the hyperon resonances, their maeydaodes have to be determined by
experiment. A clear example of how the decay modes can skélstructure of the resonances
is provided by ther-decay widths of the decuplets(1232), ¥(1385), and=(1530). The ratio of
these decay widths is 13:4:1, whereas if they were simpéetiquark states, with 3, 2, and 1 light
quarks each, the ratio should be 9:4:1. A comparison of thetses indicates that thE(1385)
and =(1530) appear to be three-quark states, while th@232) is more complex and formed
by a three-quark core with a surrounding meson (or multijueloud. This conclusion is well
supported by extensive theoretical calculations [19, 20].



3.1 TheA(1405) — A(1520) 1/2~ — 3/2~ Doublet

In the simplest constituent quark model, the most naturand the oldest- interpretation, is
that theA(1405) — A(1520) 1/2~ — 3/2~ doublet is a low-lying flavor singlet multiplet of three
quarks (dg. Dynamical versions of this model, with two-body interans between the quarks
can describe the low mean energy of this multiplet, but netlth5 MeV splitting between them.
This has led to suggestions that there may even be two difféf@ states— one dynamical low

K N resonance at 1405 MeV, and an unresolved higher state dd€s20 MeV [21]. If so, it is
high time that the "missing" 1/2higher-energy state be empirically identified. This prabladi-
cates that thé (1405) has a more complex multiquark structure. This structuresged in modern
theoretical approached, including contraints from uitifaaind chiral symmerty. Confirmed by
multiple calculations later on, a two pole structure\df 405) was found in Ref. [22]. The narrow
pole lies slightly belowi N threshold fixed by the scattering data rather well, see R8}.fpr the
comparison of different modern coupled-channel appraachiowever, the position of the sec-
ond pole is determined less precisely, lying much furthéoweds N threshold and deeper in the
complex plane. Recent photoproduction datardhby CLAS [24] can be used to reduce the the-
oretical ambiguity on this (second) pole &f1405) as demonstrated in Ref. [25]. Modern lattice
QCD (LQCD) calculations also support the view that its stuoeis ak N state [26]. In Skyrme’s
topological soliton model for the baryons, the low-lying1405) state also appears naturally as a
mainly 5-quark state [27,28]. That model is consistent \@tBD in the large color numben)
limit.

There are similar low-lying flavor-singlet parity doublétsboth the charm and bottom hyperon
spectra:A.(2595)-A.(2625) 1/27 —3/2~ andA,(5912)—A,(5920) 1/2- —3/2~ doublets [2]. The
ratio between the /2~ —3 /2~ splittings in these three doublets are 8.2:2.1:1, whiclotsar from
the corresponding inverse ratios of the D, and B meson masses: 10.7:2.8:1. The latter is what
one should expect from the gradual approach to heavy-gqyarkngtry with increasing meson (or
constituent quark) mass if the quark structure of theseethreltiplets is similar. This pattern is
also consistent with the large,Nimit of QCD.

3.2 The Low-Lying Positive-Parity Resonances

In the spectra of the nucleon and thend: hyperons, the lowest positive-parity resonances all lie
below the lowest negative-parity multiplets except forflaeor singlet doublef (1405) — A(1520)
1/2= — 3/2~. This reversal of normal ordering cannot be achieved in tmstituent quark model
with purely color-spin-dependent quark interactions. Sehlw-lying positive-parity resonances
are theN(1440), A(1600), and theX(1660) 1/2* states. Their low masses do however appear
naturally, if the interactions between the quarks are flalempendent [29].

Present day LQCD calculations have not yet converged onhgh¢ltese low-lying states can be
described as having a mainly three-quark structure [30]s Tay reflect that there is a collec-
tive nature in the quark content of all these resonances;hwiéave a low soft vibrational mode
Skyrme’s topological soliton model for the baryons, whiepnesents one version of the larye
limit of QCD, describes these low-lying states as such vibnal states.



In the spectrum of th&, the =(1690) may be such a 1/2state as well, although the quantum
numbers of that state are yet to be determined.

In the corresponding decuplet spectra, a similar low-lyrgitive-parity state has so far only
been definitely identified in th& (1232) spectrum: namely, th&(1600)3/2". TheX(1840)3/2"
resonance very likely represents the corresponding pegiarity>-* state. It should be important
to identify the corresponding)/2™ state in the spectrum of tie .

It is of course very probable that corresponding low-lyirggitive-parity states will be found in
the spectra of tha. andA, hyperons, given the fact that they have low-lying negapiaety states
akin to those of the\ hyperon as described above. The experimental identificatidhose is an
important task. Even if the still tentative resonancé2765) turns out to be a 1/2state, its energy
appears to be too high for being the equivalent ofAg500) in the charm hyperon spectrum.

In the spectrum of th&,, the decuplet statg.(2520) is well established. The tentative resonance
¥.(2800) may, should it turn out to be a 1f2state, correspond to the(1660) in the strange
hyperon spectrum.

3.3 The Negative-Parity Hyperon Resonances

In the spectrum of the nucleon, two well-separated groupsegative-parity resonances appear
above the 1/2 stateN(1440). In the three-quark model, the symmetry of the lowest engrgup

is [21]rs[21]£[21]s; i.€., it has mixed flavor (F) and spin (S) symmetry as well &seohflavor-
spin (FS) symmetry [29, 31]. This group consists of thié€l535)1/2~ and theN(1520)3/2~
resonances. There is a direct correspondence in\{h&70)1/2~ and theA(1690)3/2~ reso-
nances. There is also a repeat of this group in the spectrtime &fhyperon in the two resonances
¥(1620)1/2 (tentative) and:(1670)3/2".

These spini /2~ and3/2~ states in the spectum of the nucleon have intriguing dectigmpa. The
N(1535) resonance has a large (32-52%) decay branojp\tpeven though its energy lies very
close to then N threshold. This pattern repeats in the case of theAtti€70), which also has a
substantial (10-25%) decay branch to the corresponglingtate, even though it lies even closer
to the threshold for that decay. As the still uncertaifi620)1/2~ resonance is located almost
exactly at the threshold fafY, there is naturally no signal for ap- decay from it. The ratio
of the n decay widths of theV(1535) and theA(1670) is about 6:1, which suggests that the
decay might involve a pair of quarks rather than a single tituesnt quark as in the decay of the
decuplet resonances.

In the spectrum of th& hyperon, none of the negative-parity multiplets is conglethe state
=(1820)3/2~ may be the analog in the spectrum of the state¥(1520), A(1670), andX(1670).

It should be important to identify the lowest2~ resonance in th& spectrum. If that resonance
lacks ann decay branch, it would demonstrate that theecay of thel /2~ resonances in the
spectra of the nucleon, andX: involves two quarks.

It should also be important to determine whether the unicettaimps” referred to in the Particle
Data Tables labelled(1480), 3(1560), and=(1620) represent true resonances.



About 120 MeV above thé/2~ —3/27 pair of nucleon resonanc@g(1535) and N (1520), the nu-
cleon spectrum has three negative-parity resonancesiolesergy to one another. This multiplet
is formed of theN (1650)1/2~, N(1700)3/2~, and N (1675)5/2~ resonances. In the three-quark
model the symmetry configuration of these states are-[J21]-[21]s; i.e., their spin configura-
tion is completely symmetric.

The analogs in the spectrum of tiAeof the first and last of these nucleon resonances are the
A(1800)1/2~ and theA(1830)5/2~ resonances. This correspondence remains uncertain, Bgwev
because the missing 3/3tate in this\ resonance multiplet has not yet been identified.

A common feature of all the 17/2resonances in these multiplets is their substantidecay
branches.

Our present knowledge of the spectrum of Ehayperons remains too incomplete to identify any
member of the negative-parity multiplet with the symmetrusture [21}-5[21]#[21]s.

3.4 Summary for the Brief Case

This overview shows that the present empirical knowledgb®tpectrum of the strange hyperons
remains remarkably incomplete. As a consequence, the gtrardture of even the lowest-energy
resonances remains uncertain. Only an experimental diet&tion of the lowest-energy positive-
and negative-parity hyperon resonances and their decaghxea would settle the main open issues.

In the spectrum of thé hyperon, there remains a question of the existence of a d#2tner to
the A(1520)3/2~ resonance. In addition, it should be important to searchhermissing 3/2
A resonance near 1700 MeV. Equally important would be thechdar the apparently "missing"
3/2~ state near 1750 MeV in the spectrum of théyperon.

Our present knowledge of the spectrum of Ihéyperons remains too incomplete to identify any
member of the corresponding negative-parity multipletrfed of 1/2°, 3/2-, and 5/2 resonances.

It should also be important to determine, whether the uagetbumps” referred to in the Particle
Data Tables labelle®(1480), ¥(1560), andX(1620) represent true resonances [2].

4 Strange Hadrons from the Lattice

Our knowledge of the excited-state spectrum of QCD throtglsblution of the theory on a Eu-
clidean space-time lattice has undergone tremendous eelvaer the past several years. What
we characterize as excited states are resonances thatstablerunder the strong interaction, and
their properties are encapsulated in momentum-dependatiesng amplitudes. The means of
calculating such momentum-dependent phase shifts falieksttering on a Euclidean lattice at
finite volume was provided many years ago [32] and extendegystems in motion [33], but its
implementation for QCD remained computationally elusiméiluecently. A combination of the-
oretical, algorithmic, and computational advances haagée this situation dramatically, notably
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in the case of mesons. There have been several lattice aideid of the momentum-dependent
phase shift of the@ mesons [34—40]. More recently, the formulation to extracphtude informa-
tion has been extended to the coupled-channel case [4lantbgpplied to the case of the coupled
KK — 7 [46] system describing theresonance, and to thgk — nr [47,48].

The application to baryons is far more limited but, nonethg] important insights have been
gained. In an approach in which the excited-state hadrensr@ated as stable particles, a spec-
trum of baryons at least as rich as that of the quark modelisated [49, 50], and evidence has
been presented for "hybrid" baryon states, beyond thoseeofiiark model, in which gluon de-
grees of freedom are essential [51]. Notably, this pictuterals to the spectrum df, >, =, and

() states where the counting of states releft§6) x O(3) symmetry, and the presence of hy-
brids is common across the spectrum. As indicated abovee ttadculations are incomplete in that
the momentum-dependent scattering amplitudes remain ¢xtbected. In Figlll, baryon spectra
from [52] are presented in units 8fmass from LQCD calculations with ensembte = 391 MeV
(not yet at physicain,). However, in comparison with the case of mesons cited glibeechal-
lenges are more computational than theoretical or conag@nd the progress made in the meson
sector will be reflected for the case of baryons in the comesyy.

5 The Interest of the RHIC/LHC Community in Excited Hy-
peron Measurements

The relativistic heavy-ion community at RHIC and the LHC hasently embarked on specific
analyses to address the issue of strangeness hadroniza@@®®D calculations in the QCD crossover
transition region between a deconfined phase of quark arahgland a hadronic resonance gas
have revealed a potentially interesting sub-structusedl to the hadronization process. Studies
of flavor-dependent susceptibilities, which can be equadezkperimental measurements of con-
served quantum-number fluctuations, seem to indicate htglayor hierarchy in the three-quark
sector (u,d,s) in thermalized systems. Specifically, thiesaf higher-order susceptibilities in the
strange sector show a higher transition temperature thameitight sector [53]. Both pseudo-
critical temperatures are still within the error bars of thuted transition temperature based on all
LQCD order parameters [54, 55], which is 159 MeV, but the difference of the specific suscepti-
bilities is around 18 MeV and well outside their individualaertainties.

This difference seems to be confirmed by statistical themmadel calculations that try to describe
the yields of emitted hadrons from a QGP based on a commonicakimreeze-out temperature.
Although the yields measured by ALICE at the LHC in 2.76 Te\PBlzollisions can be described
by a common temperature of 15& MeV, with a reasonablg?, the fit improves markedly if one
allows the light quark baryons to have a lower temperatua@ the strange quark baryons [56].
A similar result has been found when the thermal fluctuatmingarticle yields as measured by
STAR Collaboration [57, 58], which can be related to thetlighark dominated susceptibilities of
the electric charge and the baryon number on the lattices haen compared to statistical model
calculations [59].

If one assumes that strange and light quarks indeed prédferatit freeze-out temperatures, then
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the question arises how this could impact the hadronizatiechanism and abundance of specific
hadronic species. In other words, is the production of gegmarticles, in particular excited res-

onant states, enhanced in a particular temperature rartge srossover region? Strange ground-
state particle production shows evidence of enhancemanthe most likely scenario is that the

increased strange quark abundance will populate excitdssttherefore, the emphasis of any
future experimental program trying to understand hadradyction is shifting towards strange

baryonic resonance production. Furthermore, recent LH&smmements in small systems, down
to elementary proton-proton collisions, have revealetlg¢lian in these small systems there is ev-
idence for deconfinement, if the achieved energy densitpiehented by the measured charged
particle multiplicity is large enough [60]. Therefore, finé measurements of elementary collisions
in the K-Long Facility experiment at JLab might well provitte necessary link to future analysis

of strange resonance enhancements in heavy-ion collisgibR$IC and the LHC and a deeper

understanding of the hadronization process.

This statement is also supported by comparisons betweafdahementioned LQCD calculations
and model predictions based on a non-interacting hadr@sicnance gas. The Hadron Reso-
nance Gas (HRG) model [61-64] yields a good description ao$tntftermodynamic quantities
in the hadronic phase up to the pseudo-critical temperatlitee idea that strongly interacting
matter in the ground state can be described in terms of amteracting gas of hadrons and res-
onances, which effectively mimics the interactions of leadrby simply increasing the number
of possible resonant states exponentially as a functioeraperature, was proposed early on by
Hagedorn [65]. The only input to the model is the hadronictpen: usually it includes all well-
known hadrons in th&®eview of Particle Physid®RPP), namely the ones rated with at least two
stars. Recently, it has been noticed that some more ditiaterbservables present a discrepancy
between lattice and HRG model results. The inclusion ofyatteetected states, such as the ones
predicted by the original Quark Model (QM) [66, 67] has beeoposed to improve the agree-
ment [68, 69]. A systematic study based on a breakdown ofibomibns to the thermodynamic
pressure given by particles grouped according to theirguanumbers (in particular baryon num-
ber and strangeness) enables us to infer in which hadroorsecte states are needed compared
to the well-known ones from the RPP [70]. In case of a flavordr@hy in the transition region one
would expect the number of strange resonances to increasé @ higher freeze-out temperature,
compared to the number of light-quark resonances. Figure@sthe effect of different strange
hadron input spectra to the HRG model in comparison to LQGgure2(upper plot) shows the
number of states in PDG-2016 [2], PDG-2016+ (including diae states), the standard QM, and
a Quark Model with enhanced quark interactions in the ha@mgper-central model hQM [71]).
Fig.[A(lower plot) shows a comparison of the HRG results teaaling-order LQCD calculation of
il p; i.e., the ratio to strange to baryon number susceptiljilio).

An interesting conclusion that arises from these studig¢isasthe improvement in the listing of
strange resonances between PDG-2008 [72] and PDG-201@elgflrought the HRG calcula-
tions closer to the LQCD data. By looking at details in the a@ring discrepancy, which is in
part remedied by including one-star rated resonances in-P@4®, it seems that the effect is more
carried by singly strange resonances rather than muétihgér resonances, also in light of compar-
isons to quark models that include di-quark structures pf3dnhanced quark interactions in the
baryon (hypercentral models [71]). This is good news forekigeriments since th& andX reso-
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Figure 2: Upper plot: Comparison of predicted and measuxedesl strange hadronic states in
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nances below 2 GeW are well within reach of the KLF experiment and, to a lessgnificance,
the RHIC/LHC experiments. In this context it is also impattéo point out that the use of both
hydrogen and deuterium targets in KLF is crucial since it anlable the measurement of charged
and neutral hyperons. A complete spectrum of singly stréwygeron states is necessary to make
a solid comparison to first-principle calculations.

In summary:Any comparisons between experimentally verified strangglgmodel states from
YSTAR and LQCD will shed light on a multitude of interestingastions relating to hadroniza-
tion in the non-perturbative regime, exotic particle pretien, the interaction between quarks in
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baryons and a possible flavor hierarchy in the creation oficed matter.

6 Previous Measurements

While a formally complete experiment requires the measergpat each energyl/, and angle,
0, of at least three independent observables, the curreabase forK;p — 7Y and KY is
populated mainly by unpolarized cross sections. Fiflri8tiates this quite clearly.
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Figure 3: Experimental data available fal,p — K*n, Kpp — Kip, Kip — Ksp, Krp —
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The initial studies of the KLF program at GlueX will likely ¢éos on two-body and quasi-two-
body processes: elasti€;p — Kgp and charge-exchang€;p — K™n reactions, then two-
body reactions producing = —1 (S = —2) hyperons ask;p — 7"A, K;p — «™X°, and
Kip — 7% (Kp — K*Z=°). Most of the previous measurements induced bl abeam,
were collected fol/ = 1454 MeV and with some data up td’ = 5054 MeV. Experiments
were performed between 1961 and 1982 with mostly hydrogéblbuchambers at ANL, BNL,
CERN, DESY, KEK, LRL, NIMROD, NINA, PPA, and SLAC. Note thabse of data were taken
at EM facilities at NINA [75] (a short overview about NINA egpments is given by Albrow
recently [76]) and SLAC [77]. The goal of the Manchester msity group that worked at the
Daresbury 5-GeV electron synchrotron NINA was CP-violatihich was a hot topic back to the
mid 1960s. The main physics topics that the SLAC group adeckwere studies of the systematics
for particle/anti-particle processes through the intamsoperties of the K-longs.

