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1. Introduction

The picture of the internal spin structure of the nucleowfgn or neutron) is at present not
complete. The nucleon is composed of elementary fermiaanitigbes, the quarks, that inter-
act through the exchange of gluons, the gauge bosons ofrtitegshteraction (described by
the theory of quantum chromodynamics). A proton (neutramststs of2 (1) up quarks and

1 (2) down quark. These quarks are called valence quarks; theyndime basic properties
of the nucleon such as its charge. The gluons, through whie} interact, can split into
quark-antiquark pairs, and these quarks, called sea guaxksagain annihilate into gluons.
A nucleon can thus be seen to be made of valence quarks, digsaamixture of sea quarks
that continuously originate from gluons and again anni&iiato gluons.

Originally it was thought that the spin of the nucleon can hérely attributed to the
spins of its valence quarks. However, measurements at the &eriment showed 88
that the spins of the quarks (valence and sea quarks) actumsmall fraction only of the
nucleon spin, namely4 + 9 £+ 21% [1]. Following this, various experiments, one of which
is the HERMES experiment at DESY in Hamburg (Germany), werstructed to pursue
an advanced investigation of the origin of the nucleon sgirom these experiments, the
contribution from the spins of the quarks is establishedetatmund0%. First results seem
to indicate that also the spins of the gluons contribute dlgraation only. Thus, the orbital
angular momenta of the nucleon’s constituents is expeotbd sizable.

Access to the quark orbital angular momentum is providealiy the Ji relation, which
relates so-called generalized parton distributions t@trek total angular momentum. Gen-
eralized parton distributions can be accessed throughydeifual Compton scattering. In
this process a lepton interacts with a quark in the nuclearthg exchange of a highly virtual
photon. This photon is absorbed by the struck quark; sulesgtyuthe quark emits a real
photon and returns back to the proton, thereby changingate@mtum.

Deeply virtual Compton scattering has been studied at thRMIES experiment over the
past years. The analysis was performed based on the kiresno&tihe scattered lepton and
the real photon. The low momentum and angular distributfahe recoiling proton did not
allow it to be detected, but through the reconstruction®fiissing mass, it was possible to
collect all necessary information. This method suffersyéwer, from al 4% background con-
tribution, mainly originating from associated deeply vat Compton scattering, i.e., deeply
virtual Compton scattering where the proton does not statsiground state but is excited
to aA™ resonance. ThiA™ decays either into a neutron and positively charged piontor i
a proton and a neutral pion, which subsequently decays mitops. In order to reduce the
background contribution, a recoil detector was installe@d06. This detector consists of
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1. Introduction

three active detector components, two of which allow fordatection and reconstruction of
protons and charged pions, whereas the third componemihtiten detector, is able to detect
photons.

The commissioning of the photon detector forms a major gahteohere presented work.
This detector and its performance are described in chaptBrekceding this chapter, chap-
ter 2 treats the theoretical aspects related to generglamaon distributions and deeply virtual
Compton scattering, and chapter 3 gives a description dfiEIRMES experiment. In chap-
ter 5 the analysis of deeply virtual Compton scattering whit recoil detector is reported,
as well as the capability of the recoil detector to isolatoamted deeply virtual Compton
scattering events. Finally, the summary and conclusions@ming the photon detector and
the analysis of deeply virtual Compton scattering with tbeoil detector can be found in
chapter 6.



2. Deeply virtual Compton
scattering and generalized parton
distributions

In this chapter the motivation for the study of deeply viitGampton scattering is discussed,
and the theoretical ingredients needed for the understgrafithe analysis are presented.
To conclude, the study of deeply virtual Compton scatteshthe HERMES experiment is
placed in context.

2.1 Deeply virtual Compton scattering

The process under investigation in the present work is gedgpiual Compton scattering
(DVCS) on a proton:

v (q) + p(p) = v(d') + p(p"), (2.1)

where a highly virtual photom(*) interacts with a protony), producing in the final state
a real photon+) and a slightly recoiling proton. More specifically, the pdrw's high vir-
tuality allows it to penetrate into the proton and to inténaith the proton’s constituents.
The symbols in parentheses in equation (2.1) represenbtireniomenta of the respective
particles.

In the generalized Bjorken limit, i.e., in the limit of largéoton virtuality,Q? = —¢*>—
oo, With zp = Q?%/(2pq) andt = (p — p’)? fixed, the amplitude of the DVCS process can
be factorized into a convolution of a part describing thedhateraction of the virtual pho-
ton with a proton constituent, calculable in perturbatioedry, and a soft non-perturbative
part[2, 3, 4]. Atleading orderif/Q (leading twist) and in the coupling constant of quantum
chromodynamics (QCD)ys, the DVCS process can be described by the handbag diagram
shown in figure 2.1. The non-perturbative part, represelmyetie blob, is expressed through
matrix elements of gauge-invariant bi-local operatoes, gauge-invariant products of fields
at separated space-time points. These matrix elementsecparametrized in terms of gen-
eralized parton distributions (GPDs), described in détaihe following section.

For the description of the DVCS process and the related giespit is natural to work
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2. Deeply virtual Compton scattering and generalized pedistributions

Figure 2.1: Handbag diagram for the leading-twist and legdirder contribution of the
DVCS process. A second diagram is obtained by interchartigmguark-photon vertices.

with light-cone coordinates (see, e.g., reference [5] &daifled explanations), given by:

ot = %(UO +03%) and v, = (v',v?), (2.2)
for any four-vectorn. The handbag diagram can be seen in the frame wherelp’ have
large components along the positiveaxis, with P = (p 4+ p’)/2 collinear withg, as the
process where a quark carrying a momentum fractign{ of the proton’s plus-momentum
PT (or, equivalently in the infinite-momentum frame, longinal momentum) is taken out
of the proton, and absorbs a virtual photon. The quark sulesgty emits a real photon,
acquiring a momentum fraction — &, and returns back to the proton leaving it intact yet
with a different momentum. The momentum fractier{c [—1, 1]) represents the average
momentum fraction carried by the struck quark. The plus-mmatom transfer to the proton
is characterized by the ‘skewneg(e [—1, 1]):

(¢—4d)-(¢+q)

= -0 2.3
S RS XUE) @3
+ +
b —Dp
~ W, (2.4)
T
~ 2_’13, (2.5)

where the last two equalities apply in the generalized Bjorkmit. The transverse compo-
nent of the momentum transfer is encoded,iand is, as implied by the generalized Bjorken
limit, small in comparison withQ). In the hard interaction, the in- and outgoing quarks (car-
rying momentuni) are treated as strictly collinear (= 0) and on-shell = 0), resulting

in helicity-selection rules.
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2.1. Deeply virtual Compton scattering

The handbag diagram shown in figure 2.1 represents the domioatribution to the
DVCS amplitude. It appears at leading twist and leading ondev;. To higher order in
a, radiative corrections to the hard-scattering amplitudedn® be taken into account as
well as diagrams where thepartons attached to the soft blob are gluons. Effects ewnferi
at next-to-leading order in, are well under control. The hard-scattering coefficienieeha
been calculated [3, 7, 8]; for references concerning théuéea kernels related to the non-
perturbative amplitude, see subsection 2.2.1. Diagramm\img the interaction with more
than1 proton constituent are suppressed by powers/¢f, except for the exchange of lon-
gitudinally polarized gluons (gluons with polarizatiett”). The exchange of these gluons
is, however, summed in the non-perturbative part. It agpeader the form of a Wilson
line in between the two quark-field operators of the matrecetnts. Diagrams involving
the exchange of any other additional particle appear atehnighist. We use here the defini-
tion of twist as the order id//@Q at which an effect first appears. In particular for GPDs, it
denotes the order in//Q at which an operator matrix element contributes. Twistfects
arise at ordefM/Q)!~2, with twist 2 (leading twist) forming the dominant contribution. The
exchange of a transverse gluon between the horizontal fitleechard-interaction part and
the soft blob appears at twi8t This probes a different structure of the hadron; it invelve
antiquark-gluon-quark operators. Twisteontributions also involve the handbag diagram
from figure 2.1 evaluated beyond the collinear approxinmatiy Taylor expanding the hard-
scattering amplitude one order further, i.e./in These contributions can be expressed in
terms of twist2 GPDs. They relate to derivatives with respect to an overafidation in
transverse direction of the twigt-operators. They form the so-called Wandzura—Wilczek
(WW) contribution. They are sometimes denoted as kinemkdtidst-3 contributions, while
the antiquark-gluon-quark correlations are then callegugee twist3 contributions. In a
similar way, one can also consider twisterms. Here also target-mass corrections need to
be taken into account. The decompoasition of the DVCS angsituas been performed up to
twist 3 [9] at leading order, and aspects about next-to-leadingrawist-3 corrections [10],
and about twistt corrections [11] have been investigated.

At leading twist and leading order ing, the strict collinearity of the particles entering
the hard scattering dictates that the helicities of thenmiog and outgoing states of the hard
interaction must balance in order to ensure conservatiangflar momentum. Additionally,
since the quark is considered massless, conservationrafishequals conservation of helic-
ity. Thus, at leading twist and leading orderdn the helicity of the photon is conserved, so
that the incoming virtual photon needs to be transversdiyrized. When considering twist-

3 contributions that involve the exchange of a transverselsnized gluon, transitions from a
longitudinally to a transversely polarized photon appbateed, the exchange of a gluon can
account for a helicity change hyunit. Also in the WW approximation, diagrams involving
photon-helicity flip appear, with the struck quark carryorpital angular momentum along
the collision axis. Photon helicity transitions ®iunits appear at leading twist and next-to-
leading order inv,, balanced by the exchange dfjluons. Non-zero transfer of transverse
momentum to the proton, providirigunit of angular momentum, allows the latter process to
occur for the spint/2 proton. Also at twistt and leading order i, such photon-helicity-
flip transitions can occur: either from the WW contributiarmere the quark carri€sunits of
angular momentum, either from a combination of the WW cbntion with a quark carrying

1 unit of angular momentum and the exchange of an addition@irglor from the collinear
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2. Deeply virtual Compton scattering and generalized pedistributions

configuration through the exchangedadditional transversely polarized gluons, provided
that factorization holds at this order.

2.2 Generalized parton distributions

2.2.1 Definition of generalized parton distributions

The matrix elements entering the non-perturbative parhefitandbag diagram from fig-
ure 2.1 can be decomposed in terms of GPDs as [12]:

dz™ .pta- - 1 11 1
Fro= [T - W g 3 (R o,
icTYA,

= g € 01 ulp) + (o € 0) Ty

2P+

u(p)l,  (2.6)

. P | 11 1
= /Ee " <p/|1/}q(_§z)W[_527—Z]’Y+’Y5¢q(§z)|p>z+,ﬂ:m

2
N ~ A+
= gl A0 eu(p) + B, €, () 2
p

P u(p)], (2.7)

where the superscript refers to the quark flavory, to the quark fieldsy to the proton
spinors,y ando to the Dirac matrices, and = p’ — p. For legibility, the spin dependence
of the hadron states and the spinors is omitted. The quam[ty%z—, %z‘] represents the
Wilson line along the light-like path from (1/2) 2~ to +(1/2) 2. It reduces to unity in the
light-cone gauge, i.eA™ = 0. This gauge is assumed in the following.

The four GPDsHY, H?, E4, andE? defined here conserve parton helicity. The GPDs
H? and HY conserve proton helicity2? and E¢ flip proton helicity. The GPD$7¢ and £
correspond to the sum over parton helicities (unpolariZe®§), 7 and ¢ to the difference
(polarized GPDs). At leading twist there are in additionrfquark helicity-flip GPDs [13],
denotedH?, HZ, E%, E%. Access to these distributions is more challenging due @ th
chiral-odd nature. A promising channel to study these idistions is the exclusive produc-
tion of two mesons [14, 15].

Regarding the gluon structure of the proton, eight GPDs apatleading twist. Simi-
larly to the quark GPDs, they are categorized as spin-dep#rachd spin-independent gluon
helicity-conserving (helicity-flip) and proton helicigenserving (helicity-flip) GPDs.

From time-reversal invariance it follows that GPDs are wadlied. They are functions of
x, &, andt. In addition they depend o§? through QCD evolution. The evolution kernels
are computed at leading order [16, 17, 2, 18] and next-tdifgporder [19, 20] inv,. Here
and subsequently, their dependence(@hnis not explicitly written. Contrary to the GPDs
that conserve parton helicity, the quark helicity-flip aridam helicity-flip GPDs do not mix
under evolution. Access to gluon helicity-flip GPDs prowdbus a rather unique probe to
study the gluon content of the proton.
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2.2. Generalized parton distributions

2.2.2 Properties and the physics of GPDs

The properties and physics interpretation presented hanelyrfocus on the quark helicity-
conserving GPDs, which are of primary importance when shgipVCS.

Since GPDs involve a differentinitial and final state, thegresent probability amplitudes
and not probability densities. Considerig@ 0, a GPD in the regiof < x < 1 corresponds
to the amplitude for taking out a quark of momentum fractiop &, changing its momentum
to x — &, and inserting it back into the nucleon, as was already roeatl in section 2.1; in
the region-¢ < x < &, it represents the amplitude for the emission from thedhfiroton of
a quark with momentum fraction + ¢ and of an antiquark with momentum fractign- «;
finally, in the region—1 < = < —¢, we find the equivalent of the first region, but now
considering the emission of an antiquark with momentuntiwag — = and the absorption
of an antiquark with momentum¢ — 2. In the first and third regiong#£| > ¢), the scale
evolution of the GPDs is given by the DGLAP equations [21, 22, 24], whereas in the
region|z| < ¢ itis described by the ERBL equations [25, 26]. Therefore fdrmer regions
are referred to as the DGLAP region and the latter is refetweas the ERBL region. An
explicit decomposition of the GPDs defined in equations)(@r@l (2.7) in terms of creation
and annihilation operators can be found in reference [12].

The Mellin moments of GPDs have the property of polynomjalis a consequence of
Lorentz invariance [27]. This means that thdependence of the n’th Mellin moment of the
GPD is given by a polynomial i of ordern + 1 at most:

1
/ dea™ Hi(z,6,t) = 3™ (&) + 3™ (6) € + ...+ hiF () e+,
1

1
/ dea E9(x,&,t) = el () +elM(6) 2+ @) et (2.8)
1

Because of time-reversal invariance, the polynomial dostanly even powers of. Thus
the highest power ig is n for n even, andh + 1 for n odd. For the spin-dependent quark
helicity-conserving GPDs analogous relations hold, ekt the polynomial is at most of

ordern, thusn for n even, andh — 1 for n odd. Forn odd, the coeﬁicient&ffff (t) and
efff}(t) of the GPDsH andFE are related as [12]:

1) () = —hI (1), (2.9)

In the forward limit oft = 0 and¢ = 0, the GPDsH¢, H4, and H{. reduce to the parton
distribution functions (PDFs)(x), Aq(z), anddg(x):

H9(x,0,0) = q(x), H(z,0,0)=Ag(z) for x>0,

Hi(x,0,0) = dq(x) for = >0, (2.10)
and corresponding relations for antiquark distributioosisf < 0. The spin-independent
distributiong(z) represents the probability to find a quark of flagavith momentum fraction

x in a proton in the infinite-momentum frame; the helicity dimtition Ag(x) represents the
difference in number density of quarks of flauphaving the same and opposite helicity

7



2. Deeply virtual Compton scattering and generalized pedistributions

as the target proton in the infinite-momentum frame. Thestrarsity distributionjg(x)
only has a probabilistic interpretation in the basis of $rarse spin eigenstates. It relates
to the difference in number density of quarks with their spligned and anti-aligned with
respect to the transverse spin of a fast-moving proton. Tételilitionsg(z) andAg(x) are
well known, see, e.g., references [28] ig:) and [29] for A¢(z). The extraction of the
transversity distribution is more intricate due to its elfiodd nature. A first extraction was
possible based on the combination of data sets from sevgrafieents [30]. As can be seen
from equations (2.6) and (2.7), the GPBsand £ are multiplied withA and thus vanish in
the forward limit. The same holds for the quark helicity-G# Ds.

For gluons only2 GPDs are accessible in the forward limit:

H9(x,0,0) = zg(x), HI(x,0,0)=zAg(z) for x>0, (2.11)

and corresponding relations for< 0. For the definition of the gluon GPDs, reference [13]
is followed. Analogous probabilistic interpretations asthe quark distributions hold for the
spin-independent(x) and spin-dependenrty(z) gluon distributions. The spin-independent
distribution is well known; the spin-dependent distributis much less constrained [28, 29].
Itis clear that the gluon helicity-flip GPDs must decoupléhia forward limit, since here a
change of helicity by units cannot be compensated by a spi2-particle.

Integrating the quark helicity-conserving GPDs owgone finds the elastic form factors:

"1 1
/ dr H(z,&,t) = Fi(t), / dr E(z,&,t) = Fi(t), (2.12)
1

-1

.1 1
/_1 de Hi(z,&,t) = g% (1), /1 dr E(z,&,t) = gh(t), (2.13)

with F{(t) and F3 () the Dirac and Pauli form factors, apd (¢) andg?(¢) the axial-vector
and pseudo-scalar form factors for the quark of flayor the nucleon. These relations show
that GPDs allow for a decomposition of the form factors ingibndinal momentum fraction
x. In other words, GPDs allow to determine how many quarks wittmentum fraction:
contribute to the form factors.

Through the construction of impact-parameter dependetdmpdistributions (IPD-PDFs),
it is possible to locate quarks in the transverse plane [B2% position of the quarks is here-
with defined with respect to the transverse center of lodgial momentum?, i.e., the
average of the positions of quarks and gluons weighted Witir fongitudinal momentum
fraction:

RL = Z TiT 1 - (2.14)
1=q,9

The IPD-PDRy(z, b, ) is then constructed from the GPB?, takingé = 0, as:

AL 2\ —iby A
q(zabl_): 472 Hq(z,O,—AJ_)e + La (215)
u

wheret = —A?% for ¢ = 0. The IPD-PDFq(z,b ) represents the probability to find a
quark of flavorg with longitudinal momentum fractiom and at a transverse distaricewith

8



2.2. Generalized parton distributions

respect taR . Analogously the Fourier transform éf(z,0,t) yields the spin-dependent
IPD-PDFAq(z, b, ). For a proton polarized in a direction other thare.g., along the axis,
the GPDE describes the distortion of the spin-independent quatkibiigion in the direction
alongy:

0
2 M, a_byg

wheregx (x, b, ) is the spin-independent quark distribution for a protoriwsftin-polarization
along ther direction and€?(z, b, ) is the impact-parameter dependent distribution built from
GPDE(x,0,1).

Another very important aspect of GPDs is their connectiath wie angular momentum
of quarks,J?. GPDsH? and F? allow access to the quark angular momentum through the Ji
relation [33]:

qx(x,b1) =q(z,by) + T x,by), (2.16)

1 1
J4 :%ir%Q dex [HY(z,§,t) + EY(x,&,1)]. (2.17)
- -1
The angular momentum? can be decomposed into the helicity contribution and thercon
bution from orbital angular momentum:

1
J9= 5(qutch)Jqu, (2.18)

and allows to extract the quark orbital angular momenfifm The Ji relation also allows
access to the gluon angular momentuift,

1

7o =tim = [ de [HO(@,60) + B2, €, 1)], (2.19)
- 0

or alternatively, /¢ can be evaluated from the proton spin d$: = % — > J4. Afurther
gauge-invariant decomposition df does not exist. Contrary to the quark helicity distri-
bution, L? and J¢ do not have a partonic interpretation in terms of differencenumber
densities. Interactions prevent a clean separation inte guark and gluon contributions.

A differentdecomposition of the proton spin exists [34].rél¢he proton spin is separated
into the individual contributions from the quark helicitiie gluon helicity, the quark orbital
angular momentum, and the gluon orbital angular momentunthé light-cone gauge all
quantities are interaction independent, and a clear irg&fion in terms of number densities
exists for each of the four terms. The quark helicity conttitin from this decomposition
coincides with the one in equation (2.18); the gluon hslicibntribution corresponds to
Ag(x) from equation (2.11). However, for the determination of dhieital angular momenta
no experimental channel has so far been identified.

2.2.3 Parametrization of GPDs

At present, the extraction of GPDs relies on phenomencéb@arametrizations. A func-
tional form for GPDs that contains a certain number of frempeeters is here assumed. The
free parameters can be obtained from fits to measured crosnseor asymmetries. As an
example, the parametrizations used in the VGG model [27aB5briefly discussed here.

9



2. Deeply virtual Compton scattering and generalized pedistributions

GPDs can be represented in terms of double distributions33p For GPDHY this
reads:

1-|B| 2
H(z,€,1) / ds dad(z—f—a) HY (B, a,t)+0[1— 22 1DI(Z,1). (2.20)
—1418] £ £
For GPDE? an analogous expression applies, except that the secandst@receded by a
minus sign. This representation satisfies the polynomgiplioperty, given in equation (2.8).
The terme(f, t) is the so-calledD-term which generates the highest powercifor n

odd [38]. Because of the step functi6fi — g—j], it only contributes in the ERBL region.

The spin-dependent GP%? and £ can also be represented by double distributions as in
equation (2.20), but here the-term does not contribute at all. The parametrized form ef th
D-term is obtained by expanding the term in a Gegenbauer poijal, and using as values
for the coefficients calculations from the chiral quarkiseol model [39].

The double distribution is further written as:

Hp (B, at) = B (8, 0) H(5,0,1), (2.21)
whereh®) (3, a) is a profile function of the form:

[1 -8 — o

h(b)(ﬂ7a) X (1 — |ﬁ|)2b+1

(2.22)
The parameteér is a free parameter that controls the strength of the depeeds the GPDs
on&. Inthe limitb — oo, they become independent &f The parametel can be chosen
independently for sea quarks and for valence quarks.

As ansatz forH?(3,0,t), a factorized form can be chosen, where thdependence is
modeled by the spin-independent PDF anditdependence by the Dirac form factor, satis-
fying relations (2.10) and (2.13). This ansatz is howevsfadiored based on phenomenolog-
ical and theoretically motivated considerations [40].efftatively, a Regge-based ansatz can
be opted for [27]:

HY(3,0,t) = (8), (2.23)

|5|a'tq
with o the slope of the Regge trajectory agi@h) the spin-independent PDF.

The parametrization of GPE ¢ follows the same procedure. For G the constraint
from the forward limit is absent. Instead, a PDF is consgddrom contributions from
valence quarks, following the shapegfr), and sea quarks, which according to the chiral
quark-soliton model is narrowly peaked aroune- 0. Finally, GPDE? is assumed to only
receive contributions from the pion pole, of the fotp(m?2 — ¢), with m., the pion mass.

2.3 GPDs and DVCS amplitudes
DVCS amplitudes can be expressed in a basis of so-called @onfkrm Factors (CFFs).

These CFFs are the convolution integrals, mentioned pusljipof the hard-scattering ker-
nels and GPDs, where the hard-scattering amplitude malees tomplex functions. At
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2.4. Exclusive lepto-production of real photons

leading order inv,, the CFFSF = {H, £} andF = {H, £} are written as:
Ft) = 22/1d Fi(z,&,t) 1 (2.24)
’ N qeq _1 TEARS E—x—ie E4ax—ic)’ '

2 1d F t ! ! 2.25
Saf wieen (o en) @
(2.26)

F(t)

whereF? refers to the GPD#/¢ and E?, and F'? refers to the GPD#/¢ and E%. TheQ?
dependence of the CFFs is here not explicitly written. Attriexieading order im also
gluon GPDs enter the expression of the CBFand F. Analogously, also twiss- CFFs,
written in terms of twist3 GPDs, exist.

From the above equations the interplay between the longalichomentum fractions
and¢ in the DVCS amplitude becomes apparent. The simultaneqendence of the hard-
scattering kernel and the non-perturbative amplitude enahgitudinal momentum fractions
x and¢ does not allow direct access:taand to the GPDs [6] Instead, at present, GPDs are
constrained based on phenomenological parametrizations.

A possibility to gain in the future more direct informatiobaut GPDs is provided by the
study of double DVCS, i.e., DVCS where the final-state phasoalso virtual, and subse-
quently decays into, e.g., a lepton pair [41].

2.4 Exclusive lepto-production of real photons
Deeply virtual Compton scattering can be accessed in tHesxe process:

e(k) +p(p) — e(k) +p@") +(d), (2.27)

where a high-energetic lepton, positron in the presentysisdscattered off a proton, with
as a result a final state that consists exactly of the scdttepon, recoiling proton, and
real photon. Again, the quantities between brackets in temps(2.27) represent the four-
momenta of the respective particles. The interaction ofefleetron with the proton is in

good approximation mediated by the exchange of a singleatiphoton (at the energies
considered here).

Apart from the DVCS process, the exclusive reaction (2.239 &ncludes the Bethe—
Heitler (BH) process. Here the real photon is radiated byitheming or scattered lepton.
The DVCS and the BH processes are depicted in figure 2.2. Siotteprocesses have the
same initial and final states, their contributions add cehtly.

2.4.1 Kinematic variables

Variables needed to describe the DVCS process are recotestritom the four-momenta of
the particles appearing in equation (2.27).

lexcept atr = +¢£, as shown in subsection 2.4.3.

11



2. Deeply virtual Compton scattering and generalized pedistributions

Figure 2.2: DVCS process (left) and BH process (center ajitt)ii For the DVCS process, a
second diagram is obtained by interchanging the quarkephagrtices.

The photon virtualityQ:
Q* = —F=—-(k-kK)? (2.28)
0
L AEE'sin?(= 2.2
sin (2), (2.29)
can be calculated in the laboratory frame (lab) from the gnef the initial leptonE, the
scattered leptork’, and#, the angle of the scattered lepton with respect to the inagmi

lepton & beam axis).
Another Lorentz invariant quantity is

bq
= X 2.
v M, (2.30)
Y E-F, (2.31)

representing in the laboratory frame the energy trangddyyehe scattered lepton.
The variabley:

y = ™ (2.32)
pk
lab %, (2.33)

represents in the laboratory frame the fractional eneggysfier to the nucleon.
The Bjorken scaling variable is given as:

rp = Q—2 (2.34)
2pq
_@

= My (2.35)
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2.4. Exclusive lepto-production of real photons

Figure 2.3: Azimuthal anglé between the lepton-scattering plane and photon-productio
plane.

The squared invariant mass of the photon-nucleon systegfiised as:
W2=(p+q)*= Mp2 +2Mur — Q2. (2.36)

The above variables enter the description of deep-inelastttering (DIS) processes,
and are sufficient for the description of inclusive processéere only the scattered lepton
is reconstructed. For the description of the exclusive D\W&&ess, an additional invariant
guantity is needed, namely the Mandelstam variable

t=@p-p)=@—-q), (2.37)

which can be calculated from the additionally detected paakon or the recoiling proton.

2.4.2 Cross section

The four-fold differential cross section of process (2.8@Qiven by:

3
do O TBY 2

dxp dyd|t| do 87 Q2 /1+4$QBM§/Q2

with a.., the fine-structure constant andhe charge of the lepton. The anglés the angle
between the lepton-scattering plane, formed by the trajest of the incoming and outgoing
leptons, and the photon-production plane, determined éyitttual and real photons. The
definition of the angle is illustrated in figure 2.3. The amplitudecontains the coherent
sum of the BH and the DVCS processes:

T
e3

(2.38)

% = |rpul* + Irpves® +Z, (2.39)
with the interference teri@ given by:
T =7pvcsTpr + ThvesTBH- (2.40)

13



2. Deeply virtual Compton scattering and generalized pedistributions

The angular dependence of each term in equation (2.39kdrism the contraction of
leptonic tensors, describing the-v* part of the interaction, and hadronic tensors, describing
they* — p part. The terms can be decomposed in a finite sum of Fouriendvacs. For
scattering on an unpolarized nucleon target, this decoitimoseads [97:

2 _ e BH . BH
|TBH|" = g2 L (Lt A2 M2/ QP2 Pi(9) Pa(d) {CO +;cn cos(ngb)}, (2.41)
6 2
IToves|? = y:QQ {céjvcs + Z cPVES cos(ng) + AsPVES sin(qb)} , (2.42)
n=1
7= S LN NS s 2.43
" TR @ | 2 )+ A D msinnd) (24

where+ (—) stands for a negatively (positively) charged lepton be@ihe beam polarization
is referred to by\. The Fourier components are functions:f, ¢, andQ?. The BH amplitude
is real and calculable in quantum electrodynamics (QEDRJeftends on the Dirac and Pauli
form factors, which are well measured at sma[42]. The quantitiesP; (¢) and Pa(¢)
represent the BH lepton propagators. They are of the fdrm K cos(¢). The coefficients
belonging to the interference term are linear functionshef previously introduced CFFs.
The coefficients entering the Fourier decompositionf . are bilinear in the CFFs.

The coefficientseZ, ¢, %, andcfVCS are given in terms of twist- GPDs, withcZ
appearing at twiss, i.e., suppressed dg'Q; the coefficients:Z, sZ, PV, andsPVEs
are related to twiss- GPDs; the coefficients? andclV ¢ are induced at twis2 by gluon-
helicity-flip GPDs, suppressed as /7, and also contain twist-contributions from quark
GPDs.

2.4.3 Beam-helicity azimuthal asymmetry

At leading twist the interference term vanishes after iraéign overg, sincec? is kinemat-
ically suppressed ak/@Q. The measurement of the cross section (2.38) integrateddove
thus allows to access the DVCS cross section, after sulatnact the BH cross section. At
HERMES kinematics the BH cross section dominates the DV@Sscsection by at least
an order of magnitude [43], rendering the extraction of th&CI3 cross section impossi-
ble. On the other hand, access to the interference term shpeshrough the measurement
of cross-section differences or in order to avoid measunesnef absolute cross sections,
which require a good normalization, and to reduce the infleesf the detector acceptance,
through the measurement of asymmetries. The interferengealso has the advantage that
its Fourier coefficients are linear in the CFFs, whereas|raady mentioned, for the DVCS
cross section the Fourier coefficients are bilinear.

The present work deals with the measurement of the bearitielsymmetryA;,; (¢):

B do™ —do™
do— +do’

°Note that the angle from reference [9] is defined agg =7 — ¢, resulting in opposite signs for the even sine
and odd cosine coefficients.

Aru(9) (2.44)
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2.4. Exclusive lepto-production of real photons

using an longitudinally £) polarized positron beam and an unpolariz€( roton target. It
is given as the ratio of the difference in normalized yieldhwositive (—) and negative{-)
beam helicity to the sum of these yields.

Written in terms of the Fourier coefficients, the asymmetads:

Arv(o) =

2
fKIP(gb)Zs% sin(ng) + Kpycos sV sin(¢)
n=1

3

2 3 2
P(o) KBHZCEH cos(ne) — KIZC% cos(ng)| + Kpves Zc{?vcs cos(ng)
n=0 n=0 n=0
(2.45)
where we have implied that the measurement uses a positam.b&he factors<zy,
Kpves, andK7 refer to the kinematic prefactors appearing in equation&l(? (2.42), and
(2.43) respectively. The lepton propagators are combintdi (¢) = P1(¢) Pa(¢).

The numerator contains two terms withsia(¢) modulation, which experimentally can
not be disentangled. Of these terms, o#flys a leading-twist term, wherea8"V " involves
a product of twist2 and twist3 CFFs. Thein(2¢) modulation also appears at twistin the
denominator, the dominant contribution arises from the Bipltude, and in particular from
the ¢’ coefficient. Considering only the dominant contributions, can approximate the
asymmetry as:

rB (1 +4$QBMPQ/Q2)2 5:12

Apu(¢) =~ - ) BT sin(¢)
~ —%Bc‘i sin(9). (2.46)
0

(The last step is justified since the term between brackétifirst equation is close to unity.)
The asymmetry has thus predominanthyiia¢) modulation. Note that the coefficient§
ands? have different kinematic dependencies, so that effegtive asymmetry is in addition
dependent onand@?.

Within this approximation, the asymmetry can be relatechugghs?, to the imaginary
part of the photon helicity-conserving DVCS amplitutte’!, as Ay oc sf oc S(ML1L),
with

MY = P (t)H(E ) + —2

(Fy(t) + Fa(t)) H(&, 1) —

t
F: . (247
o ROEED. @47)
Here I, and F; represent the Dirac and Pauli form factors, respectivehe @ontributions
from the CFFgH and& are kinematically suppressed with respect to the GHR the kine-
matic region covered by the HERMES experiment.
Separating the CFF? at leading order imv, into its real and imaginary part:

! 1 1
— 2 _
RH(E ) = Eq eqPV/_ld:CHq(m,f,t) [gx §+x] , (2.48)

2*$B

3An equivalent decomposition also applies for the CFES, and€.
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2. Deeply virtual Compton scattering and generalized pedistributions

SH(E ) =7 Y el [HIS &) — HI(=&,6,1)] (2.49)
q

with PV Cauchy’s principal value, one can see that at leading ordey the imaginary part
of the CFF allows direct access to the GPD at the points: = +£, the boundaries between
the DGLAP and ERBL regions. At next-to-leading ordeninthe imaginary part of the CFF
probes the DGLAP regiorjz| > £. The real part of the CFF involves both the DGLAP
and the ERBL regions, but appears as a convolution integiralady at leading order in;.
Access to the real part of the amplitude is provided throbhgtcoefficient!, accessible via
the extraction of the beam-charge azimuthal asymmetry.

2.5 Associated DVCS

The GPDs discussed so far describe the structure of the aafophard exclusive reactions
where the nucleon stays in its ground state. For the demuript processes where the nucleon
is excited to a resonance state, exg-» A, transition GPDs need to be introduced. In this
section we concentrate on theA transition. Thep—AY andp—A~*T transition GPDs are
related to the—A* transition GPDs through isospin symmetry. There also érasisition
GPDs to describe transitions from the proton to other sibgigyon states, e.gp — n,
or to continuum states, like — prY. The latter have been described and estimated in
reference [44] in the limit of small pion momentum in termsiotleon GPDs.

Thep—AT transition GPDs can be accessed in the hard exclusive [moces

e(k) + p(p) — e(k") + A7) +~(d). (2.50)

The formedA™ resonance decays mainly inpar®, with a branching ratio of- 67%, or
into n+, with a branching ratio of~ 33%. Analogously to the elastic process, the pro-
cess (2.50) receives contributions from associated DVC&revthe real photon originates
from the hadron, and from associated BH, where the photoedigted by the incoming or
scattered lepton. The interference of the two associatecegses shows again a character-
istic angular structure [6], allowing access to transit@®nDs through, e.g., the study of the
beam-helicity azimuthal asymmetry [44].

The factorization theorem valid for the elastic DVCS pracakso remains valid for as-
sociated DVCS (and for transitions other than— A™) in the generalized Bjorken limit,
provided that the invariant mass of the final hadronic sgseriall in comparison witt)?, as
is also implicit for elastic DVCS when referring to the Bjerklimit. For a complete descrip-
tion at leading twist of the quark distributions eight leaglp—A* transition quark GPDs
are needed [45], in accordance with the number of indeperdicity transitions for the
quark-hadron system [6]. Analogously to equations (2.6))@n7), they are defined through
non-diagonal matrix elements of products of quark fieldgaticone separation. Four GPDs
relate to the vector twist-operator and four to the axial-vector twizbperator.

As for nucleon GPDs, the transitigr-A+ GPDs are real valued. They contain infor-
mation about the distribution of quarks with respect torthelicity state, their longitudinal
momentum, and their transverse position. Their first monent relates them to transi-
tion form factors. For one of the vector transition GPDs thst fmoment vanishes, since
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2.6. DVCS at HERMES

gauge invariance for the nucleon electromagnetic currpataior leads to only three vec-
tor transition form factors [44]. The remaining three foractors are the magnetic-dipole,
electric-quadrupole and Coulomb-quadrupole transitammffactors. The spin-dependent
quark transition GPDs relate to the axial-vector curgent A* transition form factors [27].

In the largeN, limit, i.e., in the limit of an infinite number of colors, theqion and
AT appear as different excitations of the same object, narhelgadliton [46]. In this limit,
estimated to be accurate at tB@% level [44], three transition GPDs out of the seven tran-
sition GPDs with non-vanishing first moment are dominang spin-independent transition
GPD and two spin-dependent transition GPDs. They relategt@toton GPDs a8* — E¢,
H"— He andE“— E4, respectively. In this limit associated DVCS allows to peafifferent
flavor combinations of the nucleon GPDs, since elastic DV@B@s in general combinations
of the types F + $ F'?, whereF'? represents a generic proton quark GPD.

2.6 DVCS at HERMES

Various azimuthal asymmetries for the procegs— epy have been measured at the HER-
MES experiment. The first measurement was performed usimmgitudinally polarized
positron beam and an unpolarized hydrogen target, allofidnghe extraction of the az-
imuthal beam-helicity asymmetry [47]. From measuremerith & positron and electron
beam, the beam-charge azimuthal asymmetry was extradd&dT4is asymmetry is, as al-
ready mentioned, sensitive to the real part of the photaoityebonserving DVCS amplitude
M"Y (see equation (2.47)), which is dominated by the GZEFThe combination of measure-
ments with a longitudinally polarized positron and elentbeam allowed for the separation
of the coefficients? andsPV ¢S in equation (2.45) [49]. Also azimuthal asymmetries from
data collected on a longitudinally polarized hydrogeneattave been measured [51]. These
are dominated by the GPB. Finally, data collected on a transversely polarized préaoget
allowed for the extraction of asymmetries that are mainhs#iere to GPDE [50]. This GPD
enters in combination with GPH the Ji relation (2.17).

Theep — epy process was for all these measurements reconstructed lfr@phbton
and scattered lepton. The proton could not be detected dtgeltav energy and its angular
distribution. Instead, the missing mass squav&tl was reconstructed:

M5 = (q+p—d)> (2.51)

and appropriate constraints were placed on its value foetleat selection. The resolution
of the HERMES spectrometer, however, does not allow to sepéne elastic DVCS and BH
processes from the associated procepses A™ and continuum-state transitions. In order
to reduce the background from associated production, amd dther DIS processes, a recoil
detector was installed around the target area to allow fed#tection of the low-energetic
final state particles. This detector is described in theofalhg chapter, together with the
HERMES spectrometer. In chapter 5 the elastic DVCS and Bldgeses are studied using
the recoil detector, and signals from associated produgtie: A™ are isolated. The latter
also receive contributions from the continuum-state ftams.
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3. HERMES experiment

The HERMES (HERa MEasurement of Spin) experiment at the HERWrage ring at
DESY? started data collection it995 with the aim of analyzing the quark-gluon spin struc-
ture of the nucleon, through the study of asymmetries. Thkeffire years of data collection,
using a longitudinally polarized lepton beam and longitadly polarized gaseous targets,
concentrated on the investigation of parton helicity disttions. More specifically, the anal-
ysis of semi-inclusive DIS events, i.e., where in additiorthte scattered lepton one or more
hadrons created in the interaction are reconstructedjgessensitivity to the flavor of the
struck quark, and resulted in the extraction of flavor-dejeen quark helicity distributions.
In a later period, a transversely polarized target allowerldollection of data needed for
the understanding of the spin structure of a transversdpriged nucleon, which because
of the relativistic nature of partons, differs from the sptructure of a longitudinally polar-
ized nucleon. In the last two years of data taking, frizi6 until 2007, the polarized-target
setup made place for the recoil detector, with data cobeatin an unpolarized hydrogen and
deuterium target to improve the study of DVCS, by stronghueing the contribution from
background processes.

In the present chapter the HERMES experiment is describél gmphasis on the detec-
tor components of importance for the analysis reportedigwtiork.

