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Zusammenfassung

Das Standardmodell der Teilchenphysik beschreibt die grudlegenden Be-
standteile und Krafte in unserer Welt. Allerdings gehen viele Aspekte der
subatomaren Welt noch uber dem Bereich der theoretischen Wrhersagen
hinaus. Dazu gehert, da die Zusammensetzung des Nukleonsns, welches
Drehimpuls- und Bahndrehimpulsbeitrage von Quarks und Gluonen enthalt,
noch nicht vollstandig verstanden wird. Der tatsachlich e Quarkdrehimpuls-
beitrag zum vollsiandigen Nukleonspins betragt nur etwa 30%. Ein neuen-
twickelter Formalismus ermeglicht die interne Struktur d es Nukleons durch
so genannte GPDs (Generalized Parton Distributions) auf ene umfangre-
ichere Art als die vorher verwendeten PDFs (Parton Density Runctions)
zu beschreiben. Diese GPDs werden durch die Summenregel van mit
den Beitagen des Gesamtdrehimpulses von Quarks und Gluaen verknapft
und kennen durch die Untersuchung von harten exklusiven Raktionen bes-
timmt werden. DVCS (deeply virtual Compton scattering) ist die einfachste
exklusive Reaktion, um unter Verwendung von Leptonenstrallen mit ver-
schiedenen Heliziaten und Ladungen einige dieser Vert@ingen zu messen.

HERMES (HERA measurements of spin) ist eines der Experimeng zur
Untersuchung des Nukleonenspins. Es be ndet sich innerhal HERA (Hadr-
onen-Elektronen Ring Anlage), welches ein e-p-Beschleuniger am DESY
(Deutsches Elektronen-Synchrotron) ist. Bei dem HERMES Experiment
wird nur der polarisierte Elektron-/Positron-Strahl verw endet, welcher an
wahlweise polarisierten oder unpolarisierten Gasen gestut wird. Das Vor-
wartsspektrometer vom HERMES Experiment besteht aus Spudetektoren
sowie Detektoren zur Teilchenidenti kation. In der ersten Phase der Daten-
nahme wurden nur die Teilchen in Vorwartsrichtung detekti ert. Die Kine-
matik von exklusiven Reaktionen wurden unter der Verwendurg fehlender
invarianter Restmasse vervollstandigt.

Um die Exklusiviat zu verbessern und um die Auesung kine matis-
cher Variablen zu erhehen, wurde das HERMES Vorwartsspekrometer um
den RD (Recoil Detector) erweitert, wobei danach die Messugen mit un-
polarisierten Gasen erfolgten. Dieser Detektor besteht asi dem Silicon
Strip Detector, dem SFT (Scintillating Fiber Tracker), dem Photon De-
tector und wird von einem supraleitenden Magneten mit einer Feldstarke
von 1T umgeben. Er stellt mehrere Raumpunkte far Spurrekorstruktion
und damit fur die Impulsrekonstruktion zur Verfagung. Di e Energieverluste
der Teilchen beim Passieren der verschiedenen Detektorenenden verwen-
det, um die Teilchen identi zieren zu kennen. Der Hauptteil dieser Arbeit
war die Implementierung des SFT- und des RD-Auslesesystems

Vor der Installation des RD wurde eine Reihe von Messungen niver-
schiedenen Versuchsaufbauten durchgefahrt, um das Konze des Detektors
zu prefen, die interne Ausrichtung zu messen und die Instalation vorzubere-
iten. Diese Messungen far den SFT werden beschrieben und éiwesentlich-



en Resultate werden gezeigt. Ausserdem wurde eine erste Algae der ak-
tuellsten Datenproduktion 06d/06d0 durchgefuhrt, um die Leistung des in-
stallierten RD in Verbindung mit dem HERMES Vorwartsspekt rometer zu
zeigen.



Abstract

The standard model of particle physics describes succes#lfu the funda-
mental constituents and forces in our world; neverthelessmany details of
the subatomic world are still beyond the scope of theoretichpredictions.
The internal structure of the nucleon has been investigatedin detail and
it was found that the nucleon spin budget, i.e. the compositon of the nu-
cleon spin by the spin and orbital angular momentum of quarksand gluons
is not yet understood. It has been measured that the intrinst quark spin
contribution is only about 30% of the total spin of the nucleon. A recently
developed formalism allows to describe the internal struaire of the nucleon
by so-called GPDs (Generalized Parton Distributions) in a more complete
way than the previously used PDFs (Parton Density Functions). The GPDs
are linked by the Ji sum rule to the angular momentum contributions of
quarks and gluons. These GPDs can be accessed by the investipn of
hard exclusive reactions. DVCS (deeply virtual Compton scdtering) is the
cleanest exclusive reaction to determine some of these digtutions, using
lepton beams with di erent helicity states and charges.

HERMES (HERA measurements of spin) is one of the experimentsvhich
were carried out to complete the information about the nucleon spin budget.
It is located at HERA which is an e -p-collider at DESY but uses only
the polarized electron- and positron-beam, which is scatteed 0o a gaseous
internal target. The HERMES forward spectrometer consists of a set of
detectors that are used for tracking, while another set of déectors provides
information on particle identi cation and triggering. Int he rst phase of
HERMES, only forward going particles were detected. Exclusse reactions
have been measured using a missing invariant mass technique

In order to improve exclusivity and to enhance the resolution of kine-
matic variables the HERMES collaboration decided to removethe equip-
ment for the polarized target and to install the RD (Recoil Detector) with
an unpolarized target at this position. This detector conssts of the Silicon
Strip Detector, the SFT (Scintillating Fiber Tracker), the Photon Detector
and is surrounded by a 1T superconducting magnet. It provides several
space points for tracking and thus momentum reconstruction The energy
deposition in the various detectors is used to achieve partile identi cation.
The main part of the thesis work was the implementation of the SFT and
the RD readout system.

Before the installation of the RD a series of test runs were daied out
to proof the concept of the detector, to measure the internalalignment and
to prepare the installation. These test runs for the SFT are described and
major results are shown. Furthermore a preliminary analyss of the latest
data 06d/06d0 was carried out to show the performance of thenstalled
Recoil Detector in combination with the HERMES forward spectrometer.
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Chapter 1

Introduction

The microscopic world can be very successfully described bthe atomic
model developed by Bohr [Boh13] and con ned by Sommerfeld [@n15]. In
this model atoms are constituted by protons, neutrons and etctrons. The
subatomic world described by the standard model of particlephysics is not
yet completely clari ed. The common agreement until now is the point like
property of the electrons while the protons and neutrons sems to be com-
pound objects. These components are quarks with gluons as w#&r of the
strong forces. Further investigations condensate into thewell known stan-
dard model [Gri87] containing QCD (Quantum Chromo Dynamics) where
qguarks and leptons are the constituents of matter while the éectromagnetic,
strong and weak forces are interacting by the carrier photos, gluons and
bosons. Even the description of matter and the predictions & very well
tested this model is not though yet complete. The aspect of qavity is still
remaining to be taken into account and calculations on long dstance scale
are challenging and not done yet analytically. Mainly the canplete nucleon
spin budget is still unclear until now as well.

Starting with elastic scattering the transverse spatial distribution of the
partons can be described in the frame of quantum electro dymaics by FFs
(Form Factors) very precisely. By investigations of deep irelastic scattering
in the frame of quantum chromo dynamics the longitudinal momentum dis-
tributions are accessible and can be described by PDFs (Paoin Distribution
Functions). The uncertainty relation limits the simultane ously measurable
resolutions of corresponding properties like location andmomentum. As
FF describing transverse spatial distributions and PDF degribing longitu-
dinal momentum distributions both properties are disentangled. They can
be combined simultaneously to distributions named GPDs (Gaeralized Par-
ton Distributions) [Mue+94, Ji97a] which was developed in the recent years.
Beside combining the both models together the Ji [Ji97b] sunrule opens
with GPDs several new paths to access further informations hout the na-
ture of the nucleon. Several GPDs can be accessed by investigpns of hard
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exclusive reactions. Therefore GPDs are more and more usedrfstudies.

Many experiments have been carried out to identify the contibutors to
the nucleon spin and to investigate their constraints. A naive quark model
where three quarks as partons of the nucleon carry the wholepén of the nu-
cleon was a rst try to explain the nucleon spin budget. This simple model
has to be re ned as measurements by the EMC (European Muon Cddbora-
tion) [Ash+88, Ash+89] show that the intrinsic contributio n by quarks are
much lower than expected. In order to solve this so called spi crisis several
high energy experiments were started to search answers to #se contribu-
tions. One of these experiments is the HERMES (HERA measuremnts of
spin) experiment [Her+93, Due95] which was running inside HERA (Hadron
Elektron Ring Anlage) at DESY (Deutsche Elektronen Synchraron). The
HERMES experiment was designed to contribute information dout the nu-
cleon spin budget. Due to improvements in understanding of éep inelastic
scattering and new models like GPDs the physics program hasden widely
extended.

The HERMES experiment was running with electron or positron beam.
The target was either polarized gas of'H, ?H, 3He or unpolarized gas
of 4He, N, Ne, Kr, Xe. The HERMES detector was built as a forward
spectrometer for quasi xed target which consists of identcal upper and
lower half. A set of detectors is used to reconstruct the paricle track and
to determine the particle momentum. Another set of detectors is used for
particle identi cation. As the space in front of the HERMES d etector was
occupied by the equipment of the polarized gas target the remling particles
were not detectable. The complete kinematics of the excluse reactions was
computed with the missing invariant mass technique.

To improve exclusivity and the resolution of kinematic variables the
HERMES collaboration decided to upgrade the HERMES detects with
the Recoil Detector. The aim of this new Recoil Detector is diectly detect
recoiling particles and measure their properties. The Redb Detector con-
sists of a Silicon Strip Detector, a Scintillating Fiber Tracker and a Photon
Detector. It is surrounded by a superconducting magnet witha 1T center
eld strength. The core of the this work was the implementation of the
readout for the Scintillating Fiber Tracker and to bind the r eadout for the
Recoil Detector to the HERMES data acquisition.

The outline of this work starting with the motivation why mea surements
of hard exclusive reactions are attractive. Afterwards theHERMES forward
spectrometer with the used facilities is described. Here#&dér the Recoil De-
tector with the major components is recorded as well. Rearwals the results
of several test runs for the preparation of the Recoil Deteabr and some pre-
liminary results of the experiment are presented. The resus of the 06d/06d0
production are compared to previous results.
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Nucleon spin budget

The standard model of particle physics is perhaps the best mven model.
Nevertheless the nucleon spin budget is not yet completelylari ed. A pos-

sible path to access informations about the constituents ad their contri-

butions is the recently developed GPDs (Generalized PartorDistributions)

which can be ascertained by investigations of exclusive regions. In front of

the description a short introduction of the nomenclature to describe prop-
erties of scattering reactions and at the end recent resultat HERMES are
shown. The particles of the electron-/positron-beam are naned lepton in
this work.

2.1 Deep Inelastic Scattering

The general process visualized in gure 2.1 for a lepton sc#gring reaction
can be expressed by

X0
(2.1) k+N! K+ X;:
i=1

with N as the nucleon in the initial state, k (k% as the lepton in the inital

( nal) state and where n denotes the number of the scattered and produced
particles. In the limit of inelastic scattering, for an elastic scattering process
the nukleon N remains intact, thus followsn =1 and X1 = N.

Further categorizations are inclusive, semi-inclusive ad exclusive mea-
surements. In case of an inclusive measurement only the sdated lepton
is detected, while in semi-inclusive measurements some butot all other
particles are detected. If all particles in the nal state are detected the
measurement is called exclusive.

The HERMES experiment [Her+93, Due95] uses as will be shownaker
a 27.6GeV polarized lepton beam. In this case other interactions likeweak
forces at higher energies can be neglected.

10
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(E,p) .k
(E, p)
k
“
%
Figure 2.1: lllustration of a deep inelastic scattering reaction wherethe

incoming lepton (k) scatters o and interacts with the nucleon by a virtual
photon.

The four momentum transfered by the virtual photon is the di erence

(2.2) q=k k°

of the four momentum of the incoming k and scattered k° lepton. The
square of the four momentum transferq due to the uncertainty relation can
be interpreted as a spatial resolutionQ? s 2 of the probing and can be
expressed as

(2.3) Q*= ¢~

The value g is a space like property and thereforeg? is negative. In order
to have a positive resolution the negative square ofy is used as the spatial
resolution Q2.

The energy transfered by the virtual photon can be expressed as

(2.4) =1
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where M denotes the nucleon mass and wherp is the four momentum of
the nucleon before the interaction.

The squared sum of the four momentums of the initial nucleon ad the
incoming lepton holds the inital state invariant mass

(2.5) s=(p+ k)?

of the reaction.
The squared sum of the four momentum of the nucleon and the irgr-
acting virtual photon results to the invariant mass

(2.6) W2 =(p+ g)°

of the nucleon-photon-system.

The Bjoerken work [Bjo69] shows that the description of inteactions
can be made without properties with physical dimensions. Tlerefore the
following properties are dimensionless and are interpret accordingly.

The fractional energy y of the virtual photon can be de ned as

P q

2.7 = —

@7 Y=o
The four momentum fraction x of the nucleon-photon-system to the

center-of-mass system can be written as

(2.8) X = =

As W2 can be expressed as
(2.9) W2=(p+g?=p?+2p g+ p?=p’+2p q(l x)

X can be interpreted as a measure of the inelasticity of the proess as in an
elastic process the equatiorx = 1 holds. Due to the kinematics in inelastic
processes the ranges are limited to @ x< 1 and to O<y < 1.

The properties Q2, s, W2, y, x are invariant against Lorentz transfor-
mations.

In the kinematic range of the HERMES experiment running with 27.6GeV
lepton beam the rest mass of the imprinted lepton with  0:5MeV on the
rst order can be neglected. Under this assumption these prperties can be
expressed in the laboratory frame as:

(2.10) Q%= Pt 4EE sin?
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- P4 0
(2.11) Tt E E
(2.12) s=(p+ k)t 2ME + M?2
(2.13) W2=(p+g?t M2+2M  Q?
-Pa,
(2.14) y= 3 b
2 2 2
(2.15) =2 - Q Q

" 2pq 2M t2|\/|(E EO

In these equationsE and E° denotes the energy of the incoming and
scattered lepton, is the polar angle between the vectors of the unscattered
and the scattered lepton. All these properties can be deterimed by the
knowledge of the initial state and by detecting only the scatered lepton.

2.2 Generalized Parton Distributions

GPDs (Generalized Parton Distributions) [Mue+94, Ji97a] have been devel-
oped few years ago to combine transverse charge distributioinformation
named FFs (Form factors) with longitudinal momentum distri bution infor-
mation named PDFs (Parton Density Functions) for description of exclusive
processes. After the correlation between these GPDs and thital angular
momentum was investigated by Ji [Ji97b] this description ga more and more
used. A very detailed description of GPDs and the current deelopment can
be found in [Die03].

GPDs consist of a set of distributions for quarks and gluons dr each
avor and helicity state. Most often discussed are the four twist-2 quark-
chirality conserving distributions: the polarization-in dependent distribu-
tions are denoted byH (x; ;t)and E (x; ;t), while the polarization-depend-
ent distributions are named H (x; ;t) and E (x; ;t). The distributions E
and E do not conserve the nucleon helicity but the distributions H and
do. The distributions of all avors for each quark and gluon are superposed
to describe the total response. The used parameterg, andt are shown
in gure 2.2.

The four momentum p
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Figure 2.2: Description of GPDs by momentum fraction x, skewness
and momentum transfert as described in the text.p, p®and p are the four
momentum of the target for the initial state, nial state and the averaged
case.

(2.16) p= % p+ p°

is the average of the four momentump of the nucleon in the initial state and
the four momentum p° of the nucleon in the nal state. The parameter x is
the average longitudinal momentum fraction of the quark, while the skew-
ness parameter represents the fractional longitudinal-momentum transfe
to that quark. Positive values of x + and x are interpreted as quarks,
while negative values are treat as anti-quarks.

The Mandelstam variable t

(2.17) t= p p°?

is the squared momentum transfer to the nucleon and is therefre invariant
against Lorentz transformations.

Knowing unpolarized GPDs H (x; ;t) and E (x; ;t) the Ji sum rule
[Ji97b]

Z
17
(2.18) Jgig = |t'!m0§ ) dx X (Hg,g(X; ;t)+ Eqg(X; ;1))
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can be used to determine the total angular momentum contribdion by
quarks and gluons which is one of the key feature of this modelBy knowing
the intrinsic spin contributions of quarks and gluons the catribution of the
orbital angular momentum can be accessed as well.

As further advantage the GPDs formalism still provides accas to FF
and PDF. The FF are accessible by the rst momentum ofx while the PDF
are the limit for vanished momentum transfert ! 0 to the nucleon.

Exclusive reactions originated by a virtual photon to a nucleon p
visualized in gure 2.3 can be formulated by

Figure 2.3: lllustration of exclusive reactions by scattering of lepta (k) on
a nucleon ().

(2.19) +p! X+p°

where the nucleonp, pPis still intact but a di erent particle X is generated.
These exclusive reactions are an important tool to access #hproperties of
GPDs and therefore to the nucleon constituents.
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Another feature of exclusive reactions is the possibility b probe certain
reactions by nal state selection. Final states with a ©°, the scattered pro-
jectile and the intact nucleon allow studies of quarks and glions on the same
order and on linear order as described in [Goe+01, Die+04b]with recent
results in [Ros+07] and in HERMES paper which is in preparation.

But the cleanest way to access GPDs is deeply virtual Comptorscatter-
ing which will be introduced in the following section.

2.3 Deeply Virtual Compton Scattering

Theoretically simplest process to access GPDs is DVCS (debp virtual
Compton scattering). The DVCS process visualized in gure 24 can be
expressed by the reaction

kl

Figure 2.4: DVCS (deeply virtual Compton scattering. The virtual photan
originated from the scattered projectile probes the nucleowhich stays intact
in the nal state and produces a real photon.

(2.20) k+p! K%+ +p! KO+ +p°

with k (k9, p(p%, , which are the initial ( nal) lepton, the inital ( nal)
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nucleon, the originating virtual photon and the produced real photon. The
generated real photon carry information about the involved quark as it is
not generated by Bremsstrahlung. The Mandelstam variablet

(2.21) t=p p°%=(q qo?

of the squared momentum transfer to the nucleon can be calcated alter-
natively by the momentum of the two incident photons. In this case the
momentum transfer can be determined without the detection d the recoiled
nucleon.

The nal state of the DVCS process can not be distinguished fom the
BH (Bethe-Heitler) process as it has the same initial and nd state as shown
in gure 2.5. The BH process is an elastic scattering procesand can be
precisely calculated in the frame of QED (Quantum Electro Dynamics).

e e

Figure 2.5: The Bethe-Heitler process can not be distinguished in the itial
and nal states from the deeply virtual Compton scattering.

