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Chapter 1

Introduction

The main goal of high-energy physics is to investigate the fundamental structure of matter
and the interactions between its constituents. Most of what is known today about the
structure of matter has been revealed by scattering experiments. By its means it was
discovered that the atom has a compact nucleus, later this nucleus was found to have
substructure itself, comprised of nucleons, namely the proton and the neutron.

Inelastic electron-proton scattering has shown that the nucleon is not point-like, but
consists of charged constituents, first called partons. Hadron production in e™e™ scattering
has confirmed the expectation of the fractional charge of the partons and has revealed
the existence of gluons, the mediator particles of the strong interaction. This led to a
generalisation of the term parton to be a synonym for quarks and gluons. Deep-inelastic
lepton-proton scattering in the 1980s and 1990s has then validated the existence of the
gluon and has shown that the nucleon’s momentum is more or less equally divided among
the quarks and the gluons. Growing experimental evidence for the existence of the nucleon’s
charged constituents eventually led to their identification with the quarks postulated by
Gell-Mann and Zweig for the purpose of explaining symmetries in hadron spectroscopy.
The unpolarised nucleon structure is by now known to high precision, whereas there remain
open questions in the domain of their spin structure.

It is known since the 1920s that the nucleons carry half integer spin and therefore
belong to the family of fermions. This means that they obey the Pauli exclusion principle,
resulting in the wealth of hadronic structure known to us as opposed to an exclusively
populated single hadronic ground state. However, it is not known how this spin comes
about in terms of the nucleon’s constituents. Possible contributions to the nucleon spin
are the spin contributions as well as the orbital angular momenta of the constituent quarks
and gluons.

The naive expectation, that the spin is carried by the quarks was proven not to be
correct by a measurement of the European Muon Collaboration (EMC). This measurement
showed that the contribution of the quarks to the spin of the nucleon may even be consistent
with zero. A lot of activity on the experimental as well as on the theoretical side was
triggered by this surprising result. Experiments at SLAC, DESY and CERN have since
then measured the quark contribution to be about 30 %.
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The aim of a new generation of experiments is now to answer the question of how the
remaining fraction can be accounted for. COMPASS |[1] is a fixed target experiment at
CERN, aiming mainly at the measurement of the gluon polarisation AG/G by isolating
events originating in photon-gluon fusion. The tool of deep inelastic scattering (DIS)
is introduced in Chapter 2 of this thesis along with the theoretical background for the
extraction of information on the spin structure of the nucleon. The different approaches to
measure the gluon helicity contribution will be summarised, showing that the photon-gluon
fusion process is a valuable tool.

The photon-gluon fusion process can be tagged by detecting the decay products of
charmed mesons (open charm). For this purpose the COMPASS spectrometer has been set
up, featuring the necessary large kinematic acceptance as well as the capability to stand the
high rates that are mandatory to a precision measurement. The polarised beam and target
as well as the spectrometer are described in Chapter 3. Since the open charm approach is
statistically limited, one is especially interested in a highly efficient reconstruction. This
motivated detailed studies of the beam reconstruction, leading to major improvements in
the reconstruction efficiency as part of this work. The efforts made will be summarised in
Chapter 4.

Due to multiple scattering in the solid-state target and the absence of vertex detectors,
the charmed meson has to be identified via its invariant mass. One is thus interested in an
excellent mass resolution and a supression of the background in order not to accumulate
too much background in the mass window analysed. The reconstruction of the charmed
mesons has been optimised in view of these points and is covered in Chapter 5. Having
a sample of D mesons at hand, the gluon polarisation can be extracted. The necessary
ingredients and methods are introduced in Chapter 6. Chapter 7 eventually shows the
results of the analysis and an interpretation in the context of already available information
on the gluon helicity is given.



