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1 Introduction

For almost a century, protons and neutrons have been known as particles carry-
ing half-integer spin. Their non-pointlike nature was revealed by measurements
of their anomalous magnetic moments and deep inelastic scattering experiments
lead to the discovery of partons. The charged constituents of the nucleon were
identified with the theoretically predicted quarks [1, 2|, which carry half-integer
spin themselves. Consequently, the question about their helicity contributions to
the nucleon spin arose. First experimental investigations by the FEuropean Muon
Collaboration (EMC), however, determined the quark helicity contribution to be
compatible with zero [3] and therewith far below the anticipated value. This
Spin-Crrisis triggered further experimental investigations, leading to a measured
quark helicity contribution of about 30%. Thus, the fundamental question of
contributions to the nucleon spin remained unsolved.

In 1992, with the advanced methods of the field theory of strong interaction
Quantum Chromodynamics (QCD), Jaffe and Manohar introduced a sum rule [4].
Therein, the spin of the nucleon can be decomposed as

1 1
Sh= AT+ AGH L+ L, (1.1)

where AY and L, denote the helicity and orbital angular momentum contribu-
tions of quarks and anti-quarks and AG and L, the corresponding contributions
of gluons.

The helicity contribution AY has already been determined with high accu-
racy [5] and the helicity contribution of gluons AG is presently under experimen-
tal investigation [6]. Still remaining is the question of how the orbital angular
momenta of quarks and gluons contribute to the spin of the nucleon. In 1996,
Generalized Parton Distributions (GPDs) [7, 8], appearing in exclusive scatter-
ing processes, raised the interest of a wide community. The huge potential of
studying these generalized parton distributions to reveal the spin structure of
the nucleon was pointed out in a work by Ji [9]. Therein, GPDs fulfill a sum
rule which may provide access to the contributions of total angular momenta J9
carried by quarks. Thus, with additional knowledge of the helicity contributions,
the missing piece of information on the orbital angular momentum contribution
L, to the nucleon spin might become accessible.



2 1 Introduction

The experimental access to Generalized Parton Distributions is a rather ad-
vanced task and started only recently. Hard exclusive processes are a promis-
ing tool to study these so far unknown functions. One special channel in this
wide range of scattering processes is the hard exclusive production of p° vector
mesons on a transversely polarized target. Of high interest in this context is
the transverse-target single-spin asymmetry Ayr (¢, — ¢s), depending on the az-
imuthal angle ¢;, of the meson production plane and ¢g of the target spin vector
with respect to the lepton scattering plane. This azimuthal asymmetry provides
access to the generalized parton distribution £, appearing in Ji’s sum rule, which
is otherwise hardly determinable.

This thesis is dedicated to the extraction of the amplitude A%l}(%*%) of the
transverse-target single-spin asymmetry Ayt(én — ¢s) in hard exclusive p° me-
son production on a transversely polarized deuteron target. For understanding
the meaning of this quantity, the formalism and properties of generalized parton
distributions are presented in Chapter 2. Beside the description of the transverse-
target single-spin asymmetry, further experimental observables for accessing gen-
eralized parton distributions are discussed. Presently, the COMPASS (COmmon
Muon and Proton Apparatus for Structure and Spectroscopy) experiment is the
only experimental facility to study the amplitude A%I%(th‘_qﬁs ) in hard exclusive
meson production on a transversely polarized deuteron target. Hence, a brief
description of the experimental setup is presented in Chapter 3. In addition
to exclusive production of p° mesons, the data recorded within the COMPASS
experiment contain events for the analyses of other experimental observables.
Consequently, a particular data sample, consisting of hard exclusively produced
pY mesons, needs to be selected. The detailed description of this procedure is
given in Chapter 4, accompanied by a presentation of the properties of the finally
selected data sample. For the extraction of the amplitude Ai}l}(%_‘ﬁs ) from this fi-
nal data sample, a dedicated algorithm is needed, which is presented in Chapter 5.
Finally, the very first results obtained for the amplitude of the transverse-target
single-spin asymmetry are presented and discussed in Chapter 6.



2 Theoretical Motivation

Deep inelastic scattering (DIS) of leptons on nuclei is the archetype of all hard
reactions involving the concept of parton distribution functions (PDFs). The de-
scription of such processes is therefore a convenient starting point (cf. Section 2.1)
for the introduction of Generalized Parton Distributions (GPDs) in Section 2.2.
Two experimental possibilities to access these so far unexplored quantities are pre-
sented, Deeply Virtual Compton Scattering (DVCS) in Section 2.3 and Hard Ex-
clusive Meson Production (HEMP) in Section 2.4. Special attention is paid to the
transverse-target single-spin asymmetry Ayt (¢, — ¢s), described in Section 2.4.1.
One process, in which this observable appears is the exclusive muon-production of
longitudinally polarized p° mesons. Using this process, the amplitude A?}I%(qﬁh*d)s )
of the transverse-target single-spin asymmetry is extracted in this thesis.

2.1 Deep Inelastic Scattering

2.1.1 General Information

In the inclusive scattering process of a high-energetic lepton I(k, s) on a nucleon
target N (P, S), characterized by their four-momenta (k and P) and spin vectors
(s and 9), the scattered lepton I(k', s’) is detected, while the nucleon fragments
into an undetected final hadronic state X (cf. Figure 2.1)

I(k,s)+ N(P,S) — I(K,s)+ X . (2.1)

The lepton-nucleon interaction in this process is mediated by the exchange of a
highly virtual gauge boson: a photon, Z or W boson. Due to the specific energy
range covered by the COMPASS experiment (cf. Section 4.6), this interaction
can be solely described in terms of the electromagnetic force [10]. Therefore, the
process (2.1) can also be described by:

v (q,0) + N(P,S) — X | (2.2)

where ¢ and o denote the four-momentum and the spin vector of the virtual
photon v*. Using the optical theorem, this photon-nucleon interaction can be
related to the imaginary part of the forward Compton amplitude (cf. square of
the handbag diagram depicted in Figure 2.2).
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The inclusive scattering process (2.2) is governed by the kinematic variables

Q> = —¢"q.=—(k—K)* and (2.3)
2.4)

_ i
v = Plq, ,
where a summation over equal indices is performed.

In the Bjorken limit, i.e. when the photon virtuality Q* and v both become
large (Q* v — o0o) with the ratio zp; = Q?/2Mv remaining fixed, where M de-
notes the mass of the target nucleon, the inclusive scattering process (2.2) can be
divided into a hard leptonic and a soft hadronic sub-process (cf. Fig. 2.1). The
proof of validity for this factorization was given in Ref. [11].

k!

hard

soft

Figure 2.1: The diagram shows the lepton-nucleon scattering process, mediated by
the exchange of a virtual photon, and the production of an undetected final state X. On
the left hand side, a phenomenological picture of the DIS process is given, whereas the
right figure shows the scattering process in the partonic picture. Therein, the photon
scatters on one individual quark. This second approach is only valid in the Bjorken
limit, where the concept of factorization can be applied.

The term factorization can be better understood by looking at the double-
differential cross section of the inclusive lepton scattering process. In leading
order of the electromagnetic fine-structure constant ae,y,, this double-differential
cross section can be written as a product of the leptonic tensor L,, and the
hadronic tensor W, [12]

d?*o oy F' ,
e~ oi gV (25)

where F and E’ denote the energies of the incident and scattered beam parti-
cles and €2 is the solid angle in which the scattered lepton is detected. While
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the leptonic sub-process, represented by L, can be calculated in perturbative
Quantum Electro Dynamics (pQED) [13], the soft hadronic sub-process cannot
be treated with perturbative methods. Instead, the hadronic tensor W,, can be
parameterized in terms of a priori unknown functions, represented by the large
blobs in Figure 2.1 and 2.2.

Figure 2.2: Handbag diagram [14], corresponding to the deep inelastic scattering
processes Y*N — X in leading order of the strong coupling constant as(Q?). The
factorization into a hard leptonic and soft hadronic sub-process, valid in the Bjorken
limit, is indicated by the dotted line. The parton distribution functions, used for
parameterization of the nucleon in the hadronic sub-process, are represented by the
lower blob.

2.1.2 Parton Distribution Functions (PDFs)

Using the concept of factorization, the cross section (2.5) can be rewritten as a
convolution of the scattering cross section on a point-like parton with a parton dis-
tribution function f¥V(z), defined for each quark flavor ¢ = w, @, d, d, s, 5, ...
in a target nucleon N [12]

P2oIN—UX d2 ola—d

qa/ -z
dexB] Z/ d¢ f N 1% (2.6)

+ terms in higher order

In unpolarized deep inelastic scattering, by using the optical theorem (cf. Sec-
tion 2.1.1), the parton distributions f%™(x) can be interpreted as a probability
density for finding a parton of specific momentum fraction z in the target nu-
cleon. In the Infinite-Momentum-Frame of the nucleon, x can be interpreted as
the fraction of the nucleon momentum carried by one individual parton.
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For experimental investigations, the deep inelastic scattering cross section (2.6)
can be expressed in terms of observable structure functions, e.g. in the case of
unpolarized lepton-nucleon scattering, the cross section can be written using the
unpolarized structure functions F(v, Q%) and Fy(v, Q?)

d*c AE” vy, 1 . ,(06 9 1 5 (O 9
—dE = ol {MN sin (5) Fi(v,Q%) + ;cos (5) Fy(v,Q )} - (2.7)

Just like the cross section itself, these two functions depend, in the Bjorken
limit, only on the variable xz; and not on the two variables v and Q* indepen-
dently. By using the Callan-Gross relation [15], the observable structure functions
and the theoretically constructed PDF's can be related in the context of the Quark
Parton Model [16] via:

2F\(zp;) =

R 57 i) 25)

T

where e, denotes the charge of a parton of flavor ¢. A more convenient notation for
the parton distribution function f{(z) (in unpolarized DIS) is ¢(x), e.g. u(z) for
the u quark. Asin equation (2.8), the parton helicity distribution functions A ¢(x)
and the spin-dependent structure functions g;(z), both appearing in polarized
deep inelastic scattering, can be related via:

o (em) = 5 37 Adlan) (2.9

2.2 Generalized Parton Distributions (GPDs)

The concept of generalized parton distributions, and their huge potential for
studying the nucleon structure to a hitherto impossible extent, was introduced in
theoretical works by Miiller et al. [7], Radyushkin [8] and Ji [9]. Detailed reviews
on Generalized Parton Distributions can be found in Ref. [17, 18].

The factorization of dynamics into soft and hard sub-processes is not limited
to deep inelastic scattering, but can also be applied to the more general case of
finite momentum transfer to the target. The proof of validity for applying fac-
torization in Deeply Virtual Compton Scattering (DVCS) (cf. left-hand side of
Fig. 2.3) was given in Ref. [19, 20], while for hard exclusive meson production
(HEMP) (cf. right-hand side of Fig. 2.3), the corresponding proof can be found
in Ref. [21]. But before describing these processes in more detail in Section 2.3
and 2.4, the concept of parton distribution functions, as used for the description
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of inclusive deep inelastic scattering processes, is generalized for exclusive pro-
cesses. Therein once again a prior: unknown functions, the generalized parton
distributions (GPDs) appear.

Figure 2.3: Illustrated are the handbag diagrams for deeply virtual Compton scat-
tering (left) and hard exclusive meson production (right). Similar to the diagram for
deep inelastic scattering, the large blobs represent parton distributions, but in this case
generalized parton distributions. The finite momentum transfer to the target nucleon is
indicated by the curved arrow, labeled with the four-momentum transfer ¢. The upper
light blue blob represents a meson distribution amplitude.

2.2.1 Generalization Of Parton Distribution Functions

The factorization theorem asserts that the amplitude of exclusive! reactions can

be written as a convolution of generalized parton distributions f, with hard scat-
tering coefficients C,, 2, where the latter can be computed as a power series [23, 24]
in the strong coupling constant a,(Q?),

Z/_ldqu<ilf,§,t)‘Cq($,§,Q2,...) . (210)

The hard scattering coefficients and the distribution functions are defined for
each quark flavor ¢ and for gluons. The generalized parton distributions f,(x, &, t)
depend on three kinematic variables, the fractions x and ¢ of longitudinal momen-
tum of the nucleon carried by a parton and the squared four-momentum transfer
t between the initial and final nucleon states. The so-called skewedness variable

IThe term ezclusive is used for scattering processes where every final state particle is detected.

