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Abstract

Polarization asymmetriesare an essetial ingrediert in the interpretation of various meson
production reactionsin terms of the various resonancegshat corribute to the processess
real or virtual intermediate states. In the past,thep nal state hasbeentreated often
as arising from either of the quasitwo-body states or N , followed by the deca of the
or the . This approat has beenreasonablysuccessful.With today's facilities running
at all energiesrom threshold up to relatively high energiesa more completedetermination
and description of polarization obsenablesfor the three-body nal state is warranted. It
must be stressedthat experimerts with more than a single pseudoscalain the nal state
have beentouted asour best hope for nding the missing resonances\We considerit a top
priority that the polarization obsenablesfor sud processe®e measuredand elucidatedin a
more generalframework, onethat goesbeyond the quasitwo-body asumption. Partial wave
analysesor other analysesbasedon isobar modelsshow clearly the importance and the need
of polarization obsenablessincethe analysisof unpolarized data often leadsto ambiguous
solutions. The closerwe arrive at a completeexperimert, the fewer ambiguities remain.

We proposeto measuresingle and double-polarization obsenablesin the photoproduction
of two charged pions using the Hall-B photon-beam facility and the CLAS spectrometer
which is a unique magnetic spectrometer with large acceptance. It allows operation of a
transversely-as well as longitudinally-p olarized frozen-spintarget (FROST). We intend to
measurethree single-polarization obsenables(P ,; Py; P ;) and nine double-polarization
obsenables (P ;¢ P3¢ P3¢ P,; P, ; P,) in the massrangeup to 2 GeV/c*>. No ad-
ditional beamtime for two-pion production is required. Howeer, we ask the PAC for the
approval of the physical motivation for this reaction. Togetherwith the experimerts E02-
112, E03-105,E04-102,and E05-012,we will provide essetial new data of unprecedeted
quality and kinematical coveragesuitable for coupled-d©iannel analyses,.e. one of the keys
for progressin hadronic physics.

In addition, we proposeto take data above 2 GeV/c?. In this case,the physicsmotivated in
this proposalrequires22 days of additional beamtime in the framework of the whole FROST
project. Howewer, we are aware of the already approved 84 days for the above mertioned
proposalsand feel committed to prove the succes®f the project before requestingthe full
amourt of additional beam time. Therefore, we ask the PAC for the approval of only 4
additional days of beamtime for measuremets using a circularly-polarized beam incident
on a transversely-plarized target (determination of P, and P, ). Thesedata will be taken
at a higher CEBAF energyof 3.1 GeV and thus, the obsenrableswill cover the important
massregion at and above 2 GeV/c?. With these4 days, we expect a statistical accuracyof
0.05,which will be su cient to distinguish betweendi erent resonancecortributions.

Studying * photoproduction provides answers to a large variety of questions. In the
low-energyrange for example,the P11(1440) (Roper Resonance)and its properties can be
investigated. Our plan is to analyzethe *  data jointly with polarization data on single-
pion photoproduction, which was proposedin E03-105and E04-102.This will help to obtain
a better understandingof the P1,(1440). Furthermore at higherenergiesa group of negative-
parity -states with massesaround 1900MeV can be studied for which only weak evidence
exists so far. Their veri cation would be in cortradiction with quark-model calculations
predicting thesestatesat signi cantly highermassesFinally, the measuremenof the helicity
di erence will determinethe *  cortribution to the GDH integrand.



1 The CLAS Double-P olarization Program

The excited states of the nucleon cannot simply be inferred from cleanly separatedspectral
lines. Quite the cortrary, a spectral analysisin nucleon resonancephysics is complicated
by the fact that the resonancesare broadly overlapping states which deca into a multi-
tude of nal statesinvolving mesonsand baryons. In order to provide a consisten and
complete picture of an individual nucleon resonance he various possible production and
decg channelsmust be treated in a multi-channel framework that permits separatingreso-
nancefrom badkground cortributions. Very often, resonanceseveal themsehesmore clearly
through interferencewith dominant amplitudes. Theseinterferenceterms can be isolated
via polarization obsenables. Howewer, in the absenceof experimertal data on polarization
obsenables,in particular for multi-meson nal states,the predictive power of currertly used
theoretical modelsis unclear.

Understanding the low-energy or long-distance, properties of Quantum Chromodynamics
(QCD) is a fascinating intellectual challenge. Hadrons are unique in that their massesare
nearly 50times greaterthan the baremasse®f their constituerts. The proposedactivities for
hadron spectroscopy arecomplemetary to experimertal studiesof hadronstructure (electro-
weak form factors, Forward and GeneralizedParton Distributions). Both are essetial for
progressin this challenging subject.

Although many baryon resonancedave beenseenalreadyin N! N, N, N, K, etc,,
marny of thesestates cannot be consideredwell known. Di cult multi-channel analysesare
requiredto nd evidencefor resonancesrom the data. Models basedon three constituert
quark degreesof freedomalso predict more statesthan have beenseenin the analyses,and
there is a focusede ort to discover evidencefor as many as possibleof thesemissing states
in new data from the reactions N! N, N, N,!N, K, K, etc.

At this point, it is important to emphasizethat constituert quark models (CQMs) are cur-

rently the bestapproad to make predictions for masseswidths, and other deca properties
of baryon states. Although these calculations sere only as a suggestionfor how to tackle
the challengesin hadron spectroscop, they represen the only sourceof information for

most obsenableswhich can be directly confrorted with experimertal ndings. The level of
agreemeh betweenthe modelsand experimerts is certainly very promising. Howe\er, other
approades are well on the way to predicting baryon properties basedon rst principles.
Presumably within the next v e years, given the latest progressin the eld, more accu-
rate predictions from lattice-QCD calculationswill be available derived from a fundamertal

quartum eld theory. At that time, it will be very important to have the necessarydata
at hand, which consequetty have to be taken now. Evertually, the CQMs may become
obsoleteand for this reasonthis proposalis not seekingto test thesemodels. Newertheless,
they play an important role in determining which physics regionsshould be explored and
where exciting physics can be expected.

In strong interactions, rescatteringe ects are known to play an important role. A particular
nal state may rescatter and form another intermediate resonancewhich then decas and
ewertually leadsto adi erent nal state. The total amplitude for a givenchannelcanthusbe
written asa coherem sumover all isobarsand partial waves. For this reason,a large number
of di erent nal statesmust be studied, ultimately forming the input for a coupled-tannel
analysis. In addition to a multi-channeltreatment of baryon data, polarization asymmetries
are an essehal ingrediert in the interpretation of various mesonproduction reactionsin
terms of the resonanceghat cortribute to the processesas real or virtual intermediate



states. In 2006, Hall-B at Je erson Laboratory and the CB-ELSA Experimert at the e
facility ELSA (Bonn, Germary) will provide polarization data in photoproduction which
are presertly not available. Thesetwo experimerts form a complemenary set of detectors
to study baryon resonancedy capitalizing on charged-particleand multi-photon (from the
deca of neutral mesons) nal states, respectively. The situation is unique and it is our
sciertic commitmert to jump at this chance of combining the measuremen of isospin-
related reactionsand to syndironize the correspnding analyses. Among many other well
rated proposals,the proposal ELSA/6-2005 [1] on the Measurement of Double-Polarization
Observablesn 2 °-Photoproduction with the Crystal-Barrel Detector at ELSA obtained an
A{ rating and data taking is stheduledfor 2006. The proposedsystematic studiesof single-
aswell asmulti-meson nal stateswill provide the rst comprehensie data setof polarization
obsenablesand are necessaryto experimenrtally assesswucleonstructure.

At the time of this writing, four proposalsto determine double-polarization obsenables
are approved for experimerts to run in Hall-B of Je erson Lab, focussingon single-meson
production [2, 3, 4, 5]. A brief description of theseexperimerts will be givenin the following

three sections. The hitherto missingimportant pieceis this proposalon the photoproduction

of two chargedpions, which will completethe picture. Ultimately, FROST will provide the

data for real progressin this eld.

Search for missing Nucleon Resonances in the Photopro duction of Hyp erons
using a Polarized-Photon Beam and a Polarized Target

The experimert E02-112[2] will measurea large set of single and double-polarization ob-
senablesin asseiated strangenesgroduction. The nal goal of this experimert, in concert
with the CLAS-g1 experimert on hyperon photoproduction (E89-004) and the CLAS Ap-
proved Analysis of ~p! K™ [6] (as part of CLAS-g8[7, 8, 9]), is to perform a complete
set of measuremets for ground-state hyperon photoproduction in the reactions p! K™,

p! K* % and p! K° *. This will allow to perform a full partial wave analysisand
to determinethe cortributing multip olesas a function of the certer-of-massenergy

Pion Photopro duction from a Polarized Target

The experimert E03-1053] intendsto study single-pionphotoproduction reactions,p( ; *)n
andp( ;p) ° with a polarizedbeamand a longitudinally- aswell astransversely-mlarized
target using the CLAS detector at Je erson Lab Hall-B. The experimert will measuretwo
single- (T and P) and three double-polarization obserables (G, F, and H); experimert
EO01-104will measurethe double-polarization obsenable E. The data will greatly constrain
partial wave analysesand reducemodel-dependert uncertairties in the extraction of nucleon
resonanceproperties, providing a new bendmark for comparisonswith QCD-inspired mod-
els. The measuremets will spancos( ) from 0:9to 0.9in a certer-of-massenergyrange
above 1300MeV and up to 2150MeV.

Measuremen t of Polarization Observables in  Photopro duction with CLAS

The experimert E05-012[5] plans to measurethe obsernables , T, P, E, F, G, and H
in  photoproduction for photon energiesbetween 0:75 2:0 GeV. Special attention will
be dedicatedto the rangeof W = 1.5 1.8 GeV. The authors of this proposal anticipate
10 angular bins within cos(.y) from 0:9 to 0.9 and expect a statistical accuracyfor all
obsenablesbetween0:05 0:1.



2 Intro duction

The spectrum and properties of excited baryons re ect the behavior of QCD in the low-
energyregime, wherethe QCD Lagrangian cannot be solved by a perturbative expansion.
Lattice QCD calculations along with a chiral extrapolation to realistic quark massesshow
promise, but require further dewelopmern to read the level of detail provided by more
phenomenologicalapproximate modelssud asconstituert quark models(CQMs). Common
to thesemodelsis the useof a con ning potential in combination with a short-rangeresidual
interaction. The latter di ers amongthe various models, the most prominert examplesare
one-gluonexdange[10], Goldstonebosonextange[1]], and instanton-induced interactions
[12). But is there really a single short-rangeinteraction? While there is generalagreemen
that hadrons are built of quarks and gluons, the detailed understanding of the relevant

degreesof freedomand their interactions, which determinethe excitation spectrum, is still

missing. Thus, knowledge of the properties of baryon resonanceswill shed light on the
structure of non-perturbative QCD.

Although theseCQMs usesomewhatdi erent approades,they are generallyquite successful
in describing the massesof low-lying states. At higher energies,however, many of the
predicted excited baryon statesdo not seemto be realizedin nature. The following reasons
might accourt for this phenomenon:

N elastic scattering experimerts have beenthe dominant sourceof information until
very recenly. If the so-calledmissing resonanceslo not coupleto N , they would not
have beenfound in this process.

Photoproduction data were mainly available only up to a massof 1800MeV/ c¢?. The
missing resonanceproblem appearsin the massregion at and above this value.

Polarization obsenables were measuredonly at GRAAL (Grenoble, France), LEGS
(BNL, USA), ELSA (Bonn, Germary), and MAMI (Mainz, Germary) at low energies.
Howe\wer, polarization is crucial at higher energieswhere resonancestrongly overlap.
Singleand double-polarization information will lead to much tighter constrairts in the
coupled-tiannel PWA, and will help to distinguish betweendi erent models.