3.1 The HERA lepton beam

The HERA beam facility was operational urizl07. It consisted of two independent storage
rings, sharing the same tunnel [52]. They were located atpshdef 15—-30 m below the
surface and had a circumferencesad km. One storage ring circulaté®0 GeV (820 GeV
before1998) protons; the other storage ring contained either elestorrpositrons with an
energy of27.6 GeV. Before injection in the HERA rings, protons and leptaese processed
by a series of linear accelerators and synchrotrons. Thagelerator system and the HERA
configuration are depicted in figure 3.1. The PETRA storagg formed the last stage of
the pre-accelerator system and injected protons with arggioé 40 GeV and leptons with
an energy ofl2 GeV into the HERA rings. The counter-rotating lepton andt@ndoeams
were brought head-on into collision at two interaction p&inThe interaction points were
situated at the north and south halls, where, respectivedyexperiments H1 and ZEUS were

IHadron Elektron Ring Anlage
2Deutsches Elektronen Synchrotron
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Halle Nord (H1)
Hall North (H1)

Halle Ost (HERMES) |
Hall East (HERMES)

Halle West
Hall West

«— Elektronen / Positronen
Electrons / Positrons

< Protonen
Protons

<A Photonenstrahlung

Photon Radiation /

Halle Siid (ZEUS)
Hall South (ZEUS)

Figure 3.1: Schematic representation of the HERA storagg aind the system of pre-
accelerators. After processing and acceleration in theAQNinear accelerators, DESY
synchrotrons and the PETRA storage ring, electrons or nposit(red) with an energy of
12 GeV and protons (blue) with an energy4tf GeV were injected in the HERA storage ring
and further accelerated to an energy of respecti2@ly GeV and920 GeV.

located. These experiments, started ug982, measured the unpolarised structure of the

proton with high precision, down to low valuesim (~ 10~%) and over a large range >

(10° GeV? <Q@? < 10* GeV?). The east and west halls enclosed fixed-target experiments

The west hall contained the HERA-B experiment. This expenticollected data unt?003

for the analysis of CP violation in B-meson decay, by scattgneam-halo protons off a fixed

wire target. The east hall was home to the HERMES experiniére HERMES experiment,

as already stated, made use of the lepton beam and of a gesitaegnal to the beam line.
The lepton beam was structured ir¥o ps long bunches, separated from each other by a

time period of96 ns. A completely filled ring could contaiil0 bunches, but only around

180 bunches were stored. The empty lepton bunches were paitikdileéd proton bunches

and with empty proton bunches. This allowed the study of geaknd events. The lepton-

beam current at injection amounted-to40 mA. Over a period of approximatelyd hours

the beam current decreased exponentiallystinA, after which data collection continued for

aboutl hour with the density of the HERMES target increased. Therbeas subsequently

dumped, and preparations for a new injection of leptonstimcstorage ring resumed. Such
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Figure 3.2: lllustration of the spin-rotation system iist upstream of the HERMES exper-
iment. The upper two drawings show the deflection of the beajedtory in the horizontal
and vertical planes, and the lower drawing shows the ageadcspin orientation.

one cycle of data collection is called a fill. Since the lifieéi of the proton beam largely
exceeded the life time of the lepton beam, a refill of the prdteam line was necessary only
every second or third lepton-beam refill.

Through a spin-flip asymmetry in the emission of synchrotaahiation in the magnetic
fields of the guiding dipoles (the Sokolov-Ternov effect]}5& vertical polarization of the
positron (electron) bear?(¢), with spin states parallel (anti-parallel) to the magnégtd,
was built up gradually over time, according to:

P(t) = Py (1 —e7t/7), (3.2)

where the asymptotic polarizatidn,, and the rise-time constantare characteristic of the
ring conditions. For a perfectly flat orbit, the theoretigahaximal achievable polarization
Py, 1s 92.4%, and the associated rise timg,, which depends on the radius of the storage
ring and the beam energy, 3§ minutes for a HERA-type storage ring at lepton-beam en-
ergies 0f27.5 GeV [54]. Various depolarization effects, e.g., from snrmaibalignments of
the magnets, substantially limit the polarization to lowalues, and affect the rise timeas

T = Py (min/Pip,). For the data analyzed in the present work the average bekamzation

is on the order of0% with a rise-time belov20 minutes. A 56 m long string of three pairs
of horizontally and vertically bending dipole magnets,csdled spin rotators [55], placed
upstream of the HERMES experiment rotated the vertical bggminto a longitudinal beam
spin, as depicted in figure 3.2; spin rotators downstreanm®MHERMES experiment per-
formed the opposite spin rotatibriThe longitudinal beam polarization was measured down-
stream of the HERMES interaction point by the longitudinalapimeter, the LPOL [54];
the transverse polarization was measured downstream dfifiA-B experiment by the
transverse polarimeter, the TPOL [56]. Both polarimeteesasured signals from Compton

3Beam polarizations of up t00% were achieved in previous years, with polarization vat@amonly between
50% and60%.
4After 2001 also the experiments H1 and ZEUS were provided with spirocta
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Figure 3.3: Example of the build-up of the beam polarizatiasm measured by the TPOL
(blue) and the LPOL (red).

back-scattered photons from an intense circularly padarilaser beam. The TPOL made use
of a spatial asymmetry for left and right circularly polarklaser light, whereas the LPOL
was sensitive to an asymmetry in photon energy for phototts different helicities. The
relative uncertainty on the beam polarization from the cioat information of the LPOL
and TPOL is on the order &f% [57]. Figure 3.3 shows an example of the build-up of the
beam polarization, measured by the LPOL and TPOL.

3.2 The target cell

Over the years of data collection various targets were ustdttiHERMES experiment in or-
der to accommodate the different physics programs pursnéie first year of data taking the
target was filled with longitudinally polarized heliuty-subsequently data collection contin-
ued with longitudinally polarized hydrogeh996—1997) and deuterium1996—2000). After

a shutdown period of one year during which the HERA storagg and experiments were
upgraded, a transversely polarized hydrogen target atflalaéa collection for the transverse-
spin physics program untif005. At various moments also data were collected with the
three mentioned gas types unpolarized as well as with uripethhelium4, neon, nitrogen,
krypton and xenon. The installation of the recoil detecta2(06 forced the dismantling of
the polarized-gas system, and went along with data catlecn unpolarized hydrogen and
deuterium.

The target cell used in the last two years of HERMES operatansisted of an open-
ended elliptical aluminum tube with outer diameter@ bH0 mm (horizontally) and.05 mm
(vertically), and a wall thickness @6 ym. The active length of the tube amounted Socm,
where a gas inlet located in the center allowed for the feddydfogen or deuterium gas.
The diffusing gas atoms were pumped away at the outer ends/byygpowerful pumping
system. The tube was supported at its extremities by théesicat chamber and alignment
pins, and laterally byt mm thick aluminum plates. To suppress temperature risdedbrget
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Figure 3.4: Side-view schematic representation of the HERMpectrometer as constituted
in the year2006—2007.

cell related to the presence of the beam, these aluminumsplatre water-cooled.

In order to allow for a reasonable life time of the lepton betime density of the gas in-
jected had to be limited. During regular operation the tacgé was filled with either hydro-
gen at a density af.5 10'° nucleons/crior deuterium at a density 6f1 106 nucleons/cr.
When the lepton-beam current fell beldw mA, the gas density was increaseditd 101¢
nucleons/crhfor hydrogen and.6 10'¢ nucleons/cri for deuterium [59].

3.3 HERMES spectrometer

The HERMES detector components were mounted on a largeptathat, together with
the electronic trailer (ET) containing the electronics @ad systems, could move on rails.
This provided access withi24 hours for the HERA maintenance tram. A large concrete
wall shielded the radiation zone from the remaining parthef hall, allowing access to the
equipment stored in the ET during data collection.

For further reference, the HERMES right-handed coordifrat®e is defined here. The
z axis has its direction parallel to the beam line, orientemglthe lepton-beam momentum.
They axis points upwards, and theaxis points then horizontally towards the outside of the
HERA ring. The target-cell center is located(at y, z) = (0.,0.,12.5) cm.

The HERMES spectrometer was designed with forward geontetdetect and recon-
struct energetic particles originating from the beam extéon with the target nucleons. It
consisted of two symmetric halves, above and below the bioté plane, centered horizon-
tally around the lepton beam line. The proton beam line raallghto the lepton beam line
at a distance of2 cm. A side view of the spectrometer configuration is shownguargé 3.4
with indication of its geometrical dimension. Also the réctetector, surrounding the target
cell, is depicted. This detector entity is described in aasaf@ section.
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3. HERMES experiment

The detector components depicted in red in figure 3.4 arerdlokihg detectors. Sepa-
rated by the magnet, shown in blue, they are grouped intod-fracking system, formed by
two front chambers (FCs) and the drift-vertex chamber (DM@) a back-tracking system,
formed by four back chambers (BCs). They allowed for the mstriction of the trajecto-
ries of charged particles and of the momenta of these pestiédfom their bending when
passing the magnet. Contained inside the magnet three fsgtepmrtional chambers pro-
vided tracking possibilities for low-energetic particleSilicon detectors, installed 2001,
also contributed to the tracking of low-energetic parsclslore specifically, they were con-
structed to increase the acceptanceXdryperons. Information from the latter two detector
components is not used in the present analysis.

A very good discrimination between leptons, i.e., elecdron positrons, and hadrons
is based on signals from the transition-radiation dete€i&D), the preshower, and the
calorimeter. The ring-imagir@erenkov (RICH) detector allowed for the distinction betwe
kaons, protons, and pions. The hodoscopesHH, the preshower and the calorimeter were
used for the generation of trigger signals. As for neutratiplas, more specifically photons,
the calorimeter and the preshower were the only detectpihba of detecting them.

For the measurement of the luminosity, a luminosity monitas inserted in between
the two halves of the calorimeter after injection of the égpbeam. This detector, built
of small calorimeter crystals, detected electrons fromIdtadcattering or positrons from
Bhabha scattering off the electrons of the target atoms gdlsas photons from the annihila-
tion of positrons with the atomic electrons.

The spectrometer covered a vertical acceptance in scagtarigle betwees-40 mrad
and+140 mrad; the horizontal angular acceptance was limiteti 130 mrad.

3.3.1 Tracking system
The dipole magnet

The dipole magnet provided a vertical magnetic field, withirtegrated field strength of
1.3 T.m. An 11 cm thick steel plate mounted in the symmetry planes shiebd¢d HERA
beams as they passed through the dipole field. Additionallgprrection coil inside the
lepton-beam shielding corrected for imperfections in tregnetic shielding and for fringe
fields. Field clamps fixed in front and behind the magnet wohithe fringe fields at the
adjacent drift chambers to belawl T.

Tracking detectors

The drift chambers of the front- and back-tracking systemssisted each of six planes,
with alternative anode and cathode wires spanned betweendthode planes. Two planes
had their wires orientated vertically, whereas the other fad their wires inclined pair-
wise by30° and—30°. Two paired planes were offset with respect to each othealfytne
distance betweef consecutive plane wires, in order to resolve tracking amb&s. The
front-tracking system was used for the reconstruction efitiieraction point of the beam
particles with the target atoms and for the determinatiothefscattering angles of the de-
tected particles with respect to the lepton beam. The badking system was used for the
reconstruction of the particles’ trajectories after ttsflection by the large dipole magnet.
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3.3. HERMES spectrometer

Track reconstruction

The HERMES reconstruction program (HRC) reconstruct&s&om charged particles [60].
It is based on a pattern-recognition fast tree-search itihgor Once the front and back
straight tracks are reconstructed, they are combined d#iermination of the particle’s
momentum. On average, a momentum resolutiodpgp < 2.6% and an angular resolu-
tion of 46 < 1.8 mrad are obtained. Sin@&908 a second program, the HERMES tracking
code (HTC), provides an improved track reconstruction.[61TC is not a track-searching
algorithm; it uses the tracks found by the HRC code, and fissdhtracks through an ad-
vanced procedure. Contrary to HRC, the used fit routine doésegard partial tracks as
straight sections with track slopes and momenta constapbgition space, but using the
Kalman-filter method, works locally. It considers non-Bmdrack propagation with track
slopes and momenta parametrized with a dependence on thiempasong the beam line.
This code takes effects related to multiple-scatteringpinogeneity in (recoil-detector and
dipole) magnetic fields, and detector misalignment in aipeaway into account, resulting in
a track-reconstruction with higher accuracy. An improvatos the order 025% is observed
for the overall momentum resolution as well as for the ang@solution at low-momentum
values [62].

For the determination of the vertex several topologies aresicered: either the inter-
section point fron® or 3 tracks is reconstructed, or the intersection point from a single or
multiple (up to3) tracks with the lepton beam, taking into account its positind slope, is
reconstructed. For the present analysis, the interseatiasingle track with the lepton beam
needs to be considered, as will be clarified in chapter 5. @megertex is determined, one
can chose to refit the tracks with this additional informatio not. The former solution was
chosen for the study described here. The quality of recoctstn of tracks and vertices is
provided under the form of track probabilities and vertealyabilities, allowing the user to
decide if a track or vertex satisfies the necessary qualifyirements.

3.3.2 Patrticle identification

For the discrimination of various particle types, the resas of four detectors are utilized.

The transition-radiation detector, the preshower, anddt@imeter allow to distinguish elec-

trons and positrons from hadrons; the ring-imag@erenkov (RICH) detector identifies pi-

ons, kaons, and protons. At momenta belbweV, the latter detector also contributes to
the identification of leptons, but in view of this low threthoit is not used in the present

analysis.

Transition-radiation detector

The transition-radiation detector exploits the propdngt relativistic charged particles cross-
ing media with different dielectric constants emit traiogitradiation at the boundary of these
media. Since the Coulomb fields induced by a traveling dartit media with different di-

electric constants differ, a transition field, observedasdition radiation, is created to ensure

5This limit is dictated by the low track multiplicity at HERME i.e., 1.4 tracks per event and the absence of
analyses considering more thairacks per event.
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Figure 3.5: Schematic drawing of the preshower and the icadter.

continuity of the electromagnetic field. The energy of thetesd radiation scales with the
Lorentz factory of the incident particle. Therefore only leptons produeasition radiation
in the form of X-rays in the HERMES kinematic region.

The radiator of the transition-radiation detector was fednof loosely packed, pseudo-
randomly arranged polyethylene/polypropylene fibers iiaat a diameter of arourizd) ym.
A subsequent multi-wire proportional chamber detectedréloation generated by leptons
as well as the ionization signals from these leptons and fiadrons. On average, leptons
deposited twice as much energy as hadrons. The transdiator detector consisted of a
sequence of six such arrangements.

The preshower

The preshower was built af2 scintillating paddles per detector half. They were predede
by an11 mm thick lead plate sandwiched betwekef mm thick stainless-steel sheet(=
radiation lengths). A schematic representation of theadetds shown in figure 3.5. The
scintillators had a thickness dfcm and a width 00.3 cm. The paddles were staggered
horizontally by3 mm in order to avoid insensitive areas, and were opticallypted via25 cm
long light-guides to photo-multiplier tubes. Traversiegtons initiated inside the lead plate
electromagnetic showers, of which the charged particle® websequently detected in the
scintillating material. The large energy deposition of ai)—40 MeV allows to discriminate
leptons from hadrons, since the latter loose energ¥MeV, through ionization only.

The calorimeter

The electromagnetic calorimeter, also depicted in figuse @nsisted of an array @fx 420
lead-glass blocks. A block wés) cm (=18 radiation lengths) long and covered an area of

26



3.3. HERMES spectrometer

9 x 9 cm?. Cerenkov light created by charged particles was read ouhbyopnultiplier tubes
directly coupled to the calorimeter blocks. A cluster3ok 3 blocks contained9% of the
electromagnetic shower generated by leptons. Theselgartoontrary to hadrons, deposited
all of their energy inside the calorimeter. A comparison feé deposited energy and the
reconstructed momentum allows to distinguish hadrons fegtons.

Lepton-hadron separation

The responses of the various particle-identification dets@are combined into probabilities
using a Bayesian probabilistic approach [64]. If a partigléh a specific momentum and
detector response is observed, the probabHityfor this particle to be of particle typeis
given by:

il
Zj:l,h b;Lj 7

where the sum runs over all particle types, which in the presase are electrons or positrons
(j = 1) and hadronsj(= h). The parent distributioif; represents the probability to observe
a specific detector response for a particle of tyfsking into account its momentum. Parent
distributions are determined for each particle-identifaradetector from the data collected
by imposing strong restrictions on the other particle-tdeation detectors. The flux factor
¢; is the prior probability that a particle with a given momentis of typei. Using an
iterative procedure, these fluxes are also obtained frorarexpntal data.

From these probabilities PID values are constructed as:

P; = (3.2)

PID = 1og10% (3.3)

= PID - log,, ®, (3.4)

with PID = log,,(L;/Ly) and® = ¢, /¢;. As is the case for the present analysis, the flux
factor® can be neglected if sufficiently hard cuts on the PID valueappmied. Additionally,
the flux factor might show a momentum dependence, which tlesdsito be taken into
account.

The PID values obtained for the calorimeter (BJD and the preshower (P}jp.) are
combined into PIR = PID.,; + PID,,. and the PID values from the six modules of the
transition-radiation detector are similarly summed intb® These PID values are used in
the present analysis for the selection of leptons; thefridigion will be shown in chapter 5.
The efficiency for the identification of leptons amount9%8%6 with a hadron contamination
of less tharl %.

Detection of photons

The calorimeter and the preshower were the only detectdiseifiorward spectrometer ca-
pable of detecting photons. The calorimeter allows for #wnstruction of photon energies,
since photons deposit practically all of their energy iegtis detector. A fraction of photons
initiated an electromagnetic shower in the preshower; eéethe remaining fraction only
created the first electron-positron pair inside the caleten TheCerenkov light generated
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3. HERMES experiment

by the latter group of photons was as a consequence lessaitbein but on the other hand a
larger fraction of shower particles leaked out at the doveiash end of the calorimeter blocks.

A combination of these opposite effects resulted finalhjhimineasurement of a larger signal
for this latter group of photons in comparison with equathgrgetic photons that generate a
signal in the preshower detector. This is of importancelierreconstruction of the photon

energy, as will be outlined in chapter 5. For photons creadirsignal in the preshower, a

photon-energy resolutiof®, / E., < 5% is obtained.

The position of the photons in the calorimeter plane, trars¥to the beam line, is de-
termined as a weighted average over@i#ocks of a calorimeter cluster, where the weight
is a logarithmic function of the energies deposited in edolckh The obtained transverse
position resolution amounts 5 cm [63].

3.3.3 Trigger system

Data collection in the HERMES experiment was based on asesilegel trigger. Various
triggers designed for a fast primary discrimination betweecandidate physics event and
background could initiate the readout of the HERMES detsctm addition to this type of
triggers there existed triggers that were not related ta¢lcerding of a physics event, but
that were used for the calibration and monitoring of the clets, for example, to initiate the
read out of the responses of the preshower, calorimeter@haslcopes to laser light injected
in the HERA bunch-free zone.

When a trigger initiated the readout of the detector comptsie new trigger could not
be processed, resulting in a dead time of the spectromeddpué. For data collection in
the year006 and2007, the dead time was on average belb¥b, but could at the start of
certain fills amount t@5%.

The main physics trigger of interest (for the present angllys the so-called trigget1,
designed for the collection of candidate DIS events. Thegion of this trigger was based
on signals in the preshower and the calorimeter as well aserhbdoscopes (Hand HL.
The hodoscope Hwas located in front of the TRD, as can be seen in figure 3.4.alk w
built of scintillating paddles following the same desigrtfas preshower. The hodoscopé H
consisted of two scintillating plates, one per spectromieddf. Each plate was read out by
2 photo-multipliers. This detector was located in the froattpf the spectrometer, distant
from the other trigger detectors, so that timing restritsiallowed for the exclusion of trigger
signals generated by particles originating from the prdteam. For the formation of trigger
21 the signals in each of the four detectors had to originata titee same detector half, and to
arrive in coincidence with the bunch crossing signal fromttERA accelerator. In addition
the sum of energy depositionsiradjacent columns of the calorimeter had to exceédeV
during regular data collection, ar3ds GeV at the end of a fill, when the target density was
increased.

3.4 The recoil detector

The recoil detector consists of three active detector corapts, surrounding the target cell:
a silicon-strip detector and a scintillating-fiber tracteereconstruct protons and pions, and a
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Figure 3.6: Schematic drawing of the recoil detector, witti¢ation of its division into
quadrants (q) in the HERMES coordinate frame.

photon detector built for the detection of photons, priatliporiginating from theA* decay.
The whole is mounted insidelaT superconducting solenoid. A schematic drawing of the
recoil detector is given in figure 3.6.

3.4.1 Silicon-strip detector

The silicon-strip detector is placed within the beam vacpunside the scattering chamber.
In this way the amount of material between the interactioimipand the first active detec-
tor component is minimized. This allows for the detectiorvefy low-momentum protons,
as is desirable in view of the Ji relation (see equation (2.1Vhe silicon-strip detector is
constructed ot 6 double-sided silicon-strip sensors. Each sensaisum thick and covers
an area ob9 x 99 mm?. The strip pitch amounts t658 um and the strips on either side
of a sensor are placed perpendicularly to allow for a thiegedsional space-point recon-
struction. The strips on the p-side are parallel to the beiaectibn; the strips on the n-side
are perpendicular to the beam direction. Two silicon-stepsors are glued into a ceramic
frame and form a module. Modules are placed in diamond-saapand the target cell, with
2 modules per quadrant placed in parallel. According to thisregement, the transverse area
of all recoil detectors is labeled into quadrants. Quadtadatdefined as the region with az-
imuthal angle betweesr /2 rad and2r rad, quadran? covers the regiof rad tor/2 rad,
and quadrant8 and4 follow with increasing azimuthal-angle values.

The signals from the silicon strips are transferred by Kaffiex foils to Helix chips. The
readout chips and on-board electronics are mounted onrthétdioard (hybrid in figure 3.6),
which is also located within the beam vacuum. As a consequtrey need to be actively
cooled, which is done with -F5C ethanol. Each strip is read out twice. A charge-division
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3. HERMES experiment

network couples a strip to one Helix chip directly and to &eotHelix chip through a0 pF
capacitor. With this setup a large dynamic ranger() MIPs) can be covered [66].

3.4.2 Scintillating-fiber tracker

The scintillating-fiber tracker is located outside the beeaauum, around the scattering
chamber surrounding the silicon-strip detector. It is fedhof 2 concentric cylinders, each
containing 2 layers of scintillating fibers parallel to thegln direction and 2 layers of fibers
under an angle of TOwith respect to the beam line. The detector provides as smoh t
space points for track reconstruction. T2 scintillating fibers of the detector atemm

in diameter and cover a length along thaxis of 25 cm. They are read out by 64-channel
multi-anode PMTs.

3.4.3 Photon detector

The outer recoil-detector component is the photon detelttoontains three layers of alter-

nating tungsten and scintillating material. The commisisig of this detector componentand
its role in the analysis of DVCS form the subject of the workgented here. The detector is
extensively described in the following chapter.

3.4.4 Recoil-tracking system
Track reconstruction

The silicon-strip detector and the scintillating-fiberckar both provide position and en-
ergy information. They can reconstruct protons with moradsgtweer).125 GeV/c and
1.4 GeV/c. The reconstruction method depends on the range oktmnstructed particle.
Figure 3.7 shows the energy deposited by protons in the iager of the silicon-strip de-
tector as a function of the energy deposited in the outer laf/he detector. As indicated in
the figure, protons with momenta bel®ai 25 GeV/c are stopped in the inner layer. Higher-
energetic protons, with momenta upid 45 GeV/c reach the outer layer, but are stopped
within. Finally, protons with momenta abowel45 GeV/c punch through the outer layer.
The low-energetic branch of this group is stopped in thetsdag chamber, whereas protons
with momenta above 0.2 GeV/c reach the scintillating-fiber tracker.

Tracks reconstructed by the recoil detector are assumerdgioate from the interaction
point of the beam with the gas atoms. The vertex position énttansverse plane is taken
equal to the beam position. With the recoil-tracking systéme reconstruction of protons
and negatively or positively charged pions is at presersidened, since these are the charged
particles that are predominantly present. In the primarygfahe tracking algorithm, first all
tracks formed ofl space points, i.e2 in the silicon-strip detector arlin the scintillating-
fiber tracker are searched for, fit, and accepted if the fitasapable. The fit function here
takes only the coordinate information from the space pairiésconsideration. Subsequently,
all tracks formed o8 space points that do not belongepace-point tracks are searched for
and processed in an analogous way. Finally, combinatiosspiice points in the silicon-
strip detector are considered, omitting space points wsedristructi-space-point tracks.
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Figure 3.7: Energy deposition in the inner silicon-strigtettor layer as a function of the
energy deposition in the outer silicon-strip-detectorelagy protons (following the black
curves) and deuterons (distinguishable in the band at higiergy-deposition values). The
black curves are the result of a GEANT4 simulation. The figsitaken from reference [67].

Tracks formed of only2 space points can be reconstructe®iways. Either the total
energy deposited in the silicon-strip detector is summedhfe determination of the proton
momentum, taking into account energy losses in passiverialatesuch as the target cell and
the flex foils, or the track is reconstructed throug?dit from its deflection in the magnetic
field, assumed to be homogened|&S]. Here the fit function not only considers information
from position coordinates, but also from the energy dejmrstin the silicon-strip detec-
tor, and takes into account multiple scattering and enevgyds in passive materials. This
method also takes into consideration that protons can Ippstbinside the silicon-strip de-
tector. Track reconstruction based on the former methoalisléd as the ‘stopped-proton’
hypothesis, whereas the latter is labeled as ‘proton hysigh If for the former reconstruc-
tion method, the track is not likely to be a proton stoppediimshe silicon-strip detector, as
determined from the data points shown in figure 3.7, thisktraconstruction is not included
in the track-reconstruction output. For the proton hypsihehey? value of the fit needs to
lie below106, with the idea that at a later stage a stricter constraintisgal on this value by
the analyzer, if necessary.

For particles reaching the scintillating-fiber trackes, ifor tracks formed a$ or 4 space
points, the track is not reconstructed with the stoppedeprdiypothesis method. In addi-
tion to the track reconstruction according to the protopdtiiesis, the track reconstruction
from the primary part of the tracking algorithm, which catesis only space-point coordinate

6A detailed mapping of the magnetic field of the recoil-deiechagnet exists. However, studies on a Monte-
Carlo simulation showed that the assumption of a homogeshedistributed magnetic field does not lead to signif-
icant reduction in accuracy of the momentum reconstruction
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information, is provided. This tracking method is labelptbh hypothesis’, since it is appro-
priate for the parametrization of pions, which on averagegs reach the scintillating-fiber
tracker and do not deposit large amounts of energy in thecthe After identification of
the particle type, the appropriate track parametrizataoniee chosen.

For protons a momentum resolutiondf/p ~ 2% is obtained at momenta 6f125 GeV/c
and then gradually increases with increasing momentumdatal5% for protons with mo-
menta ofl GeV/c. The pion-momentum resolution is on the ordet @ throughout this
same momentum range.

Particle identification

Tracks with less thafi space points are assumed to be protons. For longer traakis)em
reconstructed with negative charge are readily identifsagegatively charged pions, whereas
the identification of positively charged patrticles is basedPID values, in a way similar to
particle identification by the forward spectrometer [6%€TPID values are determined from
tracks reconstructed with the pion hypothesis. At predéstflux factors are not provided.
At most6 PID values can be used: for each layer of the silicon-strip detector, ahdor
the scintillating-fiber tracker, namely, for the parallabsstereo layers of the inner and outer
barrels.

The PID distributions and their momentum dependence widha®vn in section 4.11.

3.5 Data processing

When a trigger was generated, the data-acquisition syd&®) collected the information
from all detector components and stored it into a file. Conthee events were written to this
file until the file attained a size 00 Mb, after which the file was closed and a new file was
opened. The data written to one file constitute a run. Pataltbe acquisition of event-level
data, also data about the status of the experimental appgaeag)., beam parameters, detector
temperatures, high-voltage levels, were stored. This $dira so-called slow-control data. It
was recorded on a time basisidfs. This time period defines a burst.

The information stored in a run file is subsequently proctsdiine by the HERMES
decoder (HDC). Using mapping and calibration informatiting electronic output of each
detector component is decoded into energy depositiongdsitions, and timing informa-
tion. This output is subsequently processed by the HRC prodo reconstruct tracks and
photon clusters in the forward spectrometer and by the eakdracking code, XTC, for
the reconstruction of tracks and photon clusters in theilrdetector. Finally, this informa-
tion is compacted and merged with the slow-control data mioro-data summary tables
(uDSTs), which constitutes the output format used in the aslyThe whole procession
chain is repeated at least twice, since the information e@éal the calibration of detectors
is determined from the actual collected data.

It was checked that the consideration of multiple scattgtino this fit procedure does not influence the track
reconstruction, and thus multiple scattering is not takeém account for the pion hypothesis.
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In this chapter the commissioning of the photon detectoxdagned and its performance is
shown. This is preceded by a detailed description of thectimte

4.1 Description of the photon detector

As described in chapter 2, the main purpose of the photorctbetis the detection of photons
originating fromz° decay in associated production. The photons have a unifaimuzhal
distribution, a polar-angle distribution peaked(a8 rad, and their energies range up to
~ 500 MeV.

At those energies it is possible to detect the photons, usiedact that when passing
through heavy material they create electron-positronspaihich subsequently can be de-
tected in a sensitive detector component. The probabditytis pair creation starts to dom-
inate other interaction mechanisms (mainly Compton scatfpat a photon energy of about
10 MeV, then slightly increases with increasing photon engulgile the probability for
Compton scattering decreases rapidly), and reaches aaoonstaximum value at photon
energies of~ 1 GeV. As the creation of electron-positron pairs occurs melectric field
of the nuclei, and to a lesser extent in the field of the ator@cteons, the probability for it
increases with the atomic number of the material.

Considering the distribution of the photons as well as fifedrand geometric constraints
— the photon detector had to fit into the small space betweerettoil-detector magnet and
the recoil scintillating-fiber detector — the best choice tlee photon detector consists of
a cylindrical volume of subsequent layers of tungsten asnaexter and plastic scintillator
material for the detection of the charged leptons.

4.1.1 Particle creation in tungsten
Interaction probability

The probability that an incident photon results in at least detectable charged particle de-
pends on the amount (and type) of converter material. On tleehand, a large layer of
converter material increases the probability for pair piitbn, but on the other hand, it also
increases the probability that the created charged pestarle absorbed in the converter be-
fore they emerge. It results thus that multiple thin laydriaingsten and scintillator material
lead to an optimum detection efficiency. From a Monte-Cartauation, the best configura-
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tion for the detection of°-decay photons, keeping in mind the above-mentioned cinr
was determined to consist of three tungsten layers, withickrihss of6 mm for the inner
layer, and3 mm for each of the two following layers [70]. Each of the thtagers is seg-
mented longitudinally intd 2 pieces to facilitate machining.
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Figure 4.1: Photon interaction probability as a functioit®&nergy, for different thicknesses
of tungsten.

The interaction probability for photori3is given byP = 1—e(~*/%) with ¢ the thickness
of the layer under consideration, andthe mean free path. The mean free path can be

calculated as follows [71]:
1 oNap
A AT
Hereo represents the total photon cross section’fatom], taking into account all possible
processes , like pair production, the photoelectric eff€cmpton scattering. It can be ob-
tained from [72].N 4 is the Avogadro constant [mol], p the density of the material, which
for tungsten is19.25 g/cm?, and A the atomic mass, which for tungstenii3.84 g/mol.

The total photon interaction probability as a function obfn energy for different tung-
sten thicknesses is shown in figure 4.1; the photons herer wodsideration have a proba-
bility of ~ 85% to interact. The total detection efficiency for photonshie photon detector
will be partly discussed at the end of this chapter and in éflewing chapter.

(4.1)

Shower development

If a photon creates an electron-positron pair, these nexelgted particles will also interact
with the converter material: at low energies mainly throtighionization and excitation of
atomic electrons (collisional losses), and at higher ersngainly through Bremsstrahlung,
being the emission of a photon in the electric field of nuceid to a lesser extent in the
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field of atomic electrons. The energy loss rate for both @mees is thus larger in dense
material. The energy value at which the energy loss rate Hisiomal losses equals the
energy loss rate by Bremsstrahlung is called the criticatgynand can be approximated by
E. = (800 MeV)/(Z+1.2), whereZ represents the atomic number [73]. For tungstér(

74) we obtain a value of 10 MeV. From this point on, the energy loss by Bremsstrahlung
rapidly dominates and increases with increasing leptonggnentil it reaches an asymptotic
value at lepton energies ef 1 GeV.

When an electron radiates a photon, the radiated photomgiwéirise to a new electron-
positron pair or undergo Compton scattering. The newlytedeeptons can in turn radiate
yet another photon. As such, at each step the number of learfitcreases, while their
energy decreases. As the process goes on, more and mongslégtanto an energy range
where radiation losses cannot compete with collision ksaatil eventually the energy of
the primary photon is completely dissipated. By measurisgfficiently large fraction of the
energy deposited by the charged particles, one is able tmséwct the energy of the initial
photon.

At this point it is convenient to introduce the concept ofiatidn lengthX, as it allows
to describe the characteristic longitudinal dimensionshef high-energy shower (primary
particle energy> 1 GeV)! in a material-independent way. This radiation length repnés
both the distance over which a high-energy electron lodsbatl /e of its initial energy and
the distance that correspondsri®th of the high-energetic photon mean free path. Tungsten
has a radiation length ¢£5 mm [71]. It can also be calculated with an accuracy betten tha
2.5% via [71]:

716.4A
Z(Z +1)In(287/VZ

For the photon detector this amounts to a total radiatiogtienf 3.4: 1.71 X, for the inner
layer and).85X, for each of the outer layers.

The length over which the shower extends is well parametrigel (98%) = a0 +
4.t [75]. This quantity represents the length for 98% longitadicontainment. The dis-
tance of the shower pedk, . is calculated within the framework of Rossi’s ‘approxineeti
B’ [74]:

Xy = )p. (4.2)

tnaz = 1.01(ln% —0.5), (4.3)
where Ey represents the energy of the incident photon. The quahfitiere is the critical
energy as defined by Rossi. It is the energy at which the tmilid loss per radiation length
of an electron equals the electron’s energy. From [75] waeialat value ofE, = 7.43 MeV.
For £y = 300 MeV, we obtaint,,.. = 3.23Xy, and forEy = 120 MeV, ¢4 = 2.30X,.
The center of gravity of the shower corresponds$,te; = tinae + 1.7. The quantity) .
characterizes the slow exponential decay of the showertafteshower maximum. Itis given
by Ao = 3.4X,. We then finally obtain thak (98%) = 16.83 X, (L(98%) = 15.90X) for
300 (120) MeV photons. The majority of the shower thus lies outsideghoton detector.

Figure 4.2 shows the incident-energy distribution of phsteaving a signal in the photon
detector. Two complementary Monte-Carlo simulations aeduto analyze the distribution.

1The energies under consideration here are slightly lowetrfdr the aimed illustration purposes it remains
meaningful to talk in terms of radiation lengths.
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Figure 4.2: Photon-energy Figure 4.3: Energy deposition of photons in each of the
distribution. photon-detector layers.

The one labeled ‘gmdvcs’ originates from the gmdvcs generator, which simulates (part
of) the processes of interest, namely elastic and assddieand elastic DVCS The other
distribution is based on a data sample created by the py#mnargtor, which generates a
wide variety of processes, and gives a good descriptioneofitBRMES data. This generator
does not include any of the processes simulated by dwes though. For both generators,
the observed photon-energy distribution is the same. Eigu8 gives the mean energy de-
position per photon-detector layer for these photons i tenerate a signal in each of the
detector layers. In this figure only the pure energy depmsiti the Monte-Carlo simulation
is considered. The effect of a fluctuation in the number ofipoed scintillating photons in
the scintillator or smearing due to instrumental effectsasincluded. The sample is sub-
divided into several incident-photon energies. As can lem slw-energy photons deposit
most of their energy in the first layer, while higher-energgimns deposit most in the second
layer. Taking into account the angle of inciderdc@hotons with an energy around MeV
((9) = 1.25 rad), traversd.81Xj in the first tungsten layer, arti71 X, when also taking
into account the second layer, whide0 MeV photons (0) = 1.15 rad) traverse.82X| in
the first two tungsten layers, aBdr6 X, in all three tungsten layers. The here observed dis-
tances for maximum energy deposition are thus in agreemiémtive values fot,,, .. given

by equation 4.3.

A gualitative estimate for the number of (charged) par§ideeated in the detector can be
obtained by considering the following very crude model [A§sume that each photon with
sufficiently high energy £, > 10 MeV) creates an electron-positron pair after traverding
radiation length of material. The initial photon energy &rdwith equally shared between
the two leptons. These leptons in turn will each radiate aqhd their energy is much
larger than the critical energy. Again, the energy is equstiared between the lepton and the

2As the DVCS processes are subject to uncertainties dueitanbelel dependence, they are not included when
examining kinematic distributions.
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Figure 4.4: Angular spread of the photon-induced partioter as observed in each of the
scintillating layers.

radiated photon. Leptons with an energy smaller than thiearenergy will be stopped, and
we neglect Compton scattering.

Consider now a high-energy incident photon. After one ramlidength we will have,
according to the mode, charged particles; each has an energigef2. After a second radi-
ation length, we again only ha2edetectable particles arddphotons, each with an energy of
Ey/4. After a third (and fourth) radiation length we will obtar(10) charged particles with
an energy ofE, /8 (Fy/16). Each of the charged particles will deposit on average dlsma
amount of its energy in the plastic scintillators. As we ca@Bom figure 4.1, the probability
for pair production amounts to abo6% for the first tungsten layer. There is thus a high
probability that the incident photon only converts in the®l radiator layer, in which case
we end up with2 (6 for four radiation lengths) charged particles in the outastic scintilla-
tor. Additionally, ther®-decay photons are low in energy, so the chances are higbribair
several charged particles are stopped in one of the tunisters before reaching the scin-
tillator. From this simple model it can be understood thatitttrinsic fluctuations in energy
deposition are large. This is also supported by figure 4.3yhiith, for photons leaving a
signal in each of the photon-detector layers, the standarition associated with the mean
energy deposition is given. The fluctuations in energy diiposlearly are large, and an en-
ergy reconstruction of the incident photon is thus not gesiAdditional factors contribute
to fluctuations in energy deposition. These will be discddgethe section describing the
Monte-Carlo implementation of the photon detector.

As the shower develops, its lateral spread increases. ladtg most energetic part of
the cascade, this spread is characterized by the typic& afidremsstrahlung emission,
which is proportional to the ratio of the electron’s momentand its mass, and by multiple
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(Coulomb) scattering in the absorber. At this stage, 90%®bEhower energy is contained in
a cylinder of radius' = 0.5.X,. Multiple scattering increasingly influences the latepaksd
with decreasing energy of the shower particles and causesiag widening of the shower.

The radius for containment of the total energy-is- 2p5,. The Moliére radiup,, de-
scribes the lateral average deflection of electrons of gnBfafter traversing one radiation
length. Itis given by, = 21X,/ E". For tungsten this correspondsli@5 mm. Figure 4.4
represents the difference in azimuthal angle betweenentighotons (with, < 1 GeV)
interacting in the first converter layer and the chargedigast observed in each of the
scintillating layers. We can neglect the presence of dkdtitig material with respect to
Bremsstrahlung and multiple scattering. The gray dashedlélimits the region correspond-
ing t00.5X; the blue line corresponds #p,,. As can be seen, the spread is narrow after the
first converter layer, with a peak contained withiss X, and then gradually increases with
increasing amount of converter material.

4.1.2 Detection of charged particles in the scintillators

The measurable signal created in the plastic scintillagahb secondary electrons and posi-
trons consists of scintillation light, resulting from thecéation of atomic electrons. As
the charged leptons cross the scintillator, they will maiimteract via collisional losses,
while Bremsstrahlung is suppressed due to the low atomicheurof the scintillating ma-
terial (Z = 3.38). Indeed, the ratio of specific energy loss by radiation afliktons is given
approximately by [76]:
(dB/dz). _ BZ @
(dE/dx). 700
with E the lepton energy expressed in MeV. For tungsten we ohtainfor 150 MeV elec-
trons, for the scintillator material we obtaiiir2.

Not only signals generated by photons, but also signalsextday protons and pions
are part of the output spectrum of the photon detector. Thleamed particles interact pri-
marily through collisional losses with the atomic elecsdioth in the converter and in the
scintillator, at a rate that is material-type and velocigpdndent. Their passage through the
scintillating strips creates thus also scintillating liginat is subsequently read out.

Scintillation mechanism

The plastic scintillator material is of the type B8 from the manufacturer Saint-Gobain
Corporation [77]. The base consists of polyvinyltoluemgresented in figure 4.5. The ben-
zene ring contained in polyvinyltoluene forms the basigHerscintillation phenomenon. The
ground state configuration of the carbon atomssi€2s22p?, but when binding to form the
benzene ring, the configuration become®2s2p3. Three of the valence electrons hybridize
into the (sp?) configuration, so that their wave functions lie in the sarame at an angle of
120° from each other (see figure 4.6). These electrons foinonds with other hybridized
carbon electrons: their respective wave functions ovealapg the line joining the carbon
atoms. The fourth electron (injaorbital) formsz bonds: its wave function overlaps side-
ways with an otherr-electron wave function. The double bonds of the benzenecute are
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Figure 4.5: Polyvinyltoluene. Figure 4.6: Angular wave functions isp?
hybridization.

composed of one and oner bond. There are therefore only three double bonds within the
benzene ring, shared equally among the six carbon atoma ireonant hybrid structure.

It are ther electrons that form the basis for the scintillation meckami Their energy
states are quantized into a series of singdef)(and triplet (;;) states, depicted in figure 4.7.
Each principal levelS;q (1), is accompanied by vibrational sublevess; (17;). The first
excited principal levelS;g, lies a few eV above the ground stafg,. The vibrational lev-
els are separated typically by 0.15 eV, which is large compared to the thermal energies
~ 0.025 eV, so that at room temperature most molecules populat®test vibrationab;
states.