2For a full definition of the amplitude in hard exclusive meson production, additional terms
are needed. These are the so-called meson distribution amplitudes, represented by the light
blue blob in the upper right part of Figure 2.3. Further information about distribution
amplitudes can be found in Ref. [17, 22].
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¢ and the Mandelstam variable ¢ are defined by:

£ = A= 2572) (2.11)
t Y op-pyr=na?. (2.12)

The definition of ¢ in this form is however only valid in the Bjorken limit. For
complete definitions of ¢ and z light-cone coordinates are needed. A detailed
review about light-cone variables can be found in Ref. [25] and in Chapter 2 of

Ref. [18].

2.2.2 Forward Limit

Comparing equation (2.10) with equation (2.6), the connection between usual
parton distributions and their generalized counterparts is directly evident. How-
ever, an important difference between GPDs and usual PDF's is, that the initial
and final nucleon states in exclusive scattering processes are not necessarily equal,
but can differ in their momenta and helicities. Additionally, it should be empha-
sized, that the factorization in exclusive reactions takes place at the amplitude
level of the process, while in DIS the cross section itself factorizes, which leads to
probabilistic interpretations. Nevertheless, the term generalization indicates that
there is a specific limit in which the generalized parton distributions reduce to
the usual parton distribution functions. This specific limit is called the forward
limit, characterized by:

t=0 and E=0, (2.13)

where the four-momenta of the initial and final nucleon states and their helicities
are equal. The generalized parton distributions f,(z, ¢, t) 2 f .(2,0,0), can then
be related to the spin-independent or spin-dependent quark densities ¢(z) and
Agq(z), obtained from DIS processes, via:

forx >0: H%2,0,0) = q(z), Hi(z,0,0) = Ag(x)
forz <0: H9(z,0,0) = —qg(—x), H(x,0,0) = Ag(—z)

where H? and HY are written in the most convenient notations for two out of
four (quark chirality conserving) generalized distribution functions: E?, H?, E4
and HY. In the region > 0, the GPDs H and H are reduced to quark dlstrlbu—
tion functions, while the relations for z < 0 hold for anti-quark distributions. In
contrast to H and H, the generalized parton distributions E and E are not mea-
surable in DIS. Consequently, there is no corresponding relation between these
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functions and usual parton distribution functions. The reason for this lack of
relation can be understood in two ways:

e Using the additional information, that both functions are multiplied by
a kinematic factor proportional to A = /¢, in their defining equation.
Therefore (at t = 0), these GPDs decouple in the forward limit. Conse-
quently, information about these two generalized parton distribution func-
tions at & = t = 0 can not be accessed in processes, where parton distri-
butions appear in the cross section via the optical theorem.

e While H? and HY conserve the helicity of the nucleon in exclusive reactions,
E% and E9 permit the possibility that the nucleon helicity is flipped. In this
case, the overall helicity is not conserved, because the helicity of the (mass-
less) quark cannot be flipped. Thus, angular momentum conservation has
to be ensured by a transfer of orbital angular momentum, which is of course
only possible for a finite transfer of transverse momentum. Consequently,
this process cannot be observed within ordinary parton distributions, where
the momenta of the initial and final nucleon states are equal.

Beside the reduction of GPDs to usual PDFs in the forward limit, the first
moments of generalized parton distributions are connected to elastic form factors
of the nucleon [26]. For a particular quark of flavor ¢ and an arbitrary value of
the skewedness &, this relation is given by [27]:

/lldx Hi(z,6,t) = FU(t) (2.14)
/ jdx Ei(z,€,t) = Fi(1) (2.15)
/_ 11d:c A(x,6t) = gi() (2.16)
/_lldx Ei(x,6t) = hi(t) (2.17)

where Fﬁz, g4 and h} represent the Dirac, Pauli, axial and pseudo-scalar elastic
form factors, respectively.

2.2.3 Sum Rule

One fundamental question about the nucleon structure, which is not accessible
in deep inelastic scattering, is how the total spin of the nucleon is made up by
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contributions from quarks and gluons. As presented in equation (1.1), the spin
of the nucleon can be decomposed as the sum of helicity and orbital angular mo-
mentum contributions of quarks and gluons in the nucleon

1,1
G = GASFAC Lyt Ly =T+ 77, (2.18)

where J?9 represent the total angular momenta of quarks and gluons in the nu-
cleon. A promising way to access the total angular momenta J? of quarks in the
nucleon was pointed out in a work by Ji [9]. Therein, the second moments of the
generalized parton distributions £ and H can be related to form factors of the
symmetric QCD energy momentum tensor

/1 de x (HY(z,&,t) + Bz, &,t) =2Jt) . (2.19)

1

In the case of zero momentum transfer (¢t = 0), J? represents the total angular
momentum carried by a quark of flavor ¢ in the nucleon, i.e. the sum of spin and
orbital angular momentum.

Relation (2.19) illustrates the importance of the generalized parton distribution
E in the forward limit to access the contribution of the orbital angular momentum
L, of quarks to the nucleon spin. This forward limit is not accessible in DIS
processes, as elucidated in Section 2.2.2, but can be investigated in hard exclusive
reactions. From experimental results and by comparing to theoretical model-
calculations for GPD E, using J* and J? as free parameters [28], there is a
promising chance for pinning down the total angular momenta of quarks in the
nucleon. Possible experimental ways to access generalized parton distributions
are the exclusive production of a real photon in deeply virtual Compton scattering
and the hard exclusive production of pseudo-scalar or vector mesons, which will
both be presented in the following. An extended discussion about the potential
of these two processes can be found in Chapter 4 of Ref. [28].

2.3 Deeply Virtual Compton Scattering

Deeply Virtual Compton Scattering (DVCS) is measured in exclusive production
of real photons I[N — ~IN, or described in terms of amplitudes v*N — N
(cf. Fig. 2.4). Apart from Compton scattering, the Bethe-Heitler process (BH),
i.e. the initial or final state radiation of a single photon by the lepton, contributes
to the same final state. Therefore, both mechanisms have to be added in the
amplitude of the process v*N — yN.
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The corresponding cross section is given by [28]:

d*o

dQ2 dl’Bj dt d®

x |Tgn + Toves)? (2.20)

where @ denotes the azimuthal angle of the photon. Ty and Tphycg are the am-
plitudes of the Bethe-Heitler and the virtual Compton scattering process.

Figure 2.4: On the left-hand side, the handbag diagram, corresponding to deeply
virtual Compton scattering on the level of amplitudes v*N — ~N is shown. The
factorization into a hard leptonic and soft hadronic sub-process is visible. Generalized
parton distributions investigated in this process are represented by the lower blob. The
two graphs on the right-hand side depict the Bethe-Heitler process, where the final state
photon + is radiated from the initial or final lepton state. The structure information of
the target nucleon in these processes is encoded in terms of usual parton distributions,
as the initial and final nucleon states are equal.

Because information about generalized parton distributions is only contained
in the virtual Compton scattering amplitude Tphycs, the two contributions need
to be disentangled. One possible experimental solution for this purpose is to
use lepton beams of both charges, because the interference between the two pro-
cesses changes sign when comparing the two scattering processes [TN — [T N~y
and [”N — [~ N~. Therefore, in the difference of cross sections o(I*) —o(I7), the
BH (whose amplitude is purely real) contribution drops out. Consequently, the
cross section difference measures the real part of the BH-DVCS interference [29]
and is therefore proportional to the real part of the DVCS amplitude Thycs

O'(ZJF) — O'(li) x Re [TBHTD*VCS] . (221)

Another experimental possibility to disentangle the two contributions is, to
measure the DVCS cross section in kinematic regions, where the DVCS contribu-
tion dominates over the BH contribution. This depends, for given values of zp;
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and %, mainly on the lepton beam energy E; (cf. page 146-151 of Ref. [30]). In
the case of dominance of the DVCS contribution, the cross section is essentially
the square of the deeply virtual Compton scattering amplitude Tpycs.

2.4 Hard Exclusive Meson Production

Generalized parton distributions can also be accessed through hard exclusive
production of mesons. For longitudinally polarized photons, the factorization
theorem for these processes was proven in Ref. [21]. The great advantage of these
reactions is to study various aspects of GPDs, which are not accessible in Comp-
ton scattering, e.g. the detected final state can be used as a filter for spin, flavor,
C-parity etc. of the removed and implanted quark (cf. black quark-line in Fig. 2.3).
In addition, for hard exclusive vector meson production (e.g. p°, w, ¢, ...) only
the GPDs E and H and for pseudo-scalar meson production (e.g. 7%%, K07 . .))
only E and H appear, while all of them contribute to the DVCS cross section. On
the other hand, hard exclusive meson production is affected by larger theoretical
uncertainties. Compared to the DVCS amplitude, an additional term, evoked by
the presence of the meson, has to be taken into account for the amplitude of the
process [N — INp? [17].

In the concept of s-channel helicity conservation (SCHC), the meson inherits
its longitudinal polarization from the longitudinally polarized photon. Assuming
the validity of SCHC, which is supported by experimental results [31, 32|, the
scattering process for hard exclusive meson production can also be expressed by:

VIN — UN . (2.22)

Similar to deeply virtual Compton scattering, the cross section for exclusive
meson production can be expressed via these amplitudes [28]

do 1
d—tL x 3 DS MO b B (2.23)

where M, is the amplitude for the production of a longitudinally polarized meson
with helicity Ay and hy, hy are the helicities of the initial and final nucleon state.

Using the concept of SCHC the longitudinal photon cross section (2.23) for
hard exclusive production of vector mesons can be accessed solely by measuring
the angular distribution of the meson decay particles [33], i.e. without performing
a Rosenbluth separation of longitudinal and transverse photon cross sections.
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2.4.1 Transverse-Target Single-Spin Asymmetry

Beneath the longitudinal meson cross section, the transverse-target single-spin
asymmetry Ayr(¢n — ¢s) for a nucleon target polarized perpendicularly to the
beam momentum involves only longitudinal amplitudes. In the following, this
azimuthal asymmetry is discussed for the exclusive photo-production of a longi-
tudinally polarized p° meson.

The azimuthal asymmetry is given by:

do(pn — ¢s) — do(pn — ¢s + )
do(¢n — ¢s) + do(dn — ¢s + )

where ¢, and ¢g are defined in the yN-system (GNS) as depicted in Figure 2.5.
Therein ¢, is defined as the angle between the lepton scattering plane and the p°
meson production plane and ¢g is the angle between the target spin vector and
the scattering plane.

Aur(on — ¢s) = (2.24)

Figure 2.5: Definition of azimuthal angles ¢ and ¢g in the yN-system. The momen-
tum vector of the virtual photon ¢ defines the z axis and the z-z-plane is spanned by the
momentum vectors of the incident and scattered muon. The y axis is defined in order
to obtain a right-handed coordinate system. The azimuthal angle ¢g is defined as the
angle between the lepton scattering plane (gray) and the spin vector S| of the target,
which is not necessarily perpendicular to the lepton scattering plane. The azimuthal
angle ¢y, is defined as the angle between the lepton scattering plane and the p” meson
production plane (blue), where the latter is spanned by the momentum vectors of the
virtual photon and of the p° meson.
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The asymmetry Ayt(¢n —¢s) in equation (2.24) can also be expressed in terms
of the amplitude ATn*~?S) (cf. Ref. [34))

Aur(dn — ¢g) = AT 799) Lgin(gy, — ¢g) (2.25)

For the production of a longitudinally polarized p meson, this amplitude is
given by [28, 34]:

Asin(dn—ds)  _ _2|AT| Im(AB*) /My
. T (- @A~ (& + o) B2 - 262Re(ABY)

(2.26)

where My is the nucleon mass, |Ar| = /—t(1 — £2) — 4€2My the modulus of
the perpendicular component of the momentum transfer A = v/t and A and
B represent amplitudes. These amplitudes can be expressed in terms of the
generalized parton distributions F¢ and H?. For hard exclusive production of a
longitudinally polarized p? meson on a transversely polarized proton® target P,
the amplitudes A and B are given by [36, 37]:

! 1 1 1
- dr—(e. H* — e, H® 2.2
B _ [ o (eu B* — eqEY) ! + ! (2.28)
nr = 1 x\/ﬁeu e r—E&+ie x—E—ie) T

where H*% and E%? are the generalized parton distributions of u and d quarks
in the proton and e, 4 the corresponding charges.