Many channelswith morethan onemesonin the nal state are still not explored. It is
likely that many high-lying resonanceslo not deca directly into the ground state via
single-mesoremissionbut via a sequetial decg chain. In sud a chain, medium-mass
statesmay be populated, although they exhibit only a weak photon coupling.

Evenin the low-massregion, CQMs still exhibit sewere problems. For example,the masses
of the lowest-lying radial excitations of the nucleonor of the (1232) do not match the pre-

dictions. Theseare the N(1440)P;; (Roper resonance)Fig. 2) and the (1600)P 33 (Fig. 1),

respectively. This so-calledRoper problem alsooccursfor the lowest-lying radial excitations

ofthe and resonancesAnother exampleare the negative-parity  stateswith masses
around 1900MeV/ c?. These resonancesi.e. (1900) S;;, (1940) D3z and (1930) Dss,

are expectedat signi cantly higher massedy constituert quark models (Fig. 1).

In addition, there areother phenomenologicabbsenations which areonly poorly understaood.
For example,the N and  excitation spectrum may exhibit parity doublets,i.e. states of
equal total angular momertum but with opposite parity which are almost degeneratein
mass. Spin-parity partners are predicted for the known states 13-+ (2420), N13-,+ (2700),
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Figure 1: resonanes using instantons as short-range interaction [12]. The left side of each
column showsmodel predictions, whereas the correspnding right side il lustrates expgerimental nd-
ings. The number of 's indicates the ranking of the state according to the Particle Data Group
(PDG) [13], i.e. a four-star state being a well establishe resonane.

152+ (2950) [14]. It hasalsobeensuggestedn Ref. [14] that the parity-doublet structure
obsenedin the spectrum of highly-excited baryonsmay be dueto e ectiv e chiral restoration
in the limit of large excitation energies.If chiral symmetry is indeedrestoredfor high-mass
states,then baryonsshouldfall into represetations of SU(2). SU(2)r that are compatible
with the given parity of the states the parity-chiral multiplets. It is even shown that the
available spectroscopiadata for nonstrangebaryonssupport the possibility of excitedbaryons
falling into a (1=2;1) (1;1=2) represemtation of the discussedsymmetry [14],i.e. oneparity
doublet in the nucleon spectrum and one parity doublet in the  spectrum of the same
spin being degeneratein mass. In many cases,the e ect is striking: stateswith identical
J but opposite parity often have very similar masses. This suggestionof parity doubling
in the spectrum is intriguing, but the obsenations of massesof thesestates are not precise
enoughto make de nite conclusions.For this reason,new experimertal studiesare certainly
needed15. Among constituert quark models,only thosebasedon instanton-induced forces
describingthe short-rangeinteraction betweenquarks accoun naturally for this e ect.

Over the last decade,indications for only a few new resonanceshave beenreported. The
analysesof the SAPHIR dataon °and hyperon photoproduction give someevidencefor two
new statesaround 1900MeV/ 2. The p ! p °?SAPHIR data proposethe existenceof a
third S;; at 1890MeV/ ¢ and a P,; at 1980MeV/ ¢ [16]. Howewer, it was shavn that the
data could alsobe descriked without an additional P, [17]. Here,the S;; interfereswith the
Regge-trgectory exchanges.The p! K* SAPHIR data [18]indicate an additional D3
resonancevith a massof about 1900MeV/ ¢® [19]. New higher-statisticsdataon p! K* ,
p! K* % and p! K° * from SAPHIR [20], CLAS [21], and LEPS [22] for certer-
of-massenergiesbetween 1.6 and 2.3 GeV/c? indicate that more than one resonancemay
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Figure 2: N resonanes using instantons as short-rangeinteraction [12]. The left side of each col-
umn showsmadel predictions, wheras the correspnding right side il lustrates exgerimental ndings.
The number of 's indicates the ranking of the state according to the PDG [13], i.e. a four-star
state being a well establishd resonane.

cortribute to the massregion around 1900MeV/c?. A combined PWA of thesedata sets
with additional data from a variety of other sourcesrewveals evidencefor a P;,(1840), two
D43 statesat 1875MeV/ ¢2, and optimistically, a state at 2170MeV/ ¢? [23. In this analysis,
which also included the new CB-ELSA [24] and ° [25] photoproduction data, evidence
for a further state, D,5(2070), was found coupling strongly to p .

The obsenation of baryon cascadegdecass of high-lying statesvia the emissionof a sin-
ge )in p! p * at CLAS for incident photon energiesabove 2 GeV opensup new
ways to seart for missing resonances. While the proposed states D,3(1875), D15(2070),
and D13(2170) t nicely to the quark model predictions of states, this is not true for the
P11(1840). The possibleexistenceof an additional P45 state around 1700MeV/ ¢ in CLAS
electropraduction data would also cortradict the quark model expectations [26].

3 Motiv ation

In recen years, results in baryon spectroscoly have indicated that 3-body nal statesare
very likely to be the key for the discovery of higher-lying missingstatesbecausehey accoun

for most of the crosssectionabove W  1:7 GeV. Highly excited baryon statesare predicted
to decy into particles with higher massesj.e. excited intermediate states rather than a
ground-state nucleon and a meson. Calculations of decgs for those resonancesnto two-
particle channelslike N , N , and N! vyield very small partial widths. Howewer, high-mass
stateshave total widths of at least 150 MeV, thus the remaining decg strength must lie in

reactionswith higher thresholds. In the past, 2-body nal stateshave beenlargely explored.



Nonetheless,many questionsin the eld of single-mesonproduction are still awaiting an
answer and the plannedFROST programon di erent nal statesis a scieriic must Among
other things, it is still not clearwhether there is a third S;; resonancan photoproduction
and also the new state, D15(2070) [24], needsto be con rmed. These measuremets are
subject of the accomparying proposal E05-012[5].

Oneof the key experimerts in the seart for missingstatesis the investigation of double-pion
photoproduction. Quark models predict large couplingsof those statesto , for instance.
Sudt decy modesare dicult to detect sincethey require detectorswith a large angular
acceptance,and a much more involved analysisthan elastic pion scattering. Theseideas
supported the construction of CEBAF and of the CLAS spectrometer. The investigation

of high-lying statesin these nal states, in particular at JLab, has started only recenly.

The reaction p! p * is di cult to analyzedue to large non-resonah badkground

cortributions. Howeer, it is well suited to seart for statesdecaing into andp given

the high branding fractionsof ! N and ! * . The determination of resonance
cortributions basedon current analysesof unpolarizeddata on double-pionphotoproduction

are ambiguous, esyecially at higher energies.For this reason,we proposeto usethe CLAS

spectrometer and the newly dewloped frozen-spintarget (FROST) at JLab in order to

measurethe important polarization obsenablesfor this reaction.

Thereis alot of interestin *  photoproduction and this will be discussedn the following
sectionsfor di erent energyregions. Even well known resonanceshave signi cant photo-
production amplitudes and couplingsto N . These states will provide anchors for our
analyses.That is, in order to trust any identi cation of previously unknown states, we will
be ableto pick out someof the better known statesand determinetheir unknown properties.

Low-Energy Range (W . 1700 MeV)

The internal structure of the P11(1440) (Roper resonance)s a cortroversial issue. In quark

models,whereit is treated asan in nitely long-lived bound state, its massis expectedabove

the lowest-lying negative-parity state (! S$;1(1535)), but the experimertally determined
massis certainly belov 1535MeV/ 2 [12, 27]. For this reason,other interpretations have

been proposed. For example, the P11(1440) could be a dynamically-generatedresonance
e ect [2§, or a state with a strong gluonic componert [29]. In spite of intenseinterest in

this state, the parametersof the P;,(1440) are poorly known and depend strongly on the

data and the analysismethod used. Thus, the measuremen of polarization obsenablesis

an important step towards an unambiguousdetermination of its properties.

Although the D;3(1520)is a well establishedresonancethe strength of its cortribution to
the p! p * crosssectionis still under debate. Di erent modelsleadto very di erent
interpretations of the p * data. In the Valenciamodel [30], the D13(1520) decging into
(1232) is the dominant cortribution, whereasin the Laget model [31], the deca of the
Roper resonanceinto p clearly dominates. Thus, these models are in cortradiction even
though they both lead to a reasonabledescription of the total crosssection. Surprisingly,
the D-wave  -decg width of the D;3(1520)seemdo be larger or at leastof the sameorder
of magnitude as the S-wave decgy width. The Particle Data Group (PDG) lists 10 14%
and5 12% for D-wave and S-wave, respectively. This is not compatible with the naive
expectation that decass involving higher angular momerta should be suppressed. In the
analysisof unpolarized *  CLAS data, it isdicult to x the ratio sincethe valueis in
a rangewhereit interfereswith the cortact term decging to in S-wave [32].



The P33(1600) resonanceplays a similar role in the quark model as the P11(1440) and is
sometimescalledthe Roper of the  system. Both have massesnuch below the quark model
expectations, but while di erent interpretations are often discussedfor the P,,(1440), not
much attention hasbeenpaid to a better understandingof the P33(1600). The experimertal
uncertainty in the massdetermination is considerableand a more preciseknowledgeof the
P33(1600) masswould solidify this discussion.Unfortunately, the photocoupling of this state
appearsto be smalland thus, it remainsto be seenwhetherit will a ect 2 photoproduction
data.

Medium-Energy Range (1700 MeV . W . 1900 MeV)

In the third resonanceregion, the analysisof unpolarized data reveals many resonarn con-
tributions, e.g. from the F;5(1680), D13(1700), D33(1700), and P13(1720). It is very di cult
to decompsethe crosssectioninto the corributions from these di erent states without
additional information from polarization obsenables. Most of theseresonancesre well es-
tablished, whereashelicity couplingsand their isobar cortributions to thep * nal state
are lesswell known.

The CLAS Collaboration hasrecertly reported a discrepancybetweenthe properties of the
P13(1720)asdeterminedby their data and the propertieslisted by the PDG. The discrepancy
may hint at the existenceof two close-ly P,3 states. Howewer, quark modelspredict only one
P.3 state in the massregionbelov 1900MeV/ ¢?. Hence,the existenceof a secondresonance
in this partial wave would be a surprisingdiscovery. This questionmust be studied carefully.

High-Energy Range (W & 1900 MeV)

Quark models basedon three constituert degreesof freedom predict a plethora of states
above 1.8 GeV/c?, but the number of obsened statesis rather limited. This is the problem
of the so-calledmissing states. Thesestates are predicted by quark models which examine
both the spectrum and strong decays of resonanceso couple strongly to channelslike

but not to N . For this reason,the missing resonancescould not have beenobsened in

experimerts using pion beams, which have provided most of the existing information on

baryon resonances.Many of these missing states are also expectedto have reasonable p

couplings and thus, should be obsenable in the reacton p ! p * . It is an open
guestionwhether the states predicted by symmetric quark models really exist, or whether
thesemodelsare simply not appropriate to descrike the baryon spectrum. As an alternative,

a quark-diquark picture of baryons can explain the reducednumber of obsened states. The

group of positive-parity nucleon states, P11(2100), P13(1900), F15(2000), F17(1990), form

an ideal way of testing this idea. Theseresonancedorm the rst quartet of states which

cannot be reproduced by those quark models in which one pair of quarks is frozeninto a
ground-statediquark. Both oscillatorshave to be excitedand hence,they are of considerable
sciertic importance. On the other hand, the Particle Data Group assignsonly one-and

two-star ratings to thesestates, i.e. calling the evidencefor their existencefair. More data

are urgertly needed.