Chapter 2

Theoretical Motivation

The spin of a nucleon can be decomposed in the following way [2]

1 SN 1

—=——=-AY4+AG+L,+L 2.1

) h ) + + q + g ( )
where AY. and AG are the spin contributions carried by the quarks and the gluons, and
Lg(g) is the contribution of the orbital angular momentum of the quarks (gluons) to the
nucleon spin. The quark spin contribution AY is given by

AY = Au+ A+ Ad + Ad + As + A5, (2.2)

where Aq (A7) is the spin contribution of a (anti)quark ¢ (g). A simple model of the
nucleon, which takes into account relativistic effects, gives rise to the expectation that
the quark contribution amounts to AX ~ 0.75 [3|. However, the result from a number of
fixed-target experiments, such as SMC at CERN, E-143 at SLAC and HERMES at DESY,
is a value for AY of 0.347 + 0.24 £ 0.006 [4]. It remains to be shown what the reason for
the unexpected discrepancy between the expectation for AY and the measurement is and
what the contribution of the gluons and the contributions of the angular momenta to the
spin-sum rule (2.1) are.

This chapter introduces the deep inelastic scattering (DIS) as one of the main tools
to investigate the nucleon spin and gives an impression of how structure functions are
measured. Means to extract information on AY and AG from the currently available data
are shown and finally the possibilities of a direct measurement of AG are discussed. Part
of this chapter is adapted from [5].

2.1 Deep Inelastic Scattering

2.1.1 Deep Inelastic Scattering Kinematics

In deep inelastic lepton-nucleon scattering (DIS) a point-like lepton interacts with a nucleon
via the exchange of a virtual boson. In the kinematic range covered by the COMPASS
experiment one can safely assume an electromagnetic interaction, where the place of the

3
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mediator is taken by a virtual photon. Fig. 2.1 shows a schematic view of this process,
where k, k’ and P are the four-momenta* of the incoming lepton, the scattered lepton and
the target nucleon, the latter being at rest in a fixed-target experiment (P = (M, 0,0,0)).
The four-momenta of the incoming and the scattered lepton are given by k = (E,p)
and k' = (E',p”’). SN and S; are the polarisation vectors of the nucleon and the lepton,
respectively. Observables in this reaction are the energies of the incoming and the scattered

K

K, S

P, 3y

Figure 2.1: Schematic view of the deep inelastic scattering process.

lepton, E and E’, and its scattering angle 6. From these observables the following Lorentz

invariant variables can be constructed [6]:

—¢¢ = Q*=-(k-k)

‘ab —2(mi — EE' + pp' cos ),
P.q 2 Mv=ME-E),
Pk 2 ME

The fractional energy transfer from the lepton to the nucleon is given by

_ Pquw
Y7 Pk

)

& =

*Four-vectors will be denoted in bold face, three-vectors as a

(2.6)



2.1. DEEP INELASTIC SCATTERING )

and the Bjorken scaling variablel is defined by

Q2 lib Q2
2P - q 2Mv’

2.7)

2.1.2 Cross Sections and Structure Functions

The Born cross section for inclusive! deep inelastic lepton-nucleon scattering can be ex-
pressed as a product of a leptonic tensor L, and a hadronic tensor W, [6],
d*o o FE uw
dQdE ~ MQ* 7 LW (28)

where « is the electromagnetic fine-structure constant and €2 is the solid angle in which the
lepton is detected. The leptonic tensor involves the upper part of the schematic in Fig. 2.1
and is calculable in QED, while the hadronic tensor contains the complicated structure of
the nucleon, symbolised in the schematic view by the grey circle. To explore this structure
is the purpose of the COMPASS experiment along with other experiments, e.g. at DESY,
SLAC, CERN and other laboratories.

Both tensors can be decomposed in a polarisation-independent symmetric part and a
polarisation-dependent antisymmetric part with respect to p < v,

LwSLkK) = L& X)+iLE) (S, kK), (2.9)
W (Sn.Poa) = WE(P.q)+iW () (Sn, P,aq). (2.10)

A contraction of the tensors thus yields only terms independent of the involved polarisation
vectors Sy and Sy and terms depending on both of them.

The two parts of the hadronic tensor can be parametrised in terms of four structure
functions, which contain the information about the structure of the nucleon. The sym-
metric part depends on the dimensionless, unpolarised structure functions F(x, Q?) and
Fy(z,Q?), whereas the antisymmetric polarisation-dependent part involves the polarised
structure functions gy (x, @?) and go(x, @?). The unpolarised structure functions F} and
F2d for the proton and the deuteron have been measured by several experiments and are
well known. A compilation of the data is plotted in Fig. 2.2, showing that the structure
functions have been measured over a wide kinematic range.

