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Chapter 1

Introduction

In this work, the production mechanism of strange-baryondeep-inelastic scattering reac-
tions is investigated. The aim is twofold. From one side tmlgtthe way confinement arises or
how, in the hadronization process, the quark struck by tlaenggrobe is finally embedded in a
new-type baryon. From the other side to measure basic dgearguch as the photoproduction
cross sections, which can be used to test predictions arstraomphysics parameters of any
model of hadronic interactions, or the fragmentation fiomg, which should be used when ex-
tracting the original partonic information from measurdédervables.

The analysis presented in this thesis has been performée #ERMES experiment that
is devoted to the investigation of the internal structuréhef nucleons via thBeep Inelastic
Scattering (DIS) process, in which a high energy lepton beam interadts ainucleon target.
The first DIS experiment was performed at SLAC (Stanford Am&ccelerator Center) in the
late 1960s: the results of this experiment presented the first eveléardhe point-like substruc-
ture of the nucleon [1].

The successes of the quark-parton model in interpretingirgteDeep Inelastic Scattering re-
sults led, in 1972, to the formulation Quantum Chromo Dynamics(QCD) [2], as a funda-
mental gauge theory of hadronic physics. QCD, the basiayhwdhe strong interactions, is at
short distances a perturbation theory of the pointlike ttarents of hadrons. Perturbative QCD
(pQCD) is a highly sophisticated and well developed subgead it is widely accepted as the
theory of high energy scattering processes.

The phenomenology of strong interactions contains two damehtal ingredientsasymptotic
freedomand theconfinementf colour charges. Theonfinementonjecture is originated from
the experimental evidence that quarks and gluons appea&dortiinedin nature. This means
that only hadrons, leptons and photons but no quarks or glaom observed in experiments.
There is pretty good evidence for this conjecture from expental facts, as the Regge trajec-
tories,or quarkonia spectra interpreted in the latticgegtmodels (see Chapter4). Today almost
no one seriously doubts that quantum chromodynamics canfjunarks. Nevertheless, there is
as yet no consensus amongst theorists about the mecharisis ihsponsible foconfinement

. From the other hand, the belief that QCD is a well groundedjat all distance scales, rests
on the hypothesis afonfinementthat is probably the leading outstanding problem in haidron
physics.

Hadronic physics can be divided into four regions of 'phgsscs’:

1- very low energy

2- spectrum, or low energy



CHAPTER 1. INTRODUCTION

3- high energy, corresponding to small angles
4- high energy, corresponding to large angles.

Perturbative QCD describes high energy at large anglegpamigsser extent at small angles
(total cross sections and related processes). At very l@nggrQCD is a theory of pions and
nucleons (and their strange counterparts), and is chaimeddy spontaneous symmetry break-
ing of the approximate chiral symmetry of QCD. At intermédianergy scales, or low energy,
there is a complex scenario, withg hadron resonances, Regge trajectories, soft diffractions
hadronozation of the partons, just to name a few of many sq@io elementary introduction to
the the string models and the Regge theory may be found imappA).

Thus, while the perturbative QCD has been very successtldsoribing the hard processes be-
tween the quasi-free quarks and gluons at short distancetnaa scales, it can not be applied
in the domain of long distances, where the strong couplimgt@nto, becomes large and per-
turbative expansions diverge. A way to explain how hadranebbp out of quarks and gluons
is to use thdractorization concept. In this scenario, a QCD process, like DIS, is gglithto
the hard partonic sub-process (the photon-quark scagdecaiculable by pQCD, and the long
range part related to the initial and final state particldgs Fecond part, that can not be treated
by pQCD, is studied through the definition of tRarton Distribution Functionsthat describe
the initial state nucleon, and tiieagmentation Functionghat describe the hadronization into
the final state.

The above parametrizations represent a valid approximatithe study of a complex problem
that can not be solved by usiriigst principlesalone. Therefore, it is desirable to test exper-
imentally model assumptions, to gain control over appr@tions and, eventually, to derive
low-energy effective Lagrangians from QCD.

Other phenomenologically important questions are poséolwrenergy QCD that eagerly
await an answer: is the same set of fundamental paramet€i3 Qupling and quark masses)
that describes for instance the hadron spectrum consisitmhigh energy QCD or is there
place for new physics? Are all hadronic states correctlgsifeed by the naive quark model or
do glueballs, hybrid states and molecules play a role? Adtwdmperatures/densities does the
transition to a quark-gluon plasma occur? What are the @xpetal signatures of quark-gluon
matter? Can we solve nuclear physics on the quark and gluet?le

It is worthwhile to stress, however, that the physics at mtashce scales is linked, and it
is hard to find a situation, even within the relatively cleamtprbative regime, where the non-
perturbative effects do not enter. Furthermore, withowtarstanding non-perturbative aspects
of QCD, it can not be explained why pQCD works at all. The caarfient problem is closely
linked to the problem of vacuum structure. In the past desat@ny explanations of the con-
finement mechanism have been proposed, most of which steafestture that topological exci-
tations of the vacuum play a major role. A list of these tieoincludes the dual superconductor
picture of confinement [3, 4], the centre vortex model [5§ thstanton liquid model [6], and
the anti-ferromagnetic vacuum [7]. All these interpretat have been explored in lattice stud-
ies, initiated in 1980 by Creutz [8]. The situation with respto an anti-ferromagnetic vacuum
is still somewhat inconclusive [9]. Instantons seem to beawdal for chiral symmetry related
properties than for confinement [10]. Depending on the piGtthe excitations giving rise to
confinement are thought to be magnetic monopoles, instandgons, centre vortices, etc. Itis
worthwhile to stress here that the above ideas are not coefyptiisjoint and do not necessarily
exclude each other. For instance, all the above mentiorgddgical excitations are found to
be correlated with each other in numerical as well as aralysitudies.

3
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Despite all the efforts, a mathematically rigorous proeittQCD as thenicroscopicheory
of strong interactionsndeed gives rise to thmacroscopigroperty of linear quarkonfinement
as indicated by Regge trajectories and quarkonia spectedtés more then thirty years, still
lacking.

The difficulty in deriving infra-red properties of QCD illtrates that something qualitatively
new is happening. Unlike in previously existing elementainysical theories, it is not possible
to reduce everything down to two-body interactions butemili’e excitations of quark and gluon
states have to be accounted for.

The Standard Model predicts a collective bulk phenomenmmotcurrence of phase transi-
tions in quantum fields at characteristic energy densitéthin the framework of the Standard
Model, the appearance of phase transitions involving eteamng quantum fields is intrinsically
connected to the breaking of fundamental symmetries ofreatnd thus to the origin of mass.
In general, intrinsic symmetries of the theory, which arkdvat high-energy densities, are bro-
ken below certain critical energy densities. Particle eahind particle masses originate as a
direct consequence of the symmetry-breaking mechanisnthEdirst time, excitations of the
vacuum that are considered to be fundamental do not occuitis or final states anymore.

Even before QCD was established as the fundamental theatyafg interactions it had
been argued that the mass spectrum of resonance producadronit collisions implies some
form of critical behaviour at high temperature and/or dgndil] The subsequent formulation
of QCD and the oservation that QCD is an asymptotically fhe®ty led to the suggestion that
this critical behaviour is related to a phase transitior].[I#fact, the most fascinating aspect of
QCD thermodynamics is the theoretically well supportedeexgtion that strongly interacting
matter can exist in different phases.

The existence of a phase transition to a new state of mdteeguark-gluon plasma, QGP, at
high temperature has been convincingly demonstratedtiodatalculation. The lattice calcu-
lations predict that at a critical temperaturexofi70M eV, corresponding to an energy density
of e, =~ 1GeV fm =3 the hadronic matter undergoes a phase transition to a deedrgtate of
guarks and gluons. At this temperature, in addition, clsyahmetry is approximately restored
and quark masses are reduced from their large effectivesatuhadronic matter to their small
bare ones. At low temperature and large values of the chéputantial, the basic properties
of the hadronic matter can be described in terms of nearlgmegte, interacting Fermi gases.
In a degenerate Fermi gas an attractive interaction witl teaquark-quark pairing, and thus to
the formation of a color superconducting phase [13] - [14]

This new theorethical approach affects crucially our aurtenderstanding of the Standard
Model at low energy, and give a clue to thenfinemenpuzzle, investigating the quarks and
gluonsdeconfinemergrocesses.

In nature it is already possible to obtain critical temper@or energy densities which reach
and exceed the critical energy density thus making possible the QCD phase transition, the
only one predicted by the Standard Model that is within reafatxperimental validation.

According to QCD a phase transition from hadronic matter tieeonfined quark phase
should occur at a density of a few times nuclear matter sibardensity. Consequently, the
core of the more massiveeutron starss one of the best candidates in the Universe where
such deconfined phase of quark and gluons matter could bel.foline bulk properties and
the internal structure of these stars chiefly depends uppedhation of state (EOS) of dense
hadronic matter. Different models for the EOS of dense matedict a neutron star maximum
mass (/,,....) in the range of 1.4 — 2.2/, and a corresponding central density in range of 4 — 8
times the saturation density,(~ 2.8 x 10**g/cm®) of nuclear matter (e.g. Shapiro & Teukolsky
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1983; Haensel 2003). In the case of a star with~ 1.4 M, different EOS models predict a
radius in the range of 7 — 16 km (Shapiro & Teukolsky 1983; i4a@éR003; Dey et al. 1998).

In a simplistic picture the core of a neutron star is modeted aniform fluid of neutron rich
nuclear matter in equilibrium with respect to the weak iatéion (3-stable nuclear matter).
However, due to the large value of the stellar central dgrasid to the rapid increase of the
nucleon chemical potentials with density, the presencewien particles is expected. Since the
hevay quarks charm, bottom and top are to hevy to play anyimaiiee vicinity of the phase
transition, the strange quark mass, which is of the ordehefphase-transition temperature,
plays a decisive role in determining the nature of the ttaorsat vanishing chemical potential
up (baryon-number density). Hyperons,(X-, X%, X*, 2= and=° particles) are, therfore,
expected to appear in the inner core of the star.

The true nature of the ultra-dense compaetitron starsis considered one of the most
fascinating enigma in modern astrophysics. Recently, thd fiscillations governed by the
Coriolis force, ther-modes, of rapidly rotating neutron stars have attracted muchrésteas
posible sources of gravitational waves and mechanismeépiating the spins of neutron stars
. The bulk-viscosity of mixed netron-hyperon stars has tstadied in an impressive number
of recent publications [16]. It is worthwhile to note thavseal autors make use of the known
hyperon production cross sections, in the EOS evaluation.

The critical energy density,. will be hopefully obtained in ultra-relativistic heavyrAaol-
lisions. ALICE at LHC is designed to study the QGP in ultrat®istic nucleus-nucleus inter-
actions [17]. The STAR collaboration at RHIC is wonderingtbeir results [18]. The theory-
experiment comparison suggests that central Au+Au colisat RHIC produce dense, rapidly
thermalizing matter characterized by: (1) initial energysities above the critical values pre-
dicted by lattice QCD for establishment of a Quark-GluorsRia (QGP); (2) nearly ideal fluid
flow, marked by constituent interactions of very short meae path, established most proba-
bly at a stage preceding hadron formation; and (3) opacifgtso Many of the observations are
consistent with models incorporating QGP formation in thdyecollision stages, and have not
found ready explanation in a hadronic framework. HoweVes,rheasurements themselves do
not yet establish unequivocal evidence for a transitiomi®riew form of matter.

It is, however, very interisting to notice that the interestnucleus-nucleus collisions at
incident energied’;,, ~ (10—40)4 GeV has been recently revived, since the highest baryon
densities [19, 20, 21] and highest relative strangenessZ2Pat moderate temperatures are
expected in this energy range. The onset of deconfinemelstasapected in this domain. In
particular, the energy-scan SPS program [24] is dedicatéuket search for the onset of decon-
finement in heavy-ion collisions. Moreover, a critical eradr [25] of the QCD phase diagram
may be accessible in these reactions [26, 27]. The above®tmns motivated the project
of the new accelerator facility FAIR at GSI [28], the heawyriprogram of which is precisely
dedicated to study dense baryonic matter with the emphadissoonset of deconfinement and
the critical end point. The future SPS [29] and RHIC [30] paogs are also devoted to the
same problems. These programs will run even before FAIR.

This thesis is organized as follows: the framework of theeelastic Scattering and quark
fragmentation is reviewed in Chapter3. In Chapter5 the HESMxperiment is introduced
with its main components: the polarized target, the tragkind particle identification detectors
of the spectrometer and the data acquisition and procesSimgpter4 gives an overview about
the Monte Carlo tools used in the collaboration. Chapterb@aare devoted to the analysis of

1See Ref. [15] for a recent review of the many physical andphysical issues related to thenodes
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the A (A) and of the heavier hyperons, respectively. The inavrisagsas are first reconstructed
and then corrected for the background subtraction. Theophhotluction cross sections are
finally extracted.



Chapter 2

Strange Baryons: an historical overview

2.1 The discovery of the Strangeness

With the discovery in 947 of the pion, which was assumed to provide the nuclear binfdirgg,

a relatively simple picture of elementary particles emdrgéowever this simple interpretation
did not go unchallenged for long. In the same year, a cloudntiea picture of cosmic rays
indicated the existence of new particles. The pictures sklaav'V-track’, indicating the decay
of a neutral particle, later identified with th'e into two charged particles. Two more strange
particles, thee~ and theX, were discovered shortly after tihe Sincel947, many observations
of these new particles have been made in cosmic-ray studies.

The year1952 was a milestone in particle physics. It saw the inventionoéa type of detector,
the bubble chamber, which was to dominate discoveries stibsequent three decades; and
it witnessed the first of a new breed of accelerators, thetsphion, designed with the express
purpose of creating man-made versions of the particlesfaunosmic rays.

Experiments at accelerators allowed the physicists toh@l gaps in the pattern of particles
that was beginning to emerge. The first particle to be disealat an accelerator, the neutral
pion, completed the pion family. Similarly, the neutgglwhen at last discovered in a bubble
chamber, provided a partner for the negaftijevhich had been found in cosmic rays. With
increasing amount of energy at their disposal, experingrtiso confirmed Dirac’s theory of
antimatter, finding antiparticles for each of the known ijoées.

In 1953, the first machine capable of producing the new particlesCthsmotron, went into
operation at the Brookhaven National Laboratory (BNL).sTimachine permitted a systematic
study of the particle production and decay reactions. Bwgltbosmic-ray experiments and those
done at accelerators showed the decay lifetimes of the neiglpa to be on the order af)~1°
sec, extremely long compared to the particle productioe tril 0~2* sec. To account for this
discrepancy, the concept of associated production wasestey according to which/ais pro-
duced along with another strange particle, such as the Kaomnfirmation of this came ih954
from the BNL experiments. This concept was formalized byl-G&lnn and Nishijima with the
introduction of a 'strangeness’ quantum number. The staags was taken to be conserved
in strong nuclear interactions. That assumption implied ¢hparticle produced with a certain
strangeness would always be accompanied by a particle ticlpaitotaling an equal but an op-
posite strangeness. If the strangeness quantum numbetaveeeabsolutely conserved, as is,
for example, electric charge, the strange particle woulstabkle. The long decay lifetime of the
newly observed particles indicated that strangeness isargerved in weak interactions. In-
deed, once created, two strange particles go their sepaagtteand usually decay via the weak

7



CHAPTER 2. STRANGE BARYONS: AN HISTORICAL OVERVIEW

force. The heavier strange particles, Hieand theX, can decay to lighter strange particles as
long as overall strangeness is conserved. But the two Bykteange particles, the Kaon and the
A, can not decay into lighter strange particles; instead temay separately into non-strange
particles. Thus, whereas electric charge is conserved/alvsirangeness leaks away when the
weak force acts.

Figure 2.1: The bubble chamber picture of the fidtstobserved. An incomind<~ meson interacts with
a proton and produces &1, a K° and K+ meson which all decay into other particles. e decays
into a negative pion and &°, that in turn decays into two photons and\garticle. Neutral particles
which produce no tracks in the chamber are shown by dashesl lin

In 1960 — 1, Gell-Mann and Ne’eman independently proposed a methoddssifying all
the particles then known. This method became known a&itpetfold Way as suggested by
Gell-Mann. In theEightfold Way the particles are classified into 'families’ according leit
electric charge and their strangeness. Fig.2.2 shows talofamilies, one with eight members
(an 'octect’) and one with ten members (a 'decuplet’). Eaahiple has a particular position
in its family, according to the amount of electric charge atrdngeness the particle has. These
properties, together with the particle’s spin, completidfine that particle in thEightfold Way

In 1962 the Eightfold Waywas still very new and poorly understood by most of the tretsri
The discovery of two new resonances, #i€ and theZ*?, in 1962 and of theQ2~ in 1964 (see
Fig.2.1) dramatically confirmed the predictive power of giangeness scheme, which could
now be used as a firm basis for ideas of a more fundamentaknatur

The regularities such as that of the decuplet can be acabéotéy postulating three types
of fermions constituent in a baryon, callgdarks, with the quantum numbers shown in Tab.2.1

The quark hypothesis was put forward 64 by Gell-Mann and Zweig. These quarks
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S=0
S=-1
S = §=2 s=3 >
ash o amh KN
(a) Octet (b) Decuplet

Figure 2.2: The S¥/2 octet and the S37/2 decuplet of baryons in the SU(3) symmetry.

[Flavor [[ B | J ] I | I3 | S| Qe |
u 131 1/2]1/2[+1/2] 0 | +2/3
d 131212 =1/2] 0 | -1/3
s /3121 0 0 |—1]|-1/3

Table 2.1:Quark quantum numbers.

consist of anS = 0 isospin doublet, labeled andd (standing forl; = +1/2 (up) and /3 =
—1/2 (down), respectively) and & = —1 isosinglet, labeled (for strangg. Baryons are
assumed to be composed of three quarks each with baryon néinbd /3. From the relation:

Qe = %(B+S)+Ig 2.1)

where the combinatio = B + S is called hypercharge, it follows that quarks must also
carry fractional charges @f/3 and—1/3. The appropriate combinations of quarks indicated in

Fig.2.2 can then account for the quantum numberk, S (or Y) and electric charges of the
members of the decuplet (Fig.2.3) and of the octect.
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(a) (b)

Figure 2.3: (a) Quark level conterpart of the baryon deduifg The observed decuplet of baryon states
of spin-parity3/2*. The mean mass of each isospin multiplet is given in braqkets).
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The masses af andd quarks are expected to be nearly equal, since any differanse be

of the order of the electromagnetic mass differences amoagniembers of an isospin multi-
plet. The progressive increase in mass of the decuplet aedtanembers with decreasirtg
can then be simply ascribed to an increasing numberpfarks involved.
The first solid evidence for quarks came towards the end(sf from Deep Inelastic Scattering
experiments at the Stanford Linear Accelerator Center (SLiA which electrons accelerated
to high energy in the SLAC’s linear accelerator were fired qor@on target (a detailed de-
scription of the DIS process is reported in Chapter 3). Trerkgiproposed by Gell-Mann were
indeed identified with the point-like constituenpa(tong of the baryons struck by the incident
electrons in DIS experiments and later incorporated in tbeergeneral framework of QCD.

Regularities among the baryons (and mesons) also ememeaflcompletely different ap-
proach based on the Regge theory: the Regge trajectortesdliced for the first time ih959,
the Regge trajectories represented an active area of casgaring the 60. However the inter-
est in Regge trajectories recently resurged due to the anednew data and new quark models
available.

The Regge trajectories are graphs of the total angular mtmen versus mass squaréd?
over a set of particles of fixed principal quantum numbgrisospin/, dimensionality of the
symmetry groupD, spinS and flavor. Along a Regge trajecto®, S, flavor, strangeness and
isospin are fixed and only the orbital angular momentum allowed to vary (variations it
and[ are equivalent whef is fixed). More details about the Regge trajectories areigeahMin
Appendix A. Regge trajectories for relativistic scattgrare to a good approximation straight
lines over a considerable range of energy. Figs.2.4, 2.22a&hdhow examples of the Regge
trajectories for strange baryons.
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712 9/2 1112
J
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Figure 2.4: Regge trajectories fdrbaryons.
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2.2 Properties of selected Strange Baryons

In this section some relevant properties of the five straggdns analyzed in this thesis (Chap-
ters 6 and 7) are reported from a hystorical prospective.

221 A(uds)[I=0,3" =17 S= 1]

Mass

The mass of the\ hyperon was measured by a number of emulsion and Bubble Giramb
experiments during the&0s, as reported in Fig.2.7 [32].

me.o— T
% ! ]i
a { %
(5]
~
>
3
= us.5f-
[72]
w0
<
=
-y
z 2
S l ©
[ 9 g ;9 S B
2 4 4 2 5 3 4 ¢ g
Lt T T 7] I 4 =g s 4 T
2 8 8 & 2 ¢ 5 8 8
Mool lf T lf I le le R‘f le le Tﬁls +
Ref. Ref. Ref. Ref. ef. Ref. Ref. Ref. Ref.
o) (b} Me) Kd) 2() 2(b) 2{c) 2(d) 2(e} RESULT

Figure 2.7: Summary of the measurements ofAhdass till 1972. 1(a), 1(b), 1(c), 1(d) correspond to
ref. [33], [34], [35] and [36], respectively2(a), 2(b), 2(c), 2(d) and2(e) correspond to ref. [37], [38],
[39], [40] and [41], respectively.

Among these experiments the one that provided the estimafithe mass based on the
highest statistics985 events) is reported in [32]. In this experiment, performedha He
bubble chamber of the Argonne National Laboratory, thmass was measured through the
reactions:

1. K +He' - 7= + A’+ Hée?
2. K+Het =7~ + A%+ p+d
3. K+He! =7~ + A+ p+p+n

and a final result of/, = 1115.59 + 0.08 MeV/c? was reported.
However, the necessity to better constrain quark modelssstthe predictions of mass rela-
tions and QCD calculations of hyperfine interactions sudhas® — A° transition demanded

new higher precision measurements of thenass. Such a measurement was eventually per-
formed at the Alternating Gradient Synchrotron (AGS) atdktmaven National Laboratories by

12



CHAPTER 2. STRANGE BARYONS: AN HISTORICAL OVERVIEW

the E766 collaboration in1994 [42]. 20138 A° events were selected jip interactions using a
proton beam with an average momentun2ob GeV/c off al2-in long liquid hydrogen target.
A Gaussian fit of the invariant mass distribution provideel ighest precision measurement to
date:

M, =1115.678 & 0.006 & 0.006 MeV/c?
This experiment also measured thenass with a comparable precision:
My = 1115.690 + 0.008 £ 0.006 MeV/c?

providing a stringent test for the CPT invariance theorem:

My — Mz

(1.08 +0.90) - 1077 (2.2)
My
F o {a)
600 F A
] P inclusive
2
= 40}
8
(=]
5 [
&
2 2001
exclusive
[ ]} SWH SWWEN FPUN SR PR | 1 ali,

1 PEPIET S RPUrEY
11148 1115.6 2 11164
Mass (MeV/c <)

600f
[ ®
Al
o~ . )
O inclusive
;400
Q
=
[¥s]
o
=
£200¢f
S C
-
w
+ exclusive x 10
4] IS TTeS] WY SUTEE FUWwt 1,

i PP W P E | 1
11148 11156 1116 .4
Mass ( MeVic 2)

Figure 2.8: Invariant mass for (a&)° and (b)KO. Gaussians fits with linear backgrounds are shown
explicitly [42].
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Lifetime

This fundamental property of the hyperon has been widely measured over tis 'and 70s.
Most of the results are reported in Fig. 2.9 [43] togethehwhie former {973) world averaged
value provided by the PDG. In [43] the data coming from thréeint K~ p bubble chamber
experiments are reported:

T — ——T7 T
@ hydrogen bubble chamber
O cloud chamber
A netivm bubble chamber

A\ Bervy liquid butble
ha

30 — D optical spark chambers .

%Y,

% g

T |

2.2+ 4

—_ A

a 1 " a_ ] FE—— L
1966 1970 1974
YEAR

[- 1
1958 1962

Figure 2.9: Summary of the measurements ofAHdetime till 1973 [42]. Shaded area corresponds to
the world average value reported in [44].

1. (CERN Heidelberg Saclay (CHS) Collaboration) wéthcm Saclay bubble chamber at
CERN in a K momentum range df.43 to 1.43 GeV/c;

2. (College de France Rutherford Saclay (CRS) Collabamatiath 180 | bubble chamber at
Nimrod in a K- momentum range of.26 to 1.84 GeV/c;

3. (College de France Saclay (CS) Collaboration) withzime CERN bubble chamber in a
K~ momentum range af.94 to 2.34 GeV/c.

TheA lifetime was measured through the reactions:
1. K+p— A+ 7t 4+ 7~

2. K +p—=A+at+7- 47

14
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The final value of
7 = (2.626 + 0.020) - 10~° sec

was reported.

Two additional measurements have been don@ia [45] and1977 [46] at CERN provid-
ing comparable results.
The first one used the CER2M hydrogen bubble chamber with a kbeam of momentum
range betweef.96 and1.36 GeV/c.
In the second one the lifetime of tiehyperon has been measured at the CERN proton Syn-
chrotron with a24 GeV/c proton beam hitting a platinum target.decay has been identified
by measuring its decay products in a magnetic spectrometiena lead glass hodoscope. The
final values reported in these three papers have been cotntynthe PDG [47] providing the
present world average value of

7 = (2.631 4 0.020) - 10~ "sec (2.3)

Decay Modes and Branching Ratios

The A hyperon decays through the following channels:
TV A—pr (63.94+05)%
-T2 A—nr®  (35.8+0.5)%
- A—py (L7540.15)-1073
- A—pry (84+£14)-107%
- A—pew. (832+0.14) 1074
-8 A—puw, (1.5740.35)-107*

The Branching Ratios for the first two channels were meassirext the late50s. The decay
branching ratio of the\ has often been cited as part of the evidence for the phendowocal
selection ruldAl| = % for non-leptonic weak decays of baryons. This rule prediatsthe
basis of isospin analysis of the initial and final statest, tha

- 1
_ A — prm _ r _ 2 (2.4)

AN—pr—+A—-nr® T14+I?2 3

The first measurement was performed at the hydrogen bubbielmr of the Lawrence Radia-
tion Laboratory [48] providing the valuB, = 0.624 4 0.030.
Subsequent experiments confirmed this result with higlatisstal accuracy. The most recent
result of Ry = 0.646 + 0.008 was published in971 [49]. In this experiment more thait000
A decay events were collected by the Brookhaven National lzabry 30-in hydrogen bubble
chamber.

Ry

Sincey-rays, neutral pions and neutrons are not detected effigiertbubble chambers and
nuclear emulsions, decays involving uncharged productst brustudied indirectly by assuming
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that a momentum and energy imbalance among the chargedgbsasidue to neutral products
or that totally unseen decays occur according to decay sehierpected on theoretical grounds.
The only two measurements available for the branching fatidhe channel\ — nz° have
been achieved in two separate experiments in the e@bly and published in [50] and [51],
respectively.
In particular the former experiment was performed at thekBlely Bevatron using a1l | liquid
Xenon bubble chamber exposeditd GeV/c andl.1 GeV/cn— beams. The reported result
was
F2
Ry = — =0.35%+0.05. 2.5

AT g 23)
The latter was performed at the Brookhaven National Lalboyatsing ther— Cosmotron beam
off a 15-in bubble chamber filled with methyl-iodide, propane artthee. The resulting value
was

2
SR
All the other branching ratios (see Tab.2.2.1), which aepof magnitude smaller than the

two discussed above, have been measured in a number of t@gisipn experiments till the
early '90s as reported in the [47].

