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Abstract

We express our interest in creating a secondary beam ofatéwatons in Hall D at JLab to be
used with the GlueX experimental setup for strange hadrectspscopy. The flux of the order
of ~ 10*K /s on physics targets of the GlueX will allow a broad range of sseaments to be
made by improving statistics of previous data obtained airéyen targets by almost two orders
of magnitude. Use of a deuteron target will provide measergmin a completely unexplored
region ofterra incognita

The experiment should measure both differential crossaecand self-analyzed polarizations of
the produced\, ¥, and= hyperons using the GlueX detector at the Jefferson Lab Hallti2
measurements will span c.mos ¢ from -0.95 to 0.95 in the c.m. range aboWié = 1490 MeV
and up to 4000 MeV. New GlueX data will greatly constrain jaduvave analyses and reduce
model-dependent uncertainties in the extraction of sealegonance properties (including pole
positions), providing a new benchmark for comparisons \@tBD-inspired models and LQCD
calculations.

The proposed facility will also have an impact in the stranggeson sector by providing measure-
ments of the final-stat&' = system from threshold up to 2 GeV in the invariant mass tdoéista
and improve on pole positions and widths of Alf (/K w) P-wave states as well as for the S-wave
scalar mesor(800).
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1 Scope of Proposal

The nature of QCD confinement continues to provide an ongdiadjenge to our understanding
of soft QCD. Studies of the baryon spectrum provide one avéalearn more about this unique
feature since the location and properties of excited staftect the dynamics and relevant degrees-
of-freedom within hadrons.

Through analyses of decades worth of data, from both hacleomd electromagnetic (EM) scat-
tering experiments, we have found numerous baryon resesaand determined their masses,
widths, and quantum numbers. There are 109 baryons in PD&RiBlings [1] and only 58 of
them arel* or 3* [1]. Many more states have been predicted by quark modelss{QNor exam-
ple in case ofSU(6) x O(3), it would be required 434 resonances, if all revealed mieftspvere
completed (three 70 and four 56).

Three light quarks can be arranged in six baryonic familigés, A*, A*, ¥*, =*, andQ2*. The
number of members in a family that can exist is not arbitr@ly [f SU(3)r symmetry of QCD

is controlling, then for octetV*, A*, andX*, and for decupletA*, =%, andQ2*. The number of
experimentally identified resonances of each baryon famiBDG2016 summary tables is V%,

24 A*, 14 A%, 123, 7 =%, and 2Q0*. Constituent QMs, for instance, predict the existence of no
fewer than 64N* and 22A* states with mass less than 3 GeV. The seriousness of theirigiiss
states" problem [3] is obvious from these numbers. To cote& (3) » multiplets, one needs no
less than 17\*s, 41%*s, 41=*s, and 24)*s.

If such kind of "missing resonances" exist, these states béter eluded detection or have pro-
duced only weak signals in the existing data sets. The séarshich resonances provides a natural
motivation for future measurements at Jefferson Lab. Aedta the2015 Long Range Plan for
Nuclear Scienc@]: For many years, there were both theoretical and experimeagsons to be-
lieve that the strange sea-quarks might play a significal@ no the nucleon’s structure; a better
understanding of the role of strange quarks became an impogriority.

Low-lying baryon resonances, both hyperons and non-stratafes, are usually considered as
three-quark systems. But the quarks in such considerat@nanstituent, not current ones. This
prevents their description by the well-understood pestivie QCD. It seems, however, that some
qualitative consequences of QCD still work even for the perturbative constituent quarks. One
of them is the suppression of effective strong interactantiie heavier s quark in comparison
with the lighteru andd quarks (due to the asymptotic freedom). It is revealed, eagsmaller
widths of hyperon resonances as compared with similar tr@mge baryon resonances. The same
phenomenon is seen also for meson resonances (compars width andp meson resonances).
Further investigation of this and other similar propertiesy help to improve our understanding of
the nature of the constituent quarks and other non-petiuebeffects.

The JLab12 energy upgrade, with the new Hall D, is an idedlftmoextensive studies of non-
strange and, specifically, strange baryon resonances [6\6]plan is evolving to take advantage
of the existing high quality photon beam line and experirakaitea in the Hall D complex at Jeffer-
son Lab to deliver a beam &f, particles onto a liquid hydrogen/deuterium cryotardetl¢ / . D-)
within the GlueX detector. The recently constructed Glue¥edtor in Hall D is a large acceptance



spectrometer with good coverage for both charged and ngatriicles that can be adapted to this
purpose. Obviously, &, beam facility with good momentum resolution is crucial toyade the
data needed to identify and characterize the propertieypéron resonances. The masses and
widths of the lowest\ andX baryons were determined mainly with kaon beam experimaerttsei
1970s [1]. First determinations of the pole position in céerpenergy plane for a hyperon, for
instance forA(1520)3/2~, has began to be studied recently [7]. An intehASebeam would open

a new window of opportunity not only to locate "missing reanoes" but also to establish their
properties by studying different decay channels systeaiai

The recent white paper, addressed to the physics with mesamgs 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 ’skeyg 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, ane hgpotential
to observe dozens of predicted (but heretofore unobsestaths and to establish the quantum
numbers of already observed hyperons listed in PDG2016ftgresting puzzles exist for PDG
listed excited hyperons that do not fit into any of the lownatyiexcited multiplets: they need to be
further revisited and investigated. Excited, for instance, are very poorly known. Establishing
and discovering new states is important, in particulardietermination of the multiplet structure
of excited baryons.

We organized three Worksop&hysics with Neutral Kaon Beam at JL&KL2016) (February
2016) [9], Excited Hyperons in QCD Thermodynamics at Freeze{@&TAR2016) (November
2016) [10], andNew Opportunities with High-Intensity Photon Sour¢e$PS2017) (February
2017) [11]. They were dedicated to the physics of hyperondymred by the neutral kaon beam.
The KL2016 Workshop [12] follows our Lol-12—-15-001 [13] telp address the comments made
by the PAC43 and to prepare the full proposal for PAC45. Olslyg the proposed GlueX KLF
program is complementary, for instance, to the CLAS12 baspectroscopy experiments [14, 15]
and would operate in Hall D for several years. The YSTAR201&R8hop [16] is a successor
to the recent KL2016 Workshop and considered the influenpesdible "missing” hyperon reso-
nances on QCD thermodynamics, on freeze-out in heavy idisicols and in the early universe,
and in spectroscopy. Finally, the HIPS2017 Workshop [1jeal at producing an optimized pho-
ton source concept with potential increase of scientifipouat Jefferson Lab, and at refining the
science for hadron physics experiments benefitting frorh sugigh-intensity photon source.

Additionally, the proposed facility will also have a greatpact in the strange meson sector by
measurements of final-stakér system from threshold up to 2 GeV in the invariant mass tdesta
lish and improve on pole positions and widths of &l ( K'7) P-wave states and the S-wave scalar
mesonx(800). In particular, thex(800) meson has been under discussion for decades and still
remains to be unequivocally confirmed with correspondingngum 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
state.



2 The Brief Case for Hyperon Spectroscopy

The present experimental knowledge of the strange hypegrecisim is deplorably incomplete,
despite the fact that the ground states of the strange hypér@ve been known since the 1960’s.
In the case of thé\ hyperon resonance spectrum, only the lowest negativeypoiiblet is well
established even though the structure of these resonagroesns under discussion. In the case of
the ¥ and= hyperons, only the lowest decuplet resonance stat@385) and=(1530) are well
understood.

The lowest positive-parity resonances in the spectrumefithndX: hyperons, the\(1600) and
¥(1660) are experimentally known, but their structure is not. In thse of thes hyperon, the
lowest positive-parity resonance remains unknown.

To settle the nature of the hyperon resonances, their magydeaodes 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 simplaaigstates, with 3, 2, and 1 light
quark each, the ratio should be 9:4:1. Comparison of theégesrimdicate that th&:(1385) and
=(1530) appear to be 3-quark states, while th¢1232) is more complex and formed by a 3-
quark core with a surrounding meson (or multiquark) cloukisTonclusion is well supported by
extensive theoretical calculations [19, 20].

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

In the simplest constituent quark model, the most naturand the oldest- interpretation, is
that this is a low-lying flavor singlet multiplet of three qia (udg. Dynamical versions of this
model, with two-body interactions between the quarks catrilee the low mean energy of this
multiplet, but not the 115 MeV splitting between them. ThasHed to suggestions that there
may even be two different 172states— one dynamical lowk Nresonance at 1405 MeV, and an
unresolved higher state close to 1520 MeV [21]. If so, it ighhtime that the "missing" 1/2
higher-energy state be empirically identified. This prabiaedicates that thé (1405) has a more
complex multiquark structure. Modern lattice QCD (LQCD)ctdations support the view that its
structure is aK Nstate [22]. In Skyrme’s topological soliton model for theyams, the low-lying
A(1405) state also appears naturally as mainly 5-quark state [23TB4t model is consistent with
QCD in the large color number limit. In purely hadronic modalculations this resonance appears
as aK N bound state.

A counter argument is that there are similar low-lying flasorglet parity doublets in both the
charm and bottom hyperon specta(1405) — A.(2625) 1/2~ —3/27 andA,(1405) — A,(2625)
1/2--3/2- doublets [1]. The ratio between thg2~ — 3/2~ splittings in these 3 doublets are
8.2:2.1:1, which is not far from the corresponding inveragos of theK, D and B mesons:
10.7:2.8:1. The latter is what one should expect from thegmbapproach to heavy-quark sym-
metry with increasing meson (or constituent quark) madseifqquark structure of these three mul-
tiplets is similar. This pattern is also consistent with dmge N- limit of QCD.



2.2 The Low Lying Positive Energy Resonances

In the spectra of the nucleon and theand Y hyperons, the lowest resonances all lie below the
lowest negative-parity multiplets except for the flavorgdat doubletA (1405) — A(1520) 1/27 —
3/2~. This reversal of normal ordering cannot be achieved in trestituent quark model with
purely color-spin-dependent quark interactions. Theselying positive parity resonances are the
N(1440), A(1600), and theX(1660) 1/2* states. Their low energies do however appear naturally,
if the interactions between the quarks are flavor depen@&it [

Present day LQCD calculations have not yet converged onhgh¢ltese low-lying states can be
described as having a main 3-quark structure [26]. This refigat that there is a collective nature
in the quark content of all these resonances, which has a dfwibrational mode. Skyrme’s
topological soliton model for the baryons, which represemte version of the large color limit of
QCD, describes these low-lying states as such vibratidatds

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

In the decuplet spectra corresponding a similar low-lyingitive parity state has, however, so far
only been definitely identified in thA(1232) spectrum: the\(1600)3/2". In the spectrum of the
¥(1385), 33(1840)3/2% resonance very likely represents the corresponding pegitirity state. It
should be important to identify the correspond#y@ ™ state in the spectrum of i€

It is of course very probable that corresponding low-lyirggipive-parity states will be found in
the spectra of tha. andA, hyperons, given the fact that they have low-lying negateuety states
akin to those of the\ hyperon as described above. The experimental identifitatidhose is an
important task. Even if the still tentative resonan¢é2765) turns out to be a 1/2state, its energy
appears to be to high for being the equivalent ofAtig600) in the charm hyperon spectrum.

In the spectrum of th&,, the decuplet state.(2520) is well established. The tentative resonance
¥.(2800) may, should it turn out to be a If2state, correspond to the(1660) in the strange
hyperon spectrum.

2.3 The Negative Parity Hyperon Resonances

In the spectrum of the nucleon, two well-separated groupsegtive-parity resonaces appear
above the 1/2 stateN(1440). In the 3 quark model, the symmetry of the lowest energy group
is [21]rs[21]F[21]s, i.€., it has mixed flavor (F) and spin (S) symmetry as well aseohflavor-
spin (FS) symmetry [25, 27]. This group consists of thié€l1535)1/2~ and theN(1520)3/2~
resonances.

There is a direct correspondence in the spectrum ofAthg/peron to group of negative parity
resonances in th&(1670)1/2~ and theA(1690)3/2~ resonances. There is also a repeat of this
group in the spectrum of the hyperon in the two resonanc&g1620)1/2~ (tentative) and the
¥(1670)3/2~ resonances.

These spinl /2~ and3/2~ states in the spectum of the nucleon have intriguing decégrpa.

4



The N(1535) resonance has a large (32-52%) decay branef\peven though its energy lies
very close to the)NV threshold. This pattern repeats itself in the case of the\{i€70), which
also has a substantial (10-25%) decay branch to the comdspptheAr state, even though it lies
even closer to the threshold for that decay. As the still ttage>(1620)1/2~ resonance is located
almost exactly at the threshold fgk, there is naturally no signal for aj> decay from it. The
ratio of then decay widths of théV(1535) and theA(1670) is about 6:1, which suggests that the
1 decay involves a pair of quarks rather than a single comstitquark as in the decay of the
decuplet resonances.

In the spectrum of th& hyperon, none of the negative-parity multiplets are cotepl@he 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 nucleom, andX: involve two quarks.

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

About 120 MeV above thé/2~ — 3/2~ pair of nucleon resonanceg(1535) and N (1520), the
nucleon spectrum has three negative-parity resonances icl@nergy to one another. This multi-
plet is formed of theV(1650)1/2~, N(1700)3/2~, and N (1675)5/2~ resonances. In the 3-quark
model the symmetry configuration of these states are-[42]L]~[21]s, i.€., 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, Bpwev
because the missing 3/3tate in this\ resonance multiplet has not yet been identified.

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, Bpwev
because the missing 3/3tate in this\ resonance multiplet has not yet been identified.

A common feature of all the 1/2resonances in these multiplets have substamtiaicay branches.

The present knowledge of the spectrum of Eheyperons remains too incomplete to identify any
member of the negative-parity multiplet with the symmetrysture [21}-5[21][21]s.

2.4 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 gtradiige of even the lowest energy
resonances remains uncertain. Only an experimental dieigion of the lowest energy positive-
and negative-parity hyperon resonances and their decaghiea would settle the main open issues.

In the spectrum of thé hyperon, there remains a question of the existence of a dé2tner 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 Ihayperons 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 uacetbumps" referred to in the Particle
Data Tables labelle®(1480), ¥(1560), andX(1620) represent true resonances [1].

3 Strange Hadrons from the Lattice

itis coming

Experimental knowledge of the hadron spectrum is incoreplebre excited states are expected to
exist. In Fig[d, baryon spectra from [28] are presented itswif 2 mass from LQCD calculations
with ensemblen, = 391 MeV (not yet at physicain,). The experimental situation for higher
ortsto map out these states. Moreover, LQCD calculations shattliere are many states with
strong gluonic content in the positive-parity sector fdrlkaryons, presented by symbols with
thick borders. The reason why hybrid baryons have not aéidathe same attention as hybrid
mesons is mainly due to the fact that they lack manifest ‘lekoharacter. Although it is diffcult
to distinguish hybrid baryon states, there is signicarméical insight to be gained from studying
spectra of excited baryons, particularly in a framework taa simultaneously calculate properties
of hybrid mesons [28-31]. Therefore, this GlueX KLF prognaith be very much complementary
to the GlueX physics program for hybrid mesons.