The combined cross section [Bel+02]

(2.22) d o_emXy 7
' dxdyditid ~ 8Q 2 1+4x2M2=Q2 €

results to an interference of the amplitudes by

(2.23) ji?=jen+ pvcsi®=jeni®+ ] ovesii+ |

with the interference term
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(2.24) | = BH Dvcs * Dvcs BH:

The electromagnetic ne structure constant ¢, and the elementary charge
e is used here.

An additional parameter for separation between DVCS and BH b the
angle between the trajectories of the virtual photon and the produced
real photon. A further parameter for describing azimuthal asymmetries is
the azimuthal angle between the scattering plane de ned by the incident
and scattered lepton and the production plane de ned by the nomentum of
the virtual and real photon shown in gure 2.6.

production plane

scattering plane

Figure 2.6: Diagram of the kinematics for DVCS reactions. The scatterirg
plane is de ned by the trajectories of the projectile while lhe production plane
is de ned by the virtual and real photons. The angle is formed by these
two planes. The angle are formed by trajectories of the virtual and real
photon.

2.3.1 Azimuthal asymmetry

The two pure terms and the one interference term of the combied amplitude
of BH-process and DVCS-process can be evolved in leading adto a Fourier
sum [Bel+02] in which  denotes the angle between the scattering plane and
the production plane as shown in gure 2.6:

(2.25) |
e’ X '

Xy2(1+4x2M2=Q?) P1( )P2( )

jBHj2:



CHAPTER 2. NUCLEON SPIN BUDGET 19

(2.26) !
e .
jovesi®= = S+ PVCScos ) + sPVCSsin(n )
y2Q -
2.27) I
Cceéb
| = L+ | cos ) + s sin (n
Xystpl( ) PZ( ) CO - Cn ( ) o n ( )

with C as the charge and as the helicity of the beam lepton,P;( ) and
P, ( ) as the BH propagators [Bel+02, Jaf96].

By combining measurements with di erent states like chargeand polar-
ization of the striking beam lepton certain coe cients can b e determined by
azimuthal asymmetries.

As shown in gure 2.7 in the HERMES kinematics the amplitude of
the BH process is almost over the whole range much larger than the
amplitude of the DVCS process [Kor+02]. As the contribution by the pure
BH term can be precisely calculated in QED and the contribution by the
pure DVCS term is of sub leading order the interference term povides an
unique access to the DVCS amplitude in linear order which is igni cantly
increased by the larger BH amplitudes compared to the pure D\CS term.

The nomenclature for the coe cients of azimuthal asymmetries areAgt
where B and T are the polarization of the beam and the target. These
states can belL, T, U which are the cases for longitudinal, transversal or
unpolarized polarization. Despite of this notation the coecient for the
beam charge asymmetry is denoted as\c.

As the DVCS process provides access to all GPDs of quarks theotal
angular momentum contribution of the quarks to the nucleon in budget
can be determined with the Ji sum rule [Ji97b]. However the masurements
for all the manifold states and parameters are still challerging.

2.4 Results at HERMES

At the HERMES experiment in rst years of running the recoili ng particle
was not detectable. The complete kinematics of the exclusw reactions
are computed by the missing invariant mass technique. The nely installed
Recoil Detector into the HERMES experiment detects the recding particles
directly. This enhances exclusivity and the resolution of knematic variables.

All measured results until now are using data samples beforéhe instal-
lation of the Recoil Detector. An extended introduction and presentation
of the recent results can be found in [Air+01, EII03, EII0O7, Kra05, Ye07,
Air+06, Air+08]. An simple overview about results at HERMES will be
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o

-
(=]
T 11

e
L]

e

do/dp dQ dQT (pb / GeV srz)
=

Figure 2.7: The solid line is the sum of the cross section sum of BH-
process (dashed-dotted line) and DVCS (dashed line) versube angle

each in the kinematic region of HERMES. is the angle between virtual
and real photon [Kor+02]. Positive values of correspond to =0, while
negative ones are for = . The range used to select exclusive events are
Smrad( 0:28°)< | j< 4bmrad( 2:€°)

given below. The following measurements are done with unpatized hydro-
gen as a target and with an electron and a positron beam.

2.4.1 Beam Spin Asymmetry

In order to determine the coe cient for the BSA (beam spin asymmetry)
the measurements of longitudinal polarized lepton beam on npolarized hy-
drogen are combined and the asymmetry [Bel+02, Air+01] is given by

~d* d 1 N* N X s

221 g
(2.28) ALU_d++d = TPei>NT N /Cyc(E)’H sin( )
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where C denotes the charge of the projectile whilel * andd  are the cross
sections for the case of parallel and anti-parallel longitainal beam helicity.
The event countsN* and N  for the corresponding states are normalized to
the luminosity and the amplitude is adjusted by the mean beampolarization
< jPgj >. The result for the BSA amplitude is shown in gure 2.8.

-]
—

< 0.6

0.4

0.2

-0.4

-0.6

3 2 4 0 1 2 3
f (rad)

Figure 2.8 Beam spin asymmetry for electro-production of photons as
function of the azimuthal angle [Air+01]. The dashed curve represents a
sin( ) dependence with an amplitude 00:23, while the solid curve repre-
sents the result of a model calculation taken from [Kiv+01]. The horizontal
error bars represent the bin width, and the error band belowepresents the
systematic uncertainty.

2.4.2 Beam Charge Asymmetry

The BCA (beam charge asymmetry) is only measurable at HERA d to
the availability of electron and positron beam. By combining measurements
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with positrons and electrons as a projectile the leading coeient for the
beam charge asymmetry [Bel+02], [Air+06] can be expressedyb

~d* d _ N* N X )

(229) AC— d ++d - N++N ycg—HCOS()

where the sign denotes the corresponding beam chargd, * andd are
the cross sectionsN* and N are the normalized to the luminosity event
counts. In this case the dominant contribution is the cos( ) part of the
BCA amplitude which is shown in gure 2.9.
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Figure 2.9: Beam charge asymmetryAc as function of the azimuthal angle
j j. The four parameter t ( 0:011 0:019) + (0:060 0:027) cos()+
(0:016 0:026) cos(2)+(0:034 0:027) cos(3) shown as solid line
represents the total contribution of higher harmonics whi¢ the dashed line
contains only the pure cos( ) amplitude for exclusive sample before back-
ground correction. Only statistical uncertainties are shavn here[Air+06].

2.4.3 Transverse Target Spin Asymmetry

Electroproduction of real photons shown in gure 2.10 on transverse polar-
ized hydrogen gas target allow to access total angular moméam of quarks
in a model-dependent way [Air+08].
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Figure 2.10: Momenta and azimuthal angles for exclusive electroproduc-
tion of photons in the target rest frame following the Trento conventions
[Bac+04]. The quantity! g=Kk I' k Ois the three—rpomentum of the virtual
photon as di erence of the initial { k) and the nal ( k 9 beam lepton three-
momenta, while g° =! qO denotes the three-momentum of the real photon.
The angle between the scattering plane of the lepton to thequluction plane
of the photons is named , while the angle be‘ween the scattering plane of
the lepton and the transverse target polarizationS, is called s.

Measurements with both target polarities and both beam chages are
used to extract azimuthal asymmetries. Beside the BCA ampliude the
TTSA (transverse target spin asymmetry) amplitude is needel, which can
be expressed in terms of cross sections as

(2.30)
1 [d*(; ) d"( s+ )] [d (5 s) d (5 s+ )]

AT 9% 5 0 (G 9 d G s IRl G 9rd G st )]
where thed * and d are for the corresponding beam charge and is ad-

justed by the transverse target polarization S, . By comparing calculations

of several GPD-models with the experimentally extracted azamuthal asym-

metry amplitudes of BCA and TTSA, a model-dependent constrant on the

total angular momenta contribution of u- and d-quarks can be accessed
[Ell+05]. Model-dependent constraints on the u-quark total angular mo-

mentum J,, vs d-quark total angular momentum Jg, obtained by comparing

DVCS experimental results and theoretical calculations ae shown in gure

2.11.
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Figure 2.11: Model-dependent constraints oru-quark total angular momen-

tum J, vsd-quark total angular momentumJgq, obtained by comparing DVCS

experimental results and theoretical calculations. The costraints based on
sin( s)cos( )

the HERMES data for the TTSA interference amplitudes A}

and Af,"}( s) use the double-distributon (HERMES DD) [Van+99,
Goe+01] or dual-parameterisation (HERMES Dual) [Guz+06] GPD mod-
els. The additional band (JLab DD) is derived from the compaison of the
double-distribution GPD model with neutron cross section dta [Maz+07].
Also shown as small (overlapping) rectangles are resultsdm lattice gauge
theory by the QCDSF [Bro+07] and LHPC [Hae+07] collaborations, as well
as a result for only the valence quark contribution (DFJK) based on zero-
skewness GPDs extracted from nucleon form factor data [Die®4a, Kro07].
The sizes of the small rectangles represent the statisticaincertainties of the
lattice gauge results, and the parameter range for which a gd DFJK t
to the nucleon form factor data was achieved. Theoretical utertainties are
unavailable. More details can be found in [Air+08].



Chapter 3

The HERMES Experiment

The HERMES (HERA measurements of spin) experiment [Her+93] [Due95]
was started to study the nucleon spin budget with DIS (Deep Irelastic Scat-
tering). An lepton beam with the energy of 27.6GeV was used to scatter
0 a quasi xed target provided by polarized gas target. The HERMES
experiment was originally designed to measure only the nuelon spin budget
but in the meantime the physics program was widely expanded de to im-
provements in understanding of DIS and to recently developd models. The
HERMES forward spectrometer provides detection of product generated
by inclusive and semi-inclusive processes directly.

3.1 HERA at DESY

HERA is an e-p-collider and the major facilities used by the HERMES ex-
periment will be presented.
DESY

DESY (Deutsche Elektronen-Synchrotron) of the Helmholtz-Gemeinschaft
is a research facility located in Hamburg / Germany. Itis shavnin gure 3.1.
It was founded in 1959 with the main purpose to do scienti ¢ fundamental
research which covers three major topics:

development, construction and operation of particle accedrators;
investigations of matter and force on the scale of particles
providing synchrotron radiation for many other disciplines.

Since this time a lot of pioneering experiments and technolgies were carried
out.

Most of the accelerators are shown in gure 3.2. The rst syndirotron
ring DESY was built between 1960 and 1964. DORIS (Doppel-Rig-Speicher)

25
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Figure 3.1: The laboratory at DESY in Hamburg / Germany. The picture
shows the location and dimension of HERA and PETRA by the two ashed
circles. See also sketch 3.2 for more details.

is a facility for studies with synchrotron radiation. The PE TRA (Positron-
Electron Tandem Ring Accelerator) which was built between 076 and 1978
achieved the pioneering work to discover gluons in 1979 [WAi79]. Later in
1990 HERA (Hadronen Electronen Ring Anlage) was available & provide
two accelerators combined with storage rings with a proton ad a lepton
beam for unique studies on particle physics. In last years mgineering work
was done for TESLA (Tera Scale Accelerator) to proof the conept of next
generation of linear lepton colliders as the storage ringsoir leptons for higher
energy getting very challenging and very expensive.

Recently the XFEL (X-ray Free Electron Laser) project was started to
provide unique facility to measure in situ chemical reactims, to investigate
atomic details of molecules or to make spatial pictures of nao scale physics.
After the retirement of HERA in 2007 which will be not used for the next
years the upgrade of PETRA was started to improve the propertes to be
the worldwide most brilliant synchrotron radiation source with additional
14 beam lines with up to 30 experimental stations installed until 2009.
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Figure 3.2: A set of pre accelerators are used to feed HERA with protons ah
leptons. The arrows indicates the accelerated particles w which are marked
as blue for protons and red for leptons. Four experiments werlocated at
HERA. As indicated H1 in the north and ZEUS in the south were cdlider's.

HERA-B in the west used only the proton beam while HERMES in th east

used only the lepton beam.

AT

HERA

Hera consists of two concentric rings with a circumference foaround 6300m.
Each ring had the facility to accelerate particles and storethem for several
hours.

The one ring provided in the early years an unpolarized protm beam
with an energy of 88@eV. After an upgrade in 1998 the energy was in-
creased to 92GeV. In the last few months of HERA run time the energy of
the proton beam was changed to 46GeV and 5755eV for additional studies
with these lower energies. A typical value for the beam currat is around
110mA at the beginning of the a Il with a life time of several hundred
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hours.

The other ring delivers polarized electron or positron beamwith an en-
ergy of 27.6GeV starting with up to 50 mA beam current which drops expo-
nentially with a life time around 13 hours.

These unique features of HERA enables colliding and xed taget ex-
periments. Four detectors were installed in HERA. In the north and south
the colliding beam experiments H1 (north) and Zeus (south) ae installed.
These experiments running from 1992 until the end of HERA in D07 in-
vestigated unpolarized nucleon structure functions with ollisions of protons
and electrons or positrons aiming discovery of lepto-quark. The experiment
HERA-B located in the west used from 2000 to 2003 only the acderated
protons on a xed target to examine charm and bottom meson praluction.
The HERMES experiment in the east was running only with acceerated
electrons or positrons on polarized or unpolarized gaseousrget, designed
to contribute in solving the nucleon spin puzzle initiated by EMC experiment
[Ash+88], [Ash+89].

Beam

e 4—'—"// Direction

HERA
- B

Figure 3.3: HERA consist on two concentric storage rings. The green cirte
shows the proton ring while the blue circle show the leptondm which is self
polarized due to the Sokolov-Ternov e ect [Ter+61], [Sok+863], [Sok+64].

Electron/Positron-Beam

HERA consists of two beams as shown in gure 3.3. The one beamfo
protons rotates counter clockwise while the other beam of Iptons rotates
clockwise.
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The proton beam as well as thee beam are not continuously lled
beams. The whole HERA is segmented into 220 numbered bucket® hold
the particles if desired. As the time slice for each bucket i®6ns the rotation
frequency of a particle is around (220 96ns) 1t 47Hz. Each bucket
which is lled with accelerated particles is called bunch. The setup of buckets
and bunches has a characteristic shape starting at Bunch 1 ahis segmented
into 3+1 parts. There are three so called trains of bunches ad a bunch
free zone. Almost all buckets of these trains are lled with particles and
are colliding bunches. Exceptional some few buckets callegdilot bunches
are only lled with one type of particles in order to monitor a nd tune the
corresponding beam as they do not collide with the other beam In the
bunch free zone none of the buckets are lled. This give the pssibility to
imprint reference signals inside the detectors for monitoing and tuning like
for gain monitoring systems without interference of backgound generated
by accelerated patrticles.

2

: + Transverze Polarimeter

r & Longitudinal Polarimeter

Polarization [ %]
z

Time [hours]

Figure 3.4: Self polarization of the lepton beam due to an asymmetry in
synchrotron radiation described by Sokolov-Ternov e ect ad intentional de-
polarization at the end [Bar+93].

The proton beam is unpolarized. Due to acceleration in the acs of high-
energy storage rings the helicity of leptons can ip by emisfon of synchrotron
radiation described by the Sokolov-Ternov e ect [Ter+61], [Sok+63], [Sok+64].
Due to a small asymmetry in the spin- ip amplitudes the transverse state
is preferred which lead to a self polarization of the lepton leam. With the
help of spin rotator magnets the helicity can be changed to lagitudinal
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orientation and vice versa[Buo+86].

Before the upgrade of HERA in 2001 only the HERMES experiment
used the longitudinal polarized beam. The accumulated beanspin orien-
tation was in the most time in the transverse state in order to improve the
beam polarization. The time independent polarization of the leptons can be
described by

N+ N

3.1 PR = ——
3.1 B NL + N

whereN and N; denote the numbers of the two spin states while the time
dependent polarization shown in gure 3.4 increases expomgial

(3.2) Ps()=Pg 1 e *

The theoretical limit of 92 % polarization can not be reacheddue to these
spin rotation and imperfect alignments of the beam line magrets. Instead a
typical polarization of around 60 % after 45 minutes is reacled.

During the shutdown in 2001 several other spin rotator magnés were
installed to provide a longitudinally polarized lepton beam for the collider
experiments as well so that the time spending in transversenistead of longi-
tudinal orientation decreased. Therefore the rise time grev slightly and the
nal average polarization dropped a few percentage.

In order to quantify the polarizations, two polarimeters as shown in
gure 3.3 were installed in HERA using Compton backscattering processes.
While the location for the transversal polarimeter [Bar+93] is behind the
HERA-B experiment in the west, the location of the longitudi nal polarimeter
[Bec+02] is downstream after the HERMES experiment in the eat. By this
setup the disturbance to the experiments by monitoring and nmeasuring of
the polarization with the polarimeter is minimized and give possibility to
recover the beam condition after these impacts. A detailedntroduction into
the polarimeters can be found in [Ruh99], [Men01].

3.2 Target system

At HERA four experiments have to coexist. This is limiting th e degree
of freedom for the setup of the target of the HERMES experimen as the
life time of the lepton beam for solid materials, as a target, drops too
fast. Therefore HERMES is using a gas as a quasi xed target [&+03],

[Bau+03b], [Sch+98]. A novel technique of a target storage ell [Due+92]

with an active length of 40cm has been developed to be used for the ex-
periment. As the beam current roughly follows the shape of arexponential
decay
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(3.3) lepton (t)  liepton (O) €XP =

where is the beam life time. If g denotes the beam life time without
gas and ¢ the beam life time with gas the density of the gas is selecteda
match the beam life time contribution of 45 hours under normd conditions.
In this case the following equation holds

(34) = i + i
B

45h°

This is the regular running condition. At the end of a |l the d ensity is
increased to run one further hour. This high density run increases the rate of
data taking by more than one order. Due to the limited life tim e contribution
the target areal density is limited to the order up to 107 protons per cm?
in contrast to around 10%* protons per cm? for solid materials.

This technique gives the possibility to change the type of ga at any
time. The experiment can be run with polarized or unpolarized gas target.
The lighter gases likelH , 2H or 3He were polarized while the heavier gases
like “He, N, Ne, Kr , Xe were unpolarized.

An illustration of the target system implemented at HERMES i s shown
in gure 3.5. In the ABS (Atomic Beam Source) [Nas+03] of the target
system a dissociator is used to disjoin molecular HydrogenrdDeuteron gas
by radio frequencies to generate an atomic beam gas. The paiaation is
selected in a set of sextupole magnet system due the Stern-@ach-e ect
before it enters the storage cell in order to interact with the lepton beam.
The remaining gas is analyzed to determine the properties othe gas for
further analysis In the TGA (Target Gas Analyzer) [Bau+03a] the amount
of recombined molecular gas is measured while in the BRP (BireRabi-
Polarimeter) [Bau+02] the polarization is measured. A usud transversely
target polarization of 78% for hydrogen was usable [Air+050 and routinely
a longitudinal polarization of 97% for hydrogen and 92% for ctuterium was
available [Nas+03].