Equation (2.26) shows, that the amplitude A%r%(d’r%) of the transverse-target
single-spin asymmetry is proportional to the imaginary part of the interference
of the two amplitudes A and B, which contain the GPDs H and E respectively.
Therefore A%r%(aﬁrdm ) itself depends linearly on the GPD FE. This linear depen-
dence is contrary to the DVCS cross section or to the longitudinal meson cross
section, where the GPD E appears kinematically power-suppressed and only in
combinations with the generalized parton distribution H. Thus, in order to in-

3Similar equations can be derived for neutrons to completely describe the production of a
longitudinally polarized p® on a deuteron target as it is used for this analysis. A discussion
about GPDs in the deuteron can be found in Ref. [35].
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crease the sensitivity to F in those observables, the value of the momentum
transfer A has to be increased. However, the value of A should remain small,
in comparison to the hard scale @, in order to minimize higher twist effects (cf.
discussion in Ref. [28]).

In this context, the amplitude Aﬁr}((ﬁh_(ts ) of the transverse-target single-spin
asymmetry Ayr(¢n, — ¢s) provides a unique opportunity to extract the GPD
E and thus, opens up the perspective of extracting the total angular momenta
J%4 of quarks in the nucleon. This possibility originates from theoretical models
for the generalized parton distribution E, using the total angular momenta J%¢
as free parameters. Consequently, the extraction of information about the total
angular momenta of quarks in the nucleon can be derived from comparison of

results for Aﬁr}(%_d)s ) with theoretical predictions.



16

2 Theoretical Motivation




3 Experimental Setup

COMPASS! is a fixed target experiment, located at the M2 beam line of the
Super Proton Synchrotron (SPS) at CERN?. Using a 160 GeV p-beam, COM-
PASS investigated the spin structure of the nucleon with a polarized °LiD target
during the years 2002-2004 and 2006. Therein 20% of the total beam time was
dedicated to measurements on a target polarized perpendicularly to the beam
momentum?®. Therewith, COMPASS is currently the only experimental facility
studying the transverse-target single-spin asymmetry Ayr(¢n — ¢s) on a trans-
versely polarized deuteron target.

Experimental investigations on a transversely polarized proton target started
recently. The combination of present results and results from these ongoing mea-
surements, will lead to the extraction of structure information of the neutron.

The purpose of this chapter is to describe the experimental setup in Section 3.1
and 3.2. Because measurements with the transversely polarized deuteron target
were performed only during the years 2002-2004, the description of the exper-
imental setup is limited to this period. In addition, the software used for the
analysis of the recorded data is presented in Section 3.3. An extended review of
the COMPASS experiment and specific technical details can be found in Ref. [39].

3.1 Beam And Target
3.1.1 The 160 GeV p"-Beam

The 160 GeV p'-beam is a tertiary beam, originating from protons, accelerated
in the SPS. These protons are extracted into the M2 beam line (cf. Fig. 3.1),
where the secondary beam, consisting mainly of pions and kaons, is produced on
a beryllium production target. Via a setup of dipole magnets and scrapers, pions
and kaons in a specific momentum interval are selected. Most of these secondary
beam particles decay within a very short characteristic lifetime into muons. Af-
ter absorption of remaining pions and kaons in a hadron absorber and a second

1COmmon Muon and Proton Apparatus for Structure and Spectropy

2European organization for nuclear research

3An overview of the extensive physics program of COMPASS can be found in Ref. [38] and
Ref. [30], where in the latter future investigations are outlined.
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momentum selection, the py*-beam is focused onto the polarized COMPASS tar-
get. The momenta of beam muons are measured in the Beam Momentum Station
(BMS), which consists of several hodoscope planes. A detailed review about op-
eration and setup of the BMS can be found in Ref. [40].

Beam
momentum station

Secondary beam
of protons, pions

and kaons To the
polarized
COMPASS
Scraper , Target
”M— .muon beam
[ |
Hadron
Magnets Stopper Magnets
protons
from SPS

Figure 3.1: Schematic of the M2 beam line. The primary beam of protons is extracted
from the SPS into the M2 beamline, where the secondary beam, consisting of pions
and kaons, is produced at the T6 beryllium production target. These pions and kaons
decay into muons. The hadron contamination in this tertiary beam is filtered out by
the hadron stopper. Via bending magnets and scrapers the muon beam is momentum
selected and focused on the polarized COMPASS target. In the beam momentum
station, the momenta of beam particles are measured.

3.1.2 The Polarized LiD Target

To achieve high luminosities, the COMPASS experiment uses a thick solid state
target. The SLiD target material is contained in two oppositely polarized cylin-
drical target cells (cf. Fig. 3.2), surrounded by a complex setup of a cryostat and
a superconducting solenoid and dipole magnet. This setup serves for polarizing
the target nuclei using the method of dynamic nuclear polarization [41].

The advantage of having two target cells with opposite polarizations is that
measurements of cross section asymmetries are independent of the muon flux and
of time-dependent detector-acceptance effects (cf. Chapter 5). For longitudinal
polarization of the target nuclei, with respect to the beam momentum, a super-
conducting solenoid is used. In addition, for adiabatically reversal of the target
spins, a well-tuned ramp-up and ramp-down procedure for the solenoid and the
dipole magnet is used. Moreover, this procedure serves to hold a transverse po-
larization of the target nuclei with respect to the beam direction.
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Figure 3.2: Schematic of the two polarized SLiD target cells. The upper blue arrows
indicate the possible polarizations of the target nuclei during data-recording with a
transversely polarized target.

3.2 The COMPASS Apparatus

The COMPASS apparatus, as depicted in Figure 3.3, is a two stage spectrometer,
equipped with two spectrometer magnets called SM1 and SM2. For measurements
of particle momenta, particle identification and calorimetry, several detectors are
used as explained in the following.

3.2.1 Tracking Detectors

In both stages of the apparatus, tracking detectors are used to determine the mo-
menta of charged particles. These can be divided into three groups: detectors for
very small, small and large scattering angles. Due to the very high track densities
in the central region, detector types capable of very high rates and excellent time
resolution are needed. For this purpose, COMPASS uses silicon and scintillating
fiber detectors for tracking of particles scattered at very small angles. Gas detec-
tors like Gas Electron Mulipliers (GEMs) and Micro Mesh gas detectors (Mi-
croMegas) with an excellent spatial resolution serve for the detection of charged
particles scattered at intermediate angles up to a distance of about 30-40 cm
from the beam direction. Finally, to cover the remaining area, charged particles
scattered at large angles are detected by Multi-Wire Proportional Chambers
(MWPCs), STRAW tube detectors (STRAWS) and Drift Chambers (DCs).

To avoid detector occupancies exceeding their maximal rate capability, the
small and large area trackers are designed with holes or dead zones in their central
regions.
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Figure 3.3: Top view of the COMPASS apparatus during the 2004 data-recording
period [39]. The muon beam, entering from the left-hand side, is detected by Scintil-
lating Fiber (FI) and Silicon (SI) detectors, located upstream of the polarized SLiD
target. The remnants of reactions are detected in the two stages of the apparatus.
Particles with lower momenta and therefore large scattering angles, are detected in the
first stage, while, in the second stage, particles with higher momenta and small scatter-
ing angles are detected. Both spectrometer stages are equipped with various tracking
detectors (FIs, GEMs, MicroMegas, STRAWSs and DCs), calorimeters (HCAL1,2 and
ECAL2) and detectors for particle identification (Muon Wall detectors (MAs), uFilters
and the RICH). In addition, the trigger hodoscopes (Vetos and HOs) are depicted. The
dead zones mentioned, and especially the holes, can be seen very clearly, e.g. in the
calorimeters or in the second muon filter (pFilter2).

3.2.2 Particle ldentification

The particle identification (PID) in the COMPASS experiment is organized in two
steps. In the first step, a distinction between muons and hadrons is achieved by
their different characteristic behavior in penetrating matter, while in the second
step, different types of charged hadrons (e.g. pions and kaons) can be separated
by using information from a Ring Imaging CHerenkov detector (RICH).

In order to avoid absorption of particles scattered at very small angles in the
first stage of the apparatus or interactions of beam particles, the calorimeters and
muon wall detectors (cf. Fig. 3.3 and the following sections) are designed with
physical holes in their central regions.
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Muon Wall Detectors

The majority of hadrons are absorbed in the hadronic calorimeters (cf. Sec. 3.2.3)
or in the muon filters, i.e. thick walls of concrete or iron, placed behind the
calorimeters. On the contrary, muons do not obey the strong interaction. Thus,
they can penetrate thick layers of material without being absorbed. Particles
passing the upper absorbers are detected by Muon Wall detectors (MAO1 and
MAO02), built as Iarocci or drift tube detectors, which are located directly in
front of and behind the muon filter pFilterl.

Ring Imaging Cherenkov Detector

For the separation of charged particle types above a particle-specific momen-
tum threshold, COMPASS uses a Ring Imaging CHerenkov detector (RICH),
placed in the first stage of the apparatus. The radiator gas used for producing
Cherenkov photons is C4Fi9. Until the end of 2004 photon-detection was per-
formed by multi-wire proportional chambers, equipped with CsI photo cathodes.
More information about the RICH-1 detector can be found in Ref. [42].

3.2.3 Calorimetry

The energy of hadrons is measured in form of their energy deposit in the hadronic
calorimeters (HCAL1 and HCAL2). This information can also be used to distin-
guish between hadrons and muons, because the latter deposit less energy in the
HCALs. By determining the center of deposited energy and additional tracking
information, the energy measured can be assigned to a certain particle. The en-
ergy of electrons and photons can be determined in an electromagnetic calorimeter
ECAL2, located upstream of the hadronic calorimeter HCAL1. During the data-
recording periods in 2002, a lead wall of about the same size as ECAL2 was used,
serving as an electron and photon absorber, prior to final installation of ECAL2.

3.2.4 The Trigger System

The COMPASS experiment operates with high beam intensities and a thick solid
state target. This enables high luminosities to be achieved, leading to high event
rates. The necessary pre-selection of desired events at the hardware level is per-
formed by the trigger system [43], depicted in Figure 3.4. For the detection of
scattered muons, dedicated hodoscopes are installed, which are grouped to the
so-called inner, ladder, middle and outer trigger. This setup of muon triggers
permits the separation of events in different kinematic ranges of Q2 and v, by
selecting events with a certain deflection angle of the scattered muon. In addition
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to the muon triggers, detector information from the hadronic calorimeters can be
used to trigger on events with a hadron candidate. Veto hodoscopes, placed in
front of the target, prevent triggering on muons from the beam halo instead of
events with a scattered muon.

For the trigger signal generated, the combined information from the muon,
calorimeter and veto triggers are used. This signal determines whether the de-
tector information is read out or not.
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Figure 3.4: Schematic of the trigger setup [43]. The information from dedicated
veto hodoscopes (upstream of the target) impede a trigger signal initiated by a beam
particle. The energy deposit information from the hadronic calorimeter HCAL1 can be
used to trigger the readout of detectors for events with hadron candidates. In addition,
the muon trigger hodoscopes (depicted in red) are used to select specific kinematic
ranges of Q2 and v.

3.2.5 The Data Acquisition System

The Data Acquisition (DAQ) System [44, 45], depicted in Figure 3.5, needs to
fulfill the requirements imposed by high event rates. Therefore, the detector in-
formation is digitized right at the detector on front-end cards or dedicated Mezza-
nine cards and transferred to the COMPASS Accumulate, Transfer and Control
Hardware (CATCH) [46, 47] or GEM and Silicon Control and Aquisition [48]
(GESiCA) modules. If a trigger signal for these data arrives via optical fibers
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from the Trigger Control System (TCS) [48, 49], the data are transferred by
optical links to the DAQ barrack. On so-called readout-buffer PCs the data are
temporarily stored, before being processed in an event builder farm. In the event-
building procedure, detector information are combined belonging to one event,
i.e. when the read-out of detectors was triggered, e.g. by the appearance of a scat-
tered muon in a certain kinematic range of Q2. Finally, the data are transferred
via a dedicated network to the Central Data Recording (CDR).

