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Introduction

Ce travail a éte e ectue au sein du group Graal de IInstitut des Sciences Naelres
de Grenoble. Leexptience Graal, sit@e au *European Synchrotron Radiation FacilityZ
de Grenoble, est constitee deun faisceau de photons Compton polagsavec unehergie
comprise entre 0.5 et 1.85eV et deun détecteur 4 pour lsidenti“cation des particules
neutres et charges. Leobjectif de cette exgrience est kBtude desetats excites du nuc€on
(resonances) au moyen de la photoproduction deesons et de la mesure deobservables de
polarisation.

Di “erents modles plEnomeénologiques et tikoriqgues ontéte developgs a“n de re-
produire le spectre desaSonances nuebniques (et plus largement baryoniques) observ’
Ces moetles pedisentégalement lsexistence dtats experimentalement non obseres, qui
sont appelés eresonances manquantesZ. Dans ce contexte, les observables de simple et
double polarisation extraites de la phtwproduction, qui sont sensibles lsinterference de
multip oles permettent de mettre erevidence plus facilement les di erentes contributions
resonantes et deen extraire leurs caramistiques (masse, largeur, ...).

Leutilisation de la sonde€lectromagrétique (photon ouélectron) asso@@ea la détec-
tion des états “nals des €actions via un caloringtre a large acceptance, desetecteurs
de traces et des scintillateurs plastiquesoastituent un ensemble puissant pour éfude
de la spectroscopie nuebnique. En e et la sondeelectromagrétique a la place de la
sonde hadronique peut deune part, antiper la contribution de certaines resonances et,
deautre part, permet plus facilenent lsinterpretation des nécanismes de@aaction. Par
ailleurs, la large acceptance et la bonnesolution spatiale du @tecteur rendent possible
la reconstruction compéte de la ciematique des particules de dfat “nal des reactions.

Ce travail de these est consaerprincipalementa lsetude et lsanalyse desedactions
de photoproduction avec trois particules chamgs dans ktat “nal. En particulier la
photoproduction d€tranget constitue la partie fondamentale du programme du Groupe
Graal de I/ISN. La mesure de ces canaulk { , K ) n” ecessite lsutilisation de dtecteurs de
traces. LesISN-Graal a donc construit deux efecteurs sgci“‘ques : un détecteur constitué
de deux chambres ™Is planes pour la dgtection des particules chargés aux angles avant



et deux chambresa “Is cylindriques pour la mesure des particules chaegs aux grands
angles.

Le travail principal present dans cette tlese a por€ sur leoptimisation des pro-
grammes de reconstruction des traces det#cteur cylindrique, a“n deangliorer lee cacit’'e
de détection desevénementsa trois particules charges. Les performances de cetdcteur
ont ete tesées en analysant la photoproduction du et du via leur decroissance chaeg
(* 35 ).

Dans le premier chapitre la photoproduction de mesons estgaente dans le cadre de
modeles et des formalisms theoriques. Le deexrie chapitre est dedi'a la description de
l~ensemble exefimental Graal. La réponse et les performances des MWPCs cylindriques
sont presenges dans le chapitre 3. Lesathodes deanalyse des trois canaux , K sont
expliquees au cours du chapitre 4. Dans le chapitre 5 la mesure des aslyras faisceau
est montrée pour le etle K* et les asymetries duK* sont compareesa un moctle
penomreénologique.

Vi



Chapter 1

Hadron physics at GRAAL

1.1 A survey on Hadrones physics

1.1.1 History

Strong interactions' have been introduced in the «30s to explain the force which provides
stable nuclei. At this time Heisenberg and others established that the building elements
of the atomic nuclei, called *nucleonsZ, are held together by the so-called nuclear forces,
which have a short range of about Im. Yukawa thought that each “eld of force is
associated with the exchange of some kind oégicles and that there is a simple relation
between the range of the forces and the mass of the corresponding particles. Hence he
estimated the range from known experimeal data and found that the new particles had

to be about 200 times heavier than the electrons. This particle was then identi“ed with
the meson .

A new input to this idea was the discovery of the anomalous magnetic moment of the
proton, that suggested that it is not point-like but composed by other sub-particles.
During the 1940s new particles were discovered, as the , the® and the * in cloud
chambers exposed to cosmic rays and their behaviour was estrangeZ: these particles
are in fact strongly produced but they decay in longer times as if they undergo a weaker
interaction. This property was quanti“ed with a new quantum number, the sstrangenessZ,
which is conserved in strong interactions but not in the weak ones. In 1953 Gell-Mann-
Nakano-Nishjima classi“ed thee new patrticles as a function of the strangeness. During the
1960s a large number of new particles were discovered with the new particle accelerators
in the GeV range and a new classi“cation was accomplished in 1961 by Gell-Mann, and

1See [1] for a complete picture



independently by Neseman: these particles wecemposed of three smaller particles, called
quarks u, d and s, which were described by the symmetry group SU(3). In their theory,
the so called estatic quark modelZ, these particles are assembled in two families: only
gggand gg states, the so calledbaryons and mesons are permitted. The fundamental
states of this model are the mesonic pseudoscalar octet,, S, ° K* KS K9, , plus
the singlet g and the baryonic vectorial decuplet, composed bg,n, *, ©, S S 0
with spin 1/2, S, **, S with spin 3/2 and the singlet . The quarks are con“ned
inside these hadrons but the reasoof that is still not understood.

The main problem at that time was that in the quantum “eld-theoretical approach, QFT,
which describes the hadrons in terms of the SU(3) symmetry, the coupling constant is not
small in comparison with unity. The theory was, thus, di cult to be mathematically stud-

ied. The main di culty for physicists at that time was also treating with non integrally
charged quarks: the evidence of the fractional charge was measured with experiments of
lepton pairs production in pion-carbon interactions, whose cross section is proportional to
the quark charge squared. That is why qu& con“nement into hadrons was not strictly
considered, as dicult to be treated, up to the 1970s. The “rst who spoke about the
QCD? was Y. Nambu in 1969. He introduced a new quantum number, the color, which
was described with the SU(3) gauge “eld. The mediators of this new “eld were an octet
of massless vector gauge bosons with spin 1, called gluons, and carrying this new color
charge.

In the same years theorists had been trying to understand Bjorken scaling: it is the
Q? independence of the cross section in the de@lastic scattering in lepton-hadron
interactions, which was interpreted as the sig of free particles, called spartonsZ.st Hooft
inferred that this *asymptotic freedomZ cold be explained in the Yang-Mills (spin one)
gauge theory and that one could identify thepartonsZ with the squarksZ: quarks and
gluons behave as free at high momentum transfer but at low energy they are invisible
and the interaction mediators are the hadons. In this picture quarks and gluons are
permanently con“ned, hence, they will not exist as free particles. Their wave function
is a singlet combination of colored quarks and each particle contains also virtual gluons
and quark pairs of di erent "avors. The interaction is mediated either by gluons or by
quark-antiquark pairs.

2Quantum ChromoDynamics



1.1.2 From low to high energies

In this context we may identify two distinct kinematic regions corresponding to di erent
distance scales. At high energies and small distances the interaction involves elementary
quark and gluon “elds, acting as quasi-free particles. The interaction is described by
perturbative QCD. At low energies and large distances, quarks and gluons appear in
«condensedZ form as nucleons and mesonsdahe reaction is described by the hadron
theory.

In this context the best solution would be to exactly resolve the QCD Lagrangian. The
challenge of thelLattice QCD is to discretize the space-time in order to resolve exactly
the Lagrangian in each volume. The main problem of this theory, which gives in this
moment some results (as for example the gdacon“nement, which is associated to the
string breaking), is actually the requred computer time for the calculation.

At energies close to the reaction threshold (@ energies) the quarks are almost invisible
and the Chiral Perturbation Theory (ChPT) is the most appropriate, because the
perturbative development is possible. The ChPT interprets the chiral symmetry group
SU(3). x SU(3)r in terms of the e ective low-energy degrees of freedom: they are the
Goldstone bosons (, K, ), resulting from the spontaneous breaking of the symmetry,
and the baryon octet N, , , ). The Lagrangian has the general form [2]:

L=L% +L% + ..

where 12, ... are the loop expansions correspormdj to increasing momenta and quark
masses. In the interaction matrix there will be terms “xed by the ChT and other terms,
called LECS, which cannot be “xed by the ChT.
The ChPT challenge is, moreover, to determie the value of the quark-antiquark conden-
sate, which is the necessary consequence loé tspontaneous SU(3) symmetry breaking.
The present knowledge on nonperturbative aspects in QCD, does not allow to establish
the condensate size, which can be of abo8t(250MeV )3 or about S(100MeV )3 or even
vanishing. In this context the measurement of the decay into * S and into 3
which is possible at the Gradi facility at the ESRF® of Grenoble, can give information
about the condensate mass. In fact, as explad in Ref. [3] in the generalized chiral per-
turbation theory developed up to the sixth order, the condensategq mass is proportional
to the constant . The constant itself appears at the leading order of the amplitude of
3Low Energy Constants

4GRenoble Anneau Ac@lerateur Laser
SEuropean Synchrotron Radiation Facility



these two decay channels. Thereforegifa strictly vanishing condensate ( = 4) the cross
section at low energies is enhanced by a factor 16 for the 3ase and 4 for the * S

case as compared to the standard case of a strong condensate (L). This measurement
requires of course a very high control of the e ciency of whole apparatus.

The Regge theory of strong interactions, which dominated the 1960s, describes the
partial waves amplitudes by the *Regge trajectoriesZ in the complex space of the angular
moment. It is reliable at energies greater than &eV. In this picture the hadrons occupy
linear trajectories and each family of hadrons is a *Regge poleZ, with a real value of
angular moment. N. Levy [4] used the SU(3) symmetry and the vector-meson dominance
(t-channel) to extend the production theory to the K photoproduction. In this case
some e ects can be explained, as the di erence between theand K di erential cross
sections at forward angles.

At intermediate distances (that is to say in the range between the threshold of the me-
son production up to about 25 3 GeV), which the Graal program is concerned with,
quarks and gluons are relevant, however con“nement plays a governing role, and quarks
appear as constituent quarks con“ned due to a potential. In the intermediate energies the
relationship to QCD remains unclear, althagh many models describe quite successfully
many aspects of hadron spectroscopy. Hence it is essential to provide accurate data that
can be confronted with model calculations and show where this picture breaks down in
non-trivial ways leading to improved moded and to a better understanding of the nucleon
structure in terms of its fundamental constuents. The goal of the Graal program is,
thus, to probe the internal structure of light quark baryons.

1.2 Nucleon spectroscopy

1.2.1 N scattering

The meson-nucleon interaction at intermediate energies has been studied in the «70s via
the pion-nucleon scattering. This allowed to eghate from the cross section the interaction
probability, given by the coupling constantgnn . The same experiments also showed that
these reactions produce instable intermedie states, whose origin was not known. They
were called «baryonic resonancesZ.

A resonant state is an intermediate state produced by a particle interacting with the nu-
cleonic potential. Its evidence is simply calculated by developing the particle in partial
waves (a complete base of Legendre polyni@is), de“ned by their orbital quantum num-



ber | and a phase in the complex space. The value of the phase infers if the scattering
occurred and if it is elastic or inelastic. The derential cross section (elastic or inelastic
scattering) is thus given by the current associated to these waves. In the elastic scattering
the amplitude (and thus the cross section) ssociated to each wave can be mathematically
expressed as a Breit-Wigner:

/2

AZ ERSE)ST /2

where Eg is the energy of the peak (resonance) and its width. The width is linked

to the time of life of the resonance, , by the relation = /. If the particles have

non vanishing isospin and spin the amplitudevill be averaged on the initial states and
summed on the “nal ones.

In the meson-nucleon interaction di erent resonances were identi“ed and they were divided

in two types, and N according to the isospin chargel{ = 3/2,1/2 for a state
composed by a nucleon and a pion). In the spectroscopic notation these resonances are
thus described by their massm, and by their quantum numbers: the angular momentum

J, the parity P, the charge conjugationC and the isospinl. In this notation hadron
states and their resonances are given by:

Loi23(mM) for the baryons

JPC(m) for the mesons

Each of them can be produced in a reaction if the conservation rules are satis“ed.

The resonances, whose existence has been proved in pion-nucleon production as well as
in electromagnetic production, are reported in table 1.1[5]. The resonances have been
classi“ed [6] in four families:

four stars: existence is certain and properties are at least fairly explored;

three stars: existence ranges form very likely to certain, but further con“rmation is
desirable and/or quantum numbers, branching ratios, etc. are not well determined,;

two stars: evidence of existence in only fair;

one star: evidence of existence is poor.



Some of them, as the5;;(1535) andD13(1520), have been measured via thé\ N
process. More generally, our knowledgon the resonances comes mainly from

N N ; N channels. These reactions have been studied via partial wave analyses
[7, 8] and coupled channel approaches [9, 10]. More recently, photoproduction channels
have received much attention [11, 12].

Baryon Three and four star resonances
N S11(1535), S11(1650),
P11(1440), P11(1710), P13(1720),
D13(1520), D13(1700), D15(1675),
F15(1680),
G17(2190), G19(2250),
H19(2220),

S01(1405), Sp1(1670), So1(1800),
Po1(1600), P01 (1810), Po3(1890),
D03(1520), D3(1690), D 05(1830),
Fos(1820), Fo5(2110),

Go7(2100),

Hoe(2350),

S11(1750),
P11(1660), P1,(1880), P13(1385),

D 13(1670), D15(1940), D 15(1775),
F15(1915), F17(2030),

Table 1.1: Isospin-1/2 baryon resonances [5, 6] with maddl

One and two star resonances
S11(2090),
P,1(2100), P15(1900),
D13(2080), D15(2200),
F15(2000), F17(1990),

D03(2325),
Fo7(2020),

$11(1620), S11(2000),

P11(1770), P11(1880), P13(1840),
P13(2080),

D13(1580),

F15(2070),

G;17(2100).