As the space in the target area was limited by the apparatus topro-
vide polarized and unpolarized gas targets the recoiling pdicles were not
detected. The full kinematic are computed by the missing imariant mass
technigue and the kinematic resolutions are therefore limied by the resolu-
tion of the forward spectrometer.

3.3 Forward spectrometer

As mentioned before the HERMES forward spectrometer [Ack+3B] ( gure
3.6) was originally designed to measure the nucleon spin bugkt. For studies
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Figure 3.5: Equipment of the polarized gas target [Bau+03b]. The targegas
is dissociated and polarized in the ABS (Atomic Beam Source]Nas+03] be-
fore entering the storage cell. The TGA (Target Gas Analyzef [Bau+03a]
and BRP (Breit-Rabi-Polarimeter) [Bau+02] are used to analyze the re-
maining gas. A set of sextupols magnets with strong, mediunnd weak eld
transitions are used.

on absolute cross sections or di erent years of data taking lhe knowledge
about the luminosity is of great importance which is measure with a lumi-
nosity monitor. For the reconstruction of interactions wit h the accompanied
particles a system of detectors is established for track remstruction and for
particle identi cation. For both system a short introducti on will be given.
The HERMES forward spectrometer consists of two parts, whee the up-
per and the lower part are symmetric. The con guration of the HERMES
detector was modi ed several times for improvements of paricle identi ca-
tion and for extensions of the physics program. After 1997 tie Cherenkov
Counter was replaced by the RICH (Ring Imaging Cherenkov), the damaged
VC was removed and DVC was installed. In 2000 the LW (Lambda Wleels)
were installed to extend the HERMES acceptance and in 2005 tb RD (Re-
coil Detector) was installed to detect the properties of reoiling particles.

3.3.1 Luminosity monitor

In order to compare and understand the results of physical aalysis the
knowledge of the absolute luminosity in DIS studies is veryinportant. Tar-

get states and beam states have to be combined in order to caltate cross
section asymmetries with relative luminosities. Therefoe a luminosity mon-
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Figure 3.6: An illustration of the HERMES forward spectrometer. The
lepton beam enters from the left and interacts with the gas tget in the
target cell (yellow). The tracking system consisting of DVG FC, MC and
BC which are colored in red. The RICH, TRD, hodoscope preshoer detector
and calorimeter for the particle identi cation are in green. The lepton beam
is shielded by a septum steel plate. The Luminosity monitoror absolute
normalization is shown in light blue. The acceptance of thepectrometer is
indicated by dashed lines.

itor was installed [Ben+01], [Ben98].
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Figure 3.7: Luminosity monitor [Ben+01]. (a) The setup of the luminosity
monitor for the absolute normalization. (b) Front view of the distributions
of reconstructed trajectory of elastic scattered particles.

In case of a positron beam Bhabha scatteringg"e ! e€"e and pair
annihilation e*e ! are used to measure the luminosity while for
the case of electron beam M ller scatteringe e ! e e is investigated.
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In both cases the event rateR of these very well known QED processes
is corrected for normalization, acceptance and e ciency to determine the
absolute luminosity L [Ben+01] by

R
(d=d)

where R is the event rate of these processes, denotes the e ciency and
integrated over the acceptance space angle

(3.5) L=R
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Figure 3.8: Scatterplot of energy depositions in the right side versuseft
side. The dashed line separates Bhabha events from backgndu[Ack+98].

The setup of the luminosity monitor located between the eletromagnetic
calorimeter is shown in gure 3.7. It consists of a pair of eletromagnetic
calorimeters left and right of the beam pipe which are moved ose to the
beam after the data taking was declared to reduce possible dhation damage.

Both are made of a 3x4 matrix ofNaBi (W 04), (NBW) Cherenkov crys-
tals each with a size of 22 22mm? and a length of 200nm. The readout
is made by photomultiplier tubes of type Hamamatsu R4125Q.

A typical response on elastic scattering is shown in gure 3.

3.3.2 Magnet system

The spectrometer magnet consist of two magnets. Thqe_| main matgt is of
the horizontal type with a maximum de ecting power of Bdl = 1:5Tm for
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the momentum reconstruction while the second magnet is a caection coil
with an de ecting power of 0:08T m.

The magnet eld was modeled and calculated with MAFIA and TOSCA
simulation programs and agreed within a few percent with meaurements
with 3D-Hall probes with an automated 3D-mapping machine. The overall
reproducibility of the results are below a permille. This ne 3D-map of the
magnet eld is implemented into the track reconstruction algorithm as a
lookup table.

The main magnet has eld clamps in front and behind in order to mini-
mize the fringe eld at the position of the drift chambers which are part of
the tracking system. For safety and for reduction of power casumption it
was running at 1:3T m. With this setup the remaining fringe elds at these
positions are below 0.1T. A secondary e ect is to protect subdetectors be-
hind the magnet from synchrotron radiation produced in HERA. The space
in the magnet center leaves an acceptance of (40 140)mrad in vertical
direction and 170mrad in the horizontal direction.

Even if the lepton beam is shielded with an 11cm thick steel mte the
main magnet has some e ects on the lepton beam. The e ect to tle proton
beam is neglectable due proton beam energy. Therefore a sexbmagnet
was installed inside the shielding of the lepton beam pipe. Tie main two
functions of these correction coils are to reduce the distusance generated
by the main magnet and to compensate the transverse componérof the
lepton beam.

3.3.3 Tracking system

The main task of the tracking system is to reconstruct the tracks and there-
fore particle momentum as illustrated in gure 3.9. Additio nally the corre-
sponding hits in the detectors for particle identi cation ¢ an be correlated.
Furthermore the kinematics due to the de ection by the magnet can be
determined.

The geometrical resolution of a fully operational tracking system is lim-
ited by Bremsstrahlung while passing the wall of the target @Il for electrons,
of the stainless steel vacuum window and of the rst trackingdetectors. The
tracking system is shown in the gure 3.6 in red color. It congsts originally in
downstream direction of VC (Vertex Chambers), DVC (Drift Ve rtex Cham-
bers), FC (Front Chambers), MC (Magnet Chambers) [And+01] and BC
(Back Chambers) [Ber+95], [Ber+98]. In 1998 the damaged VC vas re-
moved and in 2000 the LW (Lambda Wheels) were installed to incease the
acceptance of the HERMES forward spectrometer.
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VC

The VC 3.6 is a micro strip gas chamber for high precision reaastruction

downstream right after the target cell area and is thereforevery close to the
beam pipe. The stripe width of 7m and a distance of 193n vyields in a
very narrow resolution of around 65m . Due to an accident during beam
dump the VC was seriously damaged and therefore removed in 88 in order
to minimize further disturbance.
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Figure 3.9: Schematic illustration of the tracking system. Long trackseach-
ing all tracking detectors, while short tracks are de ectedby the HERMES
magnet out of the acceptance of the BC.

Drift chambers and proportional chambers

In order to simplify the handling all the other detectors for tracking consist
of drift chambers built as a sandwich of three planes with vetical or  3(0°
tilted wires. The DVC (Drift Vertex Chambers) and FC (Front C hambers)
[Bra+01] in front of the magnet is used to reconstruct the front part of
the tracks, while the BC (Back Chambers) [Ber+95], [Ber+98] behind the
magnet are used to measure the back part of the tracks. By comihing these
information the momentum of the charged particles can be mesured due to
de ection in magnet eld.

The chambers has for simplicity the same setup and running vth the
same gas mixture ofAr (90%) C O, (5%) CF,4 (5%) which provides very high
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drift velocity and is non- ammable for security.

Even this tracking are very accurate to determine the momentum the
MC (Magnet Chambers) [And+01] is of great help to resolve amhbguities of
track nding and to measure low momentum particles which does not reach
the back part of the spectrometer which are called short traks. The MC
which has to operate in strong magnet eld has slightly di er ent setup. Itis
built as MWPC (Multi Wire Proportional Chamber) with a optim ized gas
mixture of Ar (65%)C0O, (30%) CF4(5%).

For the readout of the detectors ASP (Ampli er-Shaper-Discriminators
are used to digitize by Fastbus Multihit TDC with a time accur acy of 0.5ns.
With the usual wire diameter of around 25m and at a distance of few mm
results in a spatial resolution of around 300m per plane. The resolution
of the momentum reconstruction was between % to 1:25% before 1998
and was since then between 5% to 25% due to dismount of the precise but
damaged VC and as furthermore it was decided to put an additimal material
(aerogel) for the new RICH into the track path. These modi cations were
made to enhance the physics program of the HERMES detector.

Lw

Last upgrade of the tracking system was the LW (Lambda Wheel¥ detector
based on silicon wafer and located behind the target cell in mler to extend
the acceptance of the forward spectrometer and to detect -hyperons in wide
kinematic domain. Detailed informations about the setup can be found in
[Hee03] and recent results are documented in [DemO07], [R&1P

Track reconstruction

Due to the simple setup of the tracking system the track recostruction
can be done very e ciently by a tree search for the track ndin g and by a
fast momentum determination with a look-up table for the tra ck kinematics
[Ack+98].

The tree search algorithm as illustrated in gure 3.10 works very fast
and simple. The possible window for the track pattern are bigctioned in
each step. As the tracking detector has a size of around threeneters and
a resolution of around 250m after around 14 iterations the binary tree
search determinate independently for the front part and the back part of
the HERMES spectrometer into partial tracks. These front partial tracks
are combined within speci ¢ spatial tolerance to nd back partial tracks
which have a starting vertex near the interaction region andreaching the
other detector of the particle identi cation system.

After the track nding the momentum reconstruction is done by combin-
ing tracking information in front and behind the magnet as charged particles
are de ected while passing through magnetic elds. Under nomal condi-
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tions the reconstruction in an inhomogeneous magnet eld rguires usually
a high amount of calculations.

The HERMES track reconstruction uses a simple look-up tableto re-
construct the momentum which contains all relevant informations of space
points before and after the magnet with a relative momentum resolution
contribution of less than p=p s 0:5%. The table has around 0.5M en-
tries. This momentum reconstruction algorithm is therefore very e cient
and require only low performant computer hardware.

Alignment

The resolution of the tracking system depends essential on aroper align-
ment of the sub detectors. In order to align the tracking sysem dedicated
runs were taken without a magnet eld to gain straight tracks to measure
the relative position of the detectors. Due to the simple layout of the cham-
bers a simple tree backtracking algorithm can be applied to étermine the
relative o sets.

Additionally a laser tracking system [Shi+98] is used to moritor online
relative movements of the detector. Due to the ramping of the magnet
unpredictable movements of the detectors can been detectednd corrected
in situ.

The Kg meson decay can be used to check the absolute calibration of
the spectrometer and the performance of the tracking system The result
shown in gure 3.11 gives a very good agreement with the PDG (Rrticle
Data Group) [PDGO08] on one part of permille accuracy.

3.3.4 Particle identi cation

The major interaction of particles passing through materid is ionization,
Bremsstrahlung, pair production or Cherenkov radiation. The amount of
energy deposition or de ection of charged particles dependn the mass,
charge and momentum of the passing particle and therefore péicle identi-
cation is possible.

The system for particle identi cation, one of the key features of the
HERMES detector, consist of four detectors. Due to this comgpementary
combination the HERMES detector has a very good particle sepration.
These detectors are RICH (Ring ImagingCherenkov) [Asc+00], [Ako+02],
TRD (Transition Radiation Detector) [Eme96],[Thi96], hod oscope preshower
detector and an electromagnetic calorimeter [Ava+98].

RICH

The RICH [Ako+02] illustrated in gure 3.12 replaced the thr eshold Ring
Imaging Cherenkov counter in 1998 and allows to provide very e cient sep-
aration of pions, kaons and protons byCherenkov radiation in a wide mo-
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Figure 3.10: lllustration of the HERMES track nding algorithm [Ack+98]
by bisectioning tree search in each iteration step. The redotion is step wise
doubled to determine the trajectories of the tracks.
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Figure 3.11: The invariant mass of * pairs [Ack+98]. The re-
constructed Ks mass (@97.4MeV) agrees very well with the PDG value
(497 7MeV).
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Figure 3.12: The setup of the upper half of the RICH (Ring Imaging
CHerenkov) detector [Ako+02] which is one of the key part ofie particle
identi cation. The bottom half has similar construction.

mentum range. The characteristic angle ¢ of the light cone is correlated
with the speed of the particle thus with the momentum by

(3.6) c= —

where n denotes the refractive index of the material while = v=cwith v
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Figure 3.13: The angle of theCherenkov cone versus the momentum for the
major particle types are shown. On the left side the Monte Cdo simulation
is shown as well as on the right side real data are included [l487].

as speed of particle andc as speed of light.

As shown in gure 3.13 the RICH can contribute to separate legons
and hadrons for momentums below GeV very well. As the lepton energy
spectrum for analysis of exclusive events has it's main contbution above
5GeV the RICH is not taken into account for this work. A very detail ed
description of the RICH detector can be found in [Asc+00] and[Ako+02].

TRD

Charged particles passing di erent dielectric mediums praluce radiation on
the transition in order to match the di erent Coulomb eld in the material.
The mean energyE of the radiation in case of ultra-relativistic condition
can be expressed as

em! P

(3.7) E =

wInN

where ¢y = 1=137 is the electromagnetic ne structure constant, is the
Lorentz factor and ! p is the plasma frequency.

The transition radiation is emitted in a cone around the particle trajec-
tory with an opening angle of = 1= . As the Lorentz factor for leptons
are much higher due to the larger mass than for hadrons this d&ws a lepton
hadron separation by energy deposition.

As the probability for a transition radiation is very small a large amount
of transitions of material is required. This can be done by a andwich design
as illustrated in gure 3.14.



CHAPTER 3. THE HERMES EXPERIMENT 42

Window Frame
Cathode Frame
_ = | = = = Wire Frame

Radiator Frame
Radiator

Anode Wires
Window Foil
Cathode Feil
Flush Gap
MWFPC Volume

|
i

:

111.8cm
T2.4cm
]
T
P

=

a [ ™ beasemd | 4 [ [
25cm
[ 10,16 cm —|

I G096 cm |

Figure 3.14: The upper half of the TRD [Ack+98] setup is illustrated with
a lepton and pion trajectory. The opening angle of the leptomath is due to
better visibility not to scale.

The TRD setup consists of six independent modules with an adte area
of 724 325cm?. Each modules has a sequence of radiator and PWC (Pro-
portional Wire Chamber) in order to provide informations ab out energy
deposition and location. The radiator with a thickness of 635cm is built
by bers with 17 m to 20m diameter and a density of Q05%=cn?. This
corresponds to an average of 267 dielectric layers. The PWCds a conven-
tional design with 256 vertical wires of 75m gold-coated Be-Cu-compound
material separated by 127cm. For an easy in situ replacement the wires are
crimped and are positioned with an accuracy of 25n . The chambers has
a thickness of 254cm and was lled with Xe (90%) CH 4 (10%) detector gas
for highly e cient X-ray absorption.

The analog signals are ampli ed and transmitted as di erential signal
with twisted-pair at cables to the Fastbus ADC for readout. The response
for a single TRD module and for a truncated mean of six TRD modues are
shown in gure 3.15.

Electromagnetic calorimeter

The electromagnetic calorimeter shown in gure 3.16 has twofunctions to
provide a rst-level trigger for scattered beam leptons andto provide particle
identi cation for the o -line analysis.

It consists of radiation resistant lead-glass called F101. Each of the
upper and lower walls was built with 42 times 10 blocks with a &tive area of
9x9cm? each. The length of such a block is 56m which is about 18 radiation
lengths. In order to minimize optical cross talks between tke blocks they
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Figure 3.15: Response of TRD [Ack+98] for leptons and hadrons as count
versus energy deposition, integrated over all momentums.aj Response for
a single TRD module. (b) Response for truncated mean of six TR modules.

photo-multipliers

| T
scintillator paddle f
] ,92; a0cm (10 cells)
\ m
48 cm
llmm lead 1
L
-
A A [ 90cm(iDcels)
0 oI T I O A O
T O
proton LT i L] ik _50em
/"’ 9x6 cm” lead glass block
pesitron
bearn . Calorimeter
Japaoooaooonooonodooa0ZooooCoaDooandonaag
——————— 372cm (42 paddles) —M8M8M8
Preshower
Figure 3.16: lllustration of the electromagnetic calorimeter together with

the hodoscope preshower detector H2 in front [Ack+98].

are covered on the side with 5Im thick aluminium mylar foil and with
0:127mm thick tedlar foil. Each block has a PMT (Photomultiplier tub e) of
type Philips XP3461 on the downstream side. In order to prevat radiation
damage both walls are moved in a distance of Sfin to the beam during
injection.
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The performance of the calibration of the electromagnetic alorimeter
is shown in gure 3.17. The energyE is measured by the electromagnetic
calorimeter while the momentum p is reconstructed by the tracking system
of the forward spectrometer. The ratior = E=p 1:00 0:01 demonstrate
the 1% uniformity of the response. The long term stability is of the same
order and includes the e ect of radiation damage over the yees as well.

In order to check the overall calibration the reconstruction of the
decay is used. The reconstructed © mass from 2 events are shown in
gure 3.17 and is in good agreement with the PDG (Particle Data Group)
value. A more detailed description of the electromagnetic alorimeter can
be found in [Ava+98].
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Figure 3.17: Performance of the electromagnetic calorimeter [Ack+98].
E are the measured energy whilg is the reconstructed momentum. (a)
Distribution of E=p with center value 1.00 and with width 0:01 (b) Dis-
tribution of © mass reconstructed from 2 cluster event. The t with a
gaussian distribution yields to the center(134 0:2) MeV and to the sigma
(125 0:2)MeV and is in good agreement with the PDG value.

The hodoscope for trigger and PID

The hodoscope detectors HO, H1, H2 consist of fast plastic wtillators.
They are mainly employed as trigger detectors. On the other land they
contribute to particle identi cation by measuring energy d eposition as well.
The setup of the lower and upper hodoscopes are identical.

The location of the HO is in front of the HERMES magnet and has a
active area of 6&x20cm? and a thickness of 32mm as illustrated in gure
3.18. Each HO is readout by two PMT of type Thorn EMI 9954SB.
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The hodoscope H1 is before and the hodoscope H2 is behind theRD
as shown in gure 3.6. Each hodoscope has the same setup as shmin
gure 3.16 and consist of 84 vertical scintillator modules which are 1cm
thick and has an active area of 9Bx91cm? of a fast scintillator material with
large attenuation length of 300cm to 400cm. The modules have an overlap
region of around Zm to 3cm to maximize e ciency. The hodoscope H2 has
additional a passive radiator consisting on 1inm (2 radiation lengths) of
Pb with 1:3mm stainless steel in front.