Ry = 0.291 =+ 0.034. (2.6)

222 Y0 (uds)[l = 1,37 =17, 5= ~1]
Mass

The first attempts to measure th8 — A° mass difference were based on analyses of limited
statistics data collected by emulsion and bubble chambmgrerents performed more than
decades ago [52]. Among them, the best experimental detetimns of the-® hyperon mass
andx’ — A° mass difference are those of [52]:

Mso = 1192.41 £0.14 MeV/c? (2.7

Mso — Myo = 76.63 £0.28 MeV/c? (2.8)

which were determined ih965 with 208 events in a hydrogen bubble chamber.

A significantly more precise determination of th8 mass has been obtained with the data
collected in1997 by the experiment B6 at the Brookhaven National Laboratory (AGS) [53].
A spectrometer consisting of six narrow-wire-spacing higte drift chambers was used to
detect charged particles produced 25 GeV/c proton interactions in 8 cm long liquid
hydrogen target. A fit of the invariant mass distribution3627 X° — A° 4 ~ decays (see
Fig.2.10) yield [53]

Mso = 1192.65 4 0.020 £ 0.014 MeV/c? (2.9)
Mso — Myo = 76.966 & 0.020 £ 0.013 MeV/c? (2.10)

which represent the most precise determinations ofSthenass and of th&® — A mass
difference to date.
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Figure 2.10: Fit of the invariant mass for th¥ — A° 4 + distribution [?]

Lifetime, Decay Modes and Branching Ratios

The dominant decay mode of th® hyperon is:

and its lifetime was determined by th# — A° magnetic transition moments, | through the
measurement of the cross section of the Primakoff procégs [5

Figure 2.11: Primakoff production &° hyperons on nuclei.

AM+Z—-XY04+7

where Z stands for the Coulomb field of a nucleus.

The first determination of th&° lifetime is reported in [54] and was obtained by measuring
the Coulomb production df° hyperons through the interaction of a beam\dfyperons at the
CERN Proton Synchrotron with Uranium and Nickel nuclei. Tésults for the-? lifetime and

for thex? — A° magnetic transition moment were:

750 = (0.58 £0.13) - 107" sec (2.11)
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|sal = (1.827032) nuclear magnetons (2.12)

respectively. Both are in agreement with S)jgredictions.

A subsequent experiment was performed986 using a similar approach [55] in the Fermilab
Proton Center beam line usinglé0 GeV proton beam onto three targets (Be, Sn and Pb). The
results for thex? lifetime and for thex® — A° magnetic transition moment were:

750 = (0.76 = 0.05 £ 0.07) - 107" sec (2.13)

|usa| = (1.59 £ 0.05 £ 0.07) nuclear magnetons (2.14)

A recalculation of the experimental results of [54] rema@vaanumerical approximation made
in that work yield [56]:

50 = (0.65917) - 107" sec (2.15)

lpsa| = (1.72315) nuclear magnetons (2.16)
Two other suppressed decay modes are foreseen:
-2 Y0 S AV etem

ForI? only an upper limit & 3 CL 90%) exists as reported in [57] while féF* only a theoretical
QED calculation§ - 10~3) exist as reported in [58].

2.2.3 ¥ (uds) and¥*~ (dds) [l = 1,37 = 27, S= 1]
Masses and Widths

Several experiments have been performed over the pasteteiredrder to measure the masses
of theX** andX*~ hyperons and their widths.

The first determination was obtained at the Lawrence Raxti&taboratory (Berkeley) Bevatron
in 1961 [59] in the interaction ofl.11 + 0.03 GeV/c K= beams in a0-in propane bubble
chamber via the reaction (see Fig.2.12)

Ki+p—A+7at+7"
The results reported for tHe*™ andX*~ masses and widths are:

Msg-+ = 1376.0 £ 3.9 MeV/c? T'g.+ =48+ 16 MeV/c? (2.17)

Mse- =1376.0 £4.4 MeV/2 Tyo =66+ 18 MeV/c? (2.18)

A number of subsequent experiments have been performedmitbasing accuracy till984
when a high statistics experiment involviag - 10° photographs of the CEREBm hydrogen
bubble chamber exposed to a Keam of mean momentu&i33 GeV/c was performed [60].
The actual world average values of the" andX*~ masses and widths are [47]:
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Figure 2.12: Invariant mass distributions for the X&) and (b)X**. The solid lines are the fits of the
resonance regions [59].

Myr = 1382.8 +0.4 MeV/c? g+ = 35.84+0.8 MeV/c? (2.19)

Ms-— = 13872+ 0.5 MeV/i2 Tyo =39.4+21 MeV/c2 (2.20)

Decay Modes and Branching Ratios
TheX*t andX*~ hyperons decay through the channels:
-T2 S A%+ (87.0+1.5)%
-T2 Y 5S4 (11.7+1.5)%
-3 Y S A4y (1.3104)%
ST Y=Y+ (<24-107% (CL90%)

The ratiol?/I"! has been measured in several hydrogen bubble chambersnespes during
the '60s and 70s through the study of Kp andp interactions. The present world average for
the ratiol™ /T is 0.135 4 0.011 [47].
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The ratiol*/T'' has been recently measured by the CLAS collaboration at JJ6ABwhich
reported the result:

3/ = (1.534+0.397543) - 1072 (2.21)

superseding an old measurement which only provided an dippie{ < 6 CL 90%) [57].

The ratiol™* /I'T°* has also been measured very recently. The experiment pexfat FNAL by
the SELEX collaboration [62] provided an upper limit ¢.4-10~* CL 90%) which superseded
the upper limit of< 6.1 - 10~ (CL 90%) estimated decades earlier by [63].

224 = (dss)[I=1,3" =3" 5= 9
Mass

In a exposure of the CERBR cm hydrogen bubble chamber to a beam of iéesons having
a momentum ofi.455 + 0.025 GeV/c62 =~ events were selected 963 providing the first
measure of its relevant parameters [64]. In particular tieesreported for the mass is:

M=

= 1321.14£0.65 MeV/c? (2.22)

This result has been confirmed by several experiments peetbrduring the 60s and 70s,
the most recent of which is reported in [65]. In this expemineross sections, mass spectra,
angular distributions and several other featureS ofproduction from protons and neutrons in
K~d interactions at.93 GeV/c in the Berkeley National Laboratogg-in bubble chamber were
measured. The reported result for the mass is:

M=- = 1321.46 + 0.34 MeV/c? (2.23)

The present world average reported in the PDG [47] is:

M- = 132134+ 0.14 MeV/c? (2.24)

In the same period, similar measurements were done f&t trentiparticle E+) mass Yyielding
to the world average value:

M=+ = 1321.20 = 0.33 MeV/c? (2.25)

The ratio% has been evaluated as a test of CPT invariance using the axatdge=—

and=" masses above yielding.( & 2.7) -10~4 [47].

Mean Life and Decay Modes

The=~ mean life has been measured in a number of experiments wbiared more thag
decades from the earlg0s.

The most statistically accurated measurements was pextbimi 978 [66] with the CERN2m
hydrogen bubble chamber exposed to alkeam of nominal momentum?2 GeV/c. 4286 =~
events were analyzed providing the value:

7=— = (1.609 £ 0.028) - 107'% sec (2.26)
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The world average reported by the PDG is [47]:

7= = (1.639 £0.051) - 107'° sec

(2.27)

Similar measurements were performed with a much lowerssizgifor the determination of the
=T mean life yielding to the world average:

7=+ = (1.6 £0.3)- 10" sec

(2.28)

A full list of the =~ decay modes can be found in [47]. The most probable decayeheby

far == — A + 7~ with a branching ratio 0f99.887 + 0.035)%.

2.2.5 The present world averages

The present world average [47] of the strange baryons ptiepatescribed above are summa-

rized in Tab.2.2.

Strange 1(35) Mass (MeV) Lifetime or Dominant Branching
Baryons Full Widths Decay Modes| Ratios
AO(usd) 0(%*) 1115.683 £ 0.006 | (2.631 4 0.020) - 10710 sec pr— (63.9 £ 0.5)%

N0 (35.8 £ 0.5)%
SOuds) || 1(37) | 1192.642 + 0.024 (7.440.7) - 10720 sec Ay 100%
S (dds) || 137) | 1387.240.5 39.4 + 2.1 MeV Ar~ (88 +2)%

o (11.7 4+ 1.5)%
St (uus) || 137) 1382.8 4 0.4 35.8 + 0.8 MeV Ar™ (88 +2)%

N (11.7+1.5)%
=(dss) || 1(37) | 1321.31+0.13 | (1.639 +0.015) - 1010 sec A~ (99.887 + 0.035)%

Table 2.2:Summary of the properties of the strange baryons analyzihisithesis.
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Chapter 3

HERMES Physics

3.1 Kinematics

In a deep-inelastic scattering (DIS) process the leptaraats with the nucleon in such a way
that it leaves a continuous spectrum of hadrons in the fiaéé stlenoted wittX .

I+ N —=I+X (3.1)

Fig.3.1 shows a sketch of the DIS process in the one-photomagge approximation. The
interaction between the lepton and the target takes pladgheiexchange of a virtual boson with
massg? = —Q? andq = k — k’. The type of the exchange boson depends on the lepton type
and on the involved energies. At HERMES, the beam ener@y 6fGeV (corresponding to a
center of mass energys ~ 7.1 GeV () is well below theZ° mass, thus the contribution from
the Z° boson is completely negligible and the virtual photonsoded with~* are the dominant
exchange bosons.

<\

= (E, k)

>~

n

Figure 3.1: Schematic view of a deep inelastic scatterirgnieon a proton target.

1The center of mass energyis defined as:

s=(k+P)*'L2ME — M? (3.2)
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In inclusive measurements only the scattered lefitendetected. The variables reported in
tab.3.1 are commonly used to describe DIS processes.

Table 3.1:Definition of the most important kinematic variables usedéep-inelastic scattering.

k= (E, k) kK = (E,K); 4—momenta of incoming and outgoing

p 'Y (M, 0) 4—momenta of the target nucleon

0,¢ polar and azimuthal scattering angles

qa=(vq) 4—momenta of the virtual photon

Q2= —> "L AEFE sin2(0/2) negative squared—momentum transfer

v= % “p g energy transfer from the incoming lepton
to the target nucleon

T = 2%2(1 w 2%21/ Bjgrken scaling variable

y = % lab 5 fractional energy of the virtual photon

W2 =(P+q)?'% M2+ 2My — Q2 squared invariant mass of the hadronic final state

p = (Ex,p) 4—momentum of a final state hadron

= p2 @b By fractional energy of the final state hadron

hadron momentum component

Pl =7 % o parallel to the photon momentum
in the center of mass frame

Tp = ’% ~ o Feynman scaling variable

The kinematics of a scattering event is described byithmomenta of the lepton before
and after the scattering (= (E, k) andk’ = (£’ k'), respectively) and by the corresponding

—

4—vector of the target nucleo®, = (Ey, P).

The spatial resolution of scattering process is inversebpgrtional to the negative squared
4—momentun)? of the virtual photon, where:

lab

Q*=—¢"=—(k—k) ~4FEE'sin*(0/2) (3.3)
Furthermore, the energy transifefrom the incoming lepton to the target nucleon is defined as:

Pq
V= —

~

lab

ZFE—F 34
i (3.4)

and the total invariant mass of the final hadronic state
W?=(P+q)?2 M +2Mv — Q? (3.5)

Here, M denotes the nucleon. The expression in the laboratory ftawi for fixed targets
(P = (M, 0)) and energies high enough to neglect the lepton mass.
For elastic scattering)’? = M? so thatQ? — 2Mv = 0.
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The Bprken scaling variable is defined as:

QZ lab Q2
TTO9P.q 2Mv (3.6)
thus yieldsz = 1 for elastic and) < = < 1 for inelastic events and can be understood as a
measure for the inelasticity of the event.
The DIS reaction can be described as scattering off theishaiy quarks in the target nucleon,

which subsequently breaks apart. The DIS domain is appteiyngiven by:

Q? > 1GeV?  and W? > 4GeV2. (3.7)

These conditions ensure a high enough resolution to prabatérnal structure of the nucleon.
Furthermore, thé)’? requirement avoids the elastic scattering region, as wdh@astic scat-
tering in resonance regions with? = My (wherelM, is the mass of the resonance).

All the variables reported above are well defined by the ptogse of the scattered lepton
and thus can be calculated from an inclusive measuremergernm-inclusive measurements,
hadrons are detected in coincidence with the outgoing tep&@mi-inclusive variables define
the characteristics of the individual hadrons. The mostortgnt ones are, the longitudinal
momentum fraction carried away by the produced hadron, dymRan variabler and the
rapidity »:

z = En (3.8)

174

l

2

rp = ZI’/{C/M (3.9)
1 Eh,, +p)
n=g- In (M (3.10)
E¢n —pem

hereng denotes the projection of the hadron momentum in the doedf the virtual photon

in the photon-nucleon center of mass system. In this reterélame, the Feynman variabte
scales the momentum component collinear to the photon miumeto its maximum possible
value 1 < xp < 1). The rapidityn is a commonly used variable in high energy hadronic
scattering since it conveniently transforms additivelge@mboosts along a special axis (where
the natural choice is the collision axis, given by the vilplaoton momentum) [67]. In the
non-relativistic limit,n becomes the particle velocity along this axis. The vareblandz
enable to define a forward region in which

xp >0 and n>0 (3.11)

and a backward region where both the variables are negaineeind 0 there is the so-called
central region

3.2 The DIS Cross Section

The inclusive DIS cross section can be defined in terms ofgp@hic tensoL ,,,, that describes
the leptonic interaction patt— ~*/’, and the hadronic tensé¥**, that describes the hadronic
interaction part® + v* — P’.
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d*o B a? E

dE'dQ  2MQ* FE

Here,a = e?/(47) ~ (1/137) is the fine structure constant. As in classical Rutherfoedtec
ing, a typicalQ/* dependence is obtained.

For the point-like leptons, the tensay, can be exactly calculated in QED. For unpolarized
scattering it is given in leading order by:

L W (3.12)

Luy =2+ [K ko + K by — g (K -k — m?)] (3.13)

with m denoting the lepton mass apgl, the Minkowski metric.

The hadronic tensor has to reflect the hadronic substruofutes target nucleon and thus can
not be calculated exactly. Fortunately, its structure carcdnstrained by symmetry require-
ments like Lorentz and gauge invariance as well as curraityganservation. For the unpo-

larized (or spin-averaged) case, only two independenttsirel functions remain:

1 AuGy 1 P-q P-q

mwuy = <_g;w - 62 ) : Wl(V, Q2) + W (pu Q2 q,u> < v+ ?Qy) : W2(V, Qz)
(3.14)

The combination of egs. 3.12, 3.13 and 3.14 leads to:

d*o do ) o, o [0
dE'dO o <d_Q>MOtt ’ lW2<V7 Q ) + 2W1<V7 Q )ta’n 5 (315)
where
do 40’E? (0

().~ o (3) 62

denotes the Mott cross section which describes the scagtefieptons off a spin-less and point-
like particle. The structure functions parameterize th@at®n of the nucleon cross section
from this point-like particle behavior, where specificalie additionatan®—dependence is due
to the interaction of the positrons with the magnetic monoétihe nucleon. In the elastic limit
(v — Q?/(2M)), the structure functiond’; and 1V, are related to the electric and magnetic
nucleon form factors:

Wi(v, Q%) = 46\242 G3,(Q*)6 (1/ 2QM> (3.17)
_ GH(@Q) + 3pGhi(@?) @
Wa(v, Q%) = . +4Z42 § <y 5 M) (3.18)

Usually, the cross section is expressed in terms of the difaeless structure functiod§ (=, Q%)
andFy(z, Q?). In the limit of Q* — oo for a fixed ratio on the so-called Bjrken limit, they
become a function of the Bjken scaling variable (3.6) alone

MW1<V7 Qz) :Fl(x7Q2) —>F1(.T) (319)

vWao(v, Q%) = Fy(z, Q%) — Fy(z) (3.20)
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This behavior has been predicted byen [68] and Feynman [69] and has subsequently been
measured at SLAC [70]. It indicates that, at sufficientlythanergies, the scattering process
occurs on point-like particles that form the constitueritthe nucleon. These predictions and
measurements form the basis of the quark parton model.

Comparing A.10 with the cross section for scattering offypdike spin1/2 particles

do  (do Q? 5 [0
0" (m)m | [1 o' (5)1 (3:21)

yields (taking into account egs. 3.19 and 3.19)

2eF)(x) = Fy(x) (3.22)

This equation is known as the Callan-Gross realtion [713. ekperimental verification con-
firmed that the charged partons in the nucleon are indeed gpiabjects.
Experimentally, the;, structure function is well known from thelHand ZEUS data at HERA.
Fig.3.2 shows th&)? dependence of the structure functiéh(z, Q?). For intermediater
(around0.25) the function is independent @p?, as expected from the quark parton model
(eq.3.2). However, for larger and smallerthis independence is lost. This scale-breaking ef-
fect can be explained if interactions between the partoasraroduced into the quark parton
model, which so far have been neglected.

The cross section is often written as a functior@3fandz. In terms of the dimensionless
structure functiong’; and F; it is given by:

d*c B Ao

T0d0? = wqr [ TR @ QY + (1= ) Fale, Q)] (3.23)

Here,y denotes the fraction of the lepton energy transferred toetfyet (see tab.3.1).

3.3 The Quark Parton Model

The Quark Parton Model provides an intuitive explanationtfee observed Byken scaling.
The nucleon is considered to be composed of point-like domesits, the partons. It is for-
mulated in a reference frame where the nucleon is moving kigh momentum, such that the
transverse momentum components and the rest mass of thigwems and the nucleon itself
can be neglectednfinite momentum frameee fig.3.3). In this model, the DIS occurs as elastic
scattering on these constituents.

The model implies that the interaction between the indiglghartons is weak on short dis-
tances. If the scattering occurs on sufficiently short timees, the particles can thus be re-
garded as quasi-free, and themomentum of a parton after scattering is given by:

(EP+q)° =EM?+ 2P - q—Q*~0 (3.24)

where¢ denotes the fraction of the nucleon momentum carried bytthelsquark. Neglecting
the target mass yields~ Q?/(2P - q) and thus allows to relate the momentum fraction with
the Bjsrken scaling variable in the given approximation (see eq.3.6).

In the QPM interpretation the structure functiés(x, Q) can be rewritten as:

Fy(r,Q*) =z - Z e?f - qs(z,Q%) (3.25)
f
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Figure 3.2: World data oy (z, Q?) from H1, ZEUS, NMC, B65 and the BCDMS collaborations.

The sum runs over all quark flavogse [u, d, s, ¢, b, t] and the corresponding antiquarks. Here
ey is the fractional charge carried by the considered quarkiflandg, (=, Q?) is the so-called
Parton Density FunctiofPDF) that represents the expectation value for the numbeaiks

of type f to be found in the nucleon with a momentum fraction betweemdx + dz. For
HERMES the relevant flavors ate d ands, with fractional charger2/3 (u) and—1/3 (d and

s). The structure function can be rewritten in terms of theviitial quark distributiongj. For
the proton and the neutron it becomes:

l.ng[f(ugmsms) L @rd+d)+ 1-(85%—38)} (3.26)
x 9 9 9

1 F"—F (uy + us + Ts) L (d} +d +8)+1 (s +—)} (3.27)
T 2 9 U, Us Us 9 v s s 9 s Ss .

*Thew, d, s—quark distributionsy,, 4 «) (z) are denoted withi(z), d(z) ands(z), respectively
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Electron /

Proton U \
Parton

Figure 3.3: Schematic view of the DIS process in the laboyat@me (left) and in the Breit frame
(right).

where the subindecesands denotes th&alence quarldistributions and theea quarldistri-
butions, respectively. The proton and the neutron are eertin an isospin doublef (= 1/2).
Therefore their quark distributions are subject to a nunatbeymmetry relations

ug(w) = dy(x)  dj(r) = uy(z) (3.28)

ul(r) = di(x) = di(r) = ug(x) (3.29)

Since the sea quarks are always created in quark - antiq@ark @f the same flavor, it is
possible to equate,(x) = u,(x) and analogous for the other quark flavors. A number of sum
rules in terms of the total quark and anti-quark distribasican be written. For the proton:

/01 dr(u(z) —u(z)] = /01 dau,(x) =2 (3.30)
/ dald(x) —d(z / dud,( (3.31)
/01 dr[s(x) —35(z)] =0 (3.32)

3.3.1 The QCD-improved Quark Parton Model

In the so-called QCD-improved quark parton model, quarteract by the exchange of gluons,
which mediate the strong interaction. Fig.3.4 depicts tagidprocesses possible in strong
interaction: quarks can radiate gluons, gluons can spgfit &g pair and gluons can couple
with other gluons.

Similar to QED, the interaction strength arises from a cimgpstrengthn, = ¢2/4r. Itis
given in first order QCD as

127
(33 —2ny) - log(1?/Adep)
1 is the renormalization scale, which effectively poses aotuthe time scale in which virtual
fluctuations are taken into account. For DIS, it is usualitsé). The number of quark flavors

is given byn;, where usually all flavors with a mass smaller thaare taken into account.
Agep finally is the QCD parameter.

au(i?) = (3.33)
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(a) (b) (c) (d)

Figure 3.4: The four basic gluon interactions. (a) gluonatah by a quark, (b) splitting of a gluon in a
quark - antiquark pair, (c) splitting of a gluon in two glucaisd (d) a gluon four - vertex.

For the applicability of perturbation theory, must be less thah soA sets the scale for the
breakdown of perturbation theory. Depending on the renbzatéon scheme and the number
of quark flavors A has a value 200 — 300 MeV.

Unlike the electromagnetic coupling constaniy, exhibits a strong:? (or for DIS ()?) depen-
dence.o, becomes large a3 decreases: this property shows the tendency towanufine-
ment and it is essential to understand the fragmentation pradeagsarks into hadrons. A low
energy, the quarks are bound very strongly together intda singlet. The coupling constant
decreases whef)? increases and approachess@? — oo. Quarks behave as if they move
freely and unbound. This property is callagymptotic freedom

The interactions of the partons by the processes shown Bh4igpgether with the)? de-
pendence of the coupling strength explain the scaling trasia observed in the structure func-
tions. A photon with a larget—momentum probes the nucleon with a higher resolution. With
increasing resolution the nucleons appear to be composethajer number of resolved quarks
and gluons, all sharing the total nucleon momentum. Theifraof partons which possess a
high sharer of the total momentum thus decreases, while the number tbrp=ivith low x
increases.

Quantitatively, this behavior can be described by the DGt &lution equations ([72], [73],
[74], [75]). For the quark distributiong(z, Q*) and the gluon distributiong(x, Q?), they are
given as

%g;) = /xl dx—l,J Q(x,a QQ) - Pyq (%) + g(xlan) - Pg (%) (3.34)
L;(ZZQQ;) = /xl dx—l,J lg(x” Qz) - Pyg (%) + zq:Q(x/a Q2) - Pyq (%) (3.39)

They mathematically express the fact that, at a given résald)?, e.g. a quark of flavor

q, carrying the momentum fractian, could have been radiated from a parent parton (quark
or gluon) which carried a higher fractiari. The splitting functionsP,,(x/x") specify the
probability that a partohwith momentum fraction’ is the origin of a parton with momentum
fractionz. Or, speaking in terms of resolution, they give the probighib find objecta inside

of objectb with a fractionz /2" of b's momentum. Once the parton distributions are known at

3DGLAP=Dokshitzer,Gribov,Lipatov,AItareIIi,Parisi
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some scale, the DGLAP equations allow to calculate PDFshatr gicales where perturbation
theory holds.

3.4 Hadronic Final States and Fragmentation Functions

The energy at which the scattering interaction occurs ismiugher than the force that holds
the partons together, so one would expect them to be ’kickedod the nucleon. However,
the principle of confinement dictates that quarks cannaiteas free particles in nature (long
distance behavior). They are always bound together intar c@utral objects: baryons consist-
ing of three differently colored quarks.(, ¢.2, ¢.3) Or mesons, being a bound state of a quark
and an antiquarkgf, g.). The process in which the final hadrons emerge from the dexastic
scattering is calledrragmentation or Hadronization and cannot be tackled using perturba-
tive QCD as the strong coupling constantbecomes too large at low energy, which is exactly
where hadronization occurs.

A concept essential to the description of DIS is factor@atilt is assumed that the scattering
process of the virtual photon off a nucleon can be dividea twb parts: the hard short distance
scattering of the proton off one of the nucleon’s constitadgthe cross section calculable
from perturbation theory) and the selection of these ctuesiis according to a soft, long range
parton density function. The factorization theorem fordeadproduction in semi-inclusive DIS
is contained in the following expression for the hadron piaithbn cross section:

Ao Xy efcqf(x, Q%D?(A Q) d2oPIS
drdQ?dz >y 630(]f(51§',Q2) dzdQ?

The hadron production is given by thléjﬁ(z, Q?) functions, calledFragmentation Functions
they factorize from the parton distribution functiongz, Q*) and depend mostly on thevari-
able.

The fragmentation functions have to be derived from fit ofékperimental data because they
cannot be directly calculated. The hadronization procegsplemented in Monte Carlo sim-
ulation by using phenomenolocical models, whose paraséigre to be tuned to reproduce
the experimental data. The fragmentation model have beedthy fitting the data from the
colliderete™ experiments at several energies. The tuning of the LUND fitodbe HERMES
data has been obtained by measuring the hadron multipBciersus various variables ([76]
and [77]).

The three main fragmentation models are described in Sed?4rticular emphasis is given to
the LUND model, based on the string fragmentation model, ithéhe default model for all
PYTHIA applications.

(3.36)
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Chapter 4

Monte Carlo Simulation

Monte Carlo simulations represent a very important toolightenergy physics. Parametriza-
tion and models allow to simulate on a statistical basis,yw@spects that can not be calculated
in an analytical way and that are necessary for a completeratahding of the physical prob-
lems.

For the analysis presented in this thesis, a Monte Carlolaiion based of?YTHIA 6.2 [78]
generator an@GEANT 3 [79] was used for two main issues: the calculation of the geanal
acceptance, that, due to the limited angular coverage diERMES spectrometer, is of fun-
damental importance in the evaluation of the hyperons photoproduction cross section, and
the study of the background of the heavier hyperons. In thépter a short overview about
the Monte Carlo techniques is given; the HERMES Monte Cahlaircis then described. Fi-
nally the comparison between the Monte Carlo generatedhisbns and the experimental
distributions is shown.