The first paper that discussed the possibility of creatingatiral neutral kaon beam at an electron
synchrotron through photoproduction was an optimisticmtén for SLAC by Drell and Jacob
in 1965 [78]. With significant developments in technologighiquality EM facilities, such as
JLab [13], are now able to realize a complete hyperon spsmbpy program.

The overall systematics of previolh§ p experiments varies between 15% and 35%, and the energy
binning is much broader than hyperon widths. The previousher of K, -induced measurements
(2426do/dS2, 348", and 115P observables) [74] was very limited. Additionally, we aret no
aware of any measurements on a "neutron” target.

Our knowledge about the non-strange sector is more advargdtie strange one [2]. For the
non-strange case, for instance, phenomenology has accgsk tlata ofr V — 7NV and 39k data
of YN — «N belowW = 2.5 GeV [79].

7 Phenomenology / Partial-Wave Analysis

Here, we summarizeome of the physics issues involved with such processelaving Ref. [80],
the differential cross section and polarization fofp scattering are given by

d 2 2

m_)\(|f\+\9|) (1)
do

Pm = 2XIm(fg"), (2)

whereX = h/k, with k£ the magnitude of c.m. momentum for the incoming meson. Here
f(W.0) andg = g(W, 6) are the usual spin-nonflip and spin-flip amplitudes at c.rergyni?” and
meson c.m. scattering andgleln terms of partial waves; andg can be expanded as

FOV,0) = 310+ Ty + 1731 Pifeoso), @
=0

= [Ty = T,-1P(cos ), 4)
=1
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wherel is the initial orbital angular momentun®;(cos ¢) is a Legendre polynomial, and' (cos 6)

is an associated Legendre function. The total angular mamefor the amplitudd;, isJ = l+§,
while that for the amplitud€;_is J = [ — % For hadronic scattering reactions, we may ignore
small CP-violating terms and write

K, = %(KO — K9, (5)
Kg = i(KOJrW) (6)
s \/§ .

We may generally have both= 0 and/ = 1 amplitudes fork’ N and K NV scattering, so that the
amplitudesl;. can be expanded in terms of isospin amplitudes as

Ty = CoTloi + ClTlli, (7)

whereT}, are partial-wave amplitudes with isosgiand total angular momenturh= [ + % with
C' the appropriate isospin Clebsch-Gordon coefficients.

We plan to do a coupled-channel partial-wave analysis (PWik) new GlueX data in combination
with available new J-PARC~ measurements when they will come. Then the best fit will allow
determine model-independent (data-driven) partial-vaaaelitudes and associated resonance pa-
rameters (pole positions, residues, Breit-Wigner (BWppeaters, etc.) as the SAID group does,
for instance, for the analysis afV-elastic, charge-exchange, andp — nn data [81].

7.1 KN and KN Final States

The amplitudes for reactions leading&aV and K N final states are

T(Kp—Kp) = ST (KN —KN)+ T(RN - KN), ®)
S 1 _ — 1 — —

T(Kp—K'm) = ST'KEN —EKN) - T(KN — KN), (9)

T(K*p— K'p) = TYKN — KN), (10)

T(K*tn — K*n) = %Tl(KN — KN) + %TO(KN — KN), (11)

1/1 1 1, — _
T(Kpp — Kgp) = 3 <§T1(KN — KN) + §TO(KN - KN)) - §T1(KN — KN), (12)

1
T(Kpp — Kpp) = = <

1 1 1, — _
5 “T'(KN — KN) + 5TO(KN — KN)) + §T1(KN — KN), (13)

2

T(Kpp — K™n) = (%Tl(KN — KN) — %TO(KN — KN)) : (14)

5l
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No differential cross-section data are available Kotp — Kpp below W ~ 2948 MeV. A fair
amount of data are available for the reactidgniin — K°p, measured on a deuterium target.
Figure[4 shows a sample of available differential crossiaestfor K;p — Kgp compared with
predictions determined from a recent PWAIGTV — K N data [83, 84], combined withk N —

K N amplitudes from the SAID database [79]. The prediction®atl and higher energies tend
to agree less well with the data.

7.2 7A Final States

The amplitudes for reactions leadingitd final states are

1 _
T(K p—a°A) = —TYKN — 7A), 15
(Kp—n) = T ) (15)
1 _
T(Kpp —7"A) = ——=TY (KN — 7A). 16
(Kp ) 7 ( ) (16)
The K—p — 7°A andK;p — ="A amplitudes imply that observables for these reactions mea-
sured at the same energy should be the same except for siffi@lences due to the isospin-
violating mass differences in the hadrons. No differenti@ss-section data fak—p — 7°A
are available at c.m. energi€8 < 1540 MeV, although data foé<;,p — 7" A are available at
such energies. At 1540 MeV and higher energies, differeatass-section and polarization data
for the two reactions are in fair agreement, as shown in Bgad6.

7.3 w2 Final States

SU(3) flavor symmetry allows as many = —2 baryon resonances as there &feand A res-
onances combined~( 27); however, until now only three states(1322)1/2", =(1530)3/27,
and=(1820)3/2~, have their quantum numbers assigned and only a few moesstave been
observed [2].

The amplitudes for reactions leadingit& final states are

T(Kp—7n %t = —%Tl(FN — TY) — %TO(FN — ), (17)
T(Kp—7nty7) = %Tl(FN —7Y) — %TO(FN — 7Y), (18)
1 _
T(K p— 72" = —T°KN — 7¥%), 19
(K™p ) 7 ( ) (19)
1 _
T(KY% — 7t%°%) = —iTl(KN — ), (20)
T(K)p — 7°%t) = %Tl(FN — 7). (21)

Figureld shows a comparison of differential cross-sectata ¢br K —p and K p reactions leading
to 73 final states at?V = 1660 MeV (or P., = 716 MeV/c). The curves are based on energy-
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Figure 7:Comparison of selected differential cross-section datdsfop — 7~ X7,
Kp— 7nt2", K p — 7929 and K;p — #°%+ atW = 1660 MeV, from
Ref. [82]. The plotted points from previously published esmental data are those
data points within 20 MeV of the kaon c.m. energy indicatececanh panel [79] The
curves are from a recent PWA &f ~p — 7% data [83, 84].

dependent isospin amplitudes from a recent PWA [83, 84]. iferdntial cross-section data are
available forK;p — 72", As this example shows, the quality of ti& p data is comparable
to that for the K —p data. It would, therefore, be advantageous to combineithe data in a
new coupled-channel PWA with availablé~p data. Note that the reactiods;, p — 7*X° and
Kip — 7°%7 are isospin selective (onlyy = 1 amplitudes are involved) whereas the reactions
K p—a XtandK p — n"X~ are not. New measurements withika beam would lead to a
better understanding ai* states and would help constrain the amplitudesHor scattering to
7. final states
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7.4 K= Final States

The amplitudes for reactions leadingAc: final states are

1 1 -
T(Kp— K'Z') = ST'(KN — K2)+ ST(EN — KZ), (22)
T(Kp— K'=") = %Tl(FN — KZ) — %TO(FN — K2), (23)
T(Kpp — KT2% = _%TI(FN — KZ). (24)

The threshold fork—p and K p reactions leading td(= final states is fairly highW pesn =
1816 MeV). In Fig.[8(left), we present the cross section ¥oproduction using & —-beam [85].
There are no differential cross-section data availabléfgr — K= and very few (none recent)
for K—p — K°Z° or K—p — K*+Z~. Measurements for these reactions would be very helpful,
especially for comparing with predictions from dynamicalipled-channel (DCC) models [86,87]
and other effective Lagrangian approaches [88]. Reegiew of Particle Physidg] lists only two
states with branching fractions (BF) 6=, namely,A(2100)7/2~ (BF < 3%) andX(2030)7/2"

(BF < 2%)

7.5 KK Final States

The experimental situation with—*s is even worse than for tli# case — there are very few data
for excited states. The main reason for such a scarce dédketvery low cross section for their
indirect production with pion or photon beams. In Hij. 8fitlg we present the cross section for
production using d& ~ beam [85].

A major effort in LQCD calculations involves the determioat of inelastic and multi-hadron
scattering amplitudes, and the first calculation to studynatastic channel was recently per-
formed [89,90]. For lattice calculations involving bargahat contain one or more strange quarks
an advantage is that the number of open decay channels isajgremaller than for baryons
comprised only of the light andd quarks.

7.6 Summary for PWA

Pole positions have been determined (no uncertaintiegeeeralA*s andX*s but information
about pole positions has not been determinec&for €2 hyperons [2]. Our plan is to do a coupled-
channel PWA with new GlueX KLF data in combination with agbile and new J-PARG ~p
measurements when they will be available. Then the bestlfiallow the determination of data-
driven (model independent) partial-wave amplitudes arsb@ated resonance parameters (pole
positions, residues, BW parameters, and so on. Additign@lVAs with new GlueX data will
allow a search for "missing" hyperons via looking for newgsoih complex plane positions. It will
provide a new benchmark for comparisons with QCD-inspirediefs and LQCD calculations.
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8 Theory for "Neutron" Target Measurements

So-called coupled-channel chiral unitary approaches @IJIsuccessfully describe the properties
of the K N sub-threshold resonand€1405)1/2~. Furthermore, such models lead to the prediction
that the scattering amplitude has two poles in the comphexggy plane for the quantum numbers
of this resonancel/(= 0,L = 0, S = —1). This coins the so-called the two-pole structure of the
A(1405); see the curreriReview of Particle Physid&] for more details.

In the most recent formulation, the aforementioned UChRIr@gches rely on a chiral amplitude
for the meson-baryon scattering up to next-to-leadingatioirder. Whereas the unitarity constraint
is usually imposed via the Bethe-Salpeter equation eithére full off-shell formulation [94, 95]
or in the so-called on-shell approximation, e.g, [25, 91, &2r the analysis of data the former is
quite intricate, while as it was shown in Ref. [94] the ofe#ileffects are rather small. Therefore,
it is meaningful to use the latter formulation. Recentlyjr@ct quantitative comparison of the on-
shell models [25,91-93] was performed in Ref. [23]. It wasTd there that various models, which
typically have many free parameters, adjusted to the saperiexental data, predict very different
behavior of the scattering amplitude on and off the reakggnaxis. This systematic uncertainty
becomes evident, when comparing the pole positions oAthe05) in these models (see FIg. 9).
The position of the narrow (first) pole seems to be constdhaitdeast in the real part rather well,
while the predictions for the position of the broad (secomale cover a very wide region of the
complex-energy plane. This uncertainty is present evehiminodels of the same type. This
ambiguity can be traced back to the fact that the experirhélata used to fix the parameters of
the models are rather old and imprecise. It is expectedhegitoposed KLF experiment will lead
to an improvement of this situation, as described below.
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Figure 9: Pole positions of th&(1405) for chiral unitary approachesK M from Ref. [91], B
from Ref. [25], M from Ref. [92] andP from Ref. [93] as compared in Ref. [23]. Each symbol
represents the position of the first (black) and second el in each model.

The K beam can be scattered on a "neutron” target, while meastivngtrangenesS = —1
final meson-baryon states (see, e.g., Bec. 7). In such g fetymroposed experiment can become
a new and very strongly desired new source of experimentaltdginpoint the properties of the
K N scattering amplitude. To make this statement more quémtitave compare predictions of
both solutions of the modkfrom Ref. [25]. These solutions agree with all presentlyilatzde
scattering, threshold as well as the photoproduction datdhie 7> line shapes by the CLAS
Collaboration [24]. The predicted differential cross gats$ (do/dS2) as well as polarized ones
(Pdo/dQ) for the K n scattering with the final states—p, K%, 7°A, and#%+/=x%~/+ are
presented in Fig6_10 afdl11, respectively. There is vehy igreement on the prediction of these
observables in the energy range aimed to study in the prdpggeexperiment. The latter is very
encouraging, meaning that the actual data can sort out onealgbe both) solutions as unphysical,
which was not possible based on present experimental data.

In summary:The proposed KLF experiment will lead to new constraints/oN models; thus,
these data will sharpen our understanding of the long-@ebaature of strangeness = —1
resonances.

The choice of this model for the present analysis is justifigdhe fact that it includes the-wave interaction in
the kernel of the Bethe-Salpeter equation explicitly.
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Figure 10: Theoretical predictions for differential cragestionsdo /dS2, for reactions (columns)
Kin— K~ p,Kin— Kon, Kin — 7°A, Kin — 79%° K;n — 7~ %%, andK;n — 7t¥~ asa
function of c.m.cos 6. Each row associated with kaon lab momentum of 300, 400,000 MeV£
of initial neutral kaon beam. Orange dashed and blue solksIshow predictions within Model-B2
and Model-B4, respectively (see text for details).

9 Strange Meson Spectroscopyk « Interaction

The main source of our knowledge of kaon scattering ampmgucomes from the kaon beam
experiments at SLAC in the 1970s and 1980s. The scatterirgiitaes for ther K final state
were extracted from reactions using a proton target by patasing to small momentum transfer,
t, dominated by nearly-on-shell pion exchange. Phaseatysis of the flavor exotic isospin-3/2
amplitudes extracted froll*p — K*rtnand K~ p — K7~ A** reactions by Estabroolet

al. [96] indicates a weak repulsive S-wave interaction and vezgk attractive interactions in P-
wave and higher waves. In isospin-1/2, in addition to Estakset al,, there is a considerable set
of 7 K scattering data provided by the LASS experiment [97]. Reastwith the final states K,
nK andrr K final states have been measured. In the PWAIGf— 7K, a peaking amplitude in
S-wave is interpreted as a broad (1430) resonance that appears to saturate unitarity. The narrow
elastic vector resonancé;*(892), manifests itself as a rapid rise in the P-wave phase-shiife
D-wave amplitude has a peak, well below the unitarity litiigt can be interpreted as an inelastic
K3;(1430) resonance. Further resonances in the "natural paritydséf’ = 3=, 47, and5~) are
observed at higher energies.

ThenK is another inelastic channel to open, but LASS reports noifisgnt amplitude into) K

22



Plab=300 MgVz KLn-> K-p Plab= 300 MeVie KL n 3 Kibar n Plab= 300 MeVic KL n — pi0 Lamibda Plab= 300 Me\ic KL n - pi0 Sigmad Pla= 300 Me\fie_KLn -3 pi- Sigmas Pla= 300 Me\fic_KLn -3 phs Sigma-

0.08 _ 0.005 0.10 !
0.06 o0 "\ 0.000 b08 004 0.10

P -05 —0.005 0.04) 002} 0.05

v 10 ~0.010 o.00 RPN 74 #
002\ 15 -0.015 -002 Ny R 0.00 Mg

-14 -05 00 05 10 -10 -05 00 05 1.0 -10 -05 00 05 10 -10 -05 00 05 10 -10 -05 00 05 10 -10 -05 00 05 10

S0 KK e seobos, 02K e SO0 WKL+ Lo - So0 RN KL+ poSgeaD e seobon, K12 e scomow, a2
0.08 05 0.005 010 0.06
0.08, b — ,/\ 0.000 0.08| o0 0.10
004 / 0.06 0.02
-05 —~0.005, 0.04 - 0.05
0.02 0.02 0.00}2 e
0.00 7 -1.0 -0.010, g pe{AN 7 4
8 0.00 -0.02 0.00 7
—002 -15 ~0.015] 002l N/ 004 NS - g
1.0 -05 00 05 10 -10 -05 00 05 10 10 -05 00 05 10 -10 05 00 05 10 -10 -05 00 05 10 -10 -05 00 05 10
Plab=700 MgV/c KLn-s K-p Plab= 700 MaVic KL n - KObar n Plab= 700 MeV/c KL n - pil LambsdaQ Plab= 700 MeVic KL n - pid Sigmal Plab= 700 MsVic KL n -» p- Sigmar Plab= 700 MsVic KL n - ph Sigma-
0.08) 05 0.005 0.19) 0.06
0.00 04 "\ oo a8 004 010
004 -05 —~0.005] 0.04 0.02 0.05
0.02 0.02 0.00i= -
0.00 7 -1 —0.010 202 BYS AN Z #
—002\ ./ -15 -0.015 -0.02 o NS 0.00 g

04
-10 -05 00 05 10 -10 -05 00 05 1.0 -10 -05 00 05 10 -10-05 00 05 10 -10 -05 00 05 10 -10 -05 00 05 10

Pla=300 MoVIs KLn-> K-p Plats= 900 MVic._KLn -» Kibar n Plab= 800 MeV/c_KL 1= pi0 Lambia0 Plab= 900 Mevic  KLn - O Sigmad Plas= 900 MeVic_ KL n - pi- Sigmas Plas= 900 MoVic_KLn -» ph Sigma-

05 0.005
0.04 0.0} ‘/\ 0.000

X 0.10 0.06
PN 0.08 0.04 0.10
7 0.06
-05 -0.005 004 g-gg 0.05
-10 -0.010) : 00N Z
0.00 -
002 18 -0015 -0.02 —3'02 -7 0.00 d

0.02]
04
-1 -05 00 05 10 -10 -05 00 05 10 -1.0 05 00 05 10 -10-05 00 05 10 -10 -05 00 05 10 -10 -05 00 05 1.0

0.08

D

0.00

Plab=1100M8Vle KL n>K-p Plab= 1100 MeWlc KL - KObarn Plab= 1100 MeVic. KL n — pi Lambdad) Plab= 1100 MeVfc KL n-> pld Slgmad Plab= 1100 MeWlc KL n-> p- Sma Plab= 1100 MeWe KL n-> pbt Sgma—
0.08] 05 0.005
0.06
00
0% /\ 00
V4

_ 0.10 0.06
"\ yaN 0.08 0.10
. 0000 908 0.04
| - VaRNVI v
-1 —0.010 : 00T y 4 .
0.00) 0.00] |
—0.02 -15 ~0.015 -0.02 oo N 0.00 7

0.02
-10 -05 00 05 10 -10 -05 00 05 10 -10 05 00 05 10 —10 -05 00 05 10 -10 —05 00 05 10 -10 —05 00 05 10

Figure 11: Theoretical predictions for polarized diffeiahcross sections?do /dS). The notation
is the same as in Fig110.

for W < 2 GeV in S-, P-, and D- waves. Indeed the inelasticity in P, Dxegaand higher appears
to come first from therr K final state, where a significant amplitude is seehirabove 1.3 GeV
and a peak i™ at theK;(1430). Thern K also couples to the "unnatural parity" series, notably
to J = 17, where peaking behavior is observed that is commonly destiin terms of two axial
resonancesk’; (1270) and K7 (1400). Much higher statistics is needed to improve our knowledge
on all these states.