Each of the scintillating modules are readout with a PMT of ty pe Thorn
EMI 9954SB and provide together with HO fast signals for rst level trigger.

With this setup a striking lepton produces a broad distribution of de-
posited energy with a mean of 2MeV to 40MeV which has a weak depen-
dency on the energy of the passing lepton. In comparison to aund 2MeV

by a pion this gives the opportunity to separate hadrons fromleptons clearly
as shown in gure 3.18.
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Figure 3.18: (a) Technical drawing of the hodoscope HO which is mainly
used for the rst level trigger. (b) Response of hodoscope pshower detector
H2 which utilize particle identi cation by energy deposition.

PID performance

The performance of the particle identi cation system in shown in gure
3.19 where the PID value represents the accumulated informt#ons of the
contributing detectors about the particle. A very detailed description of
the PID value which is a likelihood estimation can be found in[Kai+97],
[Wen99], [Wen01].
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Figure 3.19: The performance of the PID system [Ack+98] shows a clear
separation between leptons and hadrons. The leptons are &ded left while
the hadrons are on the right side.



Chapter 4

The Recoll Detector

To improve the exclusivity and the resolution of the kinematic variables the
HERMES collaboration decided to upgrade the HERMES Detecta with
the RD (Recoil Detector)[Kai+02], [Sei04] to detect the reiling particles
directly. To install the RD the equipment for the polarized g as target had to
be removed as illustrated in gure 4.1. During the maintenance shutdown in
winter 2005 the Recoil Detector was installed in front regian of the HERMES
detector and data taking was running until the HERA shutdown in June
2007. The readout implementation of the SFT (Scintillating Fiber Tracker)
which is one of the key part of the RD and the readout integration of the
RD into the HERMES data acquisition are the main part of this w ork.

Figure 4.1: The HERMES Detector front region before (a) and after (b) the
installation of the Recoil Detector as 3D illustration gives a good impression
about the space limitation.

47
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4.1 Design requirements and realization

The resolution of the DVCS kinematics and the suppression obackground
is limited in the HERMES forward spectrometer by the electromagnetic
calorimeter and the impossibility of the detecting the recdling particle. The

aim of the Recoil Detector is therefore to enhance the eventedection to
improve the kinematic resolution for physical analysis andto be able to make
the events more exclusive. This is done by detecting and reastructing the

properties of the recoiling particles directly. Furthermore the event selection
is improved by suppression of background.

Extensive Monte Carlo studies on reactions of the type

(4.1) eN! X

with e as incoming lepton, €° as scattered lepton, as the produced real
photon, N as target nucleon andX as rest of products were carried out
in order to determine selections for exclusive reactions. fie remaining in-
variant mass M2 of the squared four-momentum properties of the known
particles can be expressed as

(4.2) MZ=p2+pi po P°

where pe and pee are the four momentum of the incoming and scattered
lepton, py denotes the four momentum of the o scattered nucleon target
and p is the four momentum of the produced real photon.

02 F ; ]

’ — Sum :

0.15 F — elastic BH -
associated BH

semi-inclusive

N/(1000*N )
=

30 35
2 2

M, (GeV?)

Figure 4.2: Missing invariant mass distribution for di erent reaction s.

The vertical lines constraints the event selection to 2:25 (Mx:GeV)2
+2:89.
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The contribution of di erent types of reactions are shown in gure 4.2.
For the exclusive event selection the used range of the misgy invariant mass
is

(4.3) 2:25 (My=GeV)? +2:89;

The contribution by associated Bethe-Heitler process als@alled -reso-
nance is in this case around 11%, while the contamination byemi-inclusive
processes are around 5%.

These Monte Carlo studies [Kra05] indicate the requirementto detect
recoiling protons in the momentum range between 5MeV up to 1400MeV
which are illustrated in gure 4.3. The dependence particle momentum p
versus the polar angle for several alternative reactions are shown. Addi-
tional properties of the Recoil Detector are summarized in able 4.1.

Parameter | Unit Ideal Expected
Performance | Performance
p-acceptance| MeV=c || 50-1400 106-450 (SSD)
250-1400 (SFT)
600-1400 (PD)
-acceptance| rad 0:1-1:35 0:4-1:35 (SSD)
0:7-1:35 (SFT)
0:78-1:90 (PD)
-acceptance| rad 2 4:8 (SSD)
> 4.8 (SFT)
> 4:8 (PD)
p-resolution 1 < 10% 3-9% forp < 500MeV=c
5% 13% forp > 500Mev=c
t-resolution | GeV? | < 0:.07 0:01-0.07 fort < 0:03
0:07 0:2for03<t< 10
-resolution rad < 0:.05 0:031 (SSD)
0:008 (SFT)
0:1 (PD)
=p PID range | MeV=c | 50-800 135-650
* rejection factor 1 > 10 > 10 for p < 650MeV=c
suppression 1 > 90% 92%

Table 4.1: Summary of the properties of the Recoil Detector and for the
sub detectors if available [Kai+02], [Hoe06].

By combining a Silicon Strip Detector, a Scintillating Fibe r Tracker and
a Photon Detector inside of a 1T magnetic eld the momentum of the de-
tected particles can be reconstructed and allowing partiok identi cation. A
schematic overview of the Recoil detector is shown in gure 4.
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Figure 4.3: Distributions of particle momentums p versus polar angle
studied with Monte Carlo simulations for (a) DVCS process, p) DVCS /
BH interference term, (¢) -meson production and (d) resonances or as-
sociated BH-process [Vil08].

The drawback for these improvements of the HERMES forward sgec-
trometer is the removal of the polarized gas target due to linited space in
the front region of the HERMES detector. The remaining data taking by
the HERMES experiment until the shutdown of HERA in 2007 was done
therefore with unpolarized gas of hydrogen and deuterium. The installation
of the Recoil Detector into the HERMES detector is shown in gure 4.5.
To take the new spatial dimensions of the RD and the di erent target gas
system into account a new target cell was built.

The Recolil detector is a collaborative e ort with contribut ions by

Infrastructure by
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Figure 4.4: Overview of the Recoil Detector.
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Figure 4.5 HERMES forward spectrometer upgraded with the Recoil De-
tector.

DESY Hamburg / Germany

TC (Target Cell) by
INFN Ferrara / Italy

SSD (Silicon Strip Detector) by
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DESY Zeuthen / Germany
University of Erlangen / Germany
University of Glasgow / Scotland

SFT (Scintillating Fiber Tracker) by
University of Giessen / Germany

PD (Photon Detector) by
LNF Frascati / Italy
University of Gent / Belgium

SCM (SuperConducting Magnet) by
PNPI St. Petersburg / Russia

4.2 Target cell

The target cell have to be adjusted to face the new dimensionsf the RD
but the major shape remains. The new target cell was producedike the
previous ones by the target group [Air+05b] is shown in gure 4.6.

As described before the e ective length of the target cell wa before
40cm. This value is now 3@m which matches roughly the size of the active
part of the SSD (Silicon Strip Detector) which stay in the HER A beam pipe
vacuum. The thickness of the target cell made by thin aluminum foil was
originally 50 m . An accidental damage of the thin foil due to thermal and
mechanical stress caused indirect serious damage in the SSBE new target
cell was built with 75 m thickness and installed during the last maintenance
shutdown of HERA in June 2006.

Several collimators in front of the Recoil Detector protects the target cell
and the Silicon Strip Detector from synchrotron radiation. The scattering
chamber covering the active area of the Recoil Detector andrelosing the
vacuum region are 12mm thick and is the other reason for the lower limit
of the momentum of detected protons.

The previous cooling for the polarized gas target was runnig with liquid
helium in order to improve the target polarization and for a precisely and
stabled polarized gas. Running the experiment with unpolaized gas the
need for this expensive and di cult cooling with liquid heli um is obsolete.
This simpli es the construction and servicing of the target cell. While run-
ning the gas target around room temperature the cooling can kb done with
water and the thermal stress can be signi cantly reduced. Beaide this the
control of the temperature is better as well.
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Figure 4.6: The new adjusted target cell which ts the requirements of ta
Recoil Detector.

4.3 Silicon Strip Detector

Due to the design requirements studied with Monte Carlo simuations the
material budget in front of a detector has to be minimized In order to de-
tect very low momentum particles. For this the SSD (Silicon Srip Detector)
[Pic08], [Vil08] is mounted inside the HERA beam vacuum witha pressure of
around 10 °mbar and is one of the key parts of the RD. This way of imple-
mentation yields to measure protons with momentums as low a$0MeV =c
As shown in gure 4.7 the response of silicon for passing prans de-
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Figure 4.7: Response of a300m silicon layer on proton penetration. (a)

Bethe Bloch formula [PDGO08], [Vil08] gives the energy depdon response
versus incident proton momentum. The two vertical lines ilustrate the de-
signed active range of the silicon modules for the SSD. (b) TEharrows indi-

cate increasing proton momentum [Haa07]. Protons with mometum range
40MeV=c to 10eMeV=c mostly stuck in the rst layer. Protons with mo-

mentum range 106MeV=c to 135MeV=c mostly stuck in the second layer.
Protons with momentum abovel35MeV =c passes both layers.

scribed by the Bethe-Bloch formula is very simple. The mometum of the
recoiling proton can be reconstructed by energy depositiordue to ioniza-
tion. Combining two layers of silicon improves the momentum resolution.
The typical triangle shape of response can be separated in tke parts. The
rst part is due to stopped particle with very low momentum fr om 40MeV =c
to 106MeV=cin the rst layer without a response in the second layer. In the
second part the particle with momentum range of 1064eV=cto 135MeV=c
passes the rst layer but stuck in the second layer. In the third part particles
in the momentum range from 133 eV =c passes both silicon layers.

The setup of the SSD consists of eight SSD modules as illustied in
gure 4.8 which are built in a diamond shape with an inner and an outer
layer. Each SSD modules has two double sided silicon waferalted TIGRE
sensors with parallel or perpendicular orientation of the 28 strips on each
side. Each of the silicon wafer with thickness of around 300n has an active
area of 10 10mm?. Each strip has a pitch width of 758m and a distance
of 56 m to the neighboring strips.

This provides two space points per track for track reconstriction with
a resolution of around 222m and particle identi cation for the momentum
range from 10MeV=c up to 500MeV=c As the wafers are a few cm away



CHAPTER 4. THE RECOIL DETECTOR 55

from the beam the polar angular acceptance are between®@rad and 1:35rad.
Due to the ceramic frame which holds the silicon sensors the zimuthal
angular acceptance is arounds 70%.

Cooling Pipes

con Sensor HELIXes
Support Structure

Two Layers of

SSD modules Hybrid

Target Cell
Kapton-Flexfoils

(a) (b)

Figure 4.8. Setup of the Silicon Strip Detector. (a) The drawing illustrates
the diamond shape surrounding the target cell in the HERA bea vacuum
of the scattering chamber. (b) Photo shows one of the eightlison modules.

In order to extend the dynamic range [Hri+05] each strip has acharge
division circuit with two outputs to the ADC (Analog to Digit al Converter)
as shown in gure 4.9. The high gain channels are used if the ghals are not
in the saturation range. In case of saturation in the high gan channel the low
gain channel are used to measure the energy deposition. The/damic range
of the energy deposition are up to MeV. The ADC consists of HELIX128
chips which was used for the LW (Lambda-Wheel) detector [He63].

4.4 Scintillating Fiber Tracker

One of the major components of the Recoil Detector is the SFT $cintillat-

ing Fiber Tracker) [Hoe06]. The aim of this detector is to provide several
space points to reconstruct the momentums of charged parties due to the
de ection while passing the magnetic eld. Furthermore the SFT contribute

to the particle identi cation with momentum below 650 MeV=c In combina-
tion with the PD (Photon Detector) particle identi cation ¢ an be provided
for particles with higher momentum.

4,41 Detector

Particles passing material create electromagnetic radiaon. In gure 4.10
this response for di erent materials and di erent particle s are shown. The
range indicated by red vertical lines can be used to identifypassing protons
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Figure 4.9: The dynamic range of the silicon sensors are extended by fact
5 by charge division circuits as illustrated on the bottom. The ADC value of
the high gain channel is used to re ect the accumulated inputharge for the
non-saturation regime. In case of saturation of the high gai channel the
value of the low gain channel is used instead. [Hri+05]

by the amount of deposited energy. Pions can be used as minimuionizing
particle as indicated by the green lines.

Figure 4.11 illustrate sample response of protons with di @ent momen-
tum and pions. Due to multiple scattering inside the bers th e response is
smeared slightly to wider distributions.

The setup of the SFT consists of two barrels with two layers asndicated
in gure 4.12(a) in order to support the track reconstruction. The bers in
the inner layer of the barrels are parallel to the beam axis wile the outer
layers of the barrels have an angle of 10to the beam axis. In gure 4.12(b)
the internal structure of a SFT module is illustrated. The overlap ensures
a complete azimuthal coverage by the SFT detector. Due to thé setup
the SFT provides up to two additional space points. Together with the
space points provided by the other subdetectors the partiad tracks can be
completely reconstructed.

The complete SFT detector is shown in gure 4.13. The active &ngth
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Figure 4.10: Mean Energy loss versus momentum for di erent charged
particles in di erent material. The response of scintillating bers are similar
to carbon. The vertical lines indicates the operational ramges for protons
(red) and pions (green). [Eid+04]
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ing bers for pions and protons for di erent momentums. [Hoe+07]
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Figure 4.12: Setup of the SFT (Scintillating Fiber Tracker). (a) lllustr ation
of the concept for track reconstruction. (b) Photo of one steeo SFT module.

of the bers is around 280mm with an inner diameter of around 218nm
while the outer diameter is around 373nm. All bers have 1 mm diameter.
The scintillating bers for the detector are from Kuraray co mpany, model
SCSF-78M. The light guides between the detector and the phamultiplier
tubes are built with clear Pol.Hi.Tec. bers.

The inner barrel consists of 1318 parallel and 1320 stereo érs while
the outer barrel has 2198 parallel and 2180 stereo bers. Thi yields to a
azimuthal resolution of around 8mrad. As two bers in the outer barrel are
mapped to one MAPMT (Multi Anode Photomultiplier Tube) pixe | almost
5k channels have to be readout. Particle identi cation for a momentum
range between 25MeV=cand 65(M eV =cis possible. Together with the PD
(Photon Detector) particles with higher momentum can be identi ed. Even
the SFT provides full azimuthal angular coverage the azimuhal angular
acceptance for full tracking is limited by the SSD supporting frame tos 70%.
The polar angular acceptance is between:@rad and 1:35rad.
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Figure 4.13: Realization of the detector right before installation witfout.
On the right the connector of the PD covered with withe tape ivisible.

4.4.2 Detection of light by MAPMT

The scintillating light is detected with H7546B MAPMT (Mult i Anode Pho-
tomultiplier Tube) from Hamamatsu [Ham00]. These head-on ype 8x8-
MAPMT has the entry on the front side and the connector of the back side.
It provides high speed response while the internal cross tklis very low
despite of the high electronic density as illustrated in gure 4.14.

Each MAPMT pixel has 13 stages while an additional Dynode 12 atput
signal is available by accumulating all channels of the 12thstage. This
Dynode 12 signal can be used for fast signal tracking.

The output of each channel of the 64ch-MAPMT works like a sigral
source. In order to maximize the available signal amplitudea resistive adap-
tion to the digitizing units which works like a signal drain i s required. In this
case a CDC (Charge Division Circuits) illustrated in gure 4.15 consisting
of a resistors-capacitors-circuit sitting on a PCB (Printed Circuit Board) is
used.

In order to avoid malfunction by weak galvanic connection the MAPMT
are soldered on to the CDC-PCB as shown in gure 4.16. The squ& sol-
dering bed are surrounded by the resistance adaption.
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Figure 4.14: MAPMT Hamamatsu H7546B [HamO0Q] for detection of scin-
tillating light. (a) Photo of the core H5900-00-M64 MAPMT (M ulti Anode
Photomultiplier Tube) without housing and voltage divider (b) The layout
of the cathode plane illustrate the high density package di¢ 64ch-MAPMT.

10pF

PMT GASSIPLEX
-

Figure 4.15: Interface between MAPMT as signal source and the track
and hold unit Gassiplex as signal drain. CDC (Charge Divisia Circuit) to
adjust resistance of MAPMT and Gassiplex chips.

4.4.3 Analog to Digital Converter

To improve the particle identi cation beside the topology of the track as
well as the deposited energy inside the SFT have to be measuteas sim-
ple hit informations generated by discriminators are not sucient. Since

5120 MAPMT channels have to be readout and as the amount of spze in
the experimental area are limited standard hardware did not t the neces-
sary requirements. Therefore the inhouse high density ADC eadout of the
HADES (High Acceptance Di-Electron Spectrometer) experiment was used
as the cost per channel are very low as well. A very detailed dmumenta-
tion about this Analog to Digital Converter can be found in [K as+99] and
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Figure 4.16: Photo of the two PCB of the CDC and PFM. The CDC-
PCB hold the soldered MAPMT and the charge division circuitswhile the
PFM-PCB contains the electronics for the digitization and sparsi cation.

[Boe00].

The Gassiplex chips [San+94], [San+01] which was developeat CERN
were used as track and hold unit to store the analog signal fogueued digi-
tization with one fast and precise ADC. In gure 4.17 the internal setup of
this chips is shown. All 16 input channels have charge sensite ampli ers
on the rst stage. The second stage consist of selectable #r in order to
change the polarity of the analog signal if desired. The thid stage is a
shaper with a integration time of around 60ns. The output of the shaper
are stored with a track and hold unit. On the last stage a 16:1 nultiplexer
is used to make the analog signal accessible to the Gassiplexitput.

Figure 4.18 illustrate the setup of the ADC-PCB named PFM (Prepro-
cessing Frontend Module). The tracked analog signal of thedur Gassiplex
chips are routed over a 4:1 videomultiplxer EI441C [Ela96] fom Elantec
Inc. to the ADC chip ADS820 [AD08a] from Analog Devices, Inc. (former
Burr-Brown Corp.). A threshold sparsi cation unit is imple mented in or-
der suppress small signals. All the components are contratl by a FPGA
(Field Programmable Gate Array) XC4005E [Xil] from Xilinx w hich can be
programmed in order to re ect improvements in the readout handling. The
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CDC-PCB with the MAPMT and the PFM-PCB for the digitization a re
shown in gure 4.16.
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Figure 4.17: Sketch of the Gassiplex chips [San+94], [San+01] which was
developed at CERN. This chips works as a track and hold unit ahhas an
internal multiplexing to map 16 input channels on one outputchannel.