DI TCS

?3 CATCH ——
| | =
Detector Readout > g E\(ent
frontends buffer || 3 builder
L PCs (ROBs) farm

CDR

Figure 3.5: COMPASS data acquisition system. Digitized detector information is
transferred to CATCH and for some detectors GESiCA modules. In case of a trigger
signal from the trigger control system (TCS), the data are sent to readout buffer PCs.
Via a GigaBit switch, the data are further transferred to the event builder farm, where
the streams of information from one event are combined. Finally, the data are stored
in the central data recording (CDR).

The data recorded are organized in so-called runs. These are grouped together in
periods consisting of data from measurements with one target polarization con-
figuration (cf. Fig. 3.2). Once detector calibrations and alignment information
are ready, the raw data can be further processed and analyzed.

3.3 Reconstruction and Analysis Software

The COMPASS Reconstruction and AnaLysis Framework (CORAL) [50] is used
for reconstructing the raw data. During this procedure, particle tracks and ver-
tices are reconstructed and detector information, e.g. from the calorimeters or the
muon trigger hodoscopes, are processed. After this first step, the data are stored
in Data Summary Tape (DST) files, which can be read again by CORAL for
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further analyses. In addition, events which contain at least one vertex are stored
in mini DST (mDST) files, which can be analyzed using a dedicated software
environment called PHysics Analysis Software Tools (PHAST) [51]. On this
level, the selection of events for particular analyses and the calculation of physics
quantities can be performed.

The results obtained in this thesis originate from specially-written software,
which was implemented within the framework of PHAST and ROOT [52], where
the latter is an analysis framework for high-energy physics data provided by
CERN.



4 Reconstruction of Exclusively
Produced ;" Mesons

For extraction of the amplitude A%I}(d)r%) of the transverse-target single-spin

asymmetry a data sample is needed consisting of events with exclusively pro-
duced p° mesons. The content of this chapter is therefore a detailed description
of the event selection performed (Section 4.1 — 4.5). Finally, the characteristics
of the data sample obtained for the full statistics are presented in Section 4.6.

In this analysis a sample of COMPASS data recorded during the years 2002-
2004 with the transverse-target spin configuration is used as the initial data sam-
ple. It consists of events with at least one primary vertex, i.e. a vertex related to
the track of the beam particle and a well-defined scattered muon. Moreover, at
least one additional charged track outgoing from this primary vertex is required®.
Finally the deep inelastic scattering region is selected by restriction on the photon
virtuality Q2 > 1 (GeV/c)®.

4.1 Data Quality

The basic criterion for the extraction of physical information is successful opera-
tion of the experimental setup. Since fluctuations are not entirely avoidable the
recorded data is checked to ensure a good performance of the apparatus and thus
the needed quality of data. The description of the monitoring procedure and
the rejection criteria for unstable runs is presented in this Section. An extended
review of this monitoring procedure can be found in Ref. [53].

In general, the stability is checked for several parameters by comparison with
average values in a period or a sub-period. This procedure can be divided roughly
into four blocks as shown schematically in Table 4.1. Therein, the first block
describes the rejection criteria for runs due to detector failures, while the second
focuses on the reconstruction stability. In the third block the global performance
of the apparatus is monitored by reconstructing Ky events. This method is chosen,

IThis requirement is motivated by analyses of asymmetries appearing in semi-inclusive pro-
duction of hadrons.
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because therein well-known physical quantities appear [54]. Finally, a sub-sample?
is used to validate the stability of primary vertex coordinates, several kinematic
variables and azimuthal angles.

Table 4.1: Schematic overview of data stability monitoring used for data recorded
with the transverse-target spin configuration.

Blockl | Detectors’ profiles

Block2 | Number of tracks per event in total and for different zones(x)
Number of tracks with momentum per event

Number of primary vertices per event

Number of secondary vertices per event

Total number of clusters per event

Total number of clusters per plane

(*) upstream the target, upstream SM1, between SM1

and SM2, between SM2 and MF1 and downstream MF1
Block3 | Ky mass shift vs. run number

Ky mass resolution vs. run number

Number of reconstructed Ky per primary vertex vs. run number
Block4 | Stability vs. Time Period for:

upCell upCell downCell downCell 2
Xpy s Ypy o, Xpy ; Ypy , Ty, Q% v,

oL Hh Hh tot [
LAB> ®Breit) *LAB> Pp > f“HCAL1/2

4.2 The ;1 beam and the scattered muon 1/

After general checks on the stability of data, particular constraints can be ap-
plied. First of all, a crossing of the beam particle through the target region and
equal beam particle fluxes in both target cells are ensured by extrapolation of
the incident beam particle track to the upstream end of the first (upstream) tar-
get cell and to the downstream end of the second (downstream) target cell. For
these two z coordinates, the intersection points of the beam track with the target
cylinders?® are calculated. Events are rejected if the radial distance of one of these
intersection points is larger than 1.3 cm.

20n this sub-sample, the standard kinematic requirements for the analysis of the Collins and
Sivers asymmetry [55] are applied.

3The magnetic field used for the polarization of the target cells causes displacements of the
target cylinders, which were taken into account for the analysis. Numerical values for these
corrections can be found in Ref. [56].
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Each particle track during reconstruction is derived from the tracking detector
data by using a Kalman fit. The same holds for the determination of vertex
coordinates. Therefore, the quality of the data sample can be increased by re-
jecting insufficiently reconstructed tracks and vertices with a reduced x2,; > 10.
Additionally, the physical reaction, which is ideally related to the occurrence of
a primary vertex, must have taken place in one of the two target cells. Occasion-
ally, there are several primary vertices in one event. In this case the best primary
vertex is selected. This denotes the primary vertex with the largest number of
associated tracks or, in case of number-equality, the vertex with the best x? of
the fit.

To ensure the reaction took place in one of the two target cylinders, the radial
distance of the primary vertex must be smaller than 1.3 cm and its z coordinate

must lie in the range of one of the two target cells

—100cm <z<—-40cm or —30cm <z<30cm . (4.1)

The spatial distributions of primary vertices are depicted in Figure 4.1, where in
the right graph a clear separation of the two target cells can be recognized.
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Figure 4.1: Spatial distributions of (best) primary vertices for the 2003 data are shown
before applying any constraints. The left graph shows the plane perpendicular to the
beam axis with a black circle superimposed, indicating the permitted area. On the
right-hand side, the distribution in z-direction is shown. The ends of the target cells
are indicated by red lines.

In closer inspection of particles outgoing from the primary vertex, the first par-
ticle considered is the scattered muon p/. To distinguish between the scattered
beam particle and other particles produced in the reaction, two methods are used.
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One is based on a CORAL routine, wherein the scattered muon is tagged as such
during reconstruction. For the other method, an algorithm is used to recover a
scattered beam particle among the particles outgoing from the primary vertex.
For this method, the hit information of the two Muon Wall detectors MAO1 and
MAOQ2 are inspected for all particle tracks outgoing, except for the track asso-
ciated to the tagged p/. An indication for an untagged scattered muon is the
appearance of more than three hits in the first and more than five hits in the
second muon wall associated with a particle track. If these tracks exhibit also
a reduced Y2, < 10 and a measured penetration length nX/X, > 30, they are
marked as recovered muons.

The calculated penetration length n.X/ X, quantifies the amount n.X of detector
material passed normalized to the particle-specific radiation length X, in these
materials. For the calculation of the radiation length X, particle-specific inter-
action processes within matter, e.g. electromagnetic interactions in the calorime-
ters, have to be taken into account. The amount of matter passed by the particle
is obtained using a material map of COMGEANT [57].

Finally, only events containing exactly one scattered muon (either tagged or
recovered) are subjected to the further analysis. To ensure a well-defined track
and that the particle crossed a sufficient amount of detector material, as it is
characteristic for minimal ionizing particles, the finally selected scattered muon
track is checked again for a reduced x%,; < 10 and nX/X, > 30. This obvious
duplication of requirements is needed for a tagged scattered muon.

4.3 Cuts on inclusive scattering variables

The inclusive scattering variables are calculated using the tracks associated with
the incident and the scattered muon. For ensuring hard scattering processes, the
photon virtuality is restricted to

Q* > 1.0 (GeV/c)® . (4.2)
By applying a cut on the invariant mass squared of the final hadronic state
W? = (¢+ P)*> 25 GeV?/c* | (4.3)

where ¢ and P denote the four-momenta of the virtual photon and of the target
nucleon, the region of hadron resonances is excluded. Another kinematic variable
taken into account is the relative energy transfer y, defined via the four-momenta
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P of the target nucleon, ¢ of the virtual photon and k of the beam particle

_Pgrm v

_ o 44
V=P E, (4.4)

where the second relation is valid in the laboratory system.

To avoid events in the kinematic region of elastic scattering, the energy loss of
the beam muon is required to exceed a minimal value. Furthermore the energy
of the scattered muon should be large enough to avoid reactions dominated by
radiative corrections. These two requirements are implemented by the restriction

0.l<y<09 , (4.5)

on the range of the energy fraction y in the data sample.

4.4 Hadrons

Observation of exclusive processes generally means that every final state particle
is detected. For the present purpose, only events with a fixed number of final state
particles are taken into account. This would imply, for the exclusive production
of a p® meson, a restriction to two particles outgoing from the primary vertex, the
scattered muon and the produced p° meson. However, the experimental vertex
resolution is insufficient for the very short characteristic lifetime of the p° meson
of about 4.4 -107** .

Instead, the p° meson is reconstructed via its decay particles. Because the
branching ratio for the process p’ — 77~ is almost 100% [58], only events with
three particles outgoing from the primary vertex are taken for further analysis,
particularly those events with a scattered muon and two particles of opposite
charge.

As for determination of the scattered muon (cf. Section 4.2), the associated
particle tracks need to be well-defined. This is ensured by requiring for each of
them y2, < 10. Since the reconstruction of tracks in the so-called fringe field*
is difficult and does not work entirely satisfactorily, events with tracks ending in
this region are rejected.

4The term fringe field denotes the region between the polarized LiD target and the magnet
SM1 (cf. Fig. 3.3). The difficulty of track-reconstruction arises from determination of the
effective magnetic field in this region.
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In the following, the particles produced are assumed to be charged 7 mesons.
This necessarily implies a verification of their hadronic nature. As hadrons are
strong interacting particles, this can be done by restricting their measured pene-
tration length to nX/Xy < 10. Additionally, events are rejected in which one of
the m candidates produces a detector hit behind the second muon filter. In such
cases, correct distinction between muons and hadrons is difficult, because the
hadron could have escaped the cut on the penetration length. This is possible for
particles crossing the apparatus close to the beam region, i.e. through the holes
of the calorimeters and muon filters (cf. Section 3.2.1).

For the same reason, the 7% candidate is occasionally mistaken for the scat-
tered muon and vice versa. In this case, the high energetic meson crosses the
apparatus close to the beam region and therefore has a large penetration length
assigned to it. On the other hand, the scattered muon track might lie outside of
the detector acceptance, since its track exhibits a large angle with respect to the
beam. One problem resulting from this misidentification is, e.g. miscalculation
of the inclusive scattering variables (cf. Section 4.3).

Based on geometrical considerations, a method for elimination of such sce-
narios was introduced in Ref. [59]. According to this method, the positively
charged hadron track is extrapolated to the downstream end of the apparatus
(z = 5000 cm). From this procedure, the coordinates x. and y, can be extracted,
denoting the spatial coordinates of track intersection with the plane perpendic-
ular to the beam at this location. Depending on the last observed detector hit
of the 7™ candidate, a geometrical cut is applied. Particle tracks ending in the
large angle stage of the apparatus (21,5 < 2000 cm) need to fulfill the requirement

V(te —45cm)2 + 42 > 10 cm (4.6)

whereas those ending in the small angle stage of the spectrometer need to meet
the conditions

v/ (ze — 35 cm)2 +y2 > 15 cm or (4.7)
lye] >3 cm and |z, — 55 cm| > 13 cm
Events with positively charged tracks not meeting these requirements are removed

from the data sample. For illustration the calculated spatial distributions of the
7t candidate track can be found in Figure 4.2.
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Figure 4.2: Spatial distribution of extrapolated track coordinates in the plane per-
pendicular to the beam direction at z = 5000 cm for the 2003 data. The left-hand
graph displays the distribution of tracks ending in the large angle stage of the appa-
ratus. On the right-hand side, the spatial distribution for tracks ending in the small
angle stage are shown. The superimposed red box and circles indicate geometrically
excluded regions.