Recently LQCD studies wit,, = 391 MeV were performed to search for resonances in coupled
7K andnK scattering [89]. Scalarr/K K and K 7/ Kn form factors have been calculated within
a variety of approaches using (unitarized) chiral perttiobaheory [98—105] and dispersion rela-
tions [104, 106, 107], in many cases using the former to caimspolynomial ambiguities of the
latter.

Measuringr K scattering provides a possibility for studying scalar aecter K states, including
the S-wave:(800) state (see [108, 109]), which is not yet well establishecchStudies are also
necessary to get precise vector and scaldrform factors as an input for the extraction of the
Cabibbo-Kobayashi-Maskawa (CKM) matrix eleméf)t from - — Knr decay.nwK scattering
amplitudes with high precision are needed to study CP varidtom Dalitz plot analyses of both
open charmD-mesons [110] and the charmless decapahesons [111] intd{ 7~ final state.

In Fig. 12, we present the phase of the form fackar(s) with experimental results of LASS
Estabrooks [96, 97] together with the fit of Boibal. to 7 decay data [112].
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Figure 12: I=1/2 K= scattering P-wave phase shift together with experimermgsiilts from
LASS [97] and Estabrookst al.[96]. The opening of the first inelastick™ channel is indicated
by dashed vertical line. The gray band represents the fittesfsam Boitoet al.[112].

As one can see, all experimental data obtained at SLAC hayepeo®r statistics above 1.2 GeV;,
furthermore, the data do not extend to higher energies,iwdre even more important fé-meson
decays. Moreover, direct comparison of chargétir™ with  assumes isospin invariance as in
the decay one ha& 47 final state depending on the signmofepton.

Similarly, as one can see from F[g]13, the= 1/2 and/ = 3/2 S-wave and = 3/2 P-wave
phase shifts are very poorly measured and need more expeahdata.
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Figure 13: Left panell = 1/2 S-wave phase shift (curves and data in the upper half of thesfjg
and thel = 3/2 S-wave phase shift (curves and data in the lower half). BExyetal data are from
SLAC experiments as in previous figure. The curves are obdairom central, upper, and lower
values of parameters in the Roy-Steiner solutions ellifd&]. Right panel: Same as in previous
figure for/ = 3/2. Data points are from Estabroo&sal.[96].

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

o K;p — K*rTp (simultaneousely measurable wilfy beam).
e K;p — Kgmn on a proton targeffor the first time)

e K;n — Kgm pon adeuteron targétor the first time)

In summary:Experimental data obtained in the proposed KLF experimedtab will provide
valuable data to search for yet not well understood and plyssicomplete scalar, vector, and
tensor resonances in the strange sector through a phdsarslysis ofr K andn K scattering
amplitudes.

10 Proposed Measurements

We propose to use the KL Facility with the GlueX spectrometedLab Hall D, to perform preci-
sion measurements &f;p — KY™* from liquid hydrogen and deuterium cryotarget (I/ED>) in
the resonance regiohly = 1490 — 3500 MeV and c.mcos ¢ from —0.95 to 0.95. It will operate
at a neutral kaon flux o3 x 10* K;/s. The ability of GlueX to measure over wide ranges in
6 and ¢ with good coverage for both charged and neutral partictggether with thei; energy
information from the KL Facility, provide an ideal enviroemt for these measurements.

10.1 K;BeaminHallD

A schematic view of the Hall D beamline for KLF is presentedrig. [I4. At the first stage,
E = 12 GeV electrons produced at CEBAF will scatter in the radiatiothe Compact Photon
Source (CPS), generating an intense beam of untagged lirahtseg photons. The Hall D tagger
magnet and detectors will not be used. At the second stageskteahlung photons, created by
electrons at a distance about 75 m upstream, hit the Be tasgetmbly located in the cave, and
produce neutral kaons along with neutrons and chargedcleatiFinally, K';, mesons will reach
the LH,/LD, cryotarget inside the GlueX spectrometer.

Our calculations have been performed for the JLab Hall D heangeometry. The primary,
production target has been placed in the Hall D collimateec&or the target material, we selected
beryllium because, for thick targets, ti&, yield is roughly proportional to the radiation length
and density, which gives beryllium as the best candidate.bHam plug and sweeping magnet are
placed right after the target. For our calculations, we tagknple beam plug: a 15 cm thick piece
of lead. The permanent sweeping magnet cleans up the chasggzbnent and has a field integral
of 0.8 Teslameter, which is enough to remove all charged background mgmiut of the beam
plug. The vacuum beam pipe has a 7 cm diameter and preveritemeescattering in air. There
are two collimators: one is placed before the wall betwedlintator cave and experimental hall,
while the other is placed in front of the Hall D detector. Th&tahce between the primary Be target
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Figure 14: Schematic view of Hall D beamline on the way~ v — K. Electrons first hit
the tungsten radiator, then photons hit the Be target adgeanid finally, neutral kaons hit the
LH./LD, cryotarget. The main components are CPS, Be target assdmehiy plug, sweep mag-
net, and pair spectrometer. See the text for details.

and the LH/LD, target (located inside Hall D detector) was taken as 16 m ircalculations 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 éoptbduction of the<; beam needed
for the new experiments described in this proposal. In 26|, A Collaboration has been dis-
cussed a novel concept of a Compact Photon Source (CPS) [k2ds developed for &Vide-
Angle Compton Experimeproposed to PAC43 [115]. Based on these ideas, we suggested (
Ref. [116]) to use the new concept in this experiment. A gmegpractical implementation ad-
justed to the parameters and limitations of the availabiestructure is discussed below. The
vertical cut of the CPS model design, and the horizontalghlaaw of the present Tagger vault
area with CPS installed are shown in Higl 15.

The CPS design combines in a single properly shielded adgaihlelements necessary for the
production of the intense photon beam, such that the ovdiraktnsions of the setup are limited
and the operational radiation dose rates around it are taddep Compared to the alternative,
the proposed CPS solution presents several advantageh:lower radiation levels, both prompt
and post-operational due to the beam line elements’ ractivadion at the vault. The new de-
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Figure 15: Elements of the design are indicated in the toglp@ertical cut plane of the DIN-
REG/Geant3 model of the CPS). The bottom panel shows the €& ndbly in the Tagger vault
and simulations of 2000 beam electrons at 12 GeV.

sign provides much less disturbance of the available itrfretire at the Tagger Area, and better
flexibility in achieving high-intensity photon beam deliygo Hall D. The new CPS solution will
satisfy the proposefl’;, beam production parameters; we do not envision any signtfteghnical

or organizational difficulties in the implementation of t@nceptual design.

The new setup utilizes the Hall D Tagger vault, properly klgig by design to accomodate the
medium power beam dump capable of accepting up to 60 kW of A2 &Gebeam, assuming that
proper local shielding is set around the dump. The presamgtalled dump is placed behind the
iron labyrinth walls, and is surrounded by a massive irorlslmg, made of iron blocks available
at the time of construction. The standard GlueX setup isnup&d for operations using very
thin radiators producing relatively low intensity photoedn such that the beam electrons losing
energy to photon production in the radiator may be deteateélccaunted in the tagger hodoscope
counters. The present setup is not suitable for producfiomagsively more intense photon beams
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needed for thé(;, production, due to the expected overwhelming radiationaatigtation levels in
the vault.

The new proposed CPS solution solves the problem by incatipgrthe new thick radiator and
the new beam dump in one assembly installed along the stiaggim line exiting from the tagger
magnet (presently the line is used as the photon beam lif&) néw CPS device should be capa-
ble of taking the same beam power of 60 kW, using optimizeeldimg made of high-Z material,
which would make the necessary equivalent shielding compaguiring less total weight of the
shielding. Qualitatively, if one needs a sphere of iron @) of 2 m radius for the shielding,
it may be roughly replaced by a sphere of 1 m radius made ofstengcopper (16 g/cth with

its weight actually four times smaller. The optimized desigjable to limit the prompt radiation
dose rates around the CPS to the present operational lexsls,significantly limiting the post-
operational doses around the heavily shielded assemblyco@fe, the inner parts of the CPS
device will be activated to high levels, preventing immeeliaccess and disassembly, so the engi-
neering requirements to the reliability of all parts insidast be strict. The overhead shielding at
the CPS location in the tagger vault is about the same thesk(i3 feet) of concrete and berm as
at the present dump location. It will keep the radiation dasgtside and at the CEBAF boundary
within the design limits for the site.

The proposed CPS solution is just conceptual, and a fullecgtlengineering design is required
before the final optimized solution is found. The cost andcedanitations will determine the
choice of shielding materials for the CPS. Details of the dutand magnet design will also be
included in the overall optimization process, taking inte@unt the considerations of cost and
reliability of the final device. We are considering a possjbint development of the more universal
CPS solutions in collaboration with other experimentajgets at JLab interested in implementing
similar designs for their experiments [117].

10.1.2 Simulations Study of;, Beam Production

Neutral kaon production was simulated for a photon brerakking beam produced by the 12 GeV
electron beam in the Hall D CPS. The main mechanisiid pproduction in our energy range is via
#-meson photoproduction, which yields the same numbétfband K9, Another mechanism is
hyperon photoproduction (yielding only"), which was not studied in our simulations separately.
Instead, we have taken as an alternative model the Pythexaen [118], which includes hyperon
production. Total and differential cross sections for §ameson photoproduction on proton and
complex nuclei (coherent and incoherent) data were takan Refs. [119, 120]. The angular
distributions that we used faor — K Kg decay are from Ref. [119, 121, 122]. Our calculations
show that the) decay in its rest frame is mostly perpendicular to the axis ofomentum. Since
K s need to stay along the original photon beam direction taaytite LH,/LD, cryotarget, this
condition requires that theproduction and decay angles in the laboratory frame be dbesame.
That means that we will have onli ;s from ¢-mesons produced at relatively high momentum
transfert at the Be target. It suppresses the number of "uséfyuk by a factor ot~ 3 or more (in
comparison with the case if;, and K's momenta are parallel to thiemomentum).K;, absorption,
used in our calculations, was studied in Ref. [123] very wilout 80% of the produced ;s will

be absorbed in the Be target and following tungsten and viea@m plug. The value of absorbed
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K s can be reduced by optimizing the beam plug setup.

10.1.3 K; Beam Parameters

One of the maink;-beam parameters is the momentum distribution (momentuwentspn as

a function of the distance and angle) [124]. Results of oomusations for thek’; momentum
spectrum for thosé(;, reaching the LH/LD, cryotarget is shown in Fig.16. The spectrum first
increases withi;, momentum up tev 4 GeV/c since thep decay cone angle decreases at higher
~v-beam andK; momenta. This selects lower productiont values, which are more favorable
according to the) differential cross section. At a certain point, the highas$sibley-beam mo-
mentum is reached and ti€, momentum spectrum decreases to the endpoint. For compariso
we selected part of th&';, spectrum from the Pythia generator that originated onlynfro de-
cays and showed it on the same plot (red histogram). Pytlealeions show that decays yield
roughly 30% of thek;, flux. The number ofi® exceeds the number & by 30% according to
this generator for our conditions. Their momentum speagashown in FiglIl7 separately.
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Figure 16: K;, momentum spectra originating frosndecays: black histogram - our simulations
using DINRREG/Geant3 [125], red histogram - Pythia geroenagsult [118].

To estimate the expected ratefdf s at the LH/LD, cryotarget, we used the following conditions:

electron beam current /@A,

10% R.L. tungsten radiator in CPS,

Be-target diameter is 3 cm and length is 40 cm,

and a cryotarget. H,/ L D, radius of 3 cm
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Figure 17: Momentum spectra from Pythia generator [118j flot for K°. Bottom plot for K°.

which results in a beam flux of abodtx 10* Ky,/s from all production mechanisms at the
LH,/LD, target (Fig[IB). We simulated th€; and neutron production from x 10° 12-GeV
electrons under these conditions for the GlugX Facility and the results (FigL8(left)) are in
reasonable agreement with thg spectrum measured by SLAC at 16 GeV (fEg. 18(right)).
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Figure 18: K; and neutron momentum spectra. Left plot: The ratégf(green filled squares)
and neutrons (blue and red filled squares and triangles) @fLLH cryogenic target of Hall D as
a function of their generated momentum, with a total rat8 ef 10* K ;/s. Neutron calculations
were performed using the JLab package DINREG/Geant3 [1Rig]ht plot: Experimental data
from SLAC measurements using a 16 Ge¥lectron beam from Ref. [77]. The rate Af;, (red
filled circles) and neutrons (black filled squares).
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10.1.4 K Beam Background: Gammas, Muons, and Neutrons

Background radiation conditions are one of the most impbparameters of th&’; beam for the
JLab GlueX KL Facility [124].

1. Gamma Background
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Figure 19: Left panel: Momentum spectrum of residusjust after the concrete shielding. Right
panel: Muon momentum spectrum for Bethe-Heitler produnctio

After passing through 30% R.L. tungsten beam plug and thegeldabackground compo-
nent removed by the sweep magnet, we will have some resjdo@atkground and neutrons
produced by EM showers. The momentum spectrum of resigaial shown in Fig_T19(left).
It decreases exponentially with increasing energy of pimtoFor the rates, we obtained
~ 10° s7! for s with energy above 50 MeV and 10 s~! for vs with energy above
500 MeV.

Overall the gamma flux for the KLF experiment is tolerable.

2. Muon Background

Following Keller [126], our Geant4 [127] simulations indied Bethe-Heitler muon back-
ground from the Be-production target and photon dump, battkpround into the detector
and muon dose rate outside Hall D. Obviously, most of the mm@awe produced in the pho-
ton dump. Our calculations show that muons will be swept dduhe £ ;, beam line; thus,

they are not inherently a significant background. Howevag tb their high penetration
ability, it might be important for purposes of the shieldige have taken into account only
the Bethe-Heitler muon production process. Muons from piecays and other production
mechanisms will increase the total muon yield only slightlitey were not included in our
model. The number of produced muon in the Be target and leath lgug is about the

same, but muons originating in lead have a much softer mamespectrum. The esti-

mated number of produced muons-is6 x 10° s!. Their momentum spectrum is shown
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in Fig.[I9(right). The above number will increase by factédb with I, = 5,4 and the
radiator of 0.1 radiation length.

To summarizeHalf of muons will have momenta higher than 2 GeV\ 10% of muons
will have momenta higher than 6 Gey/and~ 1% of muons with have momenta above
10 GeVEt. Overall, the muon flux for the KLF experiment is tolerable.

3. Neutron Background

To estimate the neutron flux in a beam and neuron dose in theriengntal hall from scat-
tered neutrons we used the MCNP6 N-Particle (MCNP) Transpude [128]. See Ap-
pendix A4 (Sed16) for further details. The experimentdll bh@am cave, and photon beam
resulted from tungsten radiator were modeled using theifsgons from the layout pre-
sented in Fig. 4. Figufe PO shows a graphic model of the e@rpetal setup.
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Figure 20: Schematic view of Hall D setting for MCNP6 trangpmmde [128] calculations. Beam
goes from left to right. The model is presented as semiprarent for demonstration purposes.
This 3D plot is similar as Fig._14 shows.

The physical models implemented in the MCNP6 code take intmant bremsstrahlung
photon production, photonuclear reactions, gamma-raynaatton multiple scattering pro-
cesses. We ignored the GlueX detector setting in theselatitms.