The negative-parity  resonancesaround 1900MeV/ ¢? (Fig. 1) posea problem similar to
that of the P;1;(1440) and the P33(1600): their massesare much lower than predicted by
quark models. Howeer, only one of the obsened three statesis given a 3-star rating, and
ewven the existenceof this state is highly cortroversial. A veri cation of thesestateswould
posea seriousproblem for quark models. Another phenomenologicaind poorly understood



N1+ (2100) N;-, (2090) 1=+ (1910) ;- (1900)
N3-+ (1900) Ns3-, (2080) 3=+ (1920)  3-, (1940)
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Table 1: Parity doublets of high-lying N and resonanceq14).

obsenation is the possibleexistenceof parity doublets,i.e. statesof the sametotal angular
momertum but with opposite parity that are almost degeneratan mass.In Ref. [14], it has
beensuggestedhat the parity-doublet structure obsened in the spectrum of highly-excited
baryons may be due to the restoration of an e ective chiral symmetry in the limit of large
excitation energies.On the other hand, quark modelsbasedon instanton-induced forcescan
naturally explain this e ect [12]. Table 1 shovs someN and  massesabove 1.9 GeV/c?,
for stateswith positive and negative parity. In many casesthe e ect of parity doubling is
striking, indeed. For example,the rst six statesin Table 1 with J = 1=2; 3=2; 5=2,
and positive/negative parities are clearly degenerate.They form three parity doublets. The
7=+ (1950) and the ;- (2200) should also form a parity doublet, but the 7-,+ (1950)
has a massvery much closerto the other three positive-parity resonancesi.e. it doesnot
really t to the ;- (2200). The four positive-parity resonancesather seemto belongto
a spin quartet of stateswith intrinsic orbital angular momertium L = 2 and intrinsic spin
S = 3=2 couplingto J = 1=2;:::; 7=2, whereasthe negative-parity statesbelongto a triplet
with L = 1 and intrinsic spin S = 3=2. The question ariseswhether the parity doublets
occur really due to the restoration of chiral symmetry or whether the parity doubletsre ect
a symmetry of the underlying quark dynamics. Only the experimertal investigation of the
high-massbaryon spectrum canreveal if eat state really hasits parity partner.

Polarization obsenablesplay an important role in order to unambiguously determine which
resonancesortribute, especially in the high-massrange. They will allow a determination
of the helicity ratios of the resonancesand, due to their sensitivity to interferencee ects,
they will also allow the determination of the properties of resonancessud as massesand
widths, with much higher precision. The cortribution of resonancesoupling only weakly
tothep * channel can be investigated using polarization obsenables. As mentioned
before,a classicexampleof the power of polarization obsenablesis the determination of the
small coupling of the D;3(1520) from beam-asymmetrymeasuremets.

3.1 Previous Measuremen ts

A good summary of double-pionphotoproduction is givenin Ref. [37]. Until quite recerily,
data for double-pion production came mostly from bubble chamber experimerts. For this
reason, p! p * is the only isospinchannel in the so-calledsecondresonanceregion
(W  1500MeV) which has beenmeasuredwith reasonableprecision. Total crosssections
and invariant massdistributions of the * , p *, and p  pairs are available in the
literature [38, 39, 40, 41, 42, 43, 44]. During the last few years, the isospin channel with
neutral particles becameaccessible.In a seriesof experimerts with the DAPHNE [45] and
TAPS [46, 47] detectorsat the Mainz acceleratorfacility MAMI, all isospinchannelsexcept
n! n*? were measuredup to the secondresonanceregion [33, 34, 48, 49, 50, 51,
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Figure 3: Total cross sections of the 3 isospin channels of pro duction o the proton
Data are from [33, 34, 35, 36]. The right hand side showspossibleresonane contributions to double
pion production in the second resonane region.

52]. The two detectorsare complemetary in the sensethat DAPHNE has advantagesfor
reactionswith many chargedparticlesin the nal state, whereasTAPS is optimized for the
2 decy of the neutral pion. At higherincidert photon energiesthe 2 ° nal state became
available at GRAAL in Grenoble(E < 1:5 GeV) [36]and the * nal state at SAPHIR
in Bonn [53]. Very recerly, *  has beenstudied at CLAS and ° © at CB-ELSA in
Bonn [54] for incidernt photon energiesup to 3 GeV.

Thereaction p! p * was analyzedin an early stageby Leke and Seding aiming to
extract the dominant production medanisms[55]. The total crosssectionis small between
thresholdat E = 310MeV and 400MeV. It then risesto a maximum at 650MeV (Fig. 3).
This rise re ects the p ! threshold smearedby the width of the  resonance.lt
is accompaniedby a strong peak at the massof the in the invariant massdistribution of
p *. This peakis absen inthe p  distribution. For this reason,animportant cortribution
is assignedo the p ! = channelwhile the p ! 0 * is almost negligible. The
intermediate state is likely to be populated by the deca of a resonance. Howewer, a
more detailed analysis[55 showved that the reactionis dominated by the  Kroll-Ruderman
term and the pion pole term (Fig. 4). More recen analysesof this reaction [30, 31, 56],
taking into accoun the new precisedata from DAPHNE [33], have solidi ed the picture.
Although there arelittle discrepanciedbetweenpredictions and data (Fig. 4), all models nd
the reactiondominatedby the  Kroll-Ruderman term. Eventhough the direct cortribution
from higher resonancess negligible in this massregion, Oset et al. pointed out [30] that
the peak-like structure between 600 MeV and 800 MeV is due to an interferenceof the
Kroll-Ruderman term with the sequetal deca of the D;3(1520): p! Dj3! . This
allowed the extraction of the D13 coupling constart to [57]. At higher photon energies
(E < 2 GeV), the invariant massdistributions of the SAPHIR data show clear signalsfor
I' N and ! *  cortributions [53.
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At CLAS, the isobar model for a phenomenologicalnalysisof double-thargedpion produc-
tion induced by real and virtual photonsin the ertire N excitation region was deweloped
in collaboration betweenJe erson Lab and Moscav State University (MSU). This approat
relatesthe N photocouplingsand hadronic parametersto measuredintegrated, single and
multi-di eren tial crosssectionsfor thep * nal state, allowing to extract N photocou-
plingsand, in part, hadronicdecag parametersfrom a t to the data. In the 2003-JLab-MSU
model, the cortributions from the isobarchannels ** |, % * p , and D13(1520) * were
takeninto accourt. The remainingmedanismsof the unknown dynamicswereparametrized
as 3-body phasespacewith the amplitude dependert on the photon energyand virtualit y
only [26, 58,59]. A conmbined analysisof recert CLAS photo- and electropraduction data [60]
allowed a considerableimprovemen of this approad. For the rst time, the cortributions

from the isobar channelsF5(1685) *, P33(1600) , aswell asdirect 2 production med-
anismswere obsened. The quality of the CLAS data allowed determination of all relevant

medanismsin 2 photo- and electropraduction from the data t without any needfor re-
maining medanismsof unknown dynamics. A good description of all available CLAS/world

unpolarized obsenablesin double-targed pion channelswas achieved in the ertire N ex-
citation region. The reliability of the badkground treatment and N /background separation
was con rmed in a conbined analysisof CLAS and 2 electropraduction data [61]. Data
on the Q? ewlution of the N photocouplings for most excited proton statesin the mass
rangebetween1:4 2:0 GeV/c? were extracted in the analysisof CLAS experimerts within

the framework of the 2005-JLab-MSUisobarmodel and for the rst time for many high-lying

nucleonexcitations with massesabove 1.6 GeV/c?.

Most badground terms are excludedin the © ° nal state sincethe photon does not
couple to the neutral pion and the mesondoes not deca into a pair of neutral pions.
The total crosssection was measuredby TAPS in the low-energyregime [48, 51] and by
GRAAL up to an incoming photon energyof E = 1.5 GeV [62]. Two peak-like structures
are obsened [48, 51, 62] and have beeninterpreted within the Laget model [31, 62] and the
Valenciamodel [30]. In the Valenciamodel for the low-energyregion,the D,3(1520)decging
into (1232) is the dominart cortribution whereasin the Laget model, the decg of the
Roper resonancéP 1,(1440))decying into p isclearlydominating. Thus, both modelsarein
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Total cross section obtained by integrating the result of the partial wave analysis over phasespce
(solid line) in comparison to the preliminary TAPS (x) and GRAAL ( ) data.

cortradiction eventhough they leadto areasonablelescriptionof the total crosssection. CB-
ELSA hastakendataon p ! p ° ©extendingthe coveredenergyrangeto E = 3 GeV.
First resultsof an everi-basedPWA have beenshawn at international conferencesThe PWA
technique usedat ELSA is the covariant tensor formalism [63] which will alsobe presened
later in this proposal. The ts include preliminary TAPS data in the low-energyregionin
addition to CB-ELSA data. Resonancewwith dierent quartum numbers are introduced
in various decyy modes, i.e. (1232) , N( )s, P11(1440) , D13(1520) and X(1660) .
For a good description of the data, the P1;(1440), D,3(1520), D13/D 33(1700), P13(1720),
F15(1680) resonancesare clearly needed. A preliminary result is a strong coriribution of
the D13(1520) ! amplitude in the region of the rst peak-like structure in the total
crosssection[54]. The total crosssectionsmeasuredby the DAPHNE and TAPS detectors
at Mainz also agreebetter with the result of the Valenciamodel in spite of a systematic
discrepancybetweenthe DAPHNE and the TAPS data.
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Invariant massdistributions clari ed the relative importance of the di erent reaction med-
anismsin the secondresonanceaegioninvolving resonancalecys (sequemial deca with an
intermediate state, emissionof a meson,etc.). Howewer, it is dicult to assignthese
reaction medanismsto a speci ¢ resonance.For example,the large importance of the D3
and the negligiblecortribution of the S;; in the modelsresult from photon couplingsand the
deca widths which are input parametersfor the calculations. Howeer, the GDH collabo-
ration hasrecerly measuredthe helicity dependenceof the crosssectionfor then © * nal
state [64]. The result showns that most of the resonancestructure occurs in the helicity

= g channel (Fig. 6). A S;; cortribution would shov up in the = % channel which has
a atter energydependenceand cortributes lessthan 30% to the total crosssection. The
model prediction by Nader et al. [66] agreequalitatively with the distribution of strength
on helicity 3/2 and 1/2 while underestimatingthe = % cortribution.

At Je erson Lab Hall-B, results on two-pion photoproduction have beenrecerily obtained
in the reaction~p! p * usinga circularly-polarizedtagged photon beamand an unpo-
larized target in the energyrangebetween0.6 GeV and 2.3 GeV. Crosssectionasymmetries
are shown in Fig. 7 exhibiting strong sensitivity to the kinematics of the reaction. The data
are comparedwith results of available phenomenologicaimodels. In the approad by Mo-
keevet al. (solid curves), double-harged pion photo- and electropraduction are descriked
by a set of quasi-two-body medanismswith unstable particles in the intermediate states:
, N, N(1520) , N(1680) , (1600) , and with subsequen decasto the p * nal
state [26, 59, 68]. Residualdirect p * medanismsare parametrized by exdange dia-
grams[59]. All well establishedresonancesvith obsened double-piondecass are included,
plus (1600), N(1700), N(1710), and a new state, N(1720) with J® = 3=2", possibly ob-
sened in CLAS double-piondata [60. The calculationswithin the framework of the JLab-
MSU isobar model shav a huge sensitivity of the photon-beam asymmetry to the relative
phasesbetween various cortributing medanisms. As shavn in Fig. 7, the variation of the
relative phasebetweenthe N /background in the isobar channelsin a range between0
and 2 ewertually leadsto a reasonableagreemen with the measuredasymmetries. High
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sensitivity to interferencee ects was predicted alsofor 2 electropraduction [70]. Therefore,
the combined analysisof polarization obsenablesand unpolarized crosssectionswill enable
us to accesshe interferencepattern between various medanismsin 2 photoproduction.
This is essetial new information sincein the analysis of unpolarized cross sectionsonly,
the relative phasesbetween various medanisms may be absorlked into phenomenological
coupling constarts. Instead, polarization obsenables are sensitive both to the magnitudes
and phasesbetween cortributing amplitudes. The combined analysis of unpolarized cross
sectionsand polarization obsenablesin 2 channelswill becomeparticularly important in
order to disertangle the A;-, and Az, N photocouplings. Moreover, sud analysis may
provide hints on new so-calledmissing baryon stateswith considerablydi erent magnitudes
of A1, and Az, N photocouplings[71].