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

The relativistic heavy-ion community at RHIC and the LHC hmasently embarked on specific
analyses to address the issue of strangeness hadroniza@@®® 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 equedezkperimental measurements of con-
served quantum number fluctuations, seem to indicate at $laylor 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 [32]. Both pseudo-
critical temperatures are still within the error bars of tfueted transition temperature based on all
LQCD order parameters [33, 34], 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 themmalel calculations that try to describe
the yields of emitted hadrons from a QGP based on a commonicakireeze-out temperature.
Although the yields measured by ALICE at the LHC in 2.76 Te\PBlzollisions can be described



N-3a1 A-301
E
1 A S S SN 1 T S T O
”uD:DD: F :IF:D: H . ‘o @
1w E’[ﬂ =S o O 8B -
] [
1-6%; [ ;'%l; Q;E; f wf O o EIDE"—'-':I o °
a O
:I__;—n.—a—:_';“: ; ; : O O =
{1.4 TR = g-‘l.i f R
& i F ¢ F o L=
= A T e S 1 £ :
& = | = e oW T
12— = ] o 13| [_ - J
= = | =
1 P= : |
L = 1 1.0 i
o8 : : : : [
Cow T P T [ T T S
T T T T r T T T~ T T T ™ r T T
A-391 E-301
2 :
= =
g [ = LB quﬂf = -
= o e 2 _ = =
P8 s T | vhp S 3 P
— i B
= = o |a. =
F 14 F L P
E = £ ==
o & e P —
13 i 12 Lo [i ==
] = =
| = =
Lot = L0 -1
[ nsf _
et s T o® T 3 T Lo E T
- T T r T T T T T r T T T T
E-391
2
| b i
| = = =N
ln-D [ I:It:l H H
.8l |
T ™ =
FdS = -
& —= H :
L2 ol
Lo — 1 - i
e — a8
18 B 7
F - - -

Ek
E&
]

Figure 1:Results for baryon excited states using ensemble with= 391 MeV are
shown versus/” [28]. Colors are used to display the flavor symmetry of domina
operators as follows: blue f&r in NV, A, 3, and=; beige forlyp for A; yellow for

10F In A, ¥, E, and(2. The lowest bands of positive and negative parity states are
highlighted within slanted boxes. Hybrid states, in whilcl gjluons play a substantive
role, are shown for positive parity by symbols with thick ters.



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 temperatuae the strange quark baryons [35].
A similar result has been found when the thermal fluctuatmingarticle yields as measured by
STAR [36, 37], which can be related to the light quark donmadasusceptibilities of the electric
charge and the baryon number on the lattice, have been cethparstatistical model calcula-
tions [38].

If one assumes that strange and light quarks indeed prédferatit freeze-out temperatures, then
the question arises how this could impact the hadronizatiechanism and abundance of specific
hadronic species. In other words, is the production of gegrarticles, in particular excited res-
onant states, enhanced in a particular temperature rartge egrossover region? Strange ground-
state particle production shows evidence of enhancemanthe most likely scenario is that the
increased strange quark abundance will populate excitgdssttherefore, the emphasis of any
future experimental program trying to understand hadradyction is shifting towards strange
baryonic resonance production. Furthermore recent LHCsoreaents in small systems, down
to elementary proton-proton collisions, have revealetig¢ian in these small systems there is ev-
idence for deconfinement, if the achieved energy densitygi@nted by the measured charged
particle multiplicity is large enough [39]. Therefore fuéumeasurements in elementary collisions
in the KLF experiment at JLab might well provide the neceg$iak to future analysis of strange
resonance enhancements in heavy ion collisions at RHIChenldHC 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 [40-43] yields a good description otrtftermodynamic 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 [44]. The only input to the model is the hadronicpen: usually it includes all well-
known hadrons in th®eview of Particle PhysidiRPP), namely the ones rated with at least two
stars. Recently, it has been noticed that some more ditiaferbservables present a discrepancy
between lattice and HRG model results. The inclusion ofysdteletected states, such as the ones
predicted by the original Quark Model (QM) [45, 46] has beeopesed to improve the agree-
ment [47,48]. A systematic study based on a breakdown ofribomibns to the thermodynamic
pressure given by particles grouped according to theirtguanumbers (in particular baryon num-
ber and strangeness) enables us to infer in which hadroorsectre states are needed compared
to the well-known ones from the RPP [49]. In case of a flavordrhy in the transition region
one would expect the number of strange resonances to irgrédas to a higher freeze-out tem-
perature, compared to the number of light quark resonaiegsre[2 shows the effect of different
strange hadron input spectra to the HRG model in compars®CD. Fig.[2(upper plot) shows
the number of states in PDG-2016 [1] , PDG-2016+ (incling stiae states), the standard QM, and
a Quark Model with enhanced quark interactions in the ha¢lmgper central model hQM [50]).
Fig.@(lower plot) shows a comparison of the HRG results taaling-order LQCD calculation of
sl g, 1.e., the ratio to strange to baryon number susceptijdigy. .
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culation of the temperature dependence of the leading sudereptibility ratio f./;.5) compared
to results from HRG model calculations with varying numbinadronic states.

An interesting conclusion that arises from these studig¢isasthe improvement in the listing of
strange resonances between PDG-2008 [51] and PDG-201&elgflrought the HRG calcula-
tions closer to the lattice QCD data. By looking at detail¢hia remaining discrepancy, which
is in part remedied by including one-star rated resonant@DiG-2016, it seems that the effect
is more carried by singly strange resonances rather thati-stti@nge resonances, also in light of
comparisons to quark models that include di-quark strest{62] or enhanced quark interactions
in the baryon (hypercentral models [50]). This is good newvslie experiments since theand

¥ resonances below 2 GeV/are will within reach of the KLF experiment and, to a lessgnii



icance, the RHIC/LHC experiments. In this context it is alsgortant to point out that the use
of both hydrogen and deuterium targets in KLF is crucial sinavill enable the measurement of
charged and neutral hyperons. A complete spectrum of ssigiynge hyperon states is necessary
to make a solid comparison to first-principle calculations.

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

5 Previous Measurements

While a formally complete experiment requires the measergnat each energy and angle, of at
least three independent observables, the current datédraggp — 7Y and K'Y is populated
mainly by unpolarized cross sections. Figlre 3 illustrétésquite clearly.

As the first stage of the GlueX program, our favorite processe two-body and quasi-two-body:
elasticK;p — Kgp and charge-exchandg€,;p — K*n reactions, then two-body reactions pro-
ducingS = —1 (S = —2) hyperons ask;p — A, K;p — 77X% andK;p — 7%+
(Krp — K*=Y. Most of previous measurements, induced bi abeam, were collected for
W = 1454 and up to 5054 MeV. Experiments were performed between 18611882 with
mostly hydrogen bubble chambers at ANL, BNL, CERN, DESY, KERL, NIMROD, NINA,
PPA, and SLAC. Note that some of data were taken at EM faasldit NINA [54] (a short overview
about NINA experiments is given by Albrow recently [55]) aB#LAC [56]. The goal of the
Manchester University group that worked at the DaresbuBe®*electron synchrotron NINA was
CP-violation, which was a hot topic back to mid 1960s. Thempdiysics that the SLAC group
addressed was a study of the systematics of particle ariiclegprocesses through the intrinsic
properties of the K-longs.

The first paper that discussed the possibility that a usefutral kaon beam could be made at an
electron synchrotron by photoproduction was being comsiieand a 1965 prediction for SLAC
by Drell and Jacob was optimistic [57]. Nowadays high-gydiM facilities, such as JLab [13],
are able to realize a full hyperon spectroscopy program.

The overall systematics of previol§ p experiments varies between 15% and 35% and the energy
binning is much broader than hyperon widths. The limited banof K ;, induced measurements
2426 do/dS), 348 ', and 115P observables [53] do not allow to feel comfortable with the
hyperon spectroscopy results today. There were no measatsmsing polarized targets, which
means that there were no double polarized measurementarthatitical for a complete experi-
mental program. Additionally, we are not aware of any data tmeutron” target.

Our knowledge about the non-strange sector is more advarscdtie strange one [1]. For the
non-strange case, for instance, phenomenology has accgsk tlata ofr NV — 7NV and 39k data
of YN — «N belowW = 2.5 GeV [58].

10



180 ——————
| e KO p>K*n  712/69dp |
120 .
Ql Ql
(0] (0]
z z
< <
60 .
0 1 n 1 n n n
1400 2400 3400 4400
W (MeV)
180 ——— ———
[ w K°p-K°p .886dp
I .
[ S ° °
P %
120 o .
T e, ©
1) b oNoag,
= I ° . .
el [ ° ° °
60 [ : o : ]
[ o o
o o ° °
§ ° o 4
00, 8 H 1
; L LT e
1400 2400 3400 4400
W (MeV)
180 ——
[ KoLp»ﬂ*Eo 441Y19dp |
r ey, o 4 i
120 F o, .
ap ® o o “ab
0 I :° o, ° ° 0
el [l o ° o
~ [ &2 o ~
EY BB o ° o @
60 \,g § g 2 . =
Sl
LS . .
F=s e o
SR H °
N R I DU TS B
1400 2400 3400 4400
W (MeV)

Figure 3: Experimental data available fal,p — K*n, Kpp — Kip, Kip — Ksp, Krp —
7tA, Kip — 739 andKp — #'3* as a function of c.m. energy W [53]. The number of
data points (dp) is given in the upper righthand side of eatipl®t [blue (red) shows amount of

180

KoLpaKoLp 35 dp

120
60 B
0 LR D
1400 2400 3400 4400
W (MeV)
180

T T
K%p»ﬂ'*[\ 676/27dp 1

8

°° ° 1
Oo 1
09 ° ° . ]
% 4
§ o 1
¢ °
S .
% S o
2 b
% ) §A L §‘ 1 g & L
1400 2400 3400 4400
W (MeV)
180 ——————
0 oy + 1d 1
-
K" p>m% p ]
120 B
60 B
0 L 1 L L L 1 L
1400 2400 3400 4400
w (MeV)

unpolarized (polarized) observables]. Total cross sestave plotted at zero degrees.

6 Phenomenology / Partial-Wave Analysis

Here, we summarizeome of the physics issues involved with such processelaving Ref. [59],

the differential cross section and polarization fofp scattering are given by

do
d§)
do

P
ds?

11

= X(IF1 + 191”).



whereX = h/k, with k£ the magnitude of c.m. momentum for the incoming meson. Here
f(W.0) andg = g(W, 0) 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

= [+ 1)Tiy +1T,-] Pi(cos ), 3)
=0

ZTH T, | P} (cos ), (4)
=1

wherel is the initial orbital angular momentun®(cos ) is a Legendre polynomial, and' (cos )

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

K, = %(KO — K9, (5)
Ks = (K° + R0) (6)
7 .

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

Ty = CoTin + ClTlli, (7)

whereT}/, are partial-wave amplitudes with isosgirmnd total angular momentush= [ + % with
C the appropriate isospin Clebsch-Gordon coefficients.

We plan to do a coupled-channel PWA with new GlueX data in doatibn with available and
new J-PARCK ~— measurements when they will come. Then the best fit will ai@termine data
driven (model independent) partial amplitudes and aststi@sonance parameters (pole position,
residual, Breit-Wigner (BW) parameters and so on) as theDSgdoup does, for instance, for
analysis ofr N-elastic, charge-exchange, andp — nn data [60].

6.1 KN and KN Final States

The amplitudes for reactions leadingAaV and K N final states are

- _ 1 oo—

T(Kp—Kp) = JT(EN—EN)+;T(KEN = KN), (8)

T(K™p— K') = %Tl(FN — KN) — %TO(FN — KN), 9)

T(K'p — Ktp) = TY (KN — KN), (10)
1 1

T(K™n— K*n) = ST'(KN— KN)+ T(KN — KN), (11)

12
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Figure 4:Selected differential cross section dataforp — Kgp at W = 1660 MeV,
1720 MeV, 1750 MeV, and 1840 MeV, from Ref. [61]. The plottealrps from pre-
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c.m. energy indicated on each panel [58]. Plotted uncdigairare statistical only.
The curves are predictions using amplitudes from the reB8W of KN — KN
data [62,63], combined witik N — K N amplitudes from the SAID database [58].

1 1 1 . — _
“TY(KN — KN) + §TO(KN - KN)) - §T1(KN — KN), (12)

1
10— Kor) = 5 (3

2

11 1 LNy o &
T(Kwp — Kip) = 5 <§T1(KN — KN)+5T°(KN — KN)) +3TH(EN — KN), (13)

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 crossisestfor K;p — Kgp compared with
predictions determined from our recent partial-wave agialfPWA) of K N — K N data [62,63],
combined withKk N — K N amplitudes from the SAID database [58]. The prediction®atel
and higher energies tend to agree less well with the data.
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6.2 =A Final States

The amplitudes for reactions leadingitd final states are

T(K p—7°A) = %TI(FN — mA), (14)
T(Kpp—7ntA) = —%TI(FN — 7). (15)

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 sifialedces due to the isospin-
violating mass differences in the hadrons. No differentialss section data fak—p — 7°A

are available at c.m. gidy < 1540 MeV, although data foi,p — =™ A are available at such
energies. At 1540 MeV and higher energies, differentiassigection and polarization data for the
two reactions are in fair agreement, as shown in [gs. $and 6.
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6.3 7YX Final States

TheSU(3) flavor symmetry allows as marsy= —2 baryon resonances, as there ArandA reso-
nances combinedy{ 27); however, until now only three ground staigd 382)1/2", =(1538)4/2%,
and=(1820)3/2~ have their quantum numbers assigned and few more statebéenvebserved [1].

The amplitudes for reactions leadingit& final states are

T(Kp—7n %t = —%Tl(FN — 7Y) — %TO(FN — ), (16)
T(Kp—7ty7) = %Tl(FN —7X) — %TO(FN — 7X), (17)
T(K p— 7% = :;gjﬂxj?ﬁJ—ﬁ~ﬂE), (18)
T(KY% — 7t%°%) = —%TI(FN — ), (19)
T(K)p — 7'%t) = %Tl(FN — 7). (20)

FigurelT shows a comparison of differential cross sectida fita K~ p and K p reactions leading
to 7 final states at’’ = 1660 MeV (or P,, = 716 MeV/c). The curves are based on energy-
dependent isospin amplitudes from a recent PWA [62, 63]. iferdntial cross section data are
available forK;p — 72", As this example shows, the quality of ti& p data is comparable
to that for theK —p data. It would therefore be advantageous to combindiihe data in a new
coupled-channel PWA with availablé~p data. Note that the reactiong p — 7+X° andK p —
7Y% T are isospin selective (only = 1 amplitudes are involved) whereas the reactiéing —
7YXt and K~ p — 77X~ are not. New measurements withiig, beam would lead to a better
understanding of* states and would help constrain the amplitudegfop scattering torX: final
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Figure 7:Comparison of selected differential cross section datdsfop — 7~ X7,
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states.