The MCNP model simulates a 12 GeV.A electron beam hitting the tungsten radiator.
Electron transport was traced in tungsten radiator, vacbheam pipe for bremsstrahlung
photons, and Be target. Neutrons and gamma rays were tracat domponents of the
used MCNP model. The media outside concrete walls of the lm@amand bremsstrahlung
photon beam pipe was excluded from consideration to fatglithe calculations.

The tally to estimate neutron fluence at the experimentatkding just above the LKHLD,
target, at Key Area for RadCon shown in Figl 20. The neutrosedalculated for the
layout from Fig[4l is 14.21.6 mrem/h, 2.720.8 mrem/h for the layout from Fig.#2, and
0.2+0.07 mrem/h for the layout from Fig.43. Neutron Fluence=ftective Dose conversion
factors from ICRP 116 [129] were implemented to convert reeutluence to effective dose.
The neutron flux at the face of tHefll, / L D, target is abou x 10% N/(s cn¥?) and is almost
independent of the shielding location in the beam cave.
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Overall the neutron flux for the KLF experiment is tolerable and eloe RadCon limit.

10.1.5 K; Momentum Determination and Beam Resolution

The mean lifetime of thé(, is 51.16 ns{r = 15.3 m) whereas the mean lifetime of thé~ is
12.38 ns {r = 3.7 m) [2]. For this reason, it is much easier to perform measergmof K p
scattering at low beam energies compared \&ithp scattering.

The momentum of & ;, beam can be measured using time-of-flight (TOF) - the timeéen the
accelerator bunch (RF signal from CEBAF) and the reactiothéLH,/LD, target as detected
by the GlueX spectrometer. Thus the TOF resolution is a qimdsum of accelerator time and
GlueX spectrometer time resolutions. Since the accelesajoal has a very good time resolution
(~ 150 ps or better), TOF resolution will be defined by GlueX detecide time resolution of the
GlueX detectors are discussed in §ec.10.1.6. In our cdilcng we used time resolutions from
50 ps to 300 ps to show the dependence of the beam momentulr aesolution.

Of course, to get TOF information, the electron beam neetiate a narrow bunch time structure
with a bunch spacing of, at least, 60 ns. In order to be ablegasure the roughly 20 ns ToF of
the elastic protons, the beam for tG@ experiment at Hall C has 32 ns between electron bunches
(in contrast to the usual 2 ns spacing for each experimeatfldsing a 31.1875 MHz pulsed laser
to operate the electron source [130]. One cannot expecttdgonowith a 60 ns time structure to
delivery an electron beam to any Hall, A, B, or C [131].
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Figure 21: Left plot: Time resolution\t, for K; beam as a function ak;,; momentum. Right
plot: Momentum resolutiom\p/p, as a function of momentum. For 300 ps (black), 150 ps (green)
100 ps (red), and 50 ps (blue) time resolutions.

The uncertainty in a neutral kaon production position atdomomentay < 0.5 GeVt) affects
timing resolution caused by the TOF difference between ti@gn and kaon time traversing the
Be target, however, adp/p = v?AT /T momentum resolution is below 1% at lower momenta.
Figurel21 shows TOR\¢, (left) and beam momentum resolutiaky /p (right) as a function of the
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K beam momentum, respectively. The TOF resolution is flat fommnta higher than 1 Ged//
The momentum resolution decreases with momentum: for 1 &GeM/~1.4% and for 2 Ge\it

is ~5%. FigurdZP shows that foi” < 2.1 GeV, AW < 30 MeV, which is suitable for studying
low-lying hyperons with widths of = 30 — 50 MeV [2]. For fully reconstructed final statés can
be reconstructed directly, which provides a better regmiun the region where the TOF method
deterioratesly > 2.1 GeV (see green dashed curve in [Eig. 22).
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Figure 22: Energy resolutiod\1// /W, as a function of energy, for 300 ps (black), 150 ps (green),
100 ps (red), and 50 ps (blue) time resolution. Green dasheghows approximaté” resolution
from reconstruction of final-state particles. Shaded aoegesponds to typical hyperon width.

10.1.6 GlueX Detector Time Resolution

The K; beam momentum and time resolution is governed by the tintdutsn provided by the
GLUEX detector from the reconstruction of charged particledpoed in the LH/LD, target.
There are three detector systems that can provide predisimg information for reconstructed
charged patrticles in GUEX: the Start Counter (ST), Barrel Calorimeter (BCAL), anan@i of
Flight (TOF) detectors. The aforementioned detectors,thactharged particle time resolutions
they provide, are discussed in this section.

The GLUEX Start Counter is a cylindrical plastic scintillator de@csurrounding the LELD,
target, with 3 mm thick scintillator bars and a tapered neggon that bends toward the beamline
at the downstream end. The scintillation light from eachha 8O scintillator bars is detected
by an array of 43 x 3 mm? Hamamatsu S10931-050P surface mount silicon photomieltipl
(SiPMs) [132]. The time resolution of the ST was determirete 250 ps during the 2016 and
2017 Q.UEX run periods, as shown in Fi§. 123, and thus provided adegseparation of the
250 MHz photon beam bunch structure delivered to Hall D duthrat time. This performance
was achieved using the recommended operating gain and dliages supplied by Hamamatsu
to provide both the FADC 250 analog signals and precisiond¥lTiscriminator signals used
in the GLUEX reconstruction. For thé(; program we propose to increase the gain of the ST
SiPMs, thereby increasing the number of detected photivetes; as well as modify the pulse-
shape processing electronics. Similar gain and readoctteféc customization were implemented
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in the GL.UEX Tagger Microscope, which utilizes an identical SiPM reatdgystem, and provided
timing resolutions of 200 ps. Implementation of these norasive modifications to the ST will
significantly improve the timing resolution. we, therefoessumed a 150 ps resolution as the
baseline ST performance, which may be achieved with motldicato the current device.
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Figure 23: Time difference between the measured and exp&iietime from the Spring 2017
GLUEX run period. The data were fitted with a Gaussian to detertiaeurrent time resolution
of ~ 250 ps.

Future improvements to the start counter to reduce the taselution further will be studied to
increase both the light production in the scintillators #imel light collection efficiency. A future
goal would be to reach a time resolution of 50-100 ps for the @Tich would likely require

a complete replacement of the current device. Increaséd figpduction could come through
an increase of the scintillator bar thickness, or a diffexdice of scintillator material with a
higher light yield and shorter decay time such as EJ-204.rdwendl photodetectors, including
Microchannel Plate PMTs, which also perform well in high metic field environments, could
provide higher gain and better efficiency than the curreRM&, and will be investigated to assess
their potential impact on the ST performance.

The GLUEX BCAL is a scintillating fiber calorimeter, which providaaiing information for both
neutral and charged particles. The measured time resolafithe BCAL for charged particles
depends on the reconstructed BCAL energy but had an aveadge of~ 220 ps during the
GLUEX Spring 2017 run period. For charged particles with largattecing anglesi(l® < 6 <
120°) this additional measure of the interaction time will impeahe overall;, time resolution
when combined with the ST measurement. Th&/&X TOF is composed of two planes of 2.5 cm
thick scintillator bars. The measured TOF time resolutias w00 ps from the GUEX Spring
2017 run period, well below the assumed performance of thé B@refore, for reactions with a
charged particle, which is produced in the forward regien 11°, the TOF will be used to provide
a betterk’; momentum determination than the ST.

To summarizeThe simulation studies in this proposal (See Eéc. 11) resugaed a time resolution
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of 150 ps, which is adequate for the proposed physics praghafith the current detector, the
overall K;, momentum resolution will be determined by utilizing the itnigp information from
the ST, BCAL and TOF detectors to ensure that the 150 ps spe@in is achieved. Finally,
we are exploring potential upgrades to improve the ST tins®ltgion significantly; however,
further study is required to understand the impact of sugit@vements on the extracted resonance
parameters for the proposed hyperon spectroscopy program.

10.1.7 Measurement of(; Flux
The K, has four dominant decay modes [2]:

1. K; — nrn 7% BR = 12.54 4+ 0.05%.
2. K; — %79 BR = 19.52 + 0.12%.
3. K; — n%efy,, BR = 40.55 + 0.11%.
4. K1 — ﬂiuﬂ/m BR = 27.04 £0.07%.

In addition, there are several rare decay modes, includiag_P-violatingK;, — 27 mode. In
three of the four principal decay modes of thg, two charged particles are emitted. To measure
the flux of theK ;, beam at GlueX, we will measure the ratefof decays to two oppositely charged
tracks in the Hall D Pair Spectrometer [133] upstream of thee® cryotarget. Timing information
from the pair spectrometer will be used to estimate time ghtlelapsed between the creation of
a Ky in the Be target and its decay to measure momenta of decayets kdn a long run with
high statistics, th@r decay mode can also be used for a reference to measure indeplgrithe
flux and momenta of decayed kaons and reconstruct the fluxcofiimg kaons. This experiment
will employ techniques similar to those used in the mostigeemeasurements @, flux (see,

for example, Refs. [123, 134, 135]).

For the measurement of thé€;, flux, we can use regeneration Af; and detectingr ™=~ pairs in
Pair Spectrometer as it was done at Daresbury (see Ref. fid@derences therein).

A measurement of thé(; flux at the5% level may require additional instrumentation, but in
general is not essential to the proposed physics program.

10.2 LH,/LD, Cryotarget for Neutral Kaon Beam at Hall D

The proposed experiment will utilize the existing GlueXiiid hydrogen cryotarget (Fig.24) mod-
ified to accept a larger diameter target cell [136]. The Gluaget is comprised of a kapton cell
containing liquid hydrogen at a temperature and pressuadodit 20 K and 19 psia, respectively
The 100 ml cell is filled through a pair of 1.5 m long stainleeebtubes (fill and return) connected
to a small container where hydrogen gas is condensed fromnd@ro-temperature storage tanks.
This condenser is cooled by a pulse tube refrigerator withsee hlemperature of 3 K and cooling
power of about 20 W at 20 K. A 100 W temperature controller agps the condenser at 18 K.
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Figure 24: The GlueX liquid hydrogen target.

The entire target assembly is contained within an "L"-skagtainless steel and aluminum vacuum
chamber with a Rohacell extension surrounding the tardet The Start Counter for the GlueX
experiment fits snugly over this extension. The vacuum clenatbong with the hydrogen storage
tanks, gas handling system, and control electronics, isnteouon a custom-built beamline cart
for easy insertion into the Hall D solenoid. A compact 1/Oteys monitors and controls the
performance of the target, while hardware interlocks ondhget temperature and pressure and on
the chamber vacuum ensure the system'’s safety and integinigtarget can be cooled from room
temperature and filled with liquid hydrogen in about 5 hoi. empty target runs, the liquid can
be boiled from the cell in about 20 minutes (the cell remaithsdfiwith cold hydrogen gas), and
then refilled with liquid in about 40 minutes.

Fill and retum tubes
G _— Rohacel | vacuur chamber

se
Kapton targst cell

Figure 25: Left plot: Kapton target cell for the GlueX L#D, target. Right plot: Conceptual
design for a larger target cell for the propog€gd beam in Hall D.

The GlueX cell (Fig2b) is closely modeled on those utilizetfiall B for more than a decade and
is a horizontal, tapered cylinder about 38 cm long with a mdiameter of 2 cm. The cell walls
are 130um kapton glued to an aluminum base. A 2 cm diameter reentearhlwindow defines
the length of LH/LD> in the beam to be about 30 cm. Both entrance and exit windowiseocell
are 75um kapton. In normal operation, the cell, the condenser, aagipes between them are all
filled with liquid hydrogen. In this manner the liquid can h&bsooled a few degrees below the
vapor pressure curve, greatly suppressing bubble formatithe cell. In total, about 0.4 liter of
LH, is condensed from the storage tanks, and the system is engtht® recover this quantity of
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hydrogen safely back into the tanks during a sudden losssofating vacuum, with a maximum
allowed cell pressure of 49 psia [137].

A conceptual design for the neutral kaon beam target is aleas in Fig[2b. The proposed target
cell has a diameter of 6 cm and a 40 cm length from entranceitoMxdows, corresponding
to a volume of about 1.1 liter, which will require filling thexisting tanks on the target cart to
about 50 psia. The collaboration will work with the JLab Tr&roup to investigate alternative
materials and construction techniques to increase thegtref the cell. As an example, the LH
target cell recently developed for Hall A is 6.3 cm in diammgi® cm long and has a wall thickness
of approximately 0.2 mm. The cell is machined from a higlersgsth aluminum alloy, AL7075-T6,
and has a maximum allowed pressure of about 100 psia. It iscég that minor modifications to
the cryotarget’s piping systems will also be required tesathe increased volume of condensed
hydrogen.

The proposed system is expected to work equally well withitigdeuterium, which condenses at
a slightly higher temperature than hydrogen (23.3 K ver€u8 K at atmospheric pressure). The
expansion ratio of LRis 13% higher, which implies a storage pressure of about 0 pkerefore,
the new target cell must be engineered and constructed towitr either H, or D.

11 Running Condition

11.1 Event Identification, Reconstruction, Acceptances

The K, beam is generated by sampling the momentum distributidki;oparticles coming from
the decays of) mesons produced by interactions of a photon beam with alhenytarget 16 m
upstream of the LEILD, cryotarget. Thek; beam profile was assumed to be uniform within a
3 cm radius at the LEHLD, cryotarget. Due to the very stromglependence in the photoproduc-
tion cross section [138] and th’e-wave origin of they — K K s decay, the majority of kaons will
be produced at very small angles. In the simulation studsgsidsed in this section, we assume a
flux of 3 x 10*K /s on a 40 cm long Lkitarget for a beamtime of 100 PAC days.

11.1.1 Simulations and Reconstruction of Various Channelgsing GlueX Detector

The GlueX detector is a large acceptance detector basedalere&l design with good coverage
for both neutral and charged particles. The detector ctasis solenoid magnet enclosing devices
for tracking charged particles and detecting neutral plagj and a forward region consisting of
two layers of scintillators (TOF) and a lead-glass EM catmter (FCAL). A schematic view of
the GlueX detector is shown in Fig.J26. The magnetic field atcénter of the bore of the magnet
for standard running conditions is about 2 T. The trajee®f charged particles produced by
interactions of the beam with the 40-cm LMD, cryotarget at the center of the bore of the magnet
are measured using the Central Drift Chamber (CDC) for angyleater thar: 20° with respect to
the beam line Forward-going tracks are reconstructed ubmd-orward Drift Chambers (FDC).
The timing of the interaction of the kaon beam with the,Ldtlyotarget is determined using signals
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from the ST, an array of 30 mm thin (3 mm thick) scintillators®sing the target region. Photons
are registered in the central region by the Barrel Caloem@CAL). Detector performance and
reconstructions techniques were evaluated during the @kiex program. Details can be found
elsewhere [139].
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Figure 26: Schematic view of the GlueX detector.

This section describes some simulations of events gewdogite’;, beam particles interacting with
a LH,/LD, cryotarget at the center of the solenoid [140]. The GlueXecket is used to detect one
or all of the final-state particles. We will be focusing on @& fef the simple two-body reactions,
namelyK;p — Kgsp, Kip — 7"\, Kip — KT2°, andKp — K'n.

For each topology, one particle (the proton for figp channel, ther™ for ther™ A channel and the
K+ for the K*=° channel) provides a rough determination for the positiothefprimary vertex
along the beam line that is used in conjunction with the STdtenine the flight time of the
K from the beryllium target to the hydrogen target. Protomsng, and kaons are distinguished
using a combination af£'/dx in the chambers and time-of-flight to the outer detectors Rarrel
Calorimeter (BCAL) and two layers of scintillators (TOFpee Appendix A4 (SeE1L6) for further
details.

11.1.2 K;p — Kgp Reaction

The total production cross section, shown in [ig. 27, isaeably large; however, for the dif-
ferential cross section there is a fair amount of tensioméexisting data sets between different
measurements, and the angular coverage in some bins ie spagard 2B shows the existing dif-
ferential cross-section data for several bin$lin The cross section as a functionwk 6-,, was
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Figure 27: Total cross section fdf;,p — Kgp as a function ofi¥’. The measured points are
from [141] and references therein.

parametrized using a set of Legendre polynomials (blueesuiv Fig [2ZB); the weights of each
polynomial in the set depended &¥. This parametrization was used to generdte — Kgp
events that were passed through a full Geant3-based Monie @#éhe GlueX detector. The final-
state particles were constructed using the standard Gleedhstruction code. We reconstructed
the K¢ in its 7*7— channel. More details about the reconstruction of this nkhcan be found in
Appendix A5 (Sec[ZI7111). Estimates for statistical exiiarthe measured cross section for 100
days of running a8 x 10* K /s as a function otos 6, for several values ofi’ are shown in
Fig.[29. We estimate that fof’ < 3 GeV with an incidents’;, rate of3 x 10*/s on a 40-cm long
LH2 target, we will detect on the order of 8KMsp events in thert 7~ channel.

11.1.3 Kpp — 7" A Reaction

The K p — ntA and K p — 7" X° reactions are key to studying hyperon resonances - an analog
of N7 reactions for theV* spectra. They are also the key reaction to disentanglingviak
exchange degeneracy of the (892) and K*(1420) trajectories. (A general discussion is given in
Section$ I3 and 9). The first measurement of this reactiorpesdsrmed at SLAC in 1974 [142]

for K, beam momentum range between 1 Getd/12 GeVE, which is shown in Fig—30. The total
number ofr* A events was about 2500 events, which statistically limigsrtteasurement.