Finally, the hadronic calorimeters are scanned for clusters of deposited energy.
For particles with associated clusters in both hadronic calorimeters the whole
event is rejected. Such tracks probably result from inaccurate reconstruction, as
the occurrence of associated clusters in both hadronic calorimeters is geometri-
cally prohibited by the experimental setup.

4.5 Exclusive p’ sample

As already mentioned, the final sample should be enhanced with exclusively pro-
duced p° mesons. However, the sample derived from the event selection proce-
dures described above still contains other particles (e.g. ¢ mesons decaying into
two K mesons of opposite charge) and non-exclusive background. To minimize
the non-exclusive background a small missing energy

Mg — M (P+q—p)*—Mp

Eriss = = 4.8
2-Mp 2-Mp (48)

is required. In principle this quantity is determined using the target particle mass
Mp and the mass of the recoiling target particle Mp,. Unfortunately, recoil de-
tection is impossible, due to the huge amount of material around the target cells,
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introduced by the cryostat and the magnets. Hence, the mass Mp/, respectively
the four-momentum vector of the recoiling target particle, is reconstructed using
four-momentum conservation. For this purpose the four-momentum vectors P of
the target particle, ¢ of the virtual photon and p of the produced p° meson are
used. As elucidated in Section 4.4 the p° meson is reconstructed via its decay
particles, to which the pion mass M, = 139.6 MeV [58] is assigned. Thus, the
calculation of the mass Mp/ implies a significantly lower resolution for the miss-
ing energy Fss of about 1 GeV [60]. Consequently the chosen range for this
quantity is

—2.5 GeV < FEhis < 2.5 GeV (4.9)

in the final data sample. In Figure 4.3, the distribution of the missing energy is
shown before applying the cut on the allowed range.
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Figure 4.3: Distribution of the missing energy Fyiss for the full 2002-2004 data sample,
before applying the cut on the permitted range. For illustration the red lines indicate
the restrictions for the final data sample.

For the extraction of azimuthal asymmetries, a reliable definition of the angle
between the lepton scattering plane and the hadron production plane (cf. Sec-
tion 2.4.1) is necessary. This is ensured by a lower limit for the quantity pr,
which is defined in the v/N-system as the transverse component of the momen-
tum vector of the p° meson with respect to the direction of the virtual photon.
Further reduction of contributions from non-exclusive background events, an be
achieved by setting an upper limit for p [61, 62]. For illustration, distributions
of the missing energy in different ranges of pr are shown in Figure 4.4. With
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both requirements, the range
0.01 (GeV/c)® < p% < 0.5 (GeV/c)® . (4.10)

was chosen for events in the final data sample.
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Figure 4.4: Distributions of the missing energy in different ranges of p for the full
2002-2004 statistics before applying restrictions on FEhiss. The allowed ranges of the
perpendicular momentum component pr are given in the captions of the graphs. The
reduction of non-exclusive background by restrictions on pr can be seen in these dis-

tributions.

Finally, the invariant mass distribution, depicted in Figure 4.5, shows clearly
the p mass peak at the expected value of about M, = 775.5 MeV [58]. However,
contributions of other particles can be recognized, e.g. a ¢ meson peak located
at an incorrect mass value due to the "false” assignment of masses to the decay
particles. Requiring an invariant mass M, in the range

0.3 GeV/c® < (M, — My;) < 0.3 GeV/c? (4.11)
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reduces significantly the contributions of other exclusively produced particles in
the data sample.
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Figure 4.5: Invariant mass spectrum M+ .- for the full 2002-2004 data sample, before
applying the cut on the permitted range. The superimposed red lines indicate the
restrictions for the final data sample.

4.6 Final data sample

After the detailed description of the event selection performed in this analysis,
this section is dedicated to the characteristics of the final data sample.

From the 2002-2004 COMPASS data with a transverse-target spin configura-
tion 270, 163 events are selected, which is about 0.5% of events in the initial data
sample. The event yields per year of data-recording are listed in Table 4.2.

The finally selected sample of events contains an enhanced fraction of hard ex-
clusively produced p” mesons. From the kinematics of these events, the amplitude
A%I}(%_QSS ) can be extracted (cf. Chapter 5). The kinematic variables of special
interest for this purpose are the Bjorken variable xp;, the photon virtuality Q?,
the transverse momentum component pr and t'. Therein ¢’ is calculated as the
difference of the Mandelstam variable ¢ and its minimal kinematically allowed
value tmin (cf. pages 321-324 of Ref. [58])

=t —ton = —2|71q] (1 — cos(8)) . (4.12)

For the calculation of ¢, the momentum vectors p and ¢ of the p” meson and the



4.6 Final data sample 35

Table 4.2: Event yield per year of data-recording obtained after the selection of events.

Year 2002 2003 2004 TOTAL
# Events || 39,583 | 84,543 | 146,037 || 270,163

virtual photon in the v/N-system and the angle 6 between these vectors are used.
The minimal kinematically allowed value t,,;, corresponds to scattering processes,
where the value for the angle between the initial and final state nucleon is # = 0
or # = 7 in the y/N-system.

Distributions of the kinematic variables zp;, Q% p% t', y and W are presented
in Figures 4.6 — 4.8. The corresponding mean values of these variables in the final
data sample are listed in Table 4.3.

Table 4.3: Mean values of the kinematic variables in the final sample selected from
the 2002-2004 data.

<ZL‘Bj > = 0.030

(Q*) = 193 (GeV/c)?
(pa) = 0118 (GeV/c)?

(=t') = 0.126 (GeV/c)?
(W) = 871 GeV/c?
(y) = 0.279

In addition to one-dimensional distributions, the two-dimensional distribution
of Q* vs xp; is shown in Figure 4.6. Furthermore, the two-dimensional distribu-
tion of —t' vs p% is presented in Figure 4.7. Therein a pronounced correlation
between —t' and p2 at small values can be seen. This strong correlation be-
comes slightly weaker for larger values, which might be a hint for remaining
non-exclusive background contributions in the final data sample (cf. Ref. [61]),
because the calculation of ¢ in the form of equation 4.12 is only valid for exclu-
sive processes. The remaining contribution of non-exclusive background events is
quantified and discussed in Section 6.4.
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Figure 4.6: Distributions of the kinematic variables xp; and Q? for the final data
sample. In addition, the two-dimensional plot for the upper variables is presented.

Therein, the highest contributions in the final data sample events with zp; ~ 0.03
and Q? ~ 1.1(GeV/c)2.
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Figure 4.7: Distributions of the kinematic variables p?r and —t' for the final data
sample. In addition, to investigate a possible correlation between —t' and pgf, the two-
dimensional graph is shown. Therein a pronounced correlation for very small values
can be seen, which becomes slightly weaker for higher values.
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Figure 4.8: Distributions of the kinematic variables y and W for the final data sample.
The distribution of the energy fraction y shows that the lepton-nucleon interaction is
mediated mainly by virtual photons with small energies (cf. Eq. 4.4).



5 Method for Asymmetry
Extraction

This chapter is dedicated to the description of the method used for extracting the
amplitude A%I%(th‘_qﬁs ) of the transverse-target single-spin asymmetry Ayr(¢n — ¢s).
Furthermore, diluting factors are described. These quantities have to be taken
into account, for correct handling of the experimentally-determined asymmetry,

as described in Section 5.4.

5.1 General Information

The transverse-target single-spin asymmetry for production of a longitudinally
polarized meson on a transversely (T) polarized target with an unpolarized (U)
beam, is defined as (cf. Eq. 2.24 and 2.25)

do(¢n — ¢s) — do(gn — s + )
do(¢n — ¢s) +do(on — ¢s + )

Aur(on — ¢s) (5.1)

A%¥¢}L—¢S) . sin(gbh . ¢S) :

where A%r%((z”"—qbs ) is the amplitude of the asymmetry Ayr(¢n — ¢s) and the az-
imuthal angles ¢, and ¢g are defined in the v/N-system as described in Sec-
tion 2.4.1. The asymmetry (5.1) can be related to the event yields per target
cell and azimuthal angle n = ¢, — ¢g. For a given target cell u/d (upstream,
downstream cell) with polarization (4) perpendicular upwards/downwards with
respect to the beam momentum, the number of events can be written as

NZE ) = ¢ty a,(n) - (LAY, sin(n)) (5.2)

where cf/ 4 18 the product of the total incident muon flux, the number of target

particles and the spin-averaged cross-section. The quantities af/ (1) represent the
product of angular acceptance and efficiency of the apparatus. The interesting
quantity in equation (5.2) is the so-called raw-asymmetry Ai}l}(ﬁ’;;d’s ), By taking

into account diluting factors (cf. Section 5.4), the extracted raw-asymmetry can
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sin(¢p—

be related to the physical amplitude A} ?5) of the transverse-target single-
spin asymmetry.

5.2 Double Ratio Method

For the extraction of A%I%(f;; %5) an estimator requiring only weak assumptions

on the angular acceptance and efficiency of the apparatus is needed. Therein the
time dependence of these quantities can be minimized by using simultaneously
taken data from the two oppositely polarized target cells. In addition, the dif-
ferent angular acceptances and efficiencies arising from the two target cells can
be minimized by using events from the two target cells with both polarizations,
originating from two data-recording periods with reversed target spin configura-
tion.

The estimator fulfilling both requirements, and therefore used for extraction,
is the Double Ratio [63]

_ Ni ()

Ny (n)
N, (n)- Ny

Ny (n) ’

F(n)

(5.3)

with relative error

SF(n) _ 1 i 1 n 1 4 1 (5 4)
F(n) NF(m)  Nim)  Ngm)  Ng(m) '

F(n) is calculated for 16 equidistant bins ¢ in the azimuthal angle 7, by using
the number of events per angular bin in the upstream/downstream cell (u, d) in
dependence on the cell polarization =.

For the unknown product of angular acceptances and efficiencies, a reasonable
assumption (cf. Ref. [63]) is included, relating the ratios of the quantities af/ 4(m)
in the two target cells via:

= & = . (5.5)

Therein, the ratio of the product of angular acceptance a;, () in the upstream cell
polarized perpendicularly downwards and the corresponding quantity a}(n) for
the downstream cell polarized perpendicularly upwards, is assumed to be equal
to the ratio of these quantities for the two target cells with reversed polarizations.
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By using expression (5.2) and the assumption (5.5), the Double Ratio trans-
forms to

(1 + APy, sin())?
F(n) =C- s - (5.6)
( UT, raw Sln(n))

where C represents the ratio of the quantities cf/ ; in equation (5.2). The expected
value is C' = 1, because of the assumption on equal beam particle fluxes in both
target cells and the relations

c, =cy and ¢! =¢; , (5.7)

u

as described in [63].

Finally, after applying a first-order Taylor series approximation in sin(7) around

(sin(n)o = 0), the expression for the raw-asymmetry Af}r}(’"r)aw and thus the fitting

function used, becomes

(1+ AR, sin(n))?
F@m = C- ) - (5.8)
( UT, raw Sln(”))

TET O (14 AT, sin(y) (5.9)

Kinematic Binning

The extraction of the raw-asymmetry AUT 15 carried out for several ranges of
the kinematic variables xp;, Q?, pr etc. and finally plotted against mean values
of the variables in the specific bin. The purpose of this blnnmg is to investigate
possible kinematic dependencies of the amplitude A5 (n=¢s) Fxact ranges of the
kinematic variables can be found in Appendlx A. In addition, due to this kine-
matic binning, the amplitude Asm(qﬁh s) is sensitive to dominant contributions
in certain kinematic ranges (cf. Sectlon 6.4).