2.5 GeV.



1.3 Meson photoproduction at new facilities

1.3.1 Advantages

The new generation of accelerators with high intensity and low emittance, such as CE-
BAF®, ELSA’ and ESRF/Graal, associated to 4 detectors, polarised beams and po-
larised targets, allow to highlight some partular resonances. The accessible channels in
the pseudoscalar meson photoproduction with the Graal polarised beam are:

+ N + N

+ N + N

+ N K+Y
whereY = .

From a theoretical point of view, the physical observables (we will treat them in the next
paragraph) which are extracted from the phtmproduction asymmetries, might emphasize

in their multipolar structures some resonances which are not present in the di erential
cross section. The development of polarised photon beams and targets allows in particu-
lar to study the polarisation observables The photon and lepton can, in fact, be easily
polarised: a polarisation observable allows teelect particular resonant states. In other
words the various combinations of the states of the polarised beam, the states of the
polarised target and the states of the polarised recoil baryon, give rise to di erent asym-
metry observables, which are the interference of di erent multipoles. For example, in the
photoproduction of pseudoscalar meson the rtipolar structure of the target asymmetry

is particularly sensitive to the resonanceg s and the beam asymmetry to the resonances
D3. Furthermore, if one of these channels is studied near its threshold, the multipolar
expansion can be truncated at the lower ords, and the resonance contribution is thus
ampli“ed.

From a dynamical point of view we must distinguish two aspects: the “rst is the photo-
excitation amplitudes Ay, and Az ,, which are the probability to produce a given reso-
nance; the second one is the probability of a given resonance to decay into a particular
“nal state (N , N, KY, ...).

5Continuous Electron Beam Accelerator Facility, Virginia
’ELectron Stretcher Accelerator, Bonn



The extraction of the photo-excitaion amplitudes has been performed orN and N
photoproduction, but these previous experiments are limited to the “rst resonance region
(Egl  1.5GeV): measurements at higher energies require a better resolution of the beam
energy, which is the case of the new facilisementioned above. As the energy increases
more decay channels are possible for a giverso@ance and their branching ratios can be
accurately measured with detectors with a large solid angle, which is the case of Graal
and CEBAF.

In this context the photoproduction might hopefully highlight the presence of some miss-
ing resonances, which have been predicted by QCD-inspired models but that have not
been seen so far in theN systems.

Furthermore the great advantage of the eldémmagnetic production lies in the perfect
knowledge of the electromagnetic interactioof the real or virtual photon with the nucleon,
as well as in the possibility to study the electromagnetic form factors of the hyperons.

1.3.2 Polarization observables

We can de“ne single or double polarisation olesvables, the “rst being determined by the
beam or the target or the recoil polarisationsthe latter by the combination of beam-target

or beam-recoil or recoil-target polarisations.Together with the unpolarised di erential
cross section, we have, “nally, sixteen observables, but only nine of them are independent.
The expression of these observables can be simpli“ed by choosing an appropriate reference
system and by expressing transition matrix in terms of the CGLR amplitudes. This
calculation has been accomplished [14] fordltase of the photoproduction of pseudoscalar
(S=0,P = S1) mesons and we summarized it in Appendix A.

The GRAAL experiment consists of a linear polarised beam, an unpolarised hydrogen

or deuterium target and a 4 detector. Hence, up to now, the unpolarised cross section
together with the beam asymmetry , the polarisation P of the recoil hyperon and the
double polarisation beam-recoil are our accessible observables. In the near future (2002)
a circularly polarised beam together with polarised hydrogen target will be available and
the other double polarisation measuremestwill be accomplished. It is also important to
emphasize that the recoil asymmetry can be easily extracted for the hyperon , as it is
directly given by the distribution of its decay products.

8Chew Goldberger Low Nambu [13]



1.3.3 The D33 identi“cation form the beam asymmetry in the
photoproduction

As an illustration we discuss brie”y the p p reaction, which, near threshold, is known
to receive contribution mainly from the S;; and D13. One recent result from the Graal
collaboration [15] has allowe to identify the resonanceD ;3(1520) in the measurement
of the beam asymmetry in the photoproduction. This channel has been identi“ed
by the detection of the two photon from the decay 2 with the electromagnetic
calorimeter.

While the cross section up to 1GeV (see “gure 1.1 on the left) is dominated by the
resonanceS;;(1535), concealing the® and D contributions, the beam asymmetry (same
“gure, on the right) is a clear interference between thé&;;(1535) and D13(1520) reso-
nances (the RopeiP,,(1440) is also considered in some models [16]). In particular, in the
beam asymmetry we can appreciate the dirence of the isobar model [16] when thB ;3
resonance is introduced (dashed line) or noti¢tted line). At energies near the threshold
the multipolar expansion of the beam asymmetry can be truncated & 2 (the complete
expression is given in equation (A.11)) and the dominant term is:

3sin® Re[Ey. (Eas + M2+ )]

where E,s + M,,) corresponds to the multipolar component of the resonand®,s. Its
contribution is clearly given by the dashed line in “gure 1.1 (right). The measurement of
the beam asymmetry at Graal in “gure 1.2 clearly show th® ;3 contribution.
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Figure 1.1: Di erential cross section (left) and beam asymmetry (right) forp(, )p. The
solid line show the “t to the experimental data of Krusche et al. [17]. The dashed lines is
the isobar model from [16]. The dotted lines are obtained form the same model when the
resonanceD 13 is turned o .
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Figure 1.2: Beam asymmetry measurement from [15] in the photoproduction. The curves
are the same predictions reported in “gure 1.1.

1.3.4 Analysis formalisms

As mentioned above, the transition matrix @n be expressed as function of the six CGLN
amplitudesf; [13]:

d [CGLN (A)] = d (f1,f2,f3,f4,f5,f6)

where the A; are the Lorentz invariant amplitudes, which depend on the Mandelstam
variables (s, u, t). Therefore, the CGLN formalism gives an easier way to calculate the
observables once the functiof; have been determined. Di erent approaches can be used
to calculate the functionf;, which can be model independent analyses or phenomenological
models.

In the “rst case we can report two main kind of approaches. Thaultipolar analysis isa
powerful formalism that allows to study the obgrvables in a truncated basis of multipoles,
fi(Ei+,M+). The evidence of a given resonance is thus given by its multipolar components
which may appear or not in a particular observable (see as example tBes contribution

to the beam asymmetry in Section 1.3.2). Moreover at the reaction threshold we can
truncate the multipolar basis, keeping the dminant contributions. The maximum orbital
momentum | is thus chosen as to give the truncated; the nearest to the expected one,
ie. (i ST 1%.

The second model independent approach is thedal analysis . The amplitudesf; are
calculated forJ =1/2 andJ 3/2 and so on, from which the number of expected nodal
points of the observables (points at which the observable vanishes) is calculated. The
presence of these points can be associated to the appearance or disappearance of a given
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family of resonances. Moreover, the facthat the number of nodes is di erent from the
expected one might signify that ans channel has been interpreted as faone.

The phenomenological models aim to calculate the amplitudés which appear in a given
reaction. They can be calculated either with QCD-inspired models (as the Quark Model,
reported in Section 1.5) or via the formalism bthe Feynman diagrams. In the following
we shall report some main methods.

The ELA ° describes the hadrons via an e ective Lagrangian at the tree level, that includes
the exchange of particles in the three channels, u and t.

The ELA has been used in [18] to study the single pion photoproduction, which is dom-
inated by the (1234) and in [19] to study the photoproduction, dominated by the
S11(1535) up to  10aQMeV above threshold. The extensio to higher energies imposes
to introduce, besides spin /12 and 3 2 resonances, those with spin/2, that is di cult
from the mathematical point of view.

The Isobaric formalism express the reaction amplitudes for the exchanged mesons and
baryons in terms of Feynman diagrams at the three level. The invariant Mandelstam
variables, s, u and t are used to hopefully select the diagrams which best describe the
reaction under consideration. For associat strangeness production the amplitudes and
propagators are so calculated by including the extended Born terms, whose intermediate
states are the nucleon, the kaon and the hyperon, and the terms including the baryon
resonancesg channel) as well as the hyperonu channel) and kaon { channel) ones. When
the coupling constants are unknown (as in thetrangeness photoproduction), the SU(3)
symmetry states the range of variability of the r&ative coupling constants of some vertices,
which are treated as free parameters adjusted on data. In this case the combination of
amplitudes with the lowest reduced 2, whose coupling constant are comparable to the
ones foreseen by the SU(3) symmetry, is thus selected. The isobar analysis of the
photoproduction was accomplished for the “rst time by Hicks in the 73 [20].

This analysis will be used in chapter 5 to interpret the beam asymmetry of th&
photoproduction measured at Graal during this thesis.

1.3.5 Strangeness photoproduction

In Section 1.3.2 we have underlined that Graal ishe of the most suitable apparatus for the
measurement of single and double polarisation observables. The energy of the polarised
photon beam corresponds to the cére@ of mass energies ranging froldv = 1.3 GeV

9E ective Lagrangian Approach
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to 1.9 GeV. In this energy domain we can access to the “rst ( 1.5 GeV) and sec-
ond (1.7 GeV) regions of the baryonic resonances. The threshold for the associated
strangenessKY ) photoproduction is roughlyW = 1.6 GeV.
The K photoproduction is a pure isospin 1/2 channel, while in theK photoproduction
the isospin 3/2 intermediate states ( ) are also allowed. The study of these two channels
is then one of the main parts of the Graal program.
Di erent reasons can explain the strong interst developed with respect to the strangeness
production. At “rst, the nucleon-nucleon interaction is relatively well known while hyperon-
nucleon interactions are still not well under®od. In other words, interactions between
baryons made olu and d quarks are by far better known than those where strange quarks
intervene. In the nucleon, the quarks is not a valence quark, as thel and d, but a sea
quark.
In the past, the “rst measurement concerned (*,K *) and (K S, $) reactions, where both
initial and “nal states are governed by strongnteractions. Electro- and photo-production
presents on the contrary the great advantage to have a well known interaction in the initial
state.
In the realm of pseudoscalar meson photopdaction in the threshold region, the reaction
mechanisms are dominated by a small number of exchanged resonances in the casard
mesons. The strangeness production doestrsow such features: so, one of the main
interests in studying this “eld is to “nd out the reaction ingredients. A reliable knowledge
of the elementary reactions is also needed for further developments in hypernuclei studies
via electromagnetic probes. Moreover aogd understanding of the photoproduction will
allow us to study the electromagnetic form fetors of strange hadrons through electro-
production reactions. Finally several QCD#spired formalisms predict missing baryon
resonances, which should be looked for in mesons electromagnetic production, other than
the N channels.

1.4 K photoproduction

The “rst measurements of strangeness photoproduction have been done in the 1960s,
while the “rst models in the ELA formalism were developed in the 1960-70s by Thom
[21] and Renard and Renard [22]. They used an e ective Lagrangian with the coupling
constants adjusted on the existing data. That database was actually limited and with
low quality. Besides the extracted values of the coupling constants were lower than the
SU(3) predictions and the calculations astemplated a large number of parameters.
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Recent measurements of the total and di erential cross sections have been accomplished
by the SAPHIR collaboration [23, 24, 25]. Though these data put serious constraints
on phenomenological approaches, it has been shown that [26, 27, 28] the polarisation
observables bear a much stronger selectivity on the reaction mechanism ingredients. It is
thus of great interest to measure the polarised beam asymmetry.

The new experiments at CEBAF, ELSA and ESRF/Graal are providing copious data on
the kaon electro- and photo-production. A geat e ort has been done [26, 29, 27] in order
to extend the models to di erent reactions and to photon energiek ,, 2.5 GeV by
minimization procedures on all the existing data.

s channel u channel t channel

Figure 1.3: Born terms for the kaon photoproduction with their coupling constant.
Y = ) )

The isobar model has been used [26] in «90 irder to best reproduce the old data from the

K photoproduction. All the Feynman diagrams for the s, u and t channels of the Born
terms (see “gure 1.3) and the respective resonances with spin£2lhave been considered

to calculate the scattering amplitudes of this channel, obtaining this way 4096 possible
combinations of state con“gurations. Thecombinations have been, hence, minimized on
the data with the 2, to select the best ones. A further selection was done on the coupling
constants, whose values had to be close to the ones expected by the SU(3) predictions.
Only two combinations satis“ed these conditions and only one was in agreement with
the measurement of the target and recoil asymmetry. Besides the Born terms, the best
model (called AS) contained the exchange of the following particlek (892), K 1(1280),
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N = P11(1440) and = Sp1(1670).

A further improvement of this model have been accomplished with the so called SL
model from the Saclay-Lyon collaborationf27]. In the SL model the resonances with
spin = 3/2,5/2 have been added to the previous AS model (reported in the previous Sec-
tion) in the s channel, as required to reproduce data at higher energy. The (1405) was
also added because it is present in the radiative capture of the kaon.

One of the major shortcomings of the ELA is that the propagators for exchanged reso-
nances with spirr 1/ 2 do not have inverse. This situation was cured by the RPI group
[19] in the case of the and productions. Recently, the Lyon-Saclay-VPI collaboration
[28] extended those so-called o -shell treatnmés to the strangeness production processes.
All these formalisms are limited to spir 5/ 2 resonances.

The recent development of the Saclay-Lyon collaboration (see [30] for a complete picture)
includes new improvements concerning the form factors. Up to its latest versions, this
model considers only electromagnetic form factors and those of the hyperons are approx-
imated with a nucleonic form factor. Williams et al. [31] have extended the VDM to

the and to calculate their form factors. These new form factors are now included in
the C model from the Saclay-Lyon collaboration.