Resultsobtained by Fix and Arenhevel are alsoincludedin Fig. 7 (dashedcurves). They use
an e ective Lagrangian approad with Born and resonancediagramsat the tree level [69].
The modelincludesthe nucleon,the (1232), N(1440),N(1520),N(1535),N(1680), (1620),
N(1675),and N(1820)resonancesaswell asthe and mesons.Neither of the modelsis able
to provide a reasonabledescription of the beam-asymmetrydata over the ertire kinematic
range covered in the experimert. This is an indication of the particular sensitivity of the
beamasymmetry to interferencee ects amongvarious amplitudes.

In summary a better understandingof the experimertal spectrum is certainly needed. Al-

though a largeamourt of unpolarized crosssectionmeasuremets of double-pionphoto- and
electropraduction on the proton have beenreported by se\eral collaborations, the database
collectedfor polarization obsenablesremainsquite sparse.The latter will provide additional

constrairts for models and partial wave analyses(PWA). This alsoincreaseghe sensitivity

on smaller cortributions and will help to distinguish betweenambiguousPWA solutions. It

hasto be pointed out that all published results on double-pion photoproduction are based
on invariant massdistributions and crosssections. Evert-basedanalysesare still in a prelim-
inary stage. Howe\er, the latter approad is very important becauset takesall correlations
of 5 independert variablesproperly into accoun.

3.2 Theoretical Predictions

On the theoretical side, someexperience has been gained during the last decade[30, 65,
66, 26, 68, 59, 69, 72, 73]. It should be noted that the various models which are preseily
usedare constructed accordingto the samesteme: e ective Lagrangian densities, where
the parametersfor resonam and badkground medanisms are either taken from other ex-
perimerts or are treated as free parametersin the analysis. Aside from the wide variations
in the correspnding coupling constarts allowed by the PDG [74], the primary source of
di erences between the models is the treatment of the badground, which appearsto be
very complicatedin the e ective Lagrangian approad for double-pion photoproduction. A
better understandingof the double-pion photoproduction dynamicsis vital for the reliable
extraction of N photocouplings.

The constituert quark model of Capstidk and Roberts [75] predicts many excited baryon
statesin the range of photon energiesavailable at Je erson Lab. In Table 6 in appendix A,
the deca amplitudes for the lightest few negative-parity nucleon resonancesnto various
channelsbasedon their model are listed. It hasto be pointed out that this table represets
only a list of a few resonancesut of the many predicted excited baryon states. On the
average,the missing resonancesaround 2 GeV/c? and above shav only weak couplingsto
channelslike N , N and N ° Howewr, these states exhibit large branching fractions to
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N N NO°N N Table2: Partial widths of S;; resonances.
S11(1945) | 32 6 13 32 45 330 Massesand partial widths are takenfrom [75],
see also Table 6 in appendix A. Errors are
suppresse for reasonsof clarity.

S1(2030)| 14 1 2 8 32 1
S(2070)| 4 <1 1 42 170 60
Shu(2145)| <1 <1 <1 <1 1 5
S(2195) | <1 <1 <1 <1 4 10

and N . For this reason,they should be obsenable in these nal states. The level of
agreemenh betweenthe calculationsand the available widths from the partial wave analyses
is encouraging,indeed.

We exemplify the needfor precisedata on various nal statesby discussingone particular

resonance,i.e. $;;(2090) of the Particle Listing [13]. The resonancewas rst found by

Hehler [76] and collaborators and con rmed by Cutkosky et al. [77]in elasticN scattering

data. Manley and others[78 included bubble chamber dataon *  production and found

possibleevidencefor the N aswell asthe decgy mode of the resonance.The PDG assigns
amassof 2090MeV (and an essetially unde ned width) and omits the resonanceompletely
from the summary table. The decay modesare also more suggestie than established. The

SAPHIR Collaboration con rmed the strong rise at threshold of the © photoproduction

crosssection[16]for which indications had beenfound earlier. The statistics of 250ewens

was su cient to determine alsothe di erential crosssections. The SAPHIR Collaboration

suggestedan interpretation of the data as by two resonancesi.e. S;1(1890) and P1,(1980),
asdiscussedn the previous section.

In Ref. [75 79|, the massspectrum and the deca widths of a large number of resonances
were calculated. In the region of the $;;(1890) discussedabove, v e states with di erent
massesand di erent decg patterns occur. Table 2 reproducespart of their results for the
partial widths. It seemsto be very dicult to establish5 di erent statesin sud a small
massintervall. Howeer, if the statesdo exist, their massobsenedin N and must di er
by more than 100 MeV. Therefore, the comparisonof the massspectra of photoproduced

mesonsand of the system will give a strong indication if more than one state is
produced. Other examplescan be derived from the tablesin [75].

4 Prop osed Exp erimen tal Con guration

4.1 Tagged-Photon Beams

The eld of photo-induced reactions is generally approadied by two di erent techniques
of creating a tagged-photonbeam. At SPring-8 (E < 2700MeV) and GRAAL (E <
1700MeV), high-energyphotons are created by Compton badscattering of laser light o
an electron beam. The polarization of the laser beam s transferred to the badkscattered
photon beam, howewer in practice, the luminosity is very limited by the interaction of the
high-power laserwith the circulating electronbeam. At ELSA (E < 3200MeV) and JLab
(E < 6000MeV) on the other hand, energy-taggedphotons are created using coheref
bremsstrahlung.In the latter case,creation of a polarized photon beamrequiresmore e ort,
but the better luminosity is a big advantage.
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Linearly-P olarized Photons

The broad-rangetagging facility in Hall-B [80] has reliably provided all kinds of tagged-
photon beams. Linearly-polarizedphotonsare producedusing coheren bremsstrahlungfrom
athin, well oriented diamond radiator. This technique was successfullyemployed during the
CLAS-g8aand CLAS-g8brun periods. While the photon tagger generallycovers a rangein
photon energiesfrom 20% to 95% of the incoming electron beam energy over 80% of the
linearly-polarized photon ux is con ned to a 200-MeV wide energyinterval. The degreeof
polarization can read 80% to 90%. It is a function of the fractional photon beam energy
and collimation. For example, production on a diamond with a thicknessof 20 m yields
70% at k = E =E. = 0:5 and a collimation of one characteristic angle ( gar = MeZ=Ey).
The degreeof polarization increaseswith lower fractional energy e.g. to 93% at k = 0:3
and the samecollimation. The polarization of the collimated beam s fairly constart over
a 200 MeV energyrange near the coheren edge. A spectrum of linearly-polarized photons
obtained in Hall-B is shown in Fig. 8.

Circularly-P olarized Photons

Circularly-polarizedphoton beamsare producedusing a beamof polarizedelectronsincident
on the bremsstrahlungradiator. The degreeof circular polarization dependson the ratio
k = E =E¢ . It rangesfrom 60% to 99% of the incidert electron beam polarization P,

for photon energiesbetween50% and 95% of the incidert electron energy The degreeof
polarization versusk is shovn in Fig. 9. It canbe determinedconsideringthe lossof electron
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Figure 9: Helicit y transfer P =P¢ from the electron to the photon.

polarization while the beam s extracted onto the radiator target and the helicity transfer
from the electronto the photon. The polarisation is appraximately given given by Ref. [81]:

4k k2

P =P a3 @

4.2 Frozen-Spin Target

The target for usewith the CLAS spectrometeris capableof being polarized transversely
and longitudinally with a minimum amourt of material in the path of outgoing particles.
This essehal piece of hardware will be usedtogether with other approved experimerts:
E02-112[2], E03-105[3], E04-102[4], and EO05-012[5]. The existing Hall-B polarizedtarget
is a dynamically polarized target and was usedin previous electron beam experimerts. It

was longitudinally polarized with a pair of 5 T Helmholtz coils. The magnet neededto
producethis eld occupieda large fraction of the spacearound the target samplelimiting

the available aperture to 55 degreesn forward direction. For photon-beamexperimerts and
the goal of a high-quality data samplefor partial wave analysis, a frozen-spintarget is a
much more attractiv e choice.

The proposed polarized target will be positioned in the geometrical certer of the CLAS
spectrometer. The target cryostat will be of horizortal type with a pipe of about 200 cm
in length and 25 cm in diameter used to position the target at the certer of CLAS as
shovn in Fig. 10. Sincethe CLAS spectrometeris a magnetic spectrometer, its operational
characteristics are very sensitive to the additional magnetic eld produced by the target.
For this reason,the target material will be dynamically polarized by microwave irradiation
in a strong magnetic eld of 5T at a temperature of 1 K outside of CLAS. After maximum
polarization is readed, the cryostat will be turned to holding mode (or frozen-spinmode)

16



Hall B Frozen Spin Target

/B

5T Polarizing Magnet
127 mm ware bore

3He Out

Still, 0.8 K LHe, 15K LHe, 42K

0.4 T Holding Magnet

3He Precooler

180 mm from 560 mm from
target center to target center to
downstream end of upstream end of
vacuum can tail vacuum can tail

A

'

2 meters

Figure 10: Schematics of the Hall B frozen-spin target (FR OST)

with a much lower magnetic eld of 0.5T at a temperature of 50 mK and moved bad into
CLAS. For a butanol target, the proton polarization of initially about 90% decreaseslowly
with a relaxation time of typically seweral days under the conditions outlined above. This
is su cien tly long for a useful polarized-targetexperimert. Repolarization requiresputting
the target bad into the high eld. This proceduretakesonly a few hours.

The target cell will be 50 mm long and 15 mm in diameter. The length is a compromise
between con icting demandsfor court rate and cooling requiremens. The planned target
material is butanol with a dilution factor (fraction of polarizable nucleons)of appraximately
13.5%. The properties are summarizedin Table 3. Sud targets have been constructed
with maximum polarizations of 85% to 95%. The designis similar to the one usedat the

Chemical structure C4HoOH
Dilution factor 10/74
Length 50 mm
Diameter 15mm
Density 0.985g=cm?
Pading factor 0:62 0.04
E ectiv e density 0.611g=cm?®
Longitudinal polarization (average) 0.80
Transversepolarization (average) 0.80

Table 3: Target prop erties for the Frozen-Spin Butanol Target
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photonuclearfacilities in Mainz and Bonn, Germary [82, 83]. The construction of the Hall-B
frozen-spintarget is basedon experienceof the JLab target group. The target is plannedto
be ready for operation by summer2006.

Polarizing Magnet

A horizontal 5 T superconducting polarizing magnetwith a 130 mm warm bore has been
purchasedfrom Cryomagnetics,Inc. which operatesvery reliably. A preciseNMR mea-
suremen of its eld map was performedwhen the magnetarrived at JLab. The details of
these measuremets are descriked in Ref. [84]. They conrm that the homogeneiy of the
magnetic eld within the target volume (15 mm in diameter and 50 mm in length) is better
than 40 ppm.

Dilution Refrigerator

For the cylindrical target volumein question,appraximately 20mwW of microwave power will

be necessaryor the polarization processat 0.5K consideringa polarization build-up time of
about 30 minutes. Under experimertal run consitionsthe heat load from the photon beam
isabout 1 W. This implies that in frozen-spinmode at 0.5T and 50 mK, the refrigerator
shouldprovide a cooling power ofafew W. The only techniquethat satis estheseconditions
is a *He/*He dilution refrigerator. The latter is currently under designand construction by
the JLab Target Group.