6.4 K= Final States

The amplitudes for reactions leadingAc: final states are

T(K p— K°Z2°
T(K p— K*t=7)

T(Kpp — KT2°%)

%Tl(FN — KE) + %TO(FN — KZ), (21)

1, — 10—

5TI(KN — K=Z) — 5TO(K.N — K=), (22)
1 _

——T"(KN — KZ). 23
NG (KN — KE) (23)

The threshold fork—p and K p reactions leading td(= final states is fairly highWpesn =
1816 MeV). In Fig. B(right)(left), we present the cross secti@m £ production using ak -
beam [66]. There are no differential cross section datalaai for K;p — K*=° and very
few (none recent) fok —p — K°=" or K—p — K*T=~. Measurements for these reactions would
be very helpful, especially for comparing with predictidresm dynamical coupled-channel (DCC)
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models [64, 65]. Th&eview of Particle Physidq4] lists only two states with branching fractions
(BF) to K=, namely,A(2100)7/2~ (BF < 3%) andX(2030)7/2" (BF < 2%).

6.5 KK Final States

The experimental situation with~*s is even worse than th&" case, there are very few data for
excited states. The reason for such a scarce dataset in ttisstrange hyperon domain is mainly
due to very low cross section in indirect production withrpiar in particular photon beams. In
Fig.[E(right), we present the cross sectionfoproduction using d —-beam [66].
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Figure 8: Left panel: Cross section®f production,K ~p — =~ X, as a function of{~ momen-
tum [66]. Right panel: Cross section 8f production, K —p — Q- K™K, as a function of~
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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 [67,68]. For lattice calculations involving bargathat 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.

6.6 Summary for PWA

Pole positions have been determined (no uncertaintieyeeeralA*s andX*s but information
about pole positions has not been determinec&for €2 hyperons [1]. Our plan is to do a coupled-
channel PWA with new GlueX KLF data in combination with agbile and new J-PAR& ~p
measurements when they will be available. Then the bestlfiniw the determination of data-
driven (model independent) partial-wave amplitudes arsb@ated resonance parameters (pole
positions, residues, BW parameters, and so on. AdditignBWAs with new GlueX data will
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allow a search for "missing" hyperons via looking for newgsoih complex plane positions. It will
provide a new benchmark for comparisons with QCD-inspiredahs and LQCD calculations.

7 Analysis of Three Body Final States

The understanding baryon properties is hardly possiblaowit analysis of reactions with two
mesons in the final state. Already in the mass region abové MV the excitedA-hyperons
decay strongly into th&(1385) [69, 70] final state while th&-hyperons decay strongly into the
¥(1385)7 [69] andA(1405)x [71] channels. Above 1800 MeV almost all knowrandX: hyperons
have the dominant decay mode defined by the production ofet®rvmesors™* (890) [70]. In the
¥-sector number of resonances were seen in the analysis of{tf#0) K final state. It is natural
to expect the decay of” = 3/2% states into thé\ (1520)7 [72] channel.

The reactions with two meson final states provide a vitalrimfation for the analysis of single
meson production reactions. The singularities which spoed to the opening of the resonance-
meson threshold (branching points) can produce structoi@ser channels which can simulate a
resonance-like signal [73]. Let us mention that the sitrais notably more severe in the hyperon
sector than in the sector of non-strange baryons. Due terrathall widths of low mass excited
hyperons and meson resonances wiiuark such singularities are situated much closer to the
physical region and can influence notably the data. Thezef@mombined analysis of the channels
with single and two-mesons in the final state is a must for gaech of the missing resonances.

The combined analysis should help to understand the steuciuthe resonances with masses
up to 2.5 GeV and their decay properties. One of the impot&sk is to find nonet partners
of the nucleon states observed in the photo-productiorticeecin the mass region around 1900
MeV [74]. These states have strong couplings todt®&0) — N final state and it is naturally to
expect that their hyperon partners can be found in the aisalythe K*(890) — N channel.

The analysis of the three body final state should be done ifraineework of the event-by-event
maximum likelihood method which allows us to take into acuaall amplitude correlations in the
multidimensional phase space. It is very important to ettitze polarization observables from the
decay of the final hyperons in thl€ N — Anm and KN — Xxr reactions. One of a possible
simplification can be connected with an extraction of £1§890) N state from thex N — K7 N
reaction where analysis can be done in the framework of theigematrix elements approach.
However, the analysis should take into account the resocajtef the particles in the final state:
triangle diagrams which leads to the logarithmic singtikesiin the scattering amplitude. Due to
small widths of the intermediate states such singulart@splay a more important role than in the
case of nucleon and-excitations. It would be also very important to include lve tanalysis the
CLAS photoproduction data witkkrA and K'7X. final states: there is a chance to observe states
with a smallK' N coupling in these reactions.
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8 Determination of Pole Position

In spite of their model and reaction dependence, partiaevBreit-Wigner parameters have in

hadron spectroscopy for quite some time been the prefemedection between experiment and
QCD. However, since recently, they have been justifiablyaegd with pole parameters as more,
but still not completely model independent quantities, #ms fact has also been recognized by
the Particle Data Group (PDG) in their recent editions [1hefiefore, the pole extraction from

experimental data become the procedure of utmost impatanc

Extraction of pole parameters is performed in two ways: faan energy-dependent way (ED);
or (b) in an energy-independent procedure through singéegy PWAs (SE). In an ED procedure
(a) one measures as many observables as possible to be @ltee domplete set and then fits
the observables with parameters of a well-founded thexaletnodel that describes the reaction
in question. Continuity in energy is enforced by the feaguséthe theoretical model. In a SE

procedure (b) one again measures as many observables ddgbas attempts to extract partial

waves at an isolated single energy fit therefore eliminagimg theoretical input. A discreet set
of partial waves is obtained, and the issues of achievingirmaity in energy have recently been

extensively discussed either by introducing the congsamanalyticity [75] or through angle- and

energy-dependent phase ambiguity [76].

In energy-dependent models, pole parameters have beactextin various ways. The most nat-
ural way is the analytic continuation of theoretical mod®#ugsions into the complex energy plane.
In spite of the fact that this method looks like a natural anty possible way, it has quite some
drawbacks. First of all, analytic continuation of the amigljunction is unique only if the function
on the real axes is known up to the infinite precision in inmtimber of points. As it is never, and
can never be the case, analytic continuation is inhererglyaidependent. As it is also known that
analytic continuation is in addition rather instable, otlaéternative methods for pole identification
have introduced. Simpler single-channel pole extractiethads have been developed such as the
speed plot [77], time delay [78], the N/D method [79], regization procedures [80], and Pade
approximants [81], but their success has been limited. riglsienergy analyses the situation is
even worse: until recently for the extraction of pole partareabsolutely no adequate method has
been available. All single-channel methods involve firsthigher-order derivatives, so partial-
wave data had to be either interpolated or fitted with an unknfunction, and that introduced
additional, very often uncontrolled model dependencies.

That situation has recently been overcame when a new LatR@&tarinen method applicable to
both, ED and SE models, has been introduced [82—-86]. Théndraoncept behind the single-
channel (and later multi-channel) L+P approach was to ceptmlving an elaborate theoretical
model and analytically continuing its solution into thelfabmplex energy plane, with a local
power-series representation of partial-wave amplitudiés 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 much simpler model-independent expaisnited to the regions near the
real energy axis which is sufficient to obtain poles and tresidues. We never claim that we know
the solution of the true theoretical model, instead we oinrg the simplest analytic function with
known analitic structure which fits the data. Formally, thieaduced L+P method is based on the
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Mittag-Leffler expansidﬂwof partial-wave amplitudes near the real energy axis, sgng the
regular, but unknown, background term by a conformal-magygienerated, rapidly converging
power series called a Pietarinen exparﬂ;iom practice we have represented the regular back-
ground part with three Pietarinen expansion series eaalegepting the most general function
having a branch point at,, , and fitted all free parameters in our approach to the chdsamne|
input. The first Pietarinen expansion with branch-paiptwas restricted to an unphysical energy
range and represented all left-hand cut contributionsnantitwo Pietarinen expansions described
background in the physical range with branch pointsandx, defined by the analytic properties
of the analyzed partial wave. A second branch point was lysiised to the elastic channel branch
point, and the third one was either fixed to the dominant cektmeshold value or left free. Thus,
solely on the basis of general physical assumptions abalytemproperties of the fitted process
(number of poles and number and position of conformal mapbranch-points) the pole parame-
ters in the complex energy plane are obtained. In such a Waysimplest analytic function with

a set of poles and branch points that fits the input is actealhstructed. This method is equally
applicable to both theoretical and experimental iEpand represents the first reliable procedure
to extract pole positions from experimental data, with miai model bias.

The transition amplitude of the multi-channel L+P modelasgmetrized as

Npole

3 K@ ki
. 95 N o [dovE W
TW) = Dl (Lh) ,

j=1 i=1 k;=0

(24)

wherea is a channel indexjV/; are pole positions in the compléX (energy) planeg coupling
constants. The{ define the branch points; , anda; are real coefficientsK¢, 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, andhiihe branch point is adjusted to the
analytic properties of fitted partial wave.

To enable the fitting we define a reduced discrepancy funébigras

Dy = Y Di;

e 1 ><§% Re T(W®) — Re Toew (1)1
@ T 2Ng — Ne Errle

par i 1,a

Errim

i,a

=1
Tm T(W®) — Im Teezr (1)1
{m (W) — Im T ( )} e

IMittag-Leffler expansion [87] is the generalization of a kent expansion to a more-than-one pole situation. For
simplicity, we will simply refer to this as a Laurent expansi

2A conformal mapping expansion of this particular type wasoiduced by Ciulli and Fisher [88,89], was described
in detail and used in pion-nucleon scattering by Esco Rietar[90, 91]. The procedure was denoted as a Pietarinen
expansion by Hohler in [59].

3Observe that fitting partial wave data coming from experinieaven more favorable.
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where

K* L® M
Po= ALY ()R AL D () R A D () ks
ki=1 ko=1 m=1

is the Pietarinen penalty function which ensure fast andvgtconvergenceNy, is the number
of energies in channel, ;. the number of fit parameters in chanael\?, A7, \? are Pietarinen

weighting factors ™. ... errors of the real and imaginary part, artd ci, ci.. real coupling

2,0

constants.
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Figure 9: L+P fit to GWU/SAID CM12 pion photoproductigi,. ED and SE solutions [92].

In order to get reliable answers in L+P model we have to buikel knowledge about analytic
structure of the fitted partial wave into the fitting proceslurAs we are looking for poles, we
only have to define which branch-points to include. Theirlgi@aform will be determined by
the number of Pietarinen coefficients. As we have only thre@dh-points at our disposal we
expect that the first branch-point will describe all subshicdd and left-hand cut processes, second
one is usually fixed to the dominant channel opening, andhine one is to effectively represent
background contributions of all channel openings in thespdal range. So, in addition to choosing
the number of relevant poles, our anticipation of the amasttucture of the observed partial wave
is of great importance for the stability of the fit.

The L+P model is successfully applied to both, theoreticadlets and discreet partial-wave data.
As an example, in Fidl]9, we give the achieved quality of théofithe CM12 GWU/SAID pion

photoproduction amplitudes [92].

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

independently.
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9 Statistics Tools for Spectroscopy of Strange Resonances

Several statistical aspects concerning the analysis;oflata are discussed in the following. The
proposed experiment will be capable of producing a largeylmbaonsistent data, which is a pre-
requisite to carry out statistical analyses. So far, tha dathe strangeness = —1 sector were
produced in many different experiments, often from the &d'garlier, with different systematic
uncertainties that are, moreover, unknown in many cases piidblems resemble the situation in
pion-induced inelastic reactions [93, 94]. This makes any lof analysis difficult but statistical
tests, e.g., on the significance of a claimed resonancelsayeandispensable to carry out mean-
ingful baryon spectroscopy. Indeed, the searchniicgsing resonances not only a problem of
implementing physical principles such as unitarity in thgpéitude, but, to a large extent a statisti-
cal one. This becomes especially relevant once one sedmtsates beyond the most prominent
resonances.

9.1 Minimizing Resonance Content

Partial-wave analysis, discussed in Seclibn 6 is needextttact the physically relevant informa-
tion from data. For resonance spectroscopy, one needs ¢éngyetiependence of the amplitude to
determine resonance positions and widths. Thereforeggstipendent (ED) parametrizations of
the partial waves are fitted either to data or to single-gn€s§) solutions, generated by conduct-
ing partial-wave analysis in narrow energy windows. Thenasce content is usually determined
by speed-plot techniques or analytic continuation of thepgaEametrization to complex scattering
energies, where resonances manifest themselves as pojes [9

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 [96]. Adding
resonance terms will always lower th& in a given fit, but the question is how significant this
change is.

We plan to address this well-known, yet poorly addressetlipro 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 [97, 98]. If, potentially in many re@acthannels at once, the drops by a
certain amount at some energy, a resonance state mightdmnsasle.

Beyond mass scans, there exigidel selectiotechniques referring to the process of selecting the
simplest model with the most conventional explanation.gitre 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 thgeal within partial-wave analysis.
For this, the Least Absolute Shrinkage and Selection Ope(aASSO) 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 tieef the penalty parametar[99-101].
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The combination of these techniques effectively suppeese emergence of resonances except
for those really needed by the data. The numerical impleatientis especially simple because it
affects only the calculation of the?. Trial-and-error techniques, sometimes still appliedheak

for resonances in different partial waves, will become ¢#teo Here, one simply starts with an
over-complete resonance set plus flexible backgroundstrendlgorithm will remove all those
resonances not needed by data, without manual interventégrart from cross validation, we
will also consider information theory to regulaiteas proposed in Ref. [102]. In particular, the
Akaike and Bayesian information criteria provide easyssg model selection. Results should be
independent of the choice of the criterion.

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

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

describe the available data [103]. The analysis of kaondrd reactions is closely related. For
a recent application in a different but related context seé R04]. Once the model selection

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

The existing and proposed partial-wave analysis tools tfseht 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 & disposal the coupling constants that
tune the interaction of a bare singularity with the mesoryta continuum. Those are fit parame-
ters that can explicitly be included in the penalizatiomteif resonances are generated from the
meson-baryon dynamics itself, the case is a bit more coatgli; because there are no directly
accessible tuning parameters. This parametrizationtipegaicby the GW/SAID group for many
years (see, e.g., Ref. [105]), is, in principle, the cledaeslysis tool, because resonance gen-
eration does not require manual intervention. Yet, evee ke 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 @élsioT his is especially relevant when
it comes to the analysis of many different data sets (sucl@s-induced reactions) in which, e.g.,
the systematic errors might be underestimated such thgtdo.f. ~ 1 is difficult to achieve.