The second improvement is on the strong form factors. Up to now, they have been
approximated to 1 (point-like particle) because of gauge invariance considerations. Several
prescriptions have been suggested to solveig problem. The most comprehensive is the
work performed by Davidson and Workman [32]. The authors have shown that the strong
form factors can be calculated by adding sme counterterms. These strong form factors
are now embodied in the Lyon-Saclay formalism.

A di erent analysis [33] always in the frame disobar model, includes the Born terms, the

K andK 1 resonances in thé channel, theS,;(1650),P;,(1710) andP,3(1720) resonances

in the s channel and, “nally, a missing resonance, thB 13(1895). The authors have shown
that this model perfectly reproduces theK cross section measured at SAPHIR (see
curve «aZ in “gure 1.4), thus claiming evidence for this missing resonance. Nevertheless,
a parallel analysis [5] has shown that the same agreement can be obtained by excluding
this missing resonance (curve +bZ) and includg, instead, the o -shell treatment of the
P13(1720) spin 3/2 resonance (curve «cZ). A good reproduction of the data is also given
by including the hyperonic resonanceBy;(1810) andPy3(1890) (curve «dZ). Such a result
shows how delicate is the determination of theesonances appearing in a given reaction.

10V/ector Dominance Model
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Figure 1.4: Total cross section for the process + p + K* as function of the center
of mass energy. The result is from [24]. We show di erent “ts from di erent isobar
analyses (as explained in the text).

In the same “gure we show as well the prediction of a quark model ([5, 34] curve +eZ)
that is in good agreement with the data.

A further improvement in the resonance identcation is thus to measure the polarisation
observables as the beam asymmetry.

1.5 The Quark Models

The basis of Constituent Quark Model states that quarks are con“ned by an har-
monic or pseudo-harmonic potential which is "avor independent. The constituent quark
model (CQM) in its various implementations (nam-relativistic, relativized) provides phys-
ical insight and is aimed at a global description of both the mass spectrum as well as the
structure of hadrons within a common frameork. The model predicts a large number
of resonant baryon states of light quark (u,d,s) The states fall into supermultiplets with
“xed orbital angular momentum and energy exitation level. The mass degeneracy within

15



one supermultiplet is broken by the color ragnetic hyper‘ne coupling between the quark
spins. This hyper‘ne interaction has been added in the OGE approximation [35] in
order to split states with di erent "avor.

18 18

2 ' 2]

where V (r; ) does not depend on the "avor and the spin. This way, the hyper‘ne in-

Vao(ri) = S V(rj)

teraction gives rise to di erent excited stdes: for some of them the existence has been
partially or completely proved, but there are a lot of excited states which have not been
seen so far. They are the so called missing resonancesZ [36, 37, 38]. In this context, one
of the challenges is, “rst, to extract mass and width of some resonances with less than
four stars (see table 1.1) and, second, &earch for these *missing resonances?Z.

The quark model has also been studied [39, 40] in the Chiral Symmetry frame, where the
interaction between chiral quarks is described by the e ective Lagrangian [41]:

L= [i "+ V"+ sA*Sm] + .. (1.1)

whereVH and A" are respectively the vectorial and axial currentsand = ( (u), (d), (s))

is the quark “eld in the SU(3) symmetry. In general, the constant of the con“ning po-
tential (as the oscillator strength) is linked © the amplitudes of the pseudoscalar meson
photoproduction.

A di erent view of the quark model is going to take shape, the so calle@oldostone
Boson Exchange [42]. High importance, in this theory, is given to the spontaneous
breaking of the Chiral Symmetry: the spontaneous breaking means that new particles are
created, the so called Goldstone bosons, which are associated to particles with a "avor,
where in the OGE theory these last were intemgted by means of the spin-spin interaction.
In the Bag Model [43] the quarks are con“ned in a spherical potential. This choice allows
to properly de“ne the quark con“nement at lov energies. The mesons are explicitly
introduced and, in the Cloudy Bag Model [44], hadrons are de“ned as composed by
guarks and pions that exchange with each other their masses and angular momentum.
The Skyrmions Model [45] describes the hadron interaction in a Lagrangian with an
unde“ned number of colors. AsN. [46, 47] the hadrons are associated to the
creation of solitons (Feynman diagrams with only an external leg). This model seems to
properly reproduce the mesonic states.

10ne Gluon Exchange
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Chapter 2
A general overview of the apparatus

The Graal* facility, installed at the ESRF? of Grenoble (France), presents all the features
required for the measurement of photoprodtion reactions which are characterized by
low cross section. The Graal beam is obtagal by the backscattering of laser light on
high energy electrons circulating in the 6.045eV storage ring of the ESRF. This beam
has a degree of polarisation up to 0.98 and its energy is tagged with a resolution of a
few percent. Compton beams have also the advantage of a rather "at energy spectrum
compared to bremsstrahlung beams, which decrease &S 1, thus reducing the low energy
background.

In the “rst and second sections we will describe the general features of polarised beams
and the speci“c case of the Graal experiment. The third section contains photon beam
characterisation in energy, resolution and polarisation and a review of production and
monitoring of the experimental set-up. The durth section is dedicated to the target and
the “fth one to the detectors in the experimental hall. The acquisition system is brie"y
described in the sixth section, while in the lagwo sections we will describe the procedures
for the data preanalysis and simulation.

2.1 Polarised photon facilities

Over the past 30 years photonuclear experiments have not achieved high photon polari-
sation, high energy resolution and high pHon "ux at the same time. The turning point
was, more recently, a new generation of electron accelerators and photon beams, charac-
terised by high "ux (10’ s51), high energy resolution (a fewMeV), and promises of

1Grenoble Anneau Accelerator Laser
2European Synchrotron Radiation Facility
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high polarisation. Table 2.1 displays the main features for a number of polarised photon
facilities.

Facility laser (nm) E(GeV) E™(MeV) Flux ( /s)
Lebedev (1964) Rubis  694.3 0.6 7 10°
CEA? (1965) Rubis  694.3 6.0 400 107
SLACP (1969-74) Rubis  694.3 15.6 4660 10
SLAC (1980-83) Nd-YAG 266.0 30.0 20000 10
LNF€¢ (1978-90) Ar-lon  488.0 1.5 80 100
BNLY (1988-) Ar-lon  351.1 2.5 370 107
VEPP® (1988-) Ar-lon 5145 2.0 140 1¢°
ESRF (1995-) Ar-lon  351.1 6.0 1500 2.10°
SPring-8 (2001-) Ar 351 8.0 2400 2510

aCambridge Electron Accelerator.
bStanford Linear Accelerator Center.
¢Laboratori Nazionali di Frascati.
dBrookhaven National Laboratories
€Novosibirsk.

Table 2.1: Chief characteristics of polarised photon facilities

Although there is some overlap among thedacilities, many of their programs are com-
plementary and provide a vigorous attack on many key physics issues.

The main methods to produce polarised photobeams are bremsstrahlung radiation and
Compton backscattering. High photon "uxesare easily produced by the bremsstrahlung

of electrons in a high-Z radiator. These rays have an energy distribution of E , namely

a high concentration at low energy. The real di culties are associated with the production

of polarised electrons. Impressive results have been obtained at SLAC[48] and successfully
duplicated at Mainz[49] and at LADONI[50]. Finally, the coherent bremsstrahlung of
electrons in single crystals such as diamdmand silicon has also been used to produce
linear polarisation.

2.2 The ESRF and the Graal facility

The ESRF storage ring has been designed toqatuce synchrotron radiation for the study
of matter properties, ranging from crystals, emiconductors to proteins and cells. When
the ESRF was originally proposed it was immediately evident that its high energy and
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low emittance would have made it the best machine to produce Compton backscattering
ray beams.

Figure 2.1: Schematic view of synchrotron radiation facility of Grenoble (France)

The ESRF is composed of a linear injection system, providing an acceleration up to
200MeV, a synchrotron (300m of circumference) for the acceleration up to 6 GeV, and

a 854m circumference storage ring, divided int®4 straight sections joined by magnetic
dipoles. The goal is to produce a high brilliance and low dispersion beam by optimizing
the electrons intensity and emittance. The result is an electron current, circulating in
ultra-high vacuum (16°%° Torr), between 150 and 20@nA with a time of life of about 50
hours and very small dimensions of the order of some hundreas.

The electrons circulate in bunches 85140pslong, spaced according to di erent operating
modes (single bunch, 16 bunches, 2/3 bunches) and the bunch spacing is function of the
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frequency of the resonance cavities (39%2Hz).

The basic cell of the ESRF (1/16 of the storage ring) consists of four straight lines: a
short one (65 m, called D line), a long one (18m, called ID), a D again and, “nally,
another ID line. The long straight sections are dispersion-free and, at their center, there
can be only a low betatron wavelength for the insertion of a wiggler or a high for the
insertion of an undulator. The synchrotron radiation is produced in the dipoles and with
wigglers and undulators, situated in the straigt sections. The Graal experiment does not
use the synchrotron radiation but the electron beam to produce a high energybeam
by the Compton backscattering. Synchrotron radiation is therefore harmful for the Graal
experiment, because it can damage the detectors and the optics.

2.3 The beam

2.3.1 Characteristics of the Compton scattering

k. E

Ke B

Figure 2.2: Kinematics of the reaction + € + e

If a laser photon of energyE, strikes a relativistic electron of energye, with a relative
angle close to 18Q as in “gure 2.2, it is scattered in the backward direction inside a
narrow cone, with angle . If and ;= S( + ) are respectively the values of the laser
scattering angles with respect to the incoming electron and thebeam, the energy of the
“nal photon E is

1S cos
E —

-E . . 2.1
Y18 cos +(EL/E¢)(1 S cosy) @D
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where is the electron velocity in units of the speed of light. If we consider relativistic
electron sources, the followmig approximations hold: = E./m >> 1, 1, ; 180
and << 1, the relation (2.1) may then be rewritten as follows, neglecting the very weak
dependence upon (if =1 , avery high value compared to the electron and laser beam
alignment?, the energy variation of the gamma beam is about 2keV):

4 °E_

1o 5 e 2

(2.2)

For a “xed laser line and electron beam energy, the maximum energy of the scattered

photon (Compton edge),E .. ., is obtained at = 0 and it is given by the following
relation:
z 4 EZE_
E = E = € 2.3
max *1+z m2(1+2) (2:3)

wherez = 4(E¢E_/m?). For UV laser lines ( 351nm) one obtains ,, = 1,47 GeV.
The maximum scattering angle in the laboratory system is 500 prad corresponding
to about 3 cm at a distance of 35m.

The energy spectrum of the outcoming photo beam is given by the di erential cross-
section for the Compton scattering in the laboratory frame:

d 2r2
d - mzoi FoBL (2.4)

whererg =2,818fm is the classical electron radius ané is:

If =0, ;and ; are given by:
=S : = +
! m 2 m 2

If the electron is relativistic, as in the Graal case, its helicity is conserved. Thus, the
degree of polarisationP of the scattered photons is proportional to laser beam oné®
depends on the scattering angles and in the electron frame and its value is averaged
over . This way, if P\ is the linear polarisation of the laser:
. _ (1S cos )2 pL

- 2F -

E 0.2 , by considering the alignment procedure used

b (2.5)
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whereF and are given by:

F = + S'&sip =1+2 IfnL(lécos)
1S E /E & S 2 2
cos = eSSVE/[EL 1+ )]
2SE /E &

In “gure 2.3 the energy spectrum and the polasation are shown for di erent laser energy
with PL = 100% and a constant total "ux of 1 /s .
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Figure 2.3: Distribution of the di erential "ux (left) and linear polarisation (right) for an
electron beam energ¥. = 6 GeV and for di erent laser energies (515, 351 an@00nm),
as function of the Compton photon energy.

2.3.2 Beamline set-up

Figure 2.4 displays an overview of all the experimental set-up. The collinearity between
the laser and the electrons is achieved thanks to a vacuum line of 80of length. The
pressure is maintained at about 19*° Torr in order to match the vacuum of the storage
ring. The laser cabin is along the tunnel wall, 25n from the interaction region, and
contains all the necessary optickor the alignment and focusing.

The laser and its optics are situated inside the laser cabin on an optical bench. The laser
is an Innova 200 Argon-lon with an output of 12W on green 512nm line, 7 W on the
UV 340S 350nm interval and 3 W in the UV 320S 330nm region. A Brewster window
polarises the photons in the vertical directia inside the laser cavity. The virtual waist
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Figure 2.4: Schematic layout of the Graal beam and its experimental set-up.

(2 m far in the backward direction with respect to the laser) is 30@um in diameter. The
optics, as shown in “gure 2.5 consists of:
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/
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Laser Obturateur L1 L2

00

Figure 2.5: Structure of the optical bench.

1. a system of three lenses (L1, L2 and L3), in practice a zoom, which allows to change
the position and size of the laser waist inhe interaction region. This way a waist
of about 1 mm is obtained in the interaction region;

2. a polarisation rotator that can either change the orientation of linear polarisation
(/ 2) or transform it in circular polarisation (/ 4);
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3. the periscope: a set of two mirrors, MP1 and MP2, where the orientation of the
latter can be controlled with aprad precision, to reach the superposition of the laser
and electron beams in the intersection region;

4. a vacuum window to allow the laser light into the machine vacuum system;

5. a “xed beryllium mirror to deviate (90 ) the laser light in the direction of the
intersection region. The beryllium was cbsen for its low Z since it is crossed by the
gamma-rays of our beam .The X ray radiation emitted in the bending magnets of
the accelerator may warm up and damage the mirror. These X rays come from the
bending magnets which precede and follow the straight section of the intersection:
their distribution is thus decentralized with respect to the beam and localized in
a horizontal plane. It can be almost compkely eliminated by two copper «“ngersZ;

The high energy photons travel backwards in the vacuum line, they go through the beryl-
lium mirror, the stainless window and, “nally, enter the experimental hall where they come
across a 2@m long lead collimator: the beam is hence at the most 12 15 mm? large.
A magnet cleans the beam from the electrons drpositrons created by the collimator and
“nally the photons reach the target through a vacuum pipe (16° Torr).