Eventually the differential cross section can be given as a sum of polarisation-dependent
and polarisation-independent terms [13],

Ao d*z dQAU” d?Ac |

JdE ~ dodE sV gage ~ MY eaEr

involving the lepton helicity h;. In this formalism the polarisation vector of the target
nucleon Sy has a polar angle ¢ with respect to the initial lepton direction (cf. Fig. 2.3),
the two vectors defining the spin plane. The scattered lepton is detected under an azimuthal
angle ¢ relative to this spin plane, defining the scattering plane. The term involving & in

(2.11)

fThroughout this work the Bjgrken scaling variable and the fractional energy will be denoted with =
and y, respectively, whereas the spatial coordinates are given as x and y.
In inclusive measurements only the scattered lepton is detected.
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Figure 2.2: The proton and the deuteron structure functions F¥ and F¥ as measured in deep inelastic
scattering of positrons (ZEUS [7], H1 [8]), electrons (SLAC [9]) and muons (BCDMS [10], E665 [11],
NMC [12]) on proton and deuteron, respectively. FY and F§ are shown as functions of Q2 for constant
values of z and for the purpose of plotting, a constant c(x) has been added.
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Soin Plane

Scattering Plane

Figure 2.3: Kinematics of polarised lepton scattering from a fixed polarised target.

Eq. (2.11) is polarisation independent and is given by the expression

90— 2 2 2 2
d“o i 4o B <2F1(CU,Q ) Sin2€ Mcosz g> . (212)

dQdE  Q* M 2T T
The two polarisation dependent terms containing Ao and Ao refer to the experimentally
interesting configurations where the nucleon spin is (anti)parallel (¢ = 0,7) or orthogonal
(vp = £7/2) to the lepton spin. In the following the lepton spin will be symbolised using
<, whereas for the nucleon spin < will be used. Aoy denotes the difference between the
cross sections for parallel (<) and antiparallel (=) spin orientations, whereas Ao is the
difference between the cross sections for the configurations where the target spin points
upward (<) and downward («{}). The corresponding differential expressions are the
following [13, 14]:

d2A 200 = S
o - Hem —o7) (2.13)
dQdE! dQdE’
4a” Q% miy. Q%
= QQMI/ ' (1 - 591(%,@2) 412 - QHQ ) - 2,2 92( an) )
d?Ao | (0¥ — oM
R — 2.14
I0dE’ I0dE’ (2.14)
o2 [ @y @ 2m
= _COS¢Q2MZ/ ! ﬁ - V—Qy - 4y % 1+ Q—éuy gl(x>Q2)+92(x>Q2)
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Since the term containing go in Eq. (2.13) is kinematically suppressed, the corresponding
longitudinal polarisation constellation is best suited for a determination of g, whereas
having a measurement of ¢g; at hand, gs can be determined using the orthogonal polarisation
constellation.

2.1.3 Cross Section Asymmetries

The spin-dependent parts of the cross sections appear as contributions on top of the spin-
independent part. Spin-dependent effects can thus be determined from differences of cross
sections, which, however, are sensitive even to small changes in the experimental setup.
One therefore studies cross section asymmetries, where these systematic effects largely
cancel. The photon-nucleon asymmetries A; and As are given by [15]

L 9 g e (2.15)
Ly A TR |
201 _ 91t g

Az (2.16)

PR
where

g \/@ =,
The cross sections o/2 (03/2) are the photon-nucleon absorption cross sections for trans-
versely® polarised virtual photons with a total photon-nucleon angular momentum com-
ponent along the direction of the photon momentum of 1/2 (3/2). o' is the interference
cross section between the transverse and the longitudinal polarisation components of the
virtual photon.
The asymmetries A1 and As are related to the experimentally accessible lepton-nucleon
asymmetries A and A;, which are given by

_2Mz _ V@ (2.17)