Systematic uncertainties can be treated as in the GW/SApBbaph [60] in which the? is defined

as
NO, — %P\ 2 N —1)\?
2 1 7
X—Z(iei )+( ) (25)

- €N
3

where©:™ is an experimental point in an angular distribution &dis the fit value. Here the

overall systematic errot,y, is used to weight an additiongf penalty term due to renormalizaton
of the fit by the factorV. The statistical error is given hy. Note that the fit function is penalized,
rather than the data, to avoid the bias discussed in Ref].[19€e also Ref. [107] for a further
discussion of the topic.
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9.2 Goodness-of-Fit Tests

Thex? per degree of freedon;tfmf., is usually considered as a criterion for a good fit, but beze®m
meaningless if thousands of data points are fitted (and dHmukeplaced by Pearsorys test).
Statisticaly? tests will become possible through the new data, puttingnasce analysis on a
firmer ground. Whiley? tests are sensitive to under-fitting, they are insensitivevier-fitting.
Here, theF'-test [108] is suitable to test the significance of new fit pgeters. That test, can, thus,
be applied to reduce the number of internal parameters traparave parametrization, resulting in
more reliable estimates of uncertainties of extractedr@soe parameters, such as masses, widths,
and hadronic branching ratios.

With increased consistency of data through the KLF expartphaher goodness-of-fit criteria can
also be applied, such as Smirnov-Kolmogorov or Andersoriizatests for normality [109, 110]
or run tests from non-parametric statistics. For pion ppatduction, these tests are applied and
extensively discussed in Ref. [103].

A prerequisite to carry out classical statistical testsiaonsistency. As discussed before, this is
unfortunately not always the case in the= —1 sector. The KLong experiment will produce, for
the first time, a body of measurements large enough to enabletssts reliably.

9.3 Representation of Results

As mentioned, ED parametrizations are needed to extramba@se parameters, but single-energy
(SE) fits are useful to search for narrow structures, or foegroups to test theoretical models of
hadron dynamics. The question arises how the partial warebe presented to allow the theory
community to carry out their fits. As recently demonstratétil]], SE solutions by themselves
carry only incomplete statistical information, mainly bese they are correlated quantities. We
plan to provide the analysis results in a similar form asmédgeadone in Ref. [111] for elastic 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 Refl][idr an extended
discussion). This format ensures that the maximal infoilmnarom experiment is transmitted to
theory, allowing to address timissing resonance probleimthe wider context of questions related
to confinement and mass generation, that have been paraprobtems in hadronic physics for
decades.

In summaryWith a large consistent data set from the KLF experimentdinmeeclass of statistical
tools will become applicable that is needed to conduct agsrbaryon spectroscopy. With the
new data, the quantitative significance of resonance sigarad the quantitative uncertainties of
resonance parameters can be determined.
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Figure 10: Pole positions for chiral unitary approaché&s¥ from Ref. [115],B from Ref. [114],
M from Ref. [116] andP from Ref. [117] as compared in Ref. [118]. Each symbol repmésthe
position of the first (black) and second (red) pole in eachehod

10 Theory for "Neutron" Target Measurements

Antikaon-nucleon scattering is predominantly analyzedhe so-called coupled-channel Chiral
Unitary approaches (UChPT). These models successfultyibeghe properties of the sub-threshold
resonance in the isospin= 0 channel, the\(1405)1/2~. Furthermore, such models lead to the
prediction that the scattering amplitude has two polesarcttimplex energy plane for the quantum
numbers of this resonancé £ 0, L = 0, S = —1). This coins the so-called the two-pole structure
of the A(1405), see the current review by the Particle Data Group [1] foremd®tails.

In the most recent formulation, the aforementioned UChRIr@gches rely on a chiral amplitude
for the meson-baryon scattering up to next-to-leadingatloirder. Whereas the unitarity constraint
is usually imposed via the Bethe-Salpeter equation eithigra full off-shell formulation [112,113]
or in the so-called on-shell approximation, e.g, [114-1Fg)r the analysis of data the former is
quite intricate, while as it was shown in [113] the off-shedfiects are rather small. Therefore, it is
meaningful to use the latter formulation. Recently, a dicg@ntitative comparison of the on-shell
models [114-117] was performed in Ref. [118]. It was founer¢hthat 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 realg@nexis. This systematic uncertainty
becomes evident, when comparing the pole positions ahthe05) in these models (see FIg]10).
The position of the narrow (first) pole seems to be constdh@ideast 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 evehimwinodels of the same type. This
ambiguity can be traced back to the fact that the experirhdata used to fix the parameters of the
models are rather old and imprecise. It is expected thatriby@osed experiment with;, beams
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Figure 11: Theoretical predictions for differential cragestionsdo /dS2, for reactions (columns)
Kin — K p, Kin — K, Kin — 7°A, Kpn — 71°%°, Kpn — 7~ %1, andKpn — 772~
as a function of c.mcos of production angle. Each row associated with kaon lab-mdore of
300, 400,... 1000 MeV/of initial neutral kaon beam. Orange dashed and blue sal&slshow
predictions withim Model-B2 and Model-B4, respectivelgédext for details).

will lead to an improvement of this situation, as it will bestebed below.

The K beam can be scattered on a "neutron” target, while meastmngtrangenesS = —1
final meson-baryon states (see, e.g., Bec. 6). In such g fetymroposed experiment can become
a new and very strongly desired new source of experimentaltdginpoint the properties of the
antikaon-nucleon scattering amplitude. To make this stat# more quantitative we compare pre-
dictions of both solutions of the moflérom Ref. [114]. These solutions agree with all presently
available scattering, threshold as well as the photoptimludata for theXn line shapes by the
CLAS Collaboration [119]. The predicted differential csagectionsdo/dS2) as well as polarized
ones Pdo /dSY) for the K n scattering with the final state&—p, K°n, 7°A, 7%/+/=%%~/* are
presented in FigE 11 afdl12, respectively. There is vahy gjreement 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 by the present experimental data.

In summary the proposed KLF experiment will lead to new constraintghenantikaon-nucleon
models. Thus, this data will allow to sharpen our understandf the long debated nature of

4The choice of this model for the present analysis is justifigdhe fact that it includes the p-wave interaction in
the kernel of the Bethe-Salpeter equation explicitly.
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Figure 12: Theoretical predictions for polarized diffeiahcross sections?do /dS). The notation
is the same as in FigIL1.

strangenesS = —1 resonances.

11 Strange Meson Spectroscopyk 7 Interaction

The main source of our knowledge of kaon scattering ampmglumbmes from kaon beam experi-
ments at SLAC in the 1970s and 80s. The scattering amplitiodess” final state were extracted
from reactions using a proton target by extrapolating tolsmamentum transfert, dominated
by nearly-on-shell pion exchange. Phase-shift analysikeoflavor exotic isospin-3/2 amplitudes
extracted fromK+p — K ntn and K~ p — K 7~ A™T reactions by Estabroolet al. [120]
indicates a weak repulsive interaction in S-wave and vergkwadtractive interactions in P-wave
and higher waves. In isospin-1/2, in addition to Estabrostkal, there is a considerable set of
7w K scattering data provided by LASS experiment [121]. Reastwith the final states K, n K
andrr K final states have been measured. In the PWABf — 7K, a peaking amplitude in S-
wave is interpreted as a broadt (1430) resonance which appears to saturate unitarity. The narrow
elastic vector resonancé;*(892), manifests itself as a rapid rise in the P-wave phase-shife
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 paritygs¢H’ = 37,4, and5~) are
observed at higher energies.

ThenK is another inelastic channel to open, but LASS reports naifssgnt amplitude into) i
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forW < 2 GeVin S, P, and D waves. Indeed the inelasticity in P, D-warekhigher appears to
come first fromrm K final state, where a significant amplitude is seeimrabove 1.3 GeV and

a peak in2™ at theK;(1430). Thern K also couples to the "unnatural parity" series, notably to
JP = 1%, where peaking behavior is observed that is commonly destiin terms of two axial
resonancesi;(1270), K,(1400). Much higher statistics is needed to improve our knowledge o
all these states.

Recently lattice QCD studies withh, = 391 MeV were performed to search for resonances
in couplednK andnK scattering [67]. Scalarm/KK and K7 /Kn form factors have been
calculated within a variety of approaches using (unitatjzshiral perturbation theory [122-129]
and dispersion relations [128, 130, 131], in many casegubi@ former to constrain polynomial
ambiguities of the latter.
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Figure 13: I=1/2Kr scattering P-wave phase shift together with experimermgsiilts from
LASS [121] and Estabrookst al. [120]. The opening of the first inelastick™* channel is in-
dicated by dashed vertical line. The grey band represeatfittfesults from Boiteet al.[136].

The study ofr K scattering provides a possibility not only to study scalza sectorK* states,
including S-wavex(800) state (see [132, 133]), which is not yet well established,itis also
necessary to get precise vector and scaldrform factors as an input for extraction of Cabibbo-
Kobayashi-Maskawa (CKM) matrix elemeWit, from 7 — Knv decay.w K scattering amplitudes
with high precision are needed to study CP violation fromit2gllot analyses of both open charm
D-mesons [134] and charmless decay of B-mesons [135)Ante final state.

In Fig. [I3, we present the phase of the form fackar(s) with experimental results of LASS
Estabrooks [120, 121] together with the fit of Boébal. to = decay data [136].

As one can see first of all experimental data obtained at SLA& lvery poor statistics above
1.2 GeV and secondly do not span to higher energies whichvareraore important for B-meson
decays. Moreover direct comparison of chargétr™ with ~ assumes isospin invariance as in the
7 decay one ha&’,7* final state depending on the signofepton.

Similrarly, as one can see from the following Figliré 14 1/2 and/ = 3/2 S-wave, and = 3/2
P-wave phase shifts are very poorly measured and need moeer@ental data.
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Figure 14: Left panell = 1/2 S-wave phase shift (curves and data in the upper half of thesfig
and thel = 3/2 S-wave phase shift (curves and data in the lower half). Expetal data are from
SLAC experiments as in previous figure. The curves are ofdairom central, upper and lower
values of parameters in the Roy-Steiner solutions ellip8&]. Right panel: Same as in previous
figure for/ = 3/2. Data points are from Estabroo&sal.[120].

Significantly more intensive beam flux of proposkd beam will provide high statistics data on
both charged{ = as well as with final state neutral kaon in reactions:

o K;p — K*rTp (simultaneousely measurable wikfy beam).
e K;p — K,rtn on a proton targebr the first time

e K;n — K, pon adeuteron targ¢tor the first time)

In summary:Experimental data obtained in the proposed experiment Witltbeam at JLab will
provide valuable data to search for yet not well understowtssibly incomplete scalar, vector
and tensor resonances in strange sector through a phdisarsitysis ofr X' andn K scattering
amplitudes.

12 Proposed Measurements

We propose to use the KL Facility with the GlueX spectrometedLab Hall D, to perform preci-
sion measurements &f,p — K'Y from liquid hydrogen and deuterium cryotargétt{, /L. D,) in
the resonance regioil = 1490 — 4000 MeV and c.mcos ¢ from —0.95 to 0.95. It will operate
at a neutral kaon flux of x 10* K /s. The ability of GlueX to measure over wide ranges in
0 and ¢ with good coverage for both charged and neutral partictegether with the/;, energy
information from the KL Facility, provide an ideal enviroemt for these measurements.
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12.1 K;BeaminHallD

A schematic view of the Hall D beamline for KLF is presentedrig.[I3. At the first stagely =

12 GeV electrons produced at CEBAF will scatter in a radiatdC@S, generating intensive beam
of bremsstrahlung photons (we will not need in the Hall D Bitmend Tagging Hodoscope). At
the second stage, bremsstrahlung photons, created broeleet a distance about 75 m upstream,
hit the Be target, located in the cave, and produce neutmaigkalong with neutrons and charged
particles. Finally /K ;s will reach the LH/LD, cryotarget within GlueX settings.

GlueX
Spectrometer

Beam Plug | i

North LINAC e \\ ) \r j !
e beam H y beam s ¢
| - /,Ilf— . -H".

Tagger Be Target  gyeep K ______________ !

Area Magnet  Collimators

Compact Pair Spectrometer
Photon Source

East ARC

Figure 15: Schematic view of Hall D beamline on the way> v — K. Electrons are hitting the
tungsten radiator, then photons are hitting the Be target, fnally, neutral kaons are hitting the
LH,/LD, cryotarget. Main components are CPS, Be target, with beagn glveeping magnet,
and pair spectrometer. See text for an explanation.

Our calculations have been performed for Jefferson Lab Blaktup geometry. Primar, -
production target has been placed in Hall D collimator cdwar. the target material, we selected
beryllium as for thick targets$(,-yield roughly proportional to the radiation length and siéy
which gives beryllium as the best candidate. Beam plug areepimg magnet are placed right
after the target. For our calculations, we took a simple bearg: 15 cm thick piece of lead.
Sweeping magnet is cleaning up charged component and hadg mfegral 2 Teslaneter, which

is enough to remove all charged background coming out ofélaenplug. Vacuum beam pipe has
7 cm diameter and preventing neutron rescattering in airend/lare two collimators: one placed
before the wall between collimator cave and experimentt] daother - in front of the Hall D
detector. Distance between primary Be target and/LB, target (located inside Hall D detector)
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has been taken 16 m in our calculations, it can be increaged20pn.

12.1.1 Compact Photon Source: Conceptual Design

An intense high energy gamma source is a prerequisite fqrtiauction of thel;, beams needed

for the new proposed experiments at Hall D [138]. Here we riles@ new approach to designing
such photon sources. A possible practical implementatipusted to the parameters and limita-
tions of the available infrastructure is discussed. Théicadrcut of the Compact Photon Source
(CPS) model design, and the plan view of the present Taggdt &eea with CPS installed are
shown in Fig[Ib.

3

R
h Tungsten radiator CEBAF HallD Tagger ]

Permanent magnet Cutplane atx =0 m .

Beam diagnostics volume

PQump entrance

Collimator

y (m)

10 12 14 16 18 20

10 = Tungsten radiator 0.1 R.L. CEBAF HallD Tagger

Cutplaneaty =0m

60 kW beam power contained

Figure 16: Elements of the design are indicated in the toplg&ertical cut plane of the GEANT3
model of the CPS). The bottom panel shows the CPS assemlbly ifagger vault and simulations
of 2000 beam electrons at 12 GeV.

The new design combines in a single properly shielded adgemtilelements necessary for the
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production of the intense photon beam, such that the ovdiraktnsions of the setup are limited
and the operational radiation dose rates around it are tatdep Compared to the alternative, the
proposed CPS solution presents several advantages, imgloaich lower radiation levels, both
prompt and post-operational due to the beam line elemeadgactivation at the vault; much less
disturbance of the available infrastructure at the Taggeafand better flexibility in achieving
high-intensity photon beam delivery to Hall D. The new CP&itson will satisfy proposedy,,
beam production parameters; we do not envision big techaraarganizational difficulties in the
implementation of the conceptual design.