Figure[31 shows our estimate of the statistical uncertamftthe 7 A total cross section as a
function K, beam momentum. We kept the same momentum bin size as theaonéhfe SLAC
data. The box-shaped error bars in the MC points (red trem)ghere increased by a factor of
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10 for comparison with the SLAC data. The proposed measureswdll provide unprecedented
statistical accuracy to determine the cross section foide wange of;, momentum.

11.1.4 K;p — K*t=° Reaction

The study of cascade data will allow us to place stringensttamts on dynamical coupled-channel
models. It was recently found iN* spectroscopy that many* resonances do not couple strongly
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reaction as a function ok, beam momentum in comparison with SLAC data [142]. The experi
mental uncertainties have tick marks at the end of the ears.rhe box-shaped error bars in the
MC points were increased by a factor of 10.

to a N7 channel, but are nicely seen idA and K> channels. The corresponding situation in
hyperon spectroscopy lead to mafiy andX* resonances decaying preferably t&& channel,
see Appendix ATT3 for details. In addition, cascade datapsidvide us with long-sought in-
formation on missing excitedl states and the possibility to measure the quantum numbéhne of
already established(1690) and=(1820) from a double-moments analysis. The expected large
data sample will allow us to determine the induced polaioratransfer of the cascade with un-
precedented precision, which will place stringent comstsaon the underlying dynamics of the
reaction. Polarization measurements of hyperons shetldigtthe contribution from individual
guarks to the overall polarization of these states. Theralidon of the ground-state cascade can
be measured from its weak decay in a straightforward wayh A/t ; beam, the study of the reac-
tion K, p — K*Z= is quite simple and an unprecedented statistical samplbeaasily obtained.
The statistical uncertainty obtained for 2-fold differi@hpolarization observables with 100 days
of beam time ¢ 3 x 10° reconstructed events) is of the order of 0.05-0.1, whichasenthan an
order of magnitude smaller from existing measurementsyatig precision tests on the underlying
dynamics to be performed.

Several topologies can be used to reconstiigt — K= events, thereby enhancing the avail-
able statistics. The biggest contribution results fromunéng the reconstruction of only th&*
in the final state and reconstructing the reaction using tissing-mass technique. TB® decays
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almost 100% of the time to" A. By utilizing the large branching ratios for — 7~ p andr® — ~v
decays, we can also fully reconstruct fits in the final state using the four-momenta of the de-
tected final-state particles. Figurd 32 shows the expéttedsolution for this reaction, depending
on the accuracy of the time-of-flight for 300 ps (black), 15Q@reen), 100 ps (red), and whBn

is determined from all detected final-state particles (blue
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Figure 32: W resolution ofac W /W, depending on the accuracy of the time-of-flight for 300 ps
(black), 150 ps (green), 100 ps (red), and wh&nis determined from all detected final-state
particles (blue).

In 100 days of beamtime withx 10K, /s on the target, we expegtx 10¢ K;p — K=" events.
From this, the available reconstructed events expectedkis0° for Topology 1K,;p — KX,

3 x 10° for Topology 2K;p — K*AX, and4 x 10* for Topology 3K;p — K*=°. Figure[3B
compares the statistical uncertainties of the total anieraifitial cross sections for the reaction
K;p — K+Z° with existing data taken from [143] for the three differeapologies (column 1:
only K+ reconstructed, column Z + A reconstructed, and column & T=° reconstructed).

These statistics also allow us to determine the cascadeeddoolarization by utilizing the fact
that the cascade is self-analyzing with an analyzing power®406 [2]. Figure[34 shows the
statistical uncertainty estimates of the induced poléionaof the cascade by simple fits to the
acceptance-corrected yields of the pion angular distdhun the=" rest frame.

The main background for this reaction would come from thetieas K;p — K+ n and K. p —
7T A, where ther™ is misidentified as a kaon. The former reaction has an orfieragnitude
higher cross section thaki;p — KTZ="; however, théV resolution below 2.5 Ge# allows a
clean separation of these two reactions. Detection andstrewtion of theA places additional
constraints that reduce any background contributiongfgigntly. Neutron-induced reactions are
not expected to contribute significantly to background anth missing-mass, invariant-mass, and
time-of-flight cuts, such background contributions can lpeieated.

The KL Facility can be utilized to study excited cascadeestaf;, p — K+=* with =* — 7= and
=* — ~=. These excited states should be easily identified and exblaging the missing-mass
and invariant-mass techniques. A double-moment analgsibe employed by reconstructing the
entire decay chain and establish the spin and parity of teseed states [144].
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Figure 33: Total and differential cross section statisticecertainty estimates (blue points) for the
three topologies (column 1: onky * reconstructed, column Z+ A reconstructed, and column 3:
K*=° reconstructed) in comparison with data taken from Ref. [1481 points).
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Figure 34: Estimates of the statistical uncertainties efittduced polarization of the cascade as a
function of W (one-fold differential) andos 0+ (two-fold differential).

11.1.5 K;p — K*™n Reaction

The K9p — K*n reaction is a very special case in kaon-nucleon scattefug to strangeness
conservation, formation of intermediate resonances Edden for this reaction. The main contri-
bution comes from various non-resonant processes, whitheatudied in a clean and controlled
way. Similar non-resonant processes can be seen in ottatioreawhere they can interfere with
hyperon production amplitudes, causing distortion of tyyegnon signals. That is why knowledge
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of the non-resonant physical background is important nbt fam the kaon-induced reactions but
for all reactions with strangeness. The non-resonant eatiuthe reaction does not guarantee the
absence of bumps in the total cross section: kaons and/teangccan be excited in the interme-
diate stage, producing bumps in the total cross section.

The reactionk?p — K nis simple and it has a very high production cross sectionFpBa(left);
nevertheless, the data on this reaction are scarce. It isaanipler to perform a positive kaon
beam scattering for the inverse reaction, but the necessigyneutron target with unavoidable
many-body and FSI effects complicates the data analysiat i§lwhy the inverse reaction is also
not so well known. A fair amount of differential cross-sectidata are available in the range
0.5 < pk, < 1.5 GeVle, predominantly from bubble chambers, see Ref. [145], aptetlre a
few measurements at high momentg: = 5.5 GeVlic [146], px = 10 GeV/c [147]. In the energy
range2 < W < 3.5 GeV, which can be covered by the KLF experiment with very tagtistics,
there are no data on this reaction at all.
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Figure 35: The total cross section fat,p — K *n reaction as a function dk;, momentum from
Ref. [145] (left) and expecteld’ resolution AW /W, depending on time-of-flight accuracy (right)
for 300 ps (black), 150 ps (green), 100 ps (red), and 50 pg)ptaspectively.

To reconstruct the reaction fully via missing mass tecniigjie enough to detect charged kaon.
However at highel, depending on timing resolution tell” will blow up, therefore, better tim-
ing resolution would be preferable. The Higl 35(right) sedww the timing resolution affect$’
resolution. Future improvements of start counter timirgphetion will allow to lower W resolu-
tion further, such that at 150 ps we may @ge&tl’<20 MeV belowlV < 2.2 GeV, currently this is
under the study. The beam energy is determined by TOF tegdnitilizing the 16-m flight path
between the kaon production Be target and the reaction ggdrtarget. The beam resolution in
this case is driven by the ST time resolution ($eC.1D.1.b¢ dresent ST time resolution leads to
a 300 ps vertex time resolution.

In addition to a kaon, one could also detect a neutron; hokvdue to the poor neutron detection
efficiency and the large systematic uncertainties assatigith neutron detection we do not expect
any improvement in reaction reconstruction in this case.

In 100 days of beamtime with x 10* K;/s on the target, we expect to detect around 200M
Krp — K*n events. A typical example of the expected statistics in cmispn to previous data

47



can be seen in Fig._B6(left). The highest flux is expectedraddli = 3 GeV, where we had to
increase statistical errors by a factor of 10 to make theibleissee Figl-36(right).

Kp - K'n, W=2.0 GeV Kp - K'n, W=3.0 GeV
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Figure 36: The cross-section uncertainty estimates ¢stal only) for K, p — K ™n reaction for
thelW = 2 GeV (left) in comparison with data from Ref. [145] aid = 3 GeV (right) The error
bars for the right plot were increased by factor of 10 to malegrt visible.

There are three major sources of backgroumg:— K*nn, np — 7tnn, and K p — KT=°.
Neutron flux drops exponentially with energy (see AppendiX8ec[Ib) for details) and generally
the high-energy neutron flux is small, but nonvanishing.elitnons ands’; s have the same speed
they cannot be separated by time of flight. Neutron-indueadtrons have high cross sections,
which is why it is hecessary to consider them as a possiblecsaf background. Fortunately,
neutron-induced kaon production contributes at the lowlle¥ 10~3, which, with missing-mass
cuts, can be reduced beldw—*. Some of the pions fromp — 7" nn reaction can be misidentified
as kaons, but with missing mass and time-of-flight cuts werealice the contribution of this
background to a sub-per mill level. A detailed descriptibvarious backgrounds can be found
in Appendix A5 (Secl7).K;p — K*Z° has a cross section 100 times smaller than that for
Kip — K*™n. BelowW < 2.3 GeV, K;p — K=" can be completely filtered out by a3
K™ missing-mass cut. At highl/, there is some overlap. One can use conventional background
subtraction techniques to eliminate it. TB&often has charged particles in its decay chain, which
can be used to veto the channel. Our studies show that thgtoacid from=" — 7°A — 797

can be reduced below)—* level as well.

11.1.6 ReactionK;p — K 7"p

1. I=1/2 P-wave Phase Shift Analysis

The K S-wave scattering, below 2 GeV, has two possible isospinmmélan/ = 1/2 and

I = 3/2. In the same range of mass, tRewave has one isospid, = 1/2. The P-wave
is a narrow elastic wave peaking 2 MeV and interpreted a&*(892). Thel = 3/2
S-wave is elastic and repulsive up to 1.7 GeV and contains mevkiresonances. In the
I = 1/2 S-wave, a peaking broad resonance appears above 1350 Me¥oMor some
phenomenological studies [148—-152] predict the presehee@sonance with a very large
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width in the region close to th& 7 threshold. The hadroproduction of ther, using thek',,
facility, provides an adequate environment for studyirgitt states.

We made a Monte Carlo simulation to study the phase-shifi@kir P-wave in thek fa-
cility. The K production simulation is based on the model given by Estétzet al. [96].
The model describes the charged kaon reackiop — K~ x*n. Therefore in this simula-
tion we assume that the cross-sectiok@fp — K= "p is similar to the previous reaction.
The model describes the production mechanism in terms ohgly degenerate-B and
p-A2 Regge exchanges and Regge "cuts" that have simple structinet-channel helicity
frame. Thet-dependent parametrization of the naturality amplituﬁ?e‘.or production of a
K~ 7" state of invariant massi ., center-of-mass (COM) momentumangular momen-
tum L, and¢-channel helicity\, by natural(+) and unatura{—) parity exchange, according
to [96], is as follows

Ly = mQL__ttG%ﬁr(mKﬂvt) ) (25)
Ll_ = %L(L + I)leﬂ(m](ﬂ, t)’)/c(m[{w) eXp(bc(mKw)(t - m72r)) ) (26)
Li = \EE + DG ) D) explblmce) ¢ - m)

— 2iva(micx) exp(ba(mucq)[¢](E = m3))] (27)
Ly =0, A>2, (28)

whereGL _is related to the{r elastic scattering amplitude, by

m@%mm&oammmWaa—mby (29)

G%{W(m[{w, t) =N

The parameters,, ., b,, b. andb;, were determined by fitting the LASE p — K~ n'n
data. Thek'r scattering amplitudes are the sum of an isodpidand3/2 component,

- 1 =
ap=ay "+ gap ", (30)

wherea! is described by a relativistic Breit-Wigner.

In this study, we include only th2-wave componenk *(892) in the simulation. The num-
ber of events foit 00 days of running, at x 10* K /s, inthe range of massx, < 1.5 GeV
and negative transfet-momentum—¢ < 0.8 GeV?, is expected to be arouri million
events. The(;, beam energy used in this simulation is equal to 7 GeV. Therg&g®:Monte
Carlo events, function of the transféimomentum-¢ and the invariant masg ., is illus-
trated in Fig[33l7, and the phase-shift functionmof . with mass bin width of 10 MeV and
t| < 0.5 GeV?is illustrated in Fig[38.

As one can see experimental data produced by LASS experi®@éhnin the mass regions
close to the threshold and above 1.3 GeV are poorly measuacetharefore do not provide
constrains in these regions. However, according to thisilsition study, the proposel;,
facility can provide statistically high precision data, iatihwill significanlty constrain the
uncertainty of the phase motion in the full rangerof,. from the threshold up to 1.5 GeV.
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Figure 37: The generated MC events distribution function-oflupper left panel)in .. (upper
right panel) andn g, vs —t (lower panel).m ., vs —t (lower panel).

11.2 Summary and Beam Time Request

We propose to perform strange hadron spectroscopy withaadacy X', beam in the GlueX setup
at JLab. Precise new experimental data (both different@ssections and recoil polarization of
hyperons) forK;p scattering with good kinematic coverage will be obtainedisTwill allow
predictions from CQM and LQCD to be checked for all familidsegcited A*, >*, =*, andQ*
hyperon resonances for the first time. In addition, it wilinpé& a search for the possible existence
of hybrids in the hyperon sector as predicted by the latiédeutations [51].

A complete understanding of three-quark bound statesnegjaccurate measurements of the full
spectra of hyperons with their spin-parity assignmentte positions, and branching ratios. An
important impact of these strange hyperon spectroscopguneaents is their significance for the
thermodynamic properties of the early universe at freagewhich is one of the main physics
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Figure 38: Thel = 1/2 K scatteringP-wave phase-shift function ofi ... The left panel shows
experimental results from LASS [97] and Estabroeksal. [96]. The gray band represents the
fit to the 7 decay data by Boitet al. [112]. On the right panel, we present results of expected
measurement for 100 days of running. The statistical ewwarthe right panel are increased by
factor of 10 for a better visibility.

topics at heavy-ion colliders.

Besides hyperon spectroscopy, the experimental datanelotan the strange meson sector in the
reactionsk;p — K*rTpandKp — Ksmn(p) will provide precise and statistically significant
data for experimental studies of thhér system. This will allow a determination of quantum num-
bers of strange meson resonances in S- (includi®g0)), P-, D-, and higher-wave states. It will
also allow a determination of phase shifts to account foi-Btete X 7 interactions. Measurements
of K form factors will be important input for Dalitz-plot analys of D-meson and charmleds
mesons withK'r in final state. These will be important inputs for obtainiregarate an value of
the CP-violating CKM matrix elemernit,, and testing the unitarity relation, in particular through
the measurement of the— K=, decay rate.

The approval and construction of the proposed facility ahJwill be unique in the world The
high-intensity secondary beam Aaf;, (3 x 10* K/s) would be produced in electromagnetic inter-
actions using the high-intensity and high-duty-factor @ERelectron beam with very low neutron
contamination as was done at SLAC in the 1970s; but now, \hiet orders of magnitude higher
intensity. The possibility to perform similar studies witharged kaon beams is under discussion
at J-PARC with intensities similar to those proposed for Ahebeam at JLab. If these proposals
are approved, the experimental data from J-PARC will be dementary to those of the proposed
K measurements.

Below in Tabldl, we present the expected statistics for H3& @f running with a LK target in
the GlueX setup at JLab. The expected statistics for the brmme@ctions are very large. There are
however, two words of cautions at this stage. These numleerespond to an inclusive reaction
reconstruction, which is enough to identify the resonaboémight not be enough to uncover its
nature. The need for exclusive reconstruction to extralarpgation observables further decrease
the expected statistics, e.g., from 4M400k events in theK'= case. These statistics, however,
would allow a precise measurement of the double-diffea¢ptlarization observables with statis-
tical uncertainties on the order of 5-10%. Secondly, kaonlfas a maximum arourd” = 3 GeV,
which decreases rapidly towards high/IdlWs. Thus, the 100 days of beam time on theLate
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essential to maximize the discovery potential of fiig Facility and cover the densely populated
hyperon regime at low¥ .

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

Reaction Statistics
(events)
Kip — Ksp 8M
Kip — 7tA 24M
Kip— KTE° 4M
Kip— K'™n 200M
Kip— K-ntp 2M

U7

There are no data on "neutron” targets and, and for thisne#dse hard to make a realistic estimate
of the statistics fori{; n reactions. If we assume similar statistics as on a protagetathe full
program will be completed after running 100 days with,Lahd 100 days with LBtargets.

12 Cover Letter for KLF Proposal Submission to PAC45

This Proposal follows the Letter of Intent Lol12—-15-0@hysics Opportunities with Secondary
K, beam at JLalpresented to PAC43 in 2015. The Issues and Recommendatidoded in the
PAC43 Final Report document read as follow:

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

Recommendation: Any proposal would require full simulations of the beam lamel detector to
determine the effect of backgrounds from neutrons and kawotssde the target acceptance. But it
is not clear to the committee if this experiment would in amy Wwe competitive with J-PARC or
a potential Fermilab or CERN program in this energy range.e Buperiority of a neutral beam
and/or the GlueX detector for these measurements would todseldemonstrated before a future
proposal would be considered favorably.