Holding Magnet

The internal holding systemshould be astransmarent as possibleto outgoing particles. This
demandslimiting the amourt of conductor, which resultsin a holding eld of lower intensity.
By cortrast, the relaxation time of polarization is a strong function of the magnetic eld
intensity, i.e. a higher eld maintains the polarization longer. A holding eld of about 0.5T
is currertly considered.The homogeneiy of the holding eld within the target cell volume
must be better than 1% in orderto be ableto monitor the degreeof polarization during run
conditions.

The low holding eld can be supplied either by the fringe eld of the polarizing magnetor
by another magnet, the geometry of which can be tailored to the particular experimert to
provide a much larger acceptancethan obtainable with a high- eld magnet. The polarized
target for the Mainz-Bonn GDH experimerts [82, 83 useda longitudinal holding eld pro-
ducedby a very thin (500 m) superconductingsolenoidlocated within the target cryostat
which o ered virtually no obstruction to the outgoing particles. This experimert demands
both longitudinal and transversetarget polarizations. For this reason,two di erent holding
magnetsare needed.Extensive simulations have beenperformedin orderto nd the optimal
designfor a holding magnetsystem. Details of the study usingthe Poisson/Suger sh-2D [85]
padageand the Opera-3D [86] packagecan be found in [87].

As aresult of the simulations, a solenoidwill be usedfor the longitudinal holding eld. The
simulations show that a designwith three layers of NbTi superconductingwire (0.112mm
in diameter) can provide a certral eld intensity of up to 0.5 T with the homogeneiy over
the ertire target cell better than 0.5%. This will indeed allow us to monitor the target
polarization via NMR. Testsof a prototype coil yielded results that con rm the simulation.
For the transverseholding magnet, we are planning to usea dipole magnetwith race-track
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shaped coils wrapped around the cylinder. The coils will be positioned as much as possible
within the shadavs of the CLAS torus to minimize the lossof acceptance.The simulation
shaws that we can expect a eld homogeneiy better than 0.8% with three or four layers of
superconductingwire.

In order to determine the e ective dilution factor D, , we proposeto collect data simul-
taneously at 10 20% ewernt rate on unpolarized material by placing a carbon target
( = 2:26 g/lcm®) of 8.3 mm in length at a slightly downstream position. Additionally,
we proposeto take data on an unpolarized sampleduring the times neededto re-polarize
the target.

4.3 CLAS Con guration

We will use the CLAS spectrometer in its standard con guration for the photon beam
running. The frozen-spintarget will be placed in the certer of CLAS, and surrounded
with the new start courter. We will run with the torus magnetic eld setto one-half of
the maximum eld, outbending positive particles. For the proposedexperimert, the ideal
trigger would require the detection of at least two charged particles. This is in agreemen
with the experimert E02-112[2] which has20 days approved for measuremets with linearly-
polarizedbeamand transversely-mlarized target. For the other polarization con gurations,
we proposeto use a trigger requiring at least one charged particle in CLAS. This trigger
con guration is compatiblewith all other approved experimerts usingthe frozen-spintarget.

CLAS is divided into six sectorsby a superconducting, toroidal magnet. Immediately sur-
rounding the target is the start courter, a setof 24 scirtillators in six sectors. Their purpose
is to provide a time for the start of a reaction. This time can then be matched to a taggel
photon. From inside to outside, another set of scirtillators follows the drift chambers. The
scirtillators or time-of- ight walls provide timing information for chargedtracks usedto mea-
sure velocities and energiesin conjunction with the start courter. Finally, calorimetersare
located in the forward region, primary usedto detect neutronsand other neutral particles.

5 Analysis Techniques

Polarization obsenables have been used until very recerly only at GRAAL, LEGS and
MAMI at low energies.Howeer, theseobsenablesare very important to disertangle di er-
ernt resonancesespecially at higher massesvhereresonancestrongly overlap. A major ob-
staclein the determination of the couplingsof baryon resonancesn are the considerable
cortributions from non-resonah medanism. The badkground dominates double-tharged
pion photoproduction at the level of 60 90% in the total crosssection. Thus, polarization
obsenables,which are sensitive to thosesmall resonan cortributions will be very helpful in
the evaluation of N parameters.

Di erential crosssectiondata, though helpful, provide little information about thesesmall
couplings. Howeer, resonanceshould reveal themsehes more clearly through the interfer-
encewith dominart amplitudes. Theseinterferenceterms can be isolated via polarization
obsenables. A typical examplefor sud an e ect is the D;3(1520) resonanceevealing itself
in the beam-asymmetrydata of photoproduction, dueto its interferencewith the dominart
$11(1535). The formalism and terminology for the variouspolarization obsenablesof interest
in double-mesonphotoproduction can be found in Ref. [88]. For single-mesorproduction,
the di erential crosssectionusingpolarizedphotons( | for linearly-polarized photonsand
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for circularly-polarized photons) and a polarizedtarget ( »,  for transversalpolarization
in the reaction planeand , for longitudinal polarization) is given by:

g—: of 1 | C0Ss2
+ x( Hsin2 + F) 2)
y( T+ Pcos2)

:( 1Gsin2 + E)g:

In the interesting caseof two-mesonor even multi-meson nal states,there are more than
the 7 functions , H, F, T, P, G, and E obsenedin single-mesorphotoproduction, because
marny more kinematic variablesare requiredin order to descrite the system.For p! p
without measuringthe polarization of the recoilingnucleon,the reactionrate | canbewritten
as[88]:

| = |0f(1+ ~i P)
+ (I +7 P )
+ [sin2 (|S+~i PS)
cos2 (I1°+ = P%)]g;

3)

whereP represets the polarization asymmetry that arisesif the target nucleonis polarized
and ~; denotesthe polarization of the initial nucleon. Here is the degreeof circular
polarization in the photon beam, while | is the degreeof linear polarization, with the
direction of polarization being at an angle to the x-axis. A completeset of experimerts
will require measuremenof single,doubleand triple polarization obsenables,in addition to
the di erential crosssections.For processesvith a hyperonin the nal state,sudras N!
K , the self-analyzingdeca of the hyperon allows its polarization to be determined [2].
The polarization obsenablesthat arisefor p! p  aregivenin Table 8 in appendix B.

In caseof single-pion photoproduction, the whole reaction can always be put into a single
plane de ned by the recoil nucleon,alongwith the initial photon and the target nucleon(in
the certer-of-massframe). In caseof two-pion photoproduction, this only happensin very
special cases.Howe\er, in those special cases Equation 2 is still valid. All obsenablesthat

Figure 11: Decay angles in a 3-particle nal state: indicatesthe anglebetween the production
plane and the plane formed by two of the nal-state particles.
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areodd under ;1 $ 2 1 vanishin plane and thus, Equation 3 reducesto Equation 2,
where one possibleway to dene ; is to usethe * azimuthal anglein the rest frame of
the * system(Fig. 11). For this reason,asymmetriesin double-mesorphotoproduction
will also occur if only the beam s circularly polarized or only the target is longitudinally
polarized. The di erential crosssectionfor reactionswith two mesonsin the nal state is
5-fold di erential, asis ewery term on the right-hand side of Equation 3. To get a 2-fold
di erential crosssection,both sidesof Equation 3 have to be integrated and divided by I.
The asymmetriesare ultimately ratios of di erential crosssections.

Di erential crosssectionsfor unpolarizeddataon p! p * have been published for
the rst time only recerly [89]. Howeer, presetied in whatever form, they will only provide
information on the magnitudesof helicity or transversity amplitudes. Phaseinformation is
crucial, and this is only available from measuremets of a number of di erent obsenables.
This is well known for processetke N! N . The sameistrue, or perhaps,even moretrue,
for processedike N! N  becauseof the number of intermediate states which can con-
tribute to the same nal state, leadingto a large number of parametersto be determined.
Models with quite di erent input can and will succeedin describingthe total and dier-

ertial crosssection, but the polarization obsenableswill sene to distinguish among sud
models. The photon polarization asymmetry | has already been measuredat Je erson
Laboratory [67]for p! p * , andthe analysisis cortinuing at preser.

5.1 Measuremen t of Polarization Observables

The proposedexperimertal program will consist of four experimerts with di erent combi-
nations of beamand target polarization:

(A) Linearly-p olarized beam on a transv ersely-p olarized target
Measuremen of P 3¢, P 5:¢ (Equation 3 and Appendix B).

(B) Circularly-p olarized beam on a transv ersely-p olarized target
Measuremen of P, , P, (Equation 3 and Appendix B).

(C) Linearly-p olarized beam on a longitudinally-p olarized target
Measuremen of P 3¢ (Equation 3 and Appendix B).

(D) Circularly-p olarized beam on a longitudinally-p olarized target
Measuremen of P, (Equation 3 and Appendix B).

5.1.1 Measuremen ts with Circular Beam and Longitudinal Target Polarization

In the following, we will stick to the notation for polarization obsenables as proposedin
Ref. [88]. For example, the 5-fold di erential obsenable P, correspnds to the known
obsenable E in single-mesomroduction.

The reactionrate for p ! p * , in the caseof a circularly-polarized beam on a
longitudinally-p olarized target, can be written as:
d
W: Of(1+ z Pz)+ (l + z Pz)g: (4)
|
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In the following ! and indicate circular polarization of the beam in its two possible
settings,) and ( indicate long. target polarization parallel or anti-parallel to the beam:

d® )dQO )

O ) )= g =2 of (F 2 POT 6
(C )= S SpEz of (xR @

The latter two equationsshow that ipping only the beamis not su cient to extract the
double polarization obsenable P, . The single polarization obsenable | , only preset in
a three-particle nal state, leadsto an additional cortribution. | doesnot depend on the
target polarization and so occursif only the beamis circularly polarized.

Equation 7 shovs that ipping the beamand the target polarization is requiredto allow the
measuremehof P, by excludingthe single polarization obsenable:

d s d o

O ) ) )= T G =A e (2P

Excluding the cortribution from | is of special importance since badkground from the
interaction of the polarizedbeamwith the unpolarizedtarget nucleonsleadsto an unknown
asymmetry This asymmetry could otherwiseonly be cortrolled by performing a badground
measuremen using a circularly-polarized beam.

Information on P, can be obtained from the samemeasuremen

(( ) ) (O IC )= 4 o (2 P2) (8)

For the measuremenof P, and P, it is of coursenecessarnjto determine the unpolarized

di erential crosssectionindependerily (preferablyfrom aliquid hydrogentarget), if onedoes

not want to carry out extensive badkground measuremets in order to be able to determine
o from the double-polarization measuremets.

The data from double-polarization experimerts will provide extremely important informa-
tion on baryons producedin photoproduction reactions, sinceindividual partial waves are
selectively suppressedr enhanced.It shouldbe noted that all obsenables,sud asinvariant
masser angular distributions, will be a ected by the polarization parameters.In addition,
the asymmetriesare signi cantly lesssensitive to experimertal uncertairties.

5.1.2 Measuremen ts with Linear Beam and Longitudinal Target Polarization

For measuremets with a linearly-polarized beam, the crosssectioncan be written as

d 0)
dXi

= of (1+ ; Pz)+ [sin2 (I1°+ , P3)+ cos2 (I°+ . P7)]g: (9

Flipping the target spin yields

d (()
dXi

= of (1 ; P;)+ [sin2 (I° ., P3)+ cos2 (I° ., P7)]g (10)

d0) d)_,

dx dx o f(Pz)+ ([sin2 (P5)+ cos2 (P%)]g: (11)
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In the di erence the cortribution from unpolarized nucleonsdrops out. What remainsare
only the cortributions from polarized protons. Decomposing the measuredcross section
di erence into terms following a cos2' , sin2' dependenceplus a constart, the obsenables
(P2, P, PS) can be extracted.