The new setup utilizes the Hall D Tagger vault, properly klgd by design to accomodate the
medium power beam dump capable of accepting up to 60 kW of 22 ligam, assuming the
proper local shielding is set around the dump. The presémgtglled dump is shielded behind the
iron labyrinth walls, and is surrounded by a massive irorlslmg, made of iron blocks available
at the time of construction. The present setup is optimipedperations using very thin radiators
producing relatively low intensity photon beam such thatlleam electrons losing energy to pho-
ton production in the radiator may be detected and countétkitagger hodoscope counters. The
present setup is not suitable for production of massivelyenmdense photon beams needed for the
K, production, due to the expected overwhelming radiationaatiyation 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 lile)n&w CPS device should be capable
of taking the same beam power of 60 kW, using optimized simgldthade 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 of temgstpper (16 g/c#), with its
weight actually four times smaller. The optimized desigehswn to be able to limit the prompt
radiation dose rates around the CPS to the present operbliawels, also significantly limiting
the post-operational doses around the heavily shieldesrddyg. Of course, the inner parts of the
CPS device will be activated to high levels, preventing irdrate access and disassembly, so the
engineering requirements to the reliability of all partsidie must be strict. The overhead shielding
at the CPS location in the tagger vault is about the samerthgk(13 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 full cgElengineering design is required
before the final optimized solution is found. The cost andcedanitations will determine the
choice of sielding materials for the CPS. Details of the duand magnet design also will be
included in the overall optimization process, taking inte@unt the considerations of cost and
reliability of the fnal device. There might be options foetGollaboration with other experimental
projects at JLab interested in implementing similar design their experiments [139].
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12.1.2 Simulations Study ofi; Beam Production

We simulated neutral kaon production in a photon bremstindnbeam produced by the 12 GeV
electron beam in the Hall D CPS. We analyzE€d production viap-meson photoproduction in
detail. This is one of the main mechanisms/of production in our energy range. It gives the
same number o® and K9. Another mechanism is hyperon photoproduction (which gjiwely
K9, which was not studied in our simulations separately.eadt we have taken as an alternative
model the Pythia generator [140], which includes hyperaupction. p-meson photoproduction
total and differential cross sections on proton and complexei (coherent and incoherent) data
were taken from Refs. [141,142]. The angular distributifong) — K; K s decay that we used are
from Ref. [142—-144]. Our calculations show thatlecay in its rest frame is mostly perpendicular
to the axis of¢ momentum. Sincé(;s need to stay along the original photon beam direction to
get to the LH/LD, cryotarget, this condition requires that theroduction and decay angles in the
laboratory frame should be about the same. That means thaiiMrave only K; s from¢-mesons
produced at relatively high transfer momenttiat the LH,/LD,, target. It suppresses the number
of "useful" Ks by factor of~ 3 or more (in comparison with the casefif, and K's momenta are
parallel to thepy momentum).K;, absorption, used in our calculations, was studied in R&b]1
very well. Finally, about 80% of produceld; s will be absorbed in the Be target and followed a
tungsten and water beam plug. The value of absofbgslican be reduced by optimizing the beam
plug setup.

12.1.3 K; Beam Parameters

One of the maink’;-beam parameters is momentum distribution (momentum spads a func-
tion of the distance and angle) [146]. Results of our simaitest for A';, momentum spectrum for
K, reaching the LH/LD, cryotarget is shown in Fig._17. The spectrum first has iningeshape
since¢ decay cone angle decreasing at highdream and; momentum. This selecting lower
¢ productiont values, which are more favorable according to ¢hdifferential cross section. At
a certain point, the highest possibldoeam momentum is reached aRgg momentum spectrum
then dies out pretty fast. For comparison, we selected pdheok’;, spectrum from the Pythia
generator originated only from decays and showed it on the same plot (red histogram). .

Pythia calculations show thatdecays give about 30% df;s. The number of<° exceeds the
number of K0 by 30% according to this generator for our conditions. Theimentum spectra
are shown in Fig_18 separately. To estimate the expectedfdt s at the LH/LD, cryotarget,
we used the following conditions: electron beam current 25,3\, Tagger radiator thickness is
1% R.L., Be target thickness is 40 cm, distance between Bd_Bad._D- targets is 16 m, and
radius of the cryotarget is 2 cm. Our MC calculations areteel¢o thek;, flux at that distance and
solid angle. Pythia calculations give 100, /s for the¢ photoproduction and 2447, /s from all
sources forK ;-beam intensity under the above conditions. There is avasen to increase the
K -beam intensity by increasing tagger radiator thicknesdssére of the Be target, electron beam
current and other parameters. Increasing/LlB, target radius will increase the number 6f s
reaching it proportionally to the solid angle. Finally, wengrateds x 10° 12-GeV electrons for
the LH,/LD, cryotarget radius 4 cm, electron beam currept?6 10% R.L. tungsten radiator and
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Figure 17: K;, momentum spectra originated frogndecays: black histogram - our simulations
using GEANT [147], red - Pythia generator result [140].
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Figure 18: Momentum spectra from Pythia generator [140p ot for K°. Bottom plot for K°,

increased Be target sizes, we shall be able to obtain beamlatitl0* /s from all production
mechanisms at LKLD, target (Fig[IB).
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Figure 19: K; and neutron momentum spectra. Left plot: MC calculationsgudLab package
DINREG [147]. The rate ofi; (green filled squares) and neutrons (black open diamonds) on
LH,/LD, cryogenic target of Hall D as a function of their event MC gaers with 10 K /s.
Right plot: Experimental data from SLAC measurements at &¥/Gelectrons from Ref. [56].
The rate of(;, (black filled squareds) and neutrons (red filled circles).

We have to point out that our MC simulations for the JLab 12 @Gask (Fid. I9(left)) agreed quite
well with K, yields measured by SLAC at 16 GeV (Higl 19(right)).

12.1.4 K; Beam Background: Gammas, Muons, and Neutrons

Background conditions is one of the mostimportant parantétie i ;, beam for the JLab GlueX
KL Facility [146].

1. Gamma Background

After passing through 30% R.L. tungsten beam plug and sgipint charged background
component, we will have some residuabackground and neutrons produced by EM show-
ers. Momentum spectrum of residua shown on Fig_20 (left). It decreases exponentially
with increasing energy of photons. For the rates, we obtizing0® s—! for ys with energy
above 50 MeV and- 10® s~! for vs with energy above 500 MeV. Overall, gamma flux for
the KLF experiment is tolerable.

2. Muon Background

Following to Keller [148], our Geant4 [149] simulations inded Bethe-Heitler muon back-
ground from the Be-production target and photon dump, batikpround 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 swipeddfube K ;, beam line thus
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Figure 20: Left panel: Momentum spectrum of residysl Right panel: Muon momentum spec-
trum for Bethe-Heitler production.

they are not our background. But since their high penemadlality, it might be important
for purposes of the shielding. We taken into account onlyBathe-Heitler muon produc-
tion process. Muons from pion decays and other productichar@sms will increase total
muon yield only slightly. They were not included in our maddumber of produced muon
in the Be target and lead beam plug is about the same, leaithatiigy muons have much
softer momentum spectrum. Estimated number of producedsise- 6 x 10° s—t. Their
momentum spectrum is shown on Higl 20(right).

To summarizeHalf of muons have momenta higher than 2 GeW 10% of muons have
momenta higher than 6 Gex//and~ 1% of muons with momenta above 10 GeVDverall,
the muon flux for the KLF experiment is tolerable.

3. Neutron Background

To calculate the neutron yield from the Be target and otharcss, we used the JLab pro-
gram package DINREG [147]. We generateck 10° 12-GeV electron (electron current
is 5 A) which hit the 10% R.L. tungsten plus water radiator (Hi§i(l&ft)). The exit-
ing is about10® s~! 99% of them associated with neutron momentpm: 420 MeV/c
(E < 90 MeV), while 0.6% of them are fop > 500 MeV/c. The angular and energy
distributions of neutrons produced from the Be target shiowigs.[Z1 and22.

Overall our MC simulations for 12 GeV (Fig.19(left)) agreed quitellwith neutron yields
measurements that SLAD did for 16 GeV (Higl 19(right)). Nibit with a proton beam, the
n/Kp ratio is10® — 10* (see, for instance, Tablg 2 in Appendix Al ($et 15), whilehia t
JLab case, this ratio is less than 10 as Ei§j. 23 shows.

For the following neutron calculations (Fig124), we used MCNP6 NParticle (MCNP)
Transport code [150]. It takes into account multiple scatteprocesses of neutrons as well.
We will ignore the GlueX setting in these calculations. Hontal view of the neutron flux
using MCNPG6 transport code calculations shown on[ElD. 25.
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Figure 22: Energy distributions of neutrons produced fromBe-target and other sources. DIN-
REG [147] outcome. Bottom plot is zoom of top one to show vewy énergies in details.
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Figure 24: Schematic view of Hall D setting for MCNP6 trangmmde [150] calculations. Beam

goes from left to right. Collimators presented as semiparant for the demonstration purpose.
This 3D plot is similar as Fig._15 shows.

Energy distribution of neutrons emitted from Be target (it@MecV - s - ecm?) units) shown
in Fig.[Z8.

Overall neutron flux for KLF experiment is tolerable and below thelRan limit.
we have to accomplish this subsec

12.1.5 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 ¢ = 3.7 m) [1]. For this reason, it is much easier to perform measerémof K p
scattering at low beam energies compared \ithp scattering.
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Figure 26: Neutron emitted from Be-target calculationsigd¥iCNP6 transport code [150].

The momentum of d; beam can be measured using TOF - the time between the atoelera
bunch (RF signal from CEBAF) and the reaction in the,[lHD, target as detected by the Start
Counter (SC). Hall D Broadband Tagging Hodoscope timinghoabe used at such high intensity
conditions. Thus TOF resolution is a quadratic sum of acatde time and SC time resolutions.
Since the accelerator signal has a very good time resol¢tioib0 ps or better), TOF resolution
will be defined by the SC. The Hall D SC has a resolution-0250 — 300 ps. This value can
hopefully be improved by upgrading the counter design, winéflected on its parameters (more
details are in Se€12.1.6). In our calculations, we useddhee 250 ps for the SC time resolution.
We plan to improve its time resolution and details are giveBec[IZT16. Of course, to get TOF
information, the electron beam needs to have a narrow bumehgtructure with a bunch spacing
of, at least, 60 ns. In order to be able to measure the roughhs2ZloF of the elastic protons, the
beam for the GO experiment at Hall C has 32 ns between elelotnoaches (in contrast to the usual
2 ns spacing for each experimental hall) using a 31.1875 MHe0l laser to operate the electron
source [151]. One cannot expect a problem with a 60 ns tirmetsitre to delivery an electron beam
to any Hall, A, B, or C [152].

The uncertainty in a neutral kaon production position atdowmomenta (p < 0.5 GeVy affects
timing resolution caused by the TOF difference between tietgn and kaon time traversing Be-
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Figure 27: Left plot: Time resolution)t, for K;-beam as a function ak’;, momentum. Right
plot: Momentum resolution\p/p, as a function of momentum.

target, however adp/p = v2AT/T momentum resolution is below 1% at lower momenta. Fig-
urelZT shows TOR\t (FWHM), (left) and beam momentum resolutiaky /p (FWHM) (right) as
a function of thek';, beam momentum, respectively.

The TOF resolution is flat for momenta higher than 1 Ge\Wlomentum resolution is growing
with momentum value, for 1 GeVit is ~1.7%, for 2 GeV¢ it is ~6%.

Figure[2Z8 shows that fal” < 2.1 GeV, AW < 20 MeV, which is suitable for studying low-lying

hyperons with widths of' = 30 — 50 MeV [1].
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Figure 28: Energy resolutiol\1///W, as a function of energy.
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12.1.6 Start Counter Time Resolution

The K; beam momentum and time resolution is governed by the tingdutsn provided by the
GLUEX detector from the reconstruction of charged particlesipoed in theL.H, /LD, target.
There are three detector systems which can provide pradisnng information for reconstructed
charged particles 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 deticsurrounding thd.H, /LD,
target, with 3 mm thick scintillator bars and a tapered negéin which bends toward the beamline
at the downstream end. The scintillation light from eachhaf 80 scintillator bars are detected
by an array of 43 x 3 mm? Hamamatsu S10931-050P surface mount silicon photomieitspl
(SiPMs) [153]. The time resolution of the ST was determireetd¢ 250 ps during the 2016 and
2017 Q.UEX run periods, as shown in Fig. 129, and thus provided adegseparation of the
250 MHz photon beam bunch structure delivered to Hall D dythmat 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¥l Tiscriminator 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 photwetes; as well as modify the pulse
shape processing electronics. Similar gain and readoctteféc customization were implemented
in the GLUEX Tagger Microscope, which utilizies an identical SiPM reatisystem, provided
timing resolutions of 200 ps. Moreover, the@&X Coarse Pair Spectrometer scintillators, also
utilizing an identical SiPM readout system, achieved tigmesolutions of 120 ps. Implementation
of these non-invasive modifications to the ST will signifitgmmprove the timing resolution. In
simulations of the GUEX detector performance we therefore assume a 150 ps resoksi the
baseline ST performance which may be achieved with modificato the current device.

Future improvements to the start counter to further redteetime resolution will be studied
to increase both the light production in the scintillatonsl dhe light collection efficiency. The
long term goal would be to reach a time resolution of 50-10@opshe ST, which may require
invasive modifications to the current device, or a complepdéacement. Increased light production
could come through an increase of the scintillator bar tieds, or a different choice of scintillator
material with a higher light yield and shorter decay timersas EJ-204. Improved photodetectors,
including Microchannel Plate PMTs which also perform welhigh magnetic field environments,
could provide higher gain and better efficiency than theantrSiPMs, 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 has an aveedge 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. Thes&X TOF is composed of two planes of 2.5 cm
thick scintillator bars. The measured TOF time resolut®h00 ps from the GUEX Spring 2017
run period, well below the assumed performance of the STrefbee, for reactions with a charged
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Figure 29: Time difference between the measured and exp&ietime from the Spring 2017
GLUEX run period. The data are fit with a Gaussian to determine tineeot time resolution of
~ 250 ps.

particle which is produced in the forward regiérc 11°, the TOF will be used to provide a better
K momentum determination than the ST.

To summarizethe current ST performance has been demonstrated to readb@ps time reso-
lution and the current device is expected to be capable eoigirg a time resolution of- 150 ps
once fully optimized for the{;, facility. The simulation studies in this proposal (See 8&).have
assumed a time resolution of 150 ps, which is adequate fopritygosed physics program. With
the current detector, the over&ll, momentum resolution will be improved by utilizing the tingin
information from the BCAL and TOF detectors, to ensure th@é 4§ specification is achieved. Fi-
nally, we are exploring potential upgrades to significaimiprove the ST time resolution however,
further study is required to understand the impact of sugit@vements on the extracted resonance
parameters for the proposed hyperon spectroscopy program.