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

1. Q1: It is not clear what this experiment can do that the J-PARCrgba kaon program
cannot do substantially better.
Al: The proposeds; beam intensity is similar to the proposed charged kaon betnsity
at J-PARC, so there is no reason to expect that J-PARC wilulistantially better Using
different probesk’;, for JLab andi~ for J-PARC), in principle, we and J-PARC (if charged
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kaon beam proposal is approved) will be able to collect datdifferent reactions. To have
full experimental information with different final states important for coupled-channel
analyses to determine hyperon parameters. The JLab an®RQ-Pdeasurements will be
complementary.

(i) As cr(K~) = 3.7 m, while cr(K) = 15.4 m, the higher rate of low-momenta kaons
with a K;, beam may be an advantage.

(ii) The proposed experiment will haveg, beam with all momenta simultaneously, while J-
PARC has to make many thousand different settings to scdnltmange ofi1/ distributions

in different reactions.

(i) In the best-case scenario, J-PARC can start a hyperogram in 2024. In Appendix A6
(Sec[IB), we have presented the ability of other possiblétfas as FNAL, J-PARC, Belle,
BaBar, PANDA, and COMPASS to do hyperon spectroscopy. We do not seegpetition
factor here for two reasons: a) some of above-mentioneliti@eido not yet have secondary
kaon beams; b) even if kaon beams are approved and constaithese facilities, a hyperon
spectroscopy program will not happen before a decade fram no

. Q2: An experimental concern is the transverse size of the KLfnkbat must impinge on
a 2-3 cm target. Backgrounds from neutrons and KLF outsidddiget acceptance may be
important in event rates and signal to background rejection

A2: First of all the collimated beam a&’;, will impinge on the cell of the LH/LD,, target
with R = 3 cm radius. All kaons outside of the solid angle defined by thiéincators
will be absorbed in a 4 m iron shielding in the sweeping magnetthe concrete shielding
in front of the GlueX setup. Second, as was shown by our @etaimulations, the rate
of neutrons on the GlueX target at momepta 1 GeVk is smaller than that of(;. On
the other hand, production of strange mesons with neutrblisvanomenta kinematically
cannot occur due to the threshold, because to conservestress at least two final-state
kaons have to be produced. Therefore, the physics backgfoom reactions initiated by
neutrons is negligible.

The rate of neutrons irradiating GlueX setup outside of énget acceptance will be a total
on the level 0f~100/s with 905 in the range of energies below 20 MeV, and, therefore, can
not cause any background either.

From a radiation point of view, our MCNP6 transport-codecakdtions have shown that the
effect of radiation caused by neutrons is below the RadGoit. li

. Q3: Any proposal would require full simulations of the beam kamel detector to determine
the effect of backgrounds from neutrons and kaons outsaltatgjet acceptance.
A3: See our answersl andA2.

. Q4: But it is not clear to the committee if this experiment woulémny way be competitive
with J-PARC or a potential Fermilab or CERN program in thisegy range.
A4: See our answekl.

. Q5: The superiority of a neutral beam and/or the GlueX deteatoitiese measurements
would need to be demonstrated before a future proposal wmiltbnsidered favorably.
A5: Our MC simulations have shown that the proposed experiméhb&vable to improve
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on available world proton target data by three orders of ntade in statistics. The proposed
experiment will provide the first measurements ever on aroputsing LD target. Coupled-
channel analyses using both proton and neutron target dat@ge to find many "missing"
hyperons. We will also significantly improve world data air PWA with an impact on
other fields of particle physics.

The summary of the potential of other facilities is given ippendix A6 (Sed.18).

13 Appendix Al: Analysis of Three-Body Final States

The understanding of baryon properties is hardly possilileont an analysis of reactions with
two mesons in the final state. Already in the mass region ab608 MeV, the excited hyperons
decay strongly into the>(1385) [153, 154] final state while th&-hyperons decay strongly into
the 732(1385) [153] andwA(1405) [155] channels. Above 1800 MeV almost all knowrand>:
hyperons have a dominant decay mode defined by productidre afector mesork ™ (892) [154].

In the X-sector, a number of resonances were seen in an analysis &tAli1230) final state. It is
natural to expect the decay df = 3/2* states into therA(1520) [156] channel.

Reactions with two-meson final states provide vital infatiorafor the analysis of single-meson
production reactions. The singularities that correspanthé opening of the resonance-meson
threshold (branching points) can produce structures ieratannels that can simulate a resonance-
like signal [157,158]. The situation is notably more sevarthe hyperon sector than in the sector
of non-strange baryons. Due to the rather small widths ofroags excited hyperons and meson
resonances with astquark, such singularities are situated much closer to fiysipal region and
can notably influence the data. Therefore, a combined aralf/the channels with single and two
mesons in the final state is a must in the search for the missgumances.

The combined analysis should help us to understand thesteuaf resonances with masses up to
2.5 GeV and their decay properties. One of the importanstesto find nonet partners of the nu-

cleon states observed in the photo-production reactioti@imass region around 1900 MeV [159].

These states have strong couplings to{i&0) N final state and it is natural to expect that their
hyperon partners can be found in an analysis oftlié392) N channel.

The analysis of the three-body final state should be doneeifirttimework of the event-by-event
maximum likelihood method, which allows us to take into agdoall amplitude correlations in
the multidimensional phase space. It is very important tceekthe polarization observables from
the decay of the final hyperons in tieN — #7A and KN — 7nwX¥ reactions. One possible
simplification is connected with an extraction of thé(892) N state from theX N — K= N data,
where the analysis can be performed in the framework of tinsitlematrix-elements approach.
However, the analysis should take into account the rescaitef the particles in the final state;
e.g., triangle diagrams that lead to logarithmic singtiksiin the scattering amplitude. Due to the
small widths of intermediate states, such singularitieslay a more important role than in the
case of nucleon and excitations. It would be also very important to include ie timalysis the
CLAS photoproduction data witk' 7 A and KX final states because there is a chance that states
with a smallK' N coupling could be observed in these reactions.
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14 Appendix A2: Determination of Pole Positions

In spite of their model dependence, partial-wave BreitiWéigparameters have for quite some
time been the preferred connection between experiment &idliQ hadronic spectroscopy. More
recently, however, pole parameters (e.g., pole positiadsesidues) have justifiably become the
preferred connection, and this fact has also been recatjbiz¢he Particle Data Group (PDG) in
recent editions of th®eview of Particle Physid2]. Therefore, the extraction of pole parameters
from experimental data becomes a procedure of utmost irupost

Extraction of pole parameters is usually performed in twgsvda) in an energy-dependent way
(ED) or (b) in an energy-independent procedure througheiagergy PWAs (SE). In an ED pro-
cedure, one measures as many observables as possible ta®eocthe complete set and then fits
the observables with parameters of a well-founded thesaietiodel that describes the reaction in
guestion. Continuity in energy is enforced by the featufdb@®theoretical model. In a SE proce-
dure, one again measures as many observables as possiateemyits to extract partial waves by
fitting energy-binned data independently, therefore, caduthe theoretical input. A discrete set
of partial waves is obtained, and the issues of achievingirmaity in energy have recently been
extensively discussed either by introducing the condsamanalyticity [160] or through angle-
and energy-dependent phase ambiguity [161].

In energy-dependent models, pole parameters have beectextrin various ways. The most
natural way is the analytic continuation of theoretical mlosblutions into the complex-energy
plane. Simpler single-channel pole extraction method® lmeen developed such as the speed
plot [162], time delay [163], the N/D method [164], reguiaiion procedures [165], and Pade
approximants [166], but their success has been limited.ingles-energy analyses the situation
is even worse: until recently no adequate method has beelala@eafor the extraction of pole
parameters. All single-channel methods involve first- ghler-order derivatives, so partial-wave
data had to be either interpolated or fitted with an unknowetion, and that introduced additional
and, very often, uncontrolled model dependencies.

That situation has recently been overcame when a new LatRetarinen (L+P) method applica-
ble to both, ED and SE models, has been introduced [167-T#H.driving concept behind the
single-channel (and later multichannel) L+P approach wasyilace solving an elaborate theoret-
ical model and analytically continuing its solution inteetfull complex-energy plane, with a local
power-series representation of partial-wave amplitudesiy well-defined analytic properties on
the real energy axis, and fitting it to the given input. In saclay, the global complexity of a
model is replaced by a much simpler model-independent esxpatimited to the regions near the
real-energy axis, which is sufficient to obtain poles andrtresidues. This procedure gives the
simplest function with known analytic structure that fite tthata. Formally, the introduced L+P
method is based on the Mittag-Leffler expanEioﬁpartiaI-wave amplitudes near the real-energy
axis, representing the regular, but unknown, backgroumd by a conformal-mapping-generated,
rapidly converging power series called a Pietarinen ex’pﬁsln practice, the regular background

2Mittag-Leffler expansion [172] is the generalization of aitent expansion to a more-than-one pole situation. For
simplicity, we will simply refer to this as a Laurent expansi
3A conformal mapping expansion of this particular type waisoiduced by Ciulli and Fisher [173, 174], was
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part is usually fitted with three Pietarinen expansion sergach representing the most general
function having a branch point at,, and all free parameters are then fitted to the chosen channel
input. The first Pietarinen expansion with branch-paiptis restricted to an unphysical energy
range and represents all left-hand cut contributions. Ex two Pietarinen expansions describe
background in the physical range with branch pointsandx ; defined by the analytic properties
of the analyzed partial wave. A second branch point is ugtiakd to the elastic channel branch
point, and the third one is either fixed to the dominant chhtimeshold value. Thus, solely on the
basis of general physical assumptions about the analytigepties of the fitted process (number
of poles and number and position of conformal mapping brapaihts) the pole parameters in the
complex energy plane are obtained. In such a way, the sitnategytic function with a set of
poles and branch points that fits the input is constructed mlethod is equally applicable to both
theoretical and experimental inBut

The transition amplitude of the multichannel L+P model isapaetrized as

Npote JJ“—W ki
ron = e S (S

i=1 k;=0

(31)

wherea is a channel indexj)/; are pole positions in the compléX (energy) planeg; coupling
constants. They define the branch points; , anda§ are real coefficientskK?, i = 1,2,3 are
Pietarinen coefficients in channel The first part represents the poles and the second term three
branch points. The first branch point is chosen at a negatieegg (determined by the fit), the
second is fixed at the dominant production threshold, andhihe branch point is adjusted to the
analytic properties of fitted partial wave.

To enable the fitting, a reduced discrepancy funcfippis defined as
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is the Pietarinen penalty function which ensures fast gotiinal convergencely;, is the number
of energies in channel, N7, the number of fit parameters in chanagh?, \j, \? are Pietarinen

described in detail and used in pion-nucleon scatteringdopPietarinen [175,176]. The procedure was denoted as
a Pietarinen expansion by Hohler in [80].
4Observe that fitting partial-wave data coming from experitig even more favorable.
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weighting factorsErrif’ m errors of the real and imaginary part, arid, c;.,, ci., real coupling
constants.
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Figure 39: L+P fit to CM12 GWU/SAID pion photoproductigh; ED and SE solutions [177].

In order to obtain reliable answers in the L+P model we havmitld knowledge about the analytic
structure of the fitted partial wave into the fitting procesluBecause we are looking for poles, we
only have to define which branch-points to include. Theidgi@aform will be determined by the
number of Pietarinen coefficients. As we have only three dirgooints at our disposal we expect
that the first branch-point will describe all subthreshahdl #eft-hand cut processes, the second
one is usually fixed to the dominant channel opening, andhing dne is to represent background
contributions of all channel openings in the physical rar&g in addition to choosing the number
of relevant poles, our anticipation of the analytic struetaf the observed partial wave is of great

importance for the stability of the fit.

The L+P model has been successfully applied to both theatetiodels and discreet partial-wave
data. As an example, in Fig.139, we give the achieved qudlitgefit for the CM12 GWU/SAID

pion photoproduction amplitudes [177].

In summary:Methods of the described L+P model will be used to extrace garameters for
both ED solutions, obtained by the method described in &ej and SE solutions developed

independently.

15 Appendix A3: Statistics Tools for Spectroscopy of Strang
Resonances

Several statistical aspects concerning the analysis;oflata are discussed in the following. The
proposed experiment will be capable of producing a largeylmbatonsistent data, which is a pre-
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requisite to carry out statistical analyses. So far, tha @dathe strangeness = —1 sector were
produced in many different experiments, often from the E3&0earlier, with different systematic
uncertainties that are, moreover, unknown in many cases pidblems resemble the situation in
pion-induced inelastic reactions [178,179]. This makeskind of analysis difficult but statis-
tical tests, e.g., on the significance of a claimed resonaiggl, are indispensable to carry out
meaningful baryon spectroscopy. Indeed, the searciniesing resonanceas not only a problem

of implementing physical principles such as unitarity ie timplitude but also, to a large extent,
a statistical one. This becomes especially relevant oneesearches for states beyond the most
prominent resonances.

15.1 Minimizing Resonance Content

Partial-wave analysis, discussed in Seclibn 7 is needextitace the physically relevant informa-
tion from data. For resonance spectroscopy, one needs #ngyedependence of the amplitude
to determine resonance positions and widths. Therefoerggrdependent (ED) parametrizations
of the partial waves are fitted either to data or to singlerggh€éSE) solutions, generated by con-
ducting partial-wave analysis in narrow energy bins. Tls®nance content is usually determined
by speed-plot techniques or analytic continuation of thepgaEametrization to complex scattering
energies, where resonances manifest themselves as p8gs [1

Yet, the ED parametrization itself contains, almost alwagsonance plus background terms in
one implementation or another. A problem arises if reso@aamens are needed to model missing
background dynamics. Then, false positive resonance Isigoald be obtained [157]. Adding
resonance terms will always lower thé in a given fit, but the question is how significant this
change is.

We plan to address this well-known, yet poorly addressetliprno by applying several statistical
analysis tools to the amplitude parametrization. Somenigcies have been used, so far, to address
this problem. For example, in so-called mass scansytldependence on the mass of an additional
resonance is studied [181, 182].\f drops by a certain amount at a given energy, potentially in
several reaction channels at once, then a resonance migtgansible.

Beyond mass scans, there exigidel selectiotechniques referring to the process of selecting the
simplest model with the most conventional explanation.eéfre conventional/simple explanation
is an (energy-dependent) background and/or thresholdscusple the algorithm should penalize
unconventional explanations such as resonances.

Minimizing the resonance content in a systematic way is ghgeal within partial-wave analysis.
For this, the Least Absolute Shrinkage and Selection Ope(RASSO) technique for model se-
lection can be applied (which provides a Bayesian posteniade estimate), in combination with
cross validation and/or information theory to control tieeof the penalty parameta{183-185].
The combination of these techniques effectively suppestbeeemergence of resonances except for
those really needed by the data. The numerical implementatiespecially simple because it af-
fects only the calculation of thg?. Trial-and-error techniques, sometimes still appliedheak

for resonances in different partial waves, will become ¢éteo Here, one simply starts with an
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over-complete resonance set plus flexible backgroundstrendlgorithm will remove all those
resonances not needed by data, without manual intervenégrart from cross validation, we
will also consider information theory to regulaiteas proposed in Ref. [186]. In particular, the
Akaike and Bayesian information criteria provide easysg model selection. Results should be
independent of the choice of the criterion.

In 2017, the LASSO technique was, for the first time, usedam pihotoproduction at low energies

for the "blindfolded" selection of the relevant multipolaed their simplest parametrization to

describe the available data [187]. The analysis of kaondrd reactions is closely related. For
a recent application in a different but related context seé R88]. Once the model selection

process is finished, uncertainties on resonance parancatel® obtained by the usual re-sampling
techniques.

The existing and proposed partial-wave analysis tools iffeg@ht construction principles: reso-
nances are included in the form of bare statésnatrix poles, or generated from hadron dynamics
itself For the first two classes of approaches, one has as$ disgosal the coupling constants that
tune the interaction of a bare singularity with the mesorya continuum. Those are fit param-
eters that can be explicitly included in the penalty termreonances are generated from the
meson-baryon dynamics itself, the case is a bit more coatplil; because there are no directly
accessible tuning parameters. This parametrizationtipegaicby the GW/SAID group for many
years (see, e.g., Ref. [177]), is, in principle, the cledaeslysis tool, because resonance gen-
eration does not require manual intervention. Yet, evee liae emergence of resonance terms
can be penalized, e.g., through the value of contour integrathe second Riemann sheet where
resonance poles are located (a value of zero corresponasotkiee absence of poles).

It should be stressed that the information theory critedaat require a good fit in a frequentist’s
sense because they merely compare the relative quality @éisioT his is especially relevant when
it comes to the analysis of many different data sets (sucl@s-induced reactions) in which, e.qg.,
the systematic errors might be underestimated such thgtdo.f. ~ 1 is difficult to achieve.