For the determination of 1° and | ¢ it is advantageousto use an LH, target rather than
a butanol target to avoid problemsdue to the unpolarized nucleonsin the butanol. Also
in this casea decompmsition into constart, cos2' , and sin2' terms is necessary Data
with linearly-polarized photons on an unpolarized target were taken by the CLAS-g8b run
group. Thesedata are preseily beinganalyzedand will provide animportant understanding
of the goniometer and thus, the production of linear polarization in double-polarization
experimerts.

5.1.3 Measuremen ts with Transv erse Target Polarization

For measuremets with transversetarget polarization, the polarization obsenablesP, ., ,
P¢, and Py ¢ can be derived from Equation 2 in closeanalogyto the proceduredescrited
in sections5.1.1and 5.1.2.

5.2 Partial Wave Analysis

The main goal of a PWA is to idertify the dynamical processegyoverning a reaction, to
idertify the intermediate baryon states,and to determinetheir quantum numbersand deca
properties. This task is known to be dicult already in two-body nal states, because
technical problems may arise due to large interferencesbetween amplitudes. Badkground
cortributions sud as Born-terms, t, and also u-channel exdhangescan play an important
role, and must betakeninto accourt (and projected onto ead partial wave). The calculation
of partial wave amplitudes for large data setsis generally time consumingand requiresa
lot of CPU power. The CLAS group at FSU maintains a 48-processorCPU grid node. It
supports utilization of this grid HUB/PW A certer presetly dedicatedfor CLAS analyses.

Resonancebave unique characteristicssut aspole positionsand decg couplingsto di erent
channels,which must be idertical in all reactions. Fitting a set of reactions,like the - and
photo-inducedproduction of oneaswell astwo pions, allows the de nition of a set of decy
couplingswhich are directly connectedto the width of the state. Therefore,it is important
to do a combined analysis of di erent reactionsand nal states. The well known method
of multiple decompsition is not suitable in this casesinceit cannot be directly applied to
reactionswith three or more particlesin the nal state.

For three-particle nal states, the following techniques can be applied in both mesonand

baryon spectroscoly in order to perform a partial wave decompsition. The Zemad for-

malism and helicity formalism are well known exampleswhere the calculation of angular

dependencess performedvia expansioninto sphericalharmonics,and their subsequende-

compositioninto Legendrepolynomials. Both formalismsare often usedin phenomenological
analysesin a noncovariant form. In the helicity formalism, the spin rotation functions Dy, 0
are used for the angular dependence. The helicity amplitude is intrinsically noncovariant

becausethe spin D}, .0 functions are often expressedn the rest frame of eah resonance.
Howeer, the deca probability of a certain con guration, given asthe squareof the ampli-

tude, should be independert of any particular frame, i.e. a Lorentz scalar. Adjusting the

helicity formalism requiresthe calculation of many rotations and Lorentz boosts. The use
of covariant spin formalismsis neededto obtain reliable results [90].
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Figure 12: Predictions for P, (called E in standard notation for single-meson pro duc-
tion) based on a model by A. Fix for a circularly-p ol. beam on a long.-p ol. target.

The covariant tensor formalism, which can be written in a relativistically invariant form

basedon kinematic factors related to the momeria of incoming and outgoing particles [63].

The fully covariant tensor formalism is often referredto asthe Rarita-Schwinger formalism

becauseusually one recalls a brief paper of these authors [91] in which the importance of

the spin-tensororthogonalizationto the 4-velocity of the decging systemwasstressed.This

formalism canbe appliedif a particle with spin decasto onespinlessmesonand a resonance
with spin. The energy dependenceof the amplitude is parametrizedin terms of analytic

functions. This is especially important near the production threshold of a new state. The

deweloped technique can be employed for the conbined analysisof di erent channels,where
the samecoupling constarts are usedand amplitudes di er only by isospincoe cients. The

method does not require additional Lorentz boosts, as opposedto the Zemad or helicity

formalisms.

Formulae connectingthe helicity and multip ole decompsition were calculated [92, 93]. In
caseof atwo-body nal state, the covariant tensorformalism (also calledoperator formalism)
can be rewritten in terms of a standard multip ole decomposition [63]. A group at Carnegie-
Mellon University has recerly adopted the idea and has deweloped a PWA program also
basedon the covariant tensor formalism [94]. The structure of the C++ program allows
easyaccessand thus facilitates extensions.

The CMU PWA code was designedto perform ewvent-based maximum likelihood ts. In
an ewen-based analysis,covariant amplitudes are calculated for all data, raw and accepted
monte carlo everts. The t then nds the setof parameterswhich maximize the probability
that the everts measuredwere sampled,via detector acceptancefrom a set of everis gov-
ernedby the physicsof the input partial waves. Theseparameters,alongwith the covariant
amplitudes, can be usedto weigh the raw monte carlo to obtain any acceptancecorrected
distribution or quartity (e.g. total crosssection, dalitz plots, di erential crosssectionvs.
any kinematic variable, ...). A detailed description of the procedureand its successfulp-
plication to CLAS data is given in the CLAS-Approved Analysis on Baryon Spectrosopy
Using CLAS Data from the glc/gll Data Sets

For the analysis of double-polarization data, we proposeto perform an evert-based max-
imum likelihood analysis of the unpolarized CLAS data (CMU analysis) obtained with a
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Figure 13: Predictions of P $ (left) and P ¢ (righ t) by W. Rob erts for a linearly-p olarized
beam on a longitudinally-p  olarized target. The dier ent colors correspnd to di er ent values
of ( * azimuthal anglein the rest frame of the * system.): 0 (black), % (red),
% (green), and (blue). Furthermore, dier ent line styles for each color represent
di er ent couplings (g1 and gp) of the D13(1520) to in S-waveand D-wave, resyectively. The
solid curvescorresppnd to g1 =  0:47, go = 3:34, the dashe curvesto g; = 1:41; g, = 0., and

the dot-dashel curvesare for g1 = 0; go = 10:104

LH, target in conmbination with a 2-basedt of the large set of projections of the 5-fold
polarization obsenables. Data taken using the butanol target has the added complication
of an unpolarized nucleon badkground which would make an ewen-based analysisdi cult.
Fortunately, the CMU code can be easilyupgradedto perform evert-basedand 2-based ts
simultaneously During ead iteration of the evert-based t, the currernt set of parameters,
along with the covariant amplitudes and a spin-densiy matrix, could be usedto weigh
the raw Monte Carlo (MC). From the weighted MC eadt obsenable can be calculated and
comparedto the measuredvaluesto obtain a 2. The t would then minimize the sum of
the negatiwe log likelihood and the weighted 2 values (the weights would depend on the
relative weight of ead obsenablein the t).

6 Sensitivit y Studies

We have studied the sensitivity of somedouble-polarization obsenablesto certain resonances
using two di erent models. In particular, the following sectionsdescrilte the studieson the
decy of the D13(1520)in the 1500MeV/ ¢ massregion as well asthe study on resonances
in the 1900MeV/ ¢ massregion.

Sensitivit y to the D13(1520) S- and D-w ave Decay

Fig. 12 shows predictions basedon a model by Fix and Arenhovel [69]. In the left plot for
W = 1520MeV, the obserable P, is plotted versusthe invariant p  mass. The right plot
shaws the sameillustration for an additional W of 1700MeV (blue curves). The solid curve
in ead plot represets the full calculation, whereasthe other curvesdescrile the sensitivity
of the obsenable to a variety of di erent cortributions. The conclusionfrom theseplots is
that we can allow for an absoluteerror of 0.05for the obsenable P, in order to distinguish
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Figure 14: Mo del calculations by W. Rob erts for circularly-p olarized beam and trans-

verse target polarization for dieren t kinematic variables [73] The top row showspredic-
tions for the double-mlarization observableP, (left) and P, (right) plotted versusthe invariant
massof the two pions. The bottom row showspredictions for the observableP , plotted versusthe
invariant massof the proton and the * (left) as well as plotted versusthe invariant mass of the
proton and the (right). The solid curves correspnd to the full calculation, wheras the dashel
curves arise when the S31(1900) is omitted from the calculation and the dot-dashel curves arise
whenthe P3;(1910) is omitted from the calculations. The black curvesare at 0, the red curves
are at %, the green curvesare at 2, and the blue curvesare at . The curves show
strong e ects in the variable which is de ned asthe * azimuthal anglein the rest frame of the

* system (helicity frame). See text for details.

betweena dominarnt S-wave or D-wave decgy of the D13(1520) into (the error of 0.05is
indicated in Fig. 12 asa horizortal band assuming20 invariant-massbins ).

Fig. 13 on the other hand shows the sensitivity of the obsenablesP $ ¢ to the sameprocess
usingamodel by W. Roberts[73]. The obsenablesare plotted versusthe invariant p * mass.
Here, the black curvesare at 0, the red curvesare at % , the greencurvesare at
2 |, and the blue curves are at , Where is de ned asthe * azimuthal angle
in the rest frame of the *  system (helicity frame). The di erent curvesfor ead color
corresnd to di erent couplingsof the D,3(1520) to its decags into in S-wave and D-

wave (see gure caption for details). We concludethat the obsenablesdepend strongly on
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Figure 15: Predictions of P by W. Roberts for a linearly-p olarized beam on a
longitudinally-p  olarized target. The color coding and line style is the sameas in Fig. 14.

the kinematical situation. An absoluteerror of 0.05will be su cient to study the decgy of
the D13(1520) over a wide massrange of the p * systemincluding di erent valuesof

Sensitivit y to S31(1900) or P3,(1910)

In the following, we studied the sensitivity of some polarization obsenablesto cortribu-
tions from resonancesn the 1900MeV/ ¢ massregion. In particular, Fig. 14 shavs model
predictions for the double-polarization obserablesP,., and how thesedier from the full
solution if for examplethe S;3;(1900) (dashedcurves) or the P3;(1910) (dot-dashedcurves)
are omitted from the calculation. Fig. 15 shaws predictions for the obsenable P$. In many
plots that arefunctionsof the invariant p * orp  mass,structures indicate the presenceof
the (1232), but it hasto be pointed out that much more than sud a visual identi cation
will be neededn the interpretation of any data obtained. In other plots that are functions of
the * invariant mass,similar structurescanbe seenthat idertify the meson.Note that
in all thesecalculationsno other * resonancesre included, e.g. fo and cortributions
were omitted at this time. The plots are largely independen of the photocouplingsof the
excited baryons, indicating that cortributions in which the excited baryon couplesto the
proton are small. We expect great sensitivity to the couplingsof the resonancedo the
channel, particularly things like S/D (or P/F) ratios [95]. No baryonswith spin greaterthan
3/2 have beenincluded, but all resonancedelon 1.94 GeV/c? were considered.

We note that the obsenablesare very sensitive to particular kinematic variablesand in some
casesgexhibit large values. The conclusionfrom theseinvestigationsis that we should allow
for an absoluteerror of 0.05in orderto study the 1900MeV/ ¢ massregion. For somevalues
of the angle , even an error of 0.1 will be su cient (Fig. 14, top right: % ). Howeer,
all beamtime requestsgiven in Table 5 are basedon a consenrative error estimate of 0.05.

7 Acceptance Studies and Run Conditions

Identication of p! p * and Reconstruction E ciency

We have consideredtwo main sourcesof badkground. Single or! photoproduction may
cortribute with a neutral pion or a correspnding deca photon escapingdetection. Howe\er,
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Figure 16: Missing mass distributions when at least two charged particles are detected
CLAS data were taken using a circularly-polarized taggel photon beam and an unpolarized target
(glc data set). At least two out of three particles in the nal state are detected and the missing
masscalculated. The distributions are essentialy backgiound free and thus, all expected backgiound
will come from the butanol target itself.

Fig. 16 shaws that the missing massdistributions on an unpolarized target (glc data set)
are basically badkground free.