S =
A4 = =% and (2.18)
o7 +0%
oV — gt
A = ——— 2.1
1 O'HU + O'Hﬂ ( 9)
via
A” = D(Al + 77A2) and (2.20)
Al = d(Ay—EA4). (2.21)

In these expressions the virtual photon depolarisation factor D and the kinematic factors
d, n and £ are given by
_ (1 +7°y/2)(2 —y) — 29°m}/ Q7] (2.22)
y?(L=2m5/Q%)(L+7%) +2(1+ R)(1 —y — 2y?/4)’ '

§The term “transversely” refers to the orientation of the polarisation vector of the photon field relative
to the direction of motion. The photon helicity, on the other hand, is £1, which corresponds to right- and
left-circular polarisation.
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_ 1—y—~%y2/4(14+~%y/2)
¢ = (1—y/2)(1 +~+2y/2) — mez/QzD’ (2.23)
. W(l—y_72y2/4_y2mi/Q2)
T WUy - y/2) - P2 QP and (2.24)
(1 —y/2 —y’m; /Q?)
14+~2y/2 ’

(2.25)

where R is the ratio of longitudinal and transverse photo-absorption cross sections, R =
op/or.

For a measurement of g; or go one in principle needs to determine both asymmetries
A” and A, . For further discussion it is useful to express g; and g in terms of A” and As:

g = (A + (v —n) Az (2.26)
1++42\ D
_ Fi A|| 1
g = H,ﬁ( D)) (2.27)

The photon-nucleon asymmetries obey the positivity relations |A;| < 1 and |A3| < VR [16].
Taking advantage of the latter bound and the fact that the terms with A of Egs. (2.20)
and (2.26) are suppressed by small kinematic factors, one can neglect the contribution of
Ay and gets for these expressions

A
A =~ 5” and (2.28)
R4
~ 2.29
91 112D ( )

The formalism introduced so far covers the scattering from spin—% targets. Generalis-
ing it to spin-1 targets like the deuteron introduces a new structure function, commonly
denoted by b;. This new structure function has recently been measured and was found to
be different from zero but small [17]. In the case of the COMPASS solid-state target its
influence is in addition strongly suppressed by the small tensor polarisationY and can thus
be neglected. Under this assumption the photon-deuteron asymmetry is given by [15]

(2.30)

implying that the lepton-deuteron asymmetry is determined, as in the spin—% case, by

A= (2.31)

o~ +0<

TThe tensor polarisation is given by 7' = 1/2(1 — 3po), where po is the relative population of the state
with spin projection equal to zero.
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Figure 2.4: Left: A compilation of data on the polarised proton structure function gi(x, Q?) for various
fixed values of x [18]. Right: The polarised structure function zg;(z) of the proton, deuteron and neutron
as measured in deep inelastic scattering of polarised electrons/positrons (E142 [19], E143 [20], E154 [21],
E155 [22], HERMES [23]) and muons (EMC [24], SMC [25]), shown at the measured Q* (except for EMC
data given at Q2 = 10.7 (GeV/c)? and E155 data given at Q* = 5 (GeV/c)?).

Fig. 2.4 presents a compilation of data on the structure function g;. The plot on the
left shows the structure function for the proton g} as a function of Q? for various fixed z.
Compared to the unpolarised case the kinematic range in which information is available
is less extensive. This is due to the fact that the data have exclusively been collected by
fixed-target experiments. The other plots show zg; for the proton, deuteron and neutron
as functions of x, based on the world data up to 2004. The result of a recent measurement
of g by COMPASS [26] is plotted in Fig. 2.5 and shows the capability of the experiment
to contribute significantly especially in the region of small x.

2.2 Quark Parton Model

The Quark Parton Model (QPM) allows an interpretation of the structure functions of
the nucleon in terms of the nucleon’s constituents. This section is devoted to the “leading
order” (LO) QPM, in which only quarks take part, the QCD-improved “next-to-leading
order” (NLO) version of the model also takes into account gluon radiation by the quarks
and is covered in Sec. 2.3.1.