When ar electron is excited into a highef;~; state by the passage of a charged par-
ticle, it will de-excite to theS;; levels through a non-radiative transition on a time scale
of ~ 107! s, followed by a radiative transition to the ground stasgs on a time scale
of ~ 107 s, called fluorescence. A transition from an excifad state to an excited?
state is also possible. This will be followed by a slow,10~* s, radiative decay to the
ground states, known as phosphorescence and characteyizedger-wavelength photons
due to the difference in relative energy levels. Finallgréhis also a small probability to pass
from the tripletT’; state to an excited singlét;; state, followed by a fast radiative decay.
The radiated photon has the same wavelength as the fluoteésamesition, but the process
occurs on a time scale ef 1076 s, hence its name delayed fluorescence, because of the low
probability for the triplet-singlet exchange. This prae@sobably forms a major component
of the tail in the scintillation decay curve.

From this description, one would expect a photon-emisgi@etsum with a vibrational
substructure, corresponding to all individugl;-to-Sy; transitions. However, for typical
molecules in a solvent, there are many unresolved substaieb result in a broad, smeared-
out emission spectrum. A typical example is given in figu& 4.

Apart from the excitation ofr electrons, the passage of a charged particle can also cause
the ionization of these electrons as well as excitation anization of other electron groups,
like o electrons. The ionization of electrons, followed by ion recombination, seems to be
responsible for the population of triplet states (and soimglet states), and probably leads
to most, if not all, of the slow component in the scintillatiprocess. The excitation of
other electron groups is dissipated thermally; their iatin seems to be the main cause for
radiation damage [78] .

Although polyvinyltoluene is an inherent scintillating tegal, it will release only a small
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Figure 4.7: Energy levels of electrons.

fraction (~ 3%) of the excitation energy under the form of fast fluorestight. Therefore,
it is, as most of the practical organic scintillators, dopatth an efficient fluorescent emitter.
This fluor has preferably a high fluorescence quantum yiefdstdecay time, and an ab-
sorption spectrum that matches the emission spectrum afaivent. In addition it must be
sufficiently stable, soluble, and chemically inert.

The passage of a charged particle will cause the excitafiomainly, the base material
within 0.5 ns. The excitation energy of the base molecule will thendnestierred many times,
via electron exchange, from one base molecule to anothetioreacale of- 10712 s before
being finally transferred to the fluor [79].

At very low concentration of the solute-(0.01% by weight), the excited base material
will de-excite by the emission of a photon. This photon cabssguently be absorbed by
a fluor, which then in turn de-excites through the emissiommdther photon. However,
when an atom is excited, its attraction to the neighboriognatof the molecule is reduced
and, as such, its equilibrium state occurs at greater ioietia spacing. The energy levels
for the ground state and excited state are represented irefigd. When a fluor absorbs
a photon, the electronic transition takes place on a timé& dbat precludes any change
in interatomic spacing during this transition (Franck-@on principle). The newly created
state corresponds to a high vibrational state of the egqiulibexcited state’ in figure 4.9).

A radiationless transition to the minimum of the excitedtest@3) will follow on a very
short time scale. From this point a radiation transition widcur to one of the substates
above the ground stated(), followed finally by a radiationless decay to the groundesta
(4). The emitted photon thus has a longer wavelength than therlaéd photon. This shift
in wavelength is quantitatively expressed as the StokessHt will prevent the emitted
photons from being absorbed by the solvent and the fluor,sahdrice desired to be as large
as possible. As explained before though, the emission asafjation spectra are not sharp
lines but smeared out due to the presence of many substatéswill cause the emission

3This same principle also applies of course to the base rahteri
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Figure 4.8: Emission and absorption spec¥igure 4.9: lllustration of the Stokes’ shift
tra of the BC91A wavelength-shifting related to the absorption and emission of a
fibers [82]. photon.

and absorption spectra to have a small overlap so that altsogh secondary photons is still
possible. An example of an emission and absorption spedtrgiven in figure 4.8.

At high concentration of the solute-(1% by weight), as distances between an excited
base unit and a fluor moleculé,are reduced td0~® m, the main energy transfer mechanism
between the base and the fluor is not the radiation of a phbtdra non-radiative dipole-
dipole interaction, known as Forster transfer [83], whinaasition probability scales as 6.

It turns out that this process is also proportional to thelaypebetween the emission spectrum
of the solvent and the absorption spectrum of the solutes 3thdng dipole-dipole coupling
causes a sharp increase in light yield, as the fluorescédrtiigrhow mainly emitted by the
fluor which has a high fluorescence quantum yield, as well amprovement in the speed
of light emission, up to an order of magnitude. As an example decay time of undoped
polyvinyltoluene isl 1.8 ns, while for the BC408 scintillator it is decreased ta1 ns.

For most practical plastic scintillators, the addition op@mary fluor at high concen-
tration (~ 1% by weight) will be supplemented with a secondary (and sonest tertiary)
fluor at low concentratior 0.05% by weight) to increase the attenuation length. The light
emitted by the primary fluor can namely be reabsorbed by theisbor by the fluor itself.
Although the amplitude of the absorption spectrum is sévanders of magnitude smaller
at the tail than at the peak, this residual is sufficient toodishe emitted photons over a
macroscopic scale and hence creates a limit to the contient the primary fluor. On
the one hand, the low light-output efficiency from the sotvemuires a substantial amount
of primary fluor in order to facilitate efficient energy trd@sby non-radiative dipole-dipole
interaction, but on the other hand, a too high concentratioreases self-absorption. By
adding a small concentration of an appropriate secondany; flie dominant energy-transfer
mode to this fluor is radiative, and the light emitted by thienairy fluor can be absorbed by
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Figure 4.10: Geometrical description of the photon detettdhe HERMES coordinate
frame. The strip numbering is also indicated. For clartig, picture is not up to scale.

the secondary fluor and shifted to longer wavelengths. Thal ®mncentration of secondary
fluor limits self-absorption to an acceptable level, whileximizing light output. As such,
bulk attenuation lengths can be increased from severahmeilers, for a pure plastic base, to
a few centimeters, for a base doped with a primary fluor, tdlfirefew meters, when doped
with a secondary fluor.

Scintillator strips for the photon detector

Each scintillator layer of the photon detector is segmertéal strips. The inner layer
(A layer) has60 strips, of trapezoidal shape for a maximal coverage. Thpsséirel cm
thick, 2—2.1 cm wide and27.5 cm long. They are laid out parallel with respect to the beam
line. The subsequent layers haistrips oriented under an angle 6f.5.6° for the second
layer (B layer) and—46.2° for the third layer C' layer) in order to reconstruct the position of
the decay photons. The overlap betwegrarallel andl stereo layer results in a polar-angular
resolutionAd/+/12 of about2.7°. The stereo strips are fabricated out of rectangular $ttaig
blocks of1 x 2.1 (1 x 2.25) cn? for the second (third) layer, then bent, twisted and cut into
their final shape. This results in an effective cross seaifan00 x 3.00 (1.00 x 3.25) cm?.
The strips cover a length along the beam lin€&8B cm. A schematic drawing of the photon
detector is depicted in figure 4.10. As can be seen in figureldedateral spread of a shower
is contained in one strip. The blue (green) vertical linehiis figure corresponds to one strip
pitch in theA (B andC) layer, which equal8.1047 (0.1428) rad.

On averagd 000 photons perl00 keV of energy deposition are created in the scintilla-
tor [84]. Their wavelength ranges froh00 to 470 nm, with a maximum at25 nm. Because
of lack of space and the presence of the magnetic field, phdtiifer tubes (PMTs) used
for the readout of the photon detector are not connectedttlire® the scintillating strips.
Instead,1.5 mm thick wavelength-shifting fibers are used to redirect gnidle the scintil-
lation light from the strips over t@ m long clear light guides that transport the light to the
PMTs. The fibers (clear light guides) are of the type BOR: (BCF-98) from the same
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Figure 4.11: Light propagation in the wavelength-shiftiiogrs

manufacturer as the scintillator strips.

As can be seen in figure 4.8, the absorption spectrum of thelemgth-shifting fibers
matches the emission spectrum of the scintillating striph. \wight that escapes the photon-
detector strips can be absorbed by a fluor in the wavelergtting fibers. This light is then
re-emitted isotropically at longer wavelengths, shiftihg light from blue to green. The base
material of the fiber core consists of polystyrene with areindf refraction of1.60. It is
surrounded by a thirs0 pm thick, layer of acrylic with an index of refraction @f49. Light
hitting the core-cladding interface under an angle, witspeet to the normal, larger than
the critical angle68.6° in the present case, undergoes total internal reflectioiipatated
in figure 4.11. As such, the light is guided to the clear lighidgs. These consist of pure
polystyrene and will thus guide the light with minimal alystion to the PMTs. Light emitted
by the fluor under smaller angles will be lost, apart from alkfrection that is trapped in the
cladding by undergoing substantial reflection at the clagldiore interface and total internal
reflection at the cladding-air interface. This light alsa cantribute to the final signal.

As the critical angle depends on the ra-
tio of the low index of refraction to the high
index of refraction, air, instead of cladding
material, would increase the amount of light
being totally reflected. However, impu-
rities would degrade the core surface and
cracks could penetrate into the bulk of the
core [85]. These effects enhance light losses
strongly, so that cladding is largely pre-
ferred. The amount of light trapped in
fibers, the trapping efficiency, ranges from
3.4% to 7% for single-clad fibers.

Two round, 0.6 m long, wavelength-
shifting fibers are glued with BG00 opti-
cal cement in a groove along each side of
a strip. Other configurations, e.g., using
four strips glued on one surface of the strips,
were also investigated, but did not give as
good results [70]. Tests were performed tpigure 4.12: Picture of the photon detector
check if the bending of the fibers would reduring its assembly.
sult in an attenuated light output. No signs
of additional light losses were observed.

To increase the light yield, the strips are covered with @®0-reflective paint and the
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wavelength-shifting fibers are mirror coated at their axitg. Their other end is connected
to the clear light guides by means of an optical connectoe light attenuation length of
the strips, wavelength-shifting fibers, and clear lightdgsi amounts t@80 cm, 362.5 cm,
and> 860 cm, respectively. This allows the installation of the PMTa distance where the
influence of the magnetic field is not so strong.

Figure 4.12 shows a picture of the photon detector duringdtsstruction. The painted
strips of the outer layer, oriented under a stereo angleclaegly visible. The wavelength-
shifting fibers, with their green light output, are connéldi®the optical connector, as can be
seen in the picture. Not shown are the clear light guidesatatonnected to the depicted
optical connectors. For the final assembly care was takemht@aetector is completely light
tight by covering it with black foil and black paint.

4.1.3 External monitoring devices

To monitor the stability of the photon-detector responsgam-monitoring system is in-
stalled. It consists of light injected at the downstream ehtthe photon detector. The light
is created by a group @0 blue light emitting diodes (LEDs), thus light with approxately
the same wavelength as the light emitted by the photon-tietsirips, and transported over
several clear fibers to three optical connectors. The inagrgl these connectors consists of
a reflective layer to homogeneously distribute the lightsTight is then transferred by light
guides to the downstream extremity of each photon-detsttip; guided through the scin-
tillating strips, absorbed by the wavelength-shifting flfgeand subsequently read out. The
optical connectors and the fibers, painted in black, thatgattie light over to the strips are
visible in figure 4.12.

Two fibers illuminated by the LED device are connected to atitemhal ‘reference’ PMT,
instead of to the photon detector, in order to check thelgtabf the LEDs’ light output. The
stability of this PMT is in turn monitored by a signal origtiveg from a radioactive source:
emitteda-decay particles incident on a crystal create very staphe pulses, and thus provide
a reliable reference signal.

Figure 4.13 shows the response of thesource and of the LED light injected in the
photon detector and in the 'reference’ PMT over a periotl mfonth. A good stability of the
photon detector as well as of the reference PMT can be olsdrliectuations in the response
of the photon detector can be correlated with fluctuatioriteénlight output from the LEDs.
After correction for the fluctuations in the LED system, tih@ton-detector response is stable
within 1%.

4.1.4 Photon-detector readout

The readout of the clear light guides is performediiffamamatsu 64-channel multi-anode
H7546 PMTs [86]. Two PMTSs read out one photon-detector layer. Tateade is sensitive
to wavelengths from300 to 650 nm, with a maximum at20 nm. This matches the emission
spectrum of the wavelength-shifting fibers reasonably .w&he cathode pixel size & x

2 mm?, which allows the connection of one fiber per pixel. Fibeigioating from the same
strip are connected to two neighboring pixels, while fibeiginating from adjacent strips
are never connected to adjacent pixels on the PMT. Addiliprthe mapping of the pixels
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Figure 4.13: Gain-monitoring system response in terms o€CAiDannelsi source (blue),
LED lightin reference PMT (green), and LED light in photoatelctor strip (red). The signal
from the reference PMT is scaled down.

takes as much possible advantage of the free space prowdim B8 pixels to which no
light guides are connected. These pixels are also groupe?, p@&d read out. This layout
minimizes crosstalk on the PMT cathode, and separatesisigriginating in the PMT from
signals created in the photon-detector strips.

Since the PMTs can only function properly in a magnetic figltlexceeding.5 mT, they
are, each individually, surrounded by tWw&® mm thick u-metal sheets and placed in a soft-
steel case of4 mm thickness [87]. Per group of three they are then dispasad additional
soft-steel box. The two boxes are installed at a distandesah from the magnet, where the
magnetic field is of the order @0 mT. After the installation of the photon detector, signals
from cosmic particles and LED light, measured with magneaod off, were compared and
no differences were observed.

The signal from the PMTs is transferred to a patch panel, eord there to a ‘transmit-
ter’. In the transmitter, signals originating from the sasivip are summed together, slightly
amplified, and transported as a differential signal @¢em long flat cables to the ‘receiver’,
located in the electronic trailer. The receiver convergsdiignals back to non-differential sig-
nals, amplifies them, and sends them diem of flat cable to6 charge-integrating analog-
to-digital converters (ADCs), one per PMT. Also here, towalfor crosstalk correction, care
is taken that channels adjacent in the flat cables are neighbaging pixels in the PMT or
adjacent strips in a photon-detector layer.

The digital signal is subsequently processed by the DAQ storéd in EPIO format. The
readout chain is depicted in figure 4.14.

Although the time betwee? HERA bunches amounts 6 ns, the gate width for the
readout of the ADCs is set 250 ns. As can be seen in figure 4.15, the photon-detector
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Figure 4.14: Photon-detector readout chain. The first sefieeadout components, up to the
transmitter, are located in the experimental enclosuremihe transmitter, the signals are
then transferred via0 m long cables to the electronic trailer (ET), where they aoeessed
by the receiver, and after delay, digitized by the chardegirating ADCs (QDCs).
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Figure 4.15: Photon-detector signal (green) and gate (mapduring data taking.

signal is~ 200 ns long. Additionally, differences of up to7 ns in travel time have been
measured for channels from the same flat cable. Finallyeshee ADC starts digitizing5 ns
after the arrival of the gate signal, a gate width266 ns is considered safe. No problems
concerning bunch overlap are expected, as the event rate.is |

4.1.5 Photon-detector offline data processing

As explained in chapter 3, the offline processing of the datas in different steps. In this
subsection, the treatment of the photon-detector datechtafdhese steps is described.

HDC

The information from the ADCs, stored in EPIO format, is déedand converted into energy
units and photon-detector strip numbers [88].

For each ADC channel present in the data stream, the comdsypstrip and layer num-
ber is determined from the information stored in mappingfikfter subtraction of the mean
pedestal value, ADC values are converted into energy valllesappropriate conversion fac-
tor is obtained from the calibration of a preceding data pobdidn. The calibration procedure
for the photon detector is explained in a following section.

Finally, each strip number, layer number, ADC value, andgynealue is stored for each
eventin a separate table, dedicated to the photon detector.

Figure 4.16 shows the ADC spectrum of a photon-detectqy after the processing of
the photon-detector signals by HDC. The sharp peak around &ltanneR50 corresponds
to half the pedestal, which is part of the readout signal. [Ahgest photon-detector signals
are located around ADC channggl00. With the ADC range extending &192 channels, this
lies far away from the overflow region.

XTC

The hits from the silicon-strip detector and scintillatifiiger tracker are combined into tracks.
For the photon detector, hits are combined into clustersifagplicable, linked to a track.
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Figure 4.16: ADC spectrum of a photon-detector strip aftecpssing by HDC.

First, all hits originating from the HDC tables are sorted: duits with negative energy
value or ADC value below threshol@d{ above pedestal) are discarded as well as signals
induced by crosstalk in the flat cables [89].

In a second step, signals originating from neighboring PNKEIg are grouped together
into clusters [90]. For this, first the local maxima on the fomoultiplier are determined. A
pixel is considered a local maximum if for none of its neighbg pixels —8 for pixels not
located at the edge of the cathode — a higher signal is redofideen, the non-local maxima
are examined. A non-local maximum is considered a crossiaikit has an energy value
lower than a certain threshold value, and if it correspoodsphoton-detector strip that has
no adjacent strips for which a signal is recorded. If one e§&two conditions is not satisfied,
the non-local maximum is promoted to a local maximum. Findfie energy of the crosstalk
hits is added to that of the local maximum. If a cross-talkdssociated with several local
maxima, its energy is shared between them, proportiorallya energy value of each of the
associated local maxima.

In a third step, neighboring strips in each of the photoredet layers are combined into
clusters [91]. Also here, first the local maxima are detesdirA local maximum is formed
by a strip that has a signal higher than2tadjacent strips. Then, the energy of the non-local
maxima are added to that of the local maximum. If a non-locakimum belongs to two
local maxima, its energy is distributed between the locatima. The energy fraction of the
non-local maximum added to the signal of one of the local maxidenoted here as local
maximuml, is given by:

E‘max,leid1
E‘Tnaw,le_d1 + Emaw,Qe_d2 '

(4.5)

The quantityE,,q.,1 (Emaz,2) represents the energy of local maximair(2), andd; (dz) is
the distance, in units of strip number, between the nonttoeximum and local maximurh
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Figure 4.17: Number of strips contributing to the formatadra cluster.

(2).

The energy contribution from each of the individual stripgiso used to determine the
energy-weighted azimuthal angle and strip number of eac$tenl The azimuthal angle is
defined as the angle corresponding to the cluster centeeatpbtream end of each of the
layers.

It has been shown [92] that the clustering algorithm work# wéh respect to the lo-
calization of the cluster maxima, and the reconstructiothef energy deposition. Some
problems in the determination of these two quantities atisavever, when cluster maxima
are separated by less tharstrips. As can be seen in figure 4.17 (and anticipated from fig-
ure 4.4), the cluster width amounts, in most of the casekstdp for pions and protons, and
to 1 or 2 strips for photons (although cluster widths of up#estrips have been recorded).
Thus problems arise at the limit of overlapping clusters.

Figure 4.18 represents the opening angle betweenrfadecay photons leaving a signal
in the photon detector, as a function of tf&momentum; figure 4.19 shows the correspond-
ing momentum distribution of the neutral pion. The disttibas are obtained from data gen-
erated by the gmdvcs and pythia generators. As can be seen in these figueeay¢hage
opening angle between two photons originating frofrdecay is large, thus the probability
for overlapping clusters low. Also, in view of the analysf€/CS events, the occurrence of
overlapping clusters is expected to be limited, as for thialysis the dominant event topol-
ogy is restricted ta charged particle and at masphotons, originating from the background
process, in the photon-detector acceptance.

From the reconstructed clusters in each layer, only thoeemiergy values aboveMeV
are stored. The justification for this threshold value igiin one of the following sections.

In a fourth, and last step, clusters are associated, if egiglk, with tracks reconstructed
by the scintillating-fiber tracker and the silicon-strigeigor.

The intersection of a charged particle’s track with the phaletector can be calculated
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Figure 4.18: Opening angle af’-decay pho-Figure 4.19: Momentum distribution af’s.
tons as a function of the” momentum.

as the intersection of a helix, describing the particle¥hpwith a circle, formed by one of
the photon-detector layers. For this calculation the magfield is assumed homogeneous,
and multiple scattering and energy losses are neglectdd.ladt aspect is most relevant for
low-momentum protons, but these do not form a large fraatibotihe protons reaching the
photon detector. Also, as explained in the previous chafaieone same track, several track-
parameter values are provided according to each of the trgpktheses: stopped proton,
non-stopped proton or pion. After the determination of taetiple’s type, the correct track
parameters can be selected. However, at this stage of taeluiain no particle identification
is provided, so that for any track the parameters correspgrtd the pion hypothesis are
used.

Figures 4.20 and 4.21 show the results of the calculatioruoaldonte-Carlo information
level in each of the photon-detector layers. For all hitsegated in a photon-detector layer
by the impact of a traversing particle, the Monte-Carlo datian provides the corresponding
hit coordinates, from which then an energy-weighted azialéngle and position can be
determined. From the track parameters of the generatedeMoatlo track, the position of
impact of a particle in each of the layers can be calculatée. difference in azimuthal angle
between the hit information and track information is showrfigure 4.20 for positive and
negative pions, and for protons. Clearly, the influence efrttagnetic field is visible, result-
ing into a shift in opposite direction for oppositely chadggarticles, and more pronounced
for protons due to their lower energy. The accuracy of thehaabis, however, evidently
satisfying, as the difference is smaller thiastrip pitch, indicated by the blue (green) line
for the parallel (stereo) layer. The accuracy of theoordinate determination is shown in
figure 4.21 for negative pions and for protons. Also here #selits are satisfying, and as for
the determination of the azimuthal angle, a wider spreadfasaion of number of crossed
(tungsten) layers is observed.

To understand the results of the calculation on recongtduithck and cluster level, first
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Figure 4.20: Difference in azimuthal angle between hit fi@siin the photon detector and
hit position calculated from track parameters.

the differences in track parameters between the generatedeMCarlo track and recon-
structed track are compared. The comparison here is basedsample generated by a
Monte-Carlo background generator that simulates, pertegee single particle of a prede-
termined type, and does not include detector inefficieneoiésalignment, or miscalibration
issues, so that depending on the severity of these aspsttijudions might look different for
experimental data. The here described method has beee@ppknalyze experimental data
as well, and as will be shown, the influence of detector inefficies is sometimes visible,
but not always hindering; work is in progress to reduce thecedf detector inefficiencies on
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Figure 4.21: Difference in coordinate between hit position in the photon detector and h
position calculated from track parameters.
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Figure 4.22: Difference between Monte-Carlo generatedr@oonstructed momentum (top,
left), azimuthal angle (top, right}-vertex coordinate (bottom, left) and polar angle (bottom,
right).

track reconstruction.

Figure 4.22 represents the difference in momentum, aziahatigle,z-vertex position,
and polar angle between the Monte-Carlo generated trackhandack reconstructed by the
recoil detector for positive and negative pions, and fortqmse. As can be seen, the accu-
racy of the azimuthal angle determination is very good fothake particle types. Also the
momentum reconstruction is very satisfactory. The efféctemylecting energy depositions,
resulting from the use of the pion track hypothesis, is Wsfbr protons: the reconstructed
momentum is slightly lower than the generated one. A smétlisithe reconstruction of the
polar angle and the-coordinate of the vertex is present for positive particless will have
a small influence on the determination of theoordinate of the track-layer intersection, and
consequently on the determination of the azimuthal angléhiostereo layers.
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Figure 4.23: Difference between the azimuthal angle of aghdetector cluster and the
angle determined from the reconstructed track parameters.

Finally, the difference between the azimuthal angle fronhatpn-detector cluster and
the angle obtained from the reconstructed track paramistshown in figure 4.23, together
with the respective strip pitch. The distribution is welhtered around zero and the width
only slightly exceeds a strip pitch. A photon-detector tduss associated with a track if
the difference in azimuthal angle is less thiastrip pitch and if thez coordinate of the
intersection is comprised between certain boundarieswdrie slightly larger than the length
of the individual layers, due to the limited resolution artthg residual misalignment, as will
be discussed later. These cuts provide a good efficiencgingh of the photon detector as a
detector able to reject events in which a photon is presentjlabe shown in the last section
of this chapter and in the following chapter.

The average strip number and energy of the clusters aredstmgether with the infor-
mation of the tracks and of the other two recoil detector congmts, as well as the same
information present at the output of HDC. This allows easyeas to all the needed informa-
tion for detector studies and calibration.

The photon-detector geometry should also allow for themstaction of space points,
however, depending on the amount and type of particles présehe event, it can turn
out to be a difficult task. Since the angle of inclination oé ttereo layer is largd, strip
from the stereo layer crosseg strips from the parallel layer, which is nearly a quarter of
the detector. Therefore, it may become complicated tordjeish accidental strip crossings
from crossings related to the actual impact of a particlesoAthe possible inefficiency of a
layer, or the fact that certain particles do not reach therdayer(s) or only interact after the
first layer, increases the complexity of the problem.

An example of an event with such a complex configuration iswshia figure 4.24. This
picture, obtained from a Monte-Carlo simulation, représetl strips in which a signal is
recorded, color-coded according to the particle that ecb#te signal, and drawn along the
azimuthal-angle and axis. Ther™ is correctly reconstructed by the tracking code, and
the corresponding clusters in the photon detector are ctyr@ssigned as belonging to this
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Figure 4.24: Example of an event for which many particlesodaserved in the photon detec-
tor. For each particle the corresponding strips in whiclgadliis recorded are represented,
and color-coded accordingly.

track. This leaves us with the disentanglement of3hghotons. The clustering algorithm
will reconstruct more clusters than actually present. éufjdor clusters formed by non-
directly adjacent strips, several local maxima are found, thus several individual clusters
are reconstructed, although they all originate from theesparticle. Then, at the level of
space-point reconstruction, even if one would allow sev@usters from a same layer to be
combined as one, it seems very difficult to decide if part efdhiginal ‘green’ cluster from
the B layer (under an angle 6f45.6° ) and the ‘yellow’ cluster from th&' layer belong
to the crossing with the ‘blue’ photon or to the crossings/thetually originate from, or
if part of the original ‘yellow’ cluster from th&3 layer might be combined with the ‘blue’
photon cluster. The amount of deposited energy also doeslways help, as depending on
the photon’s energy (or the fact that it is stopped in a ceftayer), it will deposit more or
less energy in one layer compared to the other.

Although this event represents an extreme and rarely dogLtopology, it illustrates that
depending on the type of events one wishes to analyze the-gmhct algorithm might be
more or less complex. Therefore, this point is left openluh& analysis of DVCS events
with the recoil detector, presented in the next chapter.

uDSTs
This last part of the data-production chain only stores tifiermation necessary to the ana-
lyzer. It includes the track parameters and the informdtiom clusters to which no track is

assigned. At this stage also particle identification is fted in terms of PID values.
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Figure 4.25: Signal of cosmic particles in a strip of the jpimadetector.

4.2 Test experiment

Before the installation of the recoil detector in the HERM&®eriment, data were taken with
the recoil detector in a test area in the East Hall. From endarith 2005 until beginning
of September from that same year, signals from cosmic pestigere detected and analyzed
in order to gain a better understanding of the differentitedetector components. In total,
over 100 million cosmic events were collected. During this periosbathe gain-monitoring
system was operational and fine tuned.

The trigger for the detection of cosmic particles is formgdabsignal above threshold
in the lower half of one of the photon-detector layerhe signals originating from cosmic
particles can then be isolated by requiring a hity above pedestal, indiagonally opposite
strips or in2 strips opposite to each other with respect toghe 0 plane. Since the angular
distribution of cosmic particles follows @s? ¢ distribution, the first selection yields nearly
no events for diagonally opposite strips around= 0, while it restricts the variation in
path length for strips closer to the zenith, and thus forehsteps improves the quality of
the observed signal. The fit of a Gaussian distribution tootht@ined spectrum provides a
preliminary calibration of the photon detector, used asiitipr the first HDC production.

An example of a signal from cosmic particles is given in fighir25. The mean pedestal
value is located aroun?00 ADC channels, has a width & to 4 ADC channels, and is
extremely stable, which results in an observed signal lglsaparated from the pedestal.

The signals from cosmic particles also allow for an estinwdt¢he efficiency of the
individual photon-detector strips. To this effect, infation from the outer layers of the
scintillating-fiber tracker is included. The fiber with higgt ADC signal is searched for in

4Sometimes a coincident signal between two diagonally dfpessrips in each of the halves of a layer was
required, but due to the restricted number of logic units tlonfiguration did not allow for a full coverage of the
detectors.
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Figure 4.26: Difference in azimuthal angle between hit fyasiin the photon detector and
hit position calculated using the scintillating-fiber tkac for the lowerA (left) and lowerC
(right) layer. The vertical lines delimit strip pitch.

the upper and lower half of the tracker’s outer parallel taffer each of these two fibers, the
stereo fiber with highest signal, and crossing the paralieffis selected. The fibers from the
parallel layer allow to determine in whici-layer strips a signal is expected; for tBeandC'
layers, thez coordinate of the crossing point between two fibers needs todiuded. Then,
the lower and upper halves of each photon-detector layescamned for the strips with high-
est signal. The difference in azimuthal angle (again witdpeet to the upstream end of the
photon detector) between the strip that fired and the onerdeted using the scintillating-
fiber tracker is shown in figure 4.26 for the lower half of theayer (left) and of the” layer
(right). The vertical lines correspond to one strip pitchthAugh a small misalignment is
observed, thel layer is relatively well aligned with respect to the sciiatiing-fiber tracker.
For the stereo layer, a larger deviation and spread in akgnns observed, which can be
understood, as the exact position of the photon-deteatpssind the tracker’s fibers was
unknown, and a small shift in fiber position has a large infageon the determination of the
z coordinate. Nevertheless, this does not prevent a firstrdétation of the photon-detector
efficiency.

For the study of the efficiency of a layer, an event is acceftéar the layer halves
not under study, the strips determined using the scintiligfiber tracker correspond to the
strips in which a signal is recorded. For strips from the fayeder study, three situations
are investigated. In the first case, the strip determinedgusie scintillating-fiber tracker
is required to indeed have detected a cosmic particle; irs¢foend case, the condition is
relaxed to one of its two direct neighbors; in the last cals®, iés two indirect neighbors are
taken into account. The result is shown in figure 4.27, whieeefitst case corresponds to
the blue symbols, the second case to the green symbols, ataktitase to the red symbols.
As expected, the obtainettlayer efficiencies do not vary too much for the three conside
cases. For the stereo layers, the effect of the misalignimeearly visible, affecting even
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Figure 4.27: Efficiency of the photon-detector strips, dateed from cosmic signals.

more the outer layer. Nevertheless, these results alraadyagsatisfying impression of the
detection efficiency of minimum-ionizing particles, i.particles that have their mean energy-
loss rate at the minimum.

4.3 Implementation of the photon detector in the HERMES
Monte Carlo

Monte-Carlo simulations at HERMES are based on GEANT3 [8¥nts are generated by
a generator, e.g., gmvcs or pythia. Once particles are generated, control ietlipver to
GEANT, which tracks patrticles in steps through the deteadtumes.

The geometry of the HERMES detector is described in the gegrfike. This file con-
tains the description of each detector volume, the mategah volume consists of, and a
flag to tag sensitive detector components so that energysdieps in these components are
saved by a user-written routine for further processing. pheton detector is described as
consisting of3 cylinders of tungsten antlcylinders of scintillating material, each of the ap-
propriate thickness and length. The scintillators areifeesletectors, and thus tagged as
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active, while the tungsten layers are tagged as passive.

Additional parameters are associated with each deteclome One type of param-
eters consists of flags that enable or disable certain physacesses or the generation of
secondary patrticles, if applicable. The following proessare enabled in all components
of the photon detector: pair production, Compton scattgnitnotoelectric effectj-ray pro-
duction, positron annihilation, Bremsstrahlung, hadednteractions (using the GHEISHA
package [81]), muon-nucleus interactions, continuousggness with generation of-rays
above a certain threshold and restricted Landau fluctustiefow, decay of particles, and
multiple scattering.

The other parameters are threshold values below which &leait considered to be
stopped. These threshold values can be set individuallgiffarent types of particles: pho-
tons, electrons and positrons, neutral hadrons, charggrdihsy muons, and one can choose
separate thresholds for electron Bremsstrahlung, muorhadcbn Bremsstrahlung;rays
by electronsg-rays by muons, and direct-pair production by muons. Fopti@on detector,
the threshold value is set i@0 keV for all particles in the scintillator and tungsten mater

GEANT tracks each generated particle traveling throughdiitector volumes in steps.
At the beginning of each step, the step size is determinedANIEcalculates the distance
to the interaction point for each of the physics processetioreed above, based on known
probability distributions and a random-number generafdie smallest of these distances
determines the step size. Additional factors can redusestiep size. If a particle crosses a
volume boundary within the originally determined step sthe step size will be restricted
to the distance to the volume boundary. A specified maxim@p Binit, a maximum an-
gular deviation in a magnetic field, a maximum continuouggnéss, or a limit imposed
by the validity of the Moliere formula for multiple scatbeg also can reduce the step size.
Finally, if the particle’s energy falls below the set enetiggeshold, the particle is considered
to be stopped and its effective step size is also reducede @wcstep size is determined,
GEANT transports the particle over the corresponding distgaand adjusts the particle’s tra-
jectory and energy according to the mechanism in effectppiiaable, secondary particles
are generated, and once the tracking of the primary patticteighout all detector volumes
is completed, these secondary particles can also be tracked

After each step, the user-written routine is called. It pggsondary particles on the
tracking stack for future tracking and stores hit inforroatior active detector volumes. Once
a particle is stopped or has left the detector volume, thmfatmation corresponding to the
crossed detector volume is stored in output tables. Thimfdtmation consists of the total
energy deposited by the particle in that volume, its coatdia at the entrance of the detector
volume, and its average hit position in the detector. Fnallink to the track from which the
hit originates is created.

Track information is stored for primary tracks only. A primgarack is either a track
generated at the beam-target interaction point or a tramk fa secondary particle if this
particle has a momentum above a set threshold. This thigshalbe chosen by the user. In
most productions, it is set tth0 MeV. Hits originating from secondary particles with lower
momenta are thus associated with the primary track the sacparticles originate from,
and are distinguishable from hits directly generated bynary tracks by the value abtak.
Hits directly originating from the primary track hav8tak = 0, while hits from secondary
tracks have a larger value, depending on the track’s paositithe tracking stack.
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Figure 4.28: ADC spectrum from cosmic particles for experital data and a Monte-Carlo
simulation that does not include the full detector smearing

At the end of each event, the digitization routine for eactecter is called. Its purpose
is to simulate the actual response of the detector. GEANY prdvides pure energy deposi-
tions, not including any fluctuations related to the intiGrdetector response or instrumental
effects. The output of this routine is designed to reprodexqeerimental data after their
processing by HDC.

The photon-detector scintillators are modeled in the gegnfide as cylinders without
any subdivision into strips. In the digitization routinketstrip number corresponding to a hit
is determined from the hit position. The energy depositwira| hits belonging to the same
strip are summed together. When doing so, one takes intaiattte geometry of the strips:
if a particle crosses the edge of a strip, it does not trawesseuch material as when crossing
a continuous cylinder. The average hit position and the dioates at the entrance of the
scintillator allow to determine the amount of material atjgde encounters when traversing
a strip. For particles that are not stopped in the scintitlghe deposited energy is corrected
for the actual path length. No difference in energy depmsitias, however, observed when
this correction is applied or not.

In a subsequent step, the energy is converted into an AD@ vaith a common conver-
sion factor for all strips belonging to the same PMT. This Alxlue is smeared according to
a normal distribution with a width df.7 ADC channels, the average of all measured pedestal
widths. The obtained ADC spectrum is compared to experiaielata in figure 4.28 for sig-
nals from cosmic particles. No special event selectiondtats signals is performed. Data
are plotted for any cosmic particle impinging on the photetedtor, regardless if the particle
crosses the strip under investigation or*ndElearly, the width of both distributions differs

5The reason that signals from cosmic particles are not erttaas described in the previous section is due to the
fact that originally a cosmic generator, generating muoomfa plane above the detector, was not available, and
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strongly; additional factors contributing to the spreadthef distribution need to be taken into
account.

As mentioned, GEANT only provides energy depositions, lmgéschot simulate any fluc-
tuation in the number of scintillating photons that actyalbntribute to the readout signal.
The number of scintillating photons created by the passbgeltarged particle in the photon-
detector strips is subject to statistical fluctuations, thiglaffects the energy resolution. The
efficiency and the variation in efficiency with which the phio$ are collected at the PMT
cathode also have an influence on the resolution. Here, tineuattion of light in the strips,
wavelength-shifting fibers, and clear light guides is a dbating factor. Also, depending
on the point of impact of a traversing particle, the distattegeled by the generated pho-
tons until the upstream end of the detector varies, thustaifigthe variation in number of
collected photons. The trapping efficiency in the wavelbrgitifting fibers also plays a role.
It depends on the position at which light is emitted by therfli82]: it ranges from3.4%
for events occurring at the fiber axis to 7% for events near the core-cladding interface.
Any imperfection in the bulk material or at the surface of 8tdps, wavelength-shifting
fibers, and clear light guides as well as a non-optimal cammebetween the strips and the
wavelength-shifting fibers, the wavelength-shifting fdbband the clear light guides, and the
clear light guides and the photocathode also contributedecaease in energy resolution.
Finally, the quantum efficiency of the photocathode and aumformity in light collection
at the cathode also affect the energy resolution.

As values for the individual contributing factors are noaiéble, a global approach, in-
cluding the effect of all possible factors at once, is usethatuning of the Monte-Carlo
simulation. The tuning was done on ADC spetthy adjusting the width of the cosmic
spectrum from Monte-Carlo data to the width of the spectrromfexperimental data. The
starting point is the article [93], in which the response ¢fMT is modeled as a Gaussian

distribution with mearu@; and standard deviatioKy (012 + Q1?) for large 1 and neg-
ligible noise intensity. Here); represents the average charge at the PMT output Wihen
photoelectron is collected at the first dynodejs the corresponding standard deviation, and
1 is the mean number of photoelectrons collected by the firsbdg. This mean number of
photoelectrons is a product of the mean number of phototisdhthe photocathode and the
quantum efficiency of the cathode.

For the simulation of the photon-detector response, theegalised fot),; ando; orig-
inate from measurements done prior to the installation efghoton detector [87], using
different amplification and readout electronics, and tharsreot be taken as correct for the fi-
nal setup. As no other values are available (with the cusetup it is not possible to observe
the single photoelectron peak), the values obtained poiting installation are nevertheless
used, and combined into one common average value for all PVIss, since the values of
Q1 ando; are unknown, this approach does not allow for the extracifgn

The value ofu corresponding to an energy depositiBiis given by = fi,¢¢ % where
trey represents the number of photoelectrons hitting the finsode (if the correct values of

only a muon generator that generates muons originating fnentarget cell could be used. The comparison of this
generator with data did not give satisfactory results, atahs of the deposited-energy spectra were underestimate
Once the cosmic generator was available, checks wereaauteagain and the results, as will be discussed, updated.

6In retrospect, a better approach consists in relying onééninary calibration, obtained from cosmic particles,
and tuning energy spectra instead of ADC spectra.
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Figure 4.29: Fit of the energy-deposition distributionnfroosmic particles for experimental
data (left) and simulated data (right).

@1 ando; are known) for a reference energy depositign ;. To determine the value of
wres, ADC spectra for strips located around= 0 are analyzed. A cosmic particle passing
through these strips traverses on averagm of scintillating material, which corresponds to
an energy deposition ef 2 MeV. The strip with ADC gain closest to the average gain of all
strips belonging to the same PMT is then selected. The spedtom experimental data is
fit, taking into account the presence of the pedestal, wigtfaHowing functionf (z):

a
b+z

whereG(z; v, o) represents a Gaussian distribution with measnd standard deviation.
The result of the fit is shown in figure 4.29 (left). Analogguslionte-Carlo spectra obtained
for different values ofu,.; are fit with a Gaussian distribution, as depicted in figured4.2
(right). Subsequently, the standard deviations of the S8ianglistributions from experimental
data and Monte-Carlo data are compared for each of the tleteetdr layers, and the value
of 1. corresponding to the best overall agreement is chosen asftrence value for an
energy deposition af MeV. The resulting cosmic spectra for experimental and Meadarlo
data are compared in figure 4.30.

f@) =G(z;v,0) + +cr+d, (4.6)

After the smearing of the ADC value by the product\yﬁ‘u(al2 + Q1?) and a randomly
generated number distributed according to the standardalalistribution, the discrete ADC
value is converted back into energy, and finally this obtieeergy-deposition value, ADC
value, strip number, and layer number are stored in a tabtéfa each entry, a link to the
table containing the hit information is created.