4.1 The HERMES Monte Carlo Implementation

The HERMES Monte Carlo consists of a set of programs whiclaadtuilding blocks for the
complete Monte Carlo chain shown in fig. 4.1. Each MC produncstarts with a&Generator
Monte Carlo (GMC) program. Several events generators are available whickustiable to
simulate different aspects of HERMES physics. Their owgpan be considered as a simulation
of what really’ happens on the physics level. For a reastenebmparison with experimental
data, however, further effects have to be taken into acoabith are inevitably introduced by
the measuring process: depending on their kinematics, aohrtain fraction of the particles
produced in the reaction traverse the active area of thetete
They might interact with target material and detector betbeir kinematic properties can actu-
ally be measured. In the form of (multiple) scattering, thederactions influence the energies
and the measured angles of the tracks. Since the particleemtam is determined by the bend-
ing of the tracks induced by the spectrometer magnet, alsontbmentum determination is
affected. Additionally, the radiation of Bremsstrahlurigppons biases the detected energy of
the particles. Finally, the detector signals have to bepnéted by the reconstruction program.
The reconstructed track properties (momentum, angleticigatypes...) are subject to ineffi-
ciencies like the limited detector resolution, misidenéfions or even complete particle loss if
the signal does not allow to decode the information.

It thus produces a response function which is very similéinécactual detector’'s one, except
that it contains in addition the Monte Carlo informations&s particle type and the originally
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Figure 4.1: Schematic view of the HERMES Monte Carlo chain.

generated particle kinematics. Due to the compatible datadt, the HMC output can be fed
directly into theHERMES Reconstruction (HRC) program, which is also used to decode the
response of the real detector. Since the procedure to ématief detector response into actual
track properties is thus identical for experiment and satiah, all possible biases introduced
at this stage are automatically accounted for. As a last tepdata is usually passed through
the uDST writer to be saved on disk in a compact format, see SecZ.5The acceptance and
particle interaction effects are calculated by a progralled®lERMES Monte Carlo (HMC) .

It contains a model of the HERMES detector and the targetthas¢he GEANB tool-kit [79].
For each particle, the transition through the detectommutated taking into account the inter-
action cross sections with the materials it traverses. TH€EHutput contains the response of
the detector components, such as the signals from the thdilavires of the tracking chambers.

4.2 The PYTHIA 6.2 Generator

In this section some general basics of Monte Carlo workimgcgsles and a detailed description
of PYTHIA 6.2 will be introduced.

421 Monte Carlo Methods

The general problem is to generate events according to arkdastribution f(x) that has to
be non-negative within the allowed rangg;, < = < z,,... A phase space variablehas to
be selected randomly, in such a way that the probability t &in event in a small intervallix
aroundx is proportional tof (z)dz. There are three basic methods to find such:an

1) If f(z) is a simple function that can be analytically integrated &itd) is the primitive
function of f(z), then the integral of the distribution is the total area unfle:). Then

one has:
/x f@dz =R [ f(@)de = ROF(tmae) — F(amin)), 0<R<1  (4.)
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2)

3)

if the integral is invertible, then

r = F 7 F(2min) + ROF (Timaz) — F(Tmin))] (4.2)

thus selecting a series of random numbgysthe distribution ofr; follows f(x) by con-
struction.

Often the function of interest is not as simple as in methpdor example the function
is not integrable. In this case, if the maximum of the disttidn is known (f(x) < fra.
Vx) the "accept-reject’ method can be applied:

a) in the first step, a random numbey (0 < R; < 1) is selected, them is chosen with
uniform probability in the allowed range: = x,,;, + R1(Zmaz — Tmin)-

b) in the next step, a new random numb&r(0 < R, < 1) is selected and compared
with the ratio f () / fiae, If R2 < f(2)/ fmae, 2 IS retained, otherwise it is rejected
and the process is started again from point a).

The probability thatf(z)/fa: > R» is proportional tof(z), so again the distribution
of the z; follows f(x). This ’hit or miss’ method has of course a smaller efficiertognt
methodl), but has the advantage that no integration is needed.

If a simple functiong(z) exists, for which the integral and the inverse of the inteigra
known, and for whichf(z) < g(z) for all = of interest, a combination of methadg. and
2). can be applied:

a) in the first stepy is selected frony(x) using method).

b) in the next step, a new random numbBgr(0 < R, < 1) is compared with the ratio
f(x)/g(x) and the value is retained B, < f(z)/g(x). If this is not true, the chosen
x is rejected and a new value needs to be picked from point a).

The probability to choose a pointin step a) isP;(x) = g(x)dx, the probability to keep
this value in step b) i$,(z) = f(z)/g(z), the total probability to choose a particulars
thenP(z) = P(x)Py(x) = f(z)dx which is what is desired.

Several other more complicated methods are available gréodmprove the efficiency and

4.3

to comply with more complicated situations. A descriptidnihe presented and other methods
can be found, in more detail, for instance in Refs. [78] arti.[8

Fragmentation Models

Hadronization or Fragmentation processes take place ioahitnement regime where the per-

turbative QCD theory doesn’t work. In such processes cdipatons are transformed into
colorless hadrons that constitute the final particle staibsgrved in the detectors.

The fragmentation process is not yet understood from filisicjples, i.e. starting from the
QCD Lagrangian. For this reason, a variety of different mimeanological models have been
developed over the past decades. Three main categoriesuaiyudistinguished:

string fragmentation (SF),
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- independent fragmentation (IF),

- cluster fragmentation (CF),

but many variants and hybrids exist.
In the following only the first model is described in some dstdt represents the most widely
used model and the default model for all PYTHIA applications

4.3.1 String Fragmentation

In theLUND Model the fragmentation process is described in a prolsicikind iterative way,
in terms of one or a few simple underlying branchings, of jipet

jet — hadron+ remainder-jet
string— hadron+ remainder-string

and so on. At each branching, probabilistic rules are gieerttfe production of new flavors,
and for the sharing of energy and momentum between the pisduc
This is illustrated in fig.4.2 for a color-singlet 2-jet event, as produced it e~ annihila-

tion.
e

ﬁ___,__; hadrons

hadron
momenturiy

breakup
vertex

Figure 4.2: Schematic view of a typical LUND string break up.

Lattice QCD studies support a linear confinement pictuee the energy stored in the color
dipole field between a charge and an anticharge increassslijrwith the separation between
the charges, if the short-distance Coulomb term is neglecte

The assumption of linear confinement provides the startoigtor the string model. The
gq pair is produced in a single point in space-time, then theguarks start to move apart from
their common production vertex in opposite directions; phgsical picture is that of a color
flux tube being stretched between thand theg. The transverse dimensions of the tube are of
typical hadronic sizes, roughly 1 fm. If the tube is assuntelde uniform along its length, this
automatically leads to a confinement picture with a lineading potential. The dynamics of
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the massless relativistic string with no transverse degoééreedom is used in order to obtain
a Lorentz covariant and causal description of the energy floe to this linear confinement.
The constant force caused by this string gives rise to a linear potential. Thehle meson
configuration produces a so callgd-yomode, in which the system oscillates between states
where all energy is contained in the particle’s momentty{) and the turning points where
the energy is contained in the string of lendth stretched between the particlds £ « - Ax).
The string constant, i.e. the amount of energy per unit lerigtdeduced to be ~ 1 GeV/fm
from hadron spectroscopy.

As theq andg move apart, the potential energy stored in the string isggaand the string
may break by the production of a ne}’ pair, so that the system splits into two color-singlet
systemg;g’ andq/q. If the invariant mass of either of these string pieces gdamnough, further
breaks may occur. In the Lund string model, the string brgakrocess is assumed to proceed
until only on-mass-shell hadrons remain, each hadron sporeding to a small piece of string
with a quark in one end and an antiquark in the other.

As already mentioned, the LUND model uses an iterative agbreo simulate the fragmen-
tation process. In a first step, the flavor of the ngwpair is chosen. Massless quarks without
transverse momentum could be produced at one point in gpaeend then be pulled apart by
the force field. If the quark massesand transverse momentym are taken into account, the
guark and antiquark have to be produced at a certain disteoroeeach other to account for the

energy contained in the transverse mass = /m? + p2. In a quantum mechanical picture,
the quarks may be produced at one point and then tunnel auhietclassically allowed region,
with a tunneling probability:

2 2 2
P ~exp (_7”;%) = exp (—%) - exp (—%) (4.3)

The tunneling picture implies a suppression of heavy-quadduction,u : d : s : ¢ =~ 1 :
1:0.3: 107!, Charm and heavier quarks hence are not expected to be paduthe soft
fragmentation, but only in perturbative parton-showemnbhangsg — ¢g. The ss production
probability relative to the lighter quarks is a free paragnef the model, since the quark masses
are difficult to assign. At HERMES, an example of the diffiguit correctly taking into account
the s quark contribution is shown in the disagreement betweemxtperimental and the simu-
lated multiplicities for the Kaon [76] and [77]

In a second step, when the quark and antiquark from two adljateng breaks are com-
bined to form a meson, the spin and the angular momentum efewecompound state have to
be decided. Concerning the two possible spin couplingsg®reneson to pseudo scalar meson
ratio of 1 : 3 could be expected due to the relative number of availablestptes. However, this
effect is countered by the spin-spin interaction of the titments, which suppresses the vector
meson production with respect to pseudo-scalar meson gioduthat is a free parameter of
the model.

While mesons emerge rather naturally as bound states tiogsi$ a string with ag andg as
end points, there is no clear and unique way to produce batyahis model. Two alternatives
are implemented in JETSET. In the simplest form, baryorsedy replacing the— g pair with
agq — qq configuration (bothyg andg are color anti-triplet states). While in this simple model
baryons and antibaryons are automatically produced asstaagighbors, the alternatiFOP-
CORN model allows for one ([81]) or several (advanced popcorf)[Bzsons to be produced
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in-between. No di-quarks are produced, but baryons arga the successive production of
severaly;g; pairs with different colors.

At this stage, the hadron (and thus its mass) has alreadydsgmeted upon, as well as the
transverse momentum components. What remains to be desris the energy and longi-
tudinal momentum of the hadron. Only one variable can becssleéndependently, since the
momentum of the hadron is constrained by the already deteahtiadron transverse mass,

(E+pz)(E—pz):Ez—pizmi:m2+pi+pz. (4.4)

The fractionz of the total available energy to be assigned to the new parigiven by the
Lund symmetric fragmentation functiof{z), which expresses the probability that a giveis
picked and ensures the validity of the ‘left-right symmeéttiyat requires that the fragmentation
process as a whole should look the same, irrespectively etiven the iterative procedure is
performed from the end or thej:

f(z) x lz“a (1 — Z)aﬁ exp (—@) (4.5)

z z

There is one separate parameteior each flavor, with the index corresponding to the
‘old’ flavor in the iteration process, anglto the ‘new’ flavor. It is customary to put ail, 5 the
same, and thus arrive at the simplified expression:

f(2) o< 2711 — 2)%exp (— bﬂzu> : (4.6)

The variables andb are needed to regulate the distribution of energy acrosriflestates.
The functional form of eq. 4.6 is motivated by the requirettbat the fragmentation process
should be independent of the choice of the direction thetfieagation is performed along the
string ([83]). In fact, at iteration the Lund algorithm rammdly chooses a string end from which
the fragmentation takes place. Once the remaining energyitpped below a given value,
two hadrons are produced after a final string break. Thisdavibie problem of putting the last
hadron on the mass shell while being at the same time complatastraint by energy and
momentum conservation.

In the following sections the other two models, Independeaigmentation and Cluster
Fragmentation, respectively, are briefly described.

4.3.2 Independent Fragmentation

In thelndependent Fragmentationmodel, it is assumed that the fragmentation of any system
of partons can be described as an incoherent sum of indepiginagmentation procedures for
each parton separately. The process is to be carried oueiowdrall c.m. frame of the jet
system, with each jet fragmentation axis given by the dimaadbf motion of the corresponding
parton in that frame.

Also in this case, an iterative procedure is used to desthdsuccessive hadrons produc-
tion. An initial quark, carrying a well-defined amount of egyeand momentum, is split into a
hadrongg, and a remainder-jet;, essentially collinear with each other. The energy frarctio
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Figure 4.3: Schematic view of the Independent Fragmemdtiodel.

remainder

taken by the new mesoyg, is again determined by a distribution functigftz). Several func-
tions can be chosen, but the common forms are the Lund synerfraymentation function and
the Field-Feynman parametrisation:

f(z)=1—a+3a(l - 2)? 4.7)
with a default value of. = 0.77 ([84]).

The Independent Fragmentation model has some problemarthabdt present in the String
Fragmentation model. For example, flavor is conserved lpoakachg;g; splitting, but not in
the jet as a whole. In the production of the last megong, generated in the jet, an unpaired
quark flavorg, with an energy below a certain threshold is discarded. Eumbre, particles
produced with a very small energy fractionmove backwards in the jep{ < 0) and are usu-
ally discarded. Several model extensions exist which fig¢hssues, the implementation most
commonly used are the Hoyer er al. ([85]) and Ali et al. ([8&pgrams.

The other problem of the Independent Fragmentation is th&bimalism is not Lorentz invari-
ant, the outcome depending on the chosen reference fraredragmentation is always carried
out in the c.m. frame. However, there is no physical motorafor this restriction.

4.3.3 Cluster Fragmentation

The Cluster Fragmentation model uses a QCD parton branching mechanism to obtain the
multitude of final state particles. The fragmentation pssces basically divided into three
steps:

- parton showers evolve the initial partons far off masdish& partons nearer to mass-
shell. The energy sharing in the branching vertiges qg, g — ¢g andg — gg is given
by the corresponding Altarelli-Parisi splitting funct®R,,;;

- in a second step, partners in the same region of phase-spaggouped together into
clusters, which in case of high masses fragment into smaties.

- Finally, the cluster decays isotropically into hadrons.
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Figure 4.4: Schematic view of the cluster fragmentation.

In general the cluster model contains few adjustable paemyelike the QCD scale pa-
rameterAgcp and energy cut-offs. Again various implementations exist, most prominent
ones being the Webber model ([87], [88]) implemented in tBRM/IG program ([89]) and the
CALTECH-II model ([90]).

4.3.4 The Physics of PYTHIA6.2

According to the model proposed by Schuler angs8and ([91]) and further updated in [92],
the~*p cross section can be divided into a photoproduction commutcarad a DIS component.
In the limit Q> — 0, the DIS process*q — ¢ becomes kinematically forbidden and only the
photoproduction component remains. In contrast, wijéincreases from zero to high values,
the photoproduction component decreases in importancédiraadty only the DIS process re-
mains. PYTHIAG.2 is based on a smooth interpolation between real photoptimiuEy = 0)
data and the truly deep inelastic regior? (@ o).

Photoproduction (Q? — 0)

The strongly interacting fluctuations— ¢g provide the main contribution to the totgbh cross

section. The total rate afg fluctuations is not perturbatively calculable. For thiss@a the

spectrum of fluctuations is normally split into a low-virtia and a high virtuality part. The
former part can be approximated by a sum over low mass vewtsen states (VMD), while
the high-virtuality part should be perturbatively caldula

The photon wave function can be written as:

1V >= Chare| Yoare >+ D, V>4 D gla>+ > allflT > (4.8)
V=pO,w,¢,J /1 q=u,d,s,c,b l=e,p,T
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The coefficients; depend on the scaleused to probe the photon. Thefs~ (awe,,/27)(2/3)in(u?/m?).
Introducing a cut-off parametég to separate the low- and the high-virtuality parts, oneiokta

2 ~ (Qem/2m)(2¢])In(p?/k3). The VMD part corresponds to the rangegaffluctuations be-

low ko and it isu-independent (assuming > k). In conventional notation?, = 4o,/ f¢

with fZ/4m determined experimentallyThe k, parameter is constrained by fits to the parton
distributions of the photon to bk, ~ 0.6 GeV. ¢, is fixed by unitariety:c?,, = Z3 =

1 - — X — X c anditis always close to unity.

The above superposition corresponds to the existencees thain event classes-ip events

(see fig. 4.5):

g

(a) direct

Figure 4.5: Contributions to hargp interactions: a) direct, b) VMD and c) anomalous. Only thseiba
graphs are illustrated; additional partonic activity ikwaked in all three processes. The presence of
spectator jets has been indicated by dashed lines, whildirfes show partons that may give rise to
high-p, jets.

a) a’direct’ photon process, wherein the bare photgn. > interacts directly with a parton
from the proton. The process is perturbatively calculable ao parton distributions of
the proton are involved. Although virtual photons can als@bsorbed by partons of the
nucleon in the leading order (LO) DIS process, see next papég for real photons, only
higher-order Photon-Gluon Fusion and QCD Compton scagexie allowed.

b) a VMD process where the photon fluctuates into a vector mgz@dominantly a° is
resolved’, with the same quantum numbers as the photorrddie interaction with the
nucleon. The description is that of hadron-hadron scatjesinere processes like elastic
and diffractive scattering, but also soft and hard nonraliffive processes are included.
Hard non-diffractive VMD processes proceed via the exckapiga hard gluon. The
initial (beam) partons are generated according to partstnillition of thevector meson
In soft non-diffractive VMD processes, the (valence-ligajton distributions of the vector
meson as well as that of the nucleon are modeled using)SBA(soft gluon is exchanged
between the two partons and the final state hadrons are siiedransverse momentum
only by the hadronization process.

¢) anomalous or GVMD (Generalized VMD) photon processesihith the photon fluctu-
ates into ayg pair of larger virtuality then in the VMD class. The photonnssolved’
but it splits into partons perturbatively, and one of theagqgns interacts with a parton of
the nucleon. Then all kinds of QCP — 2 processes are allowed, suchg@g — ¢;q;,

12.20 for p°, 23.6 for w, 18.4 for ¢ and11.5 for J /1.
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qq — gg and so on. The difference to the hard non-diffractive preessn a) is that here
the parton distribution of the photon are relevant.

The leptonidi™{~ > states can be neglected in the study of hadronic final states.
The three event classes are distinguished by means of #sm bemnants. Usually the nucleon
will always leave a remnant with the 'spectator’ partons.e Tirect photon does not leave a
remnant, all its energy goes into the hard subprocess. Itraginresolved photons will leave
a beam remnant, except for the very distinct case of elasticsmgle diffractive VMD events.
In soft, non-diffractive VMD processes the remnant will maily have small primordiak
(transverse momentum) smearing, whereas for the anomakmssthe 'beam remnant’ coming
from they — ¢q splitting has a well defineé; from some cutoff, onwards.
The totalyp cross section is the sum of the three contributions

_ 204 P
UtOt Udzrect + OvMD + O anomalous (49)

Total hadronic cross sections show a characteristic faliolow energies and a slow rise at
higher energies. This behavior for a general process B — X can be parameterized by the
form:

0B (s) = XABs 4 yABgn (4.10)
The powers: andn are universal, with fit values:

e =~ (0.0808 n ~ 0.4525 (4.11)

while the coefficientsY4? andY“4? are process-dependent. Equation A.6 can be interpreted
within the Regge theory, where the first term correspondotogron exchange and gives the
asymptotic rise of the cross section. The low energy regatescribed by the second term, the
reggeon.

The VMD part of the cross section can be written as:

4T Qepn
U;Y/I}VJD(S) = Z 7 Ut‘gf(s) (4.12)
v o IV

This contribution corresponds to approximat@&lys of the totalyp cross section at high ener-
gies, with the remaining0% shared among the direct and anomalous event classes.
The anomalous contribution can be written as:

ozem dk? _
O-(’zygomalous - Z / kQJ_ ‘];(2‘1‘1 V(qq)p ( S) (4 . 13)

with kv (44 a free parameter introduced for dimensional reasons andiassd with the typical
k, inside the vector mesol formed from aqg pair. This equation takes into account the
probability for the photon to split into ag state of transverse momenta:; and the cross
section for this;g pair to scatter against the proton.

To leading order, the direct events come in two kinds:

- QCD Comptonyg — ¢qg (QCDC)
- photon-gluon fusiong — ¢q (PGF).
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The admixture of these events classes is done according se#tes involved, introduced in
fig.4.6. Herek, is related to they — ¢g vertex whilep, is the hardest QCR — 2 subprocess
of the ladder between the photon and the proton. The allolwadggspace can then conveniently
be represented by a two-dimensional plane (see fig.4.6(b))

PL ki =piL
anomalous

VMD

hard
- Pt naine

VMD

soft

>
ko -
(a) direct (b) vmd

Figure 4.6: (a) Schematic graph for a hagdprocess. (b) The allowed phase space for this process with
the subdivision into events classes.

o if k; < ko, the transverse momentum at the— g vertex is small and the process is
VMD.

o if kb, > ko, there are two possibilities:

a) k, > py, then the hard process would be — ¢g, with the gluon being part of the
gluon distribution in the nucleon, and the photon is direct.

b) k£, < p., then the hard process would b — ¢7’, a completely different process,
where theqg at the photon vertex is the part of the quark distributiondeshe
photon. This is an anomalous process.

The direct and anomalous event classes are thus subdiwdedb p, line.

DIS (Q? — o)
The photon virtualityQ? introduces a further scale to the process, showed in fig.4.7.

An additional classification needs to be done for virtualtphs, comparing)? with &2 and

P

e the LO DIS process is usually considered widgn> k2 > p?
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pPL

ki =p1
photoprod
non-DGLAP
QCDC+BGF
LO DIS
Q s
(a) direct (b) vimmd

Figure 4.7: (a) Schematic graph for a hargh process. (b) Event classification in the largé limit.

e the situation whei? > Q% > p? corresponds t@®(aa,) corrections to LO DIS, the two
processes*g — qq (PGF) andy*g — gg (QCDC). For large enougf? this process is
implicitly included in the total DIS cross section and shayesn the (logarithmic) scaling
violation of F2. The dividing linek? > Q% is somewhat arbitrary and was introduced to
extrapolate to the region of sm&lf — 0 where the LO DIS process should be vanishing,
but not theO(«;) processes.

The DIS cross section can be subdivided into:

VP o~ Q2 " 47Tagm F ( QQ) I A TR A TR 4y + Y*'p + Y*p (4 14)
Otot = QP+ m2 02 2(Ts =0p, =0p1s = 9rLopis T 9pgr T 9@cpc \*-

m = 0, 1,2 can be changed by a switch in PYTHIA. The PYTHIA defaultiis= 2. When
Q2 — 0 the last two terms in eq.4.14 become dominant and this ceald o072}, ¢ < 0 if
calculated by subtracting the QCDC and PGF terms from tteg RIS cross section. In order
to avoid this, the LO DIS cross section is exponentially sepped by a Sudakov form factor:

Y*p

o 7321? +0 ggpc
Y'p _ 'p Y'p Y'p Y'p
OrLopis = Opis — (UPGF + UQCDC) —  Oprs€rp | — s (4.15)
DIS

At HERMES energies, the scalgs, k£, and@? might be close to each other such that it is
sometimes not possible to unambiguously choose an eveat Tyere is a variety of possible
treatments and suppression factors to avoid double cayintithose cases. The factor

w2 " "
(W . Q2> — (1) (4.16)
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with n ~ 3 being a tunable parameter is used to suppress VMD with respeice LO DIS
process in the region wherg? > k., butk, < k,, i.e. aregion where it cannot easily be
decided whether the event still belongs to the resolvedready to the direct class. Altogether,
the PYTHIA cross section model farp interactions forms like this:

. . W32 " . .
) + ke + otne + (jasge) (0o + o)
(4.17)
The conversion o7 to o°” is done by weighting with a photon flux in the Weixker -
Williams approach [93], [94] and [95]:

OpGF + 0gepe

Y _ P
Otot — Oprse€xrp <_ pn
DIS

d?oP

_ 2
dyd0® Py, Q) - oy (4.18)
with
em 1+(1_y)2 2(1_y) i
Oy, Q) = — = . “min 4.19
(y, Q%) ()2 ( ) J 0 (4.19)
where(@? is the negative square of the photbmometum, or the virtuality of the photon. The
minimum photon virtuality i$9? ;. = (m.y)?/(1 —y). Integrating over)? up to the maximum
experimentally accepted valdg, ., gives:
Ao Qe [14 (1 —y)? 2 2(1 —y) 2.
_ ) max _ . 1 _ man Yp 42
where@? = = 4FE?(1 — y) is the maximum experimentally accepted value.

4.3.5 PYTHIA parameters

The physical processes described above can be selectettibg seme general PYTHIA pa-
rameters.

MSEL selects the type of processes used to generate evértshdice MSEE 2
selects all QCC processes, including low-gingle and double
diffractive and elastic scattering (see tab.4.1).

For the photoproduction events the procg&sdow p, production is the most
probable one~ 89% for the production intwr and~ 80% for the

production in the HERMES acceptance), while when the seattiepton is
required the process numbi#, Deep Inelastic Scattering, becomes dominant
(~ 80%).

MSTP(13) (Default= 1) Choice of()? range over which electrons are assumed to
radiate photons. The setting MSTB) = 2, used at HERMES corresponds
to a user-defined? ..This choice is normally more appropriate for
photoproduction events.

MSTP(14) (Default= 30) Choice of the photon structure. MSTIR] = 30, used at
HERMES, correspond to a mixture of all thép available components.

43



CHAPTER 4. MONTE CARLO SIMULATION

MSTP(L5)

MSTP(L6)

MSTP(18)

MSTP(19)

MSTPQ0)

MSTPE2)

MSTP@8)

MSTP(1/52)
MSTP(3/54)
MSTP(5/56)

MSTPGT)

MSTPGS)

MSTPO1/94)
MSTP(101)

MSTP(102)
MSTP(11)

MSTP(121)

(Default= 0) Possibility to modify the nature of the anomalous photon
component with respect to the scale choices and cut-offamaf processes
(the value used at HERMES is the default one).

(Default= 1) Choice of the definition of the fractional momentum taken

by a photon radiated off a lepton. The value MSTHB (= 1, used at
HERMES, corresponds to thevariable, i.e. the light-cone fraction.
(Default= 3) Choice ofp,,;, for direct processes to be distinguished

from VMD/GVMD processes (the value used at HERMES is theuletane).
(Default= 4) Choice of the partonic cross section in the DIS process
(ISUB 99). The value MSTPI9) = 4, used at HERMES, corresponds to the
DIS parton model cross section modified by the facéy(Q? + m?) to
provide a finite cross section in the ling)® — 0. It also include the
factor1/(1 — x) for the conversion fron¥; to o.

(Default= 3) Suppression of resolved VMD and GVMD cross section,
introduced to compensate for an overlap with DIS processteiregion of
intermediate))? and smallil’2. The suppression factor {82 /(W? + Q?))MSTP(20),
(Default= 8) Definition of Q? in hard scattering fo2 — 2 processes.

The value MSTP{2) = 8, used at HERMES, corresponds to

Q% = p2 + (P} + P? +m? +m?)/2, with P? and P?

the virtualities of the two incoming particles and, andm, the masses of
the outgoing particles.

(Default= 5) Handling of masses in quark loops (the value used at HERMES
is MSTP@2) = 4).

(Default= 7/1) Choice of the proton parton distribution set (the values
used at HERMES are MSTP() = 4046 and MSTP§2) = 2).

(Default= 3/1) Choice of the pion parton distribution set (the values used
at HERMES are the default ones).

(Default= 5/1) Choice of the photon parton distribution set (the valuesius
at HERMES are the default ones).

(Default= 1) Choice ofQ)? dependence in parton distribution functions.
The value MSTP{7) = 1, used at HERMES corresponds to the parameterized
Q)? dependence.

(Default= min(5,2 x M ST P(1))) Maximum number of quark flavors used
in parton distributions (the value used at HERMES is MSBPE 4).

Switchs for beam remnant treatment.

(Default= 3) Structure of the diffractive system (the value used at HEHSMV
is MSTP(01) = 1).

(Default= 1) Decay of a° meson produced by elastic scattering of an
incoming~y (the value used at HERMES is the default one).