In the “LO” Quark Parton Model [27] the nucleon is described as an ensemble of point-
like, massless, spin-5 L particles called quarks, which can be assumed as free particles when
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Figure 2.5: The plot shows the result for ¢¢ as measured by COMPASS, compared to the values obtained
by SMC [25]. The COMPASS points are shown at the measured Q?. The SMC points are evolved to
the Q2 of the corresponding COMPASS points and shifted in z for clarity. The upper and lower error
bands show the systematic errors for the COMPASS and SMC points, respectively. The error bars give
the statistical error and show that the COMPASS measurement improves our knowledge of this structure
function especially at small x.

probed in the Bjgrken limit (v, Q*— oo, fixed x). Under these conditions deep inelastic
lepton-nucleon scattering can be interpreted as elastic scattering from quarks and the
structure functions can be conveniently expressed in terms of quark distribution functions.
The model is formulated in the infinite momentum frame, in which the nucleon moves with
infinite momentum, allowing to neglect the rest masses as well as the transverse momentum
components of the quarks. In this frame the scaling variable x can be identified with the
fraction of nucleon momentum carried by the quark which has been struck by the virtual
photon.

An important implication of the QPM is the Bjgrken-scaling of the structure functions,
i.e. the phenomenon that in the Bjorken limit, where Q2 and v go to infinity, leaving x
fixed, F;(x, Q%) become functions of = only [28]:

Frao(e, Q%) 5% Fyy(a). (2.32)

Only a relatively small dependence of the structure functions on Q? was experimentally
observed in experiments at SLAC in the early 1970s. This was one of the motivations for
the QPM. Another important implication is the Callan-Gross relation [29]

Fy(z) = 2z Fy (2), (2.33)

a consequence of the assumption that the massless quarks carry spin 1/2. Also this was
experimentally confirmed.
The unpolarised structure functions are given as a sum over all quark flavours f [30]:

F() = 53 da) (2.34)
f
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Py(x) = x) efqrla), (2.35)
f

where ey is the charge of the quark of given flavour f and gs(x) is the probability to find
a quark of flavour f and fractional momentum .

The polarised structure function g; can also be conveniently interpreted in the QPM.
Fig. 2.6 shows a schematic view of polarised photon-quark scattering in the infinite mo-
mentum frame. In order to conserve helicity, the polarised photon will have to flip the

nucleon

o, ~ q()

nucleon

Figure 2.6: A schematic view of polarised DIS in the infinite momentum frame. As dictated by helicity
conservation, the polarised photon hits a quark with spin anti-parallel (top) or parallel (bottom) to the
nucleon spin, depending on the orientation of the target spin.

spin of the quark in the collision. This requirement allows the photon to couple only to
such quarks whose spin is aligned anti-parallel to the photon spin. Therefore the photon-
nucleon absorption cross section o'/2 (¢3/2) is proportional to 3 7 e;q+ (>f e;q_), where
¢T (=) is the probability of finding a quark with flavour f and spin aligned parallel (anti-
parallel) to the nucleon spin. These probabilities are correlated with the unpolarised quark
distributions ¢y via gf(x) = q;f(:c) + ¢ (z). The polarised structure function g is given

by [30] .

g1(x) = 3 Z ?Aq]c(x), (2.36)
f
where the polarised quark distribution is given by
Agp(x) = q;{(x) —qy (2). (2.37)

The structure function go does not have an interpretation in the QPM.

Up to now the theoretical models are not capable of making predictions for g;(z).
However, theoretical predictions have been made for the first moment of g;(x), explaining
its importance. The first moment is defined as

T, = /0 (). (2.38)
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For the first moment one thus gets for the proton

1/4 1 1
I"=-(-=-A —Ad+ =A 2.
1 2(9 utgadty 8)’ (2.39)
where Aqy = fol dzAqs(x). The expression for the neutron is obtained by Au < Ad
assuming isospin symmetry.