The comparison between experimental data and Monte-Catk id terms of energy
deposition is shown in figure 4.31 for signals from negatii@np with momenta above
0.5 GeV/c, which are minimum-ionizing particles. The energpastions are normalized
to path length. The energy spectra are fit with a convolutioa bandau and a Gaussian
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Figure 4.30: Comparison between the energy deposited byicqsarticles in each of the
photon-detector layers for experimental data and MontdeCiata.

distribution (as described in the section treating the phatetector calibration). The mean
from this fit function is calculated, and the widihis taken as/o 12 + og2, whereo, (0¢)

represents the width of the Landau (Gauss) distributione figure on the left-hand side
shows the ratio of the mean from experimental data and fromlsited data as a function of
strip number for each of the layers; the figure on the rightehside shows the ratio of the
width. For certain strips no data are available due to a coatlzin of the geometry of the
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Figure 4.31: Comparison between experimental and Monté@ata for signals from neg-
ative pions with momenta above5 GeV/c: ratio of the mean energy deposition (left) and
ratio of the width of the energy distribution (right).
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Figure 4.32: Comparison between energy-deposition spdicim experimental data and
Monte-Carlo data for signals from negative pions with motaebove).5 GeV/c.

silicon-strip detector (gaps in between the different mesluand the bending of the nega-
tively charged particles in the magnetic field. As explaifigther, the gains of strip$6-54
from the A layer are underestimated due to inefficiencies of the trar#ietectors. This also
partly affects stripsl0—-44 and1-3 from the B layer and stripQ7-35 from theC layer. As
the value ofu,.; is common to all strips, but an individual gain factor for leagoup of
strips belonging to the same PMT is implemented in the M@wddo simulation, the effec-
tive smearing of the energy distribution is slightly di#et depending on the PMT. This is
also visible in figure 4.31. On average, however, it is cleat the Monte-Carlo simulation
underestimates the energy resolution of the photon detecto

Since the valug/ . (012 + Q1°) is adjusted using; andQ; from a setup in which
the one-photoelectron peak is visible, thus corresportdiagarge value of);, while in the
current setup the real value 6f; is small (the one-photoelectron peak cannot be observed),
the here determined value pf. s is underestimated. However, it is this quantity that ensode
the energy resolution, whil®; only represents the gain of the PMT. Another factor that
possibly contributes to an overestimation of the width stémmm the light attenuation in the
strips and wavelength-shifting fibers. Cosmic particlesdistributed over the full length of
the strips, while pions from experimental data are maintirty the downstream end of the
photon detector, thus their signals are less affected byiatiem in attenuation as a function
of impact position.

Although the mean energy deposition in the Monte-Carlo ftn lies aroun@® MeV,
and the experimental signals are calibrated MeV, the ratio of the means, shown in fig-
ure 4.31, lies on average beldwThis can be understood with the help of figure 4.32, where
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Figure 4.33: Comparison between the energy deposition fshatons for a non-digitized
and digitized Monte-Carlo simulation.

the energy depositions, normalized to path length, are stimmwn to0 MeV’ for experimen-
tal and simulated data. The mean values considered for fiyBdeare calculated from the
Landau-Gaussian convoluted functions fit to these enewgyilditions. For the calculation,
values below) MeV are, however, disregarded. This is justified for experital data. As
can be seen in figure 4.32, the energy distribution for expenial data indeed converges
to 0 at energy depositions equal toMeV, while for the Monte-Carlo simulation, there is
a non-negligible amount of entries beléWMeV. This causes the mean of the Monte-Carlo
spectrum to be effectively shifted towards higher values.

The experimental data shown here are based on a first calibitgration, using signals
recorded in terms of ADC values. This does not include yet@angstalk contribution on
PMT level. As will be shown, this correction is non-negligitand can contribute to an
additional improvement of the energy resolution. The isidn of the cross-talk contribution
is possible in a next calibration iteration, based this tomeenergy depositions. Once this
calibration is available, a tuning of the energy-deponsititistribution of the Monte-Carlo
simulation will subsequently be done, possibly including éffect of light attenuation in the
strips and wavelenght-shifting fibers.

As it is not the aim of the photon detector to reconstruct gnelepositions with high
precision, the agreement between experimental and siedutitta is sufficient at this stage.
The overestimation of the width has an influence, howeveensonsidering the number
of detected particles per event. The number obtained frarMbnte-Carlo simulation is
underestimated. This is most important when studying tipaloitity of the photon detector

"The data selection here does not allow to show energy depesfrom experimental data truly down@dvieV,
but this does not alter the argumentation. In section 4.8 @€ Apectrum and the fit function are depicted, which
clearly show that around MeV practically no entries are observed.
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to reject events in which photons are present. Howevergin@average photons have a larger
energy deposition than minimum-ionizing particles, thieafof the overestimated width is
reduced. As an illustration, figure 4.33 depicts the enegpodition fromr-decay photons
for a digitized and non-digitized Monte-Carlo simulatidn.the non-digitized Monte-Carlo
simulation peaks stemming from the energy distributiomfiane electron or positron and an
electron-positron pair are clearly visible, while in thgitized Monte-Carlo simulation they
are not visible anymore. The first peak, corresponding teetiergy deposited by very low-
momentum electrons and positrons, emerging from the tengstd stopped in the scintillator
layer, is still visible in the digitized Monte-Carlo simtilan, but less pronounced compared
to the non-digitized simulation. The difference in numbgentries abovd MeV between
the digitized and non-digitized Monte-Carlo simulatiomsants t02%. In a large fraction
of events photons generate a signal in more thiayer, thus when examining the capability
of the photon detector to reject events in which photons agsemt, the influence of the
overestimation of the width is reduced to less tBé&&

4.4 Installation of and data taking with the photon detector

Preparations for the installation of the recoil detectartsd half Novembe2005. These in-
cluded the removal of the atomic beam source, which providgdlarized hydrogen target,
the insertion of an additional collimator, and the instadia of a new,25 cm shorter target
cell. Beginning of Februarg006 all adjustments and the installation of the recoil detector
were completed. Data taking started less than three wetks\\léth only the scintillating-
fiber tracker operational. Data were collected by scatgjeaim electron beam from an unpo-
larized hydrogen or deuterium target. A month later, howebe target cell was damaged,
most likely due to a missing RF-coupling. A new target cellvilastalled, but sustained
damage during its installation. Data taking with this targell produced a huge amount of
radiation in the neighborhood of the readout chips of theailstrip detector, which led to
their damage. Subsequently, the silicon-strip detectdrtbde dismantled, involving a par-
tial dismantling of the other two recoil-detector compotseand repaired. In June of that
year the recoil detector was re-installed, and data takiitly &positron beam started. By
August the timing of the photon detector was correctly agjdisand in September also the
fine tuning of the silicon-strip detector was completed. nfrithis date on, data taking with
the recoil detector went smoothly, with9a% data-taking efficiency, until the shutdown of
the storage ring on Jur®, 2007. Over the period of these) months, a total 028 M DIS
events on hydrogen target afidvl on deuterium target were collected with an operational
recoil detector. The photon-detector commissioning ardathalysis of DVCS events are
based on this data sample.

During data taking the photon detector showed a very staddtevior and collected data
with a99.6% efficiency. The ADC signal from each of its strips was staféts value lay
above the respective mean pedestal value. As at the staatataking a working tracking
algorithm was not available, thus slightly complicating thonitoring of the photon detector,
and as the load from the photon-detector output was smalbimparison with that from
the other recoil-detector components, it was consideraitatde to set the threshold for
the detector readout at the mean pedestal value. The raw ABEra of each strip were
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Figure 4.34: Hit multiplicity as a function of run number imah of the photon-detector
layers.

controlled twice a day to check for a bad connection of catmespossible change in pedestal
or signal position. Additionally, the shift crew monitordte average number of entries for
each strip, their average ADC value, and the number of hiteypent in each detector layer
over al-2 hour time period. Eack-3 hours data taking was interrupted shortly to read out
the pedestal signals from all recoil-detector componeAfser each fill, signals from the
gain-monitoring system were collected. Finally, on a wgdidsis, the hit multiplicity for
DIS events, pedestal values and the signal from the gaintorong system were checked
to detect effects varying slowly in time. An example of thermiultiplicity as a function of
run number is shown in figure 4.34. As can be seen, the aveiagrihiplicity is low, and
decreases towards the outer layer. A higher hit multiglistobserved when collecting data
on a deuterium target (filled triangles), or when the densitthe injected gas is increased
(open symbols) at the end of a fill.

4.5 Detection of elastically scattered protons

The first observed physics channel in the photon detectginatties from elastically scattered
protons. By requiring the detection of exactly one partioléhe forward spectrometer, and
selecting only those events for which this particle is a fposiwith sufficiently high mo-
mentum, the signal originating from the recoiling protom &ee distinguished in the photon
detector. This is illustrated in figure 4.35, which depidts ADC spectrum of a photon-
detector strip for various lepton momenta. For lepton mamabove26 GeV/c, the proton
signal becomes visible. A clearer signal can be obtainednppsing additional constraints
on the azimuthal angle of the scattered lepton.

Figure 4.36 represents the azimuthal angle of the scatteptan if the ADC value of
the strip here under consideration is larger tBaf. A peak, corresponding to elastically
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Figure 4.35: ADC spectra of a photon-detector strip formasilepton momenta.

scattered leptons, is clearly visible. The gray verticaéd delimit the expected angular
range covered by the scattered lepton, i.e., diametricalbosite to the range covered by the
photon-detector strip in case of elastic scattering anldowit taking into account the bending
of the proton in the recoil-detector magnetic field. Since phesence of the magnetic field
needs to be taken into account as well as a possible misadigtimetween the photon detector
and the spectrometer, events delimited by the red verticad lare selected and considered to
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Figure 4.36: Azimuthal angle of the scat- Figure 4.37: ADC spectrum of a photon-

tered lepton for ADC values abog60. detector strip for lepton momenta above
26 GeV/c and restricted lepton azimuthal an-
gle.
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originate from elastic scattering. The ADC spectrum cqroesling to this selection is shown
in figure 4.37. The result is a cleaner signal from elastjcsdattered protons.

This detection of elastic protons showed for the first tine the events observed by the
photon detector are in coincidence with the events obsdyyeie forward spectrometer.

4.6 Alignment of the photon detector

The photon detector was in a first step aligned as a whole w#heact to the recoil-detector
magnet, prior to its installation in the experiment. While photon detector was bolted to the
magnet, it was possible to adjust its position, on the bdgi@positioning marks located at
its outer ends. This alignment was done with a precision erotder 0f200 m. Beginning
of 2006, the magnet and the photon detector were installed as agimglin the HERMES
experiment. The magnet was then aligned with respect toghmtaxis and the pump cross,
with an accuracy of arour2D0 pm.

In a second step, once the correct position of the silicap-détector and the scintillating-
fiber tracker were determined, the photon detector wasedigvith respect to these two de-
tector components, using reconstructed tracks from pestariginating from the interaction
of the positron beam with the proton target. The constragti@cision of the photon detector
is claimed not better thah mm for the positioning of the individual strips and the risat
alignment of the layers along the cylindrical surface, aotlretter thard).5 mm for the ra-
dius of each layer [94]. Since also the analysis of data sH@meunsatisfactory alignment of
the photon detector, the following alignment procedure a@sd for: first the orientation of
each strip of theB andC' layer is measured with respect to the beam line and averaged o
all strips from the same layer; secondly thandy coordinates of the center of each layer as
well as the layers’ azimuthal orientations are determifiad|ly the measurement of the strip
orientation is repeated to check for a possible correldigEtween the two distinct alignment
procedures.

For the alignment of the photon detector, the design valuta®fadius of each of its
layers is assumed sufficiently accurate by constructioe. gioton detector is also assumed
not to be inclined with respect to the beam axis. Considettieglow 6 resolution of the
photon detector (see figure 4.10), the small amount of éMailspace between the magnet
and the scintillating-fiber tracker, the fixation of the pdrotietector to the magnet, and results
from survey measurements, this assumption is reasonable.sdrvey measurements [95]
have determined that the slope between the photon detewdatha beam axis amounts to
0.264 £+ 0.001°, a value far below thé-resolution of the photon detector.

The determination of the position of the photon detectonglthe beam axis will be
shown in the last section of this chapter. It concerns het¢h@odetermination of the exact
position of the photon detector along the beam line, buteratim effective position tuned to
optimize the rejection of events in which photons are presen

4.6.1 Measurement of the strip orientation

The strip orientation of thé? andC' layer is determined using tracks from negative pions,
with momenta above.4 GeV/c. As described in subsection 4.1.5, the intersecti@parti-
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Figure 4.38: Difference between the azimuthal Figure 4.39: lllustration of the procedure for
angle of a photon-detector strip and the anglethe measurement of the strip orientation.
determined from the reconstructed -track

intersection as a function of the particle’s mo-

mentum. The negative momentum values refer

to the negative charge of the here considered

particles.

cle’s track with the photon detector, taking into accouetihesence of the magnetic field, can
be determined with good precision. Figure 4.38 shows foatieg pions in a Monte-Carlo
simulation the difference in azimuthal angle between theereof a strip and the intersec-
tion point of a track with a photon-detector layer trandetéong the strip orientation to the
upstream layer end, as a function of the particle’s momentiine horizontal dashed lines
delimit the region covered by one strip. The data points ag# @onfined in this region.
However, as can be seen, for low momenta the hit-positioaraéhation is less accurate
than for higher momenta. On the other hand, the amount a$titatdecreases strongly with
increasing pion momentuf The combination of these two arguments leads to the setecti
of tracks with momenta larger th& GeV/c, indicated by the gray line in figure 4.38.

At the time the alignment of the photon detector was analytredselection procedure for
positive pions, using PID information from the other twoaiaetector components, did not
generate enough statistics for the strips located in quadrais already stated, for negative
pions no particle identification is needed, since the oenge of other types of negatively
charged particles is strongly suppressed. In additiodjestion a Monte-Carlo simulation did
not show that the inclusion of data from positive pions lei@ds significant improvement in
accuracy for the measurement of the strip orientation. # than decided that it is preferable

8This is not visible in figure 4.38, as the figure is producechwlita from a Monte-Carlo background generator,
but will be shown in the section describing the photon-detecalibration.
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Figure 4.40: Fit of the distancg as a function ofA¢ for a strip from theB layer (left) and
a strip from theC' layer (right).

to treat the photon detector in the same way, and thus ondkdritom negative pions are
used.

The procedure for the measurement of the strip orientaiagltuistrated in figure 4.39.
The azimuthal anglej;, and the distance along the beam ligg of the intersection of a track
with a photon-detector layer, represented by the greetedincfigure 4.39, are calculated
from the track parameters. The distangeis measured with respect to the upstream end
of the photon-detector layer under consideration. Th stimber corresponding to this
intersection is also determined. In a subsequent step triipersthe photon-detector layer
with a signal30c above pedestal, closest to the track intersection, andnathlistance o8
strip pitches is searched for. The difference between tmawhal angle of the center of this
strip measured at the upstream end of the laygrande¢; is stored ag\¢, together with the
value ofz;. Finally, the length of the photon-detector layer alonglteam line is divided
into 100 bins, theA¢ distribution is projected in each of these bins, and theltiegudata
points are fit with a straight line, = a + K A¢. Ideally, the constant should be equal to
0 cm. From the measured data, one obtains, after the aligrohtre photon-detector layers,
an averaged value af= —0.08 + 0.02 cm for the B layer ands = —0.11 + 0.08 cm for the
C layer. A value for different from0 cm can point to a misalignment of the layers along the
beam line, a residual misalignment of the layers in azimwhgle, or along the andy axis.
The misalignment in azimuthal angle or along the beam linesdwt influence the value
of K, whereas for a displacement alomgandy the situation is more intricate. However,
regarding the latter case, the valuexd$ close enough t6 cm for the present purpose.

An example of the fit procedure, applied to experimental datahown for a strip from
the B layer (left) and a strip from th€' layer (right) in figure 4.40. The absence of data points
betweer().75 rad and).90 rad for the showrB-layer strip corresponds to the gap in between
two modules of the silicon-strip detector. The acceptarsgeaytificially modifies the strip
orientation in its neighborhood. Indeed, as in the loweregion in front of the acceptance
gap, the strip half correspondingde > ¢ is intersected by reconstructed tracks, while the
other half, withg; < ¢4, is not, theA¢ value is biased towards lower values. Since at the
other side of the gap a bias in the opposite direction is etkdhe effect of the acceptance
gap is relatively well averaged out.

As for the determination of the strip intersected by theKrdle strip orientation itself
is used, an iterative procedure is needed. Initially, aezddu the strip orientatior larger
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Figure 4.41: Obtained strip orientatidhat each iteration step for the (green) and” (blue)
layer.

than the design value is chosen, and the above describeeduneds applied to obtain a new
value for K. This new value then serves as input for the next iteratiep.sthis is repeated
until the value of K’ converges. The same iteration procedure is executed acéou but
now choosing as initial input value fdt a value smaller than the design value. Studies on
Monte-Carlo data have shown the? iterations in each direction are largely sufficient for
the strip-orientation value to converge. The differenc&ivalue between the penultimate
and ultimate iteration step is at m@st 10~ cm/rad, corresponding to a difference in strip
orientation off, = 0.0035°%, a value far below the precision of the whole procedurefitsel
Studies on Monte-Carlo data have revealed a precision grm@tation of strip orientation
better thar0.5°: for the B layer an underestimation 6f16° (0.17°) was observed fotr—
(7), while for theC' layer an overestimation @f.41° (0.35°) for == (x+) was observed.
The results from the various iteration steps are depictdidume 4.41 for experimental data.
For one iteration the initial input value fd¥<| was set tol9 cm/rad, while for the other
iteration the initial value was set 3t cm/rad. The data points do not converge as rapidly
as in the Monte-Carlo simulation. However, the differenesaeen the last and second last
step, and the difference between the last step of bothidesatlo not exceed.05°, which is
certainly sufficiently accurate. The strip orientationues shown here are obtained after the
alignment of the photon-detector layers. They amouniit64° for the B layer, compared
to 44.58° according to the technical specifications, ant.24° for the C' layer, compared
to —46.55° according to the technical specifications. The distributibthe strip orientation
of all individual strips belonging to the same layer has adtad deviation 06.5°. The dif-
ference in measured values before and after the alignmeraabf layer amounts te0.054°

9The relation between the strip orientatiéf, expressed in [cm/rad], and the strip orientatin expressed in
[deg], is given bytan s = R/K, with R the radius of the layer under consideration.

71
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for the B layer and0.227° for the C' layer, thus the strip-orientation measurement does not
seem influenced by the alignment procedure of the individatdctor layers.

4.6.2 Alignment of the photon-detector layers

For the alignment of the photon-detector layers three fagameters are adjusted: the po-
sition of the layer center along theandy axis, and a rotation in azimuthal angle, The
alignment is based on tracks from pions with momenta largan©.4 GeV/c. Not only
negatively charged pions are considered, but also pdsittlerged pions. An example of
PID distributions used for the identification of positivelyarged pions and their momentum
dependence is shown in section 4.11. Monte-Carlo studies $laown that the difference
in alignment parameters determined using positively aigjons and negatively charged
pions does not excedd035 cm in center position an@.28° in ¢; the same alignment pro-
cedure applied to data yields difference$)&6 cm in center position an@.73° in ¢. Since
for the alignment of the photon-detector layers it was gaedb collect a sufficient amount
of data with positive pions, it was considered desirables®hpoth pion types.

The alignment procedure is based on the minimizatiop®efwith:

s, — Ptri\Ty Y, 2
e-y (65— 02< 5:0)) @
3
where the sum runs over all events selected for the alignprecedure. The anglg; repre-
sents again the azimuthal angle of the strip center, medstitbe upstream end of the layer
under consideration. The anglg.(z, y, ¢) represents the azimuthal angle of the intersection
of a track with the layer under consideration translatedhéoupstream end of the layer in a
direction parallel to the strip orientation; the variab{eg/) and¢ represent the fit parame-
ters, namely the center position and azimuthal orientadfaihe layer under consideration.
The erroro is taken as the strip pitch divided hy12. The selection of events is again based
on the search of the strip closest to the track interseatithijn a distance o8 strip pitches,
and with ADC signaB0c above pedestal.

layer x [cm] y [cm] ¢ [deq]
A 0.15+0.01 0.02+£0.01 —-1.9940.02
B 0.32+0.01 0.07£0.01 —4.39+0.02
C —0.05+£0.01 0.39+0.01 0.12 £0.02

Table 4.1: Alignment parameters of the photon-detectariay

Tests on a Monte-Carlo simulation revealed the alignmendguture to be very stable, and
to yield satisfying results. One test is based on the phdetaetor layers centered around
(z,y) = (0,0) cm, while in another test the layers are offset(iny) by (2,3) cm. In
neither case a shift in azimuthal angle is introduced. Therdened alignment parameters
show a maximum deviation @f.03 4 0.01 cm'? for the center position along an axis and

100bserved for the3 layer
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Figure 4.42: Distributions if\¢ before and after the alignment for tidayer (left), B layer
(center), and” layer (right).

0.16 + 0.02°1* for the orientation inp.

The results, averaged over both pion charges, for the akghwf the photon-detector
layers in the HERMES experiment are given in table 4.1. THeegfor each of the pion
charges can be found in appendix A.

The effect of the whole alignment procedure is shown in figh#? through theA¢
distribution, which represents the difference betweerattimuthal angle of the strip center
and the azimuthal angle of the track intercept translatedgathe strip orientation to the
upstream end of the detector layer. The vertical dashed Imé&he figure delimit one strip
pitch. Before the alignment, the mean of the distribution form— amounts to—1.69°,
—2.01°, and1.17° for the A, B, andC layer respectively; after the alignment, the mean of
the distribution forr— (7+) amounts td).24° (—0.16°), 0.55°(—0.50°), and0.50° (0.56°)
for the A, B, andC layer. The deviation fron° is largest for the two outer layers. As
the additional knowledge of the-coordinate of the track intercept with the layer is needed
for the B andC' layer, and the track’s polar angle ane/ertex position are known with less
precision than the track’s azimuthal angle, an additionad lban be introduced for the two
outer layers. Moreover, the Monte-Carlo studies show thatstrip orientation can not be
determined better thah2°/0.4° for a perfectly aligned3/C layer, while the layer alignment
is limited t0 0.16° in ¢ and0.03 cm in 2 andy for a precisely known strip orientation. A
combination of these various factors can explain the madeiof the observed shift for each
of the three detector layers. This has to be supplementadagiinall misalignment i of the
detector with respect to the beam line and the non-homotyesfahe magnetic field, which
is not taken into account. Although the above given argumean explain the magnitude of
the shift, they can not explain the difference in shift of the distribution between negatively
and positively charged pions for theand B layer. It can be understood, however, if the radii

lobserved for thed layer
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Figure 4.43: Measurements of the attenuation length of gshdetector strips with a
905r source (left) and with signals from pions (right). Theadpbints originating from the
measurement witP’ Sr are reproduced from [70]; the errors on those data poiatset to an
artificially fixed value.

of both layers are underestimated. This of course also iboiss to the magnitude of the
shift. The inclusion of the layers’ radii as free parameterthe layer-alignment procedure
can reduce this shift. However, as the magnitude of the Bhiéither direction does not
exceed the shift observed in tliélayer, it was decided not to elaborate on this. The here
obtained alignment results show a clear improvement ate ¢téaccuracy in agreement with
the accuracy needed for the photon detector.

4.7 Measurement of the strip attenuation length

The possibility to implement a correction for the attenomf the scintillation light when it
propagates through the strips and wavelenght-shiftinggihas been examined. As explained
in section 4.1.2, the light signal created in a strip by thespge of a charged particle is
attenuated more if the particle crosses the strip at a distéar from its readout end than
when the particle crosses the strip close to its readoutléndwing thez coordinate of the
intersection of a particle with a photon-detector strifs i principle possible to correct for
the attenuation of the light. The decrease in light ampétatbng its travel distance, is
described byie—*/%, wherea represents the light amplitude at its point of origin, dnthe
attenuation length. Measurements of the combined attemulgingth of a strip and its two
wavelength-shifting fibers were performed witA’&r source [70]. The source was placed at
various positions along the strip, and the corresponditgudsignal was read out. The result
of the measurement is shown in figure 4.43 (left) togetheh thie fit of the functiore ==/~
Although nothing guarantees a simple exponential behgsiitze the measured configuration
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Figure 4.44: Fractional difference between the highestlewdst observed ADC signal for
the A (left), B (center), and layer (right).

consists of the combination of a strip and two wavelengiftis fibers, and measurements
of the attenuation length of a single wavelength-shiftifgfishowed an increase in light
output for a source placed at the fiber’s end due to the mirgaof its extremity [70], the fit
result shows that indeed the exponential fit function dessrthe data reasonably well.

To obtain the attenuation length of each of the individuadtph-detector strips, mea-
surements with pions, originating from the positron-proitteraction, are performed. Only
pions within the restricted momentum ran@e5 GeV/c to0.55 GeV/c are selected, and the
ADC signal is analyzed as a function of the position of thenfsidntersection with the strip.
To this purpose, the strip length is divided init® bins, which corresponds to a bin width
of 2.75 cm, 4.05 cm, and4.09 cm for the A, B, andC' layer, respectively. The first and
last bin are not included in the analysis to avoid the infleeotedge effects. The mean
ADC signal, above pedestal, as a function of strip lengthha@as in figure 4.43 (right) for
a photon-detector strip. The depicted measurement isseptative for~ 20% of the strips,
while for the remainin@0% of the strips no exponential behavior is observed. Theadievi
from the expected behavior can be explained by the qualitheftonnection between the
strip and the wavelength-shifting fibers.

In order to determine the importance of the correction fgintiattenuation, the difference
between the highest and lowest ADC value, divided by thezegeeADC value, is examined
for each strip. This fractional difference is shown in figdré4 for each of the three photon-
detector layers. As the average fractional difference ansto11.1%, and the energy reso-
lution of the photon detector is not crucial for protons af@hp, while it is intrinsically low
for photons, it was decided not to correct the output sigfalshe light attenuation in first
instance.
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Figure 4.45: ADC spectrum for energy depositions by minirdomnizing particles.

4.8 Calibration of the photon detector

The calibration of the photon detector is based on signal®s ftharged pions. As already
stated, pions in the energy range at which they are obseiviet -HERMES experiment
mainly lose energy through collisional losses, i.e., tiglothe excitation and ionization of
the atomic electrons of the medium. The pions hereby undztgoge number of indepen-
dent collisions wherein different amounts of kinetic eryecgn be transferred to the atomic
electrons. Most of the time they lose a small fraction of tlegiergy, although also colli-
sions in which a larger amount of energy is lost are possjl@eless frequent. This way of
interacting with the surrounding material results in anrgpeleposition spectrum described
by a Landau distribution: most of the energy depositionssarall, but occasionally a colli-
sion involving a large amount of deposited energy is possibhding to a long tail at higher
energies.

However, as explained in section 4.3, several factors itté to a decrease in resolution
of the measured energy deposition. Since these factorsaresan distributed, the resulting
energy-deposition spectrum is correctly described by alharGaussian convoluted func-
tion. A typical example of such an energy spectrum, togettitr the Landau-Gaussian
convoluted fit function, is shown in figure 4.45, in units of Bzhannels, for signals gener-
ated in a photon-detector strip.

The mean excitation and ionization energy loss per paththelng heavy charged parti-
cles is well described by the Bethe—Bloch formula [71]. Astinctive review of all factors
contributing to the correct description of the energy-ldssribution can be found in [96].
Although the formula describes the energy-loss rate atelyravithin a few percent, it can
not be used directly for calibration. Indeed, the formulamfifies the energy loss, but not
the energy deposition. These two quantities differ fromheztber, because of the occurrence
of collisions in which an atomic electron receives a larg@ant of energy and subsequently
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escapes the detector volume without depositing all of iesgyn The Bethe—Bloch function
can be modified to describe the energy deposition in the theteorrectly, but this implies
the tuning of an additional parameter, unique to each dmfécaind thus does not offer the
ideal solution. Additionally, the mean energy depositiepresents another inconvenience,
mostly relevant for (very) thin detectors. As the mean ofehergy distribution is weighted
by very rare events with large single-collision energy dg#jsoa sufficiently large amount of
data has to be collected in order to obtain a stable and tehatue for the mean. All these
considerations do not affect the determination of the mosibgble energy-deposition, and
thus lead to the conclusion that it is preferable to use thstmimbable value of the Landau
distribution, obtained from the fit with the Landau-Gaussianvoluted function, instead of
the mean value of this fit function.

The most probable energy deposition of a charged partidssarg a medium can be
calculated using a modified version of Landau’s equation98}. The formula for the calcu-
lation of the most probable energy deposition can be fouragpendix B. The used formula
is valid fort:

1— /2

54
with x being the distance traveled by the particle inside the nmadind 5 the relativistic
speed. For a charged pion with momentgnand crossing the photon-detector strips under
an angle ofl.13 rad, we obtain the following values for the left-hand sidesgfiation 4.8:
0.067 for [p] = 200 MeV/c, 0.024 for |p] = 300 MeV/c, 0.013 for |p] = 400 MeV/c, and
0.0078 for |p] = 500 MeV/c. Thus, for low-momentum pions we exceed the limit dfdigy
for the calculation of the most probable energy deposition.

In order to check the possibility to calibrate the photoreddr using the most probable
value, the accuracy of its determination is first evaluatedata from a Monte-Carlo simu-
lation. The extracted most probable energy depositionenitfayer is shown in figure 4.46
as a function of the pion momentum, together with the cowerdmg theoretical value. In
order to be insensitive to the dependence of the most prelealelrgy deposition on the pion’s
path length inside the photon-detector strips, the resmésextracted for a limited range in
the pion’s polar angle, namely betweef7 and1.19 rad (corresponding to a relative vari-
ation in path length 06%). As can be seen in the figure, the agreement between the most
probable value from theory, represented by the dark-blogsys, and from a Monte-Carlo
simulation in which the digitization of the photon deteci®not simulated, represented by
the blue and gray closed symbols, is very good. Even at lowenemta the agreement is
reasonable for the data points represented in blue, whileheddata points represented in
gray, the agreement stays excellent. The difference betweeblue and gray data points
is related to the presence of tungsten in front of the sttitig layer, as will be explained
below. However, for the values represented by the greerdlsgmbols, corresponding to a
Monte-Carlo simulation in which the photon detector is tizgid, i.e., in which the decrease
in energy resolution is simulated, the discrepancy witloithés large. The explanation for
this is to be found in the Gaussian distribution that enteesdonvolution integral. The fit

0.084 x

<0.01, (4.8)

12The parameter depends of course on the geometry and maiettial detector, but also on the track- or cluster-
reconstruction algorithm that determines which signatsuhbe considered to originate from the same or a different
particle.

13See appendix B.
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Figure 4.46: Monte-Carlo simulation of the most probabld arean energy deposition of
pions in the photon-detector strips as a function of mommant&or reasons of clarity, the
gray and open green symbols are slightly offset.

parameter of the Gaussian is here taken as constant. However, as eeglai section 4.3,
the energy deposition is smeared according to a Gaussiaibdigon with width proportional
to \/ Eqep, WhereEy,, represents the energy deposited by the traversing parielglacing

in the convolution integrar by o’/E,,, whereE,, represents the mean of the Gaussian, re-
sults in a correct extraction of the most probable value. dittained result is also shown in
figure 4.46 (red closed symbols). A more precise approachistsrin replacing the param-
etero by a’\/E_# + ¢”, where the first term accounts for the decrease in energjuteso
related to the variation in number of photoelectrons ctdlddn the photomultiplier, and the
second term accounts for the decrease in resolution dugde, ras reflected by the pedestal.
This last factor is also simulated in the Monte-Carlo sirtialg but is negligible compared to
the energy-dependentterm, and thus its omission doesfeot Hie extracted most probable
value.

Also shown in figure 4.46 are the mean values obtained for gi®ws Monte-Carlo
simulations and parametrizationsaaf The mean value does not appear as a parameter of the
Landau-Gaussian convoluted function, as the mean of thddiadistribution is not defined:
the tail extends to infinity. Of course, for signals in detestgenerated by particles, there
is an upper limit given by the energy of the incident particléne here shown mean values
are calculated from the obtained fit function in the energyges) MeV to 9 MeV. For the
digitized Monte Carlo, since the smearing procedure exehd energy depositions down
to negative values (see figure 4.32), the lower boundarytenebed to—2 MeV. As can be
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Figure 4.47: Mean energy deposition of pions in the photdeaer as a function of momen-
tum (left). Pion momentum distribution (right).

seen in figure 4.46, the value of the mean is not influencedéglibice ofr. The difference
between the extracted mean value and the mean value of thgyesheposition spectrum
amounts to less that?% for the non-digitized Monte-Carlo simulation and+t01% for the
digitized Monte-Carlo simulation.

The extraction of the most probable value is a relativelyp@tate procedure. This, in
combination with the ignorance of the accuracy of the Mdbgelo digitization at the time
the calibration procedure was implemented and the factettyatod energy resolution is not
crucial for the photon detector, led to the choice of the mesdne, over the most probable
value, as the calibration point for the first calibrationatiéon.

The mean energy deposited by minimum-ionizing particle&BC+08 scintillating
strips lies between.8 and2.0 MeV/cm [100]. Pions with momenta aroufids GeV/c are
minimume-ionizing particles in the scintillating plasti¢]]. Since pions reaching the photon-
detector strips first cross the inner recoil-detector camepts and, more importantly, tung-
sten, a dense material in which the rate of energy loss ig ldhgir energy deposition can
be different from the value quoted in reference [100]. Therapriate value for the energy
deposition is therefore first examined on Monte-Carlo datee mean energy deposited by
pions, normalized to a path lengthbEm, is shown in figure 4.47 (left) as a function of their
momentum. The open symbols represent the mean value foasiegticat the tungsten layers
are replaced by vacuum, while the closed symbols correstmtite correct description of
the photon detector. The pions do indeed behave as minironiniig particles in the above-
mentioned momentum range for the case that no tungstengsmre=or higher-momentum
pions the energy deposition is relatively constant and lgguae energy deposited by lower
momentum pions, while the Bethe—Bloch formula predictsremease in energy loss. This
observation is related to the creation of high-energy sdectthat escape the detector strips
without depositing all of their energy, as mentioned praglg. The energy deposition in the
A layer in the absence of tungsten lies betwéenand2 MeV, as cited in [100]. For the
subsequent layers, the mean energy deposition is systadhatiigher, since particles cre-
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Figure 4.48: Number of particles, with kinetic energy abavé keV, detected in each of
the photon-detector layers (left), and average energysiegubper secondary particle in the
photon-detector scintillators (right). The negative ealwf the pion momentum reflect the
negative charge of the here considered pions.

ated in a lower-lying layer can escape this layer and deffusit energy in the next layer(s).
This is indeed observed in figure 4.48, which displays thal ttimber of particlé$, i.e., the
traversing pion and the secondary particles it generatesgept in the scintillating material
as a function of the pion momentum, for each of the three fayglso shown is the average
energy deposited by the secondary particles. The vast ityajdthese secondary particles
are ionized atomic electrons with an average energy 6f5 MeV. Most of them are created
and stopped inside the scintillating material, and only alsfraction is created outside the
scintillating strips. However, the number of particlesdrging to this last category is larger
in the presence of tungsten. This is especially the casdéof tayer, preceded by @mm
thick tungsten layer. While these secondary particles floence the mean energy deposited
in the A layer, they do not influence the value of the most probableggnéeposition for
momenta abové.6 GeV/c, as can be seen in figure 4.46. For théayer, the3 mm thick
tungsten layer has less influence compared to the situati@neronly scintillating material
is present, as secondary particles originating fromdhi@yer are stopped inside the tungsten
layer, and only newly created electrons inside this tumglstger can influence the signal ob-
served in theB layer. For theC layer, both configurations even out for pions with momenta
above~ 0.5 GeV/c. The pion momentum itself is not largely affected by pinesence of the

14ith kinetic energy above th&00 keV threshold implemented in the Monte-Carlo simulatiag section 4.3
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Figure 4.49: Mean energy deposition of pions with momentvealo.5 GeV/c, after the
calibration of the photon detector.

inner-lying material: the difference in momentum before fion enters the photon detector
and when it reaches the layer amounts td0 MeV/c in the case that tungsten is present and
to 5 MeV/c in the case that no tungsten is present.

From the above considerations, and based on the momenttribwtisn of pions, which
is mostly centered around low values (see figure 4.47, righths with momenta above
0.5 GeV/c are selected for the calibration of the photon deteetod their mean energy
deposition is set td.1 MeV/cm for all three layers.

Pions selected for the calibration procedure are requadeiave a signal in each of the
modules of the silicon-strip detector and of the scinfitigtfiber tracker in order to obtain a
well reconstructed track. This condition is relaxed focksfrom quadrar?, as in this quad-
rant both the silicon-strip detector and the scintillatfitger tracker suffer from a substantial
amount of dead channels or channels with a low detectioniegffig. Signals generated by
positively and negatively charged pions are used, as a catibn of the track selection, the
bending of the particles in the magnetic field and the gap tawéen two silicon modules
causes photon-detector strips centered around this gagyaezeive signals from pions of
one charge. The selected tracks provided, at the time ofrthkeimentation of the calibration,
useful signals in three of the four recoil-detector quatiraRor quadrart, however, pions
with momenta above.5 GeV/c generated a larger signal than pions with lower moment
and additionally the shape of the energy-deposition @istion seemed distorted. It was de-
cided that reconstructed particles with momenta aldov&eV/c could not be trusted for this
guadrant, and that instead pions with momenta betwe®and0.5 GeV/c should be used.
The signals in the other three quadrants originating froom@iwith momenta in the range
0.3-0.5 GeV/c and abové®.5 GeV/c were compared and the ratio of their mean used as a
scale factor that was applied to the signals from quadraAtter the finalization of the new
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Figure 4.50: Most probable energy deposition of pions witmmenta above.5 GeV/c, after
the calibration of the photon detector.

data production, which includes the new photon-detectisregion and an improved track
reconstruction, the result of the photon-detector catiibnecan be evaluated. The newly cal-
ibrated data show a stable energy-deposition signal oves, twith a mean &.1 MeV/cm
for all strips outside quadragt An example of the mean energy deposition, normalized to
path length, as a function of run number is shown in figure 4rdfresented by the closed
symbols, for a strip from thel (blue) andB (green) layer. For strips in quadrahthe mean
deposited energy liez5% lower. An equal mean energy deposition is also observed when
analyzing signals from cosmic particles, of which the s@&conly involves the photon de-
tector. Since both independent methods provide the samé,riéscan be concluded that
for the new data production the reconstruction of tracksuadyant2 is reliable, while for
the previous data production it is inaccurate. A new calibraeiteration will thus result in a
correctly calibrated quadraft

Another reason for a new calibration iteration is relatedht® clustering algorithm on
PMT level, as explained in subsection 4.1.5. The clustesiggrithm provides a correction
for light leakage on the PMT cathode. Depending on the amafuerosstalk, this correction
can be more or less substantial. The mean energy depositioected for crosstalk is also
shown in figure 4.49, represented by the open symbols. As easeén, for certain strips
the crosstalk is small, but for other strips, as is the casthibhere shownl-layer strip, the
crosstalk correction contributes to an increase in siggald. The signals corrected for
crosstalk will be used as input in the next calibration itiera

Finally, the most probable energy deposition is shown inrfégu50 for pions with polar
angle between.07 and1.19 rad. The shown values are once obtained with a constémit
the Gaussian distribution, and once with an energy-dep#rdeThe resulting values are
lower than those extracted from the Monte-Carlo simula#ind the theoretical calculation.
Contrary to the Monte-Carlo simulation, for which the snieguof the energy distribution is
overestimated, a constant term might also be of importamcertrectly describe the experi-
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mental data, thus taking = ¢’/E,, + ¢”. Currently, this is not taken into account.

4.9 Possibility for particle identification.
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Figure 4.51: Energy deposition as a function of momentuntjoadrant of thed layer (top),
B layer (center), and’ layer (bottom).

With the photon detector calibrated, its ability to disdniate pions and protons produced
in the HERMES experiment can be investigated. Figure 4.5Wstthe energy deposition,
normalized to path length, in a quadrant of theB, andC' layer as a function of the momen-
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Figure 4.52: Energy deposition, not normalized to pathtlenags a function of momentum
in a quadrant of thel layer (left) andC layer (right). TheB layer shows a behavior similar
to the A andC layer. The blue line represents théleV threshold.

tum of the detected particles. On the left-hand side of theréigthe signals from negative
pions can be distinguished, and on the right-hand sideppsptorresponding to the higher
energy signals, and pions are visible. The silicon-striggcter is able to separate protons
from pions for momenta up t6.70 GeV/c, and the scintillating-fiber tracker is effective
for momenta up td.55 GeV/c. From figure 4.51 one can see that the photon deteator ca
contribute to particle identification for momenta upOtG@ GeV/c, with a lower momentum-
threshold for the detection of protons at aroundhb GeV/c for theA layer,0.5 GeV/c for
the B layer, and).55 GeV/c for theC' layer. The separation between protons and pions be-
comes, however, less pronounced for the outer layers;gtaspecially true for thé layer.
Nevertheless, all three layers are useful for particletifieation in the momentum range not
covered by the scintillating-fiber tracker.