(Default= 1) Switch for fragmentation and decay (the value used at HEBME
is the default one).

(Default= 0) Calculation of kinematics selection coefficients anded#éhtial
cross section maxima for included subprocesses (the vakgtat HERMES
is MSTP(121) = 1).
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PARPQ) (Default= 10 GeV) Lowest c.m. energy for the event as a whole (the value
used at HERMES is PARPY = 7).
PARP(8) (Default= 0.4 GeV) Suppression factor for GVMD processes compared

with VMD processes (the value used at HERMES is PARPE 0.17).

PARP@1 — 90) Parameters for multiple interactions.

PARPO1 — 100) Parameters for beam remnant treatment.

PARP(04) (Default= 0.8 GeV) Minimum energy above the threshold for which
hadron-hadron total, elastic and diffractive cross sestare defined (the
value used at HERMES is PARRY) = 0.3).

PARP(11) (Default= 2 GeV) Minimum invariant mass of the remnant hadronic
system (the value used at HERMES is PARR{ = 0).
PARJ() (Default= 0.10) Suppression of diquark-antidiquark pair production ia th

color field compared with the quark-antiquark productidre(talue used at
HERMES is PARJ() = 0.029).

PARJQ) (Default= 0.30) Suppression of quark pair production in the field
compared with; or d pair production (the value used at HERMES
is PARJQ) = 0.283).

PARJE) (Default= 0.4) Extra suppression of strange diquark production compared
with the normal suppression of strange quarks (the valug asdERMES
is the default one).

PARJ@1 — 45)  (Default= 0.3/0.5) Parameters for the symmetric Lund fragmentation
function (the values used at HERMES are PARJE 1.94 and
PARJ@5) = 1.05).

MSTJ(1) (Default= 1) Choice of the fragmentation scheme. The value ME)I3{( 1
corresponds to the string fragmentation according to theDWnodel
(the value used at HERMES is the default one).

MSTJ(12) (Default= 2) Choice of the baryon production model (the value used at
HERMES is MSTJJ(2) = 1).

The original JETSET parameters that regulate the fragrtientan the Lund model have
been tuned for high energy e~ collisions. The model has been adjusted to the HERMES en-
ergies in [76] and [77]. In particular theandb parameters of the Lund fragmentation function
and the Gaussian width of the transverse momentum distribution were tuned to thklyiof
positive and negative hadrons. The resulting model wasddsf comparing thé’, distrinu-
tions from data and from Monte Carlo after correcting thexfer for the acceptance function
of the detector (see Sec.6.7).
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ISUB Process PhotoProduction | DIS
(%) (%)
Hard QCD processes
11 fifi = fifj 1.8 1.0
53 99 — fufr 0.007 0
68 g9 — gg 0.5 0.19
Soft QCD processes
92/93 Single Diffraction 0.89 0.24
95 low p, production 81 13

Deep Inelastic Scattering

99 ¢ —q 9 80
Photon Induced

131 finr — fig (QCDC) 3.5 2.9

135 gy — fif i (PGF) 0.91 0.46

Table 4.1: Summary table of some physics processes imptechenPYTHIA.
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Chapter 5

The HERMES experiment at HERA

HERMES is a fixed-target experiment located in the east Hah® HERA storange ring at
DESY in Hamburg. HERA consists of two rings, one for the lepb@am £7.5 GeV electrons

or positrons) and the other for tl60 GeV proton beam. HERMES shares the ring with three
other experiments (a sketch of the ring setup is showed infig 6l1 and ZEUS, which, being
collider experiments, use the two colliding beams, and HER®&hich uses the proton beam
only.

spin rotator spin rotator

O
longitudinal polarimeter / HERMES

Figure 5.1: Sketch of the HERA storage ring (in the setup ler years1995 to 2000) with the four
experiments. The spin rotators around HERMES switch thérpagelectron spin from transverse to
longitudinal and back. Also shown are the polarimeters tigedeasure the transverse and longitudinal
polarization of the beam

The positron or electron beam and a fixed gaseous targenahterthe beam line are used
by HERMES. This experiment was designed to optimize the oreasents of quantities related
to the nucleon’s inner spin distribution. To this purposghhbeam current, high values of
target and beam polarization, high target density and éivelalarge detector acceptance are
required.
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CHAPTER 5. THE HERMES EXPERIMENT AT HERA

5.1 The Beam Polarization

The conventions for the HERA coordinate system are: theoprbeam momentum defines the
z direction; the+x axis points away from the center of the ring and theaxis points upward.
The electron beam consists of ut) bunches with a length &7 ps separated 136 ns. Typ-
ical currents at injection of the beam were arodadnA in the 1996/1997 data taking period
and up to almost50 mA in the 2000 data taking period. Over the beam lifetime of abodit
hours the current decreases exponentially and the beanally filtumped when the current has
reachedv 13 mA.

Electrons or positrons are injected unpolariseti2aGeV into the HERA storage ring and are
subsequently ramped up to the nominal beam ener@y .6fGeV. The lepton beam is trans-
versely polarised by th8okolov-Ternov effe¢ST) [96] which causes the leptons to predom-
inantly aligne their spins in the vertical direction, péhto the magnetic field of the storage
ring, by radiating photons.

Thelongitudinalpolarization necessary for HERMES can be obtained by ragdlie spin vec-
tors of the positrons (electrons) from the transverse tdorc¢o a direction parallel to the beam
orbit. A detailed description of the beam polarization ahddiagnostic is reported in Ap-
pendix A.0.6.

5.2 The Internal Gas Target

One of the strengths of the HERMES experiment is its targé [ecause of its purity and its
position internal to the beam-pipe, so that the electromb@@es not encounter any unpolarized
material before colliding with the target atoms. Basic#llyas three components:

- an atomic beam source (ABS) producing polarized hydrogeteoterium atoms
- a storage cell around the central axis of the positron beam

- two diagnostic devices, one to measure the polarizatiosi{fRabi Polarimeter, BRP)
and the other one to measure the atomic fraction of the gaggif&as Analyzer, TGA).

A schematic view of the target and of the setup with these @rmapts is shown in fig. 5.2
and fig. 5.3.

5.2.1 The Atomic Beam Source

The ABS [98] is a device which makes use of the Stern-Gerl#felatd99] to generate atomic
polarization of hydrogen or deuterium. First, the molecgks is dissociated by means of radio
frequency dissociator, with dissociation degree up(ta (from 2000 on a microwave dissoci-
ator was used instead) causing a discarge inside a glass ThieeH/D atoms flow through a
cooled nozzle with a temperature tf0 K. A thin layer of frozen water on the nozzle surface
helps to prevent recombination. The atomic gas then enteegtapole magnet system with a
radial field dependence. Due to the Stern-Gerlach effechgtmossing a magnetic field with
a gradient perpendicular to their motion experience diffieforces according to their magnetic
moments. Those atoms having a positive magnetic momenbeuséd toward the axis of the
magnet, those with a negative magnetic moment are defo¢osedd the pole tips. Thus the
sextupole magnets select only those atoms having electritinspin projectionn, = +%. In
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Figure 5.2: Scheme of the HERMES gas target

discharge tube

1st sexp. magn. syst.
chopper
SFT sexp. magn. syst. -
nozzl MFT
beam blocker ‘ \
collimator ' 2nd sexp. magn. syst. 1 GA 2
QMS @ ‘

’ SFT / WFT ‘ QMS
chopper & ‘
ABS ' %/ storage cell 7 & MFT

SFT

eam shutter
extensmn tube
injection tube sample tube

HERA beam

Figure 5.3: Representation of the Atomic Beam Source (AB&it-Rabi Polarimeter (BRP) and Target
Gas Analyzer (TGA) with the storage cell in the center.

order to obtaimuclearpolarization, transitions between hyperfine states areded. The rel-
ative energies of the four (six) hyperfine states of hydrdgenterium) are displayed in fig.5.4
as a function of the ratio of the external magnetic fiBltb the critical field5...

In figure 5.4m; is the spin projection number of the nucleoﬂ%(for proton, +1, 0 for

deuterom)n, that of the electroni%) andmpr = m, + my is the total spin projectionF’ is
the spin of the combined system.
The combination of injected states can be changed withiaciém of a second. The nucleon
polarization is being flipped randomly on the time scale of iaute, fast enough to reduce
systematic influences on asymmetry measurements to a nmimiama slow enough to avoid
synchronization problems in the data acquisition. The atwith polarised nucleons and un-
polarised shell electrons are injected in the storage deil fluxes of up to6.5 - 101 atoms/s.
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HFS M
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Figure 5.4. Hyperfine splitting of Hydrogen (left) and Deuen (right) energy levels as a function of
the magnetic holding field relative to the critical field3.. The energy is given relative to the hyperfine
splitting atB = 0.

5.2.2 The Storage Cell

After the selection of the hyperfine states the gas is fed anstorage cell whose purpose is
the increase of the areal target density by about two ordemsagnitude compared to a free
jet target. The areal target density obtained is alotit atoms/cm?. The storage cell is an
open ended elliptical tubel({ cm long,29 mm wide and.8 mm high) made of thin(d pum)
ultra pure aluminum. It is being cryogenically cooled in@rtb reduce the termal velocities of
the gas atoms inside. A feed tube through which the polaggsdatoms are injected into the
cell is installed perpendicular to the beam axis at the caitthe cell. After a number of wall
collisions the atoms diffuse into the ultra high vacuum & kepton beam line where they are
pumped away by a high speed differential pumping systeminDuhe diffusion process the
atoms cross the lepton beam many times. The cell is coatbédawddiation hard hydrophobic
silicon based polymer called Drifilm in order to reduce depahtion and recombination of
atoms due to wall collisions. As the Drifilm ages and gets dgedafter a few weeks of HER-
MES running, a monolayerf,0/D-0 forms on the interior of the cell. This layer was found to
compensate for the loss of the Drifilm. The cell axis coinsidéth the lepton beam orbit and
the target density has a triangular shape with the maximuootirespondence of the position
of the injection tube. The cooling of the storage cell is sethie optimal value for hydrogen
of 100 K where recombination and depolarization effects are lawaddition to the injection
tube a smaller sampling tube exists which extracts abduof the gas for analysis in the TGA
and BRP. This sampling tube is installed opposite to thectiga tube at an angle dR0°. The
distance between injection and sampling tube allows fothkemalization of the gas with the
storage cell wall. A vented extension at the downstream étieedube ensures that all scattered
particles in the HERMES acceptance traverse the same araboraterial in the cell walls. In
front of the storage cell and behind its extension so-calNalle-field suppressors provide a
gradual electrical transition between the storage celthadeam pipe. Without the wake-field
suppressors the bunched positron beam in HERA would causggstadio frequency fields to
be emitted at the discontinuity of the beam pipe impendahkbese wake-field would not only
heat up the target cell but also destabilise the beam orbit.

For the2000 data taking period, the storage cell was replaced by a snaike 1 mm wide
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instead 0f29 mm) which resulted in an additional increase of areal tadgeisity by a factor
1.6. An uniform magnetic holding field a¥35 mT along the beam axis generated by a super-
conducting magnet.

5.2.3 The Target Gas Analyser TGA

The main component of the TGA [100] is9a° off-axis quadrupole mass spectrometer (QMS)
which is used for the measurement of the atomic and molecatdent of the gas sampled at the
center of the storage cell. In front of the QMS a chopper gically blocks the sample beam

to allow subtraction of the residual gas signal. In ordenvmicinterference with the BRP mea-
surement the TGA is tilted by with respect to the sampling tube. The measured normalised
nucleon flow rates for atomg() and molecoules/(,,) yield the degree of dissociation of the
sample beam:

Pa
Pa + Om
which is measured roughly once per minute. Together witlbiaion measurements which
are performed during the breaks between fills, two quasttan be calculated: the degree of
dissociation, also calledtomic fraction in the absence of recombination within the celj,
and the fraction of atoms surviving recombination in the, cel. Both values are necessary for
the determination of the density-averaged nuclear paiaois P in the cell.

5.2.4 The Breit-Rabi Polarimeter BRP

A second measurement using the gas extracted by the sanythegs performed by the BRP
[101]. The BRP consists of a pair of radio frequency traossi- a strong (SFT) and a medium
field transition (MFT) - which can be tuned for different hyfiiee state transitions. A sextupole
magnet system focuses atoms with = +% towards the detector unit and defocuses atoms with
ms = —%. To prevent atoms which enter on the symmetry axis of theupeke magnet system
(where the field gradient is zero) from entering the detewatat, a beam blocker is installed in
front of the first magnet of the sextupole system. As in the T&EAMS together with a chopper
for background subtraction is used for the detection. Floemteasured relative populations of
the hyperfine states of hydrogen atoms, the atomic pol#&izat, can be deduced.

The value of the polarizatioR, measured with the BRP is the polarization at the center of the
storage cell. It must be related to the polarization avetadeng the cell Pzrp, by sampling
corrections:p:

Pprp =cp- B, (5.2)

the sampling corrections are obtained with the help of theté&arlo simulations of the balis-
tic flow of the target gas atoms in the storage cell [102]. g¢ie BRP and TGA measurements
the averaged target polarizatiéh as seen by the electron beam can be calculated:

Pr = agla, + (1 — ) 3] - Ppre (5.3)
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Here 5 is the ratio of the nuclear polarization of molecules pragtuby recombination and
the nuclear polarization of the atoms. A direct measureraktite remnant polarization con-
tained in the molecules is not possible at HERMES as the BR&aable only of atomic polar-
ization measurements. In dedicated measurements at fstgitage cell temperature 60 K
and by boundary considerations, the rangg obuld be restricted to a range@f= [0.45, 0.83].
The uncertanty o is part of the systematic uncertanty of the target poaionatalue.

5.2.5 The Target Magnet

The target magnet surrounding the storage cell providesdinigdfield defining the polarization
axis. It also suppresses spin relaxation due to the slittirthe hyperfine energy levels. While
a holding field parallel to the lepton beam has no effect orbdtwem and a marginal effect on
the scattered particle trajectories, for a transverseimglikld different effects have to be taken
into account. The deflection of the beam requires compershti correction coils and limits
the strength of the magnetic field due to the amount of synamaadiation generated by the
beam. Not only the beam but also the scattered particlesefiected. Hence, the reconstructed
vertex position and scattering angles must be correctetthéodeflection.

In addition to the influence on the particle trajectorieqalarizations effects occur due to the
bunched strcture of the HERA positron beam. The time peri@# d ns between two adjacent
lepton bunches corresponds to a bunch frequendy dfi MHz. The induced magnetic high
frequency field around the lepton beam contains a large nuofdearmonics because of the
short bunch length af0 ps. The energy splitting and hence the resonance frequestaeén
the hyperfine states of the target atoms depends on the @trehthe magnetic holding field
B. If a harmonic of the beam induced field matches such a trandiequency, the target po-
larization decreases. In order to avoid depolarizatioa,hblding field must be set to a value
between such resonances. Two kinds of transitier@)do, exist for beam induced fields per-
pendicular and parallel to the holding field, respectivElyt nuclearr (Am; = £1, Am, = 0)
transitions which are possible for both longitudinal arahgverse holding fields, the spacing
AB between two resonances is of the ordes@mT for a field strength aroung = 300 mT. o
(Am; = +1, Am, = F1) transitions occur only in case of a transverse holding teld have

a very small spacing\B = 0.37 mT atB = 300 mT). Hence, the transverse magnetic holding
field needs a good homogeneity over the storage cell to mazeithie bunch field induced depo-
larization.

The longitudinal target magnet was operated at a field stieity = 335 mT with maximum
deviations around0 mT within the storage cell. For the transverse target a h@meigy of
AB* < 0.15 mT was required at a field value 897 mT. With the magnet configuration in
2002 maximum deviations oA B;- = 0.05 mT, AB,- = 0.15 mT andA B, = 0.60 mT were
achieved. This setup was improved by an additional cooratbil installed in2003 which
reduced the deviations 'rztnByl = 0.05 mT andAB; = 0.30 mT [103]. A dedicated measure-
ments showed that the depolarization because of ttesonance could be reduced by roughly
5 of the total effect [104].

5.2.6 The Unpolarised Gas Feed System (UGFS)

Alternatively to the injection of polarised atoms from th&3, the storage cell can be filled
with unpolarised gas using thénpolarised Gas Feed System (UGFSAdjustable densities
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and the possibility to inject the gas also into the targetndber (as opposed to the storage
cell) furthermore allow various calibration measuremeargsessary for the determination of
the target polarisation and the different contributionggsystematic uncertainty.

5.3 The HERMES Spectrometer

The HERMES experiment uses an open forward magnetic speeteo for the detection of the
scattered positron and a large fraction of the hadronic $iteés. The spectrometer is capable of
the detection in a broad kinematic region with a good angari@rmomentum resolution [105].

It consists of two identical halves above and below the HERAM pipe. It has three main
components: the spectrometer magnet, the tracking sysiasisting of three sets of tracking
chambers in front, inside and behind the spectrometer nhagudea particle identification (PID)
system. The location of the various detectors is shown irbfig.

y___FIELD CLAMPS —— TRIGGER HODOSCOPE H1
m o
FRONT DRIFT CHAMBERS - 270mrad
2 MUON A--
HODO LT )
o PRESHOWER (H2)_ _ — - gum
DRIFT - ;//’ -7
11 CHAMBERS i .’ 3
= i: T LUMINOSITY
O Bk T oy = onmor T e
TARGET ~~-- f\i:
CELL i s

_t HODOSCOPE HO

TRD ~ “CALORIMETER |

STEEL PLATE BC3/4

~ IRON Vi
—2 ~~L _ 270 mrad

WIDE ANGLE
MUON HODOSCOPE

MUON HODOS(

T MAGNET

0 1 2 3 4 5 6 7 8 9

Figure 5.5: A two dimensional, vertical cut of the HERMES &pemeter. Until1997 a threshold
Cherenkov detector was in place of the Ring Imaging ChenefRéCH), the silicon detector was not
installed until2001

A detailed description of the detector components can badan Ref. [97]. The Axes
for the HERMES coordinate system are defined such that thieection is along the incident
lepton momentumy points towards the center of the HERA ring andoints upward.

5.3.1 The spectrometer Magnet

During data taking the spectrometer magnet is operated aeflecting power off Bdl = 1.3
Tm. The magnetic dipole field is oriented in the vertical direct deflecting charged particles
horizontally. The influence of the field on the HERA beams igimised by al 1 cm thick steel
plate surrounding the beam pipe. The remaining effects @rgensated by a correction coil.
Field clamps in front and behind the magnet reduce fringddial the adjacent detectors. The
aperture of the magnet limits the geometrical acceptantieeo§pectrometer te-140 mrad in
the vertical andt-170 mrad in the horizontal direction. To maintain good accep¢afor low
momentum particles the acceptance of the detector in thedmal plane is increased hiyl100
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mrad starting from the center of the magnet. The lower limitlee vertical acceptance af40
mrad is given by a septum plate in the horizontal plane thatdhboth HERA beams from the
field of the spectrometer magnet.

5.3.2 The Tracking Devices

Except for the silicon detector right next to the targetti@tking devices are wire chambers,
each consisting of seeral planes. The planes come withdiffeeent wire orientations, vertical
and tilted by+30 with respect to the vertical axis. The two most importantchars are the
Front Chambers (FC) [106] at aboui .6 m from the target center, just in front of the magnet,
and theBack Chambers(BC) [107] that are combined into two groups in front and Ipehthe
RICH detector. Each of their modules consists of six wirenpta where one set of planes has
the wire positions staggered by half the drift cell size wikpect to the other to help resolve
left-right ambiguities.

The two modules of thEC have drift cells off mm width and8 mm depth. They are filled with

a mixture of90% Ar, 5% CO, and5% C'F,. The choise of this particular mixture results from
three requirements: non-flammability, fast electron dmfiocities, small aging effects (assured
by theC'F; component). The resolution per plane® um, the single plane efficiency ranges
from 97% to 99% depending on the position in the cell.

TheBCs have a drift cell size of5 x 16 mm and the same gas mixture as the FCs. The reso-
lutions are210 um for BC'1/2 and250 pm for BC3 /4. For positrons, the BC plane efficiency
was found to be well abov#®%, while it is somewhat smaller for hadrons (abéut:) because
of their reduced ionization density.

The threeMagnet Chambers(MC) [108] are located in the gap of the magnet. Initiallyythe
were intended to help resolve multiple tracks in case of higitk occupancies. This turned out
not to be necessary because of the low background. Still,@hehelpful in determining the
momentum of low energy particles (for istance framdecays) that do not reach the back part
of the detector due to the large deflection in the magnet. TGs &re multi-wire proportional
chambers (MWPC) able to operate in a strong magnetic fieldh Eaamber has three planes
with a cell width of2 mm, providing a resolution df00 xm. A digital single bit-per-wire read-
out was chosen to accommodate the readout electronics &oga humber of channel5504)
within a very restricted space volume.

Another set oDrift Vertex Chambers (DVC) was installedl.1 m downstream of the target
between thd 996 and 1997 data taking periods. These chambers consist of six planesmf
ventional drift chambers with a design similar to that of E@s, albeit smaller, and the same
gas mixture as the Fcs. The acceptance is somewhat largegithextending vertically from
+35 to 270 mrad and horizontally ta-220 mrad. The planes have a wire spacingsahm
and a resolution o220 um per plane.

The Silicon detectorlambda-Wheelg [109] has been installed i2002. Two sets of disk-
shaped silicon detectors are mountédand 50 cm downstream of the target cell. The disks
have a diameter df3.6 cm and a hole o cm leaving space for the beam pipe and wake field
suppressors around it. This detector increases the accegiar longer living particles such as
A, A, K, that decay outside the target region.

The combined information of many tracking detectors is eeddr an unambiguously track

reconstruction. At HERMES, a three-search algorithm idiagfor fast and efficient track find-
ing. The principle of this method is to look at the whole hittpen of the detectors in several

54



CHAPTER 5. THE HERMES EXPERIMENT AT HERA

iterative steps, doubling the resolution at each step. orem resolution, the algorithm checks
if the hit pattern contains a subpattern consistent withllmvad track, by comparing with all
sets of allowed patterns stored in a database. If this isdke,dhe procedure is repeated at
increased resolution, otherwise the pattern is rejectéee HERMES reconstruction program
(HRC) [110] needs aboultl iterations to find a track. This is done indipendently for liits in
the front and back part of the detector, resulting in a setorftfand back partial tracks. In a next
step, all combinations of front and back partial tracks estad if they match spatially in the x -
y plane within a defined tolerance. Matching combinatioesrafitted to form a full track. The
track momentum is determined by comparing the position efttack in front and its slope in
front and behind the magnet with numbers in a look-up tablds Took-up table contains the
momentum of a given track as a function of the relevant traglameters. Using interpolation
methods, the contribution of HRC to the precision of trackhmeatum determination is less
thanAp/p = 0.5%. The overall resolutions are somewhat lower due to mul8pkdtering and
bremsstrahlung in the spectrometer material. In many od#t& productions the information of
the DVCs was not used. Instead, a slightly different methas developed to reconstruct tracks
using only the FC and BC hits. The matching of the front andklpatial tracks is first done
with a larger tolerances. Then, by fixing the matching panthiat of the higher quality back
track in the middle of the magnet, the front track parameseesrecalculated. In an iterative
procedure thus the momentum resolution can be consideraphpved. This method is called
force bridging, i.e. the front track is forced to match theloaack in the center of the magnet.
In 1998 the threshold Cherenkov detector in betweenlBCand BG3/4 was replaced by the
RICH. The RICH material has a considerably larger radiagogth than that of the Cherenkov,
resulting in an increase of the total radiation length ofgpectrometer by a fact@n. As a con-
sequence, the resolution of the data taken with the RICHedsed by up to a factor @fwith
respect to data taken with the Cherenkov counter.

5.3.3 The Patrticle Identification (PID) Devices

The HERMES PID system consists of four different particlentification (PID) detectors, a
lead glass calorimeter, a preshower detector, a transdidiation detector (TRD) and a thresh-
old Cherenkov detector that was replaced by a Ring Imagingreeikov detector (RICH) in
(1998). A probabilistic algorithm which uses the responses o$¢hdetectors provides a very
clean ¢ 98%) separation of the scattered positrons from hadrons. Teeokov detector has
been used to separate pions from other hadrons as well asptonfhadron separation at low
momenta. The main task of the RICH detector is the positigatification of pions, kaons and
protons, but it will be shown below that it can help to ideppbsitrons as well.

The Electromagnetic Calorimeter

The calorimeter consisting @20 lead glass blocks in ech detector half is located at the down-
stream end of the spectrometer. The length of the lead glasksis50 cm and corresponds

to 18 radiation lengths. Each block is viewed from the rear by at@imaltiplier tube (PMT)
measuring the amount of Cherenkov light produced by seggheptons generated in an elec-
tromagnetic shower. The gain of the PMTs is monitored coursly by a dye laser sending
light pulses through glass fibers to every PMT as well as &regice a photo diode. A compar-
ison of the PMT signals to that of the reference diode meagieerelative gain of the PMTSs.
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The energy resoultion of the calorimeter can be parametaze

o(E) _ 5.1+1.1
E [%] T sqrtE(GeV)+(1.5+0.5)

The spatial resolution of the impact pointisz 0.7 cm.
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Figure 5.6: A three dimensional view of the HERMES Electrgmetic Calorimeter.

Besides for PID the calorimeter is used for detection andggnagetermination of photons
and it is part of the first level trigger. For particle idertiftion the ratioZ/p of the deposited
energy to the momentum of the particle is considered. Inrashto leptons (positrons or elec-
trons) which produce electromagnetic showers continingpat all their energy, hadrons only
deposit a fraction of their energy due to ionization lossesrauclear interactions.

The top-right panel of the fig. 5.11 shows the probabilityrisitions for hadrons and positrons
to deposit a fractio /p of their energy in the calorimeter. The positrons have artispeak at
E/p ~ 1, while the hadron distribution is much wider and mostly twéo values. If positrons
with high momentum radiate bremsstrahlung photons in tiectier material in front or inside
the magnet, the photons will travel along the positron paith may hit the same calorime-
ter cluster as the positron. Thus the detected energy inadlogimeter can be larger than the
positron momentum determined by the magafedrthe photon emission (this explain the large
tailat £'/p > 1).

The Preshower Detector

Right in front of the calorimeter a preshower detector cstirgy of a wall of42 vertically ori-
ented plastic scintillator paddles behindlanmm thick lead plate (corresponding2eadiation
lengths) is installed. Adjacent paddles are staggeredsaitine overlap for maximum efficiency.
Each paddle is read out individually by a PMT. Positrons nméyaite electromagnetic showers
in the lead plate and deposit energy with a mean(of 40 MeV in the scintillators whereas
hadrons only produce a minimum ionizing signakdfleV. The probability distribution for the
preshower signal is also shown in fig. 5.11.
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Figure 5.7: The probability distributions for the four PlBtdctors installed until the end 9§97

The Transition Radiation Detector (TRD)

The Transition Radiation Detector (TRD) is a particle idicdation detector used for the sepa-
ration of electron from hadrons. When a relativistic patighsses through the interface between
two dielectric media with dielectric constartsande, it emits radiation in the forward direction
at an anglep proportional tol /v, where~ is the Lorentz facto#r/m and E andm being the
energy and the mass of the particle. The transition rachgfi®) for ultra- relativistic particles

is in the X-ray region (several keV), useful for particle plog applications. In the passage
from vacuum to a medium with electron density, the probability of emission of a transition
radiation photon in the ultra-relativistic regime is giveyt

(5.4)

3Mme

whereq is the fine structure constant and. is the electron mass. The linear dependence of
Wrr on~ enables a separation of highly relativistic particlgs~+ 1) in a way that would
require a much longer Cherenkov detector for the same depapower. For istance aGeV
electron has g = 10000 while for a piony = 35, so that the prbability that the electron emits
a TR photon will be300 times larger than for the pion. Fig. 5.8 shows how the measeinés

of the TR improves the separation of electrns from pions.
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Figure 5.8: Response of a single TRD module. The enéfgylx deposited in the TRD due to ionization
is not able to provide a clear separation between pions aulirehs. When the transition radiation is
included, the electron peak moves to higher energies ansktieration improves.