In gure 4.19 a sample MAPMT signal is shown which has a narrowpulse
width of few ns. As mentioned before the Gassiplex has a integtion time
of around 60ths. The gure 4.20 indicate that the timing of the digitizer
trigger is not very crucial.

The HERA bunch cycle time is 96hs. This can lead to misinterpretation
of the resulting analog signal as several independent intaictions can be
accumulated. In order to decide if the signal corresponds tdhe right bunch
a secondary readout chain was implemented [Har04].

The selected MAPMT provides with the Dynode 12 output a fast track-
ing signal. By shaping the signal with a combination of amplier and dis-
criminator a multi-hit multi-event fast TDC (Time to Digita | Converter)
provide hit timing information with 100 ps resolution for cross check of the
corresponding ADC value.

444 ADC Readout

The readout of the SFT based on the hardware of the RICH (Ring maging
Cherenkov) readout of the HADES Experiment. Detailed docunentation in
[Kas+99] and [Boe0O0] are available to describe the hardwareised by the



CHAPTER 4. THE RECOIL DETECTOR 63

Xilinx FPGA
|Pattarn-Ragistor g g
rn-Ragister —*
PR e Bl ]
T }
o
Thresh. L3
s —EE
4 L
’ % ] . ¢$— D[p.15]
g —
% ki oF
? p——] ik |
EE
= o
| —&
‘ Ty
g R jout
Acquisition-Timing Contral F-Code[(:3]
roba_In
. Stroba_Out
i . L MAck ~
z T '|' T Trgger
3 XCo TagData, TagClk
Busy
? XC-CTa[9..4]

Figure 4.18: Scheme of the functionality of the PFM-PCB [Kas+99],
[Boe00]. The green part is responsible for the digitization Each of the
64 analog signal from the MAPMT are routed through one of fourl6Ch-
Gassiplex chips to a 4ch to 1ch video multiplexer. Thereforenly one very
fast and precise ADC-chips is needed. The gray part containghe Xilinx
FPGA as local controller and the memory for the thresholds othe sparsi-
cation unit and after sparsi cation for the remaining data . The blue part
represents the bu ering of the interfacing signal

ADC readout. Therefore the hardware details will be skipped An general
schematic of the readout is illustrated in gure 4.21.

The hardware is based on versatile FPGA chips which consistsf a grid of
logic gates and can be reprogramed for desired functionaiit This provides
exible adjustment of the signal ow and of the control ow of the DAQ
(Data Acquisition). The external trigger is delivered to th e Gassiplex chips
of the PFM (Preprocessing Frontend Module). After digitizi ng of the analog
signals the optional sparsi cation is performed. The readat of the available
data can be done either by a direct access to the RC (Readout Giroller)
via a standard PC or via a DSP (Digital Signal Processor) locéed on the
VME crate controller. As the readout is based on the DTU (Detector Trigger
Unit) which controls the readout controller several debuggdng informations
about the internal state were provided to detect malfunction in the readout
and to recover within the dead time of the readout.
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Figure 4.19: Sample MAPMT [HamO0O] signal as input to the track and
hold unit.

Recoil standalone readout

For test runs and maintenance of the Recoil Detector the SFT vas readout
directly by a PC based DAQ [SFT+06]. For this a simple console based
program in the high level C programming language was written The major
informations like counters and event tagging was integrate into the data
stream. This gives the opportunity to cross check the data inegrity and
in case of desynchronization between the ADC and TDC to resyohronize
them again.

45 Photon Detector

The outermost and remaining subdetector of the RD is the PD (Fhoton
Detector). It serves as an electromagnetic calorimeter in mler to detect
photons in the real experiment coming from decaying neutraparticles and to
provide a trigger generated by cosmic rays on the cosmic rayest run before
the installation of the fully assemble RD into the HERMES experiment for
studies on calibration, alignment and for stress tests of te implemented
readout of the RD. A short overview about the PD will be given below
while a detailed documentation can be found in [Haa07].

As neither the SSD nor the SFT are sensitive for neutral partcles the
key feature of the PD is to detect photons from decayed partites. A possible
source of photons is intermediate * resonance also called associated BH-
processep! e * which decaysinthechain *! p %! p . When both
produced photons are detected the decaying © can be reconstructed. By
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Figure 4.20: Response of the Gassiplex chips for di erent delay of the
underlying trigger system. [Har04]

detecting these photons the * background suppression for hard exclusive
processes like DVCS can be improved. Additional feature oftie PD is the

contribution to the particle identi cation of protons and p ions for momenta

above 600 eV=c

The setup of the PD consist of concentric barrels with three #ernating
layers of tungsten radiator as converter material and scintllating plastic
strips for detecting the electromagnetic showers. The comlete barrel has
an inner diameter ofs 190mm, an outer diameter ofs 250nmm and a active
length of s 288nm. The gure 4.22 shows the PD during the construction
phase. The gure 4.23 illustrates the construction of the PDin a front and
in a side view cut as a schematic while gure 4.24 displays thestripes.

The rst layer of tungsten in front of the rst scintillating layer has a
thickness of Gnm while the other two layers of tungsten are 3nm thick.
One radiation length corresponds to 35mm tungsten. These scintillating
layers are build by strips to cover the 2 azimuthal angle and the polar
angle between 07r8ad and 1.9rad. The orientation of the strips in the
layers with respect to the beam axis are from inner layer to oter layer 0°,
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Figure 4.21: Schematic illustration of the SFT readout system. The arriing
trigger from the HERMES DAQ is distributed to the Frontend modules to
start digitization. Afterwards the available data are readout over the VME
based readout controller with conventional PC or with DSP.

+45° and 45°. All together 60 strips with a with of 20 mm and a thickness
of Imm forming the innermost parallel layer while each of the two streo
layers consist on 44 strips with comparable dimensions. On dth sides of
each strip a wavelength shifting ber is embedded. The bersshifting the
generated scintillation light to the best acceptable for PMT wavelength and
transporting the shifted light till PMT cathode.

These MAPMT H7546B from Hamamatsu are the same as used for the
SFT. A shielding is used to attenuate the rest of the magnetic eld from
outside of the recoil magnet. The electronic signals from te MAPMT are
transfered through a transmitter receiver chain from the experimental plat-
form to the electronic trailer over more than 30m distance and through
additional 80m shielded at ribbon cables to several CDC (Charge to Dig-
ital Converters) V792 from CAEN. These CDC are readout by conmercial
VME based equipments and standard computer hardware.

4.6 Superconducting Magnet

In order to reconstruct the momentum by the de ection of the detected
charged particles a superconducting magnet with a eld streagth of 1T at
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Figure 4.22: Internal setup of the Photon Detector during production and
before mounting the light tide coverage. The green bers offe wave-length
shifters illustrate the three di erent orientation ( 0°, 45°) of the strip seg-
ments which are covered with white tape. The black bers aresed by the
gain monitoring system. The picture is rotated by90° counterclockwise to
present the nal orientation.

the beam axis is surrounding the RD. The magnet is furthermoe protecting
the RD, especially the SSD from background electron scatténg processes
like M ller or Bhabha scattering by bending their tracks to t he forward
direction.

The magnet constructed by the Efremov Institute in St. Petersburg
[Sta06] is shown in gure 4.25 as schematic.

The shape of two superconducting Helmholtz coils cooled by diquid
helium bath is designed to ensure a homogeneous magnetic elparallel to
the beam axis. The variation of the magnetic eld inside the ils is less
than 20%. The coils of the magnet are supported by a surroundhg iron
yoke which additionally attenuates the eld outside of the RD to remaining
2mT in a perpendicular distance of Zn from the center.

For an incident particle passing the SSD and the SFT severalgace points
are available to reconstruct the momentum by the trajectory. If the particle
stuck in the inner part of the RD the momentum can be reconstructed by
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Figure 4.23: The concept of the Photon Detector. The setup of the layers
partially projected on the downstreamed x-y-plane in the uper schematic.

The lower part is the projection on the x-z-plane. As indicaed by the se-
guence of the gray tungsten preshower layer and the blue gtrilayer the

upside part is in the inner part of the detector.
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Figure 4.24: Shape of the scintillating strips (a) The concept of the seg-
mented strips and the wave-length shifters are shown. (b) Eture of the
transparent stripe of the stereo layer and the green wave+gth shifters in
the background.
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Figure 4.25;: Setup of the superconducting magnet together with the other
parts of the Recoil Detector.

the amount of deposited energy.

4.7 Installation of the Recoil Detector

The Installation of the Recoil Detector into the HERMES experiment started

in November 2005. At the beginning the equipment for the polaized target
was removed to prepare the area in front of the HERMES forwardspec-
trometer. First the basement for the Recoil Detector and the liquid helium

pipe for the superconducting magnet have been installed. Aérwards all

the electronics and cabling were connected. The prepared Reil Detector
ready for data taking is shown in gure 4.26 right before the interlock of the
restricted area was set. Due to the well prepared schedule anvery focused
activities the installation was very smooth and very succesful.

Afterwards the apparatus of HERA were switched on in order to start
to study the machines with low current at the beginning as mary of beam
magnet coils have been replaced. The investigations and pparations of
the storage ring succeeded very fast so the normal running oalitions were
established soon withs 110mA protons at 920GeV and s 43mA electrons
at 27:6GeV.
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Figure 4.26: The picture shows the installed Recoil Detector right befar
the interlock of the restricted area was set.

HERMES based readout

The readout system of the Recoil Detector by the HERMES DAQ casists
of several steps. The rst step is the readout of the digitizes to the internal
shared memory by the DSP (Digital Signal Processor) of the VME crate
controller. The control program for the DSP was written in assembler. The
next step is to collect data from all the VME crates by the DSP of the
master VME crate. A standard PC based readout transfers in the next step
the data inside the shared memory of the master VME crate comntoller to
the local memory and merges additional status informationsto the data. In
the nal step all event based collected data are written to the tape.

In case of the SFT additional debugging informations for eah event
about the internal state of the DTU and the RC are saved as well Therefore
additional cross check capability for the data quality in the o ine analysis
chain can be provided. Also slowcontrol data are important br later data
analysis and detector recalibration.



Chapter 5

Performance

This chapter will focus on the SFT (Scintillating Fiber Trac ker) which was
the main contribution of the Giessen group to the RD (Recoil Detector). The
other detectors are covered in detail in [Pic08] and in [Vil@] for the SSD
(Silicon Strip Detector) and in [Haa07] for the PD (Photon Detector). First

a short introduction about the bench tests like proof of conept, alignment
run and the nal cosmic ray test run will be given. Preliminar y performance
of the installed RD with the SFT in correlation with the HERME S forward
spectrometer and rst calculations of azimuthal asymmetries of hard exclu-
sive reaction will be presented.

5.1 Proof of concept

As shown before the SFT is one of the major components for paitle iden-
ti cation and track reconstruction. A series of simulation s and measure-
ments was done to proof the concept of the SFT. The required sap of the

SFT proposed in [Kai+02] were designed by studying Monte Calo simula-

tions on pions and protons [Som03]. The measurements at GShiDarm-

stadt/Germany were done in 2003 to proof the chosen realizabn of the SFT

and to settle down nal con guration parameters [Hoe+05], [Hoe+07]. The

used hardware for the readout are documented in [Rub06].

5.1.1 Test beam environment

The SIS (Schwerionensynchrotron) at GSI (Gesellschaft fa Schwerionen-
forschung) provides secondary beams over a wide momentum mge gener-
ated by a primary proton or ion beam delivered by the SIS collding with
a production target [Dia+02]. For each of the four scheduledtest beam
experiments the secondary beam consisting of pions and prohs was gener-
ated by a primary °C beam penetrating a 120nm thick B 4C target. The
contamination by other particles was negligible or was exalded by parti-

71
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Figure 5.1: This is a schematic of the rst oor of the target hall at GSI
[Dia+02]. The primary beam of protons or ions entering at the top penetrate
the production target to generate secondary beams which ated by beam
lines partially covered by high magnetic elds for particleselection in a wide

momentum range to several experimental locations. The testxperiment for
the RD especially for the SFT is located in cave A.
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cle identi cation. The selected central momentums of the seondary beam
with a smearing of below 10% was 30@eV =g 450MeV=¢ 600MeV=c and
900M eV =cto cover the design requirement. The setup was located in Cay
A in the target hall as shown in gure 5.1.

5.1.2 Detector prototype

The SFT test module [Hoe+07] was built like a section of the SH with two

units representing an inner and an outer barrel each with a paallel and a
stereo module as visualized in gure 5.2. The geometry was siilar to the
nal SFT con guration. Each SFT module was connected via a light guide
to a MAPMT.

Figure 5.2: The test module used for the last test beam run in November
2003 [Hoe+07].

5.1.3 Test beam setup

The test beam setup [Hoe+07] shown in g 5.3 consists of the thee sub
detector of the Recoil Detector, four plastic scintillators and a MWPC (Multi
Wire Proportional Chamber). Two plastic scintillators S; and S, are used to
provide a primary trigger for the digitizing and readout. By combining this
primary trigger with a third plastic scintillator Sy time of ight information
was available to provide particle identi cation. The fourt h plastic scintillator
Sz was needed to study the e ciencies of the detectors. To monibr the beam
position a MWPC was available as a reference system to studyhte resolution
of the prototypes. The trigger logic was based on standard VME module
while the readout was done with a standard PC. The electronis of the SFT
readout [Hoe+05] as shown in gure 5.4(a) was tested as well.

5.1.4 Test beam results

Several test beam runs were carried out to investigate and tgoroof the
concept of the detector. The major results will be presented
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Figure 5.3: The test beam setup [Hoe+07] used for the last test beam run in
November 2003. The SSD (red), SFT (blue) and PD (green) are ambined.
S; and S, are used for trigger generation whileS3 is used for e ciency
studies. Sp is used for PID by time of ight separation. MWPC are used
as a spatial reference of the combined p beam in the momentum range
between300M eV =c to 900M eV =c which is entering from the left.

ADC spectra

Typical raw ADC spectra [Hoe+07] is shown in gure 5.4(b). Th e pedestals
stays at the raw ADC value around 925, while the larger signalare repre-
sented by smaller raw ADC values due to hardware implementabn.

Particle identi cation

For particle identi cation [Hoe+05] the deposited energy and the time of

ight informations are combined. As shown in gure 5.5 the particle sepa-

ration between pions and proton for momentums around 30M eV =cis very

clean while for 90M eV =cthe areas getting close and a small contamination
of heavier particles can be recognized.

Energy response

The energy response [Hoe+05] of the leading ber is shown ingure 5.6(a)
for pions and protons with several mean momentums. The corrgponding
Monte Carlo simulations done with GEANT [GEA93] for compari son are
visualized in gure 5.6(b) and in good agreement with the meaurements.

E ciency

If Nret is the number of events with a hit in the reference plastic saitillator
and if Nsgt is the number of events seen by the reference and the SFT, the
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Figure 5.4: (a) Picture of the electronics of the SFT readout. (b) Raw
ADC spectra for PMT response to a LED induced light. The contibutions
of single, two and three photons are shown [Hoe+07]. N.B. duto hardware
implementation higher signals has lower raw adc values. Herthe pedestal
stays at a raw adc value of 925.
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Figure 5.5: The particle identi cation is for 300MeV=c (a) well separated
while the response for900M eV =c (b) are closer and some few heavier parti-
cles can be detected [Hoe+05].

eciency is de ned as the ratio = Ngr7=NRges. In gure 5.7 the e ciency
for protons and pions is given for the investigated momentuns and they
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Figure 5.6: The leading ber response for real data (a) and with GEANT
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[Hoe+05].
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Figure 5.7: The e ciency for pions (a) and protons (b) versus the mo-

mentum is shown for di erent threshold level in units of phobn electrons
[Hoe+07]. The e ciency is independent of this signal cut o a bove 98%
The values for protons are shifted for better visibility to higher momentum.
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Readout implementation

Inside HERA at DESY four experiments have to cooperate. Theefore an
access to the restricted area inside the interlock area is ridrivial and the
possibility for a repair or a hardware exchange is very limied. This forces
to have an very robust readout as the readout electronic willstay inside
the restricted area. Thus tests of the SFT readout had to be doe. As
shown in gure 5.8 some small problems occurred during the tst beam runs
[Hoe+05]. The error detection and error recovery have to be mproved by
storing the status informations into the data stream.

15 3
H 600 MeV/c pions 3
threshold 0.5 p.e.

fraction

due to DAQ 7
problems

\

Lol

f L cdb e Il
0 40 50 60
cluster size / pixel

@

Figure 5.8: Multiplicities of the clusters sizes in units of pixels [Hoe-05].
(a) A bunch of entries in the spectrum of the multiplicity of duster sizes are
due to problems in the readout of the SFT electronics. (b) Thee strange
events are clearly located in some certain period of data takg and are ex-
cluded from further evaluations of the SFT.

The other issue is the handling of the readout. During these ésts the
readout was running in the so called 'stop mode' [Rub06]. Allthe handshake
signals for the readout had to be generated by the readout stware running
on a standard PC which limits the readout to an accepted trigger rate of
around 10Hz. In contrast to that in the HERMES experiment a trigger rate
of several hundreds Hz during the high density runs or at the keginning of
the Ilis not unusual. Therefore the readout of the SFT had to be extended
to the so called 'run mode'. In this readout mode most of the haadshake
signal are generated by the hardware itself and several infmations about
the internal state are available for error detection. It's implementation was
one of the main topic of this work.
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Conclusion for the testbeam run

The test beam experiment was very successful to improve thenderstand-
ing of the components, to settle down nal con guration parameter and to
provide reference data and plots to tune further setups.

5.2 Alignment run

The intermediate test run for the SFT was the alignment run [Ste+05]. One
aim was to implement the readout named 'run mode' and to test t under
real conditions. The measurement of the SFT internal alignnent for the
later space point reconstruction of each ber was the secondjoal of this
alignment run.

5.2.1 Environment at test beam 22

The test beam areas at DESY Il [Beh+07], [Gre+04] shown in gure 5.9
provide ae or e"-beam up to 7GeV beam energy.
Accelerated electrons or positrons stored in DESY Il generi@ a primary
-ray by Bremsstrahlung on a 7m carbon ber. A metal plate of selectable
material and thickness is used to convert the -ray by pair production into
electrons and positrons. The leptons are bend due to a dipolmagnet behind
the converter. A set of collimators are used to form the extrated lepton
beam before it enters the test beam areas. As the setup is vergimple
the desired beam energy and particle types can be selected lwarying the
converter properties and the magnetic eld behind the conveter.