5.3 Data Grouping

In principle, the whole set of data recorded with the transverse-target spin con-
figurations could be combined for the calculation of the Double Ratio (5.3). How-
ever, modifications were made to the apparatus and the trigger settings between
periods, impeding this kind of combination. Instead, only periods with almost
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identical experimental conditions, i.e. neighbouring periods, are combined. Con-
sequently, the ten periods of data-recording, half with the target cell spin config-
uration (+, —), and the other half with the reversed configuration, are combined
to five double periods as depicted in Figure 5.1. In these double periods, the

2002 2003 2004
7z A N ' 4 A N 7z A N
P2B P2C P1G P1H W33 W34 W35 W36

SR S

Figure 5.1: Grouping of the data recorded with the transverse-target spin configura-
tion. The total, ten periods are combined to five double-periods, to which the Double
Ratio method can be applied.

Double Ratio can be calculated and thus the amplitude of the transverse-target
single-spin asymmetry Asm(p "in=9s) oxtracted. A detailed list of these periods can
be found in Table 5.1.

Table 5.1: The table shows the periods of data-recording with the corresponding run
number. The middle column gives the target spin configurations for the upstream and
downstream target cell.

Year | Period | Target Spin Configuration | Run number
upstream | downstream
P2B — + 21178-21495
9002 P2C + — 21670-21878
P2H — + 23490-23575
P2H + — 23664-23839
9003 P1G — + 30772-31038
P1H + — 31192-31524
W33 + — 38991-39168
92004 W34 — + 39283-39545
W35 — + 39548-39780
W36 + — 39850-39987
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5.4 Extracted vs Physical Asymmetry

The dilution factor f and the mean target polarization (Pr) are the two major
factors diluting the asymmetry Ayt (¢ — ¢s). Therefore, these quantities have to
be taken into account for the relation between the experimentally-observed raw-
asymmetry A%I}(‘fgv; %s) and the physical amplitude A7n ") of the transverse-

target single-spin asymmetry.

5.4.1 Target Polarization (Pr)

In the case of longitudinal target polarization, the polarizations of the target
cells are recurrently measured by five NMR coils along each cell. This recur-
rent measurement with the available NMR coils is not possible in the transverse
mode. Instead, the polarization values are obtained from interpolations of the
target polarization curve over the whole beam time. Therefore, the measured
target polarizations in the longitudinal mode before and after changing over to
the transverse mode are used. The entire list of these polarization values can be
found in Appendix A.1. For a short overview, weighted mean target cell polar-
ization values can be found in Table 5.2. These values originate from the final
data sample (cf. Chapter 4.6), subdivided into the possible polarizations (£) of
the upstream and downstream target cell.

Table 5.2: Listed below is a short summary of event-weighted mean target polarization
values for the final data sample. The four values correspond to the polarization values
of a given target cell (u or d) with polarization (4 or —).

upstream | downstream
+ | 504 % 48.6 %
— | 46.9 % 43.4 %

5.4.2 Dilution Factor f

The dilution factor f denotes the fraction of interactions in polarizable material.
In a naive picture, the target cells are completely filled with °LiD and the Li
nucleus is interpreted as a system consisting of an alpha particle and a polarized
deuterium nucleus. These assumptions yield to an expectation of 0.5 for the value
of the dilution factor for 6LiD. However, in addition to °LiD, there are other ma-
terials in the volumes of the target cells, mainly 3He and “He, which serve for the
cooling of the target material. In addition, C, F, Ni and Cu nuclei, introduced by



44 5 Method for Asymmetry Extraction

the NMR coils for the polarization measurement, are present in the target region.
All these materials need to be taken into account when computing the dilution
factor.

Apart from simple contamination, the corresponding cross sections for scatter-
ing processes in these materials also need to be taken into account for determining
the dilution factor f, which therefore depends on the event kinematics. The dilu-
tion factor can be parameterized as a function of x; and v [64, 65]. By using this
parameterization, the averaged value was calculated to be f = 0.38 in the final
data sample. This value is used for relating the extracted quantity A%r}(7¢fa;¢s )

with the physical amplitude Asm(¢h ¢s)

5.4.3 Calculation of the physical amplitude Asm (én—os)

Using the values for the target polarization (Pr) and the dilution factor f = 0. 38

—¢5s) sin ¢h )

the extracted raw-asymmetry AUT waw  and the physical amplitude Ay

are related by:

sin(¢n—os)
AS]H(¢h (}55) [_J’T7 rhaw ° (510)
vt f-(Pr)

Due to the kinematic blnmng the calculation of this relation is performed for the
values of the amplitude Afp %n=%5) in the each kinematic bin.

The final value for the amplitude A%r}(‘z)h*d)s ) for the full statistics and its cor-
responding error o4, are obtained by calculating the weighted mean of results
A; (i=1,...,5) from the five double periods via

g2
ASIH(¢h ¢s) _ ZZ (Al/o-l ) with — 1 (5.11)

uT >, (1/0?) o = S

where o; denote the error on A;.
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Following the descriptions of event selection and extraction algorithm, this chap-
ter is dedicated to the results for the amplitude Ai}r}(%_% ) of the transverse-target
single-spin asymmetry Ayr(dn — ds). A review about these results can addition-
ally be found in Ref. [66]. First steps towards the interpretation of these results is
presented in Section 6.2 and systematic effects are discussed briefly in Section 6.3.
Finally, possible further investigations on different contributions to the amplitude
A%l}(%_(bs ) are outlined in Section 6.4, accompanied by rough quantitative esti-

mations of these contributions to the final data sample.

6.1 Results

The final result for the amplitude A?}I%(%_qbs ) of the transverse-target single-spin
asymmetry is obtained by the combination of results from the five double periods
(cf. Section 5.3). Therefore, the weighted mean values for each kinematic range in
rpj, Q% pr, ', Fniss and M, are calculated (cf. Eq. 5.11) and plotted against the
mean kinematic variables in the specific ranges. The results from this procedure
are depicted in Figures (6.1-6.3) and the corresponding list of numerical values
can be found in Appendix B.

By calculating the overall weighted mean for the individual values in each
kinematic bin over the full kinematic range, the value for the amplitude of the
transverse-target single-spin asymmetry is

Ao =95) — ().016 4 0.016(stat.) . (6.1)

Within the statistical error, the value for the amplitude Ai}r%(d)h*%) is thus

compatible with zero. However, this does not necessarily imply the disappearance
of the generalized parton distribution E nor of the total angular momentum
J"4 of quarks in the nucleon. It rather emphasizes the necessity of kinematic
binning, because theoretical predictions for the generalized parton distribution
E and the total angular momenta J%9 are limited to certain kinematic ranges
(cf. Section 6.2).
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Moreover, investigation on the amplitude Aﬁr}(m_% ) in several kinematic ranges

permit interpretation of the results for different contributions to the final data
sample (cf. Section 6.4), which otherwise would require reanalyzing of the data
with modified kinematic restrictions. In this context, the amplitude A%r%(%_qbs )
is also investigated in several kinematic ranges of the energy fraction y. Results

of this additional determination can be found in Appendix B.1.

Of particular interest in the context of kinematic binning are the values for the
amplitude Ai}r}(d)r%) in the last bin of the photon virtuality @? and in the last

bin of the Bjorken variable zp;.
The value of the amplitude in the last bin of zp;

ASon=95) — () 03 £ 0.04(stat.) (6.2)

is of importance in the context of theoretical predictions, because the kinemat-
ically covered range in available theoretical models are limited to a lower value
of xp; = 0.05 (cf. Section 6.2). Therefore the last bin of z5; with a mean value
(xp;) = 0.068 can be used for the comparison with these theoretical model.

The reason for the interest in the value of the amplitude Aﬁr}wh*% ) in the last
bin of Q?, with (Q?) = 3.92 (GeV/c)?,

ASG=95) _ 0,001 + 0.037(stat.) (6.3)

originates from its higher sensitivity to hard exclusive production of longitudinally
polarized p° mesons (cf. Section 6.4) compared to other kinematic regions in Q.
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Figure 6.1: Results for the amplitude A%I%((bh_%) in several kinematic ranges of the
variables xp,; and Q?. Of particular interest is the very small value in the last bin of
the photon virtuality @2 and the value for the last bin in the Bjorken variable T
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Figure 6.2: Results for the amplitude A%?th*qﬁs ) in several kinematic ranges of the
kinematic variables pr and —t'. The obviously similar behavior of the amplitude values
is due to the correlation of the variables —t' and p%, depicted in Figure 4.7. The results
for higher bins in both variables are without exception positive, which is meaningful

for further interpretation, because this kinematic region exhibits a higher sensitivity to
incoherently produced p° mesons (cf. Section 6.4).
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Figure 6.3: Results for the amplitude ASn@h=95) iy several kinematic ranges of the
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variables El,ss and M,. Interesting are the amplitude values in the lower kinematic

ranges of the missing energy in the upper plot, because events in this kinematic range
exhibit the highest exclusivity.
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6.2 Towards a Physical Interpretation

For the interpretation of results, theoretical predictions are needed. These model-
calculations for a transversely polarized deuteron target are currently under in-
vestigation but were not available at the submission date of this thesis.

However, theoretical predictions for a transversely polarized proton target are
available [28]. Therein, the generalized parton distributions E* and E? are param-
eterized using the total angular momenta J* and J¢ as free parameters. Following
these theoretical predictions, the amplitude of the transverse-target single-spin
asymmetry for the production of a longitudinal polarized p° meson on a trans-
versely polarized proton is mainly sensitive to the combination (2J* + J9).

With a fixed value J? = 0, the sensitivity of A%r%(%*%) to different values
of J* is presented in Figure 6.4. For all values of J*, the amplitude exhibits a
pronounced sensitivity at xp; ~ 0.35. Thus, for experimental distinction between
the different anticipated values of J*, a value of xp; ~ 0.35 seems promising.

The mean kinematic values in these predictions are close to the kinematics of
COMPASS: Q% ~ 1.93 (GeV/c)? and —t' ~ 0.13 (GeV/c)2.

0.05
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oL o

-0.025
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Figure 6.4: Theoretical prediction for the total angular momenta J%¢ of quarks in a
transversely polarized proton target in dependence on the kinematic variable xg;. With

the fixed value J¢ = 0, the sensitivity of the amplitude Ai}rr}(%_% ) is shown for several
possible values of J“. For the determination of J%“, experimental results are needed to
distinguish between these theoretical predictions. Of importance from the experimental
point of view are the mean kinematic variables used for these model-calculations, which

are close to COMPASS kinematics (Q? ~ 1.93 (GeV/c)? and —t' ~ 0.13 (GeV/c)?).
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Recently, COMPASS started measurements on a transversely polarized proton
target. As soon as results from this ongoing measurements are ready, they can
be interpreted using the upper theoretical predictions. Moreover, as soon as
theoretical calculations for the transversely polarized deuteron target are ready,
a first determination of the total angular momentum of quarks in the proton and
the neutron will be possible.

6.3 Systematic Effects

For quantification of the systematic error, several sources have to be taken into
account. In this thesis, these studies are limited to the

e Compatibility of results from the five double periods.

e Validation of the Double Ratio Method, by verifying the assumption on
n-independence and on the relations between the quantities c;t/ g (cf. Sec-
tion 5.7).

Extended studies of systematic effects can be found in Ref. [67].

Compatibility of results The compatibility of results from the five double pe-
riods is checked within the distribution of pulls

(i=1,...,5) , (6.4)

where A; are the results for one of the five kinematic bins in one of the five dou-
ble periods, (A) the weighted mean over the five periods and o4, and o4y the
corresponding errors. This pull distribution, depicted in Figure 6.5, follows (with
RMS = 1.078) an expected Gaussian distribution, which validates the combina-
tion of results from the five double period. The 150 entries in this distribution
and in Figure 6.6 correspond to values in five bins of six kinematic variables ob-
tained in the five double-periods.