The dependence dV;r on the square oft = 1/137 implies that in order to achieve a
considerable probability for the emission of a TR photonpynadiator layers are needed, and
the dependence on implies the use of a material with high electron density. fddator also
needs to be highly transparent to X rays, in order to avofdadeorption. A polypropylene fiber
radiator satisfies all requirements, while the last prohikeaiso solved by building a sandwich
structure of radiators and X-rays detectors (one singleut@ad shown in fig. 5.9). The radiator
is a loosely packed array of polypropylene fibers with a di@mef 17 — 20 xm, arranged in
roughly 300 two-dimensional layers, with a total thicknesssa$s cm.

The detector consists @2 modulesf above and below the beam pipe. The outer dimensions
of the two halves aré01 x 112 x 61 em?. Each module is made of a radiator and a wire chamber,
separated by a flush-gap wher&), circulates in order to avoid the diffusion of oxigen and
nitrogen into the chambers, thus protecting them from thiiamt atmosphere. The gas in the
wire chambers needs to have high atomic number, in orderhti@ae best X-ray absorption,
thus a mixture 0H0% Xenon andl10% Methane, the latter acting as a quencher to avoid the
creation of electron avalanches in the chamber is used.

The TRD detector reachedadron rejection factofdefined as the ratio of the total number
of hadrons to the number of hadrons misidentified as leptong, given energy cut) of00 for
90% lepton efficiency (the number of leptons above the cut overtdtal number of leptons).
The discrimination can be improved by a factowith a probability analysis ([111]).

The Cherenkov Detector and the RICH

Until the end ofl 997 a threshold Cherenkov counter was used to provide posiientification
below the threshold momentum for pions< 4 GeV). Each of the counters in top and bottom
consisted of a glass radiator, a system@spherical mirrors and0 matching photomultiplier
tubes mounted on the outside of the aluminum enclosure ioomgathe mirrors and the gas.
The threshold velocity of a charged patrticle to radiate €hkov light in a medium with a
refractive index: is given by:
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wherep,, is the threshold momentum for a particle with mass(5 = p/E). The radiator gas
was a mixture off0% N, and30% C,F},, resulting in ap;;, of 20.9 MeV for e*, 3.8 GeV for
pions andl3.9 GeV for kaons. For tracks classified as a hadron by the otlizdPtectors, the
Cherenkov detector could be udes to identify pions in a maumemange fron8.9 to 13.9 GeV.
The number of photons radiated by a particle with momentisproportional tal — 1/(5%n?),

i.e. itincreases with momentum from the threshold on ancihmaximum for3 = 1. Positrons

at all momenta normally caused signals witko 6 photoelectrons, while pions beloWwGeV
left no signal in the PMts and above the threshold the meanbeumf photoelectrons was
roughly3.

During the shutdown break in the Spring 198, the Cherenkov counter was replaced by a
Ring Imaging Cherenkov detector. It uses the same suppoctste as the Cherenkov counter.
Two radiators with rather significantly different refraaiindices are used, enabling the iden-
tification of pions, kaons and protons over a momentum rang®@ i to 15 GeV. The first
radiator is a wall ofl0.5 x 10.5 cm? aerogel tiles with an entire thicknessf cm, installed
right behind the entrance window. They are stackedl lisyers with5 horizontal rows and7
vertical columns. Aerogel is a silica gel foam, i.e. coniagnair, with refractive index.0304.
The second radiator is a heavy gasFi, with a refractive index of.0014, filling the volume

of the detector. Cherenkov photons are reflected from a s@henirror array onto a photon
detector in the focal plane above the gas radiator. The pladtector is an array d934 pho-
tomultipliers with a diameter of8.6 mm, arranged in a exagonal closed packed matrix. Each
of the PMTs is surrounded by an aluminized plastic foil furtneanaximize light collection. A
schematic view of the top RICH detector is shown in fig. 5.0 (a

For hadron identification, the threshold behavior in the tadiators as well as the infor-

mation about the photon angles are used. Cherenkov phatersmatted in a cone around the
particle trajectory, with an opening angle

59



CHAPTER 5. THE HERMES EXPERIMENT AT HERA

O [rad]

025 [~

PMT mari I
At soft stee] plate 02 -
. ", B

mmiccor array

01 -

aluminum box

0 2 4 6 8 10 12 14 16 18 20
p [GeV]

(a) RICH (b) RICH

Figure 5.10: (a): the RICH detector. (b): angle of Cherendmmission as a function of momentum for
pions, kaons and protons, in aerogel and gas. The aerog gibetter discrimination among hadrons
in the low momenta region, while the gas is good at high moomantvhere the aerogel curves tend to
overlap.

1
cosl,. = n (5.6)

As shown in fig. 5.10 (b), the two radiators have a differentmaatum window in which
they give a good separation between pions, kaons and pratommenta lower than approxi-
mately 10 GeV are below the threshold for Cherenkov radiation with s igaliator, while in
this range the aerogel has its greatest discriminating poftehigher momenta the curves for
aerogel saturate and it is not possible anymore to distifgaimong hadrons based on aerogel
information, and the gas is used instead.

Since the RICH was optimized to provide a good hadron sdparan important piece of
information on lepton/hadron discrimination at momentkowel GeV was missing that was
filled before by the threshold Cherenkov counter. The caldeter and the TRD, providing the
bulk of information abovel GeV, are not optimized for momenta below that. Low energy
hadrons can leave a high fraction of their energy in the cakter due to an enhanced proba-
bility of nuclear interactions. In the TRD, the TR createdltwy momentum positrons has to
compete with the ionization losses of hadrons of the samerohd fact the RICH information
can be used similarly to that of the threshold Cherenkovatietdor lepton/hadron separtion
at low momwnta. A positron withh > 0.5 GeV emits photons in the aerogel and in the gas,
at angles close to the maximurmi (~ 1) of 6, ~ 250 mrad for aerogel and; ~ 50 mrad
for the gas respectively. The threshold for pions to rad@terenkov light i > 0.6 GeV in
the aerogel ang > 3.8 GeV in the gas. The average angle of photons emitted by piotiei
aerogel is still smaller and the number of photons is less fbaelectrons. A discriminating
signal for the RICH can such be the number of hit PMTs in a wndefined by a ring with
a radius corresponding to the expected Cherenkov angle fposdéron and a width oft-20,

60



CHAPTER 5. THE HERMES EXPERIMENT AT HERA

around that radius. The resolutien ~ 8 mrad is mostly dominated by the size of a pixel,
i.e. the diameter of the photo multiplier tubes. Since bejow 3.8 GeV' pions do not radiate
Cherenkov photons in the gas, the signal in window arounce®pected positron gas angle
should be quite unambiguous.

The PID algorithm

From the response of the particle identification detectasgiossible to generate a quantity PID
(Particle IDentification), that is related to the probalibf a particle to be a hadron or a lepton.
From the deflection of the particle in the magnet it is possiblcalculate its momentum In
each PID detector the particle will leave some endrgyhe issue is then to find the probability
P(I(h)|Ep), givenE andp, that the particle is a leptaror a hadrort.

Bayes theorem relates such a probability to the observablbapilitiesP (I(h)|p) that a particle
with momentuny is a lepton (hadron), anbl( £|{(h)p) that a lepton (hadron) with a momentum
p deposits an energl in the detector:

P(l(h)|p)P(E|l(h)p)
(llp) P(E|lp) + P(h|p)P(E|hp)

PUM)IEp) = (5.7)

The probability distributions’(E|lp) and P(E|hp), calledparentdistributions, can be mea-
sured in a test beam facility by measuring the response afi¢kectors to a beam of leptons
or hadrons. Another way, which is commonly used in HERME®sesis to place 'hard’ cuts
on the response of the other detectors, to be sure that thenss of the detector under con-
sideration is generated by a certain type of particle. Tlag has the advantage of taking into
account possible aging effects of the detectors. The cuts teabe hard enough to define a
clean sample but also they need to have enough statistitise st values vary for each data
production, being tighter only for the productions with maiata likel 998, 1999 and2000, and
less tight for1996 and1997, as it is shown in Table 5.3.3.

| | 1996-1997 | 1998-2000 |
\ \ Leptons \ Hadrons \ Leptons \ Hadrons \
CALO | 092 < E/p<1.10 | 0.01 < E/p<0.80 | 092 < E/p<1.05| 0.01 < E/p < 0.50
PRE E > 0.025 GeV FE < 0.004 GeV E > 0.03 GeV E < 0.003 GeV
TRD E > 26 keV 0.1 < E(keV) < 14 E > 26 keV 0.1 < E(keV) <13

Fig. 5.11 shows the response of these detectors and theleatdying leptons and hadrons
in 1996-1997. The plots are obtained using data ft®a6. A track is included if it has a good
data quality, it is TriggeR1 (the DIS trigger in HERMES), and its vertex originates frame t
target region. From the parent distributions one can ctbatquantity PID. The flux ratio (ratio
of hadrons over leptons) and the PID for each detebtare defined as:

5= o _ Plhip) Pp(Ellp)
o P(lp) Pp(E|hp)’

wherePp are the conditional probabilities for a detector

When one considers the response of more detectors then tsa getter discrimination be-

tween hadrons and leptons, so we can defing 85 the combined PID for more then one

detector:

PIDp = logio (5.8)
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PD E|lp
PID 5.9
Pp(E|hp) zD: i &9

the most common PID combinations used in HERMES are:

PID, lo 101_[

PID2 = PIDcaro + PIDprg
PID3 = PIDcaro + PIDpri + PIDcpr

PID5 = PIDrgp =Y PIDrpgp,, (5.10)
=1
where the last sum runs over thdRD modules per detector half.
After the1997 production, the Cerenkov was upgraded to a RICH detectdrtraninformation
coming from it no longer enters into the PID, as now it is maumed for hadron identification.
The quantity

P(|Ep)
P(h|Ep)

is clearly positive if the probability of being a lepton igjhier than that of being a hadron, and
vice-versa for a hadron. Eqg. refpid can be rewritten in teofif3ID’ and the flux ratio as:

PID = logi (5.11)

P(E|lp)  P(lp)
P(E|hp) P(hlp)

PID = l0910 = PID, - lOgl()Cb (512)

5.3.4 Luminosity Measurement

The HERMES luminosity monitor consists of two small calogiers, located on both sides of
the beam pipe in the horizontal plane, ab@@ m downstream of the target. The luminosity
monitor is particularly sensitive to Bhabha scatteriage( — e*e™) and annihilation pro-
cessesd{ e~ — ) between beam positrons and the shell electrons af thet @imas. For an
electron beam, as 098, the measurable process would be Moller scatteing( — e~ ¢e™).
Events from these processes can be separated from bacldrpuoequiring coincident high en-
ergy clusters in each calorimeter. The calorimeters coabis x 4 arrays of radiation resistant
NaBi(WO,), crystals, each of which is read out by an individual phototipliér. The very
well known cross section of the scattering and annihilapoocesses is integrated and folded
with the detector acceptance and efficiency. From this aeaddincidence rate the luminosity
can be determined with an accuracy®t./L ~ 6%. For asymmetry measurements only the
relative luminosity from data with two different spin condigitions is relevant, here the uncer-
tanty is much smalleldAR/R ~ 0.9 — 1.5%. In [112] a detailed description of the luminosity
monitor and the contribution of systematic uncertaintethe luminosity measurement s given.

5.4 Trigger System

The HERMES trigger system selects events interesting fgsiph analysis. Additional trig-
gers are used for detector monitoring and calibration. Tits¢ l@vel trigger decision is made
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within about400 nsec after the event occurred, using some combinationgoéls from the
scintillator hodoscopesH0 directly upstream of the FCg/1 directly in front of BG3/4 and
H?2 the preshower detector), some of the wire chambers and kbxencaters. The main trigger
selects candidates for the scattered positron in deepsieedaattering by requiring coincident
signals in the three hodoscopes in one detector half and enonim energy deposited in two
adjacent calorimeter columns in the same half. From the lmioficthe 1996 running period on,
for running with a polarized target the trigger energy thodd of the calorimeter has been set
to 1.4 GeV. Before that period, it was 8t5 GeV. The high threshold suppresses events with
only hadrons (i.e. photoproduction events where the smaglieaof the scattered positron pre-
vents it from detection), because their energy depositiaheé calorimeter is usually smaller.
For running with unpolarized gas at higher densities, tihesttold is usually set t8.5 GeV to
reduce trigger rates. In order to extend the range of passiglasurements, photoproduction
triggers were introduced, selecting events with two or ni@a@rons. These triggers usually re-
quire coincident signals in the tegd bottom half of the spectrometer in all three hodoscopes
as well as the BCs or MCs.

Not all the generated triggers can be accepted by the HERMESatquisition system (DAQ).
During the time needed for readout, newly generated trgggannot be accepted, leading to
a 'dead time’ of the trigger system. The dead time is definethagatio of rejected trigger
requests to the total number of generated triggers. The DA@® digitizes the analog and
timing information for an accepted trigger in the ADC and Th®dules located in Fastbus
crates. The information from the Fastbus modules is thettsenLinux PC farm and stored on
hard disks. During the breaks in between HERA fills the datthese disks are copied to tapes
for permanent storage. The HERMES DAQ is capable of readinghe detector information
at rates up t600 Hz with dead time below(0%.

5.4.1 Trigger Logic

The trigger logic is summarized in table 5.4.1 where the sjpsT (B) refers to the top (bottom)
detector half. (Here Bl H1 and R are the three hodoscopes, MCs are the magnet chambers,
BC are the backward chambers, see Sec.5.3). The symbol '@Ahsithe requirement of an
energy deposit of.4 (3.5) GeV in two adjacent columns of blocks in the calorimeter.| Al
triggers have to be generated within a time window corredpanto the passage of a HERA
electron bunch through the interaction point (HERA clock).

5.4.2 Trigger Efficiencies for Cross Section

For the analysis of cross sections it is necessary to knowigger efficiencies for a certain type
of events, and to correct the corresponding observed yietdbese inefficiencies. As there is
no clear way to exclude accidental hits which could fire egeigit is necessary to define event
topologies for which the trigger efficiencies are going tachieulated. Care has to be taken so
that the topology of the events that have to be correctedastigxthe same of the events used
to derived the efficiencies. It is possible to distinguisb tlasses of events of interest:

- inclusive and semi-inclusive DIS events. The trigger eficy of this type of events is
dominated by the probability of the scattered positron twegate a trigge21 signal, if the
positron energy is above the calorimeter threshol@&0li of the DIS events the produced
hadrons escape the acceptance of the detector, and thecemsists of only one positron
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Trigger (Year)| Logic \

17 (1998) (HM - HO - H1 - H2)7 + (HM - HO - H1 - H2) 5

17 (1099/00) | (HM - 2HO - 2H1)7 + (HM - 2HO - 2H1) 5

17 (2000) (HM - 2HO - 2H1 - 2H2)7 + (HM - 2HO - 2H1 - 2H2) 5
18 (1998) (H1-H2 - CA)y + (H1 - H2 - CA)

18 (1999/00) | (HL - H2-CA-MC)s + (HL - H2 - CA - MC)5
19 (1998/99) | (HO - H2 - CA)z + (HO - HL - CA)5

19 (2000) (HO-H2 - CA - MC)z + (HO - H2 - CA - MC)p

20 (1998/99) | (HO - HI - CA); + (HO - H2 - CA)

20 (2000) (HO - H1 - CA - MC)z + (HO - H1 - CA - MC)p

21 (HO - H1-H2 - CA)y + (HO - H1 - H2 - CA)p

22 (1998) JHOGS [(HO - HL - H2 - MC)7 * (HO - H1 - H2 - MC)5]

22 (1999/00) | /HOGS [(HO - HL - MC)7 * (HO - HL - MC) 5]

24 (HO - H1-H2 - CA)r

25 (2000) (HO - H1-H2- CA)g

27 (1998/99) | /HOGS [(2HO - 2H1 - 2H2 - MC - 3BC )y + (2HO - 2H1 - 2H2 - MC - 3BC )]
27 (2000) JHOGS [(2HO - 2H1 - MC - 3BC )y + (2HO - 2H1 - MC - 3BC )5]
28 (1998) JHOGS [(HO - HL - H2 - BC)7 * (HO - H1 - H2 - BC)z]

28 (1999/00) | /HOGS [(HO - H1 - BC); * (HO - H1 - BC)g]

Table 5.1: Trigger logic for the main physics and calibnatidggers for the year$996,/97 and2000.
The "*(-) and '+’ signs stand for logical 'AND’ and 'OR’

track. In abouB5% of the semi-inclusive events the hadron(s) are detectdueidétector
half opposite to that where the positron was scattered. &ar svents it is possible that a
trigger28 was generated as well. In general, the probability to firedriipe trigger21,
22 or 28 is higher if more charge particles are present in the event.

- inclusive photoproduction events. These events are lystteracterized by one or more
hadron tracks. In most of the events with two or more tracksetlis at least one track in
each half. The generated triggers are a mixture of triggemd27.

In this thesis photoproduction events are considered amdftitiencies of triggerg1 and
27 were calculated. The analysis was restricted to only onateepology, for which both
triggers are enabled.

events with at least two long hadron tracks in the same dethetf.

5.4.3 Triegger Efficiency Calculation

The efficiencies of triggergl and27 for a particular class of events (DIS or photoproduction
events) can be calculated from the efficiencies of the datextmponents taking part in the
trigger. These can be retrieved from the count rates of thieration triggerslis8, 19 and20 in
combination with those of triggexl. For istance, fo2000 one gets the efficiencies:

Niggat
b
Nig

Nigga1

. e(H2) = N 20821 (5.13)
N19

€(HO) =

e(H1) =
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For the calorimeter efficiency no separate calibratiorggigexist. In principle this would
have been trigget7 as it was defined irn997, however, the rates were extraordinary high
such that events that firezhly trigger 17 were disregarded already by the track reconstruction
program. The calorimeter efficiency can instead be extddcten events with trigge27:

e(CA) = Norenr (5.14)
Noz
but here care has to be taken since the event topologiesgfgetl7 and trigger21 are very
different such that the efficiency may be biased. The sigedtr a trigger27 event would be
at least two tracks in the tagr two tracks in the bottom half of the detector. For a triggemn
coincidenceawith trigger 27 only either of the tracks had to produce a trigger signalrfigger
21. Given the calorimeter efficiency, the total efficiency afgrer21 can be calculated as:

€(Tr21) = e(HO) - e(H1) - €(H2) - ¢(CA) (5.15)
The efficiency for triggeR7 is given by:

e(Tr27) = (e(HO)) - (e(H1)) - (e(H2)) - e(HOmult - MC' - BC) (5.16)

the efficiency for the specific hit multiplicity in the (Hand topology of hits in the BCs
and MCse(HO0mult - MC - BC') can only be calculated for the top-bottom combination using
coincidences with triggez1:

N.
e(HOmult - MC - BC) = ]2\;&27 (5.17)
21

Error Calculation

The error on the trigger efficiencies is the error on quatitf the form:

Ny
= 1
€ N, (5.18)
the error formula used is [113]:
5€:SQTt<NA+1)(NB_NA+1) (5.19)

(Np +2)*(Np + 3)

This formula takes into account the fact that there are binshich N, and Nz are very
small numbers, so that the usual error formulas may not hd,\shce they usually apply in
the limit of large numbers. In this limit it takes the usuailrfoof the binomial error:

(1—e)e
Np
The errors will be plotted as asymmetric since the efficiezaynot be larger than

de

(5.20)
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5.4.4 Time Dependence of Trigger Efficiencies

The time dependent trigger efficiencies shown below werutatied for each run and averaged
over afill (see Sec.5.4.7). The trigger efficiencies are shimwvthe yeard 998, 1999 and2000
and for theA hyperon.

As expected, the efficiencies are constant in time. The @adder efficiency is the most con-
tribuiting to the total triggee1 efficiency, while the three hodoscopes show a stable efigien
very close to one. 18000 the efficiency of the Magnet Chambers and the Backward Chesnbe
drops to zero in the region of fill70 — 230 where the trigge27 was prescaled. The efficiencies
of the two triggers look similar in the three years, possibferences were taken into account
in the evaluation of the systematic error of the productiass section (see Sec.6.5.3).
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Figure 5.11: Plot of the efficiencies of the detectorBigure 5.12: Plot of the efficiencies of the detectors
used to define the triggén as a function of the fill used to define the trigg@7 as a function of the fill
number for thed8d0 data production. number for thed8d0 data production.
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5.4.5 Trigger Efficiencies for the1998, 1999 and 2000 data productions

The efficiencies are obtained as a function of proton monmenin 1 GeV bins from2 to
15 GeV. The fig. 5.17 show the efficiency for the two triggerspeegively. The efficiencies
of HO and H2 show similar shape, very close to one for both the triggetse &fficiency of
the HI hodoscope instead show a gradual decrease at lower protoremntiom. Although the
energy deposit in the calorimeter for hadrons is not cleaolyelated to the momentum, the
calorimeter efficiency decreases at lower momentum. Traioadter efficiency provides the
most important contribution to the total trig@érefficiency.

The total efficiency of the two triggers, obtained multiplgithe efficiencies of the detector
components, is shown in fig. 5.18, 5.20 and 5.22 for the tha¢e pfoductions respectively.
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Detector Efficiency

Figure 5.17: The efficiency of the detectors that take patidorrigger 21 (left) and 27 (right) definition
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Detector Efficiency
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5.4.6 Trigger Efficiency for the heavier hyperons

All the hyperons studied in this analysis decay i\ glus some others particles. For this
reason, The trigge2l and 27 were identified as relevant triggers also in the analysishef t
heavier hyperons. The corresponding efficiencies werallzatd for each hyperon separately
and are shown in the following sections as a function of thenerum of the proton coming

from the A decay.
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5.4.7 Data Acquisition and Processing

The readout of the detector is carried out by specific readtadtronics hosted in FastBus
crates which are located in an electronic trailer close éospectrometer. For the timing and
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analogue information LeCorig881M FastBus ADCs (analogue-to-digital converter) are in use.
The magnet chambers and the RICH are read out by the LeCropP&8@tem. The data from
the FastBus crates are bundled by event builder modulessstder fast opticals links cluster
(a DEC Alpha cluster befor2002), where they are stored on staging disks and on data tapes.
So-called slow control data, like information from the lunosity monitor, the polarimeters, the
target, detector temperatures, voltage settings, etoecsded in addition. The slow control
data are read out once every10 sec, independent of triggers from the spectrometer. All raw
data is buffered in EPIO format on hard disks in the Linux usnd backed up regularly on
data tapes. It is transferred to a taping robot at DESY maéadter the end of each HERA
positron fill using a FDDI (Fast Distributed Data Interfatiak.

From the electronic detector signals, the hit positionsrgydepositions, etc., are determined
with the HERMES decoder (HDC) using mapping, geometry atidresion of the individual
detectors. All required information is stored in an ADAMQLH] database, which is an enetity-
relationship database allowing structured and portalikestarage. In a next step the HERMES
reconstruction (HRC) program finds tracks in the spectremdising a timing signal that is
written to the event data and slow control data streams, detidn Streams can be synchronised.
All synchronised data which is useful for physics analysestored in data summary tables,
the so-called:DST files.

Different time scales are used in the HERMES data. The sttaitee interval is the event
containing all reconstructed tracks which are observedwehgigger is generated. All events
recorded within approximateli0 sec are grouped into bursts. This is the time scale on which
the slow control information is synchronised to the everiadl order to split up the raw data
into small enough pieces for storage, burst are combinedarun with a size of about50

MB. Depending on the luminosity, a run lasts aroddnin. The longest time scale, the fill, is
determined by th&8 — 12 h storage time of the HERA lepton beam.

The analysis of the data collected in the yel&i$8, 1999 and2000 with a polarized positron

beam and a longitudinally polarized target and the extraatf the photoproduction cross sec-
tions for theA, X0, ¥*~, ¥*F and=" are reported in the following chapters.
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Chapter 6

Study of the A and A Hyperons

The main steps followed in the extraction of the photoprdiduccross section of thd andA
particles are presented in this chapter.

The experimental data analyzed have been collected in thes 898, 1999 and 2000, with

a positron beam1098) or electron beam1099 and2000) and a longitudinally polarized deu-
terium target. A high quality of the analyzed data was ercsbseapplying the suitable data
quality cuts.

Tab.6 summarizes the procedure adopted in the data anafysss of all the photoproduction
events were selected and the invariant mass spectrum of émel A were reconstructed from
their decay products. Then the combinatorial backgroursihighly reduced by applying sev-
eral kinematical cuts and the yields of the produdsdvere obtained by fitting the background
corrected invariant mass spectrum.

Two triggers were found to be relevant for this analysisjrte#iciencies were calculated by
using some minimum bias triggers.

The geometrical acceptance of the spectrometer was cedduty means of a Monte Carlo
simulation and finally the photoproduction cross sectios wsracted.

Among the hyperons analyzed, thehas the best signal-to-background ratio. For this rea-
son the cross section of the was extracted for each of the three analyzed data production
separately. In this way the response of the spectrometechesked through the years. The
values of the cross section corresponding to each datagrodwere used to evaluate the sys-
tematic uncertainty taking into account the possible diffiees in the response of the detector
in each year. This systematic uncertainty was used imtlamalysis and in the study of the
heavier hyperons, for which the experimental data from kieet data productions were first
added together and the cross section was then extracted.

6.1 Events Selection

Data Quality Cuts

Each data production corresponds to@ST file (see sec.5.4.7) that is labeled by the last two
digits of the corresponding year of data taking, a lettenthidate the production and a chiper.
In a first step the detector calibrations of the previous thtang periods are used and the data
are stored in a-production. Based on this first production, new detaile@cter calibrations
are subsequently carried out and the resulting data aredstorab-production. In the subse-
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STEPS SECTION | PAGE
Event Selection 6.1 39
Invariant Mass 6.2 41
Reconstruction

Fit and Extraction 6.4 46
of A Events
Trigger Efficiency 6.5 48
Total Efficiency 6.5 47
Extraction of the 6.5.3 50
Photoproduction
Cross Section

Table 6.1:Schematic overview of the analysis chain, starting fromdiia selection to the extraction of the photoproduction
cross section of tha hyperon. For the analysis of the other hyperons a similaerselwas adopted.

guentc or d-productions, additional corrections to the detector oesps that rely on proper
calibrations are added. The analysis presented here id bagée production83d0, 99¢0 and
00d0.