5.2.2 Setup of the alignment run

The gure 5.10 illustrates the setup of the alignment run. The Zeus tele-
scope consisting of three silicon strip detector. It was uss# as reference
measurements of the properties of the lepton beam. The plast scintillators

S; and S, are used to generate a trigger signal for digitizing and readut.

The active size of the reference telescope & 32x32mm2. As shown, the
axis of the barrel of the SFT is turned to vertical direction and is mounted

on a rotational frame sitting on a movable table. This gives the opportunity

to rotate and shift the barrel accordingly to measure the whde detector step
by step.

5.2.3 SFT readout in 'run mode'

For the data taking a readout of the Zeus reference telescoprinning with
LabVIEW was available. A rst readout of the SFT was implemented in this
framework too. In order to minimize the necessary amount of ime to scan
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Figure 5.9: Accelerated electrons or positrons stored in DESY Il generée
primary -rays by Bremsstrahlung. These -rays are converted by pair pro-
duction to electrons and positrons of a wide range of momentu. The dipole
magnet behind the converter provide momentum separation dhe secondary
beam by de ection to a at fan out. A set of collimators forms the nal

beam of selected momentum range and particle type. [Beh+07]

the whole detector a standalone console program without théramework was
developed with a gain in speed of more than one order of magnitie.

During the alignment run the SFT readout using the run mode of the
readout controller was implemented and tested. Small hardwre modi ca-
tions had been made to terminate the signals properly and to povide the
few essential handshake signals. Due to these simpli catizs the readout
has been speed up to read unsparsi ed data with an accepted igger rate
of several hundred Hz. Technical details can be found in [SFF06].

5.2.4 Alignment run results
Zeus telescope internal resolution

The hits in the three silicon detectors are used to reconstrat the projectile

trajectory by combining these space points. The internal resolution of the

reference system with the SFT in front is shown in gure 5.11. The resolution

for the middle silicon sensor is around 20n while the resolution without the

disturbance of the SFT is around 19m . This gives a possibility to measure
the path of the bers very precisely.
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Figure 5.10: Setup of the alignment run [Ste+05] with the SFT detector
in front of the Zeus telescope with the three silicon sensorand two plastic
scintillators S; and S, for trigger generation. The beam enters the area from
the right. The upper part is the side view while the lower parshows a top
view with the achieved resolutions.

Reconstruction of a single ber

The reconstruction of the bers are done in two steps. First sngle measure-
ments are used to determine the short paths of the bers in theclipping
area. The reconstruction of a single ber is shown in gure 512. The gath-
ered positions are tted with an gaussian curve visualized a a blue curve
wherein the intrinsic ber distribution and the distributi ons of the telescope
are folded together. The contribution by the Zeus referenceelescope itself
is shown as a red curve. As the ber diameter is inm the resolution of the
reconstructed bers around 400m is very good.

Database of ber positions

In the second step the results of each clip are combined by ad$ting the
overlap region to built a global 3D-picture of the SFT detector. For further

SF1
SF2
SF3
SF4
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Figure 5.11: The internal resolution of the Zeus telescope [Ste+05] is shwn

for the x direction (upper) and for the y-direction (lower). The sigma of
each plot is20m . Without the disturbance of the SFT detector the sigma
is19m .

usage the paths of the bers are described by polynominals upo fourth
degree as shown in gure 5.13. These informations are afteravds used to
align the SFT barrels to the other subdetectors of the RecoilDetector. Once
the internal alignment is done elastic scattering events ca be used to align
the Recoil Detector to the HERMES forward spectrometer. The nal ber
position resolution of 280m is very close to the theoretical resolution of
220m for a ber with 1 mm diameter [Yas07].

Final SFT readout

In order to include the SFT readout into the HERMES DAQ an DSP ( Dig-
ital Signal Processor) have to be used. The used DSP is a ADSP1R61L
SHARC-processor from Analog Devices [AD0O8b] which are baseon a Har-
vard architecture where data and code are in separate memorgpace. The
DSP has to be programmed in native assembler due to executiospeed as a
compiler based program has a high framework overhead. Theiginment run
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Figure 5.12: Reconstruction of a single ber position together with the t as
blue line and the contribution of the intrinsic resolution of the Zeus telescope
as red is shown. [Ste+05]

showed that the unsparsi ed readout speed of the SFT will be nost likely
not su cient in all cases for the nal implementation which w ill use twice
the number of channels to be read out. In order to be on the safside in
any case concerning available data rate and to simplify the eadout of the
SFT it was decided to implement the nal SFT readout with the s upport of
the DTU (Detector Trigger Unit).

Conclusion for the alignment run

This second bench test was very successful. The intermediatreadout was
implemented, tested and running very stable. In total more than 600 runs
with each 100k events had been taken. The paths of the bers waimeasured
very precisely.



CHAPTER 5. PERFORMANCE 83

— 30000

X [pm

4
25000

20000

15000

10000

5000

‘ Il 1 Il ‘ Il 1 Il | Il Il Il Il | Il 1 Il ‘ 1 1 Il ‘ 1 Il Il 1 | Il Il X1 03
0 50 100 150 200 250 300
¥ [um]

Figure 5.13: The trajectory of the reconstructed bers are described by
polynominals up to fourth degree which are visualized by derent colors.
The boundaries of the SFT modules are around y=22500 as vidid on the
right side. [Ste+05]

5.3 Cosmic ray test run

In 2005 the cosmic ray test run as shown in gure 5.14 was perfoned to
prepare the installation of the RD into the Hermes Detector environment.

For this an area in the east hall close to the HERMES detector lut out-
side of the interlock area was established to perform exterel stress tests.
The RD was put as close as possible to the nal setup. The supeon-
ducting magnet was installed and tested under the experimeial conditions.
The readout of the RD was implemented and prepared to be mergkinto
the HERMES DAQ together with the slowcontrol chain, which collects sec-
ondary informations of the detectors and the condition of HERA running.
The setup was ready for data taking in March 2005.

5.3.1 Readout of the SFT

During the previous test runs the readout for the SFT was improved step
by step [SFT+06]. The change from stop mode to run mode incresed the
accepted trigger rate by one order of magnitude. A further inprovement
was possible with the use of the DTU which controls the signal ow over

the backplane. This VME based device generates the handshaksignals by
a SM (State Machine) realized with a FPGA. A SM is a model of a mahine
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Figure 5.14: The complete installation of the cosmic ray test run setup
consists of the Recoil Detector with the superconducting ngnet in the cen-
ter, the pump stand (front right), the magnet control system (front left),
the platform with the rack for the readout electronic and thePMT wall of
the SFT (left to RD) and the barely visible readout racks of tk other RD
components in the background.

where state transitions and actions are performed by a set ofules stored
in the internal memory. Additional debugging facilities were implemented
into the SM as well. They provide informations about internal counters and
tagging of events in order to detect desynchronisation dumg readout and
to be able to resynchronize them if desired.

During the cosmic ray test run some malfunctions in the readoit have
been detected. It turned out that the timing of the signal ow in the PFM
(Preprocessing Frontend Module) was slightly disturbed. With extensive
stress tests the problem was found to be caused by the desigr the back-
plane shown in gure 5.15(upper) which were used. The layoutof the con-
ducting paths was done with an auto router which took no informations
about the purpose of a path into account. The paths can have gni cant
di erent path length and therefore di erent propagation ti mes. The power
lines have the same small width as the signal lines but drivesnuch higher
currents. Therefore the voltage drop was too high to keep thdour PFM in a
stable operational state under all running conditions. Under heavy load the
voltage drop is that high that the signal propagations are patially delayed
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due to longer rise time and thus edge detections so that the ting is not

matching properly anymore. After these observations the bakplane was
completely redesigned keeping only the locations of the carectors as shown
in gure 5.15(lower). The routing was done manually. It turn ed out that the

new backplanes and the previous modi cation of the readout ontrolled by

the DTU the unsparsi ed readout of the SFT was now running with more
than 1kHz accepted trigger rate very fast and very stable.

Figure 5.15: A backplane with two layers of the rst production (upper)
where the designing and the routing of the conducting pathsere made by
the auto router. Signi cant di erent conducting path lengt hs and voltage
drop over the undersized power lines causing improper timm thus readout
malfunctions under high load. A sample of the new productiorwith four
layers and with hand made routing is shown in the lower half.

5.3.2 Recoil Detector readout

From April 2005 until the shutdown of the cosmic ray test run in August
2005 a large amount of data where taken. The local Data acquison was



CHAPTER 5. PERFORMANCE 86

prepared for two major modes, either connected to the HERMESDAQ or
in a standalone mode.
The standalone mode is split into four sub modes.

pedestal mode

In this mode all available channels of all detectors were red out by
self generated trigger. These data are used to measure thegsial
background.

gain monitoring mode

In order to monitor the gain of the MAPMT this readout mode whe re
established and running unsparsi ed too. Similar to the pedestal mode
a trigger was generated to start the digitization. in additi on this signal
also triggers a light source to imprint a certain amount of light led by
light guides into the detector and into the reference PMT for cross
check.

reference MAPMT readout mode

An alpha source inside the reference PMT housing was used taeger-
ate a signal which is used to trigger the digitization and the unspar-
si ed readout. These signhals are used to monitor the stabilly of the
gain monitoring system of the MAPMT.

cosmic ray data taking mode

Cosmic muons where used to generate a trigger when a particles
passing through the detector. By combining certain strips adedicated
cosmic ray trigger could be provided. This mode was used to sdy
calibrations, alignments, track reconstructions and e ci encies of the
RD.

While all the preparations and tests were carried out more ttan 1G events
(2TB data) were taken. The results from cosmic ray test run wil be dis-
cussed in next sections.

5.3.3 Superconducting magnet

The setup for the superconducting RD magnet was prepared as @{. For
this an area was foreseen to hold the vessel with liquid helim. Even with
the limited vessel volume the magnet was running for severahours to test
the compatibility of the used hardware to the surrounding magnetic eld.
Another important issue is the preparation and test of the track nding, the
reconstruction algorithm and the implemented routines as tiarged particles
are de ected in the magnetic eld. A detailed documentation about the
superconducting magnet can be found in [Sta06].
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5.3.4 Cosmic ray test run results

During the cosmic test run many stress tests were carried outo check
possible design aws or missing demands. As the attention fodata taking
and data preparation switched to the real production only few results are
gathered yet.

Hit distribution for cosmic ray events

The major cosmic ray trigger setup was done by combining thedwer half
of the strips of the PD. As most muons are passing from upsided downside
this setup ensures the particle passes through the detectoas it covers the
width of the detector. In gure 5.16 the hit distribution for the inner parallel

SFT layer is shown. As the trigger is generated by the lower hH of the PD

the hit probability for the lower half are slightly higher th an for the upper
part. Therefore the slight asymmetry in the multiplicity is expected. As a
straight vertical passing particle has a higher probability to hit several bers

per event at the side than in the middle of the barrel the two large dips are
expected as well.

Realignment

The inner parallel layer consists of 21 SFT-modules with 64 bers while the
outer parallel layer consists of 18 modules with 128 bers. A the light guides
and within this the according MAPMT are counted clock wise starting at

the top the bers in the inner and outer parallel layers have an intrinsic

o set. To see the correlation between the parallel layers tte hits are plotted
in gure 5.17 versus ber numbers in each layer. The bisectiming line has
the expected small tilt as a straight cosmic ray line enters he inner layer
under a di erent angle than the outer layer. The mean value ofthe distribu-

tion projected perpendicular to the bisectioning line measires the relative
rotation. The virtual relative rotation for the minimum mea n value gives
the relative of the layer to each other and con rms very well the expected
value.

Conclusion for the cosmic ray test run

The cosmic ray test run was an important and very successfulntermediate
step to install the Recoil Detector. Few design aws like brdken hardware,
some timing issues in the electronics and the cabling schemef the light
guides for example has been gathered and solved. After the pial dis-
assembly some broken components were replaced so that the Réhd the
corresponding components were prepared to be installed dimg the winter
shutdown in 2005.
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Figure 5.16: Hit distribution for two space point tracks for cosmic rays
in the inner parallel SFT layer. The ber 1 and 1096 are at top psition
downstream with clockwise counting. The trigger generatio by the lower
half of the PD is the reason for the asymmetry in the hit count dr the upper
(top around 1) and lower half (bottom around 550). The hit count around
ber 300 and around ber 900 is due to higher hit multiplicity of vertical
passing particles per event .
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5.4 HERMES experiment run

The Installation of the RD during the winter shutdown of HERA in 2005
into the HERMES detector was smooth and successful. Some reks of the
experimental run will be discussed in this section.
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Figure 5.17: Cross check of the SFT internal alignment. On the left side
the raw ber hits in the inner versus the outer parallel layer are plotted.

On the right side the mean value of the projection of these Htby shifting

certain number of bers is shown and con rms the known o set.

5.4.1 Production

A short introduction about the available productions and how they are gen-
erated will be introduced.

Data taking

The HERMES Detector was upgraded during the winter shutdownin 2005
with the Recoil Detector, the slowcontrol branch was adjustd and the read-
out of the Recoil Detector was merged into the HERMES DAQ. At the
beginning an electron beam was used until the mini shutdown June 2006)
followed by a positron beam until the end of HERA. At the end of HERA
running the protons energy were changed twice to make additinal stud-
ies in di erent kinematic regions for collider experiments H1 and ZEUS. A
summary of available runs is given in table 5.1.
The whole data taking interval of the RD can be separated into ve

periods.

1. From start to mid of March
The RD was fully assembled. The SFT was running from the begin
ning. As found later neither the PD nor the SSD was fully operaional
until the reassembly of the RD. Furthermore the SFT-TDC might be
desynchronized due to a error in the DSP assembler code whiatan
be resynchronized again as tagging informations are availde.
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\ projectile | e electrons | e" positrons | Eproton =GeV |

helicity in 2006
1! 1-10958 920
+1 1 10959-14244| 14245-43990 920
1! 43991-48195 920
helicity in 2007
in 1-17981 920
+1 ! 17982-34735 460
+1 ! 34736-40840 575

Table 5.1: List of runs of accumulated data samples with Recoil Detecto
helicity states parallel +1 !! ) and anti-parallel ( 1 ! ) to the beam
direction. At the end of HERA running the energy of the protors were
varied for studies in di erent kinematic regions for collid er experiments H1
an ZEUS. HERMES was running with electron and positron beam oly but
the background might be dependent on proton beam energy.

2. From mid of March to beginning of May

The background signal in the SSD jumped suddenly clearly to fgher
contribution. During the maintenance access beginning of My some
collimators were removed to look inside the target area. A buned
hole was found as most likely reason for the sudden increasedectrical
noise in the SSD. Unfortunately during the reassembly of thetarget
cell was crunched. This was the cause for very high parasite/radiation
while trying to get HERA running again and therefore part of t he SSD
was damaged by these radiations. In order to repair the SSD itwas
removed.

3. From beginning of May until end of June
The SSD was absent for repair while PD and SFT was partially rea-
bled up again for some studies and xing all the remaining prdlems.

4. from end of June to beginning of September
The complete RD was reassembled and under commissioning dga

5. from September to the end of HERA
The RD enters the fully operational phase and running smootheven
after the shutdown of HERA for cosmic ray data taking for additional
alignment and calibration.

During the data taking with electron beam only the SFT part of the
RD was operational. As the additional space points of the SSDare not
available the resolution of the reconstructed track with only the SFT will
drop in the low momentum region. On the other side the extrapdation of
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kinematic variables in the limit t! O will be di cult as the SSD covers the
low momentum region. Therefore the analysis of the electrordata of the
Recoil Detector for physical content will be challenging.

Preparation of data

The raw data taken with the HERMES DAQ [Her+03] was stored on the
tape robot in the EPIO (Experimental Physics Input Output) f ormat [McL+93].
This EPIO format was designed at CERN. Processed data produions are
stored in the DAD (Distributed ADAMO Database) [Wan+95] for mat which
was developed by the HERMES collaboration. The DAD format usng the
entity-relationship database of ADAMO (ALEPH data model) [ ADA95] as
underlying layer.

In order to provide data for physical analysis a two level dat pro-
cessing were created at HERMES. The rst process called HRG{ERMES
reconstruction)-production is used for studies of the detetors and for deter-
mine con guration data like calibration, alignment and oth er time depen-
dent properties. The data of the rst process are merged aftewards together
with the slowcontrol data by the second process called DST([ata Summary
Tape)-production in order to provide high quality data for p hysics analysis.

In order to generate the HRC-productions the raw data from the tape
robot are piped through several level of post processing rdines. The rst
major task is to translate informations like rack numbers, aate numbers,
module numbers, channel numbers to geometrical informatio like coordi-
nates upon a time based lookup table. In the second stage theaw signal
values are translated to informations like energy deposithns or timestamps.
The third stage is combining these information to reconstrict tracks. In a
rst step short tracks within sub detectors are searched andin a second step
these short tracks are combined to long tracks which covershte complete
trajectory of a particle. Due to characteristic behavior of particles the re-
sponse in the sub detectors are combined to give likelihoodsf the detected
particle. Finally the extracted informations are used to cdculate the pa-
rameters for alignment and for calibration and to determine the e ciencies
of the production. Investigations made with these productions are used to
gather parameters for the next iteration.

The HRC-production follows the naming convention YYv where YY
are the two least signi cant decimal digits of the year and v the version of
the production. For the DST-production the data stream of the slowcon-
trol branch are merged with the HRC-production. Due to this the naming
convention for the DST-productions YYvr are correlated to the under-
lying HRC-production with r as the additional revision number. These
DST-productions are now used to physics analysis. NevertHess important
informations for the HRC-productions can be gathered by conparing DST-
productions of di erent years.
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As all the time new algorithms and research tools are implemeated
and codes are bug xed. As the understanding in detector cabration
reaches saturation some versions of production are frozemd physics anal-
ysis starts. For the following overviews the HRC-production 06d and the
DST-production 06d0 were used which was released recentlyor investiga-
tions with the Recoil Detector the track reconstruction method 7 was used as
the nal tracking method is not settled down yet. Especially the usual event
selections are applied to be comparable to other analysis ithis eld. More
investigations and results on previous productions with the Recoil Detector
are documented in [Vil08] and constantly updated on [Her+0§.

5.4.2 Overview of elastic scattering events

Elastic scattering of electrons or positrons on protons is alean and simple
way to study the intersection of the whole HERMES forward spectrome-
ter with the Recoil Detector. In order to select an elastic sattering event
few criteria are requested. The event has to have exactly on&ack of the
scattered beam particle. The energy of this particle must beabove 255GeV
and below the beam particle energy. The starting vertex haveo be between
Ocm and 25m in z-direction which is along the beam axis and at a distance
below 075cm to the beam axis.