4.10 Determination of the energy-deposition threshold

A series of studies on the noise level in the photon detectyewerformed by analyzing
the hit multiplicity in the detector for events collectedngsa randomly generated trigger
with several configurations for the lepton beam and targkt[t@1]. A first set of data

were collected with an empty target cell and in the absentleeoepton beam, but with the
HERA proton beam passing through the HERMES spectrometsecand set of measure-
ments were performed with an empty target cell and both tbeprand lepton beam passing
through the experiment. Finally, for the third set of measuents, the target cell was filled
with hydrogen and both beams were circulating through tleelacator. The magnitude of
the lepton-beam current was not the same for all measuresméite measured hit multi-

84



4.10. Determination of the energy-deposition threshold

0.7 ) 0.7 [T
r OMeVceut 0 MeV cut
06 [ 0.5 MeV cut { o6 [ 0.5 MeV cut {
T 1.0 MeV cut | ’ 1.0 MeV cut
b 1.5 MeV cut 4 1.5 MeV cut
05 2.0 MeV cut+ 0.5 2.0 MeV cut+
2.5MeV cut 4 2.5 MeV cut
0.4 | 1 04 [ 8
03| y 03| y
0.2 | 1 02| 1
01} 1 01} 1
0 L L L - ] 0 I I | L
0.5 0 05 1 15 2 25 -05 0 0.5 1 15 2 25
A-layer clusters associated to track C-layer clusters associated to track

Figure 4.53: Number aofi-layer (left) andC-layer (right) clusters, above the cited threshold,
associated with a track. The results for tBéayer are similar to the results for theandC'
layer.

plicity is lowest, but not negligible, when only protons grassing through the HERMES
experiment®. The noise level measured with an empty target cell and ahepeam cur-
rent of 35 mA equals the noise level measured with a filled target cell atveam current
of 28 mA, and lies40% higher than the noise level measured with a filled targétacel a
beam current o5 mA. Also follows from these measurements that a minimumsthoél
of 3.54.0 o above pedestal, with the pedestal width, is required for the selection of clean
signals, leading to a hit multiplicity of less tharl ‘noise’ hits per event in a layer. For the
most noisy strips, this cut corresponds to a minimal enelgyssition threshold af.5 MeV.
Analogous conclusions can be drawn from figure 4.52, whichwsHor the inner and outer
photon-detector layers the energy deposition as a funcfigrarticle momentum, but con-
trary to what is shown in figure 4.51, uncorrected for anglénofdence and with a lower
threshold of20 above pedestal.

In order to quantify the influence of an energy-depositiorshold, the number of clus-
ters, with energy above this threshold, associated withckiis examined for events in which
the scattered lepton is observed in the spectrometer. Boudtseare shown in figure 4.53 for
the A andC layer. The difference in number of clusters betweénsaVieV and al.0 MeV
threshold only amounts ®2%. Since at the time the study was performed, the quality of the
data was not well understood, especially the behavior irdgurd 2, a rather conservative
energy threshold of MeV was opted fol®.

15When looking at the photon-detector output with an osditpe for an empty target cell and in the absence
of a lepton beam, the presence of a passing proton bunch eadyclisible. The collection of data with the gain-
monitoring system was also not possible in the presenceatdms in the beam line, and thus only took place in
between fills.

16Subsequently a new xtc andDST production were completed, including also changes to thekir
reconstruction and particle-identification algorithmssRlts based on these productions are shown in sections 4.6
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To determine the effect of the energy threshold on the detect photons, a study on
Monte-Carlo data is performed. The data are generated hatpythia and gmclvcs gener-
ators, and only photons originating from the decay of néyiens are analyzed. From the
photons interacting in the photon-detector matesiébso (4.7%) are lost for data generated
with gmc.dvcs (pythia) when a lower threshold @b MeV is applied on cluster level, while
thel MeV threshold corresponds to a los508% (8.5%) of the photons. In view of the main
design goal of the photon detector, namely the rejection@fts in which ar’-decay photon
is present, the more important quantity to analyze is thebmrraf events in which no photon
at all is detected. Compared to the absence of a lower tHigshi@ 5 MeV cut increases the
number of these events [2y2% (3.5%), while al MeV threshold increases the number of
these events b$.9% (6.3%). The here quoted numbers are slightly overestimatedeheny
since the Monte-Carlo simulation underestimates the phdeiector energy resolution.

4.11 Efficiency of the photon detector

The efficiency of the photon-detector strips in detectirgnals from pions and protons is
presented in the following. For its determination, the iiséetion of a reconstructed track
with each of the photon-detector layers is calculated f8absequently, if in the two photon-
detector layers not under study a signal within a distancefs$trip pitches from the track
intercept is observed, the remaining layer is examined.aBe¢his layer contains a cluster
that is not more tham.5 strip pitches away from the intersection point of the trabl, strip
corresponding to this intersection point is considerediefiit; in the opposite case the strip is
considered inefficient. The presented efficiencies araetdd on cluster level, thus affected
by the1l MeV threshold and the PMT-clustering routine.

The tracks selected for the study of the photon-detectariefity are required to be
reconstructed fron2 space points in the silicon-strip detector ahdpace points in the
scintillating-fiber tracker, in order to suppress the pneseof erroneously reconstructed
tracks. This condition is released for tracks originatirari quadran2. Here, a space point
in the outer layer of the scintillating-fiber tracker is nanaatory, since this part of the detec-
tor is inefficient. Although the n-side strips of both out#icen-strip-detector sensors from
this quadrant are also broken, the p-side strips still gaeex useful signal, forming a space
point that provides a loose constraint for the track reqoieibn. The selected tracks are in
addition only considered if their intersection point wittetphoton-detector layers lies more
than2.5 strip pitches away from the intersection points of othesfidy reconstructed tracks.
This condition aims at a further reduction of incorrectlgoastructed tracks. For tracks iden-
tified as pions, the momentum is required to lie betw@erGeV/c and).7 GeV/c, where the
choice for the lower-momentum boundary is dictated by timétéid penetration of pions in
the tungsten layers, and the upper-momentum boundargdree the limitation in particle
identification. The momentum range for protons is restti¢te).5 GeV/c-0.7 GeV/c, since
lower-momentum protons do not reach the (outer) photoretet layers.

In order to identify positively charged pions and protoree PID values provided for
each of the subcomponents of the recoil tracking detectersised. The sum of these PID
values is shown in figure 4.54 for tracks from quadrantor experimental data collected

(figure 4.42), 4.8, 4.9, 4.11 and the following chapter.
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Figure 4.54: PID distributions from data collecte@i06 (left) and2007 (right), subdivided
in various momentum intervals for positive particles detdcn quadran8. PID values
located on the left (right) of the dashed (dotted) verticeg$ correspond to the selection of
pions (protons).

in 2006 (left) and in2007 (right). Positive PID values correspond to protons; negaflD
values are most representative for positively chargedspidhe PID values are presented for
5 momentum intervals, ranging, in subdivisionsiof MeV, from momenta of).2 GeV/c

to 0.7 GeV/c. A strong momentum dependence can be observed togégthesmall differ-
ences between the two years of data taking. Not shown hehe isresence of a quadrant
dependence. The minimum of the PID distribution is expetidse centered around zero if
the same amount of protons and pions are detected, as isxapptely fulfilled, e.g., for the
momentum range betwe@2 GeV/c and).3 GeV/c. In the here presented distributions the
minimum is, however, located at negative values. The re&sothis shift is at present un-
known. A reconstructed positively charged particle is tifesd as a pion if its PID value lies
below the momentum-dependent value indicated by the dastntidal line in figure 4.54.
Particles with PID values above the value indicated by thtéeddines are considered to be
protons. The cuts on the PID values are adjusted for eachraptaddividually.

The time dependence of the efficiency of the photon-detettiayer strips is shown in
figure 4.55 for negatively charged pions with momenta betweé GeV/c and0.7 GeV/c.
The data collected i2006 are subdivided int@ time periods; the data collected 2007 are
subdivided into4 time periods. The efficiency shows a very stable behavior tiree. A
difference between the yea2806 and2007 is, however, observed for quadrant This is
related to the calibration, described in section 4.8. Thaahese in statistics for the strips
3342 originates from the lower pion-detection efficiency of tlileesn-strip detector in this
quadrant. The efficiency of the strips centered around tipebgaveen two modules of the
silicon-strip detector are not shown, since not enough clatabe collected with the present
event selectioll. This is also valid for the strips located in the first half ofagirant. Less

1"The efficiency of a strip is only shown if at leabd0 entries satisfy all data-selection criteria, except the on
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Figure 4.55: Time dependence of the efficiencies of the phd&tectord-layer strips.

strict conditions on the track selection increase thestesi, but also deteriorate the quality
of the selected sample. At this stage, the quality of the skat@ple is preferred over the gain
in statistics. Regarding time dependence,thandC' layer show the same behavior as the
A layer. Their efficiencies for various time periods are shawappendix C.

The momentum and particle-type dependence of the detefficrency is shown in fig-
ure 4.56 for theA (top), B (center), and” (bottom) layer (for data collected 2007). The
efficiencies for negatively charged pions are shown on tftehbnd side; those for protons
(squares) and positively charged pions (circles) are stwvthe right-hand side. The various
colors are representative for the different momentum rangs can be seen, on average no
difference in detection efficiency for positively and négely charged pions is observed in
the A and B layer. For strips located around the gap in betwsiicon-strip modules, the
detection efficiency is different for both particle types, a.g., forA-layer strips3 and58.
This is related to the bending in opposite direction of theifpeely and negatively charged
particles in the magnetic field together with the track s&dec Positively charged pions
reaching, e.g.4-layer strip58 are reconstructed in the silicon-strip detector from stdjpse
to the edge of the sensor, whereas negatively charged pren®eonstructed from strips
located further away from the sensor edge. These edge £ffantinfluence the quality of
the reconstructed track. The same principle also appliisetalifference in efficiency as a
function of momentum for the photon-detector strips lodeaeound the gap: considering
againA-layer strip58, high-momentum negatively charged pions are reconstidoben si-
licon strips located closer to the sensor edge in comparisgtimlow-momentum pions. As
an illustration, pions with a transverse momentun3@f MeV/c are bent in azimuthal direc-
tion by an angle equivalent tb A-layer strip pitch when reaching this photon-detectoritaye

related to the layer under study.

88



4.11. Efficiency of the photon detector

I
N

T T ‘ L ‘ T T ‘ L L T T ‘ T T ‘ L ‘ T T L L T T
105 | onegative pions L opositive pions ]
I 1 w=protons ]

efficiency
=

0.95 I
09 | B
0.85 I
0.8 I
0.75 I

0l77\\\\1\0\\\\2\0\\\\3\0\\\\4\0\\\\5\0\\\\\” \7

Ll ‘ \&\ L1 ‘ Ll ‘ | ‘ | ‘ '
] 60 10 20 30 40 50 60
A-layer strip number A-layer strip number

[

0% i 888 409%95, gRge 3 _n. _ | ::__ ga *8g0,°
88.9°8  e%¢ § o6 J%m. ¢ 8 g fo888

5,90

efficiency

o
©

ogs | 02GeVic< p< 03Gevic 8
: 0.3GeVic< p< 0.4 GeVic °
[ 04GeVic< p<05GeVic T 8|
08 - 05GeVic< p< 0.6GeVic T h
b 0.6GeVic< p< 0.7 GeVic 8t
0.5GeVic< p< 0.6 GeVic - B
(o)

.6 GeV/c< p< 0.7 GeV/c ‘ ‘ +

0.75 -
I o b e e e e

10 20 30 4
B-layer strip number

0.7 10 20

30 40
B-layer strip number

=

095 |

efficiency
°
©

0.85
08 |
075 |
07 |
0.65 |
06 L 1 ]

\\\\\\\\\\\.\'\\“\\\\\\\7

L L L L L ‘ L L L L ‘ L L L L ‘ L L L L ‘ L \”
055 10 20 30 40 10 20
C-layer strip number

30 | 40
C-layer strip number

Figure 4.56: Detection efficiency of thé& (top), B (center), and” (bottom) layer for neg-
atively (left) and positively (right) charged pions, and footons (right), as a function of
momentum.

whereas pions with a transverse momenturmidfMeV/c are bent away by the equivalent of
3 strip pitches. Apart from these edge effects and not corisigithe problematic region of
quadran®, which affectsA-layer strips46—-50 and B-layer stripsl—3 and38—44, the detec-
tion efficiency shows no dependence on neither the momenturtna type of the pions. It

is for both layers aroung2%.

The detection efficiency of th& layer is on average lower. This can, however, not directly

be attributed to the intrinsic detection efficiency of thgdl but rather, at least partially, to
the limited penetration of the selected particles, esflgdimv-momentum particles. Because
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of the absence of an active detector component behin@ tlager, it is not possible to check
if the selected particles indeed reach @héayer or if they are stopped before. The intrinsic
detection efficiency of this layer can thus not be measurea straight-forward way. Yet,
it would be possible to compare the here obtained results iggults from a Monte-Carlo
simulation, and to extract from this the intrinsic detectédfficiency. This has at present not
been investigated. Independently, the difference in efficy for positively and for nega-
tively charged pions, most prominent at low momenta, is xpeeted. It could be related
to the particle-identification criteria used for the sel@ttof positively charged pions. It
was checked that the requirements on particle identifiocatmnot give rise to a difference
in reconstructed-momentum distribution for the positivel @egative pions. Regarding the
strips26-31, which are mainly located in quadrahta combination of proton contamination,
non-optimal calibration, and possibly track reconstiueti could explain the lower observed
efficiencies.

Since the protons observed here have a smaller range tharotie their detection effi-
ciency in theC layer lies well below that for pions. On the opposite, in thend B layer
the proton-detection efficiency lies above the pion-deecdtfficiency, as the protons gener-
ate larger signals than the pions do. Because the seleat&mhprare required to reach the
C' layer, they generate on average larger signals inBHayer than in theA layer. This
explains the difference in proton-detection efficiency tteese two layers. No momentum
dependence is observed for tHelayer, whereas the efficiency of th layer for protons
in the momentum range 5 GeV/c-0.6 GeV/c lies below that for protons in the momentum
range).6 GeV/c.7 GeV/c. Although protons with momenta around GeV/c reach the3
layer, there is a non-negligible probability that some @opsed in the tungsten layer located
in front. This in combination with a noise hit in th& layer results effectively in a lower
measured efficiency. As for the lower proton-detection igfficy of B-layer strips28—44 in
comparison with the othgB-layer strips, the reason is not clear. Particle identificanight
have an influence. Also, there might be an effect relatedattktreconstruction, mainly then
for (the first half of) quadrar, where the tracking detectors are less efficient. This would
affect B-layer strips1-3 and 38—44, for which also the pion-detection efficiency is lower.
Yet, for these strips, the effect can also be attributed ¢oitiperfect calibration. Also for
the strips from the”' layer covering quadrarit, i.e., from strip18 to 26, and quadran? a
lower proton-detection efficiency is observed. No suchatfifevisible for theA layer. The
selection of signals for this layer is of superior qualitgaese of the requirement of a signal
in the successive two layers.

In conclusion, the detection efficiency of the photon detetidr charged particles lies
appreciably high in view of its usage, is constant over tiueg relatively homogeneous
(possibly influenced by the PMT clustering) in the region®rehthe measured efficiency is
believed to represent the intrinsic efficiency.

181t was stated in section 4.8 that for the new production taeks from quadrari are reliable for the photon-
detector calibration. This does not necessarily excludettte track reconstruction in quadranis of lower quality
than in the other quadrants. This in consequence wouldtaffeaneasurement of the photon-detector-strip efficien-
cies.
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4.12 The identification of cluster signals from neutral and
charged particles

In this section the capability of the photon detector to ectly assign a signal as originating
from a charged particle or a neutral particle is examined ont&Carlo data, generated with
the pythia and the gmdvcs generators. The identification criteria are investidan cluster
level. As explained in section 4.1.5, the reconstructioapgace points is not trivial and can
be very elaborate, depending on the event topology. Theespaioit reconstruction might
prove not to be a real benefit for the analysis of DVCS becalge@vent topology, with in
addition the fact that the photons observed for this analysinot necessarily leave a signal
in more than one photon-detector layer. Thus, a first approassists in the development of
criteria based on cluster level.

The distribution of the difference between the azimuthglewof the strip center and the
azimuthal angle of the intersection point of a track with atoin-detector layer translated
along the strip orientation to the upstream layer end, as/shio figures 4.23 and 4.42 for
charged pions and protons, together with the limited spadaal photon signal, as shown
in figures 4.4 and 4.17, leads to a first selection criteriorcluster signal is considered to
originate from a charged particle if the difference betwibertwo above mentioned azimuthal
angles does not exceédstrip pitch. In the opposite case, or if no track is found, ¢thester
signal is assigned to a neutral particle. For the selectiaiastic DVCS events, the latter
situation corresponds to the rejection of the investigateuht, as it is considered to originate
from a background process, mainly associated production.

An additional constraint can be placed on theoordinatez;, of the intersection point
of a track with a photon-detector layer, i.e., it can be regfithat this quantity, calculated
from the reconstructed-track parameters, lies withinatedoundaries. The; coordinate
is determined with respect to the mean radius of a layer, lansl it allowed to exceed the
position of the downstream end of a layer @y cm for particles originating from the far
upstream end of the target cell and crossing the photoreidetayer under a shallow angle,
i.e., not traversing the layer over its full thickness. Takalso the finite resolution ig. into
account, shown in figure 4.21, a track is considered in théguhdetector layer acceptance
for a value ofz, being~ 1 cm larger than the position of the downstream end of the tlatec
layer. This is in accordance with the Monte-Carlo distribatof z;, shown in figure 4.57
for negative particles leaving a signal in a photon-detdetger. The distribution rises with
increasing:;, as most of the simulated particles are created under a fdravegle, and then
shows an abrupt fall off around the end of the photon-detday@r, marked by the dotted
vertical line on the right side. Since the number of backwenehted particles is small,
the same effect is not clearly observed at the upstream ettideophoton detector. The
figure shown here only represents the distributions ifor negative pions, but the results for
protons and positive pions are similar. The shape of theildiston is also independent of
the particle’s momentum. The various histograms in figus& 4epresent the distribution in
z; determined from generated Monte-Carlo tracks (greenpnstcucted Monte-Carlo tracks
with a signal in each subcomponent of the tracking dete¢bdu), and from reconstructed
Monte-Carlo tracks with a signal in at least three of the feulscomponents of the tracking
detectors (dark blue). Apart from small differences, atidbutions show the same behavior:
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Figure 4.57: Position along the beam line of the track irtetion with the photon-detector
A layer (top),B layer (center), and’ layer (bottom). Each of the distributions is normalized
to unity. The vertical dotted lines delimit the positioncarding to the technical drawings, of
the photon-detector layers; the dashed lines delimit treztfe photon-detector acceptance

(see text).

a well pronounced falling edge around the end of the respeptioton-detector layers and a
small number of events past that edge. The origin of therlattents is explained further in

this section.

The same analysis is performed on experimental data. Im trdelect a clean track sam-
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4.12. The identification of cluster signals from neutral ahdrged particles

ple, only negatively charged particles with a track recarcted from signals in each of the
four (three for tracks originating from quadra)tsubcomponents of the tracking detectors
are selected. The obtaineddistribution, represented by the red curve in figure 4.56wsa
behavior similar to the distribution extracted from the NCarlo simulation, but the sharp
falling edge is displaced. Also, a small increase of therithistion past the fall-off edge is
observed in comparison with the reconstructespace-point tracks from the Monte-Carlo
simulation, because for the track reconstruction of expenital data only space points are
required in quadrart and possibly also because of the absence in the Monte-Gamldes
tion of inefficiencies. The shift of the fall-off edge poiritsa misalignment along the beam
line of the photon detector with respect to the tracking cets. Based on the distribution
from experimental data, the valueszffor which the intersection of a track with a photon-
detector layer is considered to lie within the acceptaneehosen to bé.5-34.5 cm for the

A layer,4.5-35.5 cm for the B layer, and4.5-36.0 cm for theC' layer. They correspond to
the dashed vertical lines in figure 4.57. These same valeeslso used in the subsequently
explained part of the analysis of Monte-Carlo data, whichdstotally accurate, but since
the influence of the constraint on is small, and the additional gain in events due to the
displacement of the boundaries is small, the error can blectegl.

The assignment of a particle as the origin of a generateteclsiginal is based on Monte-
Carlo information extracted as follows. As explained inteet4.3, a primary particle cross-
ing a detector volume, for example a tungsten layer, canrgensecondary particles. If a
secondary particle has a momentum above a set thresholdpsh productiond 00 MeV,
this particle is considered a primary particle and its triad¢krmation is stored. If this parti-
cle then generates a signal in, e.g., a photon-detectpr 8ig Monte-Carlo simulation links
this signal to the secondary particle. In case the secomutaticle has a momentum below
threshold, the observed signal is linked to the originafaiy particle. However, for the
former case, it is meaningless to consider the secondatiglpaas the original particle if it
concerns, for example, a pair-produced electron in a tengstyer. Yet, since a link from
this secondary particle to its parent track exists, the arynparticle can be traced down. In
the present analysis, the first stable particle at the odfthe chain is identified as the pri-
mary particlé®. This definition excludes, for example, neutral pions. Astrad pions decay
practically instantaneously, these pions are modeledrasaVjand not as stable, particles in
the simulation. The resulting decay photons, however, ardated as stable particles, and
according to the here utilized identification criteriongytwill be considered as the original
particles responsible for the generation of a signal in th&t@n detector. On the other hand,
K? particles are modeled as stable particles in the MonteeGamulation. However, they
decay relatively fast, and generate secondary chargedlpartreconstructed by the tracking
algorithm. Although the signals generated by these decHicles should be considered as
originating from charged particles, they will be identifiad originating from neutral par-
ticles. One thus needs to interpret the results of the aisalyith caution. The sample of
signals erroneously identified by the photon detector agrating from charged or neutral
particles is, however, analyzed and explained in the fallgwand the contribution from
decaying particles clarified.

19The convention for the treatment of very fast-decayingiglag is not followed consequently for the grdecs
generator. Some of these particles, likand %, are labeled as stable in the Monte-Carlo simulation. Thesew
however, identified and their decay products were takeneaprimary stable particles.
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4. The photon detector

As mentioned previously, the study of the capability of theton detector to discriminate
signals generated by charged particles from signals geteby neutral particles is solely
based on cluster level. Also, only clusters for which a sig@vel MeV is observed are
considered. The number of cluster signals correctly ifiedtas originating from a neutral
particle amounts t®8% (96%) for data generated with gnabvcs (pythia); the number of
cluster signals correctly identified as originating fromre@ed particle amounts &%
(67%). The results are summarized in table 4.2. The constraint, dias only a minor
positive influence {.9%) on the selection of neutral particles, while it has a nggabut
even smaller, influenceq 0.5%) on the identification of charged particles. The identtfara
of neutral particles has a rather high efficiency, while foaiged particles it is not optimal.
However, as explained, care has to be taken in the intetjmetaf these results. In the
following two subsections the reason for the incorrectgssient of neutral and charged
particles is analyzed. For the misidentified clusters adging from neutral particles no
constraint is placed on;; for the study of clusters originating from charged paeticthe
constraint orx; is applied.

pythia pythia gmadvcs gmcedvces

withoutz; cut  with z; cut  withoutz; cut  with z; cut
neutral, correct id. 95.34% 96.24% 97.40% 98.25%
neutral, incorrect id. 4.66% 3.76% 2.60% 1.75%
charged, correctid.  66.98% 66.51% 77.63% 77.55%
charged, incorrectid.  33.02% 33.49% 22.37% 22.45%

Table 4.2: Identification of cluster signals from neutradl@harged particles.

4.12.1 Incorrectly identified neutral particles

The sample of misidentified clusters associated with a akpérticle can be subdivided into
three categories. The distinction between the first andr ¢t categories is based on the
comparison of the first stable particle, defined above, &ssotwith a cluster with the first
stable particle associated with a reconstructed track. oftggnal stable particle associated
with a reconstructed track is traced down in a way similarh® original stable particle
associated with a photon-detector cluster. The link betvike last primary particle of the
particle chain and the reconstructed track is providedutjinche space points that form the
track.

The first considered category of misidentified photon-detedusters consists of clusters
that are associated with the same particle as are the regotest tracks. This group forms
47.79% (78.44%) of the misidentified clusters, for data generated with gines (pythia).
For 99.1% (98.5%) of these clusters, only one particle is found to be at thgiroof the
generated signal. For the other two categories, the padgdociated with the reconstructed
track is different from the particle associated with the toinedetector cluster. A further
distinction is based on the number of particles crossingthgter. For the second group of
clusters two particles are linked to the same cluster, vesefer the third group only one
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Figure 4.58: Transverse distance from the beam axis of tge\atrtex of neutral primary
particles linked to misidentified photon-detector clustdor data generated with gnavcs
(left) and data generated with pythia (right). The verticaés delimit the position of the
photon-detector tungsten layers. Each histogram is ndzethio unity.

particle is associated with the cluster, The populationlosters linked to more than two
particles is only on the order @f.1%, and will thus be ignored. The second group forms
40.82% (15.97%) of the misidentified clusters and the third graup39% (5.59%).

The origin of contamination for the first group of misiderddiclusters can be under-
stood from the position, transverse to the beam axis, athwthie primary original particle is
stopped due to interaction with material or its decay. Thisition is depicted in figure 4.58
for particles from each category. As can be seen, contratiig@articles from the other
categories, all particles from the first category are stddpetween the target cell and the
silicon-strip detector. The different types of particlessent in this group are mainywith
62.25% (16.96%), A° with 19.54% (15.86%), and K0 with 11.26% (57.46%). It is to be
noted that the tracking algorithm assumes all particlesrigirmte from the beam-proton
interaction point, and does not reconstruct secondarycestt Thus, charged particles that
originate from aK? or a A" that decays close to the target area have a higher chance to
be reconstructed (with better accuracy). It is clear thatsignals from the here considered
clusters should be considered to originate from chargetitfes, and thus do not form a real
sample of misidentified cluster signals.

The primary particles of the second category consist nexdiusively of photons, while
the second patrticle linked to the cluster is found to be mbiteotime a proton in case of data
generated with the gmdvcs generator, and a pion in case of data generated withyth@p
generator. This second particle isdii% of the cases the primary original particle to which
the reconstructed track is linked. As such, this group oftelts is unavoidably misidentified.
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Figure 4.59: Difference between the energy-weightqubsition of the signal in a cluster
and thez coordinate of the intersection of a reconstructed track wiphoton-detector layer
(left), and the position along the beam-line of the intetis@cof a reconstructed track with a
photon-detector layer (right). Each histogram is nornealito unity.

As for the third group, the generated cluster signals oagirirom photons that mainly
interact in the first tungsten layer of the photon detecttwe Tharged particle, to which the
cluster is erroneously linked, is mainly reconstructedrfrtbiree space points: two from the
silicon-strip detector and one from the inner scintillgtifiber tracker. This statement is espe-
cially valid for data generated with the pythia generatar & ata generated with gnubvcs,
only a small excess in tracks reconstructed from three spaices is observed. While the
distribution of the difference between the azimuthal argfléhe cluster center and the az-
imuthal angle of the track intersection with the photoned&tr layer, translated along the
strip orientation to the upstream layer end, shows no diffee for clusters from categoy
and3, a clear difference in the distribution &z is observed, as shown in figure 4.59 (left).
The quantityAz represents the difference between the energy-weightambrdinate of all
hits recorded in the cluster under investigation and theutatledz coordinate of the intersec-
tion point of the charged particle with the photon-detetdger. As can be seen, for clusters
from categor it is a mere coincidence that the clusters are linked, via#hection criterion
on the azimuthal angle, to reconstructed tracks. If thesimgsof clusters from two different
layers were reconstructed, the consideration of:tkeordinate of the crossing would result
in a correct assignment of the origin of the signal. Sincetrabthe charged particles linked
to clusters from category intersect the photon-detector layer outside its acceptaasccan
be seen in figure 4.59 (right), the imposed boundaries ptlefined above, correctly identify
the signal. For data generated with giecs this effect is less pronounced.

We can conclude that if a signal from a neutral particle i®detd in a photon-detector
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cluster, the signal will be identified as originating frone theutral particle with a high effi-
ciency. The identification efficiencies of neutral partsctgven in table 4.2 are slightly under-
estimated. The deduction of misidentified clusters fromfifse category and the constraint
onz, resultin an identification efficiency of abod% for data generated with gnavcs and
pythia.

4.12.2 Incorrectly identified charged particles

For only 15.21% (24.29%) of the misidentified clusters belonging to a charged plartihe
track of the particle is effectively reconstructed by treclking algorithm, when considering
data generated with gnatvcs (pythia). The effective reconstruction of the traclagfarti-
cle refers here to the existence of a link between a recartstiurack and the Monte-Carlo
primary particle directly responsible for the generatidrsignals in the tracking detectors
(thus not necessarily the original generated stable f&ytie\ reconstructed track is linked
to a Monte-Carlo particle if each space point used to formtthaek is linked to the same
simulated particle, and if the track is reconstructed frarteast three space points or if the
track consists of exactly two space points in the silicaipstetector. FOB4.79% (75.71%)

of the incorrectly identified clusters, the Monte-Carlotfzde is not found to be reconstructed
by the tracking algorithm, and these clusters are thus udality misidentified®. In com-
parison, for99.74% (99.73%) of the correctly identified clusters associated with arged
particle, the track of the charged particle is reconstidibiethe tracking algorithm. The type
of particle associated with misidentified clusters cossistinly of protons{7.15%) and
pions (1.76%) for data generated with gnabvcs, and of pions83.33%), protons §.25%),
and kaons@.04%) for data generated with pythia.

In the following we will only concentrate on the misidentiielusters for which the as-
sociated charged patrticle is reconstructed by the trackigarithm. A classification of this
group of misidentified clusters is based on the position atkvthe original primary particle
associated with the cluster is stopped. The location ofstap vertex’ is shown in figure 4.60
(left) in terms of its transverse distance from the beamdisa function of its position along
the beam line. Also for correctly identified clusters, thapstertex inside the area considered
is shown on the right hand-side of the figure. From the padiotconstructed by the tracking
algorithm and associated with a misidentified clu$teB2% (97.10%) are stopped inside
the area depicted in figure 4.60. For particles associatddavcorrectly identified cluster,
only 29.26% (25.93%) have their stop vertex inside the considered area. Fresetparticles,
only a small fractiorl.57% (14.96%) is stopped inside material located in front of the photon
detector, and for data generated with pythia, it concerms hmainly the region surrounded
by the silicon-strip detector. The particles associatetth wiisidentified clusters, however,
interact much more often with material components situatédide the scattering chamber.
The stop vertices of particles linked to misidentified adustare grouped in figure 4.60 into
6 regions. The data are generated with the pythia Monte-@amherator. For data generated
with gmc.dvcs the same interaction regions are visible, but the @dionl in each region is
differently distributed (see table 4.3). Regibrrorresponds to the position of the flange of

20Some of the simulated particles can still be reconstructethé tracking algorithm, but are not linked to the
reconstructed track. However, it is clear that these pastionly form a minority when comparing to the number of
simulated particles provided with a link to a reconstrudredk for the group of correctly identified clusters.
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Figure 4.60: Transverse distance from the beam line of thp eértex of reconstructed
charged particles as a function of #goordinate along the beam line, for misidentified clus-
ters (left) and correctly identified clusters (right). Tretalshown here are generated with the
pythia generator.

the pump cross and of the ‘end cap’ of the scintillating-fitbacker, which is attached to the
flange; in regior? the holding structure of the lambda wheels is visible; regicorresponds
to the location of the photon detector, where particlesaaeprincipally in the tungsten lay-
ers; regiont contains the outer barrel of the scintillating-fiber tragkegion5 contains the
inner barrel of the scintillating-fiber tracker, locatedatistance 010.9 cm to11.3 cm from
the beam line, as well as the wall of the scattering chambaristance 0.5 cm; finally, re-
gion6 encompasses the target cell and the silicon-strip detébwerfraction of misidentified
clusters in each region, with respect to the total amountisidantified clusters associated
with a particle stopped inside the area represented in fiy@&@ is given in table 4.3.

pythia  gmcdvcs
regionl 13.64% 4.00%
region2  2.78% 0.84%
region3 43.19% 84.91%
regiond  1.67% 2.46%
regions  5.68% 3.96%
region6 32.25% 3.32%

Table 4.3: Distribution of misidentified clusters accoglin the position of the stop vertex
of the associated charged particle. For the definition of/&r@us regions, see figure 4.60.

Although the photon detector records signals from the pynparticles stopped in re-
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4.12. The identification of cluster signals from neutral ahdrged particles

gionsl and2, the particles themselves never reach the photon detéastead, the secondary
particles originating from the interaction of the primagrficle with material located inside
regionsl and2 are back scattered and generate signals in the photon aletétiese types
of events also explain the origin of signals outside the phatetector acceptance along the
beam line, shown in figure 4.57. For the considered group sidantified clusters, the con-
straint imposed on; has only a small influence. Removing the constraint recovenely
10% of the misidentified clusters, because also in the azimathgle of the track intersection
with the photon detector any correlation is lost. The mistdieation of clusters associated
with the interaction of a particle in regiohor 2 forms an advantage for the study of elastic
DVCS events, where it leads to the rejection of the eventesback-scattered particles can
also generate signals in the outer layer of the scintiggfiber tracker, and the combination
of these signals with the signals generated by the primaticfgin the silicon-strip detector
and the inner layer of the scintillating-fiber tracker casmdéo an erroneous reconstruction of
the event topology.

For all other regions shown in figure 4.60, the interactiorihef primary particle with
material results in a broader distribution of the differenk¢, between the azimuthal angle
of the cluster center and the azimuthal angle of the traekaeipt with the photon detector,
translated along the strip orientation to the upstreanrlapd. Understandably, the width
increases with the distance from the interaction point eopghoton detector. Some of the
misidentified clusters can be recovered by extending tlosvalll range of the difference in
azimuthal angle from strip pitch to2 strip pitches. Table 4.4 summarizes the effect of this
alternative selection criterion. Although the fractiomaisidentified clusters associated with
a neutral particle increases by oril§o, while the fraction of misidentified clusters originat-
ing from the passage of a charged particle decreases-8#6 with the constraint on\¢
extended t@ strip pitches, thd strip pitch constraint is opted for in the analysis of DVCS.
The reason is two-fold. The photon detector’'s main desigal gothe rejection of events
in which a photon is present. In that respect, a cleaner sanfvents is preferable over
a small gain in statistics. Additionally, apart from the kea n-side of one module of the
silicon-strip detector, the inefficiencies of the scilatilhg-fiber tracker and silicon-strip de-
tectors are not yet implemented in the Monte-Carlo simaifatinefficiencies resultin a lower
track-reconstruction efficiency, but also influence thelityuaf the reconstructed tracks. As
explained in section 3.4, the tracking algorithm first skasdfor all tracks reconstructed from
signals in each of the four tracking-detector subcompanénta next step, all tracks recon-
structed from a signal in two or three of the subcomponerts@arched for, not considering

pythia  pythia gmadvcs gmcdvces
1 pitch 2 pitch 1 pitch 2 pitch
neutral, correctid. 96.24% 95.27% 98.25% 97.52%
charged, correctid. 66.51% 69.46% 77.55% 78.98%

Table 4.4: Fraction of correctly identified clusters for-atrip-pitch and2-strip-pitch cut on
the difference in azimuthal angle between a cluster centgtlze intersection of a track with
a photon-detector layer translated along the strip orfemtao the upstream layer end.
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anymore the signals used in the previous step. The tracksisgacted from two or three
signals can, however, have several space points in comntbreach other. The presence of
detector inefficiencies increases the amount of tracksddrout of two or three space points,
and thus also the amount of inaccurately reconstructeddraciginating from a fortuitous
combination of space points. The degree to which errongaasbnstructed tracks would
influence the correct identification of particles leavinggnal in the photon detector is not
known.

In summary, one can conclude that the proposed selectitariori on the difference in
azimuthal angle between a cluster center and the inteoseafta track with a photon-detector
layer translated along the strip orientation to the upstrésyer end together with the con-
straintimposed on, allow for a good identification of signals generated by reduiarticles.
As for the identification of signals from charged particld® proposed constraints misiden-
tify 22.45% (33.49%) of the clusters. Taking into account that for a large nundf¢hese
clusters, the track of the particle is not reconstructee silection criteria lead to an incor-
rect identification of the clusters of arouBéo (8%) when the particle is reconstructed by
the tracking algorithm. The here considered study doesmvotie the simulation of detec-
tor inefficiencies (apart from the broken n-side of a silienadule). It also only considers
photon-detector clusters for which a signal abbwdeV is recorded, and is thus insensitive
to particles depositing less energy. The capability of thetpn detector to reject DVCS
events originating from associated production is preskint¢he following chapter.
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5. Analysis of elastic and
associated deeply virtual Compton
scattering

This chapter contains a description of the steps undertakeards the analysis of elastic
and associated DVCS events using information from the reledector, within the current
status of understanding of this detector. First the analgbelastic DVCS is covered, then
the study of associated DVCS events is described. For thplsashassociated production
only the channeA* — pr¥ is considered.

5.1 Data sample and data quality

As already indicated in the previous chapter, the resutis/ahhere are based on the analysis
of data collected at the HERMES experiment from Septerabeéé until end of June007.
The data originate from the scattering of a positron bearamfinpolarized hydrogen target.
During the mentioned time period also data on a deuteriugetavere collected, but these
are not included in the present analysis.

In order to ensure the quality of the data, requirementsrap®sed on the individual de-
tector components and data-taking conditions relevaritdptesented study. These require-
ments are encoded in a bit pattern and compared on bursiéhghformation dedicated to
data quality. In the present case, the imposed constraadstb the bit patterix3clelbds,
which includes following criteria:

e the burst is not the first burst of a run and has a reasonalgélen
e absence of high-voltage trips in the tracking chambers
e good tracking efficiency

e reasonable beam current and regular measurement of thegagarization within a
time period of maximum five minutes

e operational TRD

e absence of non-operational calorimeter and preshower aoes

101
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e particle identification provided
e recoil-detector magnet ramped up

The bit pattern also encodes the requirement of an opegdtgilicon-strip detector and
scintillating-fiber tracker. However, these requirememéscurrently not implemented in this
data-quality frame work. The.4% of data for which the photon detector was not entirely
operational are discarded from the data sample.

Additional constraints, not encoded in the bit pattern,iamgosed on burst level. They
consist of a lower limit on the beam energy, add a requirerfeenthe performance of the
TRD, ensure the lifetime of the data-acquisition systemdadasonable, guarantee an op-
erational measurement of the beam polarization, and ce#ite upper polarization value to
80%.

5.2 Event selection with the forward spectrometer

In this section the selection of DVCS events using infororafrom the forward spectrometer
only is described. The exclusive events are extracted @etbteps. The first step consists of
the identification of DIS events. From this sample, eventdaaing no other particles than
exactlyl DIS lepton and photon, as detected by the calorimeter, are selected, aistramts
are imposed on the reconstructed photon. This categoryesftg\are called single-photon
events. The last step then isolates exclusive events. Tdwtisa of exclusive events with the
inclusion of the recoil detector is described in the subsatigection.

5.2.1 Selection of deep-inelastic scattering events

A primary requirement consists of the presence of trigfein order to ensure a relatively
homogeneous composition of the data collected over diftaime periods. As explained
in subsection 3.3.3, this trigger is formed when a signavelibreshold is measured in the
hodoscopes Bland Hl, the preshower and the calorimeter. In addition, the sgimaéach
detector have to originate from the same detector half. Adtrkground originating from
the proton beam, which is mainly rejected by the inclusiorlof was reduced for the years
2006 and 2007 compared to previous years, and the efficiency ofwhs lower than the
efficiency of the other detector components involved in threnfation of trigger21, it was
checked if requiring a combination of triggers similar tmgrer 21, but not involving H),
leads to a significant gain in statistics. The appropriaggérs for this study are triggaR,
formed by a signal in the upper halves of Hhe preshower and the calorimeter, and trigger
26, which is the analogue of triggé8 but considers signals from the lower detector halves.
Since the loss in number of DIS events obtained when requilia presence of triggex
only amounts td.4%? in comparison to the number of DIS events obtained when riegui

a combination of trigget8 and26, trigger21 is considered to be the appropriate choice.

1This value does not give an indication of thé hiefficiency, as contrary to the situation for triggar, periods
exist during which triggerd8 and26 are prescaled and thus not included for the data analysis.p&itentage of
times that these triggers are prescaled lies b&itw
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Figure 5.1: Sum of PIR and PID.

Subsequently, long tracks, i.e., tracks originating fromvertex and reaching the calorime-
ter, are analyzed. The identification of the particles assed with these tracks is provided
by the PID values, explained in subsection 3.3.2. The sunii@2 Bnd PIC provides a clear
distinction between hadrons and leptons. This is shown urdi$.1. Negative PID values
correspond to signals from hadrons, while positive valuagrate from lepton signals. For
a clean selection of leptons the sum of the PID values is redud be higher thaf, as
indicated by the vertical line.