The information of the status of each experimental compbiseavailable for each burst.
This information is summarized in a bit-pattern, in whichigeg bit identifies whether the
condition of a particular part of the experiment was satisfey for physics analysis or not.
The information reported in the shift logbook were checked a burst was analyzed only if it
had:

a reasonable dead time;

a reasonable length « 4,5 < 11 S);

a reasonable beam curredt< I, < 50 mA);

a reasonable luminosity (< L < 80Hz).

Furthermore, the first burst of each run was rejected andsd tmais rejected also if a prob-
lem in the PID detectors or in some blocks of the calorimetas wegistered during the data
taking.

Geometry cuts and Particle identification

The standard cuts on kinematics and track parameters angshdable 6.2:
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front field clamp position |z sre] <3lem
septum plate position lysp| > 7 cm
rear field clamp position [Yr fe| < 54 cm
rear clamp position |xre| < 100 em
|yre| < 54 cm
calorimeter position |Zcato] < 175 cm
30cm < Yeqro < 108 em

Table 6.2:Fiducial volume cuts and kinematical requirements.

These geometry cuts on the particle tracks are applied toetisat the track reconstruction
was not influenced by the edges of the HERMES spectrometeoasuppress the background.
The vertical and horizontal positions of the track are cleeick the locations of several detector
components which limit the HERMES acceptance.

Furthermore, tracks hitting the outer edges of the calaemeall are excluded to guarantee
that the electromagnetic shower is mostly contained witfencalorimeter glass blocks.

In order to identify the particles and correctly separatérbias and leptons the following
cuts are applied (see sec.5.11):

- if (1 < pid3 + pid5 < 100) the particle is identified as a lepton
- if (pid3 + pid5 < 0) the particle is identified as an hadron

There are two different kinds of hadron tracks in (H&ST. The first class includes the so-
calledlong tracks which are reconstructed in the whole spectrometer; thaskgsrhave a valid
PID value and are identified by the RICH. The second classidied those tracks that are only
reconstructed in the front part of the spectrometer and enntlagnet proportional chambers.
These tracks are callegthort tracks and have no valid PID value. In theanalysis both kinds
of tracks were used.

6.2 Mass Reconstruction

As explained in Sec.2.2.1, thehyperon is the lightest baryon containing a strange qudrk. |
decays through two dominant channels (see Tab 2.2). The HER8fpectrometer is not able
to detect neutrons, for this reason the analysis presentiisithesis only considers the decay
of the A hyperon through the chann&l— pr~— .

The invariant mass of th& is given by the formula:

My = /B3 — P? = (B, + E,)2 — (P, + P,)? (6.1)

whereE, and E; are the energies of the proton and of the pion, respectiaed/ﬁp and P, are
the corresponding three-momenta.
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AZ

Figure 6.1: Schematic view of the decay of particle in a proton plus a negative pion. The intersection
point of the proton and the pion tracks represents the deedgxwof theA while the intersection point
of the A track and the beam direction represents the productioexeii7, is the decay length of th&
hyperon.

All the possible combinations df positive andl negative hadron were considered as a
candidate for each event. The following kinematical cutsenaggpplied in order to reduce the
background:

- the positive hadron is proton:

1- itisalong track;
2 - itis identified by the RICH (smRich.iType=5);
3 - its momentum is in the range:< P, < 14 GeV/c

- the negative hadron isgon:

1- itcan be along or a short track;
2 - its momentum i, > 0.6 GeV/c

6.2.1 Decay Vertex

Important for the reconstruction of tiemass is a correct definition of its primary (i.e. produc-
tion) and secondary (i.e. decay) vertices.

Due to the finite spatial resolution of the tracking detestdris not possible to exactly identify
the intersection point of two tracks; for this reason, a nawable was introduced, tH2istance

of ClosestApproch (dca) between two tracks, that allows to define theydgertex of theA
(and A) as the mid point between the proton and the pion tracks irespondence of their
dca. The cut applied to this variable, in order to obtain thstleconstruction of the decay
vertex,was determined by studying the significance of ttek o the invariant mass spectrum
at different values of the DCA. The value of the significaregiven by:

N

SZ(SNS

(6.2)

where N, is the full area under the peak obtained from the fit ang is the fully correlated
uncertainty. This ratio measures how far the peak is away #ero in units of its own standard
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deviation. All correlated uncertainties from the fit, inding those of the background param-
eters, are accounted for inV,, as discussed in se6.1.3. The fit of the invariant mass peak
at different values of the dca is show in figure 6.3. As showfign6.2, the significance has a
maximum fordca < 1.5 cm and this constraint was chosen for the determinationeotidtay
vertex.

Q
9 [
C L
o] i
2 300 -
E L dca < 1.5 ¢cm
= r
% i
280 |
r A
- A
r A
260 | A
- A A
240 1 A
L A
200 |
- A
200 |
180 -
160 -
Ll e b L e e e L
0 0.5 1 1.5 2 25 3 3.5 4 4.5 5

DCA cut (cm)

Figure 6.2:Significance for different cuts applied on the distance osest approach between the proton and the negative
pion.

6.2.2 Production Vertex

In a similar way the production vertex was defined as the midtfp@tween the beam direction
and theA direction in correspondence of the closest approach. Thge4ighows the distribution

of the production vertices of th& for each of the three data productions considered in this
analysis. This distribution reflects the density distribntof the gas into the target cell( cm
length). The density distribution has a triangular shap#) the maximum at the position of
the injection tube, at the center of the cell, and decreasearts the ends. In the plot is also
visible a small peak in the negative region frem0 cm to—20 cm which, being outside to the
target region, has been discarded in the following analysihe constraint:

—18cm < vproq < 18cm.
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Figure 6.3:The invariant mass spectrum of thereported for different values of the dca.
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Figure 6.4:The distribution of the production vertex of thefor each of the three data taking periods considered in this
analysis.
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6.3 Extraction of the Photoproduction Cross Section

The photoproduction cross section of théyperon is given by the formula:

OecN—
OyN—AX = NTAX (6.3)
pVAf»p+w
— observed (64)

€EToT BR-®-L
where:

- NA~PH™ s the total number ofl events:

observed

BR = 0.642 is the branching ratio foA decaying into a proton plus a negative pion;

® is the Flux Factor, a quantity that connects the DIS crossoseio the Photoproduction
cross section;

€0t IS the total efficiency

L is the integrated Luminosity

Luminosity calculation

The Luminosity was calculated for each of the data produstgeparately. It was evaluated by
using the equation:

Lumi = Lyate - lyurst * DTeorr * Clumi (6.5)
where:
- L,q. is the luminosity rate measured by the luminosity monitor;
- lyurst 1S the length of the burst;
- DT, is the correction for the dead time;

- Cumi 1S @ normalization constant, that relates the luminositgpsneement to the known
Bhabba scattering cross section and takes the efficiencyhanaicceptance of the lumi-
nosity monitor into account. It has been determined’tg,; = 250 mb~! for 1998 and
Chumi = 417 £ 30 mb~! for 1999 — 2000.

The values corresponding to the three data productiongpoeted in table 6.3.

| Data Production|| Luminosity (pb') |

98d0 30.1
99c0 40.3
00d0 187.7

Table 6.3:Values of the integrated Luminosity for each of the threegmbductions analyzed.

(see Sec.6.3).
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Calculation of the Photon Flux Factor

The photon flux factor was calculated by using the formularl in Sec. 4.3.4. Integrating
over the ranges.7 < v < 25 GeV and betweer)?,, and(@?, . yields to a photon flux factor
of 0.10.

6.4 Fit and Extraction of the A Events

The application of the mentioned cuts significantly redutedackground. The invariant mass
spectrum of the\ hyperon was then fitted with the following function:

f(x) = Signal + Background =

= A NaAa - eap(~5(25m))+

2wo o

a+b-z+c 2? (6.6)

A Gaussian distribution (normalized to unity) was used tthitsignal regiony andm rep-
resent theoot mean squarednd themeanof the distribution Ax is the width of the bin andv
is the parameter that provides the number/of- events’. The productV, - Az represents the
total area under the peak. A second order polynomial wastodédhe remaining background.
Figs.6.5 and 6.6 show the result of the fit for #82/0, 99¢0 and00d40 data production, respec-
tively, together with the relevant fit parameters.
In the same way, the number of detected extracted for th€8d40 and99¢0 productions.
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Figure 6.5:Invariant mass spectrum of thewith the corresponding fit for the productiosdo.
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Figure 6.6: Invariant mass spectra of thevith the corresponding fits for the productions $ay0 and
(b) 0040.
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6.5 Calculation of the Total Efficiency

The total efficiency needed to extract the photoproductiess section is given by the com-
bination of the geometrical acceptance of the spectromgtertrigger efficiency, the RICH
efficiency and the kinematical cuts efficiency:

€tot = €Geom.Acc. * €Trigger * €ERICH * €Exp.Cuts (67)

6.5.1 Geometrical Acceptance

The angular acceptance was determined by means of a Mortestraulation.1000000 of A
events, i.e. events with at ledsproton andl pion coming from the decay of & particle, were
generated both in the detector acceptance anidrinin order to take into account the RICH
efficiency, a complete simulation of the RICH detector waduided. The resulting efficiency,
that includes also the RICH efficiency, the geometrical effisiency was defined as:

accep
€Geom.Acc. * €ERICH * €Exp.Cut = (68)
where:

- N2 is the number of generatetl within the geometrical acceptance of the detector

accep.

which are correctly reconstructed and have fulfilled theekmatical cuts applied,;

- N2 is the number of generatedin 47 phase space

both numbers were normalized to the corresponding luntilessi

6.5.2 Trigger Efficiency

At this stage, the missing piece is the trigger efficiencye @iata used to measure thehoto-
production cross section were selected by two dominargersy triggeR1 and trigger27, that
are defined, in terms of the detectors involved, as:

Tr21 = (HO - H1 - H2 - CA)7 or (HO - H1 - H2 - CA)
Tr27 = HOGS [(2HO - 2H1 - 2H2 - MC - 3BC )7 or (2HO - 2H1 - 2H2 - MC - 3BC )]

- Trigger21: this is the main trigger in HERMES. It is intended to selectgmtial deep
inelastic scattering events using characteristic sigimaia the scattered lepton. The re-
quirement of coincident hits in all three hodoscope$,(H1 and H) and an energy
deposit of more tham.4 GeV in two adjacent columns of calorimeter blocks have to be
fulfilled in the top or in the bottom half of the detector. Tharcidence signals in all
three hodoscopes prevents triggers to be fired by photomgesimg in the preshower.

Also inclusive photoproduction events are selected byttigger, but, due to the normally
rather small average momentum of the particles involveslgfficiency of this trigger is
quite low due to the calorimeter threshold for this kind ofets.
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- Trigger27: this trigger is one of the 'photoproduction’ triggers, migiintended for low
Q? events where the scattered lepton does not leave the beamamiphadrons and reso-
nances are produced with a high track multiplicity. Eveels&ed by this trigger should
have at least two charged tracks in each detector half lgaomcidence signals in the
three hodoscopes and the BCs and the MCs. In addition thare upper cut on the hit
multiplicity in the front hodoscope (B68) , necessary for background reduction.

The Trigger efficiency was calculated as explained in Sé@5for the events topology that
requires at least two long tracks per detector half.

The samples of data enabled by triggérand trigger27 are partially overlapped. Therefore, in
order to evaluate the trigger efficiency of the combinatimmolean OR) of the two samples the
equation belove was used which takes into account the etioelof the two data samples:

€orR = €21 - €27 + €21(1 — €97) + €a7(1 — €21) (6.9)

whereey; andes; are the efficiencies of trigge1 and trigger27, respectively, andyx, is the
trigger efficiency of the combined sample.

The three efficiencies, as a function of the proton momensuenshown in figs.6.7 for tHed0,
99¢0 and00d0. The trigge?1 efficiency is quite low, especially in the lower momentumiosg
due to the energy threshold in the calorimeter and apprsache 80% at increasing of the
proton momentum. In contrast, the triggerefficiency shows no dependence on the proton
momentum, its low value is due to the upper cut on the hit rplidity.

| Data Production | e | er | eor |
98d0 45% | 48% | 76%
99¢0 43% | 53% | 8%
00d0 43% | 30% | 64%

Table 6.4:Average efficiencies of triggex1, trigger27 and of the combination of the two triggers.

The values of the total efficiencies (obtained using the Eyf6ér the three data productions are
listed in Tab.6.5 for both the triggers of interest and fa tbsulting combination.

| Data Production|| Total Efficiency - Te1 | Total Efficiency - Te1 | Total Efficiency - TR1 or Tr27 |

98d0 0.015% 0.017% 0.025%
99c0 0.015% 0.019% 0.026%
00d0 0.015% 0.011% 0.021%

Table 6.5:Total efficiency for the triggerg1 and27 and for the combination of the two triggers, for the threeadat
productions.

In order to check the consistency between data and Monte Gaxine relevant distributions
from data and from Monte Carlo have been compared, afteeciing the former for the total
efficiency. Fig. 6.8 shows the comparison between the protomentum distributions from
the PYTHIA simulation and from the experimental data, coted for the trigge1 (top-left
panel) and trigge27 (bottom-left panel) efficiencies. The ratios of the two digitions are also
shown (top-right panel for trigge¥1 and bottom-right panel for trigge7 respectively). The
momentum distributions of the pion coming from the decayhefA particle were compared
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too; the comparisons and the ratios are shown in fig. 6.9.
The two data samples selected by triggeand trigge27 are independent at0%. Their ef-
ficiencies as a function of the proton momentum are differee¢ Fig.6.7. Nevertheless, the
comparison between data and Monte Carlo looks similar fertwo triggers; this lead to the
conclusion that the discrepancy between the experimerstailbaitions and the simulated ones
is mainly due to a problem in the model used to simulated tléqgroduction events.

Using the numbers of total events extracted from the fit amaecting for the corresponding
efficiency, the cross sections for the three years have datamed separately, and are reported
in Tab.6.6.

Data Production| Cross Section - Pl | Cross Section - 7 | Cross Section - 21 or Tr27
(nbarn) (nbarn) (ubarn)

98d0 30.13 + 0.32 (stat.) | 29.66 & 0.30 (stat.) 29.90 4 0.13 (stat.)

99¢0 27.92 + 0.27 (stat.) | 26.74 4 0.23 (stat.) 27.33 +0.11 (stat.)

00d0 28.01 +0.13 (stat.) | 26.97 + 0.15 (stat.) 27.49 + 0.06 (stat.)

Table 6.6:Photoproduction cross sections for triggetsand27 and for the combination of the two triggers, for
the three data productions.

The final value of the photoproduction cross section wasiodteas the weighted average of
the values corresponding to the combination of the two &iggwhile the values corresponding
to trigger21 and triggerR27 were used to estimate the systematic uncertainty, as explan the
following section.

< oy >=26.96 £+ 0.05 (stat.) pbarn (6.10)
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Figure 6.8: Comparison between the momentum distribufimm PYTHIA and from the experimental
data for the proton coming from the decay of theoarticles. The experimental data, for @0 data
production, were corrected for the Trigghr (top) and27 (bottom) efficiencies.
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6.5.3 Systematic Uncertainties

Several sources of systematic uncertainties were comsider

- the systematic uncertainty due to the measurement of therlasity. There are two pos-
sible choices for the determination of the luminosity: thiSield (Lp;5) or the mea-
surement with the luminosity monitof(,,,;). In [115] the two methods were both used,
the deviation from unity of the ratid.p;s/ L;.,; Was used to determine the systematic
uncertainty, that was found to be 5%;

- the systematic uncertainty due to the two triggers usedarahalysis. It was determined
as the half of the difference between the values of the cressosis corresponding to
trigger21 and27 respectively;

- the systematic error due to the difference between the thaea productions: it was esti-
mated as the half of the difference between the highest aldwrest value, corresponding
to 98d0 and99c¢0 productions respectively. This systematic uncertairdyrasponding to
~ 5% of the total cross section, has been used in the evaluatitheabtal systematic un-
certainty for the heavier hyperons, for which, due to therpstatistics, it was not possible
to threat the three data productions separately, as reportec. 7.1.3, 7.3.3 and 7.3;

- the systematic error due to the applied cut on the proton embam: in order to estimate
the value of this uncertainty, the cut on the proton momentwams changed. As shown
in section (see 4), the ratio between the experimental an@¥THIA distributions was
significantly higher than in the lower momentum region, for this reason the new cut on
the proton momentum was set 40+ 14 GeV/c (the old one wag = 14 GeV/c) and
the cross section was calculated again for each of the datlugtions separately. The
values corresponding to the two relevant trigg@isgnd27) were combined as already
explained and are reported in table 6.7.

| Data Production|| Cross Sectiony(barn) |

9340 33.60 = 0.32(stat.)
99¢0 29.74 £+ 0.26(stat.)
00d0 30.65 = 0.13(stat.)

Table 6.7:Photoproduction cross sections for triggetsand 27 for the three data productions, extracted after
applying the new cut on the proton momentum.

The weighted averaged cross section of the three data grodsiavith the new cut is
then:
< oy >=31.47 4+ 0.10(stat.) pbarn (6.11)

The systematic uncertainty due to the applied cut was cekedlas the half of the differ-
ence between the values of the cross sections correspatodimg two cuts.

The values of the systematic errors were then added in quadral he resulting\ photo-
production cross section, with the corresponding statiftind systematic uncertainties is:

< op >=26.96 £ 0.07(stat.) + 2.98(syst.) pbarn (6.12)
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6.6 A Hyperon

The geometrical and kinematical cuts used for zhanalysis were applied in the study of the
A. Also in this case, the three data productions were treapdrately. The invariant mass
spectrum was reconstructed and the numbek efas then extracted by fitting the spectrum
with a Gaussian distribution and a second order polynonhiafig.6.10 the mass spectrum of
the A for the00d0 data production is shown; the fit and the corresponding peters are also
shown.
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Figure 6.10:The invariant mass spectrum of theis shown together with the fit.

Trigger 21 and trigger27 were identified as the relevant triggers. Their efficienciese
calculated for each data production as explained in Se8.504 the event topology with at
least two long tracks per detector half. The efficienciesrigiger 21 and trigger27 and of
the combination of the two triggers are shown in fig. 6.12 asrection of the anti-proton
momentum and their average values are reported in table 6.8.

| Data Production | e | e | eor |
98d0 67% | 53% | 8%
99c¢0 67% | 52% | 8%
00d0 70% | 29% | 80%

Table 6.8:Average efficiencies of triggex1, trigger27 and of the combination (boolean OR) of the two triggers.
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Figure 6.11: Invariant mass spectra of thevith the corresponding fits for the productions ¢ay0 and
(b) 0040.
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| Data Production|| Total Efficiency - Te1 | Total Efficiency - Te1 | Total Efficiency - Te1 U Tr27 |

[ 9840 | 0.50% | 0.38% | 0.61% |
[ 99¢0 | 0.50% | 0.37% | 0.60% |
[ 9840 | 0.51% | 0.21% | 0.57% |

Table 6.9:Total efficiency for the triggerg1 and27 and for the combination (boolean OR) of the two triggers,
for the three data productions.

The A photoproduction cross section was extracted using the fsunaula (eq.6.4). The
final value was obtained as the weighted average of the valhtased for the three data pro-
ductions. The systematic uncertainty was estimated asiegal in sec. 6.5.3.

< oy >=0.2102 £ 0.0014 £ 0.0172 pbarn (6.13)
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6.7 A differential cross section

Fig.6.13 shows the distribution of the longitudinal comeonof theA momentum and of the
Feynman variable: for the two Monte Carlo productions used to calculate thesptznce
function needed to extract the photoproduction cross@ecti

Entries

Figure 6.13: Distribution of the longitudinal componentizé A momentum and of the Feynman variable
zp, in 47 (black line) and within the HERMES acceptance (red line).

A large fraction of the\ hyperons simulated i are produced in the negative region,
which is generally referred to as the ‘target fragmentatiegion' (see Sec.3). On the other
hand, the limited angular coverage of the HERMES spectrenuetrresponds to a mainly pos-
itive z interval. Thus, the values of the absolute photoproduatioss section reported for
the A andA are extrapolated in @z region in which it is not possible to test the Monte Carlo
distributions with the experimental ones.

Since in the photoproduction regime the information abbatdcattered leptons are not avail-
able, it is not possible to define the- variable. However, the application of the cut on the
longitudinal momentum of tha (A):

PMY >3 GeV/e (6.14)

allows to restrict the data sample to the positive region, corresponding to the so called
‘current fragmentation region‘ (see Fig.6.14).

The acceptance was then calculated as a function of thetlmigal and transverse com-
ponents of the\ (A) momentum. This information was stored in@x 10 bins matrix, that,
combined with the triggen efficiency, provided the total experimental efficiency toused to
correct the experimental data (defined as explained in $e2)6
The differential cross section extracted in this way was garad with the Monte Carlo one,
obtained with two different sets of the PYTHIA parameters:

- theDEFAULT parameters, tuned by fitting the data frefre~ collider experiments;

- the parameters tuned to the HERMES data by measuring haduottiplicities versus
various variables (as described in [76] and [77]):

96



CHAPTER 6. STUDY OF THEA AND A HYPERONS

(%] r n 107 F
Q0 f —  MC-4n Q0 g
S 1040 = i
- E e MC - Acc b 4
c g c 10°L
L C L F
3 r
107 &
g 10° ¢
2| k
10 102 -
10 e 10 -
1 L L L L L L L L L L 1 L L L L L
0 5 10 15 -1 -0.5 0 0.5 1
IDz XF

Figure 6.14: Distribution of the longitudinal componentizé A momentum and of the Feynman variable
zp, in 47 (dark line) and within the HERMES acceptance (light line).

1- PARJI1 = 0.029 (default =0.1)

2 - PARJ2 = 0.283 (default =0.3)

3 - PARJ3 = 1.2 (default =0.4)

4 - PARJ21 = 0.36 (default =0.4)
5- PARJ41 = 1.94 (default =0.3)

6 - PARJ42 = 0.544 (default =0.58)
7 - PARJ45 = 1.05 (default =0.5)

The meaning of the parameters above is explained in Chapter 4
The results of the comparison are shown in Figs. 6.15 andférlthe two sets of parame-
ters, respectively. The differential cross sections laoklar in shape but differ in the absolute
values (a factor 08.16 for the production with th®© EFAULT parameters and a factor 032
(3.82)for the production with the HERMES parameter settings).
The comparison between the data and the Monte Qarltistributions slightly improves when
the HERMES settings are used. The improvement is due to thiegehin PARJ1 — 42 that
correspond to the parameterandb of the symmetric LUND fragmentation function (see Sec.
4.2). These parameters have a substantial impact on the shére available energy to the
produced hadrons. Higher valuesoshift the hadron distribution toward lower values :of
while the increase df causes the opposite effect (see [76]). The residual disagget between
data and Monte Carlo in the lower longitudinal momentumargiuggests that a still too high
value of then parameter was used in the new parameterization.
In contrast, the comparison of the transverse momentumlkdiibns does not improve when
using the HERMES settings. This is due to the fact that the PARarameter, which cor-
responds to the width of the Gaussignandp, transverse momentum distribution, was not
substantially changed during the tuning of the model to tBERMIES kinematics. Indeed any
major change of this parameter resulted in a dramatic worgen the agreement betweén
and rapidity (see Sec. 3.1) distributions from data and M&srlo.

Thanks to the relatively high statistics the extractiorhef differential cross section was also
possible for the\ (A) hyperon. In contrast, due to their lower statistics, ohly éxtraction of
the absolute cross section was possible for the heavierbiypgeas reported in the next chapter.
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Chapter 7

Heavier Hyperons

The main steps needed for the extraction of the photopramuctoss section of the heavier
hyperons decaying into/a are described in this chapter.

The data quality cuts and the kinematical cuts explaine@&m&1 were used to reconstruct the
mass spectra.

Each of the hyperons analyzed here presents a signal-kuptmamd ratio worse than that of the
A, for this reason a detailed study of the background was pagd by means of a Monte Carlo
simulation. The background subtracted spectra were thed fit order to extract the number
of observed events.

The photoproduction events were selected by two main trgggehose efficiency was calcu-
lated by using some calibration triggers. The geometricaéptance of the HERMES spec-
trometer was estimated by means of a Monte Carlo simulation.

The photoproduction cross sections were then extractethéohyperons reported in Tab.2.2
and for the corresponding antihyperons.

7.1 X% Hyperon

TheX? hyperon decays in A plus a photon with a branching ratio 0% (see Tab.2.2).

The data quality cut reported in Sec.6.1 were applied foséhection of the2® candidates. The
following geometrical cuts on the electromagnetic cal@ten have been included in order to
identify the photon and to reduce the background:

calorimeter fiducial volume | cato] < 125 cm
33cm < Yealo < 105 em

Table 7.1:Fiducial volume cuts for the electromagnetic calorimeter.

Furthermore, the following cuts were applied:

The mass spectrum of thes satisfying the cuts applied for the selection of ¥fehyperon is
shown in fig.7.2 (a). It is possible to define two regions deljggnon theA mass range. The
region between.108 and1.123 GeV/c? (£30, whereo is the experimental width determined
by fitting the A mass spectrum and equalx@4 - 10~2 GeV) identifies the so-calleG1GNAL-
REGION’; the two regions betweeh. 1005 and1.108 GeV/c* and between.123 and1.1305
GeV/c* are the so-calle8IDE - BAND REGIONS, and, as described in Sec.7.1.3 are used to
subtract the background of the.
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Figure 7.1: Schematic view of tHé” production and decay vertices.

Proton Track ‘

Long track
PID Positively identified by the RICH
Momentum 2 < P, <14GeV/c
‘ Pion Track ‘

Long or short track

Momentum P, > 0.6 GeV/c
‘ Photon Track ‘
‘ Momentum ‘ P, > 0.8GeV/c ‘
‘ A Particle ‘
Mass 1.108 < M, < 1.123 GeV/c?
dca (p -«) < 1.5cm
Production Vertex =18 M < vprpq < 18 CM

Table 7.2:Cuts applied for the selection &° candidates.

The mass spectrum of the? (shown in Fig.7.2 (b)) was reconstructed selecting the pred
A in the signal-region.
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Figure 7.2: (a) Invariant mass spectrum of tk&coming from the decay of the. (b) Invariant mass
spectrum of thez® hyperon.
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7.1.1 Extraction of the Photoproduction Cross Section

The photoproduction cross section of ththyperon was calculated using the formula:

OeN—30X
OyN—-20X = e (7.1)
YO A+
_ Nobservedv (7 ) 2)
€EToT BRA . BRX;O O L
where:
- N2 ~M7 s the total number of° events:

observed

eror IS the total efficiency

BR, and B Ry, are the branching ratios for thedecay BR,_.,;, = 0.642) and for the
3Y decay BRso_.a1, = 1) respectively;

® is the Photon Flux Factor;

L is the total Luminosity integrated over the three data petidus analyzed.

The calculation of the total Luminosity and the determioatf the Photon Flux Factor are
explained in Secs.6.3 and 6.3.

7.1.2 Calculation of the Total Efficiency

The total efficiency for th&° hyperon was defined as:

€tot = €Geom.Acc. * ERICH * €Kin.Cuts * €Trigger (73)

The combination of the geometrical acceptance, the RICldiefity and the kinematical cuts
efficiency was calculated by using a Monte Carlo simulatiociuding the RICH, after applying
the same kinematical cuts used for the selection oftheandidates. It was defined as the ratio:

NZlogen.
acc.
€Geom.Acc. " €ERICH * €Kin.Cuts. = 0 (74)
NZ] gen.
A

WhereNfci?e” is the number oE° particles generated by PYTHIA, tracked through the detecto

and satisfying the above cuts, ai’\@,0 9¢" is the number of2° particles generated ityr.