Systematic uncertainties can be treated as in the GW/SApBbaph [81] in which the? is defined

as
NO, — QP 2 N —1\2
2_§ ? 7
A ( € ) +( ) ’ (32)
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where©;™ is an experimental point in an angular distribution @hgdis the fit value. Here the

overall systematic erroe,, is used to weight an additiongf penalty term due to renormalizaton
of the fit by the factorV. The statistical error is given by. Note that the fit function is penalized,
rather than the data, to avoid the bias discussed in Ref].[186e also Ref. [190] for further

discussion of this topic.

15.2 Goodness-of-Fit Tests
The? per degree of freedon;tfmf., is usually considered as a criterion for a good fit, but bezeom
meaningless if thousands of data points are fitted (and dHmukeplaced by Pearsornys test).

Statisticaly? tests will become possible through the new data, puttingnasce analysis on a
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firmer ground. Whiley? tests are sensitive to under-fitting, they are insensitivevier-fitting.
Here, theF'-test [191] is suitable to test the significance of new fit paters. That test, can,
thus, be applied to reduce the number of internal parameteaspartial-wave parametrization,
which results in more reliable estimates of uncertaintiesektracted resonance parameters such
as masses, widths, and branching ratios.

With increased consistency of data through the KLF expartphaher goodness-of-fit criteria can
also be applied, such as Smirnov-Kolmogorov or Andersoniiptests for normality [192, 193]
or run tests from non-parametric statistics. For pion ppaiduction, these tests are applied and
extensively discussed in Ref. [187].

A prerequisite to carry out classical statistical testsatadonsistency. As discussed before, this
is unfortunately not always the case in thie= —1 sector. The proposed KLF measurements will
produce, for the first time, a body of data large enough to leraixrh tests reliably.

15.3 Representation of Results

As mentioned, ED parametrizations are needed to extrambagse parameters, but single-energy
(SE) fits are useful to search for narrow structures, or fbeogroups to test theoretical models
of hadron dynamics. The question arises how the partial svaa@ be presented to allow the
theory community to carry out their fits. As recently demaoaigtd [194], SE solutions alone
carry incomplete statistical information, mainly becatisey are correlated quantities. We plan
to provide the analysis results in a similar form as recedtye in Ref. [194] for elastiac N
scattering. With this, the theory community can fit partiaves through so-callecbrrelated?
fits obtaining ay? close to the one obtained in a fit directly to data (see Re#][fic& an extended
discussion). This format ensures that the maximal infoilmnarom experiment is transmitted to
theory, allowing to address timeissing resonance probleimthe wider context of questions related
to confinement and mass generation, that have been paraprobims in hadronic physics for
decades.

In summaryWith a large consistent data set from the KLF experimentdineeclass of statistical
tools will become applicable that is needed to conduct agsrbaryon spectroscopy. With the
new data, the quantitative significance of resonance sgurad the quantitative uncertainties of
resonance parameters can be determined.

16 Appendix A4: Neutron Background

Overall our MC simulations for 12 GeV (Fig18(left)) agreed quitellwith the neutron yields
measurements that SLAC did for 16 GeV (Higl 18(right)). Nttt with a proton beam, the/ K,
ratio is10® — 10* (see, for instance, TaHlle 2 in Appendix A6 (Jed. 18), whilthimJLab case, this
ratio is less than 10, as Fig.]40 shows.

For MCNPG6 calculations, several neutron tallies were gladeng the beam and at the experimen-
tal hall ceiling for neutron fluence estimation. Calculasavere performed for different shielding
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Figure 40: The: to K, ratio associated with FigL8(left).

modifications in the beam cave to optimize the neutron doggurés[Z1 [P, and %3 present the
vertical cross section of the neutron flux evolved from bejig to final configurations considered
in the course of this study. Neutron flux in experimental &k evaluated for several shielding
configurations in the beam cave. First, the shielding wa# leaated at the end of the beam cave;
see Fid.dll. Second, the shielding wall is located as clogessible to the first collimator in the
beam cave, Fig-42. Also, two labyrinths were introduced the MCNP model, Fig-42, to check
their influence on anticipated dose rate. No influence wasrebd for proper designed labyrinths
with no direct view from experimental hall to the source &g the beam cave. Third, the same

configuration as in Fig.42, but second shielding wall is adatehalf way toward to the end of the
beam cave, Fig.43
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Figure 41: Vertical cross section of the neutron flux caledgor the model where the shielding
wall is located at the end of the beam cave.

The energy distribution of neutrons emitted from the Bee#a(m N/(MeV- s cn?) units is shown
in Fig.[24.
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Figure 42: Vertical cross section of the neutron flux cal@dgor the model where the shielding
wall is located as close as possible to the first collimatah@beam cave.
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Figure 43: Vertical cross section of the neutron flux calteddor the model where the first shield-
ing wall is located as close as possible to the first collimatal Be-target and the second shielding
wall is located at halfway toward to the end of the beam cave.
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Figure 44: Energy distribution of neutrons (in N/(MeVcm?) units emitted from the Be target,
from calculations with the MCNPG6 transport code [128].
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17 Appendix A5: Details of Monte Carlo Study

17.1 Particle Identification

For each topology, one primary particle (the proton for fe channel, therK* for thert A
channel and theé{" for the K™= and K *n channels) provides a rough determination for the
position of the primary vertex along the beam line that iglliseonjunction with the start counter
to determine the flight time and path of th&, from the beryllium target to the hydrogen target.
Protons, pions, and kaons are distinguished using a cotidninaf ¢ F /dz in the chambers and
time-of-flight to the outer detectors (BCAL and TOF). Thergydoss and timing distributions for
the Kgp channel are shown in Fig.5; the distributions are simiartifier* A channel, where a
proton band arises from the — 7~ p decay. Also shown is théF /dx distribution for thek ="
channel, where a prominent kaon band can be seen, alongiatiapd proton bands arising from

A decays.

dEdx vs p/M for proton candidates bortiignitienex VS P for proton
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Figure 45: Particle identification. Top lefi:£/dz for the K sp channel. Top right: time difference
at the primary "vertex" for the proton hypothesis for tkigp channel using the TOF. Bottom plot:
dE /dx for the K= channel. The proton and pion bands arise from the decay of.the

Since the GlueX detector has full acceptance ifor charged particles and large acceptance in
6 (roughly 1 — 140°), a full reconstruction of events is feasible for the majoaf the channels.
That will allow to apply four or more overconstrain kinentatii fit and improve the resolution
considerably. A typical comparison betwdénreconstruction using th&;, momentum for 300 ps
ST resolution (red dots) and the other using kinematicattgdifinal-state particles for th&sp

channel (blue dots) is shown in F[g]46.
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W resolution for pKE channel
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Figure 46:1V resolution for the/sp channel, (blue dots) using kinematic fitting after recamstr
tion of all final state particles; (red dots) usihg, time-of-flight.

17.1.1 Details of MC study forK;p — Kgp

For the Ksp channel, we take advantage of the BR66f2% for K¢ — #n"xn~ [2]: the invariant
mass of ther™ 7~ pair andi/” as computed from the four-momenta of the proton and the teospi
is shown in Fig[4l7.
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Figure 47: Full reconstruction fak;,p — Kgp andKg — 7" 7~. Top left: 77~ invariant mass.
Top right: W computed fromr ™7~ p invariant mass. Bottom plot: Missing-mass squared for the
full reaction.

After combining the four-momenta of the final-state paetscWith the four-momenta of the beam
and the target, the missing-mass squared for the full @astiould be zero, which is also shown
in Fig.[41. Finally, one requires conservation of energy madnentum in the reaction by applying
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a kinematic fit to the data. After applying a 0.1 cut on the aterice level of the fit, one computed
an estimate for the reconstruction efficiency as a functiofi’oas shown in Figi_48. Here the
efficiency includes the BR foK's — 77 ~. The average reconstruction efficiency is abgigt
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Figure 48: Left plot: Confidence-level distribution for kimatic fit for theKsp channel.
plot: Estimate for efficiency for full reconstruction of thh&, p — Kgp andKg — 7"
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7~ reaction

For our proposed KL Facility in Hall-D, we expect good statis of K p — 7+ A for a very wide
range ofK; beam momentum. Figufel49 shows thie beam momentum distributions from the
generated (left) and reconstructed (right) with requiriiag > 0.95 in time-of-flight.
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Figure 49: Beam particle/(;) momentum distribution in MC simulation, generated (leftjd
reconstructed (right).

We have generated thi€;,p — 7 A reaction in phase space taking into account the reali§tic
beam momentum distribution in the event generator. This emdom spectrum is a function of the
distance and angle. Then we went through the standard Halll BEANT simulation with GlueX
detector and momentum smearing. Finally, we utilized thidAIAor particle reconstruction that
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we simulated. Figue b0 shows a sample plot for polar angkugamomentum distribution af',
7, and protons from the generated event (left) and recortstiwvent (right). Figuie®b1 shows an
example of the reconstructed theparticle for invariant mass (left) and missing mass (righite
obtained a 5 MeV invariant-mass resolution and a 150 MeVingssiass resolution. We estimate
the expected total number af" A events as final-state particle within topology afl 17—, and

1 proton. In 100 days of beam time withx 10* K;/s on the liquid hydrogen target, we expect
to detect around 24NK;p — 7+ A events forl} < 3 GeV. Such an unprecedented statisitics will
improve our knowledge of these states through partial-vaaadysis.

s

PiPlusThiownkinematics | # PiPiusReckinematies
Enties A R Erties

Thvsp

{ " PiMinusThrounKinemates

P sp

ProtonThroanKinematics 1 E

ProlonRecKinemaics
Enties 6| | CE 552

Figure 50: Momentum and angular distributionsmof (top row), 7= (middle row) and proton
(bottom row) of the reaction: generated (left column), restoucted (right column) events.

Moreover, Fig[BR (left) shows the correlation betwdenvariant mass from its decay particles (
7~) and missing mass af X'. The right plot in Fig[BR shows th& invariant mass as a function
of pion angular distributioni;+). All these plots are based on the 150 ps time resolutionef th
ST.

The K;p — 7wt A reaction has a relatively high production cross sectionotiger of a few mb

in our proposed<; momentum range (1 — 6 Gey/ The beam resolution has been calculated
at the time-of-flight vertex time resolution (150 ps) of tharscounter (TOF-ST). The variation
of invariant-mass resolution as a functionl®f for various TOF-ST timing resolution (100, 150,
300 ps) is similar to those of other reactions [195].

The major source of systematic uncertainty for this reactiould be mistaken particle identifi-
cation amongr™, K™, and proton in the final state. However, requiring the retanted A and
side-band subtraction technique for background will inwprthis uncertainty substantially.
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Figure 51: The\ invariant-mass distribution reconstructed fromvitg decay particles (left), and

the missing mass of * X (right).

=
=3
T

RecIM_Part3 vs MM

.| Entries 35175

IM,, . [GeV/c?]
=
=]
T

MM,.. [GeV/c?]

L Lo e I Loiilinalitinlie
2B U 15 16 17 118 ! B s 16 17 18
M., [GeVie’] 0

Figure 52: The\ invariant mass versus missing massrofX (left) and thed .+ angle distribution
versusA invariant mass (right).

17.1.3 Details of MC study forK;p — K+=°

Three topologies can be used to reconstruct this reactiopoldgy 1 requires the detection of a
K™, topology 2 requires the detection ofa™ and aA by utilizing its high branching ration to a
7~ p pair (63.9%), and Topology 3 requires the detection of the-ploton decay of the® from

= — 7’A. Particle identification is done via a probabilistic apmioanvolving d£/dX, time-
of-flight, and track curvature information as described ppAndix A5 (Sed1711). ThéF/dX
distributions for kaon, proton, and- candidates are shown in FIg153.

At low particle momenta, kaons and protons can be well sépayraut high-energy particles can-
not be unambiguously differentiated by’ /dX or by ToF information, which leads to particle
misidentification. The higher thi@/, the higher ejectile energy we have and the more misidenti-
fication contributions we have. In this analysis (specific@bpology 2 and 3), these events were
largely removed by making an invariant-mass cut onithg pair.
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Figure 53:dFE/dX distributions used in kaon proton and identification for the reconstruction
of K p — KT=°.

Figure[B4 shows the missing massiofp — KX for simulated data for the reactidki; p —
K*=° used in the reconstruction of all topologies, the invariaaiss distribution of the ~p pair
used to reconstruct Topology X(¢p — K"AX) and 3, and the invariant-mass of the two-photon
pair used to reconstruct Topology B{p — K*+Axn%). A 30 cut on these distributions allows
us to reconstruct the reaction fully. The left panel of Hid $hows the3o 1W-dependent cut
applied to select the missirig’ as well as thdV-dependenBo cut to reconstruct the reaction
Krp — K'™n. (See Appendix A5 (Se€_17.1.4) for more details on the smunf resolution
effects on the missing mass.) The latter is one of the majaces of background for our reaction
for Topology 1; however, the missing-mass resolution (ol with a vertex-time resolution of
150 ps) allows a clean separation of these two reactions U te 2.3 GeV Above this value,
special treatment of th&;p — K*n background is required as discussed in greater detail in
Appendix A5 (Sed_IZ.113).
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Figure 54: The missing mass of the reactiopp — KX used to reconstruct the reactiainp —
K+=° (Topology 1), and the invariant mass@f~ pair (Topology 2), and the invariant mass of
the two-photon pair (Topology 3).

The detection efficiency as a function of the tidefor each topology is shown in Fig.B5. As
expected, the efficiency is highest for Topology 1 reachingaaimum at 60% foil” = 2.05 GeV.
The efficiency for Topology 2 is about an order of magnituds han Topology 1, and Topology 3
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detection efficiency is on average 0.8%.
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Figure 55: The detection efficiency for the reactigpp — K +=° for each topology.

Kip — K*Z=° background suppression: Different sources of background will contribute in
the three topologies used to study this reaction. Disefitamgur signalK;p — K+=° from the
reactionkK;p — K*n (for Topology 1), which has two orders of magnitude large&rssrsection

is expected to be relatively straightforward. As mentiobetbre, a simple missing-mass cut is
sufficient to remove any contributions from this reactionifio < 2.3 GeV. ForlW > 2.3 GeV, an
s-weight approach (or neuralNets, etc.) can be utilize@moave these contribution as the shape
of the background under any cascade events can be wellise&bfrom simulations. Figufeb6
shows thelV-dependence of the missing-mass distributiongfp — KX for the simulated
reactionskK;p — KT=" andK;p — K*n (left panel). The right panel shows the missing-mass
projection atlV = 1.9 GeV. In addition toK;p — K*n, the reactionK;p — 7«"A is also a
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Figure 56: The missing mass of the reactiilp — K*X used to reconstruct the reactions
Krp — K=" (Topology 1) andK;p — K*n (which has about 2 orders of magnitude larger
cross section). Right panel shows the missing magig at 1.9 GeV.

source of background events for Topology A — K*X)and 2 (K;,p — KTAX). This
channel contributes when the final-stateis misidentified as & *. This shifts the missing mass
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of K;p — m*X to values lower than the ones expected, which leads to a gegatation of this
source of background beloW < 2.2 GeV. FigurdBlF shows the missing-mass distribution of these
misidentified events. Contributions from these events fgpdlogy 3 is completely removed by
the requirement of two photons in the final state that recansthe mass of°. For Topology 2,
coplanarity cuts between the reconstructed (misidenjifiéd and A can reduce contributions,
where as a background subtraction approach using the mrssaigs information can be used to
remove any contribution at’ > 2.2 GeV.
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Figure 57: The missing mass of the reactiopp — KX for simulated events from the reaction
Krp — 7t A. The reconstructed events here results from a pion misfashas a kaon.

=" induced polarization: The parity-violating nature of the cascade’s weak deGy-{ 7°A)
yiels a pion angular distribution given by

N
n(6?) = 5(1 — Placcos ), (33)
where PZ is the induced polarization of the cascade, and is the aimgly@owera = 0.406 +
0.013 [2]. Figure[®8 shows the production plane defined in the cesftenomentum system con-
taining the incomingi’;, and proton target. The decay plane is defined in the restefrainthe
cascade and contains its decay products.

In terms of four-vectors, conservation of energy and moomanfor this reaction is written as
follows:

Pk, + Pp = Pr+ + Pxo. (34)
The production plane is then defined by
g= =X (35)
|PE X PKL|
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Figure 58: The production plane forfi,p — K=" defined in the center-of-momentum system
containing the incoming<;, and proton target. The decay plane is defined in the resteficfrthe
cascade and contains its decay products. The inducedzaidlar P2 is defined to lie perpendicu-
lar to the reaction plane.