Some geometrical properties measured by the HERMES forwardpec-
trometer are compared with those measured by the Recoil Detgor. The
vertex reconstruction in z-direction ( see gure 5.18) of the scattered beam
lepton by the HERMES forward spectrometer shows a clear comlation to
the vertex of the recoiled particle reconstructed with the data available by
the Recoil Detector and the di erence of these values are naow.

The reconstructed polar angle (see gure 5.19) is a weaker osscheck as
the distribution by the HERMES forward spectrometer is smeared due to the
large level arm to the calorimeter. Nevertheless the transerse components
of the polar angle are in good agreement.

The azimuthal angle (see gure 5.20) reconstructed by the spctrometer
has to have the opposite direction to the one reconstructed vth the RD due
to momentum conservation. As the geometrical component paallel to the
beam axis is not involved the adjusted azimuthal angles has ary narrow
correlation. The width of the distribution is almost as small as the expected
azimuthal resolution of the SFT.

In summary, even in this early stage the results are alreadyri promising
good agreement with previous productions and with expectegerformance.

5.4.3 Overview of Deep Inelastic Scattering events

Another set of events for cross check of the performance of éhdetectors
are deep inelastic scattering processes. In this case onliz¢ scattered beam
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Figure 5.18: The correlation for elastic events between HERMES forward
spectrometer (FS) and Recoil Detector (RD) for the vertex in z-direction is

in good agreement. (a) 2D-plot of vertex position along the dam axis. (b)
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Figure 5.19: Correlation for elastic events between HERMES forward spec
trometer (FS) and Recoil Detector (RD) as 2D-plot of transverse polar angle

component is smeared due to limited resolution in the HERMESorward
spectrometer. Few remaining background is visible.

particle has to be detected in the nal state and given therebre an simple
probe.

For the event selection a designated bit pattern (0x441elbe) [Her+08]
of the data quality was used which contains general informabns about the
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Figure 5.20: Correlation for elastic events between HERMES forward spec
trometer (FS) and Recoil Detector (RD) for the azimuthal angle is in a very
good agreement. (a) 2D-plot of azimuthal angle. (b) Distrilntion of the
di erences. The small peak is as small as the ber diameter othe SFT.

rating of the data. Furthermore the usual and extended ducial volume cuts
were applied to ensure that detected and scattered beam leph passes from
the interaction region in the target cell to the electromagnetic calorimeter.

The vertex has to full I 5 < VertexZ=cm < 20 for the z-direction and

has to have a smaller distance from the beam axis than:@5cm. For the

following kinematic variables the requirements to ensure DS regimes are
listed in table 5.2

| variable | unit || lower limit | upper limit |

X 1 0.03 0.35
Q2 | (Gev=9? || 1
W2 | (GeV=¢? || 9
GeV 22

Table 5.2: List of some kinematic cuts for deep inelastic scattering eant.

The distributions of the usual observables for the 06d0 prodctions are
summarized in gure 5.21. The triangle shape of the reconstucted vertex in
z-direction is in good expectation. The gas target is injeceéd at z = 12:5cm
with the highest density and are pump out at the two ends of thetarget cell.
The shape of the distribution of the vertex distance to the beam axis are in-
dicating a close to beam axis interaction area as well. The -distribution of
the scattered beam lepton re ect the upper and lower half of he HERMES
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forward spectrometer very well. Together with the -distribution of the scat-
tered beam lepton the acceptance of the forward spectrometds indicated
as well. The distributions of the transfered momentum fracton and the
transfered energy fraction is as expected too. In total, thee observables are
in a good agreement with previous data productions.

5.4.4 Overview of DVCS events

For the event selection of DVCS additional requirements areneeded in order
to ensure exclusivity. The event has to consists of exactly e scattered beam
lepton and exactly one real photon. The momentum transferQ? due to the

scattered beam lepton has to be below 1BeV?2. Beside the ducial volume

cut for the real photon the energy deposition in the H2 preshaer must

be above 0001GeV while the energy deposition inside the electromagnetic
calorimeter must be above &eV. The calculated angle between the

virtual photon and the produced real photon has to be in the range between
5mrad and 45mrad. The constrained four momentum transfert.

@ 2 " ZrQleos( )
(5.1) tc = P ——
1+ - 2+ Q2cos( )

between initial and nal nucleon of the momentum transfer to the target
calculated in the laboratory frame with the missing invariant mass value
must be above 0:7GeV2?. The squared missing invariant massM 2 has to
be in the range 2:25GeV? to +2:89GeV?.

The distributions of the usual kinematic observables are sbhwn in gure
5.22. The distribution of the squared four momentum transfe Q? by the
scattering beam lepton re ect the constraints to have more gatistics but to
ensure factorization. The center of mass distribution of the system consisting
of the real photon and the recoiling target has the required imitation of
W?2 > 9GeV2. The restriction for the transfered momentum fraction x
to the target limits the correlated transfered energy fraction y accordingly.
To ensure the selection of deeply virtual Compton scatterirg from Bethe-
Heitler process the angle between the virtual photon to the eal photon are
limited accordingly while the distribution of the energy of the real photon
are intrinsic inside the boundaries.

In gure 5.23 the distribution of the squared four momentum t ransfered
to the target with respect to the missing invariant mass is stown. To reject
background exclusivity the events of the exclusive regionare requested. The
pure calculation of the squared four momentum transfer with the proton
mass for a hydrogen target achieves to a broad distribution eound zero.
This does not re ect the true kinematics. By using the missing invariant
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Figure 5.21: General kinematic variables of the HERMES forward spec-
trometer gathered by measuring the scattered beam lepton lgrin good agree-
ment with previous data productions.
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Figure 5.22: General kinematic variables of the HERMES forward spec-
trometer gathered for DVCS events in good agreement with pwous data
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mass to calculate this observable the shape looks like expted and is below
zero as a space like property.

Figure 5.24 shows the di erent shape in the distributions of the vertex
distance for the 06b2 and for the 06d0 data production. Afterthe realign-
ment for the 06d production the distribution is closer to the beam axis.
Further studies of the impact of the realignment is currently under investi-
gation.

As result, the general observables agree very well to thosef @revious
productions as well.

5.4.5 Overview of Azimuthal Asymmetry

Events which ful ll the requirements of hard exclusive processes are used
to calculate the azimuthal asymmetries. During the data taking with the
RD the gas target was unpolarized, thus beam spin asymmetry ad beam
charge asymmetry can be accessed. As mentioned before thddst data
production 06d/06d0 was used to access these azimuthal asynetries.

The distributions for the missing invariant mass shown in gure 5.25
indicate small beam charge dependency for the exclusive pabut not for
the broad semi-inclusive region. The reason might be a not yeperfect
calibration of the calorimeter which is currently under investigation. The
wavelike deviation in the angle between the scattered plane and production
plane as shown in gure 5.25 is not taken into account as well. As the
calculations of the azimuthal asymmetries are not yet crosschecked the
data points are not tted.

Beam Spin Asymmetry

In case of beam spin asymmetry the selected events are sortég the helicity
of the beam projectiles. The values plotted in gure 5.26(a)are determined
by calculation of

1 N* N

whereas ALy is the Amplitude for longitudinal polarized beam (L) and

unpolarized target (U) while N* and N are the relative numbers of events
with parallel and anti-parallel beam helicity. The beam polarization is taken

into account by the averaged beam polarization< Pg >. The error bars are
larger than expected by previous analysis [Vil08] while theshape roughly
follows previous results.



CHAPTER 5. PERFORMANCE

htemp

a
(=)

wcouats [g.u. 1]
S

(&)
o

300

250

200[

150

100

50

Entries 2.765242e+07

35

missing invariant mass [GeV/2]

@)

15 coupts [agy. 1]
8 38 8

=
o
S
=]

800

600

400

200

b
b

cagnts [au. 1]
8 3

=
© o
=] S
=) =]

@
o
=)

400

200

TR AR R B
-0.5 0

=
u

(b)

Lo
.5 1

t[GevA2]

I
-0.3

-0.4

Ll b
-02  -01 -

o
2

-06 -05

tc [GeV/ 2]

(©)

99

Figure 5.23: Distribution of the invariant missing mass are shown in (a)
after applying all cuts for DVCS event selection. For excluiwe region the
range from 2:25GeV? to +2:89GeV? is assumed. Distributions of squared
four momentum transfer to the hydrogen target with constantproton mass
calculation (b) and with missing invariant mass calculation (c) for the ex-
clusive region which is in good agreement with previous re#is.
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Figure 5.25: Small side e ects currently under investigation. (a) Small shift
in the response by the calorimeter for electrons (blue) andgsitrons (red) for
missing mass distribution for the exclusive region. (b) Waelike di erences
in angle distribution between scattering plane and produadn plane.

Beam Charge Asymmetry

In case of beam charge asymmetry which is unique at HERA, the>elusive
events are sorted by the charge of the beam particles and thealues plotted
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Figure 5.26: (a) dependency of the leading amplitude of the beam spin
asymmetry. (b) Di erences in available data per bin in can lead to small
deviations.

in gure 5.27 are calculated with respect to

N* N
Acs 7N
whereasAc denotes the amplitude of the beam charge asymmetry. The

relative number of events with positrons or electrons areN* and N . The
error bars and the shape of the curve are closer to previous selts [Vil08].

(5.3)

5.4.6 Overview of SFT response

One of the key contribution of the SFT is the particle identi cation. By

combining the reconstructed momentum of the recoiled partcle to the energy
deposition particle separation is possible. The correlabn between these
parameters is shown in gure 5.28. Events with required two gace points
in the SFT - one in the outer barrel and one in the inner barrel - show
a separation between pions and protons with a small overlap egion. By
requesting events with four space points - two in the SSD andwo in the SFT

- a clear separation between pions and protons is possible dma likelihood

based particle identi cation might be implemented in the future as well.

5.4.7 Overview of improvements by the Recoil Detector

The contribution to improve exclusivity of DVCS samples by the Recoill
Detector is shown in this section. As reminder the reaction 6 DVCS events
can be expressed by
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(5.4) l+p! 19+ +p°

where | and 1° are the initial and scattered lepton, is the generated real
photon and p and p® are the initial and scattered proton.

The three-momentum p* S of the previously undetected scattered proton
is calculated with data measured with the HERMES FS (forward spectrome-
ter) by the missing invariant mass technique. With the RD (Recoil Detector)
the three-momentum p®P of the recoiling proton is measured directly.

The correlation of these three-momenta is shown in gure 5.2. On the
left in gure 5.29(a) the di erence of the x-component versus the di erence
of the y-component of these three-momenta are shown. The disbution is
focused clearly below 10BleV . On the right in gure 5.29(b) the correlation
of the -components are shown. As expected the distribution is corentrated
on the bisectioning line. The clear horizontal gaps in the aceptance of the
Recoil Detector caused by the holding frame of the SSD is vible. Additional
the quadrant 0 < p®P =rad < = 2 for the RD has lower counts due to higer
noise in the SSD.

The distribution of the dierence of the -component of these three-
momenta is shown in gure 5.30. The black solid line is a Gaudan t
within the range of 0:1rad and gives = 0:094ad. The red part is the 3
range, which is used to improve exclusive event selection.

Figure 5.31 shows the distribution of the missing invariant mass M 2
which is normalized for better comparison. For the black cure all general



CHAPTER 5. PERFORMANCE 103

event selections for DVCS events except foM 2 are performed. The usual
event selection on the missing invariant massM 2 for exclusive events is
from 2:25GeV? to +2:89GeV2. Requesting a single proton track above
the solid line in gure 5.28(b) results to the blue curve in g ure 5.31(a).
For the red curve the additional requirement is to have a coirtidence for
the missing proton between HERMES Forward Spectrometer andRecoil
Detector within 3 for the p° distribution as shown in gure 5.30. The
blue curve in gure 5.31(b) results if events with only a pion in the Recoil
Detector are requested. Even without the nal alignments and calibrations
a clear improvement by the Recoil Detector is visible as the ontamination
is reduced. In future, with an improved tracking and particl e identi cation
much better results are expected.

5.4.8 Conclusion and Outlook

The recently released HRC-production 06d and the DST-prodgtion 06d0
are used to discuss the current state. The distribution of usial observables
has the expected shape and are in good agreement with previsyroduc-
tions. The positron data investigated with the Recoil Detector give expected
results too.

Nevertheless some challenging tasks are still waiting fomivestigations.
Some previous studies show that there is a slight di erenceri the response of
the electromagnetic calorimeter for electrons and positras. Beside this the
nal calibration and alignment of all detector parts are per formed currently.
The positron data gives a possibility to tune the tracking system and particle
identi cation system of the Recoil Detector for the electron data as only data
taken with the SFT are available yet.

A lot of new informations about the response of the upgraded ERMES
detector can be gathered by the study of the data with the Recd Detector.
By iterating of previous analysis with these new informations improvements
will be possible to review the map of the constituents of the micleon spin
budget.
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Figure 5.28: Correlation between energy deposition (in units of photo &lc-
trons) inside the SFT and the reconstructed momentum of the rack (in
GeV). The distributions shows a separation between lower leftipns and
protons with requirements of two space points in the SFT (a) ad with the
requirements of four space points in SFT and SSD together (b) The solid
line indicates a possible separation bylE p = 29.
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p¥S, pRP of the recoiled proton, which are calculated by the missingni
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SSD is clearly visible.
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Figure 5.31: Arbitrary normalized missing invariant mass distribution mea-
sured with the HERMES Forward Spectrometer only (black) andwith the
contribution by the Recoil Detector on event selection for WCS candidates.
(a) Additional request of a single proton track (blue) and futhermore a coin-
cidence for the missing proton between HERMES Forward Specimeter and
Recoil Detector within 3 of the p¥S  p®RP distribution. (b) Additional
request of a single pion track (blue).



Chapter 6

Summary

The standard model of particle physics is available to desdbe the the atomic
world. Nevertheless the constituents of atoms like electrns, protons and
neutrons are not completely understood. While the electrols seems to have
point like properties the protons and the neutrons behave lke compounded
objects. The current standard model to describe protons andheutrons is
based on quarks as partons, whereas photons, gluons, W- andhbsons are
the carrier of the electromagnetic, the strong and the weak drces. In this
model the aspect of gravity is not yet taken into account. Furthermore on
large distance scale the calculations are not solved analital yet. One par-
ticular problem is the incomplete nucleon spin budget as wel Measurements
at EMC (European Muon Collaboration) showed that the naive picture that
three quarks contribute to the nucleon spin budget is hot mathing.

The GPDs (Generalized Parton Distributions) illustrated i n gure 6.1(a)
are a recently developed model to describe transverse spatidistributions
and longitudinal momentum distributions simultaneously without violating
the uncertainty relation. The transverse spatial distributions named FFs
(Form Factors) can be measured by elastic scattering, whilghe longitudinal
momentum distributions nhamed PDFs (Parton Distribution Fu nctions) are
measurable by deep inelastic scattering. GPDs are not only @ombination
of these two other models, rather new informations getting aailable. For
example the sum rule researched by Ji gives the opportunity @ access the
nucleon spin budget.

These GPDs can be measured with hard exclusive reactions wie a
scattered projectile interacts via a virtual photon. As an hard exclusive
reaction the target stays after interaction intact and all p roduced particles
are detected. Furthermore the GPDs can be measured selectly by the
requested nal state. For example ° meson production enables the access
to distributions of quarks and of gluons of the same and of liear order.

But the cleanest way to access GPDs is DVCS (deeply virtual Cmpton
scattering) as shown in gure 6.1(b). Due to same initial and nal state the

108
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(a) (b)

Figure 6.1: (a) Description of GPDs by average longitudinal momentum
fraction x, fractional longitudinal momentum transfer named skewness and
momentum transfer t. (b) Principe of deeply virtual Compton scattering (c)
Indistinguishable initial and nal state of the Bethe-Heitler process.

elastic BH (Bethe-Heitler) process is indistinguishable éee gure 6.1(c)). In
order to calculate the cross section the amplitude of the phto production by
BH gn and by DVCS pycs are added together to the combined amplitude

by

(6.1) ji?=iBHi*+]bvcsi®+ gn Dves * pyvcs BH:

For the kinematic range at the HERMES experiment the amplitude of
the BH process is much larger than for DVCS by more than one ordr.
As the pure BH contribution can be precisely calculated in the frame of
guantum electro dynamics and by neglecting in leading ordethe pure DVCS
contribution the mixed interference term gives the opportunity to access
GPDs.

One of the experiments carried out to make more investigatias on the
nucleon spin budget is the HERMES (HERA measurements of spiphexper-
iment at HERA (Hadronen Elektronen Ring Anlage) at DESY (Deu tsches
Elektronen-Synchrotron) in Hamburg / Germany. The HERMES f orward
spectrometer as shown in gure 6.2 was designed to access thecleon spin
budget by DIS (deep inelastic scattering). Due to better understanding and
new models like GPDs in the meantime the scienti ¢ program ofHERMES
was widely extended by investigations of di erent polarized gas targets.

The HERMES detector consists of a tracking system to measurdhe
momentum of charged particles which are de ected in the magetic eld of
the HERMES magnet. A set of detectors provide a high e cient particle
identi cation in order to reconstruct scattering processes. Even the recoiled
particle can not be detected at HERMES due to the polarized taget fa-
cility exclusive reactions can be still investigated by the missing invariant
mass techniqueM 2 which is illustrated in gure 6.3. Due to the limitation
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Figure 6.2: Schematic of the HERMES forward spectrometer. The tracking
system is colored in red, while the particle identi cation system is in green.
Dashed lines indicate acceptance range.

of the resolution by the HERMES forward spectrometer the ba&ground
contamination is around 15%.

Figure 6.3: Missing invariant mass distributions for di erent reactio ns
studied with Monte Carlo simulations. Exclusive region indcated by vertical
solid lines is in the range of 2:25GeV? and +2:89GeV?2. The contamina-

tion is around 15%.

In order to improve exclusivity and the resolution of kinematic variables,
the collaboration decided to upgrade the HERMES forward spetrometer
with the Recoil Detector. As this new part of the HERMES Detector sur-
rounds the target area recoiling particles can be detected ue to the big
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acceptance. This Recoil Detector consists of three sub detéors as shown in
gure 6.4. A SSD (Silicon Strip Detector) which stays in the beam vacuum
of HERA is the inner part. In the middle part the SFT (Scintill ating Fiber
Tracker) are positioned. The PD (Photon Detector) complete as the outer
part.

The aim of these components is to provide space points for th&®ecoll
Detector internal tracking system which works independentof the HERMES
tracking system and to provide particle identi cation by en ergy deposition.
The Recoil Detector is enveloped by a 1T superconducting magget for mo-
mentum reconstruction.
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Cryostat ———

SC Coils

SciFi \
Connector Plate

\ Photon

____— Detector

-_—  _ SciFi

C3 Collimator \

. S
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Hybrid _

Flange

0.1 0.2 03 m

Figure 6.4: The realization of the Recoil Detector.