The missing piece is the efficiency of the triggers involuethie analysis. Two relevant trig-
gers,21 and27, have been used. The efficiencies of these triggers werelatdd as explained
in Sec.5.4.3 and then were combined as explained in Se@&8.in this case, the efficiency
was calculated only for the event topology with at least tamgl tracks per detector half. The
trigger21 efficiency shows a behavior similar to that of thebut the mean efficiency is higher
in this case; this is probably due to the presence of the ptintiheX° events, that increases the
probability to satisfy the calorimeter threshold. Thedeg27 efficiency shows no dependence
from the proton momentum.

The efficiencies for the triggersl and27 and for the combination of the two triggers are
shown in Fig.7.3.
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Figure 7.3:Efficiencies of triggee1 (left-panel), trigge27 (center-panel) and of the combination of the two triggeighe
panel) as a function of the proton momentum.

| Data Production | Trigger21 | Trigger27 | Trigger21 or 27 ||
[9840+99c0+00d0 [ 66% | 35% | 78% |

Table 7.3:Total efficiency for the triggerg1l and27 and of the combination of the two triggers.

| Data Production || Total Efficiency - TR1 | Total Efficiency - Te7 | Total Efficiency - T21 or 27 ||
[ 98d0 + 99¢0 4 00d0 || 0.0029% | 0.0014% | 0.0033% |

Fig.7.4 shows the comparison between the proton momentstmbditions from the PYTHIA
simulation and from the experimental data, corrected ferttigger21 (top-left panel) and
trigger 27 (bottom-left panel) efficiencies. The ratios of the two disitions are also shown
(top-right panel for trigge21 and bottom-right panel for trigg&7 respectively). The momen-
tum distributions of the pion coming from the decay of th@article were compared too; the
comparisons and the ratios are shown in Fig.7.5. The cosmabetween data and Monte
Carlo looks similar to that obtained for the

7.1.3 Extraction of theX° events

The total number oE° events was extracted using two different methods:

- the subtraction of the total background;

- the fit of the invariant mass spectrum.

The two methods are described in the following sections.

Background Subtraction

Two possible sources of combinatorial background weretifikedh:
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- the combination of a 'fakeA with an uncorrelated photon;
- the combination of a 'trueA with an uncorrelated photon.

The first kind of background can be reproduced with the siedaSIDE-BAND’ method:
the invariant mass spectrum of th& is reconstructed requiring/afrom the side-band regions
(see Fig.7.2(a)). The second kind of background can be atediivith a Monte Carlo program:
the invariant mass spectrum of the hyperon is reconstruntéus case combining a 'truel
(i.e. identified by the PYTHIA LUND type) with a photon, witheé requirement that the result-
ing hyperon is not a 'trueX’ (i.e. not identified by the PYTHIA LUND type).

Fig 7.6 shows the invariant mass spectrum offfAgthat satisfying the applied cuts, and the two
backgrounds. The background due to the "fake’coming from the\’'s SIGNAL REGION
was extrapolated from the SIDE BANDE REGION under the assumption of a homogeneous
background within and outside the SIGNAL REGION (see FRf&)). As a first step this con-
tribution to the total background was subtracted from theoarected SigmaO spectrum. The
resulting spectrum was further corrected for the combnitbdackground simulated by the
Monte Carlo after normalizing the latter to the former in thass range.25 — 1.35 GeV/c.
(Fig.7.8(b)).

Fit of the invariant mass spectrum

The total number of observed events can be accessed, inesediffway, by fitting the total
'signal spectrum’ with the following function in the massige1.145 — 1.395 GeV/c*:

f(z) = Signal + Background =

= ﬁ - Ny - Az - exp(—3(22))+

(a+b-x+c-2>+d-a*) exp(f-(x+g)) (7.5)

The Gaussian function was used to fit the peak and the totabauofX’, Nso was directly
provided by the fit. The produd¥so - Az, with Az the width of the bin, represents the total
area under the peak. The background was fitted with a coniamat a polynomial and an
exponential function, used to fix the end-point of the ald@dgphase-space. The result of the fit
together with the fit parameters is shown in Fig.7.8.

In both described methods, the photoproduction crossosectiere calculated for each of
the two triggers separately and then the values were comhl@aeexplained in Sec.6.3. The
corresponding weighted average cross sections are reporiab.7.4.

| Method | Cross Section fbarn) |
Background Subtraction 4.68 + 0.26(stat.)
Fit 5.18 + 0.23(stat.)

Table 7.4:Photoproduction cross sections of & hyperon extracted with the two methods.

Both methods are affected by a certain extend of arbitrasinen fact, in the background sub-
traction method it was assumed that all the possible sowifdesckground were correctly sim-
ulated by PYTHIA, while in the fit method the choice of the ftino used to fit the background
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sensibly affects the extraction of the number of events tikisreason, as a criterion, the mean
value of the two obtained was taken as the final result ofthphotoproduction cross section.
The highest value of the statistical error was chosen asrhedne.

Systematic Uncertainties

Several sources of systematic uncertainties was identified

- the systematic uncertainties due to the used triggersastobtained as half of the differ-
ence of the cross sections corresponding, for each methddgger21 and trigger27,
respectively.

- the systematic uncertainty due to to the time stabilityhef dletector: the error estimated
in the A analysis (see Sec.6.5.3) was propagated (in percentatfe beavier hyperons;

- the systematic uncertainty due to the different methodlsutated as the half of the dif-
ference of the two values reported in Tab.7.4;

- the systematic uncertainty due to the measurement of thimasity (see Sec.6.5.3)

the four contributions of systematic uncertainties wesntadded in quadrature.
The weighted averaged photoproduction cross section dfthgperon is then:

< oyo >=4.93 + 0.23(stat.) £ 0.63(syst.) wbarn (7.6)
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Figure 7.4: Comparison between the momentum distribuficam PYTHIA and from the experimental
data for the proton of tha particles coming from the decay of th&’ hyperon. The experimental data,
were corrected for the Triggeid (top) and27 (bottom) efficiencies.
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7.1.4 3" Hyperon

The' candidates were selected by applying the cuts reportedar? . Pa The trigger&1 and
27 were used. The efficiencies of these two triggers and of ttweitbination as a function of
the anti-proton momentum are shown in fig. 7.9. The averalymsaf the trigger efficiencies
are reported in Tab.7.5

3\ 1 L | '
c Tr21 AN HH Tr27 , ____.a”+*+ " f [
:8 0.8 HH*MHM t H *| i 1#“-_“*" "t * H H
i 0.6 +++"'+* \ i i
0.4 1++*¢**‘¢¢_tm.,.m”+++++++ * 7
0.2 i * Hm | Tr21 or Tr27
s s T s T
P5 (GeVl/c)

Figure 7.9:Efficiencies of triggee1 (left-panel), trigge27 (center-panel) and of the combination of the two triggeighr
panel) as a function of the anti-proton momentum.

| Data Production | Trigger21 | Trigger27 | Trigger21 or 27 ||
[98d0+99c0+00d0 || 79% | 35% | 87% |

Table 7.5:Average values of the efficiencies for the trigggtsaand27 and for the combination of the two triggers.

In the following steps, needed for the extraction of the smection, only the combination
of the two triggers was considered. The value of the totatiefiicy, 212" = 0.043%, was
calculated as explained in Sec.6.3 and was used to coreeekfgiferimental data.

The number o’ events was extracted with the two methods used in the asabyshe X’
hyperon:

- the background subtraction method

- the fit method

The total simulated background, normalized to the datahasva in Fig.7.10 (c), while the
difference between the signal and the background, togetitiethe fit of the peak, is shown in
Fig.7.11.

The fit of the total spectrum and the fit parameters are showigi7.12. The values of the
photoproduction cross section obtained with the two mettawd reported in table 7.6.
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| Hyperon | Method | Cross Section (ibarn) |
PN Background Subtraction 0.075 =+ 0.014(stat.)
Fit 0.071 & 0.023(stat.)

Table 7.6:Photoproduction cross sections of ffie obtained with the two methods.

The final value was obtained as a weighted average of thesrahtained with the two methods.
The systematic uncertainty was estimate as explained irvse@.

< og0 >=0.073 £ 0.014(stat.) & 0.007(syst.)ubarn (7.7)
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Figure 7.10: Contributions to the total background obtaibg using the SIDE-BAND method (a) and
the Monte Carlo simulation (b). Total background (c)
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Figure 7.11: Gaussian fit of the peak after the backgrounttaetion.
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Figure 7.12: Fit of the invariant mass spectrum onhOe the parameters from the fit are also reported.
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7.2 =~ and X*~ hyperons

The decay of th&~ andX*~ hyperons in a\ plus a negative pion is shown in Fig.7.13.

AZ= AZ

Figure 7.13: Schematic view of production and decay vestafehe=— andX*~ hyperons.

In order to select the two hyperons candidates and reduckatiground, the following
cuts were applied:

Proton Track ‘

Long track
PID Positively identified by the RICH
Momentum 2 < P, <14GeV/c
‘ Pion Tracks ‘

Long or short track

Momentum P, > 0.6 GeV/c

‘ A Particle ‘
Mass 1.108 < My < 1.123 GeV/c?
dca (p -m) < 1l.5cm
Production Vertex =18 ecm < vprpq < 18 €M
Decay Length Vdecay — Vprod > 1-5 CM

Table 7.7:Cuts applied for the selection & andX*~ candidates.

The invariant mass spectrum of thesatisfying the cuts applied for the selection of the two
hyperons is shown in Fig. 7.14 (a). Depending on the masserahghe A, it is possible

to identify two regions, the 'SIGNAL-REGION’+£30, experimental width) and the 'SIDE-
BAND REGION'. The invariant mass spectra of the andX*~, shown in Fig.7.14 (b), were
reconstructed requirings in the 'SIGNAL-REGION'.
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Figure 7.14: (a) Invariant mass spectrum of theatisfying the cuts applied for the selection of He
andX*~ hyperons. (b) Invariant mass spectrum of #tleandX*~ hyperons.
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7.2.1 Extraction of the Photoproduction Cross Section

TheZ=~ andX*~ photoproduction cross sections were extracted using e t@mula:

OeN—
OyN—YX = % (7.8)
Y —A+m
— Nobserved (7 ) 9)

6TOT~BRA~BR§/~(I)'L
where:

- NY—M7 s the total number o~ or ©*~ observed events:

observed

- eror IS the total efficiency;

- BRy is the branching ratio for the~ or theX*~ decaying in a\ plus a negative pion
(99.887% and88% respectively), whileB R, is the branching ratio of thé decay BRy— .+~ =
0.642);

- & is the Photon Flux Factor;

- L is the total Luminosity integrated over the three data petidas analyzed.

The determination of the Photon Flux Factor and the caliaradf the total Luminosity were
explained in Secs.6.3 and 6.3.

7.2.2 Trigger Efficiency

The total efficiency is given by the product of the geometrédcaeptance, the RICH efficiency,
the kinematical cuts efficiency, and the trigger efficien@yre combination of the first three
terms was obtained as explained in Sec.7.1.2

The trigger21 and trigger27 were used and the corresponding efficiencies were caldudete
explained inAPPENDIX A, for the event topology with at least two long tracks per diete
half. The two efficiencies were then combined as explainefe€0.6.3. The efficiencies as
a function of the proton momentum are shown in Fig.7.15. Theel value of the triggen
efficiency, with respect to thE® hyperon, could be explained with the absence of photons in
the selected events, this makes more difficult to satisfycttlerimeter threshold. In contrast,
the higher value of the triggex7 efficiency, again with respect to tl€’ hyperon, could be
due to the higher track multiplicity of the selected eveiiise trigger efficiencies and the total
efficiencies are reported in Tabs.7.8 and 7.10.

| Data Production | Trigger21 | Trigger27 | Trigger21 or 27 ||
[98d0+99c0+0040 [ 58% | 42% | 78% |

Table 7.8:Average vales of the trigger efficiencies.
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Figure 7.15: Efficiencies of trigger21 (left-panel), trigger27 (center-panel) and of the combination of the two triggers
(right-panel) as a function of the proton momentum.

| Total Efficiency - TR1 | Total Efficiency - TR7 | Total Efficiency - TR1 or 27 ||
| 0.10% \ 0.07% \ 0.14% |

| Data Production
[ 98d0 + 99¢0 + 0040

Table 7.9:Total efficiency for the trigger8l and27 and for the combination of the two triggers for the three data
productions for th&— hyperon.

7.2.3 Extraction of the=~ and X*~ events

The total number 0cE~ andX*~ events was extracted using two different methods:

- the subtraction of the total background;

- the fit of the invariant mass spectrum.

The two methods are described in the following sectionssdmnd one was used in order
to estimate the systematic uncertainty on the value of tlségpinoduction cross section.
Background Subtraction

The total combinatorial background can be described asutimeo$ two major contributions:

- the background generated by the combination of a 'fakahd an uncorrelated pion; this
first contribution can be obtained with the SIDE-BAND method

- the background generated by the combination of a 'truahd an uncorrelated pion; this
second contribution can be simulated with a Monte CarlodasePYTHIA.

The two contributions are shown in fig. 7.16. The two contiitms were first normalized to
the 'signal’ spectrum within the mass rangé5—1.6 GeV//c* and then summed. The simulated
background was then subtracted from the ’signal’ spectitime.number oE~ and>*~ events
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| Data Production | Total Efficiency - TR1 | Total Efficiency - TR7 | Total Efficiency - TR1 or 27 ||
[ 9840 + 99c0 + 0040 || 0.0015% | 0.0012% | 0.0021% |

Table 7.10:Total efficiency for the trigger&1 and27 and for the combination of the two triggers for the three
data productions for thE*~ hyperon.
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(a) SIDE-BAND Background (b) PYTHIA Background

Figure 7.16: Contributions to the total background obtaingh the SIDE-BAND method (a) and with
the Monte Carlo simulation (b).

were then extracted by fitting the remaining peaks with twasSan distributions. The result
of the fit is shown in fig. 7.18.

Fit of the invariant mass spectrum

The second method used to extract the number of obsé&fvethd>*~ events consists in a fit
of the invariant mass spectrum. In this case the two hyperene studied separately.

- =~ hyperon: After produced in the interaction of the lepton beam with pinoton target,
the ¥*~ immediately decays in A plus a negative pion; in contrast, tie travels for
4.91 cm. A cut on the decay length of tii& can be applied, in this way the*~ sig-
nal is completely suppressed and only Hie peak remains visible in the invariant mass
spectrum. In fig. 7.19 the resulting spectrum after applyiregcut

Az = (Vgecay — Uprod) > 10 €M

is shown. The spectrum was then fitted with a Gaussian disioito and a second order
polynomial. The fit and the corresponding parameters aresimofig. 7.19.

The total number oE~ events provided by the fit was then corrected for the decaythen
cut efficiency (.70), calculated from the Monte Carlo simulation.
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Figure 7.17: The total background obtained as the sum ofstbeontributions.

- X*~ hyperon: in order to extract the number &f*~ events, the total experimental mass
spectrum, without applying the cut on the decay length, welfivith the function:

f(x) = Signal+ Background=

=21 . Nz -Az-exp (—% (z_m5)2) +

2mog—

b Moo (L4 (525 4

(a+0b-x)- exp(c- (x—d)) (7.10)

Here two Gaussian distributions were used to fit the signalevthe combination of a
polynomial and an exponential function was used to fit thekgamund. The following
parameters of the Gaussian used to fit #esignal were fixed to the values obtained
from the fit of the spectrum after applying the cut on the ddeagth:

- mz- was fixed to the valug.322 GeV/c?
- o=— was fixed to the valué.02 - 1072 GeV/ .

The parameteNy.— provides the number of*~ events,ms.- andoys.- correspond to
the mean and the width of the Gaussian distribution, regmdgt The productVy.— - Az
represents the total area under the peak. The parametéies fitfare shown in fig. 7.20.
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Figure 7.18: Fit of the signal spectrum after subtractirgtttal simulated background.

The photoproduction cross section was calculated for ebttftedwo relevant triggers sep-
arately, the values obtained were then combined as explairsec.6.3. The results of the two
methods are summarized in table 7.11.

| Hyperon | Method | Cross Section (ibarn) |
= Background Subtraction 0.111 + 0.011(stat.)
Fit 0.093 £ 0.006(stat.)
D i Background Subtraction 4.41 + 0.49(stat.)
Fit 4.32 + 0.45(stat.)

Table 7.11:Photoproduction cross sections of fie and theX*~ obtained with the two methods.

Systematic Uncertainties

Several sources of systematic uncertainties was identified

- the systematic uncertainties due to the used triggersastebtained as half of the differ-
ence of the cross sections corresponding, for each methddgger21 and trigger27,
respectively.

- the systematic error due to to the time stability of the diete the error estimated in the
A analysis (see Sec.6.5.3) was propagated (in percentatie b@avier hyperons;

- the systematic uncertainty due to the different methodlsutated as the half of the dif-
ference of the two values reported in Tab.7.11;
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Figure 7.19: Fit of the invariant mass spectrum after apglyhe cut on the decay length.

- the systematic uncertainty due to the measurement of thmbsity (see Sec.6.5.3)
The four contributions were then added in quadrature.
The final values of the photoproduction cross section ofZfheand ¥X*~ hyperons, with the
corresponding statistical and systematic uncertairdies,

< o=z- >=0.102 + 0.011(stat.) & 0.020(syst.) pbarn (7.11)

< oxe- >=4.36 + 0.49(stat.) £ 0.39(syst.) pbarn (7.12)
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Figure 7.20: Fit of the total invariant mass spectrum.
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7.2.4 =" and="" Hyperons

The cuts reported in Tab.7.7 were applied in order to setedt andS " hyperons candidates.
The trigger21 and27 were used. The efficiencies of the two triggers and of themlmoation
as a function of the anti-proton momentum are shown in R24.7The average values of the
trigger efficiencies are reported in table 7.12

> qf [ i
R H||\ | e et P
% 0.8 +++++++++ +++++++ +~~ \ i 1++++* My {
0.6—+++ i i
0.4/ + }++++++++¢++*++++++++++++*+\\\”
% : ~ | Tr21 or Tr27
5 i 5 ” 5 P5 (1C05eV/c)

Figure 7.21: Efficiencies of trigger21 (left-panel), trigger27 (center-panel) and of the combination of the two triggers
(right-panel) as a function of the anti-proton momentum.

| Data Production | Trigger21 | Trigger27 | Trigger21 or 27 ||
[9840+99c0+00d0 [ 76% | 41% | 87% |

Table 7.12:Total efficiency for the triggergl and27 for the three data productions.

Only the combination of the two triggers was consideredHerextraction of the cross section.
The value of the total efficiency;”?" = 0.13%, was calculated as explained in Sec.6.3 and
was used to correct the experimental data.

The number of observed thig” andY"™" events was extracted with the two methods:

- the background subtraction method

- the fit method

The total simulated background, normalized to the datahasva in Fig.7.23, while the dif-
ference between the signal and the background, togethlertietfit of the peak, is shown in
Fig.7.24.

The fit of the total spectrum is shown in Fig.7.26 togethehwlite parameters from the fit.

The values of the photoproduction cross section obtainddtve two methods are reported in
the following table.
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Figure 7.22: Contributions to the total background obtaibg using the SIDE-BAND method (a) and
the Monte Carlo simulation (b).

| Hyperon | Method | Cross Section [ibarn) |
= Background Subtraction 0.0269 + 0.0054(stat.)
Fit 0.0277 & 0.0031(stat.)
o Background Subtraction 0.0098 + 0.0053(stat.)
Fit 0.0096 = 0.0034(stat.)

The final value was obtained as a weighted average of the svalbiained with the two
methods. The systematic uncertainty was estimate as arplai sec. 7.2.3.

< oz+ >=0.0273 £ 0.0031(stat.) £ 0.0029(syst.) pbarn (7.13)

< oot >= 0.0097 £ 0.0034(stat.) + 0.0007(syst.) ubarn (7.14)
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Figure 7.23: Total background resulting from the comboratf the two contributions obtained with the
SIDE-BAND method and the Monte Carlo simulation.
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Figure 7.24: Gaussian fit of the pea&'(left andX"" right) after the background subtraction.
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Figure 7.26: Fit of the invariant mass spectrum of e after applying the cut on the decay length,
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7.3 X*T hyperon

The decay of thé&** hyperon in aA plus a positive pion is shown in Fig.7.27.

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Iy

Figure 7.27: Schematic view of the** production and decay vertices.

TheX** candidates were selected by applying the cuts reportedais7 8.

‘ Proton Track ‘

Long track
PID Positively identified by the RICH
Momentum 2 < P, <14GeV/c
‘ Pion Tracks ‘

Long or short track

Momentum P, > 0.6 GeV/c

‘ A Particle ‘
Mass 1.108 < My < 1.123 GeV/c?
dca (p -m) < 1l.5cm
Production Vertex —18 M < vppoq < 18 CM
Decay Length Vdecay — Vprod > 1.5 CM

Table 7.13:Cuts applied for the selection of th&+ candidates.

The invariant mass spectrum of thesatisfying the cuts applied for the selection of the hyperon
is shown in Fig. 7.28 (a). Depending on the mass range oAtheis possible to identify two
regions, the 'SIGNAL-REGION'’ £30, experimental width) and the 'SIDE-BAND REGION'.
The invariant mass spectra of thé*, shown in Fig.7.28 (b), was reconstructed requirksgn

the 'SIGNAL-REGION'.
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Figure 7.28: (a) Invariant mass spectrum of theatisfying the cuts applied for the selection of Hie”
hyperons. (b) Invariant mass spectrum of ¥ife" hyperons.
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7.3.1 Extraction of the Photoproduction Cross Section

TheX** photoproduction cross section was extracted using thd tmuaula:

OyNost X = LN*@E**X (7.15)
pJE*+—+A+ﬂ
— observed (7 ) 16)

€ToT BRA . BRE*+ O L
where:

wt_, .
- N> "—A+7 s the total number of*T observed events;

observed

- eror IS the total efficiency;

BRs«+ is the branching ratio for th&** decaying in aA plus a positive pion§8%),
while BR, is the branching ratio of th& decay BRx_. ;. = 0.642);

® is the Photon Flux Factor;

L is the total Luminosity integrated over the three data petidus analyzed.

The determination of the Photon Flux Factor and the caliaraidf the total Luminosity were
explained in Secs.6.3 and 6.3.

7.3.2 Trigger Efficiency

The total efficiency is given by the product of the geometrdcaeptance, the RICH efficiency,
the kinematical cuts efficiency, and the trigger efficien@yne combination of the first three
terms was obtained as explained in Sec.7.1.2

The trigger21 and trigger27 were used and the corresponding efficiencies were calduate
explained iINnAPPENDIX A, for the event topology with at least two long tracks per dite
half. The two efficiencies were then combined as explaineslein.6.3. The efficiencies as a
function of the proton momentum are shown in Fig.7.29. Tlggéar efficiencies and the total
efficiencies are reported in Tabs.7.14 and 7.15.

| Data Production | Trigger21 | Trigger27 | Trigger21 or 27 ||
[9840+99c0+00d0 [ 57% [ 41% | 7% |

Table 7.14:Average values of the trigger efficiencies.

| Data Production | Total Efficiency - Te1 | Total Efficiency - TR7 | Total Efficiency - TR1 or 27 ||
[ 9840 +99c0 + 0040 || 0.0015% | 0.0012% | 0.0021% |

Table 7.15:Total efficiency for the triggergl and27 for the three data productions.
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Figure 7.29: Efficiencies of trigger21 (left-panel), trigger27 (center-panel) and of the combination of the two triggers
(right-panel) as a function of the proton momentum.

7.3.3 Extraction of theX** events
The total number of th&** events was extracted using two different methods:

- the subtraction of the total background;

- the fit of the invariant mass spectrum.

The two methods are described in the following sectionssdwnd one was used in order
to estimate the systematic uncertainty on the value of tiségpinoduction cross section.
Background Subtraction
The total combinatorial background can be described asutimeo$ two major contributions:

- the background generated by the combination of a 'fakahd an uncorrelated pion; this
first contribution can be obtained with the SIDE-BAND method

- the background generated by the combination of a 'truahd an uncorrelated pion; this
second contribution can be simulated with a Monte CarlodhasePYTHIA.

The two contributions are shown in Fig. 7.30 for the data daroprresponding to the com-
bination of the two triggers. The two contributions weretfivgrmalized to the 'signal’ spectrum
within the mass range.45 — 1.6 GeV/c* and then summed. The simulated background was
then subtracted from the 'signal’ spectrum. The numbexXof events was then extracted by
fitting the remaining peak with a Gaussian distribution. Té®ult of the fitis shown in Fig.7.32.

Fit of the invariant mass spectrum

The second method used to extract the number of obsélveddvents consists in a fit of the
invariant mass spectrum by using the function:
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Figure 7.30: Background obtained by using the SIDE-BANDhudt(a) and background obtained with
a Monte Carlo simulation (b).

f(x) = Signal+ Background=

2
L N Ag _ 1 (a=myer
Voo Nyt - Ax exp( 5 ( - ) ) +

(a+b-z+c-2?)) (7.17)

The Gaussian distribution was used to fit the signal whilepthignomial function was used to
fit the background.

The parameteNs;.:+ provides the number af** eventsnsy..+ andos.+ correspond to the mean
and the width of the Gaussian distribution, respectivelye productVs.+ - Az represents the
total area under the peak. The parameters of the fit are shofig i7.33.

The values of the resulting photoproduction cross sectotthie two methods are summarized
in table 7.16:

| Hyperon | Method | Cross Section (ibarn) |
¥ Background Subtraction  4.67 £ 0.50(stat.)
Fit 4.79 £+ 0.44(stat.)

Table 7.16:Photoproduction cross sections of fie"™ obtained with the two methods.

Systematic Uncertainties

Several sources of systematic uncertainties was identified

- the systematic uncertainties due to the used triggersastebtained as half of the differ-
ence of the cross sections corresponding, for each methddgger21 and trigger27,
respectively.
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Figure 7.31: The total background resulting from the coratiam of the SIDE-BAND method and the
Monte Carlo simulation.

- the systematic error due to to the time stability of the diete the error estimated in the
A analysis (see Sec.6.5.3) was propagated (in percentatie b@avier hyperons;

- the systematic uncertainty due to the different methodlsutated as the half of the dif-
ference of the two values reported in Tab.7.16;

- the systematic uncertainty due to the measurement of thimasity (see Sec.6.5.3)

The four contributions were then added in quadrature.
The final value of the photoproduction cross section offthe hyperons, with the correspond-
ing statistical and systematic uncertainties, is:

< oy >=4.72 £ 0.50(stat.) £ 1.18(syst.) pbarn (7.18)
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Figure 7.32: Fit of the resulting peak after subtractingttital background.
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Figure 7.33: Fit of the mass spectrum of & hyperon.
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7.3.4 =" Hyperon

The cuts reported in Tab.7.13 were applied in order to séhecE™ hyperon candidates. The
trigger21 and27 were used. The efficiencies of the two triggers and of themlwoation as a
function of the anti-proton momentum are shown in Fig.734e average values of the trigger
efficiencies are reported in table 7.17

el e
ZN J~\+***+*++*+*+**++*+*ﬁ\\NH}!