From the sample of detected leptons, the particle with lghementum is selected.
The track and vertex probability are required to be larganth01, in agreement with the
studies presented in [102]. Additionally, thecoordinate of the vertex,,.,, is restricted to
0cm <z, < 25 cm to exclude interactions originating from other sourtesitthe hydro-
gen target, in particular the collimator.

In order to avoid that the selected lepton hits one or moretiveadetector components,
resulting in incorrectly reconstructed kinematics, fiddieolume cuts are applied to the lep-
ton track. They are presented in table 5.1. In addition, suema reliable identification of
the lepton, the electromagnetic shower generated by thedépthe calorimeter, needs to be
contained inside this detector. The supplementary canstravolved can also be found in
table 5.1.

Finally, kinematic restrictions are applied on the lept®he first constraint involves the
energy transfer to the proton, It is limited to 24 GeV when the trigger threshold in the
calorimeter is set t8.5 GeV. To be insensitive to fluctuations in trigger thresholilyinating
from the non-optimized preliminary calibration of the ad@eeter used during data taking,
and consequently to avoid normalization problems in thesmeanent of the beam-helicity
asymmetry, the upper value ofis restricted t@2 GeV. Secondly, in order to select the deep-
inelastic regime, a lower limit of GeV? is necessary for the square of the invariant mass of
the photon-nucleon system. A lower limit 8fGeV? is, however, applied in order to reduce
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fiducial volume cuts
septum plate [181 % ys + yp| > 7
rear field clampsfor front track 383 * s + y,| < 54
front field clamps for front track 172 * x5 + z,| < 31
rear field clamps for back track |108 * z, + x},| < 100
rear field clamps for back track [108 * i 4y, | < 54
requirements on shower containment

horizontally |463 * xf, + x| < 175
vertically 463 * v + y,| > 30

463 x y. +y1| < 108

Table 5.1: Applied fiducial-volume and calorimeter-rethteits on the DIS lepton. All quan-
tities are expressed in cm. The variables, andy,, (x’s[p] andy’, ) represent, respec-
tively, thez andy coordinates of the track slope [position] at the locatiorF6fi (BC4),
projected toz: = 0 cm (z = 275 cm).

the contribution from background processes to the exadusanple [103]. Lastly, to ensure
the validity of the factorization theorem, one ne€yfs > M7, with M, being the mass of

the final hadronic state: the proton mass in case of elastic ®&nd theA ™ mass in case of

the study of associated DVCS with the recoil detector. Laahiby statistics, this condition is,
however, relaxed t@)? > 1 GeV?S.

The leptons satisfying all of the above mentioned condsaire called DIS leptons, and
the corresponding events DIS events.

It has to be noted that at this stage no requirement is imposebe charge of the DIS
lepton. The presented data selection can never entirelagtee that the selected lepton is
the original scattered beam lepton. However, the prolighiimisidentify a lepton as such is
independent of its charge. The number of, in the present etesetrons identified as scattered
beam leptons gives a good estimate for the number of migfeehpositrons. The kinematic
distributions, presented in the following, are restrictecevents that contain a DIS lepton
of the correct charge. For the extraction of the asymmeteesnts with DIS electrons are
assigned a negative weight. This procedure allows to coiweevents in which the positron
is erroneously identified as the scattered beam lepton. ciigction has, however, only a
very small effect: the ratio of the number of negatively geal DIS leptons to the number
of positively charged DIS leptons amountsit6%; for DVCS events, this ratio falls below
0.05%.

5.2.2 Selection of photons

Now the selection of single-photon events is considered. tikis category of events the
detection of exactly DIS lepton and untracked cluster in absence of detection of any other

2The choice of the rear field clamps instead of the front fiedaingls results in a more restrictive constraint on the
lepton track.

3This condition is not adequate, and is adjusted, for theystichssociated DVCS. For the selection of DIS
events, which are used for the normalization of the asstiBlYCS sample, this condition is, however, sufficient.
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Figure 5.2: Influence of the photon-energy restriction anrttissing-mass distribution. The

blue curve represents the missing-mass distribution foglsiphoton events containing a
photon with energy above GeV, for the gray curve this constraint on the photon enesgy i
released.

particle in the spectrometer is required.

The detected photon has to satisfy certain criteria in otdegnsure a correct recon-
struction of its kinematics. For the determination of itergy, the signal it generates in
the preshowerf,, s, is restricted tal MeV < E,...n < 110 MeV. The lower cut rejects
photons that do not convert in the preshower, as their ensagynot be reconstructed reli-
ably [103], while the upper cut ensures that the preshoweC Adnot in overflow [66]. This
is mandatory, because the energy of a photon is recongdrfrot®a the energy it deposits in
the calorimeter and in the preshower. The proper expredsiaine parametrization of the
photon energy in terms of these two energy depositions ischas the study of lepton sig-
nals [104]. As photons that convert in the preshower shovséime shower characteristics
as leptons, the parametrization developed for leptons eaadbpted for the reconstruction
of the photon energy. In order for this reconstruction to ééble, one has to in addition
make certain that the shower generated by the photon is arehmed inside the calorimeter.
This restricts the photon’s energy-weighted position indletector along thg axis, ycqi., t0
33 cm< |yealo] < 105 cm. The lower limit also ensures that the photon does natsate the
spectrometer septum plate. In order to avoid the rear figlchs the photon has to satisfy
the constraint:

|M(383 - ZUeTt) + yve7't| < 54 cm, (51)

Zcalo — Rvert

wherey,..+ (zvert) represents thg (z) component of the vertex, as determined from the
lepton track, and..., (= 729 cm) represents an effective shower depth inside the cadbeim
defined with respectto = 0 cm. This effective shower depth, obtained also from theyeisl
of lepton signals, corresponds to theosition that, on average, results in the most precise
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5. Analysis of elastic and associated deeply virtual Compgtmattering

Figure 5.3: Photon opening andle.,, with 6.,-, > 5 mrad, as a function of the angjefor
single-photon events selected with the spectrometer iextbkisive missing-mass region.

reconstruction of the photon’s polar angle at energiesatharistic for DVCS events [10]
Finally, the location of the front field clamps restricts #ergy-weighted: position in the
calorimetery qio, t0 |Zcalo| < 125 Cm.

For correctly reconstructed photons, an additional cairgtis imposed in order to im-
prove the purity of the sample of exclusive events. A largetion of background events
is eliminated by restricting the photon energy to valuesvaljoGeV. This is illustrated in
figure 5.2. The figure shows the missing-mass distributiorafoevents containing DIS
lepton andl properly reconstructed photon. For the events represdntdlde gray curve
no additional restriction, other than the one implementedRC, is imposed on the cluster
energy; the blue curve only represents events for which linger energy exceedsGeV.
As can be seen, the exclusive region, with missing mass drbu®eV?, is unaffected by
the introduction of & GeV threshold, while a large fraction of background locateligher
missing mass is rejected.

5.2.3 Selection of exclusive events

In order to obtain the sample of exclusive events, additicetpuirements need to be fulfilled.
They concern, among others, the angle between the virtaaiesh photond,, . This angle

is shown in figure 5.3 as a function of the azimuthal angle betwthe lepton scattering plane
and the photon production plang, for single-photon events in the exclusive missing-mass
region, i.e., in a missing-mass range around the proton (sassfurther). As can be seen,
only for small values of),-~ all values of¢ are covered. To ensure a full acceptance,in

4The measurement presented in reference [105] is based fierawli alignment of the spectrometer components,
in particular of the calorimeter, and preliminary studiesdishown that this value needs to be optimized [106]. This
is at present under more detailed investigation.
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5.2. Event selection with the forward spectrometer

needed for a proper extraction of the asymmetries, an uppin ¢,--, of 70 mrad is pro-
posed in reference [107]. Studies presented in refere®3} févealed that a reduction of this
lower limit to 45 mrad not only improves the uniformity of the acceptance s reduces
the contribution from the background processes. Accolgitigis upper limit, indicated by
the horizontal line in figure 5.3, is also used in the presaatysis. This constraint needs to
be supplemented with a restriction on the minimum valué.ef,, since the angle is not
defined ford.,-, = 0 mrad. The appropriate lower limit for whiah -, is larger thard mrad
within its resolution is determined to tsemrad in reference [105] from the resolutions of all
variables entering the calculation®f-.,, and adopted subsequently.

In order for the factorization theorem to be valid, the magpe of the squared four-
momentum transfer to the nuclednneeds to be much smaller th@d. In addition, as elastic
DVCS events are centered around low valueg|pfa constraint on this variable is useful for
the rejection of background, in particular for the rejectid semi-inclusive DIS events, which
are distributed at even highét values than are associated DVCS events. However, as the
recoiling proton is not detected when solely using infoliorafrom the forward spectrometer,
this variable can only be calculated from the reconstrutptbn and photon kinematics.
Here, the limited photon-energy measurement restricteetbmution int to 0.11 GeV? [103].
The dependence afon the photon energy can be eliminated, and the resolutioal&stic
DVCS events improved by an order of magnitude if, insteadsirigiz, one introduces the
quantityt,.:

L -Q? - 2v(v — \/mcos 0y) (5.2)
T T @eostyy) |

which is obtained through the replacement of the missingsag by the proton mass/,, in
equation 2.51, in combination with the expressiontfor terms of the reconstructed photon
energy. The two above given arguments for a restriction wanslate to an upper limit on
|t.| of 0.7 GeV? [103].

Restrictions are also imposed @t andzs; they readl GeV? < Q? < 10 GeV? and
0.03 < zp < 0.35. These restrictions only remove very few events, and asdysapplied in
order to define the covered phase space [108].

Finally, a constraint is placed on the squared missing mags, The distribution is
shown in figure 5.4 for experimental data (red curve) and fonid-Carlo data (gray curve),
with the latter additionally subdivided into the contrilauts from elastic BH (green) and
from background processes (blue). An explanation aboutbiete-Carlo simulation for
the analysis of DVCS follows in section 5.4. The experimbdéta and the simulated data
are each normalized to the respective number of DIS evemis M3 distribution obtained
from experimental data is shifted by0.462 GeV?; the origin of this shift is explained in
the following subsection. As the photon energy enters thaitation of the missing mass, a
relatively wide distribution, extending to negative vauis observed. The difference between
the width of the exclusive peak from the Monte-Carlo simolagnd from experimental data
is related to the photon-energy correction, discussed ¢ticse4.3 and in the subsequent
subsection. This correction is applied to experimentad dait not to the simulated data. The
excess of exclusive events 20%) in the simulation is not yet clarified. A partial explarcati
might be related to the absence of radiative effects in thet®l&€arlo simulation; these
would smear events from the exclusive region into the highér region, which is itself

107



5. Analysis of elastic and associated deeply virtual Compgtmattering

]
[a}
pd 0.12 -
<
z Monte Carlo:
S elastic
S 01r associated+semi-inclusive DIS
data, shift=-0.462 GeV?
0.08 -
0.06 -
0.04 -
0.02 -
0 "

Figure 5.4: Missing-mass distribution for exclusive egesglected from experimental and
Monte-Carlo data. The distributions are normalized to #epective number of DIS events.

slightly underestimated by the present simulation. On therchand, since the Monte-Carlo
simulation only contains the BH processes, but not the DV@f&gsses, the inclusion of
these latter would lead to an increase of events in the exelpgak. Another reason for the
discrepancy in yield between both distributions might heibin the restrictions imposed on
the track and vertex probability, explained in section 5.2 has namely been observed that
the occupancy at low probability values is higher for expental data than for Monte-Carlo
data [109]. The applied constraints on the vertex and trackability would thus reject less
events for the simulated data. Detailed studies are, haweseded.

The choice for the restrictions imposed 8% finds its motivation in figure 5.4. An
upper limit is set at thé/% value that corresponds to the point where the amount of kigna
and background are equal, in agreement with reference [T choice for a lower limit
on M% is more arbitrary. It has also been taken in accordance witrence [107]. Both
boundaries are indicated by the vertical lines in figure 3=4r the experimental (Monte-
Carlo) data they correspond tal.79 (—2.25) GeV? and3.35 (2.89) Ge\2.

5.2.4 Photon-energy correction

The mean position of the squared missing-mass distribwaoies over time. This is shown
by the open symbols in figure 5.5. Each point in this figure @sents the fit mean of the
exclusiveM % distributior? for data collected over a certain time period. As the maisoaa
for the observed variation over time is believed to lie in ¢térimeter calibration, the time
periods are chosen so that they each correspond to onencatericalibration period, i.e.,

5The range for the fit to l@[, is adjusted iteratively for each time period,; it is takenuard the fit mean valuey,
asip — 3.34 GeV? < M% < p+0.91 GeV2.

108



5.2. Event selection with the forward spectrometer

1.8

-
3 17 r © data, uncorrected E,
o * data, corrected E,
K16 f mean Monte Carlo
15 [ $
r $ $ \ '11’
14 L 9 Q [
a ¢ 0 ¢
13 F )
1.2 F
11 F $ + ¢ * * $ J,' \ *
1
09 F
08 : n n n L n n n L n n n L n n n L n n n L n n n L n
~o 2 4 6 8 10 12
periods

Figure 5.5: Fit mean value of th&/% distribution over time. The definition of the different
time periods can be found in appendix D. The open symbolssept the observed mean
value without the inclusion of individual photon-energyrextion factors; the closed sym-
bols show the mean values after the implementation of the-tiependent correction.

the time-dependent calibration factors for the variousrialeter blocks are determined over
that same time period. The run ranges corresponding to @aehperiod can be found in
appendix D.

In order to eliminate the time dependence of the missing naasisnple correction to the
reconstructed photon energy in the form of a multiplicafaetor was determined for each
individual period. This method is preferred over a shiftlod £xclusive missing-mass win-
dow, separately for each time period, as the photon enetgys®.g., also the calculation of
the missing transverse momentum, described in the nexoee€or the determination of the
photon-energy correction factor, the fit mean value of Mg distribution from the Monte-
Carlo simulation is chosen as a reference. The values ofnttieidual correction factors
can be found in appendix D. The result of the correction onlthg distribution is shown
in figure 5.5, as represented by the closed symbols; the medaa from the Monte-Carlo
simulation is indicated by the horizontal line. A flat dibtition over time can be observed.
However, the width of the distribution shows a slight in@@drom0.806 + 0.006 GeV?,
without correction, td).816 & 0.006 GeV?, with correction. In order to improve the reso-
lution of the missing mass, an additional photon-energyemion factor constant over time
is considered. The effect of the introduction of a globales¢actor on the width of the dis-
tribution is shown in figure 5.6 for different values of thisage factor. The minimum of the
curve, at a value of the scale factor®98, corresponds to a slightly improved resolution of
0.800 + 0.006 GeV2. Consequently, this global correction factor, in combimatwith the
individual correction factors, is adopted for the correctof the photon energy.
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Figure 5.6: Width of the fitM/% distribution as a function of various values of the global
photon-energy correction factor. The vertical line intésathe chosen global scale factor,
which corresponds to the highest resolutionf; .

5.3 Event selection with the recoil detector

A more refined selection of elastic DVCS events is possikieuth the inclusion of addi-
tional information provided by the recoil detector. Therggse in purity is, however, accom-
panied by a decrease in statistics due to, among othersedueed acceptance. The addi-
tional requirements imposed on the exclusive sample, tbestpreviously, are explained in
following. The first part treats more specifically the satatiof protons and summarily the
rejection of events in which photons are present; the lastiescribes the imposed kinematic
constraints.

5.3.1 Proton selection

A very basic constraint is placed on the number of detectacged particles, namely, the de-
tection by the recoil tracking detectors of exadtlgositively charged particle in the absence
of detection of negatively charged particles is requirelde €vent selection had been cross-
checked up to this point in an independent analysis. Thesarbeck resulted in a perfect
agreement for a sample 826439 DIS events out of whicli3 events satisfying the presently
treated exclusive constraints were selected.

As described in section 3.4, several track parametrizatioarresponding to different
track hypotheses, can be provided for a reconstructedcfgawith positive charge. To de-
termine the order in which the provided hypotheses need toobsidered for an optimal
tracking resolution, the generated and reconstructed mtumeof protons from the exclusive
sample are compared. This comparison is shown in figure ®i7thé selection procedure
presented on the left-hand side of figure 5.7, first the prbgpothesis is favored; if this
hypothesis is not acceptable, with thé of the fit to the track restricted to values smaller
than100, the stopped-proton hypothesis is considered; in the alesafithe latter, the track
parameters provided for the pion hypothesis are chosedlyfiifaalso the pion hypothesis
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Figure 5.7: Comparison of the reconstructed and generab@demtum for two sequences of
track-hypothesis selection. For more details, see text.

is not acceptable, the event is rejected. For the othertgaiesequence, shown on the right-
hand side, the stopped-proton hypothesis is considerededtife proton hypothesis. As can
be seen, the first selection sequence results in a supeaak teconstruction, and is thus
adopted subsequently.

What can also be observed in figure 5.7, is the absence ofsf@ntomenta around
~ 0.24 GeV/c. This finds its origin in the track-reconstructionaithm. Protons with mo-
menta below).24 GeV/c are stopped in material located in front of the sdattitg-fiber
tracker, i.e., in the target cell, the silicon-strip deteatr the scattering chamber. Protons
with momenta above.26 GeV/c reach the outer barrel of the scintillating-fiber kexc Pro-
tons in the intermediate momentum range leave a signal irsitto®n-strip detector and
possibly in the inner barrel of the scintillating-fiber tkac, but not in the outer barrel. Be-
cause the two layers of the silicon-strip detector are stpdiby a small distance from each
other, but located at a large distance from the scintilggfiber tracker2 space points in the
silicon-strip detector originating from the same particda easily be combined with a space
point from the inner barrel of the scintillating-fiber trakto form a track. As during the
track reconstruction it is impossible to determine withtamty if the space point from the
scintillating-fiber tracker indeed is associated with tignals in the silicon-strip detector,
two tracks are reconstructed: one track is reconstructed the signals in the silicon-strip
detector only, while the other track also includes the spexist from the scintillating-fiber
tracker. Because of the restriction imposed on the numbeeiafcted particles, these events
are discarded from the sample.

However, studies on the Monte-Carlo simulation have regetiat for more thaf6% of
the exclusive events in which exactlypositively charged particles are reconstructed, dnly
particle is actually present. This finding is visualized darection of the particle’s momen-
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Figure 5.8: Distribution of events that contadriracks associated with the same generated
particle (number of identical tracks 2) and that contair2 tracks each associated with a
different particle (number of identical tracks 1), as a function of the momentum of one of
the reconstructed particles.

tum in figure 5.8. The figure represents the distribution @és in which the same particle
is reconstructed twice (number of identical tracks2) and in which only one track is re-
constructed per particle (humber of identical traekg), as a function of the momentum of
one of the reconstructed particlesAs can be seen, for the majority of events at momenta
of ~ 0.24 GeV/c only1 particle is present, whil@ tracks are reconstructed. This is also
observed at higher momenta. For momenta b&l@i GeV/c,2-track events in which or 2
particles are generated are equally distributed. For niaed% of the erroneously recon-
structed2-track events, the pion and proton hypothesis are providedrie particle, while
for the other particle only the proton hypothésissupplied. The latter particle reconstruc-
tion corresponds to a track formed »Epace points in the silicon-strip detector only, while
the former represents a track ®fpace point, i.e., including also the space point from the
inner scintillating-fiber tracker. On the other hand, fedehani 8% of the events in which

2 positively charged particles are generated, this sameguafion of track hypotheses is
observed. Thus, provided that the appropriate track-tgsi$ configuration is present, one
can include the events in whi¢hpositively charged particles are reconstructed to theuexcl
sive sample. This increases the statistics for exclusieatsvn whichl proton is present by
15%, while the contamination df-particle events to the total sample lies bel@wo.

6The difference in momentum betweé@nreconstructed particles that are associated with the samerated
particle is on average centered aroundAs such, the reconstructed momentum is representativieofbr tracks.
The same assertion is valid for the polar and azimuthal afkgieevents in whick2 particles are generated, evidently
no statement can be made.

"The stopped-proton hypothesis might also be provided, dstated above, the proton hypothesis is favored
over the stopped-proton hypothesis.
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Figure 5.9: Comparison between the Monte-Carlo generatddeconstructed momentum
of particles with tracks formed df (green) and space points (blue) for events in whigh
positively charged particles are reconstructed. The gixaduaes fory ando represent the
result of the indicated fit of a Gauss distribution.

For these2-track events, the appropriate selection of track paramméet@etermined from
the distributions shown in figure 5.9. Here, the generatatranonstructed momentum,
polar angle and azimuthal angle from the proton hypothesesmmpared for protons recon-
structed fron2 space points (green) and frddrspace points (blue). Based on the mean and
width of the distributions, the parameters from the trackbh W space points are chosen and
subsequently used.

The effect on the momentum distribution of the here desdritseatment of2-track
events is shown in figure 5.10, with on the left-hand side tlenentum distribution for
experimental data collected in 2006, in the center the r&cacted-momentum distribution
for the Monte-Carlo simulation, and on the right-hand side torresponding generated-
momentum distribution. The blue curve represents singlektevents, the green curve rep-
resents the events in whichpositively charged particles are reconstructed with ther@p
priate aforementioned track hypotheses, and the gray cepresents the sum of both. In
accordance with figure 5.8, the majority of recove®etack events are located at momenta
around0.24 GeV/c and higher, while only a very small fraction is locatééenomenta below
0.21 GeV/c. Comparing the distributions for the generated andnstructed tracks from the
Monte-Carlo simulation, it is clear that there is still roéonimprovement. Nevertheless, the
presented procedure is acceptable for a preliminary stligg.recovere@-track events will
be denoted in the following astrack events.

It has to be noted that the momentum distribution for the erpental data collected
in 2007 shows a different behavior, because it stems from an older gtaduction with a
track-reconstruction algorithm that differs in certaipasts. No discontinuity is observed in
the momentum distribution for-track events, and the statistics gained by the inclusion of
2-track events is negligible. Nevertheless, the same proedd applied for the selection of
data collected i2007.
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Figure 5.10: Momentum distribution for events in whicpositively charged particle (blue)
and2 positively charged particles with appropriate track hyyasis (green) are reconstructed;
the sum of both distributions is represented in gray. Théildigion is shown for recon-
structed tracks from experimental data collecte?(it6 (left), reconstructed tracks from the
Monte-Carlo simulation (center), and for the generated téaDarlo particles (right).

Finally, protons can be identified using particle-idengifion information provided by
the silicon-strip detector and the scintillating-fiberckar. The PID distributions for vari-
ous momentum ranges are shown in figure 5.11 for the pressglégted particles from the
Monte-Carlo simulation (left) and from experimental datigl{t). As can be seen, the PID
distribution for data is shifted towards negative valueswas already shown in figure 4.54.
However, the different event configuration and aimed pugp®w now for a momentum-
independent PID cut, which for data is chosen-af while for the Monte-Carlo simulation it
is set to0. Studies on the Monte-Carlo simulation have shown that hdrithreshold for the
PID value does not result in a significant increase in putitgeed, varying the PID thresh-
old from0 to 5 only increases the fractional amount of protons fi@##89% t0 99.03%. The
remainingl% corresponds in majority to unidentified particfesvhile a very small fraction
(< 0.03%) can be attributed to signals from pions and kaons. On therdtand, for PID
values smaller thaf, 92% pions and% protons are found, while anoth2¥% stems from
unidentified particles.

5.3.2 Rejection of photons

The algorithm for the identification by the photon detecticsignals originating from neutral
particles is described in section 4.12, and is put to useHerselection of elastic DVCS
events. Any eventin which at lealsheutral particle is detected is excluded from the exclusive
sample. The performance of the photon detector for the ptigsgescribed event sample is

8The unknown identity of these particles is only a result efatgorithm used to link a reconstructed track with a
generated particle, and points either to tracks recortstitfcom signals generated by different particles, or tokisa
formed of2 space points of which one originates from the scintillafiingr tracker (see also subsection 4.12.2).
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Figure 5.11: PID distribution for particles from the exéuigssample detected in the recaoil
detector for the Monte-Carlo simulation (left) and for expeental data (right). The various
represented distributions correspond to the different Brdom ranges indicated in the figure;
the vertical line indicates the PID cut for the selection watpns.

treated in the next section.

5.3.3 Imposed kinematic constraints using the recoil deteor

The reconstruction of the proton, in addition to the scatieepton and radiated photon,
allows to further enhance the fractional contribution frefastic DVCS. To this effect two
additional constraints are proposed in reference [11@,iacluded in the present analysis.
Both constraints relate to transverse components onliigagsolution in the plane transverse
to the beam line is superior to the resolution in the longditatidirection. The first proposed
constraint is placed on the azimuthal anglg;,s , between the transverse missing momen-
tum reconstructed from the information provided by the famdvspectrometepy ,,iss) and
the transverse momentum of the proton reconstructed byetiw! detectorg; ,,). The sec-
ond requirement concerns the ratio of the norm of the twostrarse-momentum compo-
nents, i.e.p:.miss/Pe,p- The distributions of both quantities are shown in figure5dr the
events selected from the Monte-Carlo simulation (gray) fiath experimental data. The
distributions obtained from data are shown without the phatnergy correction discussed
in subsection 5.2.4 (light blue), with the time-dependentection only (dark blue), and with
the time-dependent and global correction (red). The resfih Gaussian fit within a window
of 0.15 around the mean are also given for ihe,:s/p:,, distribution. As can be seen, the
total photon-energy correction has a small but beneficfalénce, whereas the application
of the time-dependent correction only results in a incréagead of the distribution, as is
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Figure 5.12: Distributions itp,,;ss,p (eft) and p; miss/pep (right) for Monte-Carlo data
(gray) and for experimental data (blue and red). The véitiwes delimit the range of allowed
values, according to the proposal from reference [110]. fdrameterg ando correspond
to the parameters of a Gaussian fit in a window a6 aroundy.

also observed for the missing-mass distribution. Howeitvés, clear that the distributions

from the Monte-Carlo simulation and from data differ in widinean position and statistics.
The latter point will be addressed further; for the othempgia possible explanation might
be found in the misalignment of the recoil detector with exgfio the forward spectrometer.
This forms at present a subject of study.

The constraints proposed in reference [110] restjglss , to values below).3 rad, as
indicated by the vertical line in figure 5.12 (left), apd.;ss/p:,p to values betweef.5 and
1.5, indicated by the gray vertical lines in figure 5.12 (riglgcause of the observed shift in
mean position for the latter distribution from data, thewakd range fop; ,n.ss/pep is ad-
justed accordingly t0.437 for the lower limit andl.437 for the upper limit. This adjustment
is indicated in figure 5.12 (right) by the red vertical lind$ie constraint o,y ;s , for the
experimental data is left unaltered.

It has to be noted that the proposed constraints and pdtgrlieir values do not nec-
essarily represent the optimal choice, and that (with abettderstanding of the detectors)
improvement is possible, e.g., via the implementation nékaatic fitting as a method to se-
lect elastic DVCS events. This approach is currently unésetbpment, and has shown to
give good results on Monte-Carlo data [111]. For the appticaon experimental data, the
estimation of the errors on the kinematic parameters resretipresent an open point [112].

Table 5.2 summarizes the constraints imposed on the kinewzatables for the selection
of DIS events, single-photon events, and exclusive evesitginformation from the forward
spectrometer and the recoil detector.
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DIS events v < 22GeV
wW? > 9 GeV?
Q? > 1GeV?
single-photon events £, > 5 GeV
exclusive events 5 mrad< 6.-, < 45 mrad
—t. < 0.7 Ge\?
Q? < 10 GeV?
0.03 < zp <0.35
—1.79 GeV? < M% < 3.35 GeV?
recoil detector Omiss,p < 0.3 rad
0.437 < pt,miss/pt,p < 1.437

Table 5.2: Cuts on kinematic variables applied for the $ieleof DIS events, single-photon
events, and exclusive events using the forward spectraraptkthe recoil detector. For the
selection of events on Monte-Carlo data, the constraintls@nandpt_,miss/pt’p are slightly
modified (see text).

5.4 Monte-Carlo studies

This section first gives a short explanation on the MontdeCamulation used for the analy-
sis of DVCS. Then studies on Monte-Carlo data are presemgd@mnpared to experimental
data in order to gain insight into the extracted exclusivapa.

5.4.1 Monte-Carlo simulation

For all Monte-Carlo studies shown in the present chapter,generators are of importance:
one for the simulation of semi-inclusive neutral-mesordpieiion, and one for the simulation
of elastic and associated BH and elastic DVCS. Other exaysiocesses, with exclusivé
production forming the dominant contribution, are not ut#d in the present Monte-Carlo
simulation. This may affect the estimates of the signabackground ratios. The overall
contribution from exclusiver® production, however, was estimated in reference [113] to
be 0.4 £+ 0.4% for the exclusive DVCS sample selected with informatiamfrthe forward
spectrometer only.

The gmcdvcs generator [105] is used for the simulation of BH and D\&@8nts. The
modeling of the elastic BH process is built on the Mo—-Tsanfalism [114]. For the as-
sociated BH production, the Brasse parametrization [14bjsied to calculate the inclusive
Cross sectio d’f;d*ég. Up to theA(1232) resonance single-meson production is simulated.
The separation of the inclusive cross section into the singéson sub-processes is based
on MAID [116]. For the higher resonance region, the remajrinclusive cross section is
attributed to multi-meson production. An isotropic angulstribution of the decay products
is here assumed,; for the single-meson production MAID mresithe angular dependence of
the decay.

The simulation of elastic DVCS is based dulifferent GPD models discussed in refer-
ence [43]. These models include the GRIDsH andE, relevant for DVCS on an unpolarized
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target. The parametrization of the GPDs is taken from refegd35]. For the comparison
of kinematic distributions from the Monte-Carlo simulatiand from experimental data it is
preferable not to include the elastic DVCS process in theukition, because of the uncer-
tainties arising from the model dependence. The simulaifoslastic DVCS is, however,

used at HERMES for the study of systematic uncertaintiesrang the extraction of asym-

metries. This point is not addressed in the present worktamslthe elastic DVCS process
is not considered in the Monte-Carlo simulation.

Currently only very little is known about associated DVC&%cBuse of the absence of
proper estimates for this process at HERMES, it is not sitedlan the Monte Carlo.

The generation of semi-inclusive DIS events is performegrhg disng. This generatoris
based on LEPTO [117], which simulates complete events fepdeelastic leptoproduction
off unpolarized nucleons. The modeling of the fragmentapimcess and of the decay of un-
stable particles is done by JETSET [118], a program usind-theD string model [119].
JETSET was originally tuned to results of high-energy eikpents, but was adapted to
the energy scale of HERMES [120]. Although radiative preessare also simulated in
gmcdisng through RADGEN [121], a better agreement betweenrérpatal data and the
Monte-Carlo simulation is obtained when only using gdisng to simulate semi-inclusive
contributions and gmdvcs to simulate the elastic and associated BH processBk [10

The subsequent treatment by the HERMES Monte Carlo of theusmgenerated particles
has been addressed in section 4.3.

5.4.2 Comparison between experimental and simulated data

In the following a comparison between the kinematic distiidns obtained from experi-
mental data and from the Monte-Carlo simulation is preskniéhe Monte-Carlo data are
herewith divided into the different contributions from &i@ BH, associated BH, and semi-
inclusive DIS. The main contributions to semi-inclusiveofin production stem from semi-
inclusiver® (> 80%) andn (~ 15%) production [103], where either one photon escapes
the HERMES acceptance or the spatial resolution of the icagder does not allow to indi-
vidually distinguish both decay photons. The kinematidribiations are presented for ex-
clusive events selected with the forward spectrometer anti/for exclusive events selected
with the additional recoil-detector information. The ctvagts on the missing mass and on
Dt,miss/Pt,p are adjusted separately for data and Monte Carlo, as explaireviously. The
normalization of the Monte-Carlo data is adjusted in ordealtow for a better visual com-
parison of the distributions, except for the missing-massidution. This distribution is also
not restricted to the exclusive missing-mass range but slower a larger interval.

The distributions for the exclusive event sample selectitd the forward spectrometer
only are shown in figure 5.13. Apart from the discrepancy @idjia good agreement between
experimental data and Monte-Carlo data is observed. Tlagisment for the distribution
is expected, since the Monte-Carlo simulation does notidethe DVCS processes.

From the distributions iz and@?, it is clear that the cuts imposed on these two quan-
tities (0.03 < zp < 0.35 and1 GeV? < Q% < 10 GeV?) reject a negligible fraction of
valuable data. The same is true for the constraint‘gn as DVCS photons mainly have
energies above GeV.

While for thet,. distribution experimental data and Monte-Carlo data agreelative shift
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Figure 5.13: Kinematic distributions for exclusive evealtained from experimental data
and from the Monte-Carlo simulation. The normalizationted Monte-Carlo simulation is
adjusted for a better comparison, except for the missingsndéstribution. The latter dis-
tribution is also not restricted to the exclusive missingssirange but shown over a larger
interval.
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Figure 5.14: Kinematic distributions for exclusive evealgained from experimental data
and from the Monte-Carlo simulation using additional imi@ation provided by the recoil de-

tector. The normalization of the Monte-Carlo simulatioadjusted for a better comparison,
except for the missing-mass distribution. The latter distion is also not restricted to the
exclusive missing-mass range but shown over a larger iaterv
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is observed fot. This can be attributed to the photon-energy reconstmctithe limited
resolution of this reconstruction causes the distribution-¢ to extend down to negative
values, both for experimental and simulated data. Fromithalated distribution it can be
observed that the associated BH and semi-inclusive DIStewa located at higher values
in —t than the elastic BH events. The assumptionéx introduced for the calculation of
does, however, systematically shift the background thistions to lower values ir-¢..

Finally, the missing-mass distribution is shown. While mafsthe semi-inclusive back-
ground is located at high/% values, it is clear that the limited resolution does notvalfor
the separation of associated production, i.e., assodBtteahd associated DVCS, at laW %
values.

The comparison between experimental and simulated daextbusive events selected
with the inclusion of the recoil-detector information debed in section 5.2 is shown in fig-
ure 5.14. In general a less good agreement between expé¢ainaed Monte-Carlo data is
observed. Also, the overestimate in yield by the Monte-@€anmulation is larger for the
present event selection than for the event selection imvglenly the forward spectrome-
ter. One obvious cause is inefficiencies of recoil-detectmnponents, which apart from the
deactivation of the n-sides of the two outer silicon-stepsors from quadrant are not ac-
counted for in the Monte-Carlo simulation. Additionallypise hits in the photon detector are
not simulated, leading thus to a reduced event rejectiothfoMonte-Carlo data.

Figure 5.14 shows that the imposed constrainta:gnQ?, and £, are also suited for
the selection of exclusive events with the recoil deteclidire constraint imposed o, -,
might be reconsidered, since the justification for the upipeit on this variable partially
finds its origin in the rejection of background. The backgreontribution is now drasti-
cally reduced, as can be seen from the presented distrilsutithis point is more explicitly
addressed further. Examining, in analogy to figure 8.3, as a function o# for single-
photon events in the exclusive missing-mass region withattditional requirement that a
proton is detected in the recoil detector shows that inangetie upper limit org.,«, is not
beneficial for the uniformity of the acceptance. The disttiitn is shown in figure 5.15. It is
less peaked at = 0 compared to data selected with the forward spectrometgy batause
of the reduction in background. However, the upper limittgn, of 45 mrad remains an
appropriate choice in view of the uniformity of the acceg&n

Compared to the data sample selected with the forward spmeeter only, the distribu-
tion in —t.. is slightly shifted towards higher values, i.e., from2 GeV? to 0.13 GeV2. This
can be related to the detection threshold for protons in ¢leeir detector, which amounts
to 0.13 GeV/c in momentum. This detection threshold results in aefolimit on the ab-
solute value of the squared four-momentum transfer to tldenn 0f0.017 GeV?. In the
comparison between data selected with the forward speetmranly and data selected with
the inclusion of recoil-detector information, the influenaf the background contributions,
located at higher values in.|, should also not be forgotten. Indeed, the Monte-Carlo simu
lation indicates that for pure elastic BH events selectdt thie spectrometer, the meai,.
amounts td).10 GeV2. The inclusion of the recoil detector results in a mean.o$ GeV?,
the value obtained from experimental data. Finally, theiffelacceptance can also have an
influence on the-t,. distribution obtained using recoil-detector information

With the detection of the recoil proton, the squared foumreatum transfer to the proton
can be calculated directly from the momentum reconstrubtethe recoil detector. This
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Figure 5.15: Photon opening andle.,, with 6..., > 5 mrad, as a function of the angie
for single-photon events in the exclusive missing-mas®refpr which in addition a proton
is detected by the recoil detector.

quantity, denoted as4, has a higher resolution thanfor values above-0.2 GeV2, while for
smaller valueg, is reconstructed more precisely [122]. In view of the Jitielg, discussed in
chapter 2, the use of,; is thus preferable. However, to allow for a direct comparisetween
events selected with and without the recoil detector, thialbket.. is used in the following. In
order to satisfy the factorization theorem the constramudsed on this variable is not altered.
The distribution int,.4 is also shown in figure 5.14. The discontinuity in the disttibn for
experimental data att,.q ~ 0.35 GeV? originates from the sample of data collecte@@d7;
itis related to the omission of energy losses in inactivecter material for the reconstruction
of protons with momenta abov&6 GeV/c. The small dip at-¢,; ~ 0.045 GeV? and
subsequent shoulder are attributed to the special treatofiehtrack events in the recoil
detector, which affects momenta aroun#ll GeV/c, as discussed in subsection 5.3.1.

The recoil detector slightly favors values ¢f= 0 compared to events selected with the
spectrometer only. This enhancement can be understoocdevitl of detector acceptance
knowing that for DVCS and BH events at HERMES the real phowemitted in a cone
around the virtual photon, and mainly observed at the indges of the calorimeter, spread
around the beam line. For low values@t, corresponding to azimuthal angles-bf/2 for
the virtual photon and scattered lepton, valueg of 0 are slightly disfavored, while for
high Q? values, with the virtual photon and scattered lepton lataieng the diagonal in
the transverse plane, values@®f= 0 are slightly favored. Because of the active detection
of protons by the diamond-shaped silicon-strip detectdrthe scintillating-fiber tracker, an
enhancement of events with virtual photons along the dialytinus with¢ ~ 0, is expected.
This is indeed observed in figure 5.14. However, for the prigiation of the distribution
obtained from experimental data, the inefficiencies of du®il detector also need to be taken
into account. The azimuthal angle of the proton reconstdiby the recoil detector is shown
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Figure 5.16: Distribution in the azimuthal angle of protadesected by the recoil detector for
experimental data (red) and Monte-Carlo data (gray). Theabzation of the Monte-Carlo
data is adjusted for a better comparison.

in figure 5.16 for experimental data (open symbols) and M@#ddo data (histogram). The
effect of the inefficiencies in the first half of quadrant.e., for azimuthal angles beloinad,

on the detection of protons is clearly visible. The range tovered by protons detected in
this quadrant half is shown in figure 5.17 (top), as represkby the dark blue symbols.
Protons detected in the first half of quadrdnindicated by the light blue vertical lines in
figure 5.16, cover the same rangesinand are also shown in figure 5.17, represented by the
light blue symbols. Comparing the rangegirtovered by protons detected in these quadrant
halves with the range i covered by protons detected in the remaining part of theilreco
detector, shown in the bottom panel of figure 5.17, gives sdardication on the observetl
distribution. The first halves of quadrahaind4 cover ranges i centered around-0.8 rad
and2.3 rad. These can be related to the decrease in statisticsvelder theg distribution

in figure 5.14.

5.4.3 Impact of the recoil detector on the selection of DVCSvents

According to the Monte-Carlo simulation, the recoil detectan reduce the background con-
tribution to the sample of exclusive events to belti. The effect of various requirements
imposed on particles detected in the recoil detector is sarzed in table 5.3. The first row
indicates the contributions from elastic BH, associatedsBd semi-inclusive DIS to the total
exclusive sample selected with information provided byftine/ard spectrometer. Associated
BH forms, with11%, the dominant background contribution. The detectionxaicdy one
charged particle identified as a prot@md row) reduces this contribution downf@6. If in
addition the absence of neutral particles is requiBed fow), associated BH contributes only
2%. This reduction in background is of the same magnitudeasdtuirement that a proton
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Figure 5.17: Regions i covered by the various recoil-detector parts indicatedjuré 5.16:
first half of quadran® (top, light blue) and4 (top, dark blue), and the remaining recoil-
detector area (bottom, gray).

is detected and that it satisfies the restrictions imposet, QL. , andp; miss/Pe.p (4th row).
The combination of these constrainfgh{ row) finally reduces the total background contribu-
tion down to less tham%. The last row in table 5.3 indicates that particle iderdifien has
a small but beneficial influence on the rejection of backgdoewvents: solely requiring the
detection of a positively charged particle, without adineentifying it as a proton, brings
the background contribution abov&b. With the reduction in background to belawo the
recoil detector satisfies the originally proposed requéetsfor the analysis of DVCS [110].
The asymmetries are eventually extracted inins of —t., x5, andQ?. The fractional
contributions from the subprocesses in each of these bigisén for the exclusive sample
selected with the forward spectrometer only in table 5.4 fandhe exclusive sample se-

el. BH as. BH SIDIS
spec. 86.20£0.30% 11.124+0.07% 2.70 +0.30%
1p 94.60 £0.10%  4.98+£0.05% 0.38 =0.10%
lp&noy 97.90£0.08%  1.93+0.03% 0.17+0.07%
1 p & copl. 97.80 £0.08%  2.094+0.03% 0.11 4+ 0.08%
1 p, noy & copl. 99.06 £0.03%  0.924+0.02% 0.02 4+ 0.02%
1‘'p’,noy &copl.,noPID| 98.65+0.05%  1.29+0.03% 0.06 &+ 0.04%

Table 5.3: Fractions of elastic BH, associated BH and sanlisive DIS events for various

criteria on the data selection. For the explanation of therdeft column, see text.
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el. BH

as. BH

SIDIS

—t.