The z axis lies along the beam direction

P
p= (36)
‘PKL‘
and thus the&: axis is defined to give a right-handed coordinate system:
T=9Xx2Z. (37)

The determination ofZ can be established by linear fits to the acceptance-codrede angular
(cos 07) yields. Fitting these distributions with a first-degredypomial,

y = ao(1 + ay cos 0Y), (38)
allows the determination af;, which gives us the the induced polarization
a; = Pé/Oé (39)

Alternatively, one can determine the induced polarizatransfer from determining the forward-
backward asymmetnA?, of the pion angular distribution. This asymmetry is defiasd

NV NY

y . _ T - —
N{ 4+ NY’

(40)

where NY and N? are the acceptance-corrected yields withf? positive and negative, respec-
tively. The asymmetry is related to the induced polarizabyg
—2AY
Py — _ (41)

= «
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The statistical uncertainty in the asymmetry measuremerit?ds related to the Poisson uncer-
tainty in N¥ and NY. Propagating this uncertainty to the uncertaintyléfgives

2

m\/wmw_ﬁ Y. (42)

OAy =

The uncertainty irP! is then found by propagating,, ando,:

«

S 3)

17.1.4 Details of MC study forK;p — K™n

As described in Section_I11.1.5 we used oAly detection to reconstruct this reaction. Kaon
identification is done with a probabilistic approach involydE'/d X, time-of-flight, and track
curvature information; see Appendix A5 (SEC.17.1) forlfertdetails. Evenin pur&;p — K™ n
MC case one can have more than one charged particle trackstegcted due to various reactions
in the detector volume. That is why in addition to the pronmthA ™ banana in Figl_39(left)
we see some traces of pion and proton bands. AtAowmomenta, kaons can be well separated
from pions and protons, but high-energy particles cannatifferentiated byd £ /dX or by ToF
information, which leading to particle misidentificatiofhe higher thdV, the higher the ejectile
energy we have and the more kaons we lose due to misidentificate FiglH9(right, green). In
our analysis, we restricted ourselves to one and only ormmsaicted charged-patrticle track. This
condition helps to suppress the background, but does notesithe reconstruction efficiency; see
Fig.[RI(right, black).
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Figure 59: Left plot:dE/dx for the K;p — K*n channel Right plot: single charged-particle
track detection efficiency as a functiondf for the K;p — K*n channel. Any charged particle
(black), kaon (green), proton (red), pion (blue).

Charged-particle track detection efficiency stays flat dlerfull range ofl/, but kaon recon-
struction efficiency drops from about 60% at I6W to 20% at highest available energy. Since
the GlueX acceptance is large and essentially hole-less) keconstruction efficiency does not
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Figure 60: Left plot: Full (red) and detector related (bl&&) missing-mass resolution in terms of
o. In second case, the trd€;, momentum was used to calculate the missing mass. Rightiglot:
missing-mass resolution as a function®@f 30 missing-mass cuts for th€,p — K n (red) and
K;p — K™= (gray) reactions are indicated by solid lines. Horizontslkd lines show nominal
masses of the neutron aatlbaryon. The vertical gray dashed line indicates the rangeucd
missing-mass separation between these two reactions.

depend on yet unknown angular distributions. For the finalcséen of theK;p — K n reaction,
we used 80 missing-mass cut around the neutron’s mass; seéHig. 60.

Figure[®&D was plotted under the assumption of a 150 ps venexresolution. Botil (Fig.[33)
and missing-mass resolutions are driven by ifie momentum resolution. That is why a start
counter upgrade is essential. Any further time resolutioprovement below 150 ps would signif-
icantly simplify reaction analysis and background supgigasfor all reactions of interest.

Below W = 2.3 GeV, theK;p — K*n and K;p — K= reactions can be disentangled by
K™ missing mass alone. Above this value, special treatmertieok, p — K™= background

is required. One may notice that3a cut for the K;p — K™n reaction rises faster than for
Kip — K*=° This effect has a purely kinematical explanation - due Hlgher mass of the
=% baryon, theK* produced inK;p — K*Z reaction has a lower energy for the same value of
W. The lower theK' ™ energy we have, the better missing-mass resolution we getihee more
narrow the missing-mass cut one needs to apply.

Krp — K*n background suppression: Due to its very high cross section, th&p — K™n
reaction is essentially background free. Due to the exthemigh statistics expected for this
reaction our uncertainties will be dominated by systersatite have identified three major sources
of physical backgroundup — K*nn, np — 7 nn, andK p — K*Z reactions.

Details onK;p — K'™n and K;p — KTZ= separation can be found in Appendix A5 (Sec-
tion[IZ13B). FolV < 2.3 GeV, these two reactions can be separated By & ™ missing-mass
cut. AbovelV = 2.3 GeV, one can use standard background suppression techri§i@eights,
Q-weights, NeuralNets, etc.... The main decay branch & is =° — 7°A — 7% p, which
leads to several charged particles in the final state beside$ience filtered out by a "one-charge-
track-only" selection criterion. Another decay brarith— 7°A — 7%7%n cannot be filtered out
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that easily; however, due to its smaller branching ratio loioved with the smallK;p — K+=
production cross section, this channel only contributethatlevel of 10~2 even without any
background suppression techniques. Further suppressioing multiple neutral tracks and/or
Q-weight should push this background far beltav*.

Neutron flux drops exponentially with energy (see Appendd{18 for details) and generally the

high-energy neutron flux is small, but nonvanishing. If mens andi'; s have the same speed, they
cannot be separated by time of flight. Neutron-induced r@astave high cross sections, which
is why one needs to consider them as a possible source of foactdy In Fig[Gll, one can see a
comparison of kaon and neutron fluxes for the worse-caseasoenhen no neutron suppression
is employed, similar to Fig._18(right) in terms @6f Particles with the same cannot be separated

by time of flight. At5 = 0.95 neutron and kaon fluxes become equal. This speed corresfmwads

neutron momentum gf, = 2.9 GeV/c and kaon momentum ofy, = 1.5 GeV/e.
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102 3
c npsnm
. threshold np>mMK
10 = threshold
B —
I I | I | I I | I | | I I | | | I I
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Figure 61: Neutron and;, fluxes as a function of speet

To evaluate the amount of background, we need to fold this#itix production cross section and
reconstruction efficiency. Let'’s first consider the — K+ An background. Unfortunately, this

reaction is not very well measured, so we would us@the> K+ Ap cross-section parametrization
together with the knowledge % — 2 from Ref. [196]. In Fig.[BR, one can see the flux of
K*s from kaon-induced;p — K n reaction in comparison to a neutron-indueced— K*An

as a function of projectile speeds.

As one can see in Fif. b2, neutron-indudéd production contributes only in a very narrow range
of energies. The contribution is also very small. One cath&rrsuppress this type of background
by vetoing charged particles fromndecay and performing & missing-mass cut. Altogether one
can suppress this type of background below*.

The most dangerous type of neutron-induced backgrounahatis from thewp — 7 nn reaction
with fast7™ misidentification ag< . There are no measurementspf— 7+nn reaction but due
to isospin symmetry one can relate this reaction to an isospgnmetric casep — 7 pp. The
later reaction is known, see Ref. [197]. The total crosseedcor this reaction is about 2 mb. The
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Figure 62: Left plot:pp — K Ap total cross section from Ref. [196]. Right pla&™ flux as a
function of projectile speed for neutron-induced (green) and kaon-induced (red) reasti

np — wnn reaction has a much lower threshold comparedjio— K*An, so it can utilize
an enormous flux of low-energy neutrons. However, low-epeutrons predominately produce
low-energy pions, which can be separated from kaons. Thkgbagnd needs to be considered
only for 5 > 0.8; see Fig[l&B. The background level looks much higher contptrd-ig.[62,
but it can be severely suppressed with té&™ missing-mass cut since pion kinematics of the
three-bodynp — 7 nn reaction are very different from,p — K*n.
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Figure 63: K flux as a function of projectile speed for the — 7 nn (green) and<;p — K™n
(red) reactions. Pion misidentification efficiency for tleutron-induced reaction is extracted from
the full MC Geant simulation.

In summaryKaon particle identification together with a simgle missing-mass cut and assump-
tion of K;, beam can efficiently suppress all physical backgroundseokttpy — K *n reaction.
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18 Appendix A6: Current Hadronic Projects

Past measurements involving kaon scattering measuremerdgsnade at a variety of laboratories,
mainly in the 1960s and 1980s when experimental techniqees far inferior to the standards of
today (short summary is given in Séd. 6). It is important tcoghize that current projects are
largely complementary to the proposed Jlab KL hadron beaititfa We summarizehe status of
the FNAL, J-PARC, Belle, BaBa’ANDA, and COMPASS efforts here.

18.1 Project X, USA

The status of Project X at FNAL [198,199] is as follows: Fattge of Project X aims for neutrinos.
Proposedy; beam can be used to study rare decays and CP-violation [R®04y be impossible
to use the FNALK ;, beam for hyperon spectroscopy because of momentum range/&hdratio
(columns 4 and 6 at Tablé 2). In particular, the 8-yr old FNA&I bddressed to the CP-violation
study proposed to have a neutral kaon beam raté'dthr for high energies and very broad energy
binning [201].

Table 2: Comparison of th&';, production yield. The BNL AGS kaon and neutron yields are
taken from RSVP reviews in 2004 and 2005. The Project X yiealdsfor a thick target, fully
simulated with LAQGSM/MARS15 into the KOPIO beam solid amghd momentum acceptance
from Ref. [199].

Project | Beam energy Target j{;) Kls n/Ky,
(GeV) ;)  (MeVie) (into0.5msr) ¢, >10 MeV)
BNL AGS 24 1.1 Pt 300-1200 60 x 10° ~ 1:1000
Project X 3 1.0C 300-1200 450 x 10° ~1:2700

18.2 J-PARC, Japan

While J-PARC has a whole program of charged strange padintehypernuclear reactions, the
photon beam at GlueX KLF allows unique access to other chHandePARC provides separated
secondary beam lines up to 2 Ge\{Table[3). The operation of the Hadron Experimental Facilit
resumed in April of 2015 following a two-year suspensiorgiavate the facility after the accident
that occurred in May 2013 [202]. The primary beam intensstgurrently 25 kW, and can be
upgraded to 100 kW. This will correspond+o10° ppp (particles per pulse) for pion beam intensity
and to~ 10° ppp for kaon beam flux. Th& / ratio is expected to be close to 10, which is realized
with double-stage electrostatic separators. One of thea prablems in the'/w separation is a
high duty-factor of the J-PARC Complex.

With K~ beams, currently there is no proposal specific§or= —1 hyperons, but the cascades
will be studied in the early stage of E50 [204], hopefully fnistyear, 2018. Thé\p/p is a few
percent, which is not good to look for narrow hyperons. Onetbank that the systematic study
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Table 3: J-PARC Beam line specifications from Ref. [203]

Beamline Paricle Momentum Range  Typical Beam Intensity
(40 kW MR operation)
K1.8BR | =+, K+, and pp (separated) <1.1 GeVE 1.5 x 10° K~ /spill at 1 GeVt
K1.8 7%, K*, and pp (separated) <2.0 GeVE 5 x 10° K~ /spill at 2 GeVE
K1.1 7%, K*, and pp (separated) <1.1 GeVE 1.5 x 105 K~ /spill at 1 GeVt
High-p | 7%, K*, and pp (unseparated) upto20 GeV¢ | >~ 107 7~ /spill at 20 GeV¢
>~ 105 K~ /spill at 7 GeVE
Primary Proton 30 GeV ~ 10" proton/spill

for S = —1 hyperons even with charged kaons is desirable and J-PARG fioink that such a
study is definitely needed but currently there is no room teepta new proposal to require a long
beam line. J-PARC is focusing on hypernuclei physics [205].

There is noK;, beam line for hyperon physics at J-PARC. It is 100% dedicédeithe study of
CP-violation. The momentum is spread out from 1 to 4 Geere is no concept akp/p since
the beam cannot be focused with EM devices.

18.3 Belle, Japan

The Belle Collaboration at KEK has plenty ef e~ data, and people in Belle [Belle Nuclear
Physics Consortium (Belle NPC)] are now extracting varichesrm-baryon decay processes, which
can be used for cascade resonance spectroscopy, from these* ¢~ data [206].

18.4 BaBar, USA

The BaBar Collaboration at SLAC studied, for instance, prtips of the=(1530)° in the decay
of AL — (#TZ27)K* and=(1690)° in the decay of\;, — (K°A)K™ [207] (see, for instance, a
recent overview by Ziegler [208])

18.5 PANDA, Germany

The PANDA experiment [209] will measure annihilation reactiomisantiprotons with nucleons

and nuclei in order to provide complementary and in part uelg decisive information on a wide

range of QCD aspects. The scientific scopeP#NDA is ordered into several pillars: hadron
spectroscopy, properties of hadrons in matter, nuclearctsire and hypernuclei. Antiprotons
are produced with a primary proton beam, collected and phjpaee cooled in the CR (Collec-
tor Ring), and then transferred to the HESR (High Energy&ferRing) where they are stacked,
further phase-space cooled, and then directed onto amatterget located at the center of the
PANDA detector. The facility will start with a luminosity af03! cn?/s and a momentum resolu-
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tion of Ap/p = 1074, and later improve t@ x 10%? and4 x 10~°, respectively. The large cross
section into baryon-antibaryon final states (e-g.] ub for Z= or 0.1 b for Q) make spectro-
scopic studies of excited multi-strange hyperons a verypsiing part of the initial program of
PANDA, which is expected to commence by 2025 [210].

18.6 COMPASS, CERN

COMPASS is thinking of the physics using an RF-separatechb@facharged kaons. It is still in
the discussion stage. The rates, which were presented ag frseguess by the CERN beamline
group were very interesting for a strangeness physics gnogia diffractive production of strange
resonances [211]. The cost of a RF-separated beam is higlevieg something like this had been
built in the past.

Charged kaons could be used to extend {Rd investigations into the strangeness sector (e.g.,
Primakoff) and the spectroscopy program. At present, COS®Ailters out kaons in the COM-
PASS charged pion beam via Cherenkov detectors but they opakaly about 2.6% of all beam
particles.

The energy of the kaon beam would probably be below 100 Ge¥lnte 40 — 50 GeV. The latter
number is defined by the stability of the power supplies ferlibam line, which after all is about
1 km long... and of course the decay losses.

19 Appendix A7: Additional Physics Potential with a X, Beam

As stated in the summary of Mini-Proceedings of the WorksbogExcited Hyperons in QCD
Thermodynamics at Freeze-Out (YSTAR2016) [212]: a vergrigdgting further opportunity for
the KL Facility is to investigate KL reactions on complex haic By selecting events with the
appropriate beam momentum together with a fast forwardggpion, events can be identified, in
which a hyperon is produced at low relative momentum to thgeetanucleus or even into a bound
state. Baryons with strangeness embedded in the nucleaoement, hypernuclei or hyperatoms,
are the only available tool to approach the many-body asyie¢he three-flavor strong interaction.
Furthermore, appropriate events with a forward-gaifig could deposit a double-strange hyperon
into the remaining nucleus, potentially enabling sear¢beand studies of doubld-hypernuclei.

Similarly, the scattering of kaons from nuclear targetddde a favorable method to measure the
matter form factor (and, therefore, neutron skin) of heaugl@i, with different and potentially
smaller systematics than other probes. The character afgb&on skin, therefore, has a wide
impact and the potential to give important new informationn@utron star structure and cooling
mechanisms [213-217], searches for physics beyond thdasthmodel [218, 219], the nature of
3-body forces in nuclei [220,221], collective nuclear ¢ations [222—225] and flows in heavy-ion
collisions [226, 227]. Theoretical developments and itigasions will be required to underpin
such a program, but the science impact of such measurersdrtgi

Further potential exists to search for — or exclude — poss#labtic baryonic states that cannot
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easily be described by the usual three-valence-quarkisteidRecent results from LHCb provide
tantalizing hints for the existence of so-called pentakgidinat include a charm valence quark;
however, the interpretation of those results is under dsion. In contrast, elastic scatteringfof
with a hydrogen target gives unambiguous information onptbiential existence of such states.
With the given flux of K;, at the proposed facility, a clear proof of existence or prfcdibsence
will be obtained within the integrated luminosity requirkt the excited hyperon spectroscopy
program that forms the basis of this proposal.

There are two patrticles in the reactiéf),p — 7Y and K'Y that can carry polarization: the target
and recoil baryons. Hence, there are two possible doulibipation experiments: target/recoil.
The total number of observables is three. The formalism a&fiditions of observables commonly
used to describe the reactiéfy,p — KY is given in Sed]7. Although one cannot easily measure
recolil polarization with GlueX, the self-analyzing decdyhgperons makes this possible. Double-
polarization experiments, using, e.g., a polarized tdiket-ROST [136], will however be left for
future proposal(s).

The physics potential connected with studies of CP-viotatlecays of thé(;, is very appealing;
however, that topic is not currently the focus of this pragpsince a detailed comparison with
the competition from existing and upcoming experimentseisded in order to identify the most
attractive measurements that could be done at the propds&adlity at JLab.

20 Appendix A8: List of New Equipment and of Changes in
Existing Setup Required

The following major changes to existing are summarizedvelo

Compact photon source (a rough cost estimate is about $500k)

Start Counter upgrade.

The upgrade of thé H, /LD, cryotarget (a rough cost estimate is about $30Kk).

Modifications of the beam line from the beginning of the culitor cave to the cryogenic
target, which includes the Be target, the shielding, newanatchambers etc:

— Engineering and design: 0.5FTE*Y ME and 1FTE*Y D

— Equipment: $300k.

— Changeover from the photon to KL beam line: 4-6 months deijpgnah the type of
shielding, at a level of 3.5FTE MT.

— Changeover from the KL beamline to the photon beam line r(dfte radiological
cooldown of the KL beamline): about 4-5 months.

5 ME,MD,MT - mechanical engineer, designer, technician
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