P5 (GeVl/c)

Figure 7.34: Efficiencies of trigger21 (left-panel), trigger27 (center-panel) and of the combination of the two triggers
(right-panel) as a function of the anti-proton momentum.

| Data Production
| 98d0 + 99¢0 4 00d0 ||

| Trigger21 | Trigger27 | Trigger21 or 27 ||
5% | 2% | 86% |

Table 7.17:Total efficiency for the triggerg1l and27 for the three data productions.

Only the combination of the two triggers was consideredHerextraction of the cross section.
The value of the total efficiency;”?" = 0.13%, was calculated as explained in Sec.6.3 and
was used to correct the experimental data.

The number of observed  events was extracted with the two methods:

- the background subtraction method

- the fit method

The total simulated background, normalized to the datahasva in Fig.7.35, while the dif-
ference between the signal and the background, togethlertietfit of the peak, is shown in
Fig.7.36.

The fit of the total spectrum is shown in Fig.7.37 togethehwlite parameters from the fit.

The values of the photoproduction cross section obtainddtve two methods are reported in
the following table.

| Hyperon

| Method

| Cross Section [ibarn) |

by

*—

Background Subtractio

h0.0117 = 0.0027(stat.)

Fit

0.0115 & 0.0024(stat.)
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Figure 7.35: Contributions to the total background obtaibg using the SIDE-BAND method (a) and
the Monte Carlo simulation (b). Total background (c).

The final value was obtained as a weighted average of the svalbained with the two
methods. The systematic uncertainty was estimate as erplai sec. 7.3.3.

< o5 >= 0.0116 £ 0.0024(stat.) £ 0.0027(syst.) pbarn (7.19)
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Figure 7.36: Gaussian fit of 8" peak after the background subtraction.
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Figure 7.37: Fit of the invariant mass spectrum of he together with the parameters from the fit.
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The extracted values of the photoproduction cross secfialt ihe hyperons (antihyperons)
analyzed in this thesis have been compared with resultiaal&in literature: [116], [117] and
references wherein for the andrp interactions and [47] foe "¢~ interactions. The compar-
ison is shown in Fig. 7.38. The results of this thesis arentepdoth with and without thé’,
cut (P, > 3 GeV) (see Sec. 6.7) and are summarized in Tabs. 7.18 and ThEOhuge dif-
ference in the values of the cross section between thesedaseés ds a consequence of the fact
that the target remnant contribution, which is dominanhi@®, < 3 GeV region, is relevant
for the A, X% andX** production mechanism. However, being the latter poorescideed in
the PYTHIA model adopted, the cross section can be safelguoned at HERMES only in the
forward region £ > —0.1 which corresponds t&, > 3 GeV). As noticeable in Fig. 7.38, this
is no longer true for th&~ hyperon and all the antihyperons analyzed since the fratatien
process is dominated by the sea quarks contribution in #ss.c

Hyperon Cross section Cross Section P, > 3 GeV)
(ubarn) (ubarn)

A 26.96 £+ 0.07(stat.) = 2.98(syst.) 1.94 + 0.01(stat.) £ 0.21(syst.)

»0 4.93 + 0.23(stat.) & 0.63(syst.) 0.681 + 0.032(stat.) & 0.086(syst.)

et 4.72 £ 0.50(stat.) + 1.18(syst.) | 0.632 + 0.066(stat.) + 0.158(syst.)

¥ 4.36 + 0.49(stat.) & 0.39(syst.) 0.553 + 0.062(stat.) £ 0.050(syst.)

= 0.102 4 0.011(stat.) 4 0.020(syst.) | 0.093 4 0.010(stat.) 4 0.018(syst.)

Table 7.18:Summary of the Photoproduction cross sections of the hyyseanalized.

Hyperon Cross section Cross Section P, > 3 GeV)
(ubarn) (ubarn)

A 0.210 £ 0.001(stat.) £ 0.017(syst.) 0.147 £ 0.001(stat.) = 0.001(syst.)

) 0.073 £ 0.014(stat.) £ 0.007(syst.) 0.051 £ 0.016(stat.) = 0.005(syst.)

o 0.0097 + 0.0034(stat.) £ 0.0007(syst.) | 0.0082 + 0.0045(stat.) £+ 0.0006(syst.)

D 0.0116 + 0.0024(stat.) £ 0.0027(syst.) | 0.0115 £ 0.0026(stat.) £+ 0.0026(syst.)

=" 0.0273 £ 0.0031(stat.) £ 0.0029(syst.) | 0.0213 £ 0.0042(stat.) £ 0.0023(syst.)

Table 7.19:Summary of the Photoproduction cross sections of the go¢itons analized.
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Figure 7.38: The production cross section/of>°, ¥** and=~ hyperons, and their corresponding
antihyperons, are plotted as a function of the center of miasgyy W. Different experimental conditions
are compared. The open circles show the results of expetsméth pion beams (the average between
results withm™ andr~ beams of the same energy is plotted). The open triangles thieongsults at e~
colliders where the combined production of particle andpanticle is measured. The black circles show
the results of an experiment with a real gamma beam. The If&cigles show the results of this work,
with (upward) and without (downward) the threshold Bn(P, > 3 GeV).
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Chapter 8

Conclusion

This thesis presents the study of strange hyperon produotechanism in photoproduction
processes, which have been poorly explored so far. The varie split into two major parts:
the study of the\ (A) differential cross section as a function of the longitudiand transverse
momentum, that allows to constrain the unpolarized fragatem functions, and the measure-
ment of the production cross section of several strangeobargind the respective antiparticles.
In the extraction of the differential and absolute crosgises a big effort has been done to
estimate the possible sources of inefficiencies and in obiniy the systematic uncertainty. In
particular, an algorithm for the calculation of the triggeefficiencies, which can be generally
neglected in the standard analysis of spin asymmetriesogEesection at HERMES, has been
developed. Furthermore, a simulation of the RICH detedtowad to fully take into account
the inefficiencies in the particles identification. FinalyMonte Carlo simulation based on
PYTHIAG.2 genertator [78] and GEANJ[79] was used to estimate the effects of the relatively
small angular acceptance of the HERMES spectrometer.

The differential cross section and the related hadron piidiiies are the observables used
to extract the fragmentation functions which describe th&rk hadronization (or how the con-
finement arises) and should be used when extracting thenatigartonic informations from
measured quantities. The multiplicities of different mesand non-strange baryons produced
in the fragmentation process at HERMES, have been extrat{@é] and [77]. The tuning of
the LUND model parameters to describe the HERMES kinemagame, was based on these
studies, and results in a substantial improvement of theesgent between the experimental
and simulated distributions for pions and antiprotons.sThning, however, was found to be
not fully satisfying for the description of the kaons andtpres distributions.

The extraction of the differential cross section of théA) particle, which is a strange baryon
decaying into a proton plus a pion, and the comparison betwe&perimental and simulated
distributions represent a useful tool to test the paramedtan of the fragmentation function
related to baryons and strangeness and suggest a way terfuriprove the model. The dis-
agreement in thé’, distributions from data and Monte Carlo suggests that a iglo Value of
PARJA41 (which corresponds to tagarameter of the symmetric LUND fragmentation function
see Sec. 6.7) was probably used in [76] and [77].

The second part of this work concerns the extraction of tiselalbe photoproduction cross
sections of thex?, ¥*+, ¥* and =~ hyperons and the relative antiparticles. Here a great
effort was made in order to correctly estimate the backgipuvhich is relatively small for
the A hyperon but sizable in the case of heavier hyperons. A coatibim of Monte Carlo
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simulations and investigations of off-shell mass candiglallowed to perform a detailed study
of the combinatorial background. The comparison betweemtbasured photoproduction cross
sections, and the cross sections obtained from the Monte Siarulation, represents a way to

test the assumptions and the parameters used in the LUNDInfdaemeasured cross sections
allow to investigate the production mechanism of stranggdres in photoproduction processes
and to correlate it with other processes like pion-nuclaatterings and™ ¢~ annihilations.
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Appendix A

A.0.5 Regge poles and confinement

Regge poles have been introduced in particle physics inggabing of 60-ies [118, 119] and
up to present time are widely used for description of highrgy interactions of hadrons and
nuclei. Regge approach establishes an important conneoéittveen high energy scattering
and spectrum of particles and resonances. It served assaftwasitroduction of dual and string
models of hadrons. A derivation of Regge poles in QCD is adtiffiproblem closely related
to the nonperturbative effects in QCD and the problem of oenfient.In the first paragraph of
this Appendix there is a short introduction to the reggeamcept, while the second paragraph
contains elementary considerations on the connectiomgeleetRegge trajectories and string

The Reggeon concept

The complex angular momentum method was first introduceddmgR in nonrelativistic quan-
tum mechanics.[120] In relativistic theory it connects ghhenergy behavior of scattering am-
plitudes with the singularities in the complex angular matmen plane of the partial wave
amplitudes in the crossed (t) channel. This method is bas¢kdeogeneral properties of the S-
matrix - unitarity, analyticity and crossing. The simplestgularities are poles (Regge poles).
The formal definition of Reggeon is the pole in the partial avi-channel of the scattering
process. For example, far~ + p elastic amplitude the Reggeon is a pole in the partial wave of
the reactionz#™ + == — p + p, namely, the amplitude of this process can be written in the
form:

A = 3 A @+ 1) PG . (A1)
=0

wherez = cosfl and@ is the scattering angle from initial pion to final proton (andton).
Reggeon is the hypothesis thatt) has a pole of the form

g1(t) ga(t)

filt) = I = an(t) (A.2)
where functiom(t) is the Reggeon trajectory which experimentally has a form:
ar(t) = ag(0) + aR(0)¢, (A3)

whereag(0 is the intercept of the Reggeon anfl(0) is its slope.

A Regge-pole exchange is a natural generalization of a westclange of a particle with
spinJ to complex values of/. So this method established an important connection betwee
high energy scattering and the spectrum of hadrons. Thisthannel point of view on Regge
poles. On the other hand asymptotic behavior of scattemmglitudes at very high energies is
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a) b)

Figure A.2: a) Exchange by a patrticle of spin J in the t-chanbg Exchange by a Regge pole in the
t-channel.

closely related to the multiparticle production. This is #ichannel point of view on reggeons.
Let us consider first the t-channel point of view in more dstai
The binary reaction + 2 — 3 + 4 (A.1) is described by the amplitudg(s, t), which depends
on invariantss = (p; +p2)* andt = (p; — p3)?. At high energies >> m? and fixed momentum
transfert ~ m? an exchange by a particle of spihin the t-channel (Fig.2a)) leads to an
amplitude of the form

T(s,1) = gus - gas - (5) /(M3 — 1) (A.4)

whereg;;, are the coupling constants and; is the mass of the exchanged particle.

For a partial wave expansion of amplitudes

T(s,t) 1&
s, cos0) = = - 20 + 1) f(s)P,(cost A5
f(sycost) = g = 3 (20 + Di(s)Picost) (A5)
the unitarity relation leads to the constraints
Sfils) =] fils) % | fils) [<1 (A.6)

It follows from eq.(1) that for an exchange of a particle wétlspin.J > 2 the partial wave
amplitude increases with energy s/~ for larges and violates unitarity as — oco.

This problem can be solved by introduction of Regge poleshduld be taken into account
that the expression (1) for the amplitude is valid, strisfhgaking, only close to the pole position
t ~ M? and can be strongly modified away from the pole. Regge poleshwides an exact
form of this modification and absorbs in itself exchangestayes of different spins (Fig2b)).
The corresponding amplitude has the form

T(s,t) = fra(t) - faalt) - ()@ - n(a(t)) (A.7)
wherea(t) is the Regge-trajectory, which is equal to spirof the corresponding particle at
t = M?. The functionn(a(t)) = —(1 + oexp(—ira(t))/sin(ma(t)) is a signature factor
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ando = +1 is a signature. It appears due to the fact that in relato/tbory it is necessary to
consider separately analytic continuation of partial wawvgplitudes in the t-channel to complex
values of angular momentafrom even(c = +) and odd(c = —) values of.J. This factor
is closely related to the crossing properties of scatteaimglitudes under interchange ofo
u = (py — ps)?. Amplitudes withc = + are even under the interchange— u (s < —s
for high energies), while for = — amplitudes are antisymmetric under this operation. It
should be emphasized that the single Regge exchange aomtssfp an exchange of particles
or resonances which are "situated” on the trajecto(y). For example ifa(t) = J, where
J is an even (odd) integer for = +(—) for t = M3 and M3 is less than the threshold for
transition to several hadron&? for particles which can decay into two pions), then the Regge
amplitude eq.(4) transforms into the particle exchangeliamae eq.(1) withg,3924 = f13(M3?)-
faa(M3)2 /e (M3).

If M is larger than the threshold value theft) is a complex function and can be written
for t &~ M? in the form

alt)=J+ o' (M3)-(t — M3) + ilma(M3) (A.8)

In this case folma(M?) < 1 Regge pole amplitude eq.(4) corresponds to an exchange in th
t-channel by a resonance and has the Breit-Wigner form

T(S, t) = —(013 " 924(S)J/(t - M3 + ZMJFJ) (Ag)

with awidthT'; = Ima(M?2%)/M o/ (M3).

Thus a reggeization of particle exchanges leads to a naesalution of the above men-
tioned problem with a violation of the unitarity, -Reggeéctories, which correspond to parti-
cles with high spins can have(t) < 1 in the physical region of high energy scattering: 0
and the corresponding amplitudes will increase with s nstefathans®, satisfying the unitar-
ity. The experimental information on spectra of hadrons laigth energy scattering processes
nicely confirms this theoretical expectation. The only g@tm is the Pomeranchuk pole (or
the Pomeron), which determines high energy behavior ofadifive processes.

A.0.6 Bosonic and fermionic Regge poles, vacuum exchange

Let us consider the main properties of Regge poles.

a)Factorization. Regge poles couple to external particlagactorizable way, which is manifest
in eq.(4).

b)Regge poles have definite conserved quantum numbershigkédryon quantum number,
parity P, isospin e.t.c. As it was mentioned above they have also aitkesignaturer.

An information on trajectories of Regge poles can be obthfnet < 0 from data on two-
body reactions at large and fort > 0 from our knowledge of the hadronic spectrum. We
have seen that a bosonic trajectory corresponds to paraclé resonances for those values of
t where it passes integer valu@ea(t) = n) even fore = + and odd forc = —. While for
fermionic trajectories particles corresponditea(t) = 5 = J and signature = (—1)7-z.

There can be many trajectories with the same quantum nuriritbeated above, which differ
by a quantum number analogous to the radial quantum numioeh t8ajectories are usually
called "daughter” trajectories and masses of correspgneisonances (with the same value of
J) for them are higher than those for the leading trajectoty \given quantum numbers.

Trajectories for some well established bosonic Regge @oleshown in Fig.3. Note that
all these trajectories have(0) < 0.5 for ¢ < 0. One of the most interesting properties of these
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Figure A.3: Trajectories for some well-known Regge poles.

m,
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Figure A.4:Picture of the quark-antiquark bound state in the string elod

trajectories is their surprising linearity. This usualhta@rpreted as a manifestation of strong
forces between quarks at large distances, which lead to coltfinement. The linearity of
Regge trajectories indicates to a string picture of thedalgtance dynamics between quarks
and it was a basis of dual models for hadronic interactions.

Confinement

Up to now, free quarks have not been detected. The upperdimihe cosmic abundance of
relic quarks,n,, is n,/n, < 107", n, being the abundance of nucleons, while cosmological
models predict,/n, < 107'2 for unconfined quarks. The fact that no free quarks have been
ever detected hints to the property of quark confinementcelegihe interaction among quarks
has to be so strong at large distances thgt@air is always created when the quarks are widely
separated. From the data it is reasonable to expect thatktypeally comes accompanied by
an antiquark in a hadron of mass$seV at a separation of 1 fn( Aé};D). This suggests that
between the quark and the antiquark there is a linear enemgity of order

AE 1GeV
 Ar T fm

A theoretical framework is provided by the string model, Nan{1974). In this model
the hadron is represented as a rotating string with the tvaskguat the ends. The string is

g

~ 0.2 GeVZ. (A.10)

147



APPENDIX A.

formed by the chromoelectric field responsible for the flusetgonfiguration and for the quark
confinement (see Fig. A.4) Buchmuller (1982).

The evidence for linear Regge trajectories (see Fig. A.ppstts this picture.

When the spin/ of mesons is plotted as a function of squared meson mask turns out
that the resulting points can be sorted into groups whicbristraight lines, and that the slopes
of these lines are nearly the same, as shown in Fig. A.3. Timeseare known as “linear Regge
trajectories,” and the particles associated with a givea all have the same flavor quantum
numbers. Similar linear trajectories are found for the basy out as far ag = 11/2.

This remarkable feature of hadron phenomenology can be&deped by a very simple
model. Suppose that a meson consists of a straight lineskkect with a constant energy
densityo per unit length, having a nearly massless quark at one entedfrte, and a nearly
massless antiquark at the other. The quark and antiquank tter flavor quantum numbers of
the system, and move at nearly the speed of light. For a btring of lengthl. = 2R, whose
ends rotate at the speed of light, the energy of the system is

R
m:E:2/ o (A.11)
0 /1 —2v%(r)
R dr
=2 — A.12
/0 \/1—1r2/R? ( )
=R (A.13)
while the angular momentum is
-y / W (A.14)
2 (R r2dr
== —— A.15
R /0 \/1—12/R? ( )
= 1R? (A.16)
Comparingn and./, we find that
2
m
J = o (A.17)

which means that this very simple model has caught the eaké&dture, namely, a linear
relationship betweem? and.J. From the particle data, the slope of the Regge trajectisies
approximately

1
=~ 0.9 GeV 2 (A.18)

implying an energy/unit length of the line between the gearkhich is known as the “string
tension”, of magnitude
~0.18 GeV? = 0.9 GeV/ fm (A.19)

Of course, the actual Regge trajectories don’t intercepkthxis atn? = 0, and the slopes
of the different trajectories are slightly different, asdae seen from Fig. A.6. But the model
can also be modified by allowing for finite quark masses. Nog since a crucial aspect of
the model is that the quarks move at (nearly) the speed of, Itk low-lying heavy quark
states (charmonium, “toponium”, etc.), composed ofithieb quarks, would not be expected to
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lie on linear Regge trajectories. Another way of making thedel more realistic would be to
allow for quantum fluctuations of the line-like object inelitions transverse to the line. Those
considerations lead to (and in fact inspired) the formidadibject of string theory.

QCD can be made agree with the simple phenomenological nifpéiel some reason, the
electric field diverging from a quark is collimated into a flwbe of fixed cross-sectional area.
In that case the string tension is simply

- / &x, B B (A.20)

where the integration is in a plane between the quarks, pdipa@ar to the axis of the flux tube.
The problem is to explain why the electric field between a kgaand antiquark pair should be
collimated in this way, instead of spreading out into a dipfkld, as in electrodynamics, or
simply petering out, as in a spontaneously broken theory.

In fact, as already emphasized, the color electric field afi@kjor any other color charge
sourcedoespeter out, eventually. If a heavy quark and antiquark wedgenly separated by
a large distance (compared to usual hadronic scales), theated electric field between the
guarks would not last for long. Instead the color electrig flube will decay into states of lesser
energies by a process of “string breaking” (Fig. A.5), whietm be visualized as production of
light quark-antiquark pairs in the middle of the flux tubepgucing two or more meson states.
The color field of each of the heavy quarks is finally screengd bound light quark. This
process also accounts for the instability of excited plerstates along Regge trajectories.

T q
e ——
g q g q
O @ O @
q q q q q q q q

e Oe O e Ot

Figure A.5: String breaking by quark-antiquark pair prasc

Pair production, however, is suppressed if all quarks arng wassive. Suppose the lightest
quark has mass:,. Then the energy of a flux tube state between nearly statidks|weill be
approximatelyL, while the mass of the pair-produced quarks associatedstriting-breaking
will be at least2m,. This means that the flux tube states will be stable againsgdireaking
up to quark separations of approximately

L =2m, (A.21)

Concluding, Light mesons (as well as baryons) of a givenratesymmetry quantum num-
ber but with different spins obey a simple spih{mass (/) relation. They lie on a Regge
trajectory

J(M?) = ag + o' M? (A.22)
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Figure A.6: Regge trajectories for the low-lying mesonsuffigfrom Bali, ref. [121]).

with o/ ~ 0.8 — 0.9 GeV 2.
It is possible to establish the relation
, 1
o = — (A.23)

270

between the slope of the Regge trajectories and the stmsgpte The string tension emerges
as a key phenomenological parameter of the confinementgshysi
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Figure A.7: Regge trajectories for nucleons.
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Appendix A

The beam polarization

A.1 The Beam Polarization

Electrons or positrons are injected unpolariseti2aGeV into the HERA storage ring and are

subsequently ramped up to the nominal beam ener@y 6fGeV. The lepton beam is trans-

versely polarised by th8okolov-Ternov effe¢ST) [96] which causes the leptons to predom-
inantly aligne their spins in the vertical direction, péehto the magnetic field of the storage

ring, by radiating photons.

The time dependence of the beam polarization follows anmexptal law::

Por(t) = Py (1 - ¢7) (A.1)

for a circular machine with a perfectly flat orbit. The thearal maximum of the polarization
has been calculated to be:

8
PSS = —— = 92.38% A.2
ST 5\/5 0 ( )
with an associated rise-time constant:
8 mictp?

=—— = 3Tmi A3
TsT 53 2hp min (A.3)

wherey is the Lorentz factory is the bending radius of the orbit. ande are the electron mass
and chargey is the speed of light} is the Planck constant arrdis the positron energy.

For rings such as HERA with the spin rotators needed to gejitiodinal polarization at experi-
mentPgs. can be reduced substantially beldo@38% andrg; can be modified too. Synchrotron
radiation also causes depolarization which competes WalSIT effect with the result that the
equilibrium polarization is reduced even further. Moreotlee depolarization is strongly en-
hanced by the presence of the small but non-vanishing misaknts of the magnetic elements
and the resulting vertical orbit distorsions.

The strength of this depolarization can be summarized irde@larizing time constant,,,
such that the asymptotic polarization becomes:

Tdep Tdep

Pmax(t) = P:S”)% (A-4)

— and T=T9p—"—
Tdep T TST Tdep T TST

and
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T = TST% (A.5)
Tdep + TsT
As a result, the maximum achievable polarization becomeslemand the rise time shorter,
while Eqg. (1.1) stays valid when exchangingss. — P,... andrsr — 7. Efforts taken at
HERA to empirically optimize the positron orbit helped tdaeve polarization values 6%
to 60% during the data taking period995 to 1997.

Comparison of rise time curves
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E # Transverse Polarimeter
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h
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Figure A.1l: Polarization build-up through the Sokolovii@r effect. Within a rise time of abo@?2
minutes typically polarizations betweé0% and60% are reached.

Thelongitudinal polarization necessary for HERMES can be obtained by ragatie spin
vectors of the positrons (electrons) from the transversection to a direction parallel to the
beam orbit. This is done with a spin rotator, a device coimgjsf six interleaved horizontal
and vertical dipole magnets generating a pattern of véréind horizontal orbit deflections.
After passing through a spin rotator a positron will not hégebeam trajectory changed, but
the orbit kicks will cause a series of rotations of the spiateesuch that it is finally turned by
90°. Betweenl1995 and2000 two rotators were installed, one before the HERMES Intévact
Point (IP), turning the spin into the axis of the beam momentand one after the HERMES
IP, turning the spin back to the transverse direction.

A.1.1 Transverse and Longitudinal Polarimeters

The uncertanty in the beam polarization constitues an itapbpart of the systematic uncer-
tanty for precision measurements of polarized cross secigymmetries etc. Therefore it is
essential to provide precise and frequent measuremenk® dfeam polarization. At HERA,
two polarimeters are in operation. Both polarimeters maeaf a cross section asymmetry in
the Compton scattering of circularly polarized photonspaoffarized electrons/positrons.
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Figure A.2: A schematic diagram showing the operation piecof one spin rotator. A sequence
of vertical and horizontal magnetic fields move the beamtdtbp) and rotate the positron (electron)
polarization direction (bottom). The sequence is choseah $hat the vertical position of the orbit in
unchanged by the rotator, but the spin receives a net rotadithe longitudinal direction.

The Transverse Polarimeter (TPOL) was installed in the HERA east hall in 1992 and mea-
sures the transverse polarization, (a detailed desanigaio be found in refs [122],[123]). Cir-
cularly polarized light from a continuous Argon ion laséi4 nm, E=2.41 eV) is directed
against the positron beam at a shallow angle, with its hgli@ing switched with a frequency of
83.8 Hz. The backscattered photons are detected with a tungstetilator sandwich calorime-
ter consisting of two identical halves separated along agrbplane. If the positron polarization
is in they direction (i.e. perpendicular to the orbit plane), the Ctonpscattered photons are
distributed asymmetrically along thedirection. The asymmetry is proportional to the sine of
the azimuthal photon scattering angle around the beam aditoghe positron polarization into
the y-direction [124]. By measuring the asymmetry in the energgasition of backscattered
photons between the top and the bottom halves of the calteinige mean average vertical
position(y) can be inferred. From the difference

Ay = (Y)r ; (Y)r ~ P11, (A.6)

of the mean value&) measured with right (R) and left (L) circularly polarizedhit, the trans-
verse positron polarizatioR, can be derived. The analyzing powey is derived from the spin-
dependent cross section if both the light and the positrare wompletely polarized. Within
one minute the positron polarization can be determined wafithtabsolute statistical error of
about0.01. The absolute calibration is performed with dedicated mesasents of the rise-time
T using the relation:

T Pmaa:
A (A7)
The uncertanty of the rise-time calibrations dominatessijstematic uncertanty of the TPOL
and are in the order &f.4% for 1996,/1997.
The Longitudinal Polarimeter (LPOL) measures the longitudinal polarization behind the
HERMES IP in the East Right straight section of the HERA positring. It was installed in
1995/1996. The setup is similar to that of the TPOL: it consists of a pdI®d:YAG Laser
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(A = 532 nm) generating polarized light with alternating helicity each pulse. The light
crosses the beads m downstream of the HERMES target at an angle of abouatad. Several
thousand photons are backscattered when the laser pulssesra electron/positron bunch.
Their energy sum is measured by a radiation hard calorinoetesisting of an array of four
NABI(WO0), crystals of20 cm length. For a longitudinal positron polarization the Gxbom
cross section is indipendent of the azimuthal scatterirggearbut switching the laser helicity
will modify the energy spectrum. The asymmetry of the enevgighted sums of backscattered
photons{ determines the longitudinal positron polarizatiBn

A= CL - CR
Cr +Cr
Again, I, is the analyzing power, i.e. the Compton cross section astnyrfor the case of
fully polarized laser light and positrons, folded with tlesponse function(£,) (efficiency) of
the calorimeter. The largest systematic uncertanty conoes the knowledge of the response
function which had been determinded correctly only afte48. For the yeard 999 and2000
the fractional systematic uncertanty of the LPOL wat. From 1996 to 1998 the systematic
error was largery P,/ P, ~ 4%, mainly arising from the fact that the absolute calibratizas
performed with rise time measurements. A detailed desonpif the setup and the perfor-
mance of the LPOL can be found in ref [125].

~ P, (A.8)
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