0.00 — 0.06
0.06 — 0.14
0.14 —0.30
0.30 —0.70

93.52 £ 0.43%
86.35 £ 0.60%
78.31 £ 0.67%
67.34 £ 0.74%

5.18 £ 0.06%
10.73 £ 0.12%
17.43 £ 0.20%
27.58 £0.39%

1.30 £ 0.45%
2.93+£0.67%
4.26 + 0.80%
5.08 £0.97%

B

0.03 —0.07
0.07 —0.10
0.10 - 0.15
0.15—-0.35

89.01 £ 0.32%
86.32 £ 0.74%
85.29 £+ 0.55%
79.67 £ 0.89%

10.20 £ 0.09%
10.60 £ 0.13%
12.08 £ 0.14%
13.15 £ 0.21%

0.79+0.35%
3.08 £0.82%
2.64 £ 0.62%
7.18 £ 1.02%

QQ

1.0-1.5
1.5-23
23-35
3.5—-10.0

89.50 £ 0.70%
86.93 £ 0.53%
84.51 £ 0.57%
81.56 £+ 0.43%

8.40+0.11%
10.75 £ 0.12%
12.34 £0.14%
14.71 £ 0.16%

2.11 £ 0.76%
2.31 £ 0.58%
3.16 £ 0.64%
3.72+0.48%

Table 5.4: Fractional contributions from elastic BH (el. Bldssociated BH (as. BH), and
semi-inclusive DIS (SIDIS) for data selected with inforinatfrom the forward spectrometer

only. The variables-t. and@Q? are expressed in GéV

el. BH

as. BH

itc

0.00 — 0.06
0.06 — 0.14
0.14 — 0.30
0.30 —0.70

99.84 £ 0.02%
99.29 £ 0.03%
98.52 £ 0.10%
97.06 £ 0.14%

0.16 = 0.02%
0.71+0.03%
1.39 £ 0.06%
2.944+0.14%

B

0.03 —0.07
0.07—-0.10
0.10 - 0.15
0.15—-0.35

99.20 £ 0.04%
99.15 £+ 0.04%
99.06 £ 0.05%
98.53 £ 0.18%

0.81 +0.04%
0.85 £ 0.04%
0.94 +0.05%
1.29 £ 0.08%

QQ

1.0-1.5

1.5-2.3

2.3-35
3.5—-10.0

99.36 £ 0.04%
99.12 £ 0.04%
98.99 £ 0.05%
98.58 £ 0.13%

0.64 +0.04%
0.88 +0.04%
1.01 £ 0.05%
1.30 £ 0.06%

Table 5.5: Fractional contributions from elastic BH (el. Bahd associated BH (as. BH) for
data selected with the inclusion of recoil-detector infatimn. The variables-t. andQ? are

expressed in Gel/
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lected with the inclusion of recoil-detector informationtable 5.5. Because of the restricted
amount of statistics generated for the simulation of serdldisive DIS, the fractional con-
tribution from this process is not explicitly given for thatd sample involving the recoil
detector. For events selected with the forward spectrantéfractional contribution from
associated BH rises strongly witht.; for the semi-inclusive DIS contribution this rise is
softer. A positive correlation between the fractional citmitions from the two categories
of background processes and the kinematic variabjesand Q2 also exists, but it is less
pronounced. A similar dependence of the associated-BHibatibn on the kinematic vari-
ables is also observed for data selection involving theirdetector, except that the rise as a
function of —t.. is steeper.

The enhanced purity of the exclusive sample using the relaéctor, however, is ac-
companied by a significant loss in statistics. Table 5.6 shithe effect of the various re-
quirements presented in table 5.3 on the fractional amduwetltected statistics with respect
to data selected with the spectrometer only. The secondrtotepresents the fractions for
the Monte-Carlo simulation, the third column gives the tessfor experimental data, and the
last column compares the fraction of experimental data vafpect to Monte-Carlo data.
According to the Monte-Carlo simulation, less thai%o of the original exclusive sample
remains after the application of all constraints relatethtorecoil detector. Already solely
the detection of a proton reduces the event yield by more4h&m The situation for exper-
imental data is at present different. Here, less tb@é¥ of the original data sample satisfies
all imposed constraints. The requiremenfiatharged particle identified as a proton already
leads to a further reduction compared to the Monte-Carlaiition. Even when exclud-
ing the less efficient quadrants, the comparison betweearigmpntal and Monte-Carlo data
does not improve significantly, e.g., the ratio increasemf§6% to 60% for the require-
ment involving only the detection of exactlypositively charged particle. Comparing the
distribution in number of tracks reconstructed by the redetiector for exclusive events from
the Monte-Carlo simulation and the experimental data, dlsreess oR2-track and3-track

MC wrt. spec. datawrt. spec. datawrt. MC
spec. 100% 100%  79.24+0.5%
1p 57.14+0.2% 40.0£0.2% 55.5+0.5%
1p&noy | 54.9+02%  3514+0.2% 50.6+0.4%
1p &copl. 49.2 £ 0.2% 323+£02% 52.0+0.5%
1p,noy&ecopl. | 48.3+02%  29.2402% 48.0+0.4%
1'p,novy&copl,noPID| 48.7+0.2% 29.6 £0.2% 482+ 0.4%

Table 5.6: Fractional yield of events after the applicatidvarious recoil-detector related
constraints with respect to the number of exclusive eveglected with the forward spec-
trometer only. The fractions obtained for Monte-Carlo date given in the2nd column,
those determined for experimental data are presented iBrtheolumn. The last column
gives the ratio of the normalized number of exclusive ev&is: experimental data to the
normalized number of exclusive events from Monte-Carl@add&or the explanation of the
outer left column, see text.
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events as well as an excess(sfrack events is observed for experimental data. However,
for a solid understanding detailed studies are needed. Xtese of events rejected by the
photon detector in experimental data is related to the poesef noise hits. These are not
simulated in the Monte-Carlo simulation. Finally, the nligament of the recoil detector
could account for the surplus of discarded events when deriag the constraints on the
transverse momentum components.

Performance of the photon detector on the selection of elastDVCS events

The requirement on the absence of detection of neutralcpestby the photon detector re-
jects, according to the Monte-Carlo simulati@n;7 + 0.02% of elastic BH,62.7 £+ 0.5%

of associated BH, an@l7 + 16% of semi-inclusive DIS events from the sample of exclusive
events reconstructed by the spectrometer and containitegected proton. According to the
simulation, the photon detector has thus a negligible impacthe rejection of valuable data.
However, as already alluded and shown in the last sectioni@thapter, the fraction of re-
jected elastic events is larger for experimental data. Asbeaseen from table 5.6 this is still
at an acceptable level.

In order to understand the amount of rejected backgrouralnerds to take into account
the acceptance covered by the photon detector, the shoalealmlity of generated photons,
and the lower threshold placed on the energy depositiony @ fraction of associated
BH is analyzed, since the statistics generated for senhigive DIS events does not allow a
detailed study. From the associated BH events in which minirhneutral pion is generated,
75.9 + 0.4% contain a decay photon that lies in the acceptance of thepl@tector; only
63.8+0.5% contain a photon that effectively generates a signal inlétector, corresponding
to a84% shower probability. Finally, fo60.0 £ 0.5% of the events, the photons generate a
signal abovd MeV. From these latter everi8.9+0.1% are rejected by the photon detector.
Thus the algorithm proposed in section 4.12 proves to becgiitifor the selection of elastic
DVCS. The remaining% of associated BH events rejected by the photon detectginate
mainly from the detection of a neutron or a positively chargesn.

5.5 Extraction of beam-helicity asymmetries

This section presents the beam-helicity asymmetries med$tom experimental data. First
the extraction method is described; subsequently the riddaasymmetries are shown for
exclusive events reconstructed with the forward specttenand for events reconstructed
with the inclusion of recoil-detector information.

5.5.1 Extraction method

The asymmetries are extracted using the extended maxirkalimtbod (EML) method. This
method and its application to the present analysis are fiisfiyoexplained.

Suppose a set of unknown parameteis= (61, 62, ..., 0,,) needs to be estimated from
a set of N independently measured quantities, xo, ..., x5 ), with x; distributed according
to the probability density function normalized to unifi(x; ), of which the functional form
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is known. The parameteésare estimated by maximizing the likelihood functibf¥):

L(0) = Hf(xi;e'), (5.3)

thus solving the equatiofL(0)/00; = 0, fori = 1,...,m. This forms the basis of the
maximum likelihood (ML) method.

If one wishes to incorporate information not only on the shafthe expected distribution
in x, but also on its magnitude, the EML method applies. This tighof interest, e.g., for
the present study. Indeed, as events are collected ovetagndime period, but the number of
collected events is not fixed, the inclusion of the total obse number of events as additional
information can result in an improved constraint on thenestion of the parameters. The
likelihood functionL(6) can be adapted accordingly as:

N
L) - DO o] fxsn) 54)
’ i=1
e—NO) N
= F(x;;0), (5.5)
vl

obtained from considering the number of observed event®@sdh distributed with mean
N(9) = [dxF(x;0). HereF(x;0) represents the extended probability density function,
related tof (x; 0) via F(x;0) = N(0)f(x;6). Another, more instructive, derivation of the
EML function can be found in [123]. IN depends on the parameters to be estimated, the
EML method offers the obvious advantage of an additionaktramt. In the opposite case,
the maximization oL(#) with respect to the parametérseduces to the previously described
ML method. Usually for the estimation of the parameters oagimizesln L(6) (or equiva-
lently minimizes— In L(6)), which has the advantage that the exponentials reducetoaho
factors and the product is transformed into a simple sum.

The extended probability density functidr(x, P;0) for the extraction of the beam-
helicity asymmetries can be written as:

F(X, P; 9) = E(P)E(X, P)O'UU (X)[l + PALU(X; 9)] (56)

Here P represents the beam polarizatidi{,”) the integrated luminosity,(x, P) the detec-
tion efficiency,oy 7 (x) the cross section for an unpolarized beam and unpolarizgdtta
Ay (x;0) the beam-helicity asymmetry, and= (z,t,Q?, ¢). SinceL(P), ¢(x, P) and
oy (x) are independent df, they can be omitted from the expressionifx, P; ) with
regard to the differentiation di(6). One thus needs to minimize:

~InL(0) =N(0) = Y In[l+ PALy(x;0)]. (5.7)

For the determination df(¢) detection inefficiencies are currently not considered. Re-
garding the forward spectrometer, this assumption is prgustified for the extraction of
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5.5. Extraction of beam-helicity asymmetries

asymmetries on previously collected data [108], but neee tverified for the here analyzed
data sample. No statement can at present be made concdmriigflience of the recoil
detector.

With ¢(x, P) = 1, and substituting fol’ (P) the equivalent number of DIS events, the
expression foN(6) simplifies to:

N
N(0) = Np1s Y K(P)[1+ (P)Aru(xi; )], (5.8)

with Np;gs the total number of observed DIS events it the net polarization. The quan-
tity K(P) is given by:

1—:; —1
_1 (1 . Q) if P> 0,
K(P) _ ) Npis 2;; . (5.9)
1 (P .

The superscript- (<) indicates the integration over the positive (negativeybeolarization
state.

From the expression foK (P), it can be seen that if the net polarization is zero, or if
the # dependence vanishes after integration over the entireridtie range, the extraction
method is equivalent to the ML method. In the present ¢&e= 11.2%, and the chosen fit
function, defined below, does not eliminate the dependeh&&®) on the parameters to be
estimated.

The fit function chosen foA .y (x; 6) is of the form:

2 1
Arp(¢:0) = 3 AT sin(ng) + Y AT cos(ng). (5.10)

n=1 n=0

For simplicity the dependence on kinematic variables othan ¢ is not explicitly written.
The coefficients with physics meaning aﬁéj}}("/’) and A?'[}(z‘”. The amplitudeASL“[}(¢) is
related to the coefficients’ and sPV ¢S appearing in equation (2.45), and the amplitude
A3RC9) is related tosZ, with the twist3 coefficientss?Y S andsZ suppressed with respect
to the twist2 coefficients?. Thecos(n¢) modulations are not expected from theory, but are
included as a verification of the stability of the obtaisadn¢) amplitudes.

In addition to the extraction of the asymmetries with the EMethod, the least squares
method is also used as a consistency check. This method cglithe minimization of the

9Based on reference [124], iy (x) from equation (5.6) is even ig in the acceptance and ondyn ¢ mod-
ulations enter the expression df ;7 (x; 6), thenN(6), obtained after complete integration ovgr becomes in-
dependent of. On the contrary, a constant fit term oras ¢ modulation in combination with theos ¢ depen-
dence ofoyy (x) results in a dependence @n Examining this for the present analysis, the fit resultsaioled

for Apu(x;0) = S2_, ASL“[’](W) sin(n¢) are compatible with each other when considering or omittitfg)
for events reconstructed with forward-spectrometer mfation only. For data selected with in addition the recoil
sin(2¢)

detector the leading amplitude remains unaltered, but & from zero bylo is observed ford} ;; when
discardingN(#). The inclusion ofcos(n¢) terms in the fit function yields large discrepancies betwiermethod
that omits and includel(9).
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quantityy?:

)

N’ .
Z ALU(¢’L, )) (511)

where the sum runs over th€’ bins in¢. The quantity4’ ,; is taken in accordance with
references [103] and [107] as:

RS &

At NZIS NﬁIS ) 12

LU |P| N N ¥ (¢z)a (5 )
Nbprs Nprs

with N ((N) andﬁms (Nms) representing, respectively, the number of exclusive &ven
and the number of DIS events collected with positive (negatbeam polarization. The
polarization valug P| is taken as the average over the absolute values of bothizailan
states:(|?| + |<13|)/2. With in the present cas® = +40.17% and P = —39.44%, this
results in a value ofP| = 39.80%. The errors; in equation (5.11) is calculated frod, ,,

by propagating the errors N and?V, but omitting the uncertainties on the other quantities,
which are usually included as systematic uncertaintie® ftHunction A (¢;; 0) is taken
of the form defined in equation (5.10).

The EML method is preferred over the least squares methide siontrary to the least
squares method, it is not binneddn On the other hand, the least squares method offers the
advantage of an easy estimate for the quality of the fit.

5.5.2 Results

Using the above described methods, the asymmetries asetedifor the exclusive events se-
lected with the forward spectrometer only and for the eveakscted with in addition recoil-
detector information. The former data sample consistsl878 exclusive events; the latter
contains12249 exclusive events. The average of the respective kinematiables of both
samples are similar:

(~te.spec) = 0.12 GeV? (~teree) = 0.13 GeV?
(2B spec) = 0.10 (2B rec) = 0.10
(Q2,..) =2.48 GeV* (Q2..) = 2.52 GeV, (5.13)

where the subscriptec (spec) refers to the data selected with (without) recoil-deteate
formation. As already pointed out, care should be taken efdifference in background
contributions when interpreting these results in termsatédtor acceptance, and conversely
for the interpretation of the background contributions, thodified acceptance can influence
the kinematic coverage, and consequently the asymmetries.

The asymmetry defined in equation (5.12) is represented umefi§.18 as a function of
¢ for the exclusive sample selected with the forward speattemonly (left), and for data
selected with the inclusion of recoil-detector informatieight). The results of the fit based
on the EML method and the least squares method are also fediddoth methods generate
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Figure 5.18: Extracted asymmetries as a function fufr data selected with the spectrometer
(left) and with in addition the recoil detector (right). Theresults from the EML method
and least squares method are indicated as well.

results in agreement with each other. These results areafsistent with previous analyses,
see, e.g., references [103, 122].

The leading azimuthal amplitude, i.e4,SL“[‘J(¢), differs significantly from zero, and in-
creases from-0.22 £ 0.02 for the data selection disregarding the recoil detecter@30 +
0.05 for the data selection involving the recoil detector. Ag jeisplained, this can reflect
the enhanced background suppression, but also the infledércmodified acceptance. The
A??]@‘b) amplitude is in both cases compatible with zero, in agre¢mvéh the suppression
expected from theory. In disagreement with theory, howasehe significant non-zero re-
sult for the constant term. This points to a non-optimal ralination. It has been noted in
reference [113] that a time-dependent adjustment of théipo®f the exclusive missing-
mass window, which is in principle equivalent to the hereli@gpcorrection on the photon

energy, has a beneficial influence on the reduction in mageitd theACL"g(Od’) amplitude.

cos(

Although the magnitude ofl ;; %) decreases when adjusting the missing-mass window, its
value remains non-zero, in particular for the sample of datiected in2007. This can point
either to a remaining effect of the reconstruction of thetpheanergy or to another source.
At present studies on the improvement of the calorimetébialon are in progress. Also
the ACL"[S,(d’) shows unexpectedly a small non-zero value, in particulad&ia selected with
the spectrometer only. This can be caused by experimemightions, e.g., inefficiencies, or
is just the result of statistical fluctuations. It was chetkeat the omission of theos(n¢)
terms from the fit function does not alter the extracted \&@hfehesin(n¢) amplitudes, nor
does it influence significantly the uncertainty on these tjties.

To show that the asymmetry vanishes for non-exclusive syéhe leading amplitude
is represented in figure 5.19 as a function of the squaredmngissass,M %, for data se-
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Figure 5.19: Leading amplitudéSLi',}(d)) as a function of the squared missing mag&;, for
exclusive events selected with the spectrometer only Jgnag for exclusive events selected
with the inclusion of recoil-detector information (blue).

lected with the spectrometer (gray) and with in addition tbeoil detector (blue). As can
be observedA?r(‘](d’) shows a significant and constant non-zero value inside thrisive
missing-mass region, while at high&f% values it reduces to zero.

Finally, the physics amplitudes as a function-of,, =5, andQ?, whereby two of the
variables other than the one considered are integrated assecompared in figure 5.20 for
data selected with the spectrometer only (gray) and withrtbleision of the recoil detector
(blue). The numerical results of the extracted amplitudesaéso given in table 5.7. Within
the statistical uncertainty, no dependence of the amp@#wh the kinematic variables can be
observed, neither foASLi'[}("/’) nor forASL“[‘J(%). Also, within the uncertainty no clear relation
is discerned between the ratios of the leading amplitudga&bied with and without recoil-
detector information and the fractional background couotions from tables 5.4 and 5.5
as a function of the kinematic variables. A more appropriai@parison between the two
extracted asymmetries would include the determinatiorcoéptance effects. Additionally,
a small correction for the semi-inclusive DIS contributiand its asymmet?, would isolate
the effect from associated DVCS and BH. Finally, as alreaaled previously, the influence

of inefficiencies needs to be understood and possibly cieaidor.

5.6 Study of associated deeply virtual Compton scattering

In this section the study of events assumed to originate fremassociated DVCS and asso-
ciated BH processp — eA ™, in the following commonly referred to as associated DVCS,

10The values of the extracted amplitudes for semi-inclusifeproduction given in reference [103] amount to

AsLi',}(d’) = —0.03 £ 0.19 and ASL“I‘J(Q"’) = 0.33 £ 0.20. The considered event sample is reconstructed with the
forward spectrometer only.
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Figure 5.20: AmplitudesﬂsLi’,}(d)) andASLiZ(Q‘b) as a function of-t.. (left), z 5 (center), and)?
(right) for exclusive events selected with the spectromatéy (gray) and with the inclusion
of recoil-detector information (blue). The uncertaintes statistical only.

A7y° A

spec. rec. det. spec. rec. det.

0.00 < —t. < 0.06 —0.214+0.04 —-0.274+0.08 —-0.02+£0.04 —-0.11+0.08
0.06 < —t, <014 —-0.194+0.05 —0.23£0.08 0.04 +£0.04 0.09+0.07
0.14 < —t, <030 —-0.284+0.05 —0.41=£0.09 0.03+0.05 0.01 £ 0.09
0.30 < —t. < 0.70 —0.29+0.08 —0.414+0.16 —0.064+0.09 —0.024+0.16
0.03 < zp <0.07 —-0.22+£0.04 —0.26+0.08 0.00+0.04 —0.054+0.08
0.07<zp <010 —-0.23£0.05 —-0.30+£0.08 0.03+0.05 0.04 £ 0.08
010<zp <015 —-022£0.05 —-0.39+£0.10 —0.03+0.05 0.08+0.10
0.15<zp <035 —-021£0.07 —-0.32+0.14 0.02+0.07 —-0.034+0.14
1.0<Q?<15 —0.19£0.05 —0.31+0.09 0.00+£0.05 —0.0440.09

1.5<Q?<23 —-0.24+0.04 —0.23+£0.08 0.02 +0.04 0.02 £ 0.08

23<Q%*<35 —0.22+0.05 —0.38+0.09 —0.04+0.05 —0.06+0.09

3.5<Q%<10.0 —0.24+0.06 —-0.32+0.11 0.04 + 0.06 0.10£0.11

Table 5.7: Amplitudes45Li',}(¢) andASLi’,}(w) extracted i bins of —t., x5, andQ? for ex-
clusive events selected with the spectrometer only and thihinclusion of recoil-detector
information. The variablest. and@Q? are expressed in GV The uncertainties are statisti-
cal only.
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is described. According to the previously presented M@@delo simulation, the photon
detector successfully identifies signals from photons.sThinow further investigated on
Monte-Carlo and experimental data for the analysis of aaset DVCS. Here the channel
At — pr¥ is examined.

The selection criteria, determined mainly from Monte-Gatudies, are described first;
subsequently the events selected from experimental dafaesented and compared with the
simulation; finally, the asymmetry extracted from this dedenple is shown.

5.6.1 Event selection

The selection procedure adopted for the analysis of agsdciaVCS is for the major part
analogous to the procedure developed for the identificatf@xclusive events described in
the previous sections. The same final state particles neeel teconstructed by the forward
spectrometer, i.e., a positron and a photon, while in theirdetector the detection of exactly
1 proton andl or 2 photons in the absence of detection of any other particlegaired.

The detection of photons by the photon detector relies ondéntification of untracked
clusters, as explained in section 4.12. Since events inhwhjghotons generate a signal in
the photon detector constitute a small subsample only afikats in which at leagtphoton
is detectable, the analysis of the appropriate event sehecbncentrates on the identification
of events containing minimurh photon. The suppression dfphoton events results from
a convolution of the photon-detector acceptance, the shpvabability (amounts t@4%
and is energy dependent), and the threshold imposed on éngyetieposition in the photon
detector. When considering the sample of simulated agsocBH events that satisfy all
subsequently described constraints related to the speeter and that contain in addition a
detected proton and at least one photon in the photon-detexteptancel3 + 1% of these
events are found to have both decay photons in the acceptd@heesame comparison, but
now for photons that effectively generate a signal abb\WweV results in an outcome of
20 + 1%.

For the identification by the photon detector of associaté@B events, the detection of
minimum 1 or minimum2 untracked clusters originating from a different layer iquieed,
with the constraint that each of the involved layers corgtaiaximun® untracked clustets.
Indeed, as can be seen in figure 5.29-decay photons from events satisfying the selection
criteria related to the analysis of associated DVCS geeenatst of the time a signal inor 2
layers. The former group of photons have, according to thatst€arlo simulation, a mean
energy ofl 20 MeV; for the latter the mean energy amountd 60 MeV. Photons generating
a shower that passes through all tungsten layers have avenaggies 0220 MeV. The event
selection requiring the presence of at leastntracked cluster has the advantage of larger
statistics, whereas the other offers the benefit of a redaoattibution from background
processes. For the selected events, the energy depositociated with the untracked clus-

11subsequently, when referring 19 2, or 3 untracked clusters, it is implicitly assumed that the phedetector
layer from which they originate does not contain more thamtracked clusters. Additionally, when requiring the
detection of minimun® or 3 untracked clusters, these clusters are not allowed to getothe same layer. The
former condition rejects a small percentage of eveBt$%) which potentially are not clean. However, it also
can reject events in which various reconstructed clustégsnate from the same photon. This is at present not
investigated in more detail.

134



5.6. Study of associated deeply virtual Compton scattering

o
o
S
©

0.007

0.006

1000*N/N

0.005

0.004 -

0.003

0.002 -

0.001

I I I
0 1 2 3

number of layers with y signal

Figure 5.21: Monte-Carlo simulation of the number of phetiatector layers in which a
signal above MeV is generated by a’-decay photon.

ters needs in addition to lie above a certain threshold, waicounts t@.5 MeV or 3.5 MeV
depending on the event topology. This requirement origi&tom the presence of noise in
experimental data, and is discussed in more detail in theespent subsection.

Regarding the constraints imposed on the kinematic vasatdconstructed from infor-
mation provided by the forward spectrometer, the restmitionz z and E., are unaltered;
the modifications related to the other variables are diszligsthe following.

As already explained, the squared mass of the final hadréaie seeds to be much
smaller tharQ? in order to ensure the validity of the factorization theor&fith the mass of
the At amounting tal.232 GeV, a minimum value of.5 GeV? is required forQ?, where the
limited amount of available statistics does not allow fotrasger restriction. The condition
Q? < 10 GeV is not modified.

The upper limit on the angle between the virtual and real @&, -, also needs to be
reconsidered; the lower limit remains unchanged. The imgaosstriction on the maximum
value ofé.-, finds its justification for the analysis of elastic DVCS wittetforward spec-
trometer in the reduction of background and in the unifoyroftthe acceptance; for events
selected with in addition recoil-detector information tiéformity of the acceptance forms
the dominant argument. Indeed, as can be seen in figure 28 (Which represents the
opening angle for single-photon events restricted to tlwuskve missing-mass region and
containing in additiorl detected proton, a reconsideration of this upper limit awof back-
ground reduction seems, according to the simulation fijedti However, an increase of the
presently imposed upper limit is not beneficial for the ataepe uniformity, as was shown
in figure 5.15.

Also shown in figure 5.22 is the opening angle for single-phavents in the exclusive
missing-mass region adjusted for the analysis of assacR#CS (see further), witl)? >
1.5 GeV?, and in which in addition to the proton, minimum(center) or2 (right) photon
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Figure 5.22: Photon opening andle- ., with 6.,-, > 5 mrad, for simulated single-photon
events in the exclusive missing-mass region contaimipgpton (left), and minimum (cen-
ter) or2 (right) photon clusters. The exclusive missing-mass windad the lower limit on
Q? are modified for the event sample considering photons (sé t€he vertical dashed
(dotted) line indicates the imposed upper limitéfmrad (70 mrad) onf.-.,.

clusters are reconstructed by the recoil detector. Becafufe small amount of generated
statistics, the semi-inclusive DIS contribution is notnesented. As can be observed, the
elastic-BH distribution is located at higher value9of., in comparison with the distribution
obtained in the analysis of elastic DVCS. Itis the requireteé photon detection in the recoil
detector that is responsible for this shift. Additionaltycan be seen that the contribution
from elastic BH is strongly reduced when the minimum reciimember of photon clusters
is increased from to 2. Especially for the latter event selection, an increaséefrnposed
upper limit ond, -, seems advantageous in order to gain statistics.

Table 5.8 compares the fractional contributions from assed BH, elastic BH, and semi-
inclusive DIS for single-photon events that satisfy thééito described constraints and are
located in the appropriate missing-mass region with dieteaif minimum1 or 2 photon

minimum1 ~ cluster minimun® ~ clusters
Oyy <45 0y <70 Oyy <45 0y <70
as.BH 79.2+34% 755+25% 86.7£53% 85.7+4.1%
el. BH 124+0.7% 164+0.7% 24+03% 4.7+0.4%
SIDIS 8.5+3.8% 81£3.0% 10.9+55% 9.7+4.3%

Table 5.8: Fractional contributions from associated BH @), elastic BH (el. BH), and

semi-inclusive DIS (SIDIS) for events satisfying the sétat criteria for the analysis of
associated DVCS, with the omission of the constraint.orhe influence of a modified upper
limit on 6~ [mrad] is presented for events containing at ldast 2 untracked clusters.
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Figure 5.23: Photon opening andle-., with 6--, > 5 mrad, for single-photon events in
the exclusive missing-mass region of the associated-DM@$sis, for whichl proton and
minimum1 photon cluster are reconstructed by the recoil detector.

clusters, for either an upper limit dh,-, of 45 mrad or of70 mrad. For events containing
minimum 1 photon cluster the main background contribution origiadtem elastic BH,
whereas for events with at leadtphoton clusters semi-inclusive DIS forms the dominant
contribution. The influence of a modified upper limit 65n-, seems more pronounced for
events in which at leadtphoton cluster is detected.

However, a revision of the requirement 8n., is only justified if the uniformity of the
acceptance is guaranteed. Figure 5.23 shows the photoinggeTgle as a function af for
the here considered type of single-photon events seleatetdxperimental data. At least
photon cluster is here reconstructed by the photon detethar sharp peak at = 0 corre-
sponds, according to the Monte-Carlo simulation, to serlisive DIS events. The full line
indicates the upper limit of5 mrad; the dashed horizontal line designates the regionevher
0+ = 70 mrad. Although an upper limit 6f0 mrad slightly degrades the uniformity of the
acceptance, it increases, according to the Monte-Carlolation, the amount of associated
BH events by39 + 2% (37 + 1%) in case the presence of minimin{l) untracked clusters
is required in the photon detector. In view of this substdrgain in statistics, an upper limit
of 70 mrad is adopted for the event selection requiring mininupmoton clusters.

The approach used in the analysis of elastic DVCS for therahétation of the squared
four-momentum transfer to the nucleon is not of applicatmrthe study of associated pro-
duction. Instead, the squared four-momentum transfegconstructed from the energy of the
photon detected in the forward spectrometer is considdieeldistribution of this quantity is
shown in figure 5.24 (left) for events from a Monte-Carlo siation satisfying all constraints
related to the analysis of associated DVCS with the omissfdhe requirement on the de-
tection of untracked clusters in the photon detector. Oméydistributions originating from
elastic and associated BH are shown, with each distributiomalized individually. Because
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Figure 5.24: Distribution in-¢ for elastic BH (green) and associated BH (blue) events se-
lected for the analysis of associated DVCS with the omissibphoton-cluster detection
(left) and with the requirement on the presence of at léasttracked cluster (right). The
vertical lines delimit the allowed range int.

of the calorimeter resolution, the distributions extenaégative, unphysical, values, as al-
ready mentioned previously. This is more pronounced fostigldBH events, which are on
average centered around lower valueginin the present analysis of associated DVCS, no
final results are presented as a functiornt.off, however, thet dependence of observables
were shown, a simple (yet not optimal) approach for its pregesn would consist in the
rejection of events with negativet values. In accordance with this approach, it was chosen
to discard events in the unphysi¢akgion. In view of the analysis of associated DVCS, this
constraint seems beneficial. However, as already obseovetid distribution ind.,-., the
requirement of the detection of an untracked cluster in tieggn detector moves the elastic-
BH distribution towards higher values. This is shown in fgbr24 (right). Sincé.-, and

—t are correlated, it is not surprising that the same effecb&eoved for both variables. As
can be seen in the figure, allowifig-~, values of up tdr0 mrad shifts the distribution in-¢

to higher values. The increase of the upper limit on the aggangle does, however, not
modify the relative proportion of background and signahgigantly. An appropriate upper
limit on —¢ of 0.7 GeV? was estimated from the Monte-Carlo simulation, resultireyf a
compromise between a minimal loss of data and an acceptalal-$o-background ratio,
and at the same time ensuring the validity of the factorwatheorem. The imposed con-
straint ont reduces the gain in statistics obtained by releasing therppit on 6.,-., from

45 mrad to70 mrad. Nevertheless, the gain in statistics still amount®6te: 1% for the
events containing minimur untracked clusters. Since the distributiont iinom the experi-
mental data is shifted (and altered in shape) with respebgetdistribution obtained from the
Monte-Carlo simulation, because of the difference in tleenstruction of the high-energetic

138



5.6. Study of associated deeply virtual Compton scattering

DIS

Fo.03
<
P4
& ? [
S0.025 L ! Monte Qar o] 5
S 4 data, shift=-0.053 GeV
0.02 - +
[ ¢
0.015
r [}
001 [ )
[ _ L
0.005 [ *
: .
L °
0’.of“\“‘\“‘\“‘\“f_
-0.2 0 0.2 0.4 0.6 0.8 1

-t [GeVE

Figure 5.25: Distribution in-t for events from experimental data (red) and Monte-Carla dat
(gray) that satisfy the selection criteria related to thalgsis of associated DVCS with the
omission of the requirement on photon detection in the telsiector. The normalization of
the Monte-Carlo simulation is adjusted for a better conyuari

photon, the imposed restrictions are adjusted for experiahdata. The comparison between
experimental data and Monte-Carlo data is shown in figurg.5The event samples satisfy
all selection criteria related to the analysis of assodi&8t&CS with, in view of larger statis-
tics, the omission of the requirement on the presence ofgpisah the recoil detector. The
distribution from experimental data is here shifted b§.053 GeV?, corresponding to an
upper limit of —¢ < 0.753 GeV2. The lower limit is left unaltered, since this constraint is
only present because of the limited resolution,iand does not reject additional background
neither from elastic BH nor from semi-inclusive DIS, botkdted at higher values int.

Finally, the missing mass reconstructed from experimelata is restricted to the window
—0.538 GeV? < M% < 3.262 GeV~, resulting again from a compromise between a sample
with high purity and a minimal loss in statistiés For the simulated data, the upper and
lower limit are reduced by-0.462 GeV?. The distribution in\/% is shown in the following
subsection.

The contributions from associated BH, elastic BH, and seclissive DIS for the events
satisfying all requirements related to the analysis of eissed DVCS is presented in ta-
ble 5.9. Several event topologies are considered. Theyassified by the minimum number
of untracked clusters presentin the photon detectoraitéeastl, 2 or 3, where as explained
previously, for the latter two event configurations the tus need to originate from a dif-
ferent layer. For the requirement on the presence of minimwiuaster,d, -, is restricted to

12| view of the limited amount of statistics available for thnte-Carlo simulation, these restrictions as well
as those imposed on some of the other kinematic variablebtm@ssibly be improved when carrying out a new
analysis based on a larger data sample.
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values belowt5 mrad; for the other two topologies this upper limit is reksés$o 70 mrad.
As can be concluded from the table, in combination with ttseiite from table 5.8, the num-
ber of required untracked clusters has manifestly a sutistamfluence on the purity of the
sample: the fractional contribution from associated BHesafrom~ 80% to ~ 95% with
increasing number of untracked clusters, but is accomgadnjie large loss in statistics, on
the order of75%.

as. BH el. BH SIDIS
min. 1~ cluster 79.7+3.6% 12.1+0.7% 8.3+4.1%
min. 2 clusters 87.8 +£4.6% 4.1+04% 8.1 +4.8%
3yclusters  954+26% 2.0£0.4% 2.7+2.6%

Table 5.9: Fractional contributions from associated BH @4), elastic BH (el. BH), and
semi-inclusive DIS (SIDIS) for the events satisfying thkestion criteria related to the anal-
ysis of associated DVCS.

Regarding the requirement on the detectior2 aintracked clusters originating from the
same photon-detector layer, the purity of the sample is nbaeced. Indeed, the fractional
contribution from associated BH amountss@7 + 11.0. It has not been analyzed if these
two clusters correspond to different photons or if theyteeta the same photon.

In order to gain statistics, the asymmetries are also eglsfcom the event sample for
which the constraint on the lower limit 6§2 is released ta GeV?. This slightly complicates
the theoretical interpretation of the data, but increabessize of the selected sample by
~ 50%. The contributions from the individual processes comesiing to this event selection
are summarized in table 5.10. Within the statistical prenisio variation in the fractional
contributions from elastic and associated BH and semiigiek DIS is observed compared
to the data selected with the restrictigld > 1.5 GeV2.

as. BH el. BH SIDIS
min. 1~ cluster 82.4+29% 11.1+£0.6% 6.5=+3.3%
min. 2 clusters 90.2+3.5% 3.7+£0.3% 6.0 £3.7%
3~ clusters 96.5+1.9% 1.5+03% 2.0+1.9%

Table 5.10: Fractional contributions from associated Bkl (8H), elastic BH (el. BH),
and semi-inclusive DIS (SIDIS) for the events satisfying #ielection criteria related to the
analysis of associated DVCS. The restriction@his released t@)? > 1.0 GeV2.

Table 5.11 summarizes the constraints on kinematic vasabid on the energy of photon-
detector clusters applied on the single-photon event safigplthe analysis of associated
DVCS. Cuts related to the selection of single-photon evarggiven in table 5.2.
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kinematic variables

T [0.03,0.35]

Q? [1.5,10] or [1.0, 10] GeV?
Oy [5,45] or [5, 70] mrad

—t [0.0,0.753] GeV?

M% [—0.538, 3.262] GeV?

photon-detector cluster energy [MeV]
min. 1 cluster > 3.5 (A layer)
> 2.5 (B & C layer)
min. 2 clusters > 2.5

Table 5.11: Constraints on kinematic variables and phditector cluster energies of single-
photon events for the analysis of associated DVCS. Cutseapph kinematic variables for
the selection of single-photon events can be found in tal2le 5

5.6.2 Comparison between experimental and simulated data
Energy deposition by photons

As pointed out in the previous section, the energy of phatetector clusters associated
with neutral particles is required to lie above a certairshiold value in order for an event
to be considered a candidate event from associated DVCS.cbhmidition is related to the
suppression of noise hits. It was explained in section 5&0d minimal energy deposition
of 1 MeV is sufficient to this effect. For the analysis of assaildDVCS this condition needs
to be revised, as outlined in the following. Figure 5.26 shthre energy of untracked clusters
from the photon-detectot layer for single-photon events with-, > 5 mrad and with the
restriction on the energy of the untracked calorimetertelusleased. In the recoil detector
the detection of minimum positive particle in addition to the detection of photonstirs

is required. The distributions represented by a full line #re result of the Monte-Carlo
simulation; the distributions represented by the closed®ys originate from experimental
data. The various colors are indicative for the differepiety of constraints imposed on the
photon-detector clusters: either the presence of at leasttracked cluster is required in
the photon-detector layer (green), or this condition isrieted to the detection of exactly
untracked cluster (blue), possibly with the additionaluiegment that an untracked cluster
is also reconstructed in one of the other photon-detecyersa(red). A strong disagreement
between experimental data and simulated data is visibme¢hergy depositions, especially
for the first considered category. This discrepancy comedp to noise hits in the photon
detector, present for experimental data, but not modeldaeiMonte-Carlo simulation. For
experimental data the difference at low cluster energiésdemn the first type of constraints
and the second type of constraints is dominated by noiseTtisrestriction on the detection
of exactly1 untracked cluster in thel layer and at least untracked cluster in th& or C'
layer reduces the number of noise hits to an imperceptibtd.|& he remaining discrepancy
between experimental data and Monte-Carlo data resultstine incorrect simulation of the
energy deposition in the photon detector, as describecttiose4.3, and from the imperfect
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Figure 5.26: Energy of untracked photon-detectdayer clusters for single-photon events
satisfying revised requirements (see text). Distribugifsom Monte-Carlo data (full line) and
experimental data (closed symbols) are presentesldvent categories: events containing at
leastl untracked cluster (green), exactiyuntracked cluster (blue), and exactlyintracked
cluster with in addition an untracked cluster in theor C' layer (red).

calibration of the photon-detector strips from quadariscarding this quadrant shifts the
small peak around- 2 MeV to higher values. In view of the recoil-detector ineffiacies, a
larger contamination of misidentified untracked clustareXperimental data can also not be
excluded.