In butanol, there are someadditional reactions on the neutron, which are not presert in
the free-protoncase,e.g. n! p 9 This reaction matchesone of our topologieswhen
the proton and a are detected. Howewer, neutrons are all unpolarized and thus, these
cortributions to the asymmetriesdrop out (Egs. 7, 8, and 11). This kind of badkground is
taken care of by the e ective dilution factor.

In our simulations, the nal-state particles p, *, and were generatedaccordingto a
three-body phase-spacalistribution for photon energiesbetween400 MeV and 2000 MeV.
A particle hasbeenconsideredas detectedif its direction fell within the (chargedependen)
ducial regionof CLAS (assuminga torus currernt of 1920A, compatibleto the other FROST
experimerts) and the particle momena exceeded350 MeV/ ¢ for protons or 140 MeV/ ¢ for

pions. The reactionwasconsideredo beiderti ed if two out of the three nal-state particles
were detected.

Figure 17 shavs examplesof the estimated CLAS acceptance.Panel (a) shavs the average
acceptanceasa function of W. The acceptancds exceedingd.50for higher photon energies;
it is smaller belov about W = 1:5 GeV. An averageacceptanceof 0.5 has beenassumed
for the court-rate estimates. Panels(b) and (c) shav the acceptanceas a function of the
invariant massofthe p * systemand asa function of the cosineof the proton polar anglein
the certer-of-masssystemfor a particular value of W = 1:520GeV. Panel (c) demonstrates
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that we will cover in the proposed measuremets the full angular range in cog ,) with
appreciableacceptancespn averagelarger than 0.20.

For measuremets with a polarized target, additional badkground has to be considered:
an enhancedbadkground from electromagneticprocessesand a cortamination causedby
*  production on bound nucleonsin the butanol (C4HyOH). The electromagnetichadk-
ground needsto be suppressedon the trigger level. The cortribution from unpolarized
nucleonswill dominate the badkground distribution inthe p! p * channel.

Background from Unp olarized Nucleons

For the measuremets with a polarizedtarget, butanol is used,which hasan e ectiv e density
of 0.61g/cm? (seeproperties of butanol in Tab. 3). The polarization for protonsin a butanol
target will be about P, = 90%, but the fraction of protons that can be polarized (*H
atoms) is given by the naive dilution factor of D = 10=74 14%. Hence,badkground from
unpolarized nucleonsin the carbon or oxygen nuclei of butanol is to be expected. Sincethe
e ectivedilution factor D =1+ rszlb(rszb: signalto badkgroundratio) di ers from the naive
dilution factor of D = 10=74 and dependson the kinematics, it is impossibleto subtract the
badkground from the unpolarized nucleonseasily Therefore,it is necessaryto ip the spin
of the target and/or the beam and to measurethe di erence of crosssectionsas descriked
in section5. In this case,the cortribution of unpolarized nucleonsto the asmmetriesdrops
out. It is of coursealsonecessaryo measurethe unpolarizedcrosssectionsfor normalization
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Figure 18: Determination of the e ectiv e dilution factor in Monte Carlo simulations
The plots showthe missing massdistributions for the four eventtopologies. The total number of
eventsis given by the solid line, whereas the dashel and dotted lines showthe contributions from
polarized hydrogen and unpolarized nucleons, resgectively. See text for details.

purposesin order to nally extract the polarization obsenables. These crosssectionswill
be determinedusing the unpolarized glc/gl1 CLAS data.

The Fermi motion of the unpolarized nucleonsin the quasi-freekinematics cortributes to a
broad badkground underneaththe missing-masdlistributions for everts on hydrogen. How-
ever, on applying the samereconstruction procedureasfor a pure hydrogentarget, the tails
of this Fermi energysmearingare cut o sud that the badkground is strongly reduced. In
Fig. 18, someresultson our dilution factor studiesare presened. The plots shav the missing
massdistributions for the four evert topologies,i.e. either all three nal-state particles are
detectedor any two out of three. A at photon-energydistribution between400 MeV and
2000 MeV was chosenand three-body phase-spacalistribution for the p * nal state.
The Fermi motion hasbeensimulated in a standard way using a Gaussiandistribution with

= 80MeV for the three momertum componerts of the initial unpolarizedtarget nucleonas
well as Gaussiandistributions for the three momertum componerts of all detectedparticles
with a of 5 MeV/c. Fig. 18a (all three particles are detected) yields a dilution factor of
0.05 applying a cut of [-0.0010,0.0005]GeV? on the asymmetric signal. Everts were not
includedif the target was sampledto be an unpolarized neutron asno direct reaction on the
neutron canresult in the p * nal state. One could think of charge-exbangereactions
with other nucleonsin the nucleus. Thesee ects would, howeer, shift the badkground even
further. Fig. 18b ( * and  are detected)yields a dilution factor of 0.27with a cut on the
signalof [0.80,0.95]GeV?. Badkground eerts from both, protons and neutrons, cortribute.
We assumedthat the crosssectionsfor p! p* and n! n * are equal. The
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dilution factor shows a factor of 2 improvemen relative to the naive value of D = 10=74.
This improvemen was seenin the other FROST proposals,too. In Fig. 18c (p and * are
detected), the dilution factor is 0.44 applying a cut on the signal of [0.00,0.04]GeV?. The
dilution factor is increasedas reactionson the neutron can not directly cortribute to the
p * (X = ) nal state. Finally, Fig. 18d (p and are detected) yields a dilution factor
of 0.29with a cut on the signal of [0.00,0.04]GeV?, again assumingthat the crosssections
for p! p* n! n* areequal. If we conbine the total number of everts within

the cut regionsin all four topologies,we obtain an e ective dilution factor of 0.38. This

includes the di erent acceptancedor the various ewvert topologies. With a smaller Fermi
momertum of 70 MeV, we get a slightly worse combined dilution factor of 0.35. In the ap-
proved proposalE03-105[3], the dilution factor wasestimatedto beD  0:43for single-pion
photoproduction basedon p reactions(glc data) relativeto “He reactions(g3a data).

Thereis a chancethat we canreducefurther nuclearbadcgroundin the analysisof real exper-
imental data by applying additional everi-selection criteria and kinematical cuts. Rejection
of everts with more than one proton detectedin CLAS may be an option, for instance. The

asymmetriesof reactionson free protons can be di erent from those on bound nucleons.In

the analysisof the real data, we will evaluate and subtract badkground in ead kinematical
bin. To get a better handle on the badkground from bound nuleons, we are planning to

install an additional carbon target with a thicknessof about 10 20 % of the main target,

located a few certimeters downstream of the polarizedtarget. Thus, we will be ableto mea-
sure simultaneously everts from both targets. In the analysis,we can then clearly separate
ewverts by using vertex information.

Trigger

We will run with the torus magnetic eld setto one-halfof the maximum eld, outbending
positive particles. For the proposedexperimert, the ideal trigger would require the detection
of at least two charged particles. This is in agreemeh with the experimert E02-112][2]
which has20 days approved for measuremets with linearly polarizedbeamand transversely
polarized target. For the other polarization con gurations, we proposeto use a trigger
requiring at least one charged particle in CLAS. This trigger con guration is compatible
with all other approved experimerts using the frozen-spintarget.

Estimate of Systematic Uncertain ties

There are se\eral main sourcesof systematic uncertainties. Among other things, theseare
beam polarization uncertainty, target polarization uncertainty, e ective dilution factor un-
certainty, instrumental asymmetry in the detector. To minimize e ects of the instrumental
asymmetry we will ip beamand target polarization. The latter will alsohelp to discrimi-
nate betweenpolarized and unpolarized target nuclei. In caseof circularly-polarized beam,
the helicity ips cortinuously following helicity changesof the electron beam. The beam
polarization can be determinedto better than 4% using a M ller Polarimeter to measure
the polarization of the primary electronbeamand the calculatedhelicity transfer. In caseof
linearly-polarized beam, we will rotate the polarization plane periodically by changing the
orientation of the radiator crystal. In this casethe beampolarization canbe determinedvia
an analysisof the photon spectrum and a photon polarimeter. Target polarization will be
ipp ed ewery time we do repolarization. A precisemeasuremen of the target polarization
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will be donein a high eld whenthe target is inside of the polarizing magnetat the begin-
ning and at the end of ead repolarization cycle. We alsowill do polarization measuremets
periodically during an experimertal run when the target is in holding eld. To get better
control of the e ective dilution factor, we will install an additional carbon target and will
take data from both targets simultaneously We usethe sameestimatesfor uncertainties as
described in other approved experimerts (E02-112[2] and E05-012[5]). The estimatesare
asfollows:

Beam polarization 4 { 6%
Target polarization 3 { 4%
Dilution factor 5%

Photon ux ontarget5{ 6%
Target Thickness3 { 5%

8 Count Rate Estimates and Statistical Uncertain ties

8.1 Count Rate Estimate

The rate of reconstructed p! p * ewverts originating from free protonsin the frozen-
spin butanol target can be calculated using

N F;‘reg =N ?arget tpot 1N bins (12)

where NL is the tagged photon rate, {’arget the target areadensity of free protons, [, the
total crosssection for the reaction on free protons, the reconstruction e ciency, the
branching fraction into the nal-state particles, and Ny;,s the desirednumber of bins.

Besidesreactionson free protons, we will alsoreconstructunwanted badground everts from
bound nucleonsin the butanol moleculesthough with alower reconstructione ciency. This
is descriked by the e ective dilution factor D, . The ratio of reconstructedewens from free
nucleonsto reconstructedevents from bound nucleonsis given by

NS =NpU™ =D 51 D.): (13)

For this reason,we can calculate the total reconstructedewert rate using

tot — free bound _ 1 p p .
NP * - Np * + Np * - De N target  tot 1=Nypins ; (14)
where we can assumean averagereconstruction e ciency of 0:5, an e ective dilution

factorof D,  0:35(both numbersbasedon the Monte Carlo studiesdescrikedin section7),
and a target areadensity of e = 248 10%=cn? = 2:48 10 '= b*, which alsoincludes
the pading factor of 0.62. = 1:0 for all particles. On the average,we are expecting about
2100double-harged pion everts per day for a given kinematical bin (Npj,s = 2000)and a
total of approximately 4.2million *  ewerts per day.

P hoet = 1o hg Na 10=Apyano Using | = 50mm, g = 0:611g/cm?®, and Apuano = 74:12 g/mol
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8.2 Uncertain ties of the Measuremen ts and Necessary Beam Time

In general,a double polarization obsenable P is proportional to an asymmetry A that arises
asthe di erence of measuremets with the spinsof the incoming photonseither alignedwith
the spinsof the free protonsin the target material (!) or (  con guration) or opposite
to the free proton spins () or I( con guration). If we label the number of courts
obtained in thesemeasuremets with N and N, , respectively, the asymmetry is given by

1 Ny N-»

A= 15
De Nyg + N» (15)

and the statistical error can be determinedusing
1 1

A ( stat: —
( ) D, PN,

(16)

Solving for the total number of courts required to read a certain precision A (stat:) we
obtain

1 2
N+ N ; 17
) N+ N D A ( stat:) (17)
and thus, the beamtime neededto read a certain statistical accuracy A is given by
1 1 1 1 D!
. Nbins : (18)

T= N—(E) ( A)2 unpol Earget ( ) 2

8.3 Rate Estimates

The total luminosity is restricted by maximum rates of the tagger, the data acquisition
system, and accidernial badkground. To ensurethat the experimertal rates are kept within

thoselimits, we have adjustedthe proposedphoton ux assumingthe parametersof Table 4
and the total crosssection per nucleonshown in Figure 19. The total per-nucleon photo
crosssectionon lead is a good appraximation for the per-nucleon crosssectionsof the bu-
tanol target materials carbon and oxygen. The meantagging e ciency was estimated by
calculating the transmitted fraction through the collimator using tabulated bremsstrahlung
angular distribution calculations ([3] and referencegherein). We are planning to run with

a collimated photon beamthe parametersof which were assumedin the calculations. For
the circularly-polarized beam, the diameter of the passie collimator will be 2.6 mm at a
distanceof 5.8 m. SettingsA and C with linearly-polarized photonswill run with a collima-
tor of 1.0 mm in diameter at a distanceof 22.9m from the goniometer. In caseof coherem

Maximum tagger rate 30 MHz
Maximum tagger rate per T-counter 4-5 MHz
Maximum CLAS DAQ rate 3.5kHz

Mean tagging e ciency (at Ee = 1.6 GeV) | 0.18
Mean tagging e ciency (at Eq = 2.2 GeV) | 0.48
Coincidencetime window 15ns
CLAS acceptancefor a hadronic evert 0.70

Table 4: Parameters for rate estimates
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bremsstrahlung,all the tagger rate is conceirated in a peak about 200-MeV wide that is
coveredjust by a few T-counters. The polarization of the collimated beamis fairly constart
over this 200 MeV energyrange near the coheren edge. In fact, it diminishesby lessthan
5% at 200 MeV below the coherem edgeenergy For this reason,keepingall this in mind,
we can run with 5 10° =son target in the range of the coheren peak without overload-
ing the tagger and DAQ, and still have an acceptablerate of accidertal coincidences.For
circularly-polarized photonsthe rates can be higher.