Validation of the Reasonable Assumption The assumption of equal accep-
tance ratios (cf. Eq. 5.5) and the n-independence and relations of the quantities
cf/ ;4 in equation (5.7) needs to be validated. Therefore, the distribution of the
parameter C' appearing in the fitting function (cf. Eq. 5.8) is checked. As depicted
in Figure 6.6, the distribution of this parameter is (with RMS = 0.05) centered
around C' = 1.04 and thus close to the expected value C' = 1.0, which verifies the
applicability of the Double Ratio method (cf. Section 5.2).
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Figure 6.5: Pull distribution for the check of compatibility of the different periods.
The fitted Normal distributions (with RMS = 1.078) validate the compatibility of
results.
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Figure 6.6: Distribution of the parameter C' from Eq. (5.8). As expected, the distri-
bution follows (with RMS = 0.05) a Normal distribution centered around C' = 1.04.

6.4 Further Aspects

The analysis performed leads to first results for the amplitude Ai}r}(%ﬂi’s ) of the
transverse-target single-spin asymmetry. In further steps, remaining sources of
uncertainties could be minimized by dedicated Monte Carlo studies. Presently,
rough estimations of these uncertainties are available, in particular for the di-
lution of the asymmetry due to non-exclusive background, for contributions of
coherently produced p° mesons and contributions of transversely polarized p°
mesons.
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Non-Exclusive Background In addition to exclusively produced p° mesons,
there is a certain amount of non-exclusive background. This cannot be mini-
mized without detection of the recoiling target nucleon, which is not possible as
discussed in Section 4.5. However, the contribution of this non-exclusive back-
ground in the final data sample can be estimated from the distribution of the
missing energy Fi. For this purpose, a function, built as the sum of two Gaus-
sian distributions, was used to fit the distribution of the missing energy in the
range of —5.0 GeV to 12.0 GeV. Accordingly, the contribution of non-exclusive
background in the range of the final data sample (—2.5 GeV to 2.5 GeV) was
estimated to be about 20% (cf. Fig. 6.7).

i - Ezmries 2036453
- X2/ ndf 1082/ 71
= 20000[ Const. 1.645e+04
o B Mean 0.5832
N - Sigma 1.272
AN 15000 Const2. 1.077e+04
~ - Mean2 9.828
Pz C Sigma2 5.374
10000[—
5000 —
0 L Il ‘ Il Il ‘ Il Il ‘ Il Il l
-5 0 5 10 15
E,iss [GeV]

Figure 6.7: Distribution of the missing energy Fpiss with all restrictions for the fi-
nal data sample applied except those on this particular variable. This distributions
was fitted with a function (blue), built as the sum of two Gaussian distributions, to
determine the contributions of non-exclusive background events. The background con-
tributions (red) in the kinematic range of the final data sample (—2.5 GeV to 2.5 GeV)
was estimated to about 20%.

The asymmetry of this background was determined by selecting events with
Eriss > 2.5 GeV and was found to be compatible with zero (Ap, = 0.007 & 0.012).
Considering that this non-exclusive background dilutes the asymmetry, the value
for the amplitude Ai}r%(d)’”%) and its error should be enlarged by a factor of
1+ B/S, where B denotes the contribution of background and S the contri-
bution of the signal respectively. To be more precise, this correction needs to
be performed in dependence of the specific contributions in each kinematic range

(cf. Ref. [60]).

Incoherent Background In addition to non-exclusive background, there are
contributions from coherently produced p° mesons. The term coherent describes
processes, where a virtual photon interacts with a deuteron, which remains intact
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after the interaction. For these kind of reactions the theoretical prediction of the
total angular momenta of quarks in one individual nucleon (proton or neutron)
are not possible with the underlying theory. The highest contributions of these
coherent events are present in processes with small values of —¢', i.e. where the
momentum transfer to the target is small. In this context, the advantage of kine-
matic binning becomes evident again, where results for the amplitude A%I%((bh_(bs )
are presented for different kinematic regions of ¢’ (cf. Fig. 6.1). Therein, the values
for the amplitude in higher kinematic ranges are more sensitive to incoherently

produced p® mesons [61].

Longitudinally vs transversely polarized photons The factorization of dynam-
ics into hard and soft sub-processes for hard exclusive meson production was only
proven for longitudinally polarized photons (cf. Section 2.4). As mentioned be-
fore, the polarization of the virtual photon can be determined from the angular
distribution of the p° meson decay products. Therein, spin density matrix ele-
ments for the meson decay can be extracted. Using the concept of SCHC (cf. Sec-
tion 2.4), the ratio of longitudinally and transversely polarized photons R = Z—;
can be related to a spin density matrix element extractable from the distribution
of the invariant mass of the hadronic final state W (cos(#)) [60]. A brief discus-

sion about the definition of the involved term cos(6) can be found in Appendix C.

For the determination of the ratio R, a precise knowledge of the acceptance-
function of the apparatus is needed. However, experimental results (cf. Fig. 6.8)
support the dominance of longitudinally polarized photons in higher kinematic
ranges of Q2.

0? 107 1

10
Q?[(GeVic)]

Figure 6.8: Functional ? dependence of the ratio R = o/or [60]. At the
mean kinematic Q2 range of COMPASS, both contributions are equal, while above
Q? ~ 2 (GeV/c)? the contributions of longitudinally polarized photons dominate.
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At the mean kinematic value Q% ~ 1.93 (GeV/c)? in the final data sample, both
contributions are of the order of 50%. Above Q* ~ 2 (GeV/c)? the contribution of
events induced by longitudinally polarized photons dominate. In this context, the
very small value in the last bin of Q2 (cf. Eq. 6.3), shows the highest sensitivity
to hard exclusive scattering processes involving longitudinally polarized photons.
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7 Summary

Unpolarized scattering experiments lead to profound knowledge about the very
complex structure of the nucleon, encoded in unpolarized parton distribution
functions. Great progress in determining the even more complicated spin struc-
ture of the nucleon was made in polarized deep inelastic scattering experiments.
Results for the polarized parton distribution functions, encoding the spin struc-
ture of the nucleon, lead to an accurate value of the quark helicity contribution
AY, and a precise determination of the gluon helicity contribution AG is cur-
rently under experimental investigation.

On the other hand, the contributions of orbital angular momenta to the nu-
cleon spin have still not been determined. About a decade ago, a possible chance
to pin down these contributions was proposed. With a similar technique to that
employed in deep inelastic scattering processes, the nucleon structure, probed in
exclusive processes, can be parameterized in terms of generalized parton distri-
bution functions. As the term generalized implies, these functions reduce in a
certain limit, the forward limit, to the usual parton distribution functions. In ad-
dition, these hitherto unknown generalized counterparts of the well-determined
parton distribution functions conceal a huge potential to study new aspects of
the nucleon structure.

Of special interest in this context is a sum rule for generalized parton distri-
butions, deduced by Ji, which may provide access to the total angular momenta
of quarks in the nucleon and thus, with additional knowledge of the helicity con-
tributions, to the missing contribution of the orbital angular momentum L, of
quarks to the spin of the nucleon.

One key observable to access the total angular momenta is the transverse-target
single-spin asymmetry, which appears in reactions like hard exclusive production
of p® meson. The high interest in this observable originates from its unique linear
dependence on the generalized parton distribution £, which plays a very promi-
nent role in Ji’s sum rule and can hardly be determined from other observables.

The extraction of the amplitude Af}rp}(d)h_% ) of the transverse-target single-spin
asymmetry for hard exclusive p® meson production on a transversely polarized
deuteron target was the purpose of this thesis. To extract the amplitude, a ded-



58 7 Summary

icated event selection was devised and an extraction algorithm, based on the
Double Ratio method, was built. All these efforts lead to the very first result for
the amplitude of the transverse-target single-spin asymmetry, which is within the
statistical error compatible with zero:

Aon=95) — .016 4 0.016(stat.) . (7.1)

A comparison of this very first result with theoretical predictions will be one of
the very first steps to determine the total angular momenta of quarks in the nu-
cleon.

To investigate possible kinematic dependencies, the amplitude was extracted
in several ranges of the kinematic variables. The results for A%r%(%_qﬁs ) in the spe-
cific ranges are sensitive to different contributions in the final data sample. For
example, scattering processes characterized by larger values for the photon vir-
tuality Q% exhibit the highest sensitivity to hard exclusive p° meson production
induced by a longitudinally polarized virtual photon. Beside the contribution
of events induced by transversely polarized photons, a certain amount of non-
exclusive background is contained in the final data sample. Its contribution can
be estimated to roughly 20%. The very small extracted value of the amphtude for
the non-exclusive background indicates, that the physical amplitude A3 (¢n=¢s)
is diluted due to the contribution of non-exclusive background events.

Further investigations on the amplitude Asm (¢n=0s) might improve the distinc-
tion between the different contributions in the final data sample. In particular,
the determination of the contributions of transversely polarized p° mesons, non-
exclusive background and coherently produced p° mesons could be subject of
future considerations. An improvement in the statistical error, however, would
require further measurements with a transversely polarized deuteron target, which
are presently not planned.

COMPASS recently started investigation on the nucleon spin structure with
a transversely olarlzed proton target. As soon as corresponding results for the
amplitude Asm on=25) are ready, the total angular momenta of quarks in the pro-
ton and the neutron will become accessible. In further steps, an upgrade of
the COMPASS apparatus will allow the measurement of deeply virtual Compton
scattering, a second promising process for accessing generalized parton distribu-
tion functions. With those results, the COMPASS collaboration will contribute
to an ever deeper understanding of contributions to the spin of the nucleon.
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A Table Of Kinematic Ranges and

Target Polarization Values

A.1 Kinematic Ranges

In the following the kinematic ranges for the extraction of the amplitude A

Sin(¢h 7¢S)

are presented. In particular, the ranges of the variables xp;, Q% pr, Emiss, Mor
and t" are listed below.
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< 0.368
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< 0.029
< 0.063
< 0.135
< 0.279

< 0.673
< 0.736
< 0.780
< 0.843
< 1.100
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A.2 Target Polarization Values

A full list of measured target cell polarization values can be found below. The
values used for the correction (cf. Eq. 5.10) of the extracted raw-asymmetry are
calculated as an event-weighted mean of these values.

Table A.1: Polarization values of upstream and downstream target cells for the data-
recording periods with a transverse target spin configuration. The values of the target
cell polarizations therein are percent values.

Periods Runs Polarization [%]

upstream downstream
P2B 21178-21207 —49.79 54.58
P2B 21333-21393 —47.79 47.40
P2B 21407-21495 —47.09 46.33
pP2C 21670-21765 52.50 —44.09
pP2C 21777-21878 50.36 —43.06
P2H 23490-23575 —49.83 52.11
P2H 23664-23839 47.45 —41.41
P1G 30772-31038 —49.70 52.78
P1H 31192-31247 49.39 —42.60
P1H 31277-31524 51.31 —44.63
W33 | 38991-39168 50.70 —43.52
W34 | 39283-39290 —44.80 45.97
W34 | 39325-39430 —38.60 40.35
W34 | 39480-39545 —46.14 47.41
W35 39548-39780 —46.44 47.44
W36 | 39850-39987 49.89 —42.76




B Numerical values for the

extracted amplitude A%nq(fh_%)

The values obtained in this analysis for the amplitude Ai}r%wh_qﬁs ) of the transverse-

target single-spin asymmetry in hard exclusive production of a p meson are de-
picted in Fig. (6.1-6.3). The corresponding numerical values are listed below.

Table B.1: Results for the amplitude A%%((bh*d)s ) of the transverse-target single-spin
asymmetry in ranges of the kinematic variables xg;, Q?, pr, —t', Emiss and M. In the
second and fifth column, the mean values for the kinematic variable in the specific bins

are listed. The third and the fourth (respectively sixth and seventh) column contains

the values for the amplitude A%I%(d)h_djs ) and the corresponding statistical errors.