12.1.7 Measurement of; Flux

The K, has four dominant decay modes [1]:

1. K; — ntn 7% BR = 12.6 £ 0.6%.
2. K; — 7% BR = 21.5 4+ 0.9%.
3. K — nteTy,, Br = 38.8 £ 1.6%.
4. K1 — 7Ti,u¥l7u, BR = 26.8+1.2%.

In addition, there are several rare decay modes, includPwyiGlating ;, — 27 mode. In three
of the four principal decay modes of tli€;, two charged particles are emitted. To measure the
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flux of K; beam at GlueX we will measure the rate of /6f decays to two oppositely charged
tracks in the Hall D Pair Spectrometer [154] upstream of thee® physics target. The timing
information from the pair spectrometer will be used to eatirtime of flight elapsed between the
creation of ak’;, in Be target and its decay to measure momenta of decayed.kBoadong run
with high statistic7r decay mode also can be used for a reference to measure ideplgra
flux and momenta of decayed kaons and reconstruct the fluxcomimg kaons. This experiment
will employ similar technique used in the most precise measents ofi(;, flux (see for example
[155-157]). Overallexpectatedy;, flux measurement will be accurate to 5%.

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

The proposed experiment will utilize the existing GlueXulidi hydrogen cryotarget (Fig.130),

modified to accept a larger diameter target cell [158]. Thee®@ltarget comprises a kapton cell
containing liquid hydrogen at a temperature and pressuabadit 20 K and 19 psia. The 100 ml
cell is filled through a pair of 1.5 m long stainless steel wf@l and return) connected to a

small container where hydrogen gas is condensed from two temperature storage tanks. This
condenser is cooled by a pulse tube refrigerator with a leaspérature of 3 K and cooling power
of about 20 W at 20 K. A 100 W temperature controller reguléttescondenser at 18 K.

Gas panel & electronics

Pulse tube
refrigerator

=
Storage tanks e larget ce'lr,
2@ 55 gal. {Rohacell removed)

Figure 30: The GlueX liquid hydrogen target.

The entire target assembly is contained within an "L"-sklaptinless steel and aluminum vacuum
chamber with a Rohacell extension surrounding the tardetTdee SC for the GlueX experiment
fits snugly over this extension. The vacuum chamber, alotig the hydrogen storage tanks, gas
handling system, and control electronics, is mounted onséoou-built beamline cart for easy
insertion into the Hall D solenoid. A compact I/O system ntors and controls the performance
of the target, while hardware interlocks on the target tenajpee and pressure and on the chamber
vacuum ensure the system’s safety and integrity. The taagebe cooled from room temperature
and filled with liquid hydrogen in about 5 hours. For emptyggrruns, the liquid can be boiled
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from the cell in about twenty minutes (the cell remains fillgith cold hydrogen gas), and then
refilled with liquid in about forty minutes.

Fill and retum tubes

Figure 31: Left plot: Kapton target cell for the GluelXH, /L D, target. Right plot: Conceptual
design for a larger target cell for the propog€gd beam in Hall D.

The GlueX cell (Fig[33Il) is closely modeled on those utilizetfiall B for more than a decade and
is a horizontal, tapered cylinder about 38 cm long with a ndtéameter of 2 cm. The cell walls are
130 m 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
75 umkapton. In normal operation the cell, the condenser, amgifres between them are all filled
with liquid hydrogen. In this manner the liquid can be subdeda few degrees below the vapor
pressure curve, greatly suppressing bubble formationercétl. In total, about 0.4 liter of H, is
condensed from the storage tanks, and the system is engihesafely recover this quantity of
hydrogen back into the tanks during a sudden loss of insiggathicuum, with a maximum allowed
cell pressure of 49 psia [159].

A conceptual design for the neutral kaon beam target is aleasin Fig[31. The proposed target
cell has a diameter of 6 cm and a 40 cm length from entranceitoMdows, 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 thegttr@f 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 ot 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.D, is 13% higher, implying a storage pressure of about 60 ps$iaréfore the
new target cell must be engineered and constructed to wdhkeitherH, or D.

13 Running Condition

Short para for here ??
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13.1 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 allenytarget 16 m
upstream of the LKHLD,, cryotarget. The;, beam profile was assumed to be uniform within a
2 cm radius at the LELD, cryotarget. Due to the very stromglependence in the photoproduc-
tion cross section [160] andA-wave origin of thep — K; Ks decay majority of kaons flight at
very small angle.

13.1.1 Simulations and Reconstruction of Various Channeldsing GlueX Detector

The GlueX detector is a large acceptance detector basedalareogl design with good coverage
for both neutral and charged particles. The detector ctasis solenoid magnet enclosing devices
for tracking charged particles and detecting neutral giagiand a forward region consisting of two
layers of scintillators (TOF) and a lead-glass EM caloriendECAL). A schematic view of the
GlueX detector is shown in FiguEel32. The magnetic field atctrter 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 agleater thar: 20° with respect to
the beam line. Forward-going tracks are reconstructedyubkim Forward Drift Chambers (FDC).
The timing of the interaction of the kaon beam with the,Ldtlyotarget is determined using signals
from the SC, an array of 30 mm thin (3 mm thick) scintillatongl®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 @hieX programme. Details can be
found elswhere [161].

This section describes some simulations of events gemdogits ;, beam particles interacting with
a LH,/LD, cryotarget at the center of the solenoid [162]. The GlueXecket is used to detect one
or all of the final state particles. We will be focusing on a fefathe simple two-body reactions,
namelyK;p — Kgp, Kip — 7T\, Kip — KT=° andKp — K'n.

For each topology, one particle (the proton for figp channel, ther™ for the A7* 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 SCetemnine 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 (TOF¥ege Appendix A3 (Sdcl7) for further
details).

13.1.2 K;p — Kgp Reaction
The total production cross section, shown in ig. 33, isorably 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 i spagard 3 shows the existing dif-
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Figure 32: Schematic view of the GlueX detector.

ferential cross section data for several bin$lin The cross section as a function@s 0,, was
parametrized using a set of Legendre polynomials (blueesuinv Fig.??); the weights of each
polynomial in the set depended ®W. This parametrization was used to generat&d — pKg
events that were passed through a full GEANT3-based Mont® G&athe GlueX detector. The
final state particles were constructed using the standawd>Gteconstruction code. We recon-
structed theKs in its 77— channel. More details about the reconstruction of this nkhcan be
found in Appendix A3 (SeE17.1.1). Estimates for staticaberin the measured cross section for
100 days of running & x 10* K /s as a function ofos 6, for several values off’” are shown

in Fig.[38. We estimate that fd#’ < 3 GeV with an incidentX’;, rate of3 x 10*/s on a 40-cm
long LH2 target, we will detect on the order of 80K g events in thert 7~ channel.

13.1.3 Kpp — 7" A Reaction

The K p — 7t A along withK;p — 713 is the key reaction to disentangle the weak exchange
degeneracy of th&™(890) and K *(1420) trajectories. A general discussion is described in Sec-
tions ??). The first time measurement of this reaction had been caoig at Stanford Linear
Accelerator Center (SLAC) in 1974 [164] fd{, beam momentum range between 1 GeltY

12 GeVE, which is shown in Fig—36. However, the total numberrofA event had been collected
with very limited statistics which is about 2500 event.

In our proposal in K-long Facility at Hall-D JLab, we expectagl statistics of<;p — 7 A with
very wide range of{;, beam momentum. Figufel37 shows tkig beam momentum distributions
from the generated (left) and reconstructed (right) witjureng 3, > 0.95 in time-of-flight.
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Figure 33: Total cross section fdtf;p — pKg as a function ofi¥’. The measured points are
from [163] and references therein.

We have generated th€;p — 7 A reaction in phase-space with taking into account the téalis
K beam momentum distribution in the event-generator. Thimerdum spectrum is a function
of the distance and angle. Then we went through the standatdHull GEANT simulation with
GlueX detector and momentum smearing. Finally, we utiltnedJANA for particle reconstruction
that we simulated. FigufeB8 shows an example of the reamtstt theA particle for invariant
mass (left) and missing mass (right). As it shown in the satioh, we obtained the 5 MeV of
invariant mass resolution and 150 MeV of missing mass réisoluWe estimate the expected total
number ofpi™ A events as final state particle within topology af'l 17—, and 1 proton. In 100
days beam time witl3 x 10* K. /s on the liquid hydrogen target, we expect to detect around
24M Kip — 7wt A events forlV < 3 GeV. Such an unprecedent statisitics will improve the our
knowledge on these states through partial wave analysis.

Moreover, Figur€39 (left) shows the correlation betwéednvariant mass from its decay particles
(p, #~) and missing mass aft X. On the right plot in the Fid._39, it shows thieinvariant mass as

a function of pion angular distributiod (+). All these plots are based on the 150 ps time resolution
of the start counter.

The K;p — A has relatively high production cross-section order of felwimour proposed
K; momentum range (1 — 6 GeyJ/ The beam resolution has been calculated at the timegtftfli
vertex time resolution of start counter (TOF-ST), 150 pse Variation of invariant mass resolution
as a function o#¥” for various TOF-SC timing resolution (100, 150, 300 ps) msikr as one from
other reactions [165].

Figure[4D shows the estimation of the statistical uncertanfi the 7= A total cross section as a
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Expected cross sections + uncertainties in 100 days
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Figure 36: The total cross-section féf;p — =wtA reaction as a function of beam momen-
tum [164] (left) and the:os § dependent cross-sections for various beam momentum ranges

function K, beam momentum. We keep the same momentum bin size as oneleo8LAC

data. The box shape error bars in the MC points (red triahglesincreased by factor of 10 for
comparison with the SLAC data. As we see the proposed meaasuatavill provide an unprecedent
statistical accuracy to determine the cross section foewatgige of;, momentum.

The major source of systematic uncertainty for this reactimuld be misPID among™, KT,
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Figure 37: Beam particle/{;) momentum distribution in MC simulation, generated (leftjyd
reconstructed (right).
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Figure 38: TheA invariant mass from reconstructing the its decay partjgeston and pion(-)
(left), and the missing mass af X (right).

and proton in the final state. However, by requiring the retraictedA and side-band subtraction
technique for background will improve this unceratinty staimtially.

13.1.4 K;p — K*t=° Reaction

The study of cascade data will allow us to place stringenstramts on dynamical coupled chan-
nels models. In addition, cascade data will provide us watigltsought information on missing
excited= states and the possibility to measure their quantum nundiehe already established
=(1690) and=(1820) from a double-moments analysis. The large data sample egalttows us
to determine the induced polarisation transfer of the aesedth unprecedented precision plac-
ing stringent constraints on the underlying dynamics ofréaction. Polarisation measurement
of hyperons shed light on the contribution from individualagks to the overall polarisation of
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Figure 40: The total cross section unceratinty estimatoorhy(statistical error) fos;,p — 7+ A
reaction as a function ok, beam momentum in comparison with SLAC data [164]. The exper-
imental unceratinty have tick marks at the end of error b@re box shape error bars in the MC
points are increased by factor of 10.

these states. The polarisation of the ground state caseadseaneasure from its weak decay in a
straight forward way. With & ; beam the study of the reactidty,p — K= is quite simple and
an unprecedented statistical sample can be easily obtained
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Several topologies can be used to reconstiigt — K T=° events enhancing the available statis-
tics. The biggest contribution results from requiring theanstruction of only thé&™ in the final
state and reconstructing the reaction using the missimggrtechnique. Th&° decays almost
100% of the time to\#°. Utilising the large branch ratios fér — p7~ and7® — ~~ we can also
fully reconstruct the="'s in the final state using four-momenta of the detected fitsegarticles.
Figure[41 shows the expected W resolutiorfoffor this reaction, depending on the accuracy of
the time-of-flight for 300 ps (black), 150 ps (cyan), 100 djr and when W is determined from
all detected final state particles (blue).
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Figure 41: W resolution oW/, depending on the accuracy of the time-of-flight for 300 ps
(black), 150 ps (cyan), 100 ps (red), and when W is deternfioea all detected final state particles
(blue).

In 100 days of beamtime with x K7 /s on the target, we expebtx 10° K;p — K™= events.
From this, the available reconstructed events expectédkid0° for Topology 1K;p — KX,

3 x 10° for Topology 2K;p — K*TAX, and4 x 10* for Topology 3K;p — K™=°. Figure[42
compares the statistical uncertainties of the total anieraifitial cross sections for the reaction
Kpp — K*+Z=° with existing data taken from [166] for the three differeapologies (column 1:
only K+ reconstructed, column Z +A reconstructed, and column B "=° reconstructed).

This statistics also allows us to precisely determine tlsea@de induced polarisation utilising the
fact that the cascade is self-analysing with an analysivgepof —0.406 [1]. Figure[43 shows
the statistical uncertainty estimates of the induced Ba#on of the cascade by simple fits to the
acceptance-corrected yields of the pion angular disiohub the=° rest frame.

The main background for this reaction would come from thetiea K, p — K*n and K. p —
7T A, where ther™ is miss-identified as a kaon. The former reaction has an afderagnitude
higher cross section than tii€, p — K=, however, thdV resolution below 2.5 Ge# allows

a clean separation of these two reactions. Detection amhsétiction of the\ places additional
constraints that reduce any background contributiongfszgntly. Neutron induced reactions are
not expected to contribute significantly to background ant missing-mass, invariant-mass, and
time-of-flight cuts such background contributions can lmielated.

The K, facility can be utilised to study excited cascade stéfgp — K T=* with = — = and
=* — Z~v. These excited states should be easily identified and exblaging the missing-mass
and invariant-mass techniques. A double-moment analgsi®e employed by reconstructing the
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Figure 42: 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. [168] points).
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Figure 43: Estimates of the statistical uncertainties efittduced polarisation of the cascade as a
function of W (one-fold differential) andos 0+ (two-fold diferential).

whole decay chain and establish the spin and parity of thested states [167].

13.1.5 Kr;p — K*'n Reaction

The K%p — K™n reaction is a very special case in kaon nucleon scatteringegs. Due to
strangeness conservation, formation of intermediatenggstes is forbidden for this reaction. The
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main contribution comes from various non-resonant prassghich can be studied in a clean and
controlled way. Similar non-resonant process can be seethar reactions where they can inter-
fere with hyperon production amplitudes distorting hypes@nals. That is why the knowledge of
the non-resonant physical background is important, not famlthe kaon-induced reactions but for
all reactions with strangeness. The non-resonant natuteotaction does not guarantee the ab-
sence of bumps in the total cross section: kaons and/oranlean be excited in the intermediate
stage, producing bumps in the total cross section.