The design requirements were studied by extensive Monte Céw simu-
lations. The scattering polar angle versus the momentum of the recoiling
proton p of several involved reactions together with the coverage byhe Re-
coil Detector are illustrated in gure 6.5. By identifying a nd suppression of
background the remaining contamination can be decreased tav 1%.

The contributions of the Giessen group is the SFT which is oneof the
key part of the Recoil Detector. This subdetector was desigad to contribute
for particle identi cation and for track reconstruction.

A set of tests were carried out to proof the designed properés and to
settle down nal con guration parameters. An alignment test run were per-
formed to measure the SFT internal alignment of each single ber over the
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Figure 6.5: (a) Distributions of particle momentums p versus polar angle
studied with MC simulations for (a) DVCS process, (b) DVCS / BH in-
terference term, (c) -meson production and (d) resonances or associated
BH-process. The red area of low momentum protons are coverdaly the SSD,
while the blue area of higher momentum protons are capped blyet SFT. (b)
The expected total remaining background investigated by Mte Carlo study

is below 1%.

whole active area. The database of these bers consists of ast of poly-
nominals up to fourth degree which describes each ber path.A cosmic ray
test run was set up to check the complete Recoil Detector andd implement
the readout of the Recoil Detector to the HERMES data acquistion. The
Recoil Detector was installed during the winter shutdown of HERA in 2005
and was taking data until the end of HERA in June 2007.

The recently available 06d/06d0 data production was used fo investi-
gations of the current performance. The distributions of usial kinematic
variables are in good agreement with analysis of previous mductions.

Investigations of elastic events show a very clear correl&n for the re-
constructed azimuthal angle between the HERMES forward spetrometer
and the Recoil Detector as shown in gure 6.6.

Preliminary calculations of the leading amplitude for beamcharge asym-
metry and for beam spin asymmetry versus the angle between the scatter-
ing plane and the production plane was performed and shown ingure 6.7.
Comparisons to previous results based on the 06b2 productipshow good
agreement. The amplitudes for the beam charge asymmetry fws even
with bigger error bars the shape of previous results while tie results and
error bars for beam spin asymmetry are closer. Deviations delto change in
the HERMES coordinate system and di erences in the responsef the elec-
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Figure 6.6: Correlation between HERMES forward spectrometer (FS) and
the Recoil Detector (RD). (a) 2D-plot of adjusted azimuthal angle of the
starting vertex. (b) Distribution of the adjusted di erences. The small peak
is as small as the ber diameter of the SFT.

tromagnetic calorimeter for electrons and protons can led & small deviations
which are currently under investigations.
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Figure 6.7. (a) dependency of the leading amplitude for beam spin asym-
metry. (b) j j dependency of the leading amplitude for beam charge asym-
metry.

The preliminary particle identi cation by the SFT as showni n gure 6.8
is already working and promising to be a good tool in PID schems. The
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separation between pions in the lower left corner and the prtons by the
solid line is illustrated.
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Figure 6.8: Particle identi cation by combining energy deposition dE (in

units of photon electrons) with reconstructed particle monentum p (in GeV).

Distributions in case of two space points in SFT (a) and four pace points
in RD (b). The solid line indicates a possible separation bydE p = 29.

The normalized distribution of the missing invariant mass M2 in gure
6.9 shows the impact of the Recoil Detector for DVCS event sektion. As
reminder the reaction of DVCS events can be expressed by

(6.2) l+p! 194 +p°

where | and 1% are the initial and scattered lepton, is the generated real
photon and p and p° are the initial and scattered proton. The black line
shown the distribution after applying all event selections for DVCS events
but the one for the missing invariant massM 2. The usual event selection on
M2 for exclusive events is from 2:25GeV? to +2:89GeV?. By requesting
an additional event selection for a single proton track aboe the solid line in
gure 6.8(b) in the Recoil Detector yields to the red curve in gure 6.9(a).
Due to undetected bremsstrahlung a small tail to higher misgng invariant
mass remains. The blue curve in gure 6.9(b) results if evers with only a
pion in the Recoil Detector are requested. Even without nal alignments
and calibrations a clear improvements for background suppession is shown.
Currently the ne tuning of the con guration parameters lik e alignment,
calibration and particle identi cation is in progress and a main data pro-
duction will be started soon. Informations gathered by investigations with
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Figure 6.9: Arbitrary normalized missing invariant mass distribution mea-
sured with the HERMES Forward Spectrometer only (black) andwith the
contribution by the Recoil Detector on event selection for WCS candidates.
(a) Additional request of a single proton track (blue) and futhermore a coin-
cidence for the missing proton between HERMES Forward Specimeter and
Recoil Detector within 3 for the p¥S  pRP distribution. (b) Additional
request of a single pion track (blue).

the Recoil Detector will be used to iterate previous analyss and to improve
the understanding of the nucleon spin budget.



Appendix A

Data formats

This chapter describes the data format of the standalone redout and of the
experiment readout whereas a "*' denotes a variable content

A.1 Data format for standalone readout

This chapter describes the data format which was used for thestandalone
readout. In general the data stream is organized as a streamfmodes. Each
node consists of a head part to identi ed the purpose and a da part for
the raw data. In the following sections the structure of the dl parts are
presented.

A.1.1 Node structure

Each node (see table A.1) starts with four signature bytes inorder to identify
the content of the node. A 32-bit unsigned integer is used tondicate the
amount of data bytes containing this node without the head pat itself. After

this head part the data part of the according size and contentare stored.
This yields to a total length in bytes of 8+len.

byte | byte | content | comment

oset | size

0 1 * signature 1

1 1 * signature 2

2 1 * signature 3

3 1 * signature 4

4 4 len length of node data in bytes
8 len | * data part of the node

Table A.1: Node structure
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A.1.2 Sequence of nodes

The stream of data (see table A.2) consists of a sequence of des. The
sequence starts with a signature to indicate the content of he data stream.
A head initiator and a head terminator surrounds the head pait. Each event
starts with a data initiator and ends with a data terminator. In between
a node for each requested sub detector can be found in any onde The
list of sub detectors are the Silicon Strip Detector, the ADC part of the
Scintillating ber tracker, the TDC part of the Scintillati ng ber tracker
and the Photon Detector. The data stream ends with a tail initiator and a
tail terminator.

| type | comment |
signature a signature entry to identify the stream content
head initiator a node to initiate the head content
head terminator | a node to terminate head part
data initiator a node to initiate the data of a event
detector data readout dependent list of nodes for the sub detector
data terminator | the terminator for each data initiator
tail initiator a node to initiate the tail content
tail terminator a node to terminate tail part

Table A.2: Sequence of nodes of the data stream.

Signature

This signature (see table A.3) is used like the linux ' le' command in order
to identify the content of the stream and has a length of 8 bytes.

byte | byte | content | comment

oset | size

0 1 4 byte size of length variable in this case
4 times 8 bits = 32 bits unsigned integer

1 1 Y rst ller character

2 1 ' second ller character

3 1 0 c-string like terminator

4 4 0 zero length for no remaining data

Table A.3: Content of the signature node.
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Head initiator

The head initiator (see table A.4) contains the status information (see table

A.5) about the run number and the timestamp of the start of data taking.

byte | byte | content | comment

o set | size

0 1 'H' signature 1

1 1 'E' signature 2

2 1 ‘Al signature 3

3 1 ‘D' signature 4

4 4 16 status informations

Table A.4: Head initiator content

byte | byte | content | comment
oset | size
0 4 0 versioning tag
4 4 * run number
8 8 * start of data taking timestamp
of struct timeval lled by the
call of the c-function 'gettimeofday’

Table A.5: Status informations of the head initiator

Head terminator

The head terminator (see table A.6) does not contain any addional infor-

mation yet.
byte | byte | content | comment
oset | size
0 1 'h' signature 1
1 1 ‘e’ signature 2
2 1 ‘a' signature 3
3 1 'd' signature 4
4 4 0 zero length for no remaining data

Table A.6: Head terminator content
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Data initiator

The data initiator (see table A.7) contains the status informations (see table
A.8) about the event number within this run, the timestamp of the event
and the source of the trigger.

byte | byte | content | comment

o set | size

0 1 ‘D’ signature 1

1 1 ‘Al signature 2

2 1 T signature 3

3 1 ‘Al signature 4

4 4 20 status informations

Table A.7: Data initiator content

byte | byte | content | comment
oset | size
0 4 0 versioning tag
4 4 * event number
8 8 * timestamp of the event
of struct timeval lled by the
call of the c-function 'gettimeofday’
16 4 * source of trigger

Table A.8: Status informations of the data initiator

Data node for the Silicon Strip Detector

The data node (see table A.9) contains the data of the SilicorStrip Detec-
tor (see section A.2.1). This node is only available if this b detector is
requested to be read out during the data taking.

byte | byte | content | comment

oset | size

0 1 'S’ signature 1

1 1 I signature 2

2 1 U signature 3

3 1 " signature 4

4 4 len remaining data of the event
Table A.9: Data node for the Silicon Strip Detector
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Data node for the ADC of the Scintillating Fiber Tracker

The data node (see table A.10) contains the ADC data of the Scitillat-

ing Fiber Tracker which consists of several continuous reagdut controller
bu ers (see section A.2.2). This node is only available if ths sub detector
is requested to be read out during the data taking.

byte | byte | content | comment

oset | size

0 1 'S’ signature 1

1 1 ' signature 2

2 1 'f! signature 3

3 1 ' signature 4

4 4 len remaining data of the event

Table A.10: Data node for the ADC part of the Scintillating Fiber Tracker

Data node for the TDC of the Scintillating Fiber Tracker

For the rst implementation of the TDC readout a dierent TDC named
v767 [CAEOQ8c] from CAEN was used. Therefore the data structue of the
standalone readout of the TDC chain has the bu er structure of the v767.
Even as the TDC hardware was changed to the v1190A [CAEQ8b] &om
CAEN the data structure was kept for compatibility purpose. The readout
was adjusted to mimicry the bu er structure accordingly.

The data node (see table A.11) contains the TDC data of the Saitillat-
ing Fiber Tracker which consists of a (see table A.12). Detded technical
informations can be found in [CAEQO8c]. This node is only avdable if this
sub detector is requested to be read out during the data takirg.

byte | byte | content | comment

oset | size

0 1 'S’ signature 1

1 1 ' signature 2

2 1 'd' signature 3

3 1 'y signature 4

4 4 len remaining data of the event

Table A.11: Data node for the TDC part of the Scintillating Fiber Tracker
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byte byte | comment

oset | size

0 4 header informations

4 len hit data

8+len | 4 end-of-block informations

Table A.12: Bu er structure of the TDC v767 from CAEN.

Data node for the Photon Detector

The data node (see table A.13) contains the data of the PhotorDetector (see
section A.2.3). This node is only available if this sub detetor is requested
to be read out during the data taking.

byte | byte | content | comment

oset | size

0 1 P signature 1

1 1 ‘D' signature 2

2 1 U signature 3

3 1 " signature 4

4 4 len remaining data of the event

Table A.13: Data node for the Photon Detector

Data terminator

The data terminator (see table A.14) does not contain any addtional infor-
mation yet.

byte | byte | content | comment

oset | size

0 1 'd' signature 1

1 1 ‘a' signature 2

2 1 't signature 3

3 1 ‘a' signature 4

4 4 0 zero length for no remaining data

Table A.14: Data terminator content

Tail initiator

The tail initiator (see table A.15) does not contain any additional informa-
tion yet.
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byte | byte | content | comment

oset | size

0 1 T signature 1

1 1 ‘Al signature 2

2 1 I signature 3

3 1 L signature 4

4 4 0 zero length for no remaining data

Table A.15: Tail initiator content

Tail terminator

The tail terminator (see table A.16) contains the status (see tableA.17)
informations about the run number, the timestamp for the end of data
taking, the number of containing events and the back referene to be start
of the tail entry terminator as the very last item for direct a ccess of these
data.

byte | byte | content | comment

o set | size

0 1 t' signature 1

1 1 a’ signature 2

2 1 ' signature 3

3 1 T signature 4

4 4 24 status informations

Table A.16: Tail terminator content

byte | byte | content | comment

oset | size

0 4 0 versioning tag

4 4 * run number

8 8 * end of data taking timestamp

of struct timeval lled by the

call of the c-function 'gettimeofday’

16 4 * number of stored events

20 backreference to the start of the tail entry terminator
for a direct short cut access

SN
*

Table A.17: Status informations of the tail terminator
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A.2 Data format for experiment readout

The data format for the experiment consists of the individua bu ers for
each Recoil subdetector and are event based as well.

A.2.1 Silicon Strip Detector

The readout of the Silicon Strip Detector consist on four HADC (HERMES
Analog to Digital Converter) VME-modules which was originally designed
for the Lambda Wheel Detector. The complete bu er is just the sequence
of four such HADC modules where each of them contains a headentry
(see table A.18), a trigger counter entry (see table A.19), a optional trailer
entry (see table A.20) and optional data entry (see table A.2). Extended
informations about the Silicon Strip Detector can be found in [Pic08] and
in [Vil08].

rst | last | bit | content | comment

bit bit | size

0 11 |12 | * event number

12 15 | 4 * module number

16 |28 |13 |* length of events alias number of data entries
29 29 |1 * indicator for trailer error

30 |30 |1 * extended header of trailer available

31 31 |1 1 indicate header informations

Table A.18: Header informations are packed in a 32-bit unsigned integer

rst | last | bit | content | comment
bit bit | size

0 11 |12 | * number of accepted triggers
12 |19 |8 * number of rejected triggers
20 |31 |12 |+* number of recognized triggers

Table A.19: Trigger counter informations are packed in a 32-bit unsigne
integer.

A.2.2 Scintillating Fiber Tracker

In contrast to the standalone readout for the experiment realout by the
DSP the bu ers for the ADC and TDC are merged to a common block (see
table A.22). The common block consists of the 32-bit length alue of the
TDC content, the TDC content itself, the 32-bit length value of the ADC
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rst | last | bit | content | comment
bit bit | size

0 7 8 * ADCO trailer
8 15 | 8 * ADCI1 trailer
16 24 |8 * ADC?2 trailer
25 31 | 8 * ADC3 trailer

Table A.20: Trailer entry consists of four values consisting of a 32-bit
unsigned integer.

rst | last | bit | content | comment

bit bit | size

0 9 10 | * raw ADC value

10 18 | 9 * raw common mode value
19 25 |7 * channel number

26 28 | 3 * Helix number

29 |30 |2 ADC chip number

31 31 |1 0 indicate data informations

Table A.21: Each hit data is packed in a 32-bit unsigned integer.

content, the ADC value itself and a status bu er for addition al informations
about the ADC readout.

The structure of the TDC data follows the original v1190A [CAEO08Db]
bu er structure in contrast to the standalone readout. The b u er for the
ADC can contain several continuous readout controller bu ers (see section
A.2.2). The content of the status information bu er is summarized in section
A.2.2.

byte byte comment

o set size

0 4 length of TDC bu er in bytes inclusive this
4 len TDC | TDC v1190 from CAEN bu er structure

4 4 length of ADC block in bytes inclusive this
+len TDC

8 len ADC | several readout controller bu ers

+len TDC

12 len DBG | status information bu er

+len TDC

+len ADC

Table A.22: Data bu er for the Scintillating Fiber Tracker for the exper i-
ment readout.
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Readout controller bu er structure

Each of the readout controller bu er consists of a header pat which is

always available and a hit data part where the amount of data depends on
sparsi cation. The entries of such a bu er are all 32-bit int eger values and
has the sequence which is shown in table A.23 whereas each liata has
the localization information and the adc value together (se table A.24). A

remark to reduce confusion about the content of the adc valug. Due to
hardware implementation the pedestal has a high raw adc vala and higher
signals has lower raw adc values.

byte | byte | content

oset | size

0 4 event size in bytes inclusive the this

4 4 event decoder ( not used )

8 4 event ID for error indication

12 4 event tagging for synchronization check
16 len | len of remaining hit data of the event

Table A.23: Buer structure of the readout controller. The amount of
hit data depends on sparsi cation. N.B. due to hardware impeémentation
the pedestal has a high raw adc value and higher signals hasvéw raw adc
values.

rst | last | bit | comment
bit bit | size
0 9 10 | raw adc value

10 15 | 6 channel number

16 18 | 3 module number

19 |21 |3 port number

22 25 | 4 readout controller number
26 31 | 6 not used

Table A.24: Hit data content packed in a 32-bit unsigned integer.

Status information bu er

For the readout of the SFT additional status informations are saved for
0 ine data quality checks. It consists of 3 times 32-bit inte gers for the DTU
and 3 times 32-bit integers for each readout controller.

The content for the DTU covers low level informations as bit pattern.
DTUO contains informations about status bits, control bits and version in-
formations. DTU1 covers four counters to track the internal synchronization
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by a bank switch counter, a readout counter, a trigger counte and a tagging
counter. DTUZ2 stores internal state and transition informations of the state
machine inside the FPGA which is mounted on the DTU.

The monitoring content of the readout controller has informations which
are comparable to the DTU. RCdbgO0 contains informations abait electronic
state of certain signals of the handshaking between DTU and B. RCdbg1l
re ect the tagging counter and the trigger counter. RCdbg2 covers the
counter for the readout and for the bank switching.

An extended documentation on bit level can be found in [SFT+06]. All
these saved informations can be used to verify the data intetty of the SFT
and a tools is available to detect desynchronizations and taesynchronized
them again.

A.2.3 Photon Detector

The readout of the Photon Detector consist of six commercialcharge to
digital converter V792 from CAEN. The complete bu er is just the sequence
of six such V792 bu ers where each of them contains a header &y (see

table A.25), hit data entry (see table A.26) and a end-of-black entry (see
table A.27). The amount of hit data depends on sparsi cation. Further

informations about the Photon Detector are available in [Haa07] and in
[CAEO8a].

rst | last | bit | content | comment

bit bit | size

0 7 8 * not de ned

8 13 | 6 * number of data entries

14 15 | 2 0 not de ned

16 23 | 8 * crate number

24 |26 |3 010 bit pattern for header content
27 31 |5 * slot number

Table A.25: Header information of the V792 bu er.
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rst | last | bit | content | comment

bit bit | size

0 11 |12 | * raw adc value

12 12 |1 * over ow bit

13 13 |1 * under ow bit

14 15 | 2 * not de ned

16 20 |5 * channel number

21 23 | 3 * not de ned

24 |26 |3 000 bit pattern for data content
27 31 |5 * slot number

Table A.26: Hit data informations of the V792 bu er

rst | last | bit | content | comment

bit bit | size

0 23 |24 | * event counter

24 |26 |3 100 bit pattern for end-of-block content
27 31 |5 * slot number

Table A.27: End-of-block informations of the V792 bu er
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