#Bin | (zp;) | value | stat. error | (Q?) value | stat. error
1 0.0093 | 0.0342 0.0337 1.0693 | 0.0481 0.0350
2 0.0170 | 0.0027 0.0340 1.2477 | 0.0032 0.0343
3 0.0254 | -0.0423 0.0336 1.5187 | 0.0529 0.034
4 0.0358 | 0.0538 0.0359 2.0038 | -0.0267 0.0353
) 0.0676 | 0.0306 0.0401 3.9210 | -0.0005 0.0377

#Bin | (pr) value | stat. error || (Fus) | value | stat. error
1 0.1330 | -0.0148 0.0328 -1.5971 | 0.0824 0.0460
2 0.2075 | 0.0212 0.0323 -0.7096 | 0.0063 0.0426
3 0.3066 | 0.0356 0.0333 -0.0740 | 0.0184 0.0390
4 0.4478 | 0.0076 0.0341 0.6579 | -0.0680 0.0297
5 0.6186 | 0.0397 0.0502 1.7203 | 0.0663 0.0286

#Bin | (M) | value |stat. error | (—t’) | value | stat. error
1 0.5988 | 0.0527 0.0357 0.0189 | -0.0019 0.0327

2 0.7083 | -0.0026 0.0346 0.0442 | 0.0007 0.0340

3 0.7582 | 0.0018 0.0342 0.0943 | 0.0394 0.0329

4 0.8079 | 0.0131 0.0355 0.1959 | 0.0175 0.0354

5 0.9218 | 0.0185 0.0359 0.3879 | 0.0288 0.0437
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B.1 Result for A%rié%_%) in ranges of the energy

fraction y
The extraction of the amplitude A%I%(%_(bs ) of the transverse-target single-spin
asymmetry was additionally performed in ranges of the kinematic variable y.
Results for the full 2002-2004 statistics are depicted in Figure B.1 and the corre-
sponding numerical values are listed below.

sin(@ - )

uT

Figure B.1: Result for the amplitude of the transverse-target single-spin asymmetry

Sin(d’ L_¢ )
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#Bin | (y) value | stat. error
1 0.1455 | 0.0169 0.0246
2 0.2446 | 0.0081 0.0325
3 0.3461 | 0.0072 0.0430
4 0.4465 | 0.0172 0.0513
5) 0.6329 | 0.0503 0.0435

in ranges of the kinematic variable y.




C Calculation of cos(f)

For separating contributions of longitudinally and transversely polarized photons,
Monte Carlo simulations for the detector acceptance-function are needed. As dis-
cussed in Section 6.4, the angular distribution of the p” meson decay can be used
for the separation of the two contributions. Therefore, the distribution of the
invariant mass of the final hadronic state W (cos(#)) in dependence on cos(f) is
investigated. This appendix is dedicated to the derivation of a new method for
the calculation of cos(#).

Originally, the angle '’ was defined is by Schilling and Wolf [68] in the p° rest-
frame, as the angle between the direction of the positively charged decay pion
7t and the negative direction of the momentum vector of the recoiling target
particle. Accordingly, the four-momenta of the 7+ meson and of the final state
nucleon have to be boosted into the p® rest-frame. Therefore, the four-momentum
of the final state nucleon has to be reconstructed using four-momentum conser-
vation P' = P 4+ q — p, where in addition to the four-momenta P of the initial
state nucleon and ¢ of the virtual photon the four-momentum p of the p meson
is needed. The latter is not directly observable, but is also reconstructed using
the four-momenta of its decay particles.

In a more direct determination, cos(6) is calculated by using the momentum
vector of the p° in the yN-system (GNS). In this system, the momentum vectors
of the initial state nucleon and of the photon are co-linear, implying a co-linearity
of the momentum-vectors of the final state nucleon and of the p° meson.

Before using this method, a proof for equality of the negative direction of the
final state nucleon momentum vector in the p° rest-frame and the direction of the
momentum vector of the p meson in GNS is needed.

Proof. For simplicity the momentum vector of the p® meson in GNS is assumed
to be aligned in 2 direction.

PGNS = (EP,O,O,pZ) :’VOCMp . (1,0,0,&0) (Cl)
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and consequently

PéNS - (EP’a Oa 07 PZ) - (EP’7 07 07 _Pz>
= 7oC- (MP,0,0,—Mpﬁo) (CQ)

where 3y = |p.|/c and 75 = (1 — 32)"Y/2. The transformation into the p° rest-
frame is given by the matrix

Yo 0 0 =06
0 1 0 0
L= 0 01 0
%5 0 0 Yo

Applying this matrix to the four-momentum of the p° meson in the GNS its
four-momentum vector in the rest-frame is given by prr = (M,c,0,0,0), where
the subscript RE denotes the p meson rest-frame.

More interesting is the transformation of the final state nucleon momentum
vector

Phr=LP =~jc- (Mp+ M,3),0,0,—Bo(Mp + M,)) (C.3)

Comparing the momentum vectors in Equation (C.1) and (C.3)

pens = "ocM,-(0,0,0)
—P'rr = ~voe(Mp+ M,) - (0,0,3)

the equality of the corresponding normalized vectors is directly evident. Conse-
quently, the calculation of cos(6) is equivalent for both vectors

cos(d) = R - (~F)ar — TRF * GNS
#re| - | Pre|  |7rE|- [Pons]
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In equivalence to the extraction of the amplitude Asm(“b” ?5) of the transverse-

target single-spin asymmetry, another azimuthal amphtude was extracted from
the final data sample in the same ranges of the klnematic variables. For the

relation between the physical amplitude Ajn (@nt¢s=m) and the extracted raw-

asymmetry A3 f;;;dm ™ an additional diluting factor, the depolarization factor

Dnn(y) = (1 — y)/(l —y+14?/2) has to be taken into account, which is available
on an event-by-event basis. Hence, the azimuthal amplitude is calculated via:

) ASin(¢h+¢>s*ﬂ)
A51n(q$h+¢s—7r) o UT,raw (Dl)

vt ~ f-{(Pr)-(Dxn)

where (Dnn) is calculated as the event weighted mean in the specific kinematic
range. Results for this extraction are depicted in Figure D.1 and D.2.

Similar to the amplitude Asm (0n=05) the overall weighted mean value for the

amplitude is small and within the statistical error compatible with zero:
Ao tos=) — 0020 + 0.016(stat.) (D.2)

This is in good agreement with theoretical predictions, which anticipate the dis-
appearance of this amplitude.
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Figure D.1: Results for the amplitude A%I%‘(¢h+¢s ™ in certain ranges of the kinematic
variables xp; and Q2.
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Zusammenfassung

Nachdem lange Zeit vermutet wurde, der Spin des Nukleons ergebe sich als ein-
fache Summierung der Helizitaten seiner Konstituenten, stellte das EMC Expe-
riment in den 60er Jahre einen nur verschwindend geringen Beitrag dieser He-
lizitdten fest. Auch in folgenden, préziseren Messungen anderer Experimente
ergab sich, dass der Beitrag der Quark-Helizitaten nicht ausreicht, um den Spin
eines Nukleons vollstandig zu beschreiben.

Mit modernen storungstheoretischen Methoden gelange es Jaffe und Manohar
im Jahre 1992 eine Summenregel zu entwickeln, in der sich der Spin des Nukleons
aus Beitragen der Helizitaten der Quarks und Anti-Quarks AY, der Helizitaten
der Gluonen AG und deren Drehimpulse L, , zusammensetzt:

1 1

Bereits prazise bestimmt ist der Wert von AY und eine exakte Bestimmung von
AG ist Ziel laufender Experimente. Wie jedoch die verbleibenden Drehimpuls-
Beitrage zu bestimmen sind, war bislang vollig ungeklart.

Im Jahre 1996 entdeckte man, dass generalisierte Parton-Verteilungen, zur
Parametrisierung eines Nukleons in exklusiver tief-unelastischer Streuung verwen-
det werden konnen und dort vielfaltige, bislang ungeahnte Moglichkeiten eroffnen,
die Struktur der Nukleonen zu erforschen. Eine Schliisselrolle erhalt dabei eine
Summenregel, die im Jahre 1998 in einer theoretischen Arbeit von Ji entwickelt
wurde, in der die zweiten Momente der generalisierter Parton-Verteilungen £ und
H mit den totalen Drehimpulsen der Quarks im Nukleon verbunden sind.

Die exklusive Produktion von Mesonen, an einem beziiglich der Richtung des
unpolarisierten (U) Strahls transversal-polarisierten (T) Targets, ist von beson-
derem Interesse, da die in diesem Prozess auftretende azimuthalen Asymme-
trie Aur(¢n — ¢g) eine Extraktion der in Ji’'s Summenregel auftretenden gen-
eralisierten Parton-Verteilung F ermoglicht, die anderweitig nur schwer experi-
mentell zugénglich ist. Die auftretenden Winkel ¢, und ¢g bezeichnen dabei die
azimuthalen Winkel der Meson-Produktionsebene und des Target-Spin-Vektors
beziiglich der Streuebene der Leptonen.

Ziel dieser Arbeit war die Extraktion der Amplitude A%I}wr%) oben genan-
nter Asymmetrie, in der exklusiven tief-unelastischen Produktion eines p°-Mesons
an einem transversal-polarisierten Deuteron-Target. Dabei sei die erstmalige
Bestimmung dieser physikalischen Grosse betont, die durch Daten des COM-
PASS Experiments am CERN ermoglicht wurde, dem momentan weltweit einzi-



gen Experiment in dem die tief-unelastische Produktion von Mesonen an einem
transversal-polarisierten Deuteron-Target untersucht werden kann.

Exklusive p°-Meson Ereignisse wurden mittels eigens zu diesem Zweck geschrie-
benen Software selektiert und mit einem auf der Double-Ratio Methode basieren-
Sin((z)h_

den Algorithmus konnte die Amplitude Ay ?s) der Asymmetrie Ayr(on — ds)
extrahiert werden, deren Wert sich auf

ATO=98) — 0.016 4 0.016(stat.)

belauft und somit im Rahmen des statistischen Fehlers vertraglich ist mit Null.
Dieses Ergebnis betont die Notwendigkeit der Extraktion dieser physikalischen
Grosse in unterschiedlichen kinematischen Bereichen, da einerseits die Giiltigkeit
theoretische Modelle zur Extraktion totaler Drehimpulse der Quarks im Nu-
kleon aus diesen Ergebnissen begrenzt ist auf bestimmte kinematische Bereiche.
Andererseits ergeben sich in unterschiedlichen kinematischen Breichen, unter-
schiedliche Sensitivitdaten der Amplitude auf spezielle Beitridge. So ist beispiels-
weise der Bereich hoherer Virtualitat des wechselwirkungs-iiebertragenden Pho-
tons im hoheren Mafle sensitiv auf die Produktion eines p’-Mesons, ausgelost
durch ein longitudinal-polarisiertes Photon. Die Photon-Polarisation ist dabei
essentiell, da eine Beschreibung des Nukleons unter Verwendung von general-
isierten Parton-Verteilungen nur fiir longitudinal-polarisierte Photonen giiltig ist.

Diese erste Extraktion von Af}r%((br%) bietet Raum fiur weiterfuhrende Stu-

dien, deren Hauptmerkmale darin bestehen konnten, vorhandene Beimischungen
von nicht-exklusivem Untergrund zu bestimmen, dessen Beitrag grob zu etwa
20% abgeschatzt wurde. Zudem enthélten der ausgewéhlten Daten-Satz Beitrage
von Ereignissen in denen Mesonen unter Austausch transversal-polarisierter Pho-
tonen produziert wurden. Einen dritten Beitrag stellen sogenannte koharent-
produzierten p’-Mesonen dar, bei deren Produktion das Target-Deuteron nach
dem Streuprozess intakt bleibt und somit eine Parameterizierung eines individu-
ellen Nukleons, d.h. des Protons oder Neutrons, im Deuteron nicht moglich ist.

Seit Mitte diesen Jahres verwendet das COMPASS Experiment ein transversal-
polarisiertes Proton Target. Aus diesen Messungen ist wiederum die Extraktion
der Amplitude A%Ir}(d)hﬂbs ) moglich. Zudem konnen diese Ergebnisse in Kombi-
nation mit den vorliegenden Ergebnissen verwendet werden, um Informationen
iiber die Struktur des Neutrons zu erlangen. In fernerer Zukunft wird eine Erwei-
terung des experimentellen Aufbaus die Messung der tief-unelastischen Compton
Streuung erlauben, einem weiteren experimentellen Zugangs zu generalisierten
Parton Verteilungen. COMPASS tragt somit bei, das fehlende Wissen iiber die
Beitragen zum Spin des Nukleons immer weiter zu vervollstandigen.
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