Our simulation shows that this collimator does not a ect the polarisation of the beam. In
addition the optics of the laser line must pregee the laser polarisation as much as possible:
the entrance window on the beam line and the beryllium mirror can in fact deteriorate the
laser polarisation due to X ray radiation damage on these elements. The laser polarisation
was, therefore, measured at the output of the beamline (after the intersection with the
electron beam) and its value &

P, =0.98+ 0.02% (2.6)

2.3.3 Beam energy and resolution

The energy of the Compton photon can be worked out once the energy of the recoil
electron is known. It is calculated from the psition of the scattered electron measured by
the TAGGING detector situated after the bending magnet. The energy of these electrons
is lower than the energy of non scattered ettrons and they substantially deviate from
the main beam trajectory as shown in “gure 2.6.

4The Stokes parameters have beemecently measured and it has been observed that the laser light
is not 100% linearly polarised, but sightly elliptical. This e ect is neg ligible for the linear polarisation
itself but it might a ect the circular polarisation experiments which are foreseen.
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Figure 2.6: Schematic view of the TAGGING detector.

The TAGGING detector is inserted in the storage ring, just after the magnet, inside
a movable box (represented “gure 2.6). The box is hermetically shielded bym™m of
tungsten in order to suppress almost 100% of the X ray background.

The detection device is inclosed inside a I\m heigh and 10cm wide (along the beam
direction) box and consists of two detectors:

- a set of 128 siliconustrips, where the electrons release about 1&@V. This set-
up gives a precise measurement of the position, i.e. an energy resolution of about
16 MeV limited by the emittance of the electron beam;

- 10 plastic scintillators, wherethe electrons release about MeV. Two long scintil-
lators cover the whole detection zone while eight small ones are placed side by side
and each of them covers a small zone of detection (about B:V).

The experiment trigger is given by the coincidence between the two long plastic scin-
tillators and at least one among the shorter ones. The gate of this coincidence is 380
large and allows to select the right electno bunch using a coincidence with the Radio-
Frequency of the ESRF. This trigger allows a time of "ight precision of the order of 58s
for all the detectors. Finally the coincidence is also useful to eliminate the X-rays.
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E determination

The relationship between the energy and the electron positiorkes on the TAGGING
detector is given by:

- X8 Ees
E = aoixegs where (2.7)
a8 = 159,9+ 0,3 mm is a number dependent on
the longitudinal position of the TAGGING
Ees = 6030.6= 6 MeV is the electron energyEes

The electron energy has been deduced from the threshold of thgghotoproduction [51].
The x5 value is linearly dependent on theustrip number:

Xes = (Xust S 0,5) - d+ Xorr (2.8)

whered = 0.3 mm is the pstrip width and xorr the position of the “rst strip.
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Figure 2.7: Compton edge on theistrip detector. There are three groups of di erent laser
lines that gives three di erent Compton edges.

The measurement of the Compton edge gives as well an estimation of the energy resolution
of the beam: when the UV lines of the laser are used , six di erent lines contribute to the
Compton edge as shown in “gre 2.7. These lines are: 368 [3514,3511],[320...,...] nm
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and, by considering the energy resolutignthey show up as three groups, which can be
observed on the experimental Compton edge in this “gure. From the “t the energy
resolution is ¢ =6.8 MeV corresponding to a FWHM of 16MeV.

2.3.4 Beam monitoring

The number of photons on the target is monitored by two di erent detectors positioned
at the end of the beam line:

-the Spaghetti monitor is a calorimeter for the detection of electromagnetic showers. It
is a sandwich of scintillating “bers and lead. It is 1& 10cm? in section, 60cm deep, 99%
of the electromagnetic shower is contained inside the detector, which has 100% e ciency.
At low beam intensities the energy resolution for the photons is 30% but pile-up e ects
occur when the uxes are greater than 18 /s , distorting the counting rate.

-the thin monitor , situated in front of the spaghettiis used to measure "uxes up to
10’ /s . Itis composed of three plastic scintillators (5nm thick) with a square surface of
12x 12 cm?. An aluminum sheet (2mm thick) is placed amid the two “rst scintillators,

in order to convert photons into electron-psitron pairs. The photon is thus identi“ed
by the coincidence between the second and the third scintillator in anticoincidence with
the “rst one. This way, the counting rate of the thin monitor is limited at about 1 Hz
and pile-up is negligible. The e ciency has been carefully estimated [51] and igon =
2.592+ 0.005%.

2.4 The target

The target is “xed on the beam axis, 25n far from the interaction region. It is composed
of liquid hydrogen (H,), contained in a Mylar cell of three possible dierent lengths
(3,6,12cm) and 4 cm diameter. Other types of liquids can be used as medium 4, He
and “He).

A cryostat (whose description is reported in [52]), working with Helium cycles, lowers
the cell temperature. When the cell is “lled up the working temperature of the liquid
hydrogen is 18K and the density is = 70,8-10°3 g/cm3. The total thickness of the
three mylar caps is 21um ( = 1,39 g/cm?3). In the “rst stage of the Graal program
( , channels) 3 and &m targets were used. This way, the uncertainty on the polar and
the azimuthal coordinates of the charged particles is only slightly a ected by the target
dimension. The new experiments{ , N channels) require now high statistics and a
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longer target (6 or 12cm). The cylindrical chambers are therefore essential to reconstruct
the angles of the charged particles (with highasolution). This thesis deals with data and
simulation analysis on 6cm target.

2.5 The LAGRAN E detector

The 4 detector LAGRAN E®, for the detection of neutral and charged particles, has
been conceived to reconstruct the kinematics for reactions with a center of mass energy
from 13to 1.9GeV.

IN

Figure 2.8: Schematic view of the LAGRANE detector:
1- Target 2- Cylindrical MWPCs 3- barrel of plastic scintillators 4- BGO calorimeter
5 and 6- Planes MWPCs 7- Scintillator hodoscope 8- shower detector.

The detector, as shown in “gure 2.8, consists of a cylindrical central part and a set of
forward detectors. The particles emitted in the central part at angles between 2%nd

SLarge A cceptanceGR AAL A pparatus for Nuclear Experiments.
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155 with respect to the beam axis, pass through two coaxial cylindrical MWPCs (2),
a barrel made of 32 plastic scintillators (3), that provides E information for particle
identi“cation, and the BGO ball (4) made of 480 ByGe;O,, crystals.

The particles emitted in the forward direction at polar angles less than 2%ass through
two plane wire chambers (5,6) and a double wabf plastic scintillators (7), covering an
area of 3x 3 m? and located 3m far from the target. It is followed by a shower detector
(8) consisting of 16 vertical modules (lead/sntillator sandwiches) covering the same area
as the double plastic wall.

2.5.1 The electromagnetic calorimeter

The BGO calorimeter (4) measures the emgy of charged and neutral particles with
di erent e ciencies and resolutions. The calorimeter is composed of 480 crystals, 15 in
and 32 in . The crystals are 24cm long (21 radiation lengths), for a good con“nement
of the photon shower in theGeV region, and are arranged in such a way that the reaction
products, emitted in all directions from the taget center, encounter a constant thickness
of BGO. They are housed in 24 carbon “ber baskets; each of them is divided into 20 cells,
to keep the crystals optically and mechaiially separated. The internal walls are 38 mm
thick, while the external ones are 4 mm thick. A cylindrical hole of 20.3 cm diameter
along the beam axis allows the insertion of # target, the plastic scintillators and the
cylindrical MWPCs.

The accuracy and reliability of the energy calibration is a basic requirement for this
detector, in which both crystals and photomitipliers contribute to obtain high energy
resolution. The gain variations of all sectors have been monitored as a function of time,
thus ensuring uniformity of response during data taking and keeping to a minimum the
time spent in calibrating the calorimeter. The whole procedure is reported in [53].

The BGO light output is known to decrease with increasing temperature. Since a ther-
mostatic regulator of the calorimeter is not possible due to its compact geometry, it was
necessary to keep under control the crystal teperature in order to estimate the possible
variations of the energy calibration; the whole system is described [54]. Nevertheless the
existence of an air conditioning system for the whole laboratory, limits room temperature
variations to 2S 3. The thermal contribution to the total energy resolution is about
Fr 0.4%. The total energy resolution is [55]:

b ? C ’
FWHM)= a2+ + 2%
( ) E E ’
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wherea = 0.17 is a constant termb = 0.97 is the noise and = 2.36 is the statistical term.
The constant terma includes the "uctuations in the energy leakage, the non-uniformities
in the crystal response, the intercalibratioruncertainties and the thermal term evaluated
with the temperature control system.

When a photon strikes the calorimeter it produces an electromagnetic shower that is
absorbed 99% in the detector, 90% being absorbed by the crystal at the center of the
shower. The cluster center, identi“ed with the center of gravity method, gives the following
resolutions for the photon angles:

F =6 etF =7 (E > 200MeV)

Hadrons can also be detected by the BGO via nuclear reactions. In this case the e ciency
is much lower (about 20%) and it strongly dpends on the hadron energy. The best angular
resolution for the low energy protons is 10

2.5.2 The track detectors

The track detection of charged particles is achieved by four MWPQ2,5,6). Two of them
are in the forward direction and two in thecentral one. The double measurement of the
position allows to calculate the polar ad azimuthal position of the particle.

Plane chambers (5,6)

Each chamber is composed of two planes of wires if8n distance between two wires)
with perpendicular directions (see “gure 2.p The “rst chamber has the wires oriented
in the x,y direction while the second in theu, v direction (at 45 with respect to the x,y
plane) in order to resolve the ambiguities when more than one particle goes through the
chambers.

The chambers are respectively 93.2 and 123m far from the target center. Each plane,
as shown in “gure 2.9 is composed of gilt tungsten wires, placed between aluminized mylar
cathodes. The dimensions are given in tadl2.2. The space within each cathode (Xim)

is “lled in with an Argon-Ethane mixture (85 and 15%, respectively). A 2400/ voltage

is applied to the wires. Under these conditions the e ciency is close to 100% [56] and the
position resolution is comparable to the wire distance.

The angular limit of the plane chambers is < 21 . Since the lower limit of the cylindrical
chambers is > 25, there is a small angular region thais not covered by the detectors.

6Multiwire Proportional Chamber
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Figure 2.9: Schematic view of one plane MWPC.

Chamber 1 Chamber 2
Surface of the wire plane 960x 960 mm? 1152x 1152mm?
Number of wires 320x 320 384x 384
Distance between wires 3 mm 3 mm

Table 2.2: Geometrical dimensions of the plane chambers.

The cylindrical chambers (2) together with their e ciencies and the optimization of their
software analysis is one of the main parts of this thesis and they will be therefore treated
in the following chapter.
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2.5.3 The charged particle detectors
The scintillator hodoscope (7)

A 3 x 3 m? plastic scintillators wall identi“es charged particles in the forward direction.
The wall is made up by two series of 26 scintillator bars, respectively vertically and
horizontally oriented, and it measures the time of "ight on a 3m distance. The bars
are composed of NE110A and they are Blcm wide and 3cm thick. The time of "ight
resolution is Ftor = 600 ps for the detection of ultrarelativistic electrons or positrons.
The detection e ciency is 100% if the particle energy is greater than a fewleV. An
accurate description of the wall is given in [52].

The barrel of plastic scintillators (3)

A cylinder of 32 bars of plastic scintillator (NE110A) is installed between the cylindrical
chambers (3) and the calorimeter (4). Each bar is 48cm long, with a trapezoidal section

(h =18 mm, H =19 mm). The bars are housed, four by four in a carbon “ber structure
0.5 mm thick. Each bar covers an azimuthal section of the calorimeter. The internal
diameter of the barrel is %4 cm. The scintillators are 5 mm thick and they identify
charged patrticles by energy loss measurement. Moreover the coincidence with the BGO
allows the separation of neutral and charged clusters in the calorimeter.

2.5.4 The shower wall

A large acceptance lead-scintillator time-aefight wall (8) has been installed to detect
photons and neutrons. The time-of-"ight resolution isF; 600 ps and the position
resolution is Fpos 11S 18 cm. The wall is an assembly of 16 modules, mounted
vertically and covering all together a sensitive area of 8 3 m2. The modules, aligned
with respect to the beam are “xed 3 m from the target. Two central modules have
half-circle holes (9cm diameter) for the beam passage. Each module is a composition of
four 4x 19x 300cm? scintillator bars, separated by 3 layers 3nm thick of lead converter.
The e ciency of the neutron detection has keen evaluated with the simulation: the neu-
tron e ciency is about 22% for a 10MeV threshold. A photon e ciency of 92-95% was
obtained in a similar way. A detailed descripon of the shower wall and its features is
reported in [57].
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Figure 2.10: Overview of the Graal experiment and its speci
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2.6 Acquisition system

The Graal experiment scheme of the acquisition system (SAGS8]) is shown in “gure
2.10. Its main feature is a hardware event builder which associates compact and pro-
grammable ASIC type electronics and standard electronics read by a FERAus.

ASIC circuits permit analog to digital signal processing for many types of particle de-
tectors, such as anode wires and cathode strips of MWPCs, photomultipliers and drift
chambers. The electronics is directly placed on boards and connected to the detector in
order to reduce the number of interconnectizs and, therefore, the risk of failure due to
connectors. The data transfer is performed bg 32 bit ECL bus, linking all the detectors.