9 Summary and Beam Time Request

The experimertal con guration is compatiblewith four other approved experimerts on pion,
eta and kaon photoproduction (E02-112,E03-105,E04-102,and E05-012). Proposednew
beam/target settings are presertied in Table 5. The beamtime has been calculated using
Eq. 18. Other already approved FROST experimerts are summarizedin Figure 20. It showvs
the total requiredtime in addition to the time that hasalready beenapproved.

Linearly-P olarized Beam

Settings A and C: The requirederror hasbeenestimatedto 0.05for both settingsbasedon
our sensitivity studiesin section6. For linear-beam polarization, most of the photon ux is
con ned to a 200-MeVwide interval. We have estimateda total number of 10 20 10= 2000
bins,i.e. 10E bins, 20binsin d /d x; (for exampleany two-particle invariant mass),and 10
binsin . The required beamtime hasbeencalculatedusing Eq. 18. For setting A, higher
energieE > 2 GeV) have beenalready well approved by previousPACs (seeFig. 20). For
this reason,newbeamtime is not required. For setting C, morebeamtime at E = 2.0 MeV,
2.2MeV, 2.4 MeV, and 2.6 MeV is necessaryseeTab. 5) in order to cover a massrangeup
to 2.4 GeV/c?, which will then allow for a proper study of (even broad) resonancest and
above the 2 GeV/ ¢ massregion (Fig. 13 and 15).

Circularly-P  olarized Beam

Settings B and D: For acircularly-polarizedbeam,we have alsoestimateda requirederror
of 0.05(accordingto section6) and a total number of 2000bins. Thus, usingEquation 18, the
required new beamtime for higher energiedE. = 3:1 GeV correspndingto certer-of-mass
energiesup to W 2:6 GeV) is 100 hours for settings B and D, respectively (Tab. 5).
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Setting E[GeV] P, [ b] N [MHz] Npins = g A T [h]

A
B
. E. =31 35 3 2000 0.82 0.85 0.05 100
circ/trans
C E .con = 20 40 5 2000 0.7 0.85 0.05 72
lin/long E .con = 2:2 35 5 2000 0.7 0.85 0.05 83
E .con = 24 35 5 2000 0.7 0.85 0.05 83
E .con = 26 35 5 2000 0.7 0.85 0.05 83
D
. E. =31 35 3 2000 0.82 0.85 0.05 100
circ/long

22 days

Table 5: Required new beam time to study the reaction p! p * above 2 GeV/ .
However, we are aware of the already approved 84 daysfor FROST and feel committed to prove the
suaessof the project before requestingthese22 days. See text below for more details.

Beam Time Request

We are aware of the already approved 84 days for FROST and feel committed to prove the
succes®f the project beforerequestingthe full amourt of beamtime requiredfor double-pion
production at higher energies.

For this reason,we requestonly 4 days of beamtime for setting B in this proposal. More time

would be neededto carry out the complete double-pion experimert up to higher energies
(Tab. 5). On the other hand, the additional constrairts imposedby the obervablesP , and

P, will already greatly help improve our understanding of the important massregion at

and above 2 GeV/ .
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FROST Experiments

Setting A
lin/trans

Setting B
circ/trans

Setting C
lin/long

Setting D
circ/long

E03-105
E05-012
E02-112
total

E03-105
E05-012
total

E03-105
E05-012
total

E04-102
E05-012
E02-112
total

Photon beam energy (GeV) (days)
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E03-105 27 23 18

E04-102 15 19 9
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Figure 20: Already approved FR OST beam time
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A Theoretical Predictions

q
model state N N ot P o Ab, AL,
[N2 13(1945) 5:7°%:2 2:4%3 181733 6:77%3 12
1 (2090)S.* 7:9 3.8 { 14:2 4.3 5:1 5.9
[N3 14(2030) 373 103 11 04 5743 20
[N3 15(2070) 2.1*01f53 0:1%%; 3 785 13179 3 nc
[N ]s(2145) 04 01 0:4*%% : 23*1 ’ 1.0 0.2 nc
[NL 17(2195) 01 01 0:9'%3 3.5 21 01 nc
[N3 13(1960) 8:2'%7 40 0:2 13 6*2 : 555 nc  nc
N3 (2080)Dy3** 5:0 25 { 107 35 105 42
[N$ ]4(2055) 6:2"%6 0:4%9 TN 11153 16 0
[N3 15(2095) 0:2'%3 0:2'%3 365 6:9"] 9 14
[N3 ]s(2165) 153 1 24 01 L 7+°Og 31 9 nc nc
[N3 17(2180) 173 : 17 01 1:6'%3 5.0*11;'3 nc  nc
[N3 12(2080) 5:1°%: 2 35 04 8:8"%% : 4708 3 14
[N3 13(2095) 5.2"01:3 0:0*94 2:3+24 4 7:9.2 5 5
N2 (2200)Dys** 45 23 { {
[N3 14(2180) 1:9'%2 1:1 00 2:212 6:2%'¢ nc nc
[N3 ]5(2235) 2:0'% 1 1 0:6'%9 4.0"%:8 7:0'%3 nc nc
[N3 ]s(2260) 04 01 0: 1+° 1 2:9" % 1 712 s nc nc
[N3 ]7(2295) 02 01 1:6"%; 2:8"; 7 4919 nc nc
[N3 ]s(2305) 0:3 01 oe*o 1 1:8%%:8 o 5:2%:3 nc nc
[NZ ]1(2090) 6:9 13 25 07 12.1*“1:?1 2:9"3 34 28
NZ (2190)Gy7**** 70 30 125 12
[NZ ]2(2205) 40 11 01 00 3:2%%3 6:5%% 16 4
2 1:1
[NZ ]5(2255) 0:8 02 0:0 2:4'%7 11:953 r nc  nc
[NZ 14(2305) 04 01 08 03 2:0"%3 4:3%8 8 nc nc
2
[NZ ]5(2355) 11 03 +0:4 01 2.4*00:9 09 01 nc nc
N3 1i(2215) 25 03 21 04 1:849, 6:3%:3 0 1
N3 (2250)G1g**** 59 1.9 { { {

Table 6: Results for the ligh test few negativ e-parit y nucleon resonances

Results are for the lightest negative-parity resonanes of each J in the N=3 band in the N , N ,
N , and channels. Notation for model statesis [JP], (mass[MeV]), with JP the spin/parity
of the state and n its principal quantum number. The rst rows give the model results of Capstick
and Rolerts [75], while the second row lists the correspnding numkbers obtained by Manley and
Saleskiin their partial wave analysis [78], the PDG name, N partial wave, and the star rating.
The squae of the listed amplitude value yields the partial width in [MeV]. The last two columns
list the helicity couplings of the proton givenin 10 2 GeV 72, nc = not calculated [27].
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J M’ Resonancé®P exp theory

1=2+ 1539  N(1440'%), 4 88", 33
1=2+ 1741 N(1710%)), 3 28'"3 44
3=2+ 1938 N(1900%;), 2 4.4
3=2+ 1990 missing 22
3=2+ 2012 missing 7.1
5=2+ 1721 N(1680'Y), 4 13% 35
5=2+ 1989 missing 7.7
5=2+ 2005 missing 18
7=2+ 1994 missing 9.0
1= 1678  N(165070), 4 6" 5.3
1= 1940 missing 11
3= 1477 N(1520"Y), 4 2410 35
3= 1633 N(1700%,), 3 seen 88
3= 1929 missing 9.7
3= 2175 missing 3.2
5= 1657  N(1675Y), 4 832, 30
5= 2180 missing 2.1
5= 2195 missing 5.7
7= 2195  N(2190'9), 4 11
9= 2193  N(2250'%), 4 8.6
3=2+ 1872 missing 3.6
52+ 1898 (1905 *1) 4 44+, 15
5=2+ 1984 (2000 *%2%), 2 seen 13
5=2+ 2307 missing 2.2
7=2+ 1956 (1950 "), 4 ot 17
7=2+ 2339 (2390 ‘%), 1 3.4
1=2 1654 (1620 *%5), 4 68", 72
1=2 2099 2 (1900 *52), 2 seen 7.0
3=2 1628 (1700 *2), 4 135105 52
3=2 2089  ? (1940 "), 1 seen 3.6
5=2 2209 missing 7.6
7=2 2180 missing 3.4
7=2 2238 (2200 "0y 1 3.7
Table 7: decay widths [1] for several N in a relativistic quark model based on

instan tons [12]. Only stateswith a width larger than 3 MeV are shown. The helicity couplings
are also calculated within this model but not available, yet.
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B Polarization Observables for Double{Pion

Photopro duction

Obsenable | Helicity Form Experimert

M L2+ M T2+ M ,j2+ M ;)2 unpolarized photon
o HIM g2 M 324 M2 M 2 beam
I o Px 2<M ;M3 +MIM3 +M,M, +M3;M}, )
lo Py 2=(M ;M3 +MM3; +M,M, +M;My )
o | P WE L

M7+ M7+ M 47+ M 4]

M [P+ IM T2 M ,j2+ M 52 circularly polarized
ol M 52+ M2 M 2 M photons
loP, 2<(M M, +MIML M,M, +M}iM})
loP, 2=(M, M, MIM{! +M,M, MiM})

M2 M TP+ M, M
O M P MR MR M ST
lol s 2=(M{M; +Mj;M, +Mi;M,; +M,; M, )| linearly polarized
loPS 2=(M{M; M; M3 +M;M, M,Mj )| photons,
lo Py 2<(M M3 +M ;M3 M3;M, +M,M, )| proportional to sin2
loPS 2=(M{M; +M;M, M3iZM5; +M;M, ) |incrosssection
lgl© 2<(M{M; +Mi;M, +M3;M5; +M,;M, )| linearly polarized
lo P 2<(MI{M3; +M; M3 +M;M, +M, M} ) | photons,
lo Py 2=(MM; +M; M3 +M;M, +M,M, ) | proportional to cos2
loPS 2<(MIM; +Mj;M, M3zM; M,;M, ) |incrosssection

Table 8: Polarization

observ ables of double-pion

pro duction

Polarization observablesf double-pionphotoproduction in terms of helicity amplitudes[88]. Listed
are observabledor single and double-plarization experiments. In geneal, there are 64 polarization
observablesncluding the polarization measurement of the recoiling nucleon. Among the 64 observ-
ables,there are 28 relations that arise from considertion of the absolutemagnitudesof the helicity
amplitudes and another 21 that arise from considerations of their phases,leaving 15 independent

gquantities.
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