The reactionk?p — K*nis simple and it has a very high production cross sectionsgpE4(left);
nevertheless, the data on this reaction are scarce. It issanipler to perform a positive kaon
beam scattering for the inverse reaction, but the necessigyneutron target with unavoidable
many-body and FSl-effects complicates the data analystgat i1 why the inverse reaction is
also not so well known. There are a fair sample of differérdrass section data in the range
0.5 < pk, < 1.5 GeVle predominantly from bubble chambers, see Ref. [168], andvanfea-
surements at high energips = 5.5 GeV/c [169], p, = 10 GeV/c [170]. In the energy range
2 < W < 3.5 GeV, which can be covered by the KLF experiment with very hstgtistics, there
are no data on this reaction at all.
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Figure 44: The total cross section fal,p — K*n reaction as a function dk;, momentum from
Ref. [168] (left) and expected W resolutionkl’/W, depending on time-of-flight accuracy (right)
for 300 ps (black), 150 ps (green), 100 ps (red), and 50 pg)btaspectively.

It is enough to reconstruct the charged kaon to determinestietion fully, provided that the beam
resolution is good enough. The beam energy is determinedd$yt&chnique utilizing the 16-m
flight path between the kaon production beryllium target #redreaction hydrogen target. The
beam resolution in this case is driven by the SC time resmutlThe present SC time resolution
leads to a 300 ps vertex time resolution. This time resatuti@n be easily improved to 150 ps or
even 100 ps during a foreseen upgrade. In[ELfy. 44(right) anesee the expectddl resolution,
AW/W , for 300 ps (black), 150 ps (green), 100 ps (red), and 50 pe)ltime resolutions. A full
MC was performed for these simulations.

In addition to a kaon one could also detect a neutron; howeluer 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.
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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
can be seen in Fig.15(left). The highest flux is expectedradtdli = 3 GeV, where we had to
increase statistical errors by a factor of 10 to make theirbleissee FiglZ45(right).
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Figure 45: The cross section uncertainty estimates (statisnly) for K, p — K n reaction for
theWW = 2 GeV (left) in comparisson with data from Ref. [168] alld = 3 GeV (right). The
errorbars for the right plot are increased by factor of 10 &kenthem visible.

There are three major sources of background:— K*nn, np — «tnn, andK;p — KTZ=.
Neutron flux drops exponentially with energy (see Sec. 523%or details) and generally the high
energy neutron flux is small, but non vanishing. If neutrond &, s have the same velocity they
cannot be separated by time of flight. Neutron-induced i@astave high cross sections, which
is why it is necessary to consider them as a possible soursackyround. Fortunately, neutron-
induced kaon production contributes at the low levellof?, which, with missing-mass cuts,
can be reduced belon~*. 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. Detailed descriptiovafious backgrounds can be found in
Appendix A3 (Sed¢l7).K.p — K™= has 100 times smaller cross section compareld tp —
K*n and belowll < 2.3 GeV can be completely filtered out by a 3(* missing-mass cut. At
high W, there is some overlap. One can use conventional backgmsulstdaction techniques to
eliminate it. The= often has charged particles in its decay chain, which canskd to veto the
channel. Our studies show that the background fiom: A7° — n7r7° can be reduced below
10~* level as well.

13.1.6 ReactionK;p — K7 X (X=porn)

It has to come soon.
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13.2 Summary and Beam Time Request

Precise new data (both differential cross section and mie@stecoil polarization of hyperons)
for K p scattering with good kinematic coverage could signifigaitiprove our knowledge of
A*, ¥*, and=* resonances. Clearly, a complete understanding of thragedpound states requires
learning about baryon resonances in the "strange" secttitodgh not the focus of this stage of
the KLF project, al(;, beam facility would also be advantageous for stud@h@gnd(2* states via
production processes. Polarization data are very impottameasure in addition to differential
cross sections to help remove ambiguities in PWAs. Unfatiely, the current data base fan p
scattering includes very few polarization data. As note® hgeveral<; p reactions are isospin-1
selective, which would provide a useful constraint for a borad PWA of K, p and K ~p reactions.
Finally, the long lifetime of thd{; compared with thél ~ would allow a larger beam flux on target,
which would allowK ;p measurements to be made at lower energies than easily rabswith
K~ beams. It would be advantageous to combingglp data in a new coupled-channel PWA
with available and new J-PAR& ~p data. We will also significantly improve world data férr
PWA with an impact on other fields of particle physics. In Edlll we summarize the expected
statistics belowl = 3 GeV during 100 days of the beam time.

Table 1: Expected statistics for different reactions wifth, and below W = 3 GeV during 100 days
of the beam time.

Reaction Statistics
(events)
Kip — Ksp 8M
Kip — 7tA 24M
Kip— KT20  4M
Kip— Ktn  200M
Kip— KnX ??°M

U7

There are no data on the "neutron” target and for this re@semard to make a realistic estimation
of statistics specifically that there is so dramatical défece between model predictions (9eg. 10).
Our assumption is that we may have similar statistics a®prtarget will give us. Then, we are
asking PAC to double our beam time request — 100 days idfh and 100 days wittL D.

Ricent results for the open-flavor strong decays of straaggins into a baryonvector/pseudoscalar
meson pair [171] give us additional input in our study.

14 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
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do substantially better. An experimental concern is thaskerse size of the KLF beam that must
impinge on a 2-3 cm target. Backgrounds from neutrons and &lfSide the target acceptance
may be important in event rates and signal to background:tege.

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 wouldtodegldemonstrated before a future
proposal would be considered favorably.

The KLF Collaboration believes that this proposal addréstiehe concerns following the recom-
mendations expressed by the PAC43:

1. Q1: Itis not clear what this experiment can do that the J-PARCg@bd kaon program can-
not 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 wilulstantially better Using
different probesk’;, for JLab andi~ for J-PARC), in principle, we and J-PARC (if charged
kaon beam proposal is approved) will be able to collect datdifferent reactions. To have
full experimental information with different final statessimportant for the coupled channel
analysis (here we have extensive experience) to deternyiperdn parameters. The JLab
and J-PARC measurements will be complementary.
(i) As ¢ (K~) = 3.7 m, whilecr(K) = 15.4 m higher rate of low momenta kaons with
K beam may be an advantage.
(i) The proposed experiment will hav€; beam with all momenta simultaneously ("kaon
strahlung"), while J-PARC has to make many thousand settmgcan the full range of W
distributions in different reactions.
(i) In the best case of scenario, J-PARC can start hypemagram in 2024. In Ap-
pendix Al (SedI5), we have presented the ability of othesiptss facilities as FNAL,
J-PARC, Belle, BaBarPANDA, and COMPAS to do a hyperon spectroscopy. We do not
see a competition factor here for two reasons: a) some ofeaby@ntioned facilities may,
but do not have yet have secondary kaon beams; b) even if achdon these facilities are
approved and constructed it will happen in a decade scate tioday.

2. Q2: An experimental concern is the transverse size of the KLFkbat 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 dt’;, will impinge on the cell of thel H,/ LD, target
with R = 3 ¢m radius. All kaons outside of solid angle defined by collimatwill be
absorbed in a 4 m iron shielding in the sweeping magnet andretmshielding in front of
GlueX setup. Secondly, as it was shown by our detailed sitonls, the rate of neutrons
on GlueX target at momenta p > 1 Ge\dre smaller than that ok ;. On the other hand,
production of strange mesons with neutrons at low momentrkatically can not occur due
to the threshold, as to conserve the strangeness at leakaoms in the final state have to be
produced. Therefore physics background from reactiotisiiad by neutrons are negligible.
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The rate of neutrons irradiating GlueX setup outside of #inget acceptance will be total on
the level of~100/s with 90% in the range of energies below 20 MeV, therefore can not cause
any background either.

From radiation point of view our MCNPG6 transport code catioins have shown that the
effect of radiation caused by neutrons is below the RadGoit. li

3. Q3: Any proposal would require full simulations of the beam mel detector to determine
the effect of backgrounds from neutrons and kaons outsaltathet acceptance.
A3: See our answers1 andA2.

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

5. Q5: The superiority of a neutral beam and/or the GlueX deteaborttiese measurements
would need to be demonstrated before a future proposal wmeiltbnsidered favorably.
A5: Our MC simulations have shown that the proposed experiméhbevable to improve
available world proton target data by two orders of magmtirdstatistics. The proposed
experiment will provide first measurements on a neutrongusif, target. Coupled channel
analysis using both proton and neutron target data promiged many "missing" hyperons.
We will also significantly improve world data aii~ PWA with an impact on other fields of
particle physics.

The summary of the potential of other facilities is summediim Appendix Al (SeE15).

15 Appendix Al: Current Hadronic Projects

Past measurements involving kaon scattering measuremergsnade 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 Sé¢. 5). It is important toogmize that current projects are
largely complementary to the proposed Jlab KL hadron beaititya We summarizehe status of
the FNAL, J-PARC, Belle, BaBa’ANDA, and COMPAS efforts here.

15.1 Project X, USA

A status of Project X at FNAL [172,173] is following: Firstagje of Project X aims for neutrinos.
Proposedy; beam can be used to study rare decays and CP-violation [t Td&y be impossible
to use FNAL K, beam for Hyperon Spectroscopy because of momentum range /dtg ratio
(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'éfhr for high energies and very broad energy
binning [175].
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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 yialdsfor a thick target, fully
simulated with LAQGSM/MARS15 into the KOPIO beam solid asmghd momentum acceptance
from Ref. [173].

Project | Beam energy Target j() Kls n/K;,
(GeV) )  (MeVie) (into0.5msr) ¢, >10MeV)
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

15.2 J-PARC, Japan

While J-PARC has a whole program of charged strange paaiddéypernuclear reactions, photon
beam at GlueX KLF allows unique access to other channelsRcRgrovides separated secondary
beam lines up to 2 GeV¥/(Table[3). The operation of the Hadron Experimental Faciiisumed

in April of 2015 following to a two-year suspension to rentevéhe facility after the accident
that occurred in May of 2013 [177]. The primary beam intgnsitcurrently 25 kW, and will be
increased to 100 kW in a while. This will correspond~to10° ppp (particles per pulse) for pion
beam intensity and te- 10° ppp for kaon beam flux. Th& /x ratio is expected to be close to 10,
which is realized with double-stage electrostatic sepasatOne of the main problems in thé&/ 7
separation is a high duty-factor of the J-PARC Complex.

Table 3: J-PARC Beam line specifications from Ref. [176].

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

With K~ beams, currently there is no proposal specific§oe —1 hyperons, but the cascades
will be studied in the early stage of E50 [178], hopefully mstyear, 2018. Thé\p/p is a few
percent which is not good to look for narrow hyperons. Onetbank that the systematic study
for S = —1 hyperons even with charged kaons is desirable and J-PARG think that such
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 [118]fortunately, the current J-PARC
Hyperon Program does not propose to do polarized targeturezasnts.

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 GetHere is no concept akp/p since
the beam cannot be focused with EM devices.
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15.3 Belle, Japan

Belle Collaboration at KEK has plenty ef e~ data, and people in Belle [Belle Nuclear Physics
Consortium (Belle NPC)] are now extracting various chatanybn decay processes, which can be
used for cascade resonance spectroscopy, from those étaw'data [180].

15.4 BaBar, USA

BaBar Collaboration at SLAC studied, for instance, praperof the=(1530)" in the decay of
AL — (7TE7)K T andZ(1690)" in the decay ofA, — (K°A)K* [181] (see, for instance, a
recent overview by Ziegler [182]).

15.5 PANDA, Germany

The PANDA experiment [183] will measure annihilation reactionfsantiprotons 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, nucleactsire and hypernuclei. Antiprotons are
produced with a primary protons beam, collected and phpaeescooled in the CR (Collector
Ring), and then transferred to the HESR (High Energy StoRigg) 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 of0*! ¢m?/s and a momentum reso-
lution of Ap/p = 1074, and later improve t@ x 10%? and4 x 1075, respectively. The large cross
section into baryon- antibaryon final states (e-g.] b for Z= or 0.1 ub 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 [184].

15.6 COMPAS, Switzerland

COMPASS is thinking of the physics using an RF separated biarharged kaons. It is in the
stage of discussion. The rates, which were presented ay éirg¢iguess by the CERN beamline
group were very interesting for a strangeness physics anogia diffractive production of strange
resonances [185]. However, the cost of a RF seperated bdaghisBut, something like this had
been built in the past.

Charged kaons could be used to extend the XhiPT investiggaiito the strangeness sector (e.g.,
Primakoff) and the spectroscopy program. At present, COSIfilfers out kaons in the COMPASS
charged pion beam via Cherenkovs but they make up only abéut @f all beam patrticles.

The energy of the kaon beam would probably below 100 GeV bov&ad0 — 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.
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16 Appendix A2: Additional Physics Potential with a/K;, Beam

As stated on the summary of Mini-Proceedings of the Workstiojiexcited Hyperons in QCD
Thermodynamics at Freeze-Out (YSTAR2016) [186]: a vergrigdgting further opportunity for
the KL facility is to investigate KL reactions on complex mheic 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 thgetanucleus 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 asyge¢he three-flavor strong interaction.
Furthermore, appropriate events with a forward gaifig could deposit a double-strange hyperon
into the remaining nucleus, potentially enabling searébeand studies of double Lambda hyper-
nuclei.

Similarly, the scattering of kaons from nuclear targetsiddie a favorable method to measure
the matter form factor (and therefore neutron skin) of heawglei, 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 [187-191], searches for physics beyond thdasthmodel [192, 193], the nature of
3-body forces in nuclei [194,195], collective nuclear ¢ations [196—199] and flows in heavy-ion
collisions [200, 201]. Theoretical developments and itigasions will be required to underpin
such a program, but the science impact of such measurersdntgi

Further potential exists to search for — or exclude — posslbtic baryonic states that can not
easily be described by the usual 3 valence quark structueeem results from LHCb provide
tantalizing hints for the existence of so-called pentakgidhat include a charm valence quark,
however the interpretation of those results is under d@ous In contrast, elastic scattering 8f,
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 prfodibsence
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 douliipation experiments: target/recoil.
The total number of observables is 3. The formalism and defivs of observables commonly
used to describe the reactidfyp — K'Y is given in Sed]6. Although one cannot easily measure
recoil polarization with GlueX, the self-analyzing decdyhgperons makes this possible. Double
polarization experiments, using, e.g., a polarized tdiget-ROST [158], will however be left for
future proposal(s).

The physics potential connected with studies of CP viotptiacays of the(; is very appealing,

however that topic is not currently the focus of this proposice 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 propdséatHity at the Jefferson Laboratory.
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17 Appendix A3: Details of Monte Carlo Study

17.1 Particle Identification

For each topology, one primary particle (the proton for jli&; channel, ther K+ for the Az
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 islliseconjunction 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 cotidyinaf dE/dx in the chambers and
time-of-flight to the outer detectors (BCAL and TOF). Thergydoss and timing distributions for
the pKs channel are shown in Fif.¥6; the distributions are simiartifie A7* channel, where a
proton band arises from the — pn— decay channel. Also shown is the dE/dx distribution for the
K= channel, where a prominent kaon band can be seen, alongiastlapd proton bands arising
from A decays.

dEdx vs p/M for proton candidates bortiignitienex VS P for proton
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Figure 46: Particle identification. Top left: dE/dx for th&' s channel. Top right: time difference
at the primary "vertex" for the proton hypothesis for €5 channel using the TOF. Bottom plot:
dE/dx for theK ™= channel. The proton and pion bands arise from the decay df.the

Since the GlueX detector has full acceptance iior charged particles and large acceptancé in
(roughly 1 — 140°), reconstruction of full events is feasible for the majpiof the chanels. That
allow to apply four or more overconstrain kinematical fit amgbrove the resolution considerably.
A typical comparison betwedi reconstruction using th&;, momentum for 300 ps SC resolution
and the other using kinematically fitted final state partié¢te thep K, channel is shown in Fig.27.
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W resolution for pKE channel
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Figure 47:W resolution for they K's channel.