A SUN workstation controls all the detector settings by the ASIC bus. Once the bu er
is transferred in the shared SUN memory, it can be recorded on tapes (&0yte of size)

or processed by the spectra building program, running on the station.

Six of the twelve detectors are controlled by the FERA electronic system. Their calibra-
tion and monitoring is performed by a traditional CAMAC system on an Alpha station,
operating with VMS. The FERA bus is read by the ASIC bus through the FASIC module.
A C program has been written to set the parameters of electronic modules (thresholds,
delays, amplitudes, widths, channel conneicin on an oscilloscope, etc.) located on the
di erent boards. It runs on the SUN station with a powerful graphical interface called
SL-GMS.

The data acquisition time depends on the largest conversion time {4 for the audio
converter), on the bus speed (:1is/m) multiplied by two VME periods (125 ns). For
about 100 events this time amount at 1.6 us, giving, this way, a transfer rate of about
23 Mbyte/s, that has to be compared to the ETHERNET transfer limit (600Kbyte/s).
The trigger frequency being about 20®1z, the number of lost events is thus negligible.

The trigger system

The acquisition system is composed of di erent triggers, which come from either physical
or beam events. All of them are in coincidence with the TAGGING detector.

An energy deposition in the BGO larger than 200 eV in coincidence with an electron in
the TAGGING detector, triggers the data acquisition for the physical event. This energy
threshold eliminates almost all the electromagnetic background radiating from the target.
This trigger is used for the meson phofarodution that decays into photons.

’Systeme A cquisition Graal A sic
8A pplication Speci“c I ntegrated Circuit.
9Fast EncodeR eadout A DC.
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Channels with three charged particles arériggered by the following condition: at least
two particles in the forward hodoscope and at least one particle in the central barrel. This
trigger allows to study the photoprodution of strange mesonX( et K ) as well as the
charged decay of other mesons ( ).

Two other triggers rule the beam acquisition: the “rst is the coincidence between the
second and third scintillators of the thin monitor in anticoincidence with the “rst one.
The second is an energy threshold on thgpaghetti Another trigger starts events with
the thin monitor and spaghetticoincidence. These triggers allow to calculate the monitor
e ciency and the beam "ux.

Data taking

Each period of data taking is divided into runs. The run length is four hours long,
depending on the trigger and on the intensity of laser line. Each run is measured by
alternating the two laser states with the bremsstrahlung mode. The actual timing is
about 20 for each polarisation and 5¢ for bremsstrahlung.

For each trigger and each polarisation or Bremsstrahlung state the acquisition records on
a module of scales the total numberfoevents. In particular the monitor, spaghettiand
time scales are read to calculate the beam "ux for each polarisation and Breemsstrahlung
state.

The maximum "ux is limited by the ESRF. In fact the loss of electron beam life time due
to Compton backscattering may never exceed 20% of the electron time of life.

The run are hence recorded on tapes with the IN2P3 binary format. The prograde-
code digitises these information in a CWNO structure, which can be used by the PAVA
software. At this point the calibration and control “les of each detector are created and
the run is ready to be processed by the preanalysis program.

2.7 Data preanalysis

Figure 2.11 displays the "ow chart of the programs used by the collaboration to process
simulated and real data. The structure was designed in order to have the same type of
analysis (starting from the programprean ) for both real and simulated data. Theprean
program receives digital outputs (ADC, TDC, signals from MWPCs,...) and transforms
them into physical quantities. The number of charged tracks in the MWPCs is calculated

10Column Wise Ntuple
L physics Analysis Workstation
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AKIGRAAL LAGGEN
data acquisition event generator

LAGDIG
physical effects
(dispersions, calibrations
and digitization

DECODE
conversion in
n-tuple format

spaghetti and physical physical
monitor events events simulated events
PREAN
MONITORAGE : d DATA.BASE
flux calculation conversion an experimental
reconstruction constant
ANALYSE ANALYSE_TOUS
period parameters CANAUX
analysis options number of particles
channel analysis in the final state
charge-neutral idetification
COUPURES
selection on
kinematic variables

SIGMA
definition of the
energy and angular binnirrg

ASYMETRIE
observable calcuation
per bin

Figure 2.11: Flow chart of the program used for the treatment of simulated and real data.

together with their energy loss in the hodoscope or barrel and any energy released in
the calorimeters (shower or BGO). Neutral particles are classi“ed with their angles and
energies measured by the calorimeters. Tlamalysis program reads the output ofprean
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and its structure will be described in the dedicated chapter.
At the same time themonitorage program reads the beam triggers form the thin monitor,
the spaghettiand the scales to calculate the photon "ux.

2.8 Simulation

The laggen program is based on the GEANT3.21 package [59]. It generates a given
reaction channel, describes the structure of the detector LAGRANE and simulates the
response of the apparatus to photoreactienon protons. The events are producted by a
randomly generated using the energy distribution obtained with the beam simulation (not
reported in the “gure). The reaction channés can be chosen on a data base composed of
23 (for the proton) possible hadronic (and non hadronic) reactions, which are reported in
the appendix B. The program includes the kawn cross sections for each channel: most
of them are known with a 10% precision and rare reactions are approximated with a cross
section of about lubarn. Some cross sections are also tiretically extrapolated in some
kinematic regions. The particle kinematis is then randomly generated on the basis of
these cross sections. The GEANT pakage sitates the detector geometry and, step by
step, the interaction of particles with the matter. The electromagnetic decay of mesons
has been optimized [55, 60] with the FLUKA pakage, a Monte Carlo code, which simulates
hadron and lepton cascades from several TeV down to a few keV (thermal energies for
neutrons). Moreover, the program preservese initial momentum, energy and vertex of
each primary particle.

Lagdig simulates the response of the LAGRANE detector. It reads event “les generated
by laggen, applies the response of each detectort{@nuation, dispersion, threshold,...),
supplied by thedata.base *“le, and converts the informations into digital format. Hence,

a subroutine can then be used to select di erent triggers corresponding to di erent event
classes.
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Chapter 3

The cylindrical chambers

Introduction

The analysis of reaction channels with threeharged particles in the “nal state is one of
the main goals of the GRAAL collaboration. In particular, as explained in the theoretical
chapter, the channels likeK and N allow to access to new polarisation observables.
In the chapter on the apparatus we stressed thahe angular resolution of the plastic
scintillators and of the electromagnetic calometer in the central part of the detector are
not su cient if we want to use longer targets for channels with low cross section (as the
kaon photoproduction, whose cross section is aboutybarn). The angular resolution
of the BGO gets much worse with long targetstherefore the kinematic cuts, which are
used to separate a given channel, have a selectivity largely reduced. In order to improve
the situation it is therefore necessary to use the cylindrical MWP& which give a much
better angular resolution and a higher selectivity of the kinematic cuts.

From this point of view an accurate study of the performances and an optimization of the
detection e ciency of the cylindrical chambe's have been necessary and it constitutes the
main part of this thesis. Later on, in the analysis chapter, we will test the performance
of the track reconstruction on theK , and photoproduction.

In the “rst section we will describe the operating principle, the geometrical structure
and the readout system of the cylindrical MWPCs. The algorithms for the track recon-
struction are, then, reported in the second section. In the third section we will test the
simulation software of the chambers and to check its reliability in order to establish their
spatial resolution and reconstruction e ciency. The fourth section is devoted to the main

IMultiwire Proportional Chamber
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applications of the cylindrical chambers: &“rst, we will treat the identi“cation of the
reaction vertex, which is useful to correct the angles of the photons detected by the BGO,
as well as to calculate the mean free path of baryons which decay weakly (as the ); at
second, we will show how the beam misalignment is determined and corrected from the
measurement of the azimuthal resation of the cylindrical chambers.

3.1 Detector description

3.1.1 Geometrical structure

Figure 3.1: Image of the cylindrical chamber: the wires and the internal cathode of the in-
ternal chamber are shown. The second cathode (not present) is superimposed with opposite
helicity.

Our detector is composed of two, concentric, cylindrical multiwire proportional chambers.
For each chamber the anodes consist of gilt tungsten wires (R diameter) stretched
along the cylinder axis (corresponding to the beam one). The wires are surrounded by
two cathodes made of strips with as shown in “gure 3.1. The gap between wires and strips
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is 4 mm.

Figure 3.2: Section of the cylindrical chambers along the beam axis.

Chamber 1 Chamber 2

Length 400 mm 505 mm
Diameter of the wire plane 100 mm 170 mm
Number of wires 128 192
Distance between wires 2.45 mm 2.78 mm

Int. Cath. Ext. Cath. Int. Cath. Ext. Cath.
Cathode diameter 92 mm 108 mm 162 mm 178 mm
Number of strips 60 64 96 96

Polar orientation of the strips 33.86° S41.01° 41.01° S46.63°

Table 3.1: Geometrical dimensions of the cylindrical chambers.

The structure of each chamber is shown in “gure 3.2 and their dimensions are reported in
table 3.1. The cathodes are made of Copper deposited on Kapton sheets which are glued
on a shell of polymethacrilate foam. The two cathodes of one chamber are structured in
adjacent strips (35 mm wide, 05 mm between two strips) as spirals around the beam
axis (“gure 3.1) and with opposite helicity with respect to the beam (z) axis. The gas of
the chamber is an Argon-Ethan (85 and 15 % respectively) mixture.
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Operation principle

A high negative voltage is applied to the cathode strips and the electric “eld lines are
similar to the case shown in “gure 3.3.

Figure 3.3: Electric “eld lines in the cylindrical MWPC.

Except for the region very close to the anode vas, the “eld lines are essentially parallel
and almost constant. If a charged particle crosses the chamber, electrons and ions are
created from the Argon molecules and they W drift along the “eld lines towards the
nearest anode wire and opposite cathode respectively. Upon reaching the high “eld region
(close to the wires) the electrons will produe an avalanche and generate a negative signal
on the anode wires. The positive ions induce, by in"uence, a negative charge on the
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anodes.

The azimuthal position of a given patrticle is directly deduced from the hit wire and the

position along the chamber axisZ coordinate) is calculated from the charge distribution

on the cathode strips (evaluation of the centroid [61, 62]).

The center of gravity of the charges is obtained from only three signi“cant strips. A more

complicated method involves a Gaussian curve “tting to the charges of three signi“cant

strips, but it will not be used in this work. So, if the charge distribution has a peak on

the strip i with a charge S; the centroid from the three signi“cant strips is given by:
SSis1+ S

x = Xcentroid S Xi = WSiél +S+ Sy (3.1)

wherew = 4 mm is the distance between the centers of two adjacent strips. The real
distribution of in"uence charge is thus trun@ted. To take into account this e ect we have
to correct the value , [56]:

o= 145 (3.2)

X

Read-out system

Each wire is read by a single integrated circuit ASIC16, developed by the 1383] in order
to satisfy the requirements of the GRAAL experiment. As we said in the previous chapter,
the integrated circuit ASIC16 allows serial toparallel conversion, pattern recognition and
validation of adjacent channels.

In “gure 3.4 the readout system for a cylindrical chamber is shown. The signal of a wire
(CIW) is processed by two ASIC types: the Wire Processor and the CPT32. In the “rst
one the signal is ampli“ed by a voltage ampli“er, then a fast ECL comparator permits
the amplitude discrimination (Discr) and a delay (Delay) between 30 and 505 can be
programmed in order to assure the coincidence with the experiment trigger. During this
delay a constant current is produced that provides a multiplicity signal by summing the
currents of di erent channels in a resisto. Finally, a one bit memory can be set if a
coincidence occurs. The second one (CPT3&)ntains 32 channels of 32 bit counters and
controls the counting rate of each wire. The conversion time is typicallyus.

The read-out system for the cathode strips is also shown in 3.4 for the internal cathode
(CIBI) and the lower part of the picture for the external cathode. The logic output signal

?Institut des Sciences NucEaires (Grenoble, France)
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Figure 3.4: Read-out system for wires and cathode strips of one chamber. CIBI is the
compressed block diagram for the internal cathode, CIW is the block diagram for the wires
and the lower part is the uncompressed block diagram for the external cathode.

from the QAC (charge to amplitude converter)detects the strips carrying a charge greater
than a “xed threshold, which is set above the pedestal level.

The ZBordurageZ function

The pedestal of the signals read from the cathode strip have to be calculated and sub-
tracted in order to have the right value of the charge. This value of the ADC channel
is calculated when there is no voltage supply on the strips and it has the peculiarity to
be very di erent from strip to strip due to th e dispersion of each electronic component
(ampli“ers, resistors, etc). A fortran program “t all the pedestal peaks strip by strip in
order to de“ne the maxima of the distribution and their dispersion. An example of these
value is given in “gure 3.5 for the “rst cathode of the internal chamber (60 strips).

This calculation is performed at the begining of each period of data taking (which is
about one month long) but a check of the pesbktal stability must be executed for each
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Figure 3.5: Average value of the pedestals (on the left) and the dispersion (on the right)

for the sixty strips of the “st cathode of the internal chamber.

data run (which is 2-3 hours long). In the electronic set-up the same threshold is applied

to all the strips. This solution, which has been chosen to simplify the electronics, may

cause a loss of e ciency because of the pedestal is variation from strip to strip. In fact,

if the pedestal is very high all the events in the ADC spectra will be over threshold; on

the contrary if the pedestal is low most othe real distribution will be not detected.