The same type of distributions, but now for exclusive eveetscted with the forward
spectrometer and containing in additibproton and at leastuntracked cluster reconstructed
by the recoil detector, are shown in figure 5.27. On the lafiehside of the figure the distribu-
tions for events containing minimuim(green) and exactly (blue) untracked cluster without
considering the other photon-detector layers are predgfatethe distributions shown on the
right-hand side the requirement on detection of untrackesters in one of the other layers
is incorporated. Restricting the data sample to exclusieais results in a relatively more
prominent presence of noise hits compared to the data saingben in figure 5.26, since the
number of events that contain a neutral particle is supptestet, also for the here examined
event selection the consideration of the other layers resitiee noise level considerably, but
does not eliminate it. In order to discard noise hits fromehent sample, a restrictive energy
threshold is imposed on the cluster energy. For events iotwihie presence of minimuin
untracked cluster is required the energy threshold is sgtstdleV for the A layer and to
2.5 MeV for the other layers, which are less affected by noise hthen requiring minimum
2 untracked clusters, the energy threshold is reduced foA tlager to2.5 MeV.
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Figure 5.27: Energy of untracked photon-detectelayer clusters for exclusive events in
which 1 proton in addition to untracked photon-detector clusterddtected. Distributions
from Monte-Carlo data (full line) and experimental dataoéeld symbols) are shown for
events containing at leastuntracked cluster (green), exactlyintracked cluster (blue), with
omission (left) or consideration (right) of the presenceinfracked clusters in th8 or C'
layer. The vertical lines indicate the lower energy limit.

Missing-mass distribution

The constraintimposed on the missing-mass distributioraies to be clarified. To this effect
the squared missing-mass distribution for the eventsfgiigthe selection criteria related to
the analysis of associated DVCS with detection of at leasttracked photon-detector cluster
is shown over an extended range in figure 5.28 for experirhanthsimulated data. The
sample selected from the Monte-Carlo simulation is suldéinto the different contributing
processes: associated BH (blue), elastic BH (green),shbeir(gray), and semi-inclusive DIS
(magenta). The distribution from experimental data (re@gain shifted by-0.462 GeV?. A
good agreement is observed between the Monte-Carlo simukatd the experimental data,
with a peak centered around the square ofAlferesonance mass. The presence of elastic
BH, concentrated around the squared proton mass, and selusive DIS, mainly located
at higherM % values, broadens the measured distribution with respebetassociated-BH
distribution. It has to be noted that the normalization &f $imulation is not adjusted. Since
the requirement of proton detection results in a deficit @res from experimental data in
comparison with simulated data, the present situatioresponds effectively to an excess of
events from experimental side. The constraint imposed/gnfor the analysis of associated
DVCS is indicated in the figure by the blue vertical lines. Hsachosen as a compromise
between the number of selected events and the suppressiumtmiickground contributions.
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Figure 5.28: Squared missing-mass distribution for eveatisfying the selection criteria
related to the analysis of associated DVCS. In the photoectiat the reconstruction of at
leastl untracked cluster is required. The distributions from ekpental (red symbols) and
Monte-Carlo data are presented. They are normalized t@#pective number of DIS events.
The distribution obtained from experimental data is skiftg —0.462 GeV2. The vertical
lines indicate the selected missing-mass range.

As presented in table 5.9, more restrictive requirements@mumber of untracked clus-
ters allow for a further suppression of the background, eatllalso to a substantial loss in
statistics. A small indication for the reduction in backgnd seems visible in the missing-
mass distribution. This is shown in figure 5.29 for eventstaiming at leas® (left) or 3
(right) untracked photon-detector clusters. For the farevent sample a slight shift, in com-
parison with the distribution from figure 5.28, of the lefisid side of the peak towards higher
M?% values, indicating the suppression of elastic BH, can bindisished; for the distribu-
tion obtained when requiringuntracked clusters, the reduction from the semi-inclubi\@
contribution, present at highér% values, seems more pronounced.

Kinematic distributions

Figure 5.30 presents the comparison between the kinematitbdtions obtained from ex-
perimental and simulated data for events satisfying trextieh criteria related to the analysis
of associated DVCS. The events considered here are redaisehtain at least untracked
photon-detector cluster. A relatively good agreement iseoked between the Monte-Carlo
simulation and the experimental data. The distributionjiris slightly shifted towards higher
values in comparison with the data sample selected for thlysia of elastic production, see
figures 5.13 and 5.14. This shift is related to the corretelietween: 5 and@?, with Q2 re-
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Figure 5.29: Squared missing-mass distribution for eveatisfying the selection criteria re-
lated to the analysis of associated DVCS. In the photon tiatdte reconstruction of at least
2 (left) or 3 (right) untracked clusters is required. The distributifmesn experimental (red
symbols) and Monte-Carlo data are presented. They are finetio the respective number
of DIS events. The distribution obtained from experimedtth is shifted by-0.462 GeV2.

stricted at present to values abdve GeV?. Independently of this, the distribution 5, is
also concentrated around larger values with a shape ttiatgiifom what is observed for the
previously studied category of exclusive events. The foomentum transfert is increased
as well, which can for a small fraction only be attributed e imposed constraint af)?.
The distribution inp shows, at least for the Monte-Carlo simulation, a smootkéakior in
comparison with the sample obtained in the analysis ofiel@/CS using recoil-detector
information. Here the requirement @)% slightly centers the distribution aroukid= 0.

Lastly, an estimate for the variation witht. of the background contribution to the event
sample selected for the analysis of elastic DVCS is compfarezkperimental and simulated
data. As shown in tables 5.4 and 5.5, the Monte-Carlo sinangtredicts a substantial rise
of the associated-BH contribution as a function-@f. In order to verify this experimentally,
exclusive events reconstructed with the forward specttermand containing in additioh
proton and at least untracked clusters detected by the recoil detector are amedgo the
sample of events satisfying the same requirements exceptdoexplicit detection of un-
tracked photon-detector clusters. The ratio of the resmenumbers of observed events as
a function of —t.. is presented in table 5.12 for experimental data (exp) andt&4€arlo
data (MC). For the simulated data, also the contributiomfessociated BH is given, where
the event sample obtained with (without) considerationtifier presence of untracked clus-
ters is labeled s, (s..c). The ratio of the fractions from experimental and MonteiGa
data (exp/MC) is included as well. An increase with, in the fractional number of exclu-
sive events containing untracked clusters is observedfboimulated and for experimental
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Figure 5.30: Kinematic distributions for events satisfythe constraints related to the analy-
sis of associated DVCS with the requirement of the preseftoinimum 1 untracked photon-

detector cluster. The distributions obtained from experital data (red symbols) and from
the Monte-Carlo simulation are presented. They are nomedlio the respective number of
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DIS events.
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data. Since the contribution from associated BH to the sasplis predicted to decrease
with —t., some caution is required in the interpretation of thesalt@sAlthough the rate
at which the fractional contribution from.sincreases is relatively similar for experimental
and Monte-Carlo data, the experimental data overestintageMonte-Carlo simulation by
~ 50%. This can be related to experimental limitations, the abs®f associated DVCS in
the simulation, or uncertainties in the modeling of the agded-BH contribution.

—te exp MC exp/MC S Sexel
0.00—0.06 1.18£0.14 0.844+0.04 1.40+0.18 100.0=+0.00 2.46 £+ 0.06
0.06—0.14 233+0.20 1.184+0.04 1.97+0.19 99.63+0.21  3.994+0.08
0.14—-0.30 3.76+0.29 2.754+0.32 1.37+0.19 82.354+9.72 6.894+0.12
0.30—0.70 6.09+0.63 4.60+0.27 1.32+0.16 85.444+4.43 12.66=+0.26

Table 5.12: Fractional number (in %) of exclusive eventsnstructed with the spectrometer
in which 1 proton and at least untracked photon-detector clusters are detectgd (gith
respect to the event sample satisfying the same requirspimritdiscarding photon-detector
information (s$..;). The fractions are given for experimental (exp) and sitadd{MC) data
as a function of-t. [GeV?]. Also the ratio of the fractions from experimental and simu
lated data (exp/MC) is presented. The asblumns contain the fractional contributions (in
%) from associated BH, according to the Monte-Carlo sinmaoatfor the2 event samples
S2y and Szl

5.6.3 Extraction of the beam-helicity asymmetry

Although the analysis as well as the number of collectedsvsrvery limited, the asymme-
try defined in equation (5.12) is extracted for the eventsfyatg the constraints related to
the analysis of associated DVCS, in particular for thesentsvie which minimuml and2
untracked photon-detector clusters are observed. Fowotingef samplé04 events are ex-
tracted; for the latteB60 events are found. The asymmetries are also presented fdathe
samples that contain events wif}¥ values down td GeV?. The corresponding number of
collected events amounts&d9 and530, respectively. The kinematic coverage for the events
containing at least untracked photon-detector cluster averages to:

(~thign) = 0.33 GeV* (~tiow) = 0.29 GeV?
<xB,high> =0.11 <«TB,low> =0.10
(Qhign) = 2.97 GeV* Q%) = 2.48 GeV?, (5.14)

where the subscrigtigh (low) refers to a lower limit orQ? of 1.5 GeV? (1.0 GeV?). For the
data sample witl§)? restricted tal GeV?, the average kinematics irg and@Q? are similar to
those from the analysis of elastic DVCS. The more consmgifimit on @2, i.e., 1.5 GeV?,
shifts both variables to higher values. As already stat@terpreceding subsection, a large
difference is observed for the average kinematic covemage For the analysis of elastic
DVCS using recoil-detector informatiof-¢) amounts td).19 Ge\?, while here values on
the order 0f).30 GeV? are observed.
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Figure 5.31: Asymmetries extracted from the sample of eveatisfying the constraints
related to the selection of associated DVCS. The asymrsetréeshown for events containing
at leastl untracked cluster (left) and minimugnuntracked clusters (right).

The asymmetries are presented in figure 5.31 for eventsioorgat leastl (left) and2
untracked clusters (right). Here the asymmetries extddoten the data sample for which the
lower limit onQ? is settol .5 GeV? (1.0 GeV?) are represented by the closed (open) symbols.
For the events containing at le2stintracked clusters the asymmetries are also extracted with
the restriction ord.,-~, reduced tol5 mrad (triangles) in order to investigate the influence of
a change in kinematic distribution. The asymmetry ampétudbtained from the fit, based
on the EML method, of the function defined in equation (5.X@)gven in table 5.13.

cos(0¢) sin(¢) sin(2¢) cos(¢)
Ay ALI_J i ALy Ay
minimum1 ~ cluster

Q>>15GeV? —028+0.13 —0.13+£0.19 —0.04+0.18  0.02+0.19

Q*>1.0GeV? —-024+0.11 —0.08+0.16 0.01 +£0.16 0.00 £0.16
minimum2 ~ clusters

Q*>15GeV? —-0.14+0.19 —-0.27+0.25 0.05+0.25 —0.10+0.26

0y <45mrad —0.164+0.20 —0.10+0.27  0.23+0.27 —0.14+0.29

Q*>10GeV? —0.11+0.15 —0.24+0.21 0.14+0.21 —0.05+0.21

Table 5.13: Asymmetry amplitudes extracted from the fit toaélaents satisfying the require-
ments related to the selection of associated DVCS. Variounstcaints are applied on the
kinematic variable§)? andé.,-,, as explained in the text and as indicated in figure 5.31. The
given uncertainties are statistical only.
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The modified requirements af? do not result in a significant change of the extracted
asymmetry values. Although within the statistical undetiathe data points are compatible
with each other, the more restrictive constraintéon, for the event sample containing at
least2 untracked clusters seems to modify the asymmetry in thetireof a constant, as
observed for the asymmetry extracted from the data samplaicing minimuml untracked
photon-detector cluster. The presence of a constant aisebe related to an imperfect nor-
malization, as discussed in section 5.5.2, describingrlagyais of elastic DVCS. Within the
uncertainty no statement can be made about the presencssmcanf a non-zero asymmetry.
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6. Summary and conclusion

In the present dissertation the commissioning of the HERIVHESIl photon detector and its
performance have been reported. The photon detector isutiee-lging component of the
HERMES recoil detector. The other recoil-detector compdsare the silicon-strip detector,
installed directly around the HERMES target cell, and thetdtating-fiber tracker. The re-
coil detector was constructed in order to reduce the backgroontribution to the sample of
events selected at the HERMES experiment for the study gflge@tual Compton scatter-
ing (DVCS). The main background contribution to the selé&eent sample originates from
associated DVCS, where the proton does not stay in its gretatd but is excited to A™
resonance. ThiA™ decays, with a branching ratio 6%, into a proton and a neutral pion,
with the latter decaying into two photons, and, with a bramghatio of33%, into a neutron
and a positively charged pion.

The silicon-strip detector and the scintillating-fiberckkar are able to reconstruct and
identify charged particles, namely protons and negatigealy positively charged pions. The
photon detector is also sensitive to these particles, buméin purpose lies in the detection
of photons. The photon detector consists3afylindrical tungsten-scintillator layers. The
scintillator layers are subdivided infocm wide strips, oriented parallel to the HERA beam
line for the inner layer, and oriented under an angle of retbpaly +45.6° and —46.2° for
the following two layers.

Prior to its installation in the HERMES experiment the rédetector was placed in a test
area, where signals from cosmic particles were collectbeése data allowed to gain insights
in the photon detector (and the other two recoil-detectarmmnents), and to obtain a rough
calibration as well as a preliminary determination of thefoin-detector efficiency. Based
on the collected data, the photon detector was also implesdémthe digitization routine of
the HERMES Mont Carlo.

Beginning of2006 the recoil detector was installed in the HERMES experiméfite
recoil detector was completely operational starting freept®mbeR006 and collected then
data over a period of0 months. Data were accumulated by scattering a longitugipal
larized positron beam, with positive and negative heljaifff an unpolarized hydrogen and
deuterium target. A total 028 M DIS events on hydrogen target afidVl DIS events on
deuterium target were collected.

Using pion tracks reconstructed from this data set, thegrhdetector was then aligned
with respect to the recoil tracking detectors. In a next,dtepphoton detector was calibrated,
again using signals from charged pions. Data productiordas this calibration allowed
to subsequently control the quality of the calibration aodrteasure the efficiency of the
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6. Summary and conclusion

photon-detector strips. Regarding these two aspectsetiudts are satisfactory: the response
of the photon detector is stable in time and the efficiencytlier detection of protons and
pions amounts t®5% and92%, respectively. Also, it was shown that the photon detector
can contribute to the identification of protons and pionsieiéds to be mentioned, however,
that the quality of the calibration, and consequently ofrtreasured strip efficiencies, in one
quadrant of the photon detector is insufficient. This isteglado problems with the track
reconstruction, more specifically with inefficiencies ie tivo tracking detectors. However,
at present the quality of the reconstructed tracks has imggkand is proven sufficient for a
reliable calibration of the photon detector. Once a new petidn, with corrected photon-
detector calibration, is available, it can be checked ifdtrgs located in this problematic
quadrant have a higher efficiency. Regardless of this aspeww iteration of the photon-
detector calibration is mandatory because of cross-taltections at the level of the PMT-
clustering routine.

For the identification of photons, an algorithm was devetbiteat controls if signals in
the photon-detector layers can be or can not be associatecdaweconstructed track. This
algorithm was subsequently used in the analysis of DVCS gmeoigen target. According to
the Monte-Carlo simulation, this algorithm is very effidieit correctly identifie99% of the
associated DVCS events in which a photon generates a sigoat dhreshold, i.el MeV,
in the photon detector. The total efficiency of the photoreditr to reject events from as-
sociated DVCS lies however lower, namely arou38o. This is due to a combination of
the photon-detector acceptance, the shower probabiliphofons (which lies aroungi%),
and the imposed MeV threshold, which aims at the rejection of noise. Stit@aing to
the Monte-Carlo simulation, the recoil detector as a whslakle to reduce the total back-
ground contribution from4% to < 1%, in agreement with its design performance. Solely
the requirement of proton detection by the recoil trackietedtors reduces the background
contribution down t&%. Kinematic restrictions on this proton further reducelihekground
contribution down t®2%. Finally, the inclusion of the photon detector limits treckground
contribution to belowl %. This simulation does, however, not yet take into accoetegctor
inefficiencies, which have been shown to strongly affeakng@construction in a part of the
above mentioned problematic recoil-detector quadrang. Milssing-mass distribution shows
that also for experimental data the recoil detector largetiuces the background contribu-
tion. However, the recoil detector also rejet®6 more events for experimental data in
comparison with simulated data. He?8p are rejected by the photon detector. The latter can
be explained by the presence of noise, which is not simulatdee Monte Carlo, with signal
values abové MeV. Additionally, it can not be excluded that a fraction @jrgls identified
as photon signals originate from charged particles thahateeconstructed by the tracking
detectors.

In alast step, events from associated DVCS were selecteddém to eliminate remaining
noise signals, the threshold value for photon detectionsea minimun2.5 MeV. Accord-
ing to the Monte-Carlo simulation an event sample can bectlghat contain80 + 4%,

88 + 5%, or 95 + 3% associated DVCS events, depending on the selectioniaritstore
severe conditions lead to a sample with higher purity, baa drastically reduce the number
of selected events. The reconstructed missing-masstdigsam for the events selected from
experimental data corresponds to the mass distributioheofAt™ resonance, with a shape
that is in very good agreement with the simulation.

152



From the above stated, one can conclude that the photortaletearks reliably. Regard-
ing its main purpose, namely the rejection of photons, timeikition indicates that the photon
detector contributes to a further reduction in background, in comparison with a detector
system consisting solely of the silicon-strip detector #ralscintillating-fiber tracker. This
simulation does, however, not yet take into account det@uddficiencies. The photon detec-
tor rejects3% (1%) of the events from experimental (simulated) data, setefdr the analysis
of DVCS using the recoil tracking detectors. Active deteectof photon signals allowed to
successfully select associated DVCS events. The colletagidtics is, however, insufficient
for the extraction of the beam-helicity asymmetry.
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Appendix A. Alignment parameters
of the photon detector

layer x [cm] y [cm] ¢ [deq]
A 0.12+0.01 0.00£0.01 —-1.74+0.02
B 0.28+0.01 0.20£0.01 —4.03+0.02
C —0.11£0.01 0.35+£0.01 0.24 £ 0.02

Table A.1: Alignment parameters of the photon-detectoetayletermined using negatively

charged pions.

layer x [cm] y [cm] ¢ [deq]
A 0.18 £ 0.02 0.03+£0.02 —2.234+0.04
B 036+0.01 —-0.06+0.02 —4.7640.03
C 0.00 £ 0.02 0.44 +0.01 0.00 + 0.04

Table A.2: Alignment parameters of the photon-detectoelayetermined using positively

charged pions.
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Appendix B. Calculation of the most
probable energy deposition

The most probable energl,,,,.,, deposited by a charged particle crossing a medium is given
by [97, 98]:

2m.c? 3¢ 9
Emp’u = f()‘mpJFl*’YEJrlnm*ﬂ 75)
2me0262§ 2
where\,,, = —0.2228 is the value for which the Landau functid@n\) reaches its max-

imum, vy = 0.577 is Euler's constantjn.c> = 0.511 MeV is the electron mass3 the
relativistic speed/ the mean excitation energy, andhe correction for the density effect.
The variable is given by:

KZ 1
§= EZ@WC’

with K/(2A) = 0.1535/A MeV cm?/g (see [71]) and: [cm] the distance traveled by the
charged particle inside the medium. The variablepresents the atomic mass of the medium
(A = 6.2374 g/mol for the photon-detector stripsy, its atomic numberf = 3.38), andp
its density p = 1.032 g/cn).

The value ofl for a composite material, like the photon-detector strgas) be obtained
with Bragg'’s formula [99]:

(B.2)

NInl = ZNZ- In1;, (B.3)

with N; being the number density of electrons associated to eleinefite base material
of the photon-detector strips consists of hydrogen andoranith N; values [77]: Ng =
5.2310%2 cm™3, Ng = 28.4410%2 cm—3, and N = 33.6710%2 cm2 for the composite
material. As the chemical bindings affect the mean excitaénergy, one has to take the
physical state of the elements into account for the valug ofThe carbon and hydrogen
atoms form unsaturated compounds; the valuedfoand I; are taken accordingly from
reference [99]:/y = 14.8 eV andlo = 75.1 eV, resulting in/ = 58.1 eV. The use of
Bragg’s formula should not induce an error in stopping polarger thant-1%.
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B. Calculation of the most probable energy deposition

The reduction in stopping power due to the polarization efrttedium in response to the
electric field of the impinging particle, the density effésttaken into account by. Usually
Sternheimer’s parametrization is used for the valué [90]:

0, X < Xp
§={4.606X +C +a(X; — X)?, Xo<X<X (B.4)
4.606X + C, X; < X,

whereX = log(3/y/1 — 3?),C = —2In(I/hw,) — 1,a = —(C + 4.606X,) /(X1 — X0)?,
and X, = 0.2 and X; = 2.0 in the present case. The plasma endigyis given by [71]:
hw = 28.8161/pZ/A = 21.549 eV. This yields a value fof = —2.985 anda = 0.354. The
use of Sternheimer’s parametrization results in a maximuor ef +2% in stopping power.

According to [99], the above given formula fd,,,, is valid if £/w,, < 0.01, with
Wy = 2mec?3? /(1 — 3?). Thus, for a charged pion crossing the photon-detectqssttine
formulais only valid for higher-momentum pions, abd MeV/c.
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Appendix C. Time dependence of the
photon-detector efficiency
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Figure C.1: Time dependence of the photon-detetdayer (top) andC-layer (bottom)

strips.

Figure C.1 shows the time dependence of the efficiencieseoBthand C-layer strips.
The data collected i2006 are subdivided int@ time periods; the data collected 2007 are

subdivided intot time periods.
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Appendix D. Correction factors to
the photon energy

The tables given below contain the multiplicative correctiactors that need to be applied to

the photon energy, for each of the indicated periods indiily, in order to eliminate the time
dependence of the missing mass. The correction factorstaa@ed from the examination
of the mean of the fity, to the M % distribution inside the ranger — 3.34 GeV? < M% <
p+ 0.91 GeV2. For an optimal resolution in/% an additional global correction factor of
0.98 needs to be applied to the photon energy.

period run (06e) scale factq
1 27934-31000 1.01410
2 31001-37000 1.01580
3 3700143000 1.01545
4 43001-48195 1.01683

=

Table D.1: Individual correction factors valid for the iedied run ranges of tH&e uDST

production.

period run (07c) scale factq
5 1-5000 1.01830
6  5001-10000 1.01680
7 10001-15000 1.01680
8 15001-20000 1.01660
9 20001-25000 1.01315
10 25001-30000 1.00924
11 30001-35000 1.01215
12 3500140515 1.01257

—

Table D.2: Individual correction factors valid for the iedied run ranges of tH#&c uDST

production.
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Samenvatting

Het hier voorgestelde werk levert een bijdrage tot het armkk naar de oorsprong van de
spin van het nucleon (proton of neutron). Nucleonen bestéaglementaire fermion deel-
tjes, de quarks, die met elkaar interageren via de uitwiggefan gluonen, de ijkbosonen
van de sterke wisselwerking, welke beschreven is door deithkwantumchromodynami-
ca. Een proton (neutron) bestaat ni{1) up quarks enl (2) down quark. Deze quarks
worden valentiequarks genoemd. Ze staan in voor statisgeaschappen van het nucleon,
zoals zijn lading en andere kwantumgetallen. De uitgewdesgluonen kunnen opsplitsen in
quark-antiquark paren en deze quarks, genaamd zeequarksrkdan weer annihileren in
gluonen. Het nucleon kan dus gezien worden als bestaandaeiittiequarks omgeven door
een zee van quarks die voortdurend annihileren in gluonesnisiaan uit de splitsing van
gluonen. Die elektrisch geladen (quarks) en elektrischrak(gluonen) bouwstenen van
het nucleon worden ook wel partonen genoemd.

Oorspronkelijk werd gedacht dat de enige bijdrage tot de eain het nucleon afkomstig
was van de spins van de valentiequarksl1 988 toonden metingen uitgevoerd aan het EMC
experiment te CERN in Geneve (Zwitserland) echter aan dapde van de (valentie- en
zee-)quarks slechts een kleine bijdrage leveren, namelijk 9 + 21% [1]. Daaropvol-
gend werden een reeks nieuwe experimenten opgestart, ivekaiioet HERMES experiment
te DESY in Hamburg (Duitsland), om de oorsprong van de spinhe&t nucleon nader te
onderzoeken. Deze experimenten bevestigden het eerdeteemesultaat van het EMC
experiment met grotere precisie. Daarenboven kon ooknmdtie over de individuele spin-
bijdrage van verschillende quark types, namelijk van hetdgevn en strange (anti-)quark
verzameld worden. Eerste metingen met betrekking tot gloavijzen op een eerder geringe
bijdrage van de spins van deze deeltjes. Verwacht wordt dudelbijdrage van het baanim-
pulsmoment van de partonen aanzienlijk is.

De bijdrage van het totaal impulsmoment van de quarks waraltde Ji relatie in verband
gebracht met veralgemeende partondistributies [33]. isaran deze fenomenologische dis-
tributies leidt dan tot de bepaling van het baanimpulsmdman de quarks, gezien hun
spin-bijdrage gekend is.

Veralgemeende partondistributies verschaffen inforenatier de structuur van het nu-
cleon. Zij vormen, zoals de naam al doet vermoeden, eengamedning van de standaard
partondistributiefuncties. De partondistributiefuestkunnen geinterpreteerd worden als de
waarschijnlijkheidsdichtheid om partonen te vinden inmetleon als functie van de longi-
tudinale impulsfractie die ze dragen. Hierbij wordt hetleoa gezien als zich bevindend in
een snel bewegend referentiestelsel. De spin-onafhgaepkrtondistributies houden geen
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rekening met de spin-toestand van de betrokken deeltjesijltde spin-afhankelijke dis-
tributies het aantal quarks (of gluonen) met spin paratehmeti-parallel aan de spin van het
nucleon vergelijken. Hierbij is de spin georiénteerd wulg de bewegingsrichting van het
nucleon® Behalve het verschaffen van informatie over de (spin-gtbkijke) longitudinale
impulsdistributie van de partonen, beschrijven de veralgende partondistributies ook de
(spin-afhankelijke) transversale positie van de partdndret nucleon [32].

Het theoretisch eenvoudigste proces dat toegang verdohairalgemeende partondis-
tributies is diep-virtuele Compton verstrooiing (DVESn dit proces interageert een lepton
met een quark in het proton via de uitwisseling van een hadgeel foton. Dit foton wordt
door het quark geabsorbeerd en vervolgens zendt dit quarke&el foton uit, waarna het
terugkeert naar het proton. Hierbij blijft het proton intataar bekomt het een nieuwe im-
puls. DVCS werd reeds verscheidene jaren aan het HERMESimque bestudeerd. Het
HERMES experiment ligt aan de HERA versneller te DESY in Hargb Het verzamelde
gegevens van995 tot en met30 juni 2007, datum waarop de HERA versneller definitief
werd stilgelegd. In de HERA versneller werden elektronerpesitronen versneld tot een
energie var27.6 GeV. Initieel was de bundel ongepolariseerd. Omwille vama&gymmetrie
in de kleine spin-flip amplitude in de emissie van synchmostraling, het Sokolov-Ternov
effect [53], bouwde zich na verloop van tijd een transvergallarisatie op. Door middel
van spin-rotatoren, geplaatst voor en achter het HERME8réxpnt, werd de spinoriéntatie
van de bundeldeeltje30° gedraaid, zodat de leptonenbundel bij doorgang door het-HER
MES experiment longitudinaal gepolariseerd was. In het MES experiment werden de
bundeldeeltjes verstrooid aan gasvormige trefdeeltjezelleeltjes werden geinjecteerd in
een trefcel die integraal deel uitmaakt van de leptonendllimd Doorheen de jaren werd
gebruik gemaakt van transversaal en longitudinaal geigelend waterstofgas, longitudinaal
gepolariseerd deuterium- en heliumgas en ongepolarisearaardere gassen, zoals krypton,
neon en xenon. Ook de gepolariseerde trefgassen werderrsomgepolariseerde toestand
gebruikt. Data werden verzameld voor de studie van pronesshiep-inelastische verstrooi-
ing (DIS). Bij dit soort processen, waartoe DVCS behoortl@ssierimpuls van het virtueel
foton, dat uitgewisseld wordt tussen het bundellepton etréfleeltje, voldoende groot zo-
dat dit foton de interne structuur van het nucleon kan oeleat

Aan het HERMES experiment wordt DVCS bestudeerd via de etiéraan asymme-
trieén. Onder andere de bundel-spin asymmetrie werd jesmead. Deze telt het verschil
in aantal genormaliseerde DVCS events waarbij de spin vavuddelleptonen parallel en
anti-parallel georiénteerd is aan de bundel-bewegiolsng, als functie van de hoek tussen
het vlak gedefinieerd door het bundellepton en het verstiepiton en het viak gedefinieerd
door het virtueel en het reéel foton. De beschikbaarhemetektronen en positronen als
bundeldeeltjes verschaft de unieke mogelijkheid voor hetiern van de ladingsasymmetrie,
namelijk de asymmetrie die het verschil in het genormals@antal DVCS events, verza-
meld met elektronen en positronen, telt. De verscheidelsipatietoestanden van het wa-
terstof trefgas lieten toe om informatie omtrent versehitle soorten veralgemeende par-

1Daarnaast bestaan ook partondistributies die de strugarueen nucleon met transversaal-gerichte spin be-
schrijven.

2|n tegenstelling tot de standaard partondistributiesvajmlgemeende partondistributies niet direct toegajikeli
maar verschijnen ze in de verstrooiingsamplitude in carti@met de harde interactie van het virtueel foton met het
actieve quark.
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tondistributies te verzamelen. Daarenboven kon ook inftierover DVCS aan het neutron
verzameld worden door de gegevens gemeten aan de wateested £n aan de deuterium
trefcel met elkaar te vergelijken, en kon de afhankelijghein DVCS aan het massagetal
onderzocht worden dankzij de metingen met de zwaardegassén.

Voor de studie van DVCS aan het HERMES experiment werdend#éll foton en het
verstrooid lepton gereconstrueerd door de HERMES speetendie een voorwaartse ge-
ometrie vertoont. Omwille van de lage energie en de hoelelieiglvan het teruggestoten
proton kon dit deeltje echter niet gedetecteerd worden irexygeriment. Dankzij de recon-
structie van zijn ontbrekende massa kon toch de nodigerrdtie verzameld worden. De
ontbrekende-massa resolutie van de HERMES spectrometghrtisr onvoldoende om DVCS
events individueel te identificeren en af te scheiden vantswgaar bijvoorbeeld het proton
niet in zijn grondtoestand blijft maar geéxciteerd is tehé\ "-resonantie. Dit soort pro-
ces wordt geassocieerde DVCS genoemd. De bijdrage vanogézessie DVCS events tot de
sample events geselecteerd voor de studie van DVCS waatlgifbton in zijn grondtoestand
blijft, in oppositie met geassocieerde DVCS ook wel elasisDVCS genoemd, is geschat
op 11%. Daarenboven is er nog een kleine bijkomende contamjnrati€s, van andere DIS
processen. De voornaamste bijdrage is hier afkomstig vaeegsen waarbij een energetisch
neutraal pion gecreéerd wordt, maar waarbij enkel é@nzija vervalfotonen gedetecteerd
wordt door de spectrometer.

De At -resonantie vervalt voor 67% in een proton en een neutral pion, waarbij dit laat-
ste deeltje zelf ir2 fotonen vervalt, en vod3% in een neutron en een positief geladen pion.
Om geassocieerde DVCS events, alsook de overige achtergvents, uit de data sample te
verwijderen, werd ir2006 een recoil detector geinstalleerd rond de HERMES trefoekze
detector bestaat ut actieve detectordelen die omgeven zijn door é@nsupergeleidende
magneet. De binnenste detectorcomponent is een siliciietide. Deze detector bevindt
zich in de vacuimkamer. Dit maakt de detectie van laagemtische protonen mogelijk, het-
geen wenselijk is met het oog op de Ji relatie. Rond de sitidietector bevindt zich, buiten
het HERA vacuum, een spoordetector bestaande uit satotilVezels. Beide detectordelen
staan in voor de reconstructie en identificatie van gela@aitjds, meer specifiek protonen
en positief en negatief geladen pionen. De buitenste detaonhponent, geplaatst rond de
spoordetector, is de fotondetector. Deze detector staaidnde detectie van fotonen en is
eveneens gevoelig voor geladen deeltjes. De fotondetisctomwille van zijn constructie
niet in staat de energie van de fotonen te reconstruereieldipat uit drie cilindrische lagen,
waarbij elke laag op zichzelf bestaat uit een laag wolfraarolyd door een laag scintillator
materiaal. Fotonen kunnen interageren in de wolfraam laatgedaaruitvolgend gecreéerde
geladen deeltjes worden vervolgens gedetecteerd in dellatim laag. De scintillator laag
is 1 cm dik en onderverdeeld ihcm brede strips. De strips van de binnenste scintillata laa
liggen evenwijdig aan de bundellijn, terwijl in de twee velgle scintillator lagen de strips
geplaatst zijn onder een hoek van respectievelijk.6° en —46.2°.

Een groot deel van het hier voorgestelde werk bestaat uibpstellen en in gebruik
nemen van de fotondetector. Vooreerst werd deze deteatogrsmet de andere recoil detec-
toren, opgesteld in een testruimte. Hier werden signalerkeamische deeltjes verzameld.
Het triggersignaal voor het uitlezen van de recoil detextorponenten werd geleverd door
de fotondetector. De analyse van deze gegevens liet eenkalieatie van de fotonde-
tector toe, evenals een eerste bepaling van de efficiéatiede scintillator strips. Aan de
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hand van deze gegevens werd de fotondetector eveneensdigdization’ routine van de
HERMES Monte Carlo (HMC) simulatie geimplementeerd. HM@ébaseerd op GEANT,
een systeem van detector en fysica simulatie routines opamodoor CERN. In GEANT
kunnen verscheidene detectorvolumes gedefinieerd wof@eneratoren, verschillend naar
gelang het te bestuderen fysisch proces, genereren degdt@van de doorgang doorheen de
detectoren gesimuleerd wordt. In een tweede stap wordenglsgevens verwerkt door de
digitization routine. GEANT veronderstelt namelijk dat detector een ideaal detectiesys-
teem is. In werkelijkheid dragen talrijke factoren bij t@reverminderde detectieresolutie.
Deze vermindering in resolutie werd voor de fotondetectaekening gebracht aan de hand
van de gegevens verzameld in de testruimte.

Eind 2005 en begin2006 werd de recoil detector geinstalleerd in het HERMES experi
ment. Vanaf septemb@006 waren alle onderdelen van de recoil detector operationeel e
werden gegevens verzameld tot eind jad)7. Gedurende dezB) maanden was de trefcel
alternerend gevuld met ongepolariseerd waterstof en atgegeerd deuterium. De bundel-
lijn was hierbij gevuld met positronen, met positieve enatetye polarisatie. Voor beide
spin-toestanden bedroeg de polarisatie gemidd@dd. In totaal werder28 M DIS events
verzameld met waterstof éhM DIS events met deuterium.

De allereerste geidentificeerde deeltjessignalen in adetector waren afkomstig van
elastisch verstrooide protonen. De selectie van deze mpeatcs relatief eenvoudig. Het
berustte enkel op de ADC signalen van de fotondetector eeaastructie van het verstrooid
lepton door de voorwaartse spectrometer. Vervolgens waraia hand van geladen pionen,
gereconstrueerd door de silicium- en spoordetector, @atatie van de scintillator strips uit
de twee buitenste fotondetector lagen gemeten evenalssiteeam oriéntatie van elke foton-
detector laag. In een volgende stap werd de fotondetedtatibecerd, eveneens door middel
van signalen afkomstig van geladen pionen. Eenmaal de vieirgeran gegevens berustend
op deze kalibratie beschikbaar was, kon de kwaliteit vanalibdtatie worden nagegaan en
kon de efficiéntie van de fotondetector strips opgemeterdam Met betrekking tot deze
twee aspecten zijn de bekomen resultaten voldoeninggeleEngsponse van de fotondetec-
tor is stabiel in tijd en de efficiéntie voor de detectie vaotpnen en geladen pionen bedraagt,
respectievelijk95% en92%. Eveneens werd aangetoond dat de fotondetector kandpjdra
tot het onderscheiden van protonen en geladen pionen. Elelient opgemerkt te worden
dat in een kwadrant van de fotondetector de gekalibreegiealsin tot25% lager liggen,
hetgeen ook de strip efficientie beinvioedt. Dit is te @njaan problemen in de spoorrecon-
structie, meer bepaald aan niet-operationele en ingffieiénderdelen van de twee detectoren
die instaan voor de spoorreconstructie. De kwaliteit vaspleorreconstructie is thans ver-
beterd en voldoende voor een betrouwbare kalibtaEenmaal een nieuwe productie van de
gegevens, met verbeterde fotondetector kalibratie, lidsaar is, kan worden nagegaan of
de fotondetector strips gelegen in dit kwadrant eveneembegere efficiéntie vertonen.

Voor de identificatie van fotonsignalen werd een algoritmenikkeld dat voor elk sig-
naal gemeten in de fotondetector nagaat of het wel of nieeiband kan gebracht worden
met een gereconstrueerd spoor. Dit algoritme werd dan getlmaor de selectie van DVCS
events. Studies van gesimuleerde gegevens tonen aan digdrdme zel99% efficientis in

3Dit werd aangetoond door de analyse van fotondetector Isigrsdkomstig van kosmische deeltjes, verzameld
in tussenperiodes over de jar2@06 en2007. De selectie van deze deeltjes gebeurt onafhankelijk vesilideim-
en spoordetector.
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het identificeren van signalen afkomstig van fotonen. Eanverdt een kleinere fractie ge-
associeerde DVCS events geidentificeerd. De verklarienybor ligt deels in het feit dat niet
alle fotonen in het geometrisch detectiebereik van de figtactor liggen. Van de fotonen
die wel in het detectiebereik liggen, genereren slegh®% een signaal in de fotondetector.
Daarenboven moet dit signaal bovenldeleV drempelwaarde liggen. Deze drempelwaarde
staat in voor het verwerpen van ruissignalen aanwezig intbaéetector.

Volgens de analyse van gesimuleerde data is de recoil detecstaat om de bijdrage
van achtergrond events te herleiden Vaf naar< 1%. Voor events waarin een proton
gereconstrueerd is door de silicium- en spoordetectoraaed de bijdrage van achtergrond
eventsi%. Wordt daarenboven geéist dat dit proton aan bepaal@endtische voorwaarden
voldoet, dan wordt de bijdrage van achtergrond events vetend tot2%. Tenslotte herleidt
de fotondetector deze bijdrage totl%. Deze simulatie brengt tot op heden de inefficiénties
van de verscheidene detectorcomponenten echter nieténirek Deze inefficiénties hebben
een grote invloed op de spoorreconstructie in een deel viaproklematische detectorkwa-
drant. De ontbrekende-massa distributie toont duidetijk@at de recoil detector ook voor de
experimentele gegevens zorgt voor een sterk vermindejdiade van de achtergrond events.
Evenwel worden voor de experimentele gegevens2isk meer events verworpen door de
recoil detector in vergelijking met de simulatie. De fotetettor draagt hieria% bij. Dit
laatste kan verklaard worden door de aanwezigheid vanmetgéen niet geimplementeerd
is in de simulatie) met signaalwaarde boueveV. Ook valt niet uit te sluiten dat sporen van
geladen deeltjes niet gereconstrueerd zijn, met als gelatlge fotondetector deze deeltjes
identificeert als fotonen.

In een laatste stap werden geassocieerde DVCS eventsaesetde Ter verwijdering van
resterende ruissignalen werd de drempelwaarde in de fetecir verhoogd ta2.5 MeV.
\Volgens de Monte Carlo simulatie kan een sample geassdei&@/CS events met een zui-
verheid var80 + 4%, 88 + 5% of 95 + 3% geselecteerd worden, afhankelijk van de selec-
tiecriteria. Striktere voorwaarden leiden tot een verldeoguiverheidsgraad maar ook tot een
aanzienlijke vermindering in statistiek. De gereconstrde ontbrekende-massa distributie
stemt overeen met de massadistributie vard\deresonantie, met een goede overeenkomst
tussen experimentele en gesimuleerde gegevens.

In conclusie is de fotondetector een goed werkende detdatgerband met zijn hoofd-
functie, namelijk het verwerpen van events in dewelke fetomanwezig zijn, toont de Monte
Carlo simulatie aan dat de fotondetector voor de analyseD}¥@S bijkomend1% van
de achtergrondbijdrage verwerpt, in vergelijking met eetedtorsysteem dat enkel uit de
silicium- en spoordetector bestaat. Deze simulatie breciger detector inefficiénties niet in
rekening. Van deze werd aangetoond dat ze een grote invidszen op de spoorreconstruc-
tie in een deel van het problematische recoil detectorkaradbDe fotondetector verwerio
(19%) van de experimentele (gesimuleerde) events geseldateer de analyse van elastis-
che DVCS. Actieve detectie van fotonsignalen laat toe omsuetes geassocieerde DVCS
events te selecteren, maar het verkregen aantal eventeés eavoldoende voor de extractie
van de bundel-spin asymmetrie.
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