17.1.1 Details of MC study forK;p — Kgp

For thepKs channel, we take advantage of the BR66f2% for K¢ — #n" =~ [1]: the invariant
mass of thert 7~ pair and W as computed from the four-momenta of the protortlaativo pions
is shown in Fig[4ZB.
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Figure 48: Full reconstruction fak;,p — pKs and K — 77 ~. Top left: 77~ invariant mass.
Top right: W computed frompr 7~ invariant mass. Bottom plot: Missing mass squared for the
full reaction.

After combining the four-momenta of the final state parsalth the four-momenta of the beam
and the target, the missing mass squared for the full reastiould be zero, which is also shown
in Fig.[48. Finally, one require conservation of energy amamantum in the reaction by applying
a kinematic fit to the data. After applying a 0.1 cut on the aterice level of the fit, one computed
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an estimate for the reconstruction efficiency as a functiofi’oas shown in Figl_49. Here the

efficiency includes the BR foKg — 77~
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Figure 49: Left plot: Confidence level distribution for kmatic fit for thep K, channel. Right
plot: Estimate for efficiency for full reconstruction of ti§p — pKs and Ky — 77~ reaction
chain as a function of W.

17.1.2 Details of MC study forK;p — 7t A

We have utilized the phase-space event generatar'fof particles, them\ decays into proton; ™

in the GEANT detector simulation step with decay ratio of 64#ich is defined in the standard
GEANT decay library. After detector simulation, we applie detector smearing factors to
implement detector resolutions into all Monte Carlo ever@®ice a smearing process is done,
all events went through Hall-D JANA reconstruction prograihrough entire simulation steps,
we estimated the event rate and reconstructed momentum assl nesolution of;p — 7" A
reaction. Figur€830 shows an example of plot for polar angtews momentum distribution af",

7~ and protons from the generated event (left) and reconstlustent (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 ofid" and aA by utilising its high branching ration to a
pr~ pair (63.9%), and Topology 3 requires the detection of the-pivoton decay of the® from
= — 7°A. Particle identification is done via a probabilistic apmivanvolving dE/dX, time-
of-flight, and track curvature information as described ppAndix A3 (Sed_17]11). ThéE /dX

distributions for kaon, proton, and negative pion candidare shown in Fig._51.

At low particle momenta, kaons and protons can be well ségadyhut high energy particles cannot
be unambiguously differentiated neither #¥ /dX nor ToF information leading to missidentifi-
cation. The higher thél/, the higher ejectile energy we have and the more missideatitn
contribution we have. In this analysis (specifically Togyl@® and 3), these events are largely
removed from an invariant-mass cut on fhe pair.
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Figure 51:dF/dX distributions used in kaon proton and negative pion idesatifon for the re-
construction ofK;p — KT=°.

Figure[52 shows the missing massiofp — KX for simulated data for the reactidk;, p —
K*Z=° used in the reconstruction of all topologies, the invariaaiss distribution of thexr— 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 *Ax°). A 30 cut on these distributions allows us to
fully reconstruct the reaction. The left panel of Higl 52whdhe3o 17-dependent cut applied to
select the missing’ as well as théV -dependenso cut to reconstruct the reactidii,p — Kn
(see Appendix A3 (SeE_T7.1.4) for more details on the seuwteesolution effects on the missing
mass). The latter is one of the major sources of backgrounaoioreaction for Topology 1, how-
ever the missing-mass resolution (obtained with a veiitar-tesolution of 150 ps) allows a clean
separation of these two reactions upto= 2.3 GeV. Above this value, special treatment of the
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K:p — mn background is required as discussed in greater detail ireAgip A3 (SecIZ.113).
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Figure 52: The missing mass of the reactiopp — KX used to reconstruct the reactién p —
K*+=Y (Tpology 1), and the invariant mass @f ~ pair (Tpology 2), and the invariant mass of the
two-photon pair (Tpology 3).

The detection efficiency as a function of the tidefor each topology is shown in Fig.163. As
expected the efficiency is highest for Topology 1 reachingaaimum at 60% for W=2.05 GeV.
The efficiency for topology 2 is about an order of magnituds ldan Topology 1, and Topology 3
detection efficiency is on average 0.8%.
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Figure 53: The detection efficiency for the reactigpp — K T=° for each topology.

Kip — K*Z=° background suppression: Different sources of background will contribute in
the 3 topologies used to study this reaction. DisentangdimgsignalK;p — KT=° from the
reactionK;p — K™n (for Topology 1), which has two order of magnitude largerssrgection

is expected to be relatively straightforward. As mentiobetbre, a simple missing-mass cut is
sufficient to remove any contributions from this reactioniio < 2.3 GeV. ForiW > 2.3 GeV, an
s-weight approach (or neuralNets, etc.) can be utilise@tworve these contribution as the shape
of the background under any cascade events can be wellise&bfrom simulations. Figufeb4
shows thelV-dependence of the missing-mass distributiongfp — KX for the simulated

66



reactionsk;p — KT=%andK;p — K'n (left panel). The right panel shows the missing-mass
projection at W=1.9 GeV. In addition tA,p — K*n, the reactionk;p — 7+ A is also a source
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Figure 54: The missing mass of the reactibnp — KX 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 mass at W=4\9 G

of background events for Topology K{p — K*X) and 2 (;p — K*TAX). This channel
contributes when the final state” is miss-identified as & ™. This shifts the missing-mass of
Krp — m" X to lower values than the ones expected leading to a goodatepaof this source
of background below12.2 GeV. FigurelBb shows the missing-mass distribution of thess-
identified events. Contributions from these events for Togy 3 is completely removed by the
requirement of two photons in the final state that reconstihe mass ofr’. For topology 2,
coplanarity cuts between the reconstructed (miss-ided}ifi ™ and A can reduce contributions,
where as a background subtraction approach using the mpssass information can be used to
remove any contribution &’ > 2.2 GeV.
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Figure 55: The missing mass of the reactiopp — KX for simulated events from the reaction
Krp — 7t A. The reconstructed events here results from a pion misgHidel as kaon.
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= induced polarisation: The parity violating nature of the cascade’s weak de@y-¢ 7°A)
yiels a pion angular distribution given by
N

n(6?) = 5(1 — Placcos?), (26)
where PY is the induced polarisation of the cascade, and is the anglyowera = 0.406 +
0.013 [1]. Figure[5® shows the production plane defined in the eeoffmomentum system con-
taining the incomingk;, and proton target. The decay plane is defined in the restefrainthe
cascade and contains its decay products.

cm
Oz

p

reaction plane

Y Q\‘Z&G

Gy

Figure 56: The production plane forfi,p — K™= defined in the centre-of-momentum system
containing the incomings;, and proton target. The decay plane is defined in the resteficrthe
cascade and contains its decay products. The inducedsatlariPy is defined to lie perpendicular
to the reaction plane.

In terms of four-vectors this reaction is written as follows

Pr, +Pp = Pg+ + P=o (27)
The production plane is then defined by
P=x P,
§= (28)
|PE X PKL|
Thez axis lies along the beam direction
p
B= 5 (29)
‘PKL‘
and thus the: axis is defined to give the right-handed coordinate system
F=10x 2. (30)



The determination oPZ can be established by linear fits to the acceptance-codreae angular
(cos 07) yields. Fitting these distributions with a first degreeypamial

y = ao(1 + a1 cos 6Y) (31)
allows the determination af;, which gives us the the induced polarisation
a; = Pla. (32)

Alternatively, one can determine the induced polarisatiansfer from determining the forward-
backward asymmetryl? of the pion angular distribution. This asymmetry is defined a
_ NY - N?

- NY4+ NV

Y

(33)

whereNY and N? are the accepted corrected yields witk 0¥ positive and negative respectively.
The asymmetry is related to the induced polarisation by
—2AY
Py = : (34)

= «

The statistical uncertainty in the asymmetry measuremeitids related to the Poisson uncer-
tainty in N¥ and NY. Propagating this uncertainty to the uncertaintyléfgives

2
Tav = F \/NzNﬂ(Ni +NY). (35)

(NY + NY

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

TG G 0

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

As described in Sectidn I3.1.5 we used oRly detection to reconstruct this reaction. Kaon iden-
tification is done with probabilistic approach involvidd' /d X, time of flight and track curvature
informations, see Appendix A3 (Séc.117.1) for further detdtven in purei;p — K*tn MC case
one can have more than one charge track reconstructed dagdas/reactions in the detector vol-
ume. That is why in addition to pronouné&" banana on Fig. 57(left) we see some traces of pion
and proton bands. At loik ™ momenta, kaons can be well separated from pions and prdions,
high energy particles cannot be differentiated neithed By dX nor ToF information leading to
missidentification. The higher tH&", the higher ejectile energy we have and the more kaons we
loose due to missidentification see Higl 57(right, green)our analysis, we restrict ourselves to
one and only one reconstructed charged track. This condmébps to suppress the background,
but does not reduce the reconstruction efficiency, sed Higight, black).

Charge track detection efficiency stays flat over the fulgeof W’s, but kaon reconstruction
efficiency drops from about 60% at low W to 20% at highest add energy. Since GlueX
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Figure 57: Left plot: dE/dx for thé{; p — K *n channel. Right plot: single charge track detection
efficiency as a function of W for th&;p — K*n channel. Any charged particle (black), kaon
(green), proton (red), pion (blue).
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Figure 58: Left plot: full (red) and detector related (blu€) missing mass resolution in terms
of sigma. In second case trd€, momentum is used to calculate missing mass. Right got:
missing mass resolution as a function of W. Three sigma missiass cuts for th&;p — K*n
(red) andKp — K*Z= (grey) reactions are indicated by solid lines. Horizontalkd lines show
nominal masses of neutron a@dbaryon. Vertical grey dashed line indicates the rang of pure
missing mass separation between these two reactions

acceptance is large and essentially hole-less, kaon reaotign efficiency does not depend on
yet unknown angular distributions. For the final selectibthe K;p — K*n reaction we uséoc
missing mass cut around neutrons mass, seé Hig. 58.

Figure[&8 is plotted under assumption of 150 ps vertex tinselution. BothiV (Fig.[44) and
missing mass resolutions are driven by tkig momentum resolution. That is why start counter
update is essential. Any further time resolution improvetmbelow 150 ps, would significantly
simplify reaction analysis and background suppressioalfaeactions of interest.

Below W = 2.3 GeV, K;p — K™n and K;p — KTZ reactions can be disentangled By
missing mass only. Above this value, special treatment @ffhp — K™= background is re-
quired. One may notice that a three sigma cut forkhe — K n reaction rises faster than for
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Krp — KTZ. This effect has purely kinematical reason - due to highesswd= baryon, K~
produced inK;p — K*Z reaction has lower energy for the same value of W. The loeér
energy we have the better missing mass resolution we gethantidére narrow the missing mass
cut one needs to apply.

Krp — K'n background suppression: Due to very high cross section, thé;p — K'™n

is essentially background free. Due to extremely high ftias expected in this channel our un-
certainties will be dominated by systematics. We have ifledtthree major sources of physical
backgroundnp — K*nn, np — 7 nn, andKp — K*Z reactions.

Details onK;p — K™n andK;p — K™= separation one can find in Appendix A3 (Sectitf).
Below W<2.3 GeV these two reactions can be separated by sigeta X+ missing mass cut.
Above W>2.3 GeV one can use standard background suppretsibniques - S-weights, Q-
weights, NeuralNets, etc... The main decay branch &f = — A7’ — pr—7° leads to several
charged particles in the final state besid&s, hence filtered out by "one charge track only" selec-
tion condition. Another decay branéh— A7° — n7%7° cannot be filtered out that easy, however
due to smaller branching ratio combining with sm&llp — K*= production cross-section this
channel contribute at the level 6~ only even without any background suppression techniques.
Further suppression vetoing multiple neutral tracks an@Qfeveight push this background far be-
low 10~

Neutron flux drops exponentially with energy (see Sec. foaitl and generally the high energy
neutron flux is small, but non vanishing. If neutrons dtigs have the same velocity they cannot
be separated by time of flight. Neutron induced reactiong lhéyh cross-sections that is why one
needs to consider them as a possible source of backgrounBigOre, one can see a comparison
of kaon and neutron fluxes for the worse case scenario wheeurtoam suppression is employed,
similar to Fig.[ID(right) in terms ofi. Particles with the same cannot be separated by time of
flight. At 3 = 0.95 neutron and kaon fluxes become equal. This velocity corretpto a neutron
momentum op,, = 2.9 GeV/c and kaon momentum of, = 1.5 GeVle.

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 usethes K Ap cross-section parametrisation
together with the knowledge 03(%:7% — 2 from Ref. [202]. On Fig. [B0, one can see
the flux of K*s from kaon induced<;p — K*n reaction in comparison to a neutron induced
np — KT An as a function of projectile velocities.

As one can see on Figurel60, neutron induéed production contribute at very narrow range of
energies. The contribution is also very small. One can &irfuppress this type of background
vetoing charge particles from decay and performing &+ missing mass cut. All together one
can suppress this type of background below*.

The most dangerous type of neutron induced backgroundnatigs fromnp — 7 nn reaction
with fast 7™ misidentification ag<{". There are no measurementsrgf — 7 nn reaction but
due to isospin symmetry one can relate this reaction to apissymmetric casep — 7 pp.
The later reaction is known, see Ref. [203]. The total cisesstion for this reaction is in the order
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Figure 60: Left plot:pp — Kt Ap total cross section from Ref. [202]. Right pla&™ flux as a
function of projectile velocity for neutron (green) and kaoed) induced reactions.

of 2mb. Thenp — 7tnn reaction has much lower threshold compareito— K*An, so it
can utilize enormous flux of low-energy neutrons. However émergy neutrons predominately
produce low energy pions, which can be separated from kadihe background needs to be
considered only fop > 0.8, see Fig[®l. The background level looks much higher comigare
Fig.[60, but it can be severely suppressed with the ™ missing mass cut, since pion kinematics
of three bodynp — 7 nn reaction is very different fronik;p — K*n.

Kaon patrticle identification together with simple threensggmissing mass cut and assumption of
K, beam can efficiently suppress all physical backgroundseoktlpy — K *n reaction.
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Figure 61: K flux as a function of projectile velocity for thep — =tnn (green) and
Kr;p — K*n (red) reactions. Pion missidentification efficiency for ttetron induced reaction
is extracted from the full MC-Geant simulation.
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