1000

events

800
600
400+

200+

threshold level

real

read
‘ ‘ ‘ ‘ read

5 6 7 8 9 10
strip number

Figure 3.6: Recovery of some strips which are under threshold. This way most of strips

with a low pedestal will be read

In order to recover all these signals a procedure, callaghction bordurage is used: instead
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of only considering strips above the “xed theshold on the charge, three strips under
threshold are also read, as shown in “gure 3.6. In this example the electronics will read,
as well, the strips number 2, 3 and 4 as well as the strips 8, 9 and 10. This procedure will
allow, this way, to recover strips with a too low pedestal. Another solution would be to
read all the cathode strips at the same time, but this will cause a huge amount of data
to be recorded.

3.2 Algorithms for the track reconstruction

When a charged particle hits one of the two chambers it will release a negative signal
on a wire and a positive one on a cluster of strips on both cathodes. An example of the
detector response for the simulation of @ ( * S ) event is reported in “gure 3.7.

8 4002— cathode n.1 400; cathode n.2 anode n.1
3:,3502— event=61 350- event=61 event=61
5300 300
o 250; 250
© 200- 200
150— 150
100— 100=
50= 50:=
O E | | ‘ | | | ‘ | | | O 1 [ | | [ | ‘ [ | | | | | | ‘ | |
20 4 60 25 50 50 100
strip number strip number wire number

Figure 3.7: Detection of ap ( * S ) simulated event, where three charged particles are
expected in the cylindrical MWPCs. Left and center: signals from the cathode strips (after
pedestal subtraction). Right: signals from the anode wires.

The programs which analyze and merge the response of each chamber and their association
are presented in the diagram 3.8. The steps are:

1. cluster identi“cation on each cathode and calculation of their center of gravity;

2. identi“cation of the hit wires and calculation of the azimuthal coordinate of the
tracks;

3. for each chamber, association of each wire with a cluster on the “rst cathode and
a cluster on the second one; all the possible combinations are retained and then
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we will choose the one that gives the lowest distance between the z coordinates
reconstructed on the two cathodes;

. at this step we have identi“ed all the possible points in each chamber: each point
corresponds to a wire (1), a cluster (z;) on the “rst cathode and a cluster ¢,) on
the second one; we act to associate the points in the “rst and second chamber and

to choose the solutions with the lower dierences1 S ,. The and for each
track can then be calculated.

_Cathodes I

A

] Cluster identification.(1)
Wires1 - | »  Center of gravity.

«—] Cluster reconstruction optic%n

_Cathodes

Wires 2 ______:::::::Azimutal coordinate of the track<|ﬂ—| Wire identification option :
Cathodes 4——
A
For each chamber and for each combination of wires and clusters: calqulation
of the z coordinate of the track on both cathodes and of their diffetende
choice of the combination which minimizes the differenze (3)
Find the association betwegn For each combination of wires: calculatio|1 r Eh;ic; (;tﬁe-l
the track in the MWPC and thhg of the difference\¢. Choice of the <« analvsis ontiorl
energy loss of the barrel. combination which minimizes the differencg(4) 1_"_ _y _ _p_ !

Figure 3.8: All the programs for the track reconstruction. The name of the fortran pro-
grams are in italics.

1. Cluster identi“cation

A cluster consists in a sequence of adjacent strips which have a signal above the threshold.
The program looks for relative maxima in eeh cluster. If it “nds more than one maximum
in the same cluster (that is the case of both cathodes in “gure 3.7) it will separate the

cluster in as many clusters as the number of relative maxima. Clusters with one or two
strips are considered only if their total charge is greater than a “xed threshold.

For each cluster the centroid and the total chege are calculated by using equation (3.1).
The coordinatex of the center of gravity of the cluster on the axis in “gure 3.9 is given
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Figure 3.9: Geometrical reconstruction of the z coordinate of one cluster. For simplicity
the cluster is represented as point-like.

X = X + ( npeak é 1) * W (3.3)

wherenpea is the strip number corresponding to the cluster maximum and the distance
between the centers of two adjacent strips. Cases with one or two strips per cluster are
also considered. In the “rst case the center of gravity of the cluster corresponds to the
single strip, while in the second one the center of gravity is the average on the number of
strips weighed with their charges.

2. Wire identi“cation

The hit wire directly gives the azimuthal coordinate of the track. Ifn is the total number
of wires andi is the hit wire, is given by:
1iS1
= 3.4
5 n (3.4)
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3. Wire-cathode association

Once is known, we calculate the intersection of each wire with each cluster on the
cathode, by using the technique of “gure 3.9. This intersection corresponds to tle
coordinate of the cluster: ifx is the center of gravity value on the axis perpendicular to
the strips and R the coordinate of the wire on the axis perpendicular to the wires, the
z coordinate of the cluster is given by the formula:
R . X

z= S . (3.5)
where is the angle between strips and wires. If the intersection between the strip and
the wire falls outside the domain ok corresponding to the chambr, the correction value

will be:
R . X 2R .
z = S |+ if z<z ™M
tan sin  tan cylinder
R . x < 2R .
z = S S if Z>Z Jinder

tan sin tan
This way, for a given track and for each hit wire, we obtain a value, for the “rst cathode
and a valuez, for the second one. The track coordinatez, is the average betweerz;
and z, and the charge associated to the chamber is the average of the cluster charges.
When several tracks are present, all the possible values ;afand z, are calculated and
only those which have the lowest values ¢fz; S z, | are retained.

4. Chamber association

At this point we have n; tracks, each one corresponding to a pair (,z), in the internal
chamber andne, corresponding to (¢, Ze) pairs, in the external one.

A track in the “rst chamber is associated to another one in the second chamber if the
dierence® ;S . is close to 0. Once the best solution has been chosen, each track is
identi“ed by the pairs ( i,z) and ( e, Z). The intersection of a given track with both
chambers is then calculated in the cartesian coordinates.

3.3 Simulation of the chamber response

In the previous section we showed how the track identi“cation is accomplished by the
reconstruction software. The best way to test the e ciency of these algorithms has been

3The cut used in this workis S . 8
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to use simulated events. The main problem is to de“ne the e ciency of the single track
reconstruction and, then, to extend this resulto more complicated reactions that produce
up to three charged patrticles in the cylindrical chambers.

In this context we chose to study the photoproduction which has only one charged
particle in the “nal state and, then, to extend these results to the decay in * S

In the “rst case we have the advantage that this channel can be selected without the use
of the cylindrical chambers. The result of our algorithms can so be tested on data

in order to validate the simulation. The simulation of the second one is, hence, studied
to extract the expected e ciencies for the two or three track reconstruction. The
photoproduction is also a tool to estimate the angular resolution for the proton.

In addition to what is previously said, we will also show how some improvements of the
algorithms have been necessary for the agreement between simulation and data: the most
important of them are the separation of the overlapped clusters on the cathodes, the
dependence of thez resolution on the shower mechanism in the gas chamber and the
in"uence of the beam alignment on the azimuthal resolution. We will deal with them
during this section, except for the beam alignment, which requires a separated section.
As “rst step we thus describe the simulation in order to highlight the parameters which
play an important role in the spatial resolution as well as in the e ciency.

The "ow chart of the simulation code is represented in “gure 2.11 on page 36. For each
primary and secondary particle of the event generator and for each chamber, the program
records (see table C.1) the cartesian and cylindrical coordinates of the intersection between
the track and the wire and the energy loss in the gas gap. The geometrical dimensions
used in laggen are reported in “gure 3.2. Each particle is followed from the moment
it is produced in the target to the moment it reaches the anode, produces the electron
avalanche and then most probably leaves the detector.

The programlagdig simulated the response of the chambers, i.e.:

- address of the hit wire;

- deposited charge on the strips of both cathodes.

The second item is, of course, the most di cult one because the avalanche process inside
the chambers presents a large statistical dispersion, which must be reproduced as closely
as possible. The energy loss of the particle inside the chamber, as given by laggen, is the
starting point. The total energy deposited is converted into a total charge (by a conversion

constant to be adjusted) and this value is randomized to reproduce the avalanche process.
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The next step is, then, to determine the charge deposited on each strip. This is achieved
by using the theoretical distribution [64]:

S : ai+tw
Q = 2Q arctan sinh 2XL . (3.6)

whereQ is the total charge, created inside the chambet, the gap between the wire and
the cathode,w = 4 mm the distance between the centers of two adjacent strips aral

is the distance of the strip center from the cluster peak. The charge is hence shared out
on nine adjacent strips. Anelectronic noise is randomly applied to each strip for all
the cathodes. Later on, only strips with a charge greater than a “xethreshold are
considered.

The informations are, hence, rewritten in digized format for each chamber: the list of
the active wires, together with their number, the list of active strips with their number
and the collected charge per strip. All thdagdig parameters and variables are reported
in table C.2.

3.3.1 Comparison between simulation and data

At this point we test if the simulation reproduces the data behaviour. To test the ex-
perimental response of the chambers, we use, as previously said, thesvents, selected
by the BGO when the proton is emitted at central angles. The background in the se-
lected events is lower than 1% [51], which is the most favorable condition to test the track
reconstruction.
In “gure 3.10 the charge per cluster on a cathode is reported. Data are represented by the
full line, while simulation is represented by the dashed line. In both data and simulation we
have already eliminated clusters with low multiplicity (that is to say clusters with only four
strips), which produce a great peak at low chanels. The selections applied on simulation
and data consists in the cuton z = |21S Z,|, as shown in “gure 3.11, where, and z, are
the center of gravity coordinates for a cluster on the “rst and second cathode respectively.
They are determined, as explained in the gbrithm section by the intersection with the
hit wire. The values used for simulation and data are z = |z; S Z| 0.06 cm and
z=|z1S2z| 0.3cmrespectively (this di erence will be explained below). The second
selection on the simulation and datais =] ;S ¢ 8 between the azimuthal angles
of tracks in the internal and external chamber, as shown in “gure 3.12. As we see the
agreement between simulation and data is almost perfect, thus con“rming the proper
choice of the simulation parameters.
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Figure 3.10: The cluster charge of protons on a cathode for real (full line) and simulated
(dashed line) data.

Let us check now the quantities z and , which are the cuts applied by our algorithms
and which give an estimation of thez and resolution of the chamber.

The dispersion seems enough realistic. In fact, if we consider that for each chamber the
resolution is the number of wires divided by 360 by a simple calculation we obtain:

360128 ° 360196 2
+ =14
2.35 2.35

The simulation gives = 1.971 and the data 9 = 1.968. The dierence between
the expected value 4 and the simulated and real ones is due to the particle straggling,
which is included in the simulation. The cut applied on is thus suitable.

As we can see, the resolution is much lower in simulation (; = 0.030cm) than in data

( 9 =0.055cm). It means that we underestimate some e ects in the simulation. The
e ect coming from the particle straggling throwgh di erent materials is already included

in the simulation, so we must look for other neglected e ects. One of them may be
the approximation in the electron avalanche mechanism . The simulation program,
actually, considers only the energy loss of the particle in the whole gas gap. In a more
realistic picture the gas gap should be divided in a number of smaller gaps, that will

52



events - -
14000 simulation data

events
20000

17500
15000
12500
10000
/500
5000
2500

T

simulation data

12000H
10000
8000
6000
4000

2000

4HH‘\H\‘HH‘HH‘HH‘HH‘H

.
7

| sy

2,-2(cm) 0-0¢(0)

x\\\‘\\\‘\\\‘\\\‘\\\‘\\\ I
1
/
|v
olh
N /
\

;

2

=

]
N
\

Figure 3.11: z between the cathodes ofFigure 3.12: between the two chamber for
one chamber for simulation (“lled line) simulation (coloured line) and data. The az-

and data. Data have a much lower res-imuthal angle is directly determined by the
olution. wire and it is, thus, discrete.

events
4500

4000
5500
3000
2500
2000
1500
1000

500

simulation data

\\\\\‘\H\‘HH‘\H\‘HH‘HH‘HH‘HH TTTT]TTY
-~

Z,-2,(cm)

Figure 3.13: Comparison of the new simulation with the data. The full line is the z of
the new simulation while the dashed line are the data.

independently produce an avalanche with theiown statistical dispersions. The expected
e ect would be to enlarge the z dispersion and, as a consequence, theesolution itself.
At present, this modi“cation has already been tested and it seems to give goods results,
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the z resolution being now similar to the real one.

The preliminary result is shown in “gure 3.13, where we compare again data and simula-
tion. The e ect produced by this new improvement of the simulation seems to approach
the reality.

3.3.2 Spatial resolution
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Figure 3.14: Azimuthal resolution for the proton, extracted from the simulation. On the
left the dispersion is plotted as a function of the true polar angle of the proton.

In “gure 3.14 and 3.15 we report for the simulation the di erence between the true proton
angle and the angle of the track. For both “gures we show as well the dispersioras a
function of the polar angle itself. In the case we observe the same resolution measured
for ;S . That is evident because the coordinate is directly given by the hit wire
(as explained in the algorithm section). Its evolution as function of IS constant as

expected.

Ptrue

The resolution depends on the resolution itself and, thus, we infer it is underestimated.
The dispersion ranges form @ up to 1. The rise at higher polar angles is due to the
lower charge induced by the electron avatehe when the particle crosses smaller gas
thickness (we thus expect the worst resolution at,,,, =90 ). In this case, too, the new
preliminary simulation seems to produe a more realistic resolution at about 2.

As we cannot properly estimate the resolution we can try to give anyway its limit.
Let us compare, on data, the polar angle of the track,yack With the proton angle ,,
calculated from the kinematics of the photoproduction: the two photons from the pion
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Figure 3.15: Polar resolution for the proton, extracted from the simulation. On the left
the dispersion is plotted as a function of the true polar angle of the proton.

decay are detected in the BGO calorimeter, wbh gives information about their energy
and angles. These values allow to calculathe pion invariant mass, together with its
angular coordinates, energy and momentum. We can, thus, estimate the polar angle of
the proton as a function of the meson momentum, its polar angle and the energy of the
incident photon:

E SP cos
CoS p = 5 (3.7)
P 2+E2S2EP cos

is shown in “gure 3.16 and its dispersion is( ) 1.93. This value is an upper
limit of the experimental resolution. In fact, ( ) is an optimized* convolution of the
BGO angular and energy resolution for the two photons and of the energy resolution of
the incident photon. () is thus a convolution of the ( ;) and ( wac) and we can
consider it as an upper limit of the resolution.

The most proper way to measure the angular resolution would have been to measure
the real resolution by using a source of charged particles in coincidence with a plastic
scintillator. Notwithstanding, the installation of the cylindrical chamber in the GRAAL
apparatus was requested very quicklgnd this test could not be accomplished.

4The angles are optimized (see in [51]) by an iteration on the kinematic solutions in order to
reproduce the expected evolution of the momentum as a function of.
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3.3.3 The chamber e ciency

Once the selections on the track reconstruction have been checked and the spatial resolu-
tion estimated, the following step is to estnate the e ciency of the track detection. We

will calculate at “rst the e ciency for a single charged particle in the cylindrical MWPCs,

as it is a direct consequence of the analysisported in the previous paragraph. We will
then estimate the e ciency for two and three charged particles by using the simulation

of the photoproduction in the decay channel * $

One charged particle e ciency

We will use again selected data from the photoproduction, which we used in the

previous paragraph to estimate thespatial resolution. We select the events, where

the proton has been identi“ed in the cylindrical MWPCs and we calculate the number of
tracks for which:

| pS TrAck | < 10 | pS TrRack | < 10 (3.8)

The proton eciency on the datais 90 % The same calculation e ectuated on the
same simulated data with the same cuts gives 95 %.

The pion e ciency has been estimated [65] in the™ photoproduction. The neutron is
detected with either the Shower Wall in the forward direction or the BGO calorimeter in
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the central direction, while the charged partiat is the result of the detection of a charged
cluster in the BGO. The identi“cation is accomplished by the correlations between the
tagger energy and theta angles of both particles. The global e ciency is 90%.

Two and three charged particle e ciency (simulation)

The reconstruction of events with two and thee charged particles in the “nal state is
complicated by the fact that some clusters on the chamber cathodes can overlap. An
example of overlapping has been given in “gure 3.7. This e ect (due to the kinematics of
the reaction *+ S ) occurs in about one half of the events for which three charged
particles cross the cylindrical MWPCs. In fat, the track is lost when one cathode alone
has an overlap and if a recovery algorithm is not applied.

Hence it has been necessary to recover these mixed cluster, as explained in the algorithm
section: for each cluster the program looks for all the relative maxima and separates the
cluster in as many clusters as the number of detected maxima. The improvement is shown
in “gure 3.17, where on the left we report the number of clusters after the association
with the hit wire and on the right the cluster multiplicity. We uses the simulation of the
photoproduction, with its decay in * S , which we will study in the analysis chapter.

event events
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Figure 3.17: On the left the number of clusters of the “rst cathode. On the right the
number of strip per cluster on the same cathode. For each histogram the dashed line is the
version of the program which does not separate mixed clusters, the full line is the version
with the recovery of mixed clusters.

The improvement is very satisfactory as we manage to double the number of association
in each chamber. The multiplicity is also more reliable because all the clusters have the
same average multiplicity, which is equal to seven, while in the previous version of the
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program there were a lot of clusters with high number of strips (that means an overlap
occurred).
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Figure 3.18: Reconstruction e ciency of the cylindrical MWPC.

We can now assess the value of the reconstruction e ciency for events with two or three
charged particles in the “nal state. We use again the simulated events of thepho-
toproduction. In “gure 3.18 we show the number of tracks detected in the cylindrical
chambers, when two (above) or three (below) charged particles are respectively expected
in the detector. We compare again the algorithm with (full line) and without (dashed
line) the separation of the mixed clusters. In the two particle case the program identify
respectively 71.6 % and 45.5% of the expected patrticles. In the three particle events we
obtain respectively 57.2 % and 23.0%. The improvement is, therefore, signi“cant.
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3.4 Main bene“ts of the cylindrical MWPCs

3.4.1 The vertex reconstruction

One important feature of the cylindrical MWPCs is the reconstruction of the reaction
and decay vertex. The vertex can, in fact, be extracted by calculating the intersection of
two or more charged particles detected by the cylindrical and plane chambers. To show
this feature we will use the simulation of the photoproduction that decays in * S ©

on a target 6¢cm long:

+p  +p T+ S+ +p (3.9)

Hence, we have the * and S belonging to the decay vertex and the proton to the
reaction vertex. The decay is strong so that, in this case, the two vertices coincide.
About half events of this channel have all the charged particles at 25. This way, we
will have a high statistic in order to performthe vertex reconstruction with three tracks.
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Figure 3.19: Simulated reaction vertex for the channel (3.9), with the three charged par-
ticles in the cylindrical chambers. The “t of x and y coordinates is a Gaussian that gives
the value of the beam dispersions. The “t on the z coordinate is from equation (3.10) and,
in particular, P2 gives the Gaussian dispersion of the cartesian coordinate z.

The reaction vertex is the intersection of thetracks corresponding to the three charged
particles ( *, S, p). The mathematical expressions for the vertex calculation are resolved
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in appendix D.1 and in “gure 3.19 the three cartesian coordinates of the reaction vertex
( ,p) are shown. The X and Y distributions re’ect the beam dispersion, while the Z
one is projection of the target length The increasing slope as a function of is due to
the particular kinematics, selected for thevertex reconstruction (all the three charged
particles in the central detector). The “t used for the Z coordinate is the product of the
error function erf , that describe the two target ends, and a decreasing line (only for the
z coordinate), to take into account the slope along the z axis:

ZSP3 . ZS P4 3
f(Z)=P1lerf Serf (1S P5-2) (3.10)
P2 2 P2 2
where:
y 2R
erf (X) = et dt (3.11)
0
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Figure 3.20: Di erence between the true reaction vertex and the one calculated by the
intersection of the charged particle tracks. The reaction is always the (3.9) and the three
charged particles have been detected in the cylindrical chambers. The “t is a Gaussian
function.

This way, P3 and P4 are the coordinates of the extremities (which correspond perfectly
with the simulated values) of the target, whileP 2 is the relative dispersion. In order
to check this calculation we compare the vertex coordinates of this method and the real
vertex coordinates, as de“ned by the simulation. This di erence is shown in “gure 3.20.
We have “nally applied the method to the real data in “gure 3.21 for the channel:

+p t+ S+p (3.12)

The reason is that the selection of the decay on data requires (as we will explain in
chapter 4) a good identi“cation of the in order to eliminate the background, which can
in"uence the spatial resolution. The channel3.12) is easier to be selected and, thus, the

60



O of the beam = 0.476 Gy of the beam = 0.2983

12
% C L
3 S000 2000/
2000~ -
- 1000~
1000~ B
C | ‘ | | ‘ | : 1 ‘ | 1 1 1 ‘ 1 1 1 1 ‘ 1
—1 1 2 -0.5 0 0.5 1
X of the reaction vertex (cm) Y of the reaction vertex (cm)
)
€500
g 400; P 225.2
©E P2 1921
300 P3 ~2.807
200= P4 3.163
100 P5 .3910E-01
0t ‘ : ‘ —— - :
-5 -2.b 0 2.5 5 7.5 10

Z of the reaction vertex (cm)

Figure 3.21: Vertex coordinates on real data for the channel (3.12), with the three charged
particles detected by the cylindrical MWPCs.

resolutions of the cartesian coordinates wile more reliable. At a glance the target center
is shifted in the x direction. This result shovg that the beam is not perfectly centered in
the BGO and cylindrical chambers. The comparison of di erent set of data shows that
the beam position changes with time, due temall changes of the electron beam angles
inside the intersection straight line of the experiment (between the two dipoles). This
e ect will be studied at the end of this section.

The dispersion in thex direction is greater than the simulated one in “gure (3.19), due to
a similar e ect, while in the y direction we obtain comparable values. The coordinate
of the vertex is similar to the simulated oneand we can estimate the target length as
P4S P3 = 5.97 cm, which is in agreement with the true value (6cm). We can also
observe that the z origin of the vertex is shifted in the forward direction of about.& mm.
This e ect has been noticed and con“rmed from the experimental set-up.

The z resolution from data is larger than the simulated one (0921cm instead of Q1434cm).
This e ect is the same as the one we observed in “gure 3.11 and it is due to the simulation
of the cylindrical chambers itself. The charges, generated by a particle going through the
chamber gas, are randomly created along the track inside the chamber, an e ect which
was not taken into account in the simulation. The recent preliminary version of the simu-
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lation incorporates it and the agreement with respect to the data is improved, as we have
already shown for the z cut in the previous section.

3.4.2 E ect of the vertex correction on the invariant masses

Y beam

Figure 3.22: An example of the kinematics of the decay. , and , are the real angles of
the photons which are di erent from the angles obtained by the BGGygo , and geo ,,

since we have to assume that the gammas are emitted from the center of the target. For
simplicity we assume, in the picture, that the reaction and decay plane are equal.

Let us consider again the photoproduction and its decay into *, S, . If the location

of the event inside the target is known (with a precision lower than the target length) we
can improve the angular resolution of the BO calorimeter for the photons produced in
the decay and, as we will see, signi“cantly improve the invariant mass. At the same
time, if we correct the photon trajecories with the vertex information, the invariant
mass will also have a better resolution.

Once the reaction vertex has been calculated with the methods explained in the conse-
crated section we can correct the angles measured by the BGO. The photon angles is in
fact determined by the BGO by taking as origin the target center (seego , and gco ,
in the drawing). We have hence to reconstrt the real trajectories of the photons ( ,
and ), which have as true origin the reaction vertex. In order to accomplish this correc-

tion we have to know the distance between the origin and the point at which the photon
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Figure 3.23: Improvement in the invariant masses of (above) and (below) with the
vertex correction.

shower is produced in the BGO. This value has been calculated with the simulation for
di erent type of particles and we have estimated that the photon shower is statistically
centered atR = 16.9 cm from the origin.

The invariant masses, calculated withand without this correction, for the and are
shown in “gure 3.23. The invariant mass distribution for the shows some background
but the width is signi“cantly improved by a factor 8.1%. When a greater target will be
used (12cm) this correction will be absolutely necessary.

The invariant mass of the shows a more limited improvement (6.2%) because the
experimental information is combined with * and S to calculate the invariant mass,
reducing, this way, the global improvement.
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3.4.3 Mean life of the hyperon

As it is contains strange quarks, the baryon has the feature to decay by weak interaction,
with a life time of 2.632- 105%s and mean free path of 7.82m [6].

Since the cylindrical chambers can measure the reaction and decay vertices for a given
channel with high precision if the “nal stae has at least two charged particles, we can
measure the mean free path by studying its decay:

+p + K* S+p+K*

The kinematic is shown in “gure 3.24. Once the tracks of the three charged particles has
been detected, we can reconstruct the decay vertex from thé and the proton with the
method described in the appendix D.1.

Figure 3.24: An example of the + p + K™ kinematics.

The measured angles and calculated momenta of thé and p give the spherical coordi-
nates of the . We can, then, use them to calalate the intersection with the kaon and,
hence, the reaction vertex. The distance between the reaction vertex and the decay vertex
gives the mean free path of the hyperon , from which we can determine its life time.
Such a life time is calculated in the referemcsystem of the hyperon. The measurement
is shown in “gure 3.25.

We remember that the radius of the internal cylindrical MWPC is 5¢cm long. It means
that we cannot e ciently detect the pion and proton angles when the hyperon decays at
a distance greater than &=m from the target. This e ect produces a non linear behaviour
of the free mean path in “gure 3.25. We thus use only the “rst points to execute the
linear and we obtain a mean life for the hyperor = 7.584 cm, which is close to the
value reported in the literature.
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3.4.4 Monitoring of the beam alignment

While in the simulation the beam is sup-
posed centered ak = y = 0, in the data

the beam misalignment with respect to the
detector origin produces an additional dis-

persion in the azimuthal coordinates of the
external . .
chamber tracks, as we can see in “gure 3.26. This

broadening varies as a function of coor-

dinate itself. In this section we will show
internal

0 that this e ect can be corrected with the
e \
IO use of the cylindrical chambers.
X i/\\ .
- Y If we see “gure 3.26 we can notice that
) OX . L .
S VY A -y the dierence , studied in the previous
beam OY

sections, will be signi“‘cant as soon as the
beam is not centered. As a consequence the
Figure 3.26: Association between the two resolution will be in general greater than
chambers. the simulated one. As example we show, in
“gure 3.27 onthe left, = ;S .fora
particular period of data taking, when the leam was misaligned of few millimeters. The
dispersion is () = 2.56, which is greater than the simlated one previously calcu-
lated (1.93). The evolution of as a function of ; (“gure 3.27 on the centre) shows
an oscillation which can be easily dribed by the following function:
- Re S R
= eS0T ;eRi |
where R; and R, are respectively the internal and external radius of the chambers and

(S xsin ;+ ,cos ;) (3.13)

x and  is the beam misalignment with respect to the origin (see “gure 3.26). The
demonstration of this equation is reported in the annex D.2. Hence the “t of the dis-
tribution gives the values of the beam misalignment,, and ,. We can now correct ;
and  with respect to the new origin and calculate again the dispersion. The result is
shown in “gure (3.28) and, now, ( ) =1.95, that is very close to the simulated one,
thus con“rming that the simulation properly reproduces the data. In the same way the
azimuthal oscillation has disappeared.

This correction procedure is currently used for each period of data taking to take into
account the small di erences in the beam alignment. The data shown in “gure 3.12 refer
to a period in which the misalignment was lower than one millimeter.
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3.5 Conclusions

The cylindrical MWPCs o er to the GRAAL ex periment new performances for the detec-
tion of charged particles. The particular structure of the cathodes, which are composed

of helicoidal strips, allows to identify the intersection of the charged particles with the
two cylinders.
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After a general description of their structure as well as of their acquisition system, we
have exposed the algorithms for the track reconstruction. We have underlined that the key
problems for the reconstruction are the propechoice of the cut on the azimuthal angles
of the track, measured by the two chambers, and the de“nition of theiz coordinates with
their cuts. The previous cuts have been compared to the simulation and we discovered
that, while for simulation and data agree, the z value is unrealistic in the simulation.
This e ect produces as consequence an unrealistic polar resolution. As preliminary result
we showed that a new, more realistic, description of the shower mechanism in the gas
chamber produces a z that is almost equal to the experimental one. This result has still
to be tested on the analysis but an improvement on the chamber e ciency is expected.
The e ciency of the single track reconstruction has been calculated on both the data
and the simulation of the  photoproduction (which is identi“ed without the use of
the cylindrical chambers) and a global 90% (data) and 95% (simulation) of the protons
are detected. We have, hence, estimated the e ciency for the two and three particle
reconstruction: we noticed an improvement (form 45.5% to 71.6% in the two track case
and from 23.0% to 57.2% for the three track case) if we apply the procedure that separates
the overlapped clusters on the cathodes.

We have then reviewed some main performances of the cylindrical MWPCs. The “rst
one is the vertex reconstruction, which allows to use longer targets for reactions with
lower cross section as the kaon photoproduon. As “rst result, in fact, we considerably
improve the invariant mass width of the ( 8%) and of the ( 6%) in the decay
into *, S, . As second result we can reconstruct the reaction and decay vertices of
the K photoproduction, from which the life t ime of the hyperon can be calculated (and
eventually used as selection cut for further analyses). Finally we showed how the eventual
beam misalignment can be identi“ed and subtracted by the measurement of the azimuthal
angles of the track in the two chambers.

In conclusion, further improvements can be l@ained with the new simulation, notwith-
standing the global e ciency and spatial resolution of the cylindrical MWPCs are well
de“ned to allow the reconstruction of channelsvith three charged particles in the “nal
state or, as well, with low cross section.

68



Chapter 4

Data analysis

Introduction

In the “rst Chapter we pointed out the interest of studying the strangeness photopro-
duction. In particular we showed the recent measurements of th€ cross section,

e ectuated by the SAPHIR collaboration, and its theoretical analysis in the framework of
the isobaric models. Therefore we decided to measure the beam asymmetry observable of
this reaction (reported in Chapter 5) in order to test if it could impose some constraints
on the models. In this Chapter we will analyse th& photoproduction from its charged
decay:

+p K+ K"+ S+p (4.1)

The main di culty of this channel lies in the detection of three charged patrticles. Up
to now the Graal program concerned only channels with one charged particle; this new
analysis on the contrary requires an optimiz#on of the track detectors for the charged
particles. The installation of the cylindrical MWPCs in 1998 has allowed to reconstruct
such complicated reactions. In Chapter 3 the optimization of the software of the recon-
struction of the cylindrical MWPCs is repated and we have given an estimation of their
e ciency and spatial resolution. We can thus use them to reconstruct this channel and
the analysis procedure will be illustrated in this Chapter.

In order to test the performances of the dindrical MWPCs we decided at “rst to study
the photoproduction with its charged decay:

+p +p 4 Sy °+p (4.2)
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The decay into two photons (branching ratio 39.21%) has already been analysed by the
Graal collaboration and the beam asymmetry has been measured [15, 51, 66]. The new
beam asymmetry that we will extract from the decay (4.2) in Chapter 5 will therefore be
compared to the one extracted from the neutral decay. In this way the beam asymmetry
will constitute a test of the analysis methods, that reconstruct the kinematics of channels
with three charged particles, which are based on the informations from the cylindrical
MWPCs.

Moreover, the reaction (4.2) has the sam#énal state of the photoproduction as the
meson:

+p +p t+ Sy °+p (4.3)
The theoretical study of the photoproduction is more complicated (the being a vector
meson), as well as interesting, but in this thsis we will not measure its polarisation
observables. Notwithstanding its charged decay mode is identical to theone and testing
its reconstruction e ciency is of great interest for further developments. The analysis of
the channel will be thus reported in this Chapter.

From now on, in this Chapter, we will refer to tie decays (4.1), (4.2and (4.3) by calling
them K , and , without specifying, for simplicity, the decay mode.

In the “rst Section the analysis of the detector responses is reported while in Section 2
we select the channel from the number of chged and neutral particles. In Section 3 we
explain the two di erent analysis methods and the variables for the kinematic selection
are reported in Section 4. In Sections 5 and 6 the results of these analyses are shown
for the three channels above mentioned and we will estimate the analysis e ciency in
section 7.

4.1 Preanalysis

In this Section we describe how each event is preanalysed to get information about the
energy of the incident photons and the information (; , E or E, T) associated with the
detected charged and neutral particles. The preanalysis di ers between forward ( 25)
and central (25 155) detectors', therefore we will treat these two cases separately.

1The geometrical and performance descriptia of all the detectors is reported in Chapter 2

70



Tagging detector

The tagging system detects the electrons that have undergone Compton scattering and
provides the identi“cation numbers of the hitpstrips. The identi“cation number of the

hit plastic scintillators traversed by the electrons is also provided, together with their time
response (TDC).

As explained in Section 2.3.3 on page 24, the selection criteria applied on the response of
the tagging detector are chosen as follows: only signals from plastic scintillators having
timing information in the interval de“ned for the true coincidence are retained. For each
selected plastic scintillator the time signal mat be detected in the larger plastic scintilla-
tors in coincidence with one, or two adjacent mes, among the eight smaller scintillators.

In addition, only one cluster, composed of adjacent hjtstrips, in geometrical coincidence
with the smaller scintillators, is singled out.

Such a criterion allows to select only events in geometrical and time coincidence, corre-
sponding to single hits. The photon energy isatculated from the cluster centre, measured
on the pustrips, which corresponds to the positio of the scattered electron. The photon
energy is calculated as shown in Section 2.3.3. In addition the tagger position is chosen
in each period of data taking in order to have the largest available energy spectrum for
the channels to be analyzed.

Forward detectors

In the forward region the emission angles,( ) of the charged particles are measured by
the planar MWPCs, their energy loss and time of "ight by the hodoscope. The planar
MWPCs are composed of four planes of wires. A crossing particle can give a signal on one
or more wires so that for each plane the hit wires are organized into clusters. The number
of particles is, thus, given by the number of best associations among at least three planes
out of the four planes.

The hodoscope response is, then, analyzed. For each b#re subtraction of the pedestal

P ED; and the conversion factoKC; (mV/ADC 3) and KT; (ns/TDC) are applied on the
ADC and TDC values measured by the photocathodes at the two sides of the ba and

B):

uM® = KCP® .(ADC® SPED{)

2Time to Digital Converter
3Analog to Digital Converter

71



Kw B
UiA'B

M = KTM .TDCH® S

: S shP

The TDC signal is also corrected to take into account the walk e ect{ W), due to the

leading edge discriminator, and the delay;), due to the light propagation along the
plastic scintillator. The energy loss and tine of "ight of each bar are then calculated
from:

A U'A B U'B

.= A o+ B, !

E; KPM; AttA KPM, Att®
1 5

T = 2(TiA + T2 S Tprop)

where KPM; is the conversion factorMeV/mV , Ty, = I/V is the time taken by the
light to cover the bar length and Att; is the attenuation factor for the light along the
distance to reach the photocathode.

The association between the hodoscope and the planar MWPCs is accomplished by pro-
jecting each track, detected by the chambers, on the plane of the hodoscope. If the
corresponding horizontal and vertical bars have a signal, their response is associated to
the track. Otherwise, the closest neighbour bars are analyzed. Since the particle can
stop in the “rst layer, if there is a signal only in this layer, its value will be recorded and
associated.

Neutral particles are detected by the shower wall which can distinguish between photons
and neutrons by the time of "ight information. The photon energy measured by the
shower wall has low energy resolution and cannot be used in our kinematical selections.
For this reason the shower wall response is only used as a veto for reactions in which the
neutral particles are exclusivelyphotons: in the particular case of the and analyses
we do not consider events which have at least one photon in the shower wall.

Central detectors

The central detectors are composed of the BGO calorimeter, the cylindrical MWPCs and
the barrel. The information from the BGO crystals is analysed by reconstructing the
clusters with the border method: each cluster is composed of adjacent crystals. Actually,
the number of clusters can vary as a funain of the applied energy threshold on each
crystal, because clusters belonging to di erent particles can overlap. This e ect is con-
trolled by the simulation, so that we can estimate the number of overlaps occurring in a
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given reaction. In our analysis we thus decided to apply a software threshold of W&V

to each crystal. The center of gravity of the cluster provides the polar and azimuthal
coordinates of the particle with respect to the origin (target centre). The ADC signal
of each crystal is converted into energy and a correction constant is applied in order to
include non linear e ects, which are relevant at higher energies. The cluster energy is the
sum of the energies of all its crystals.

The ADC signal from each scintillator bar of the barrel is read and only the bar ADC
signals above a “xed threshold are converted into energy. The conversion factor is calcu-
lated by comparing the simulated and reldistributions of the proton energy in the
photoproduction: the center of gravity of the experimental distribution can, in fact, drift,

as a function of the photomultiplier gain variations; the di erence between the calculated
and simulated centres of gravity constitutes, terefore, the correction factor. The signal
from the TDC is read and converted into time.

The number of tracks detected by the cylindrical MWPCs is reconstructed as follows:
for each track a signal is required on all the four cathodes and one or two wires on each
chamber. The algorithm of the association between cathode and wires and between the
two chambers has been explained in Section 3.2he cartesian and cylindrical coordinates
are so recorded for each track.

Once the response of the three detectors has been analyzed, the identi“cation of the
number of neutral and charged particles is divided in two steps. At “rst the anticoincidence
between the BGO and barrel classi“es the clusters into charged or neutral: for each hit
barrel bar, a program looks for the BGO cluster whose centre of gravity is in geometrical
coincidence with it; if the association is successful the cluster is classi‘ed as schargedZ
(as *neutralZ in the opposite case). The number of neutral particles is thus equal to the
number of neutral clusters. The number of charged particles in the central detectors is
provided by the association between the cylindrical MWPCs and the barrel. For each
track in cylindrical MWPCs the program checks if the ADC of the barrel bar with the
same has given a signal: the number of chaegl particles is thus equal to the number
of successful associations.
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4.2 Selection of the reaction channel

In this Section we will present the selectio methods used for the channels with three
charged particles, , andK : “rst we present the method for the identi“cation of the

(concerning the and channels) and then the selection of the charged particles in
the whole Lagran e detector.

4.2.1 Selection of the neutral pion ( and channels)
events n—>ntnn® events O—>Tt e
L 4 —
50000 — OOOO;
- 35000 —
40000 - 30000
- 25000
30000 — F
- 20000
20000 - 15000
- 10000
10000 |~ -
C 5000 —
T T e Y A R B~
0 1 2 3 4 5 6 7 8 o 1 2 3 4 5 6
number of neutral clusters number of neutral clusters

Figure 4.1: Number of neutral clusters measured by the BGO for theand decays. Both
photons from the ° decay are expected in the BGO, but only the 60% and 50% of
the events for the and the respectively have two neutral clusters in the calorimeter.

The and analyses are focused on events in which both photons from thedecay are
detected in the BGO. This limitation is due to the low energy resolution of the photons
detected by the shower wall. Hence by eliminatg events with at least one photon outside

of the geometrical acceptance of the BGO we loose about 27%#nd 42%( ) of the events

but we preserve the resolution of the kinematal variables for the further selections.

The simplest way to select events with both photons in the central detectors is to have
only two neutral clusters in the BGO. However, the simulations performed on the and

the channels show (see “gure 4.1) that, wdn both photons are expected in the BGO,
we can also observe either one or more than two neutral clusters. These e ects are due
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to di erent reasons: 1) some secondary elgons or photons from a developing shower
could be emitted at large angles from the direction of the primary particle, giving rise
to a secondary cluster, in time with the expamental trigger; 2) some secondary neutral
particles could be produced in a crystal and not interact in the neighbour ones but further
away, without getting out of the calorimeter, thus breaking the contiguity of energy release
and creating more than one cluster; 3) in several cases, strictly related to the nature of
the reaction channel, two or more individual particles could begin their interaction in
near crystals and the showers that they indidually develop could merge to some extent.
These aspects have been widely studied [67, 68] and are linked to the cluster reconstruction
method. It is necessary, therefore, to distinguish cases with one or two/three clusters and
analyze them separately.

Cases with two or more cluster

In “gure 4.1 the number of neutral clusters per event when both photons are expected in
the BGO is shown for the and the : a non-negligible part of them (13% for the and
20% for the ) have more than two clusters. This may be due to the reasons previously
explained. In these cases the best procedure is to consider all the possible neutral cluster
pairs and to choose the best combination, that is the one which provides an invariant
mass as close as possible to the mass.

For each cluster pair we know the energye , and E ,, and the angular coordinates of
their center of gravity, ( ,, ,)and( ,, ,). The pion energy, momentum and invariant
mass can thus be calculated as follow:

E. = E,+E,
Po = P ,+P, (4.4)
Mo = E2, SP?,

where, for each photon:

P«x, = E sin  cos |
P, = E sin  sin |
P, = E, cos .

Some particular events with three photons aagive more than one possible solution (this
is a very rare case), that is to say two pairs of photons can give an invariant mass which
is close to the true mass. In this case we will conset both pairs, we will solve the
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