2.2.1 Operator Product Expansion

The operator product expansion (OPE) is an alternative approach to the QPM and gives
the possibility to derive sum rules for the structure functions directly from QCD and
thus in a model independent way. It relates the first moment of ¢;(z) (Eq. (2.38)) to a
product of perturbatively calculable coefficient functions and the proton matrix element
ar = S, (P, S]ngfu\P, S) of the axial-vector currents for a proton with four-momentum P
and covariant polarisation vector S. The currents are given in terms of the generators of
Ak of flavour SU(3), as [31]

A
b, = 05 v mal, (2.40)

where \g = 1 and ¢ = (¥4, %4, ¥s). Assuming free quark fields and considering only the
lightest three quark flavours, the relations simplify and OPE gives for the proton (neutron)

1 1

n 1
Ffl)( ) = 5@0 + E (:l:ag + ﬁ(]@) . (24:].)

The matrix elements a; can be decomposed in terms of contributions from different flavours
as

ap = ay+ a4+ as,

a3 = ay,—ag and (2.42)
1

ag = —(ay+ aq— 2ay).

V3

Assuming isospin symmetry, the matrix element ag is equal to the ratio |ga/gv| of the
axial vector and vector coupling constants, which are known from neutron decay [6]. This
gives rise to the Bjorken sum rule [32]

1

P n__ -
Iy

_n_ 1194
176

| (2.43)

This prediction can be used to test the theory when data on both nucleons are at hand.
The Bjorken sum rule has been confirmed by various experiments, such as SMC, E143 and
HERMES.

If SU(3); flavour symmetry is assumed, the elements a3 and ag can be expressed in
terms of coupling constants F' and D, as [33]

JAl_F+D  and  ag=3F—D. (2.44)

gv

az —
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With this assumption ag can be determined from a measurement of Frf(n) using Eq. (2.41),
since the coupling constants F' and D can be experimentally obtained from neutron and
hyperon (-decays.

In the LO QPM, where a4 (¢ € {u,d, s}) can be identified with the first moment Aqy, ag
is the spin contribution of the quarks: ap = AX and Eq. (2.39) is equal to Eq. (2.41) [33].
Applying the above mentioned assumptions, one can in this picture deduce the quark
contribution to the nucleon spin, namely AY, from a measurement of the first moment
of gi(z). This is how the well known result of the EMC, AY = 0.12 £ 0.09 [24]| was
obtained, which, however, is very different from the naive expectation and gave rise to
more sophisticated theoretical tools that will be sketched in the following sections.

2.3 The Gluon in the Nucleon

2.3.1 QCD improved Parton Model

As shown in Fig. 2.2 and Fig. 2.4, the prediction of scale invariance of the structure
functions is only approximately fulfilled. The dependence of the structure functions on Q?
for a fixed z is explained in Quantum Chromodynamics (QCD) by the interaction of quarks
via gluons, leading to a cloud of gluons and a sea of quark-antiquark pairs surrounding
each quark [34]. This cloud is resolved better with increasing Q2. A quark at a given scale
could thus at a different scale appear as a quark and a gluon which it just has emitted.
This leads to a Q2 dependence of the parton distributions Aq(x, @?) and thus to the scale
dependence of the structure functions.

The evolution of the parton-distribution functions with Q2 is described by the Dokshit-
zer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) equations [35-37|, given here for the singlet
and non-singlet combinations of the polarised quark distributions AY and A¢N® as well as
the polarised gluon distribution AG

2
A @) = MTIARYS 0 A .02 (2.45)
d AX(z,Q?) _as (AP 2ngAPS AX(z, Q?)
dnQ? ( AG(z, Q?) ) = o ( APS  APS” ) ® ( AG(z (?) ) (2.46)
where
nf
AR(2,Q%) = D (Ag(z, Q%) + Agi(z, Q%)) (2.47)
=1
ny 2
A (,Q%) = ) ((ZZ§> —1) (Agi(z, Q%) + AG;(z, Q%)). (2.48)
=1

with the number of active quark flavours denoted by ny and the mean quadratic charge

given by
1
() =—=—> e} (2.49)
nf 7
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The convolution is defined by

1 /

dx x
(a®b)(z) = / 0 (Z) ). (2.50)
e T x
The DGLAP equations involve the so-called splitting functions AP;; = P+ — P+,
where P, 4+ (x/x' )l gives the probability that a parton j with positive helicity and momen-
tum 2'P radiates another parton i with negative helicity and momentum xP (cf. Fig. 2.7).

q(x 9(x) a(x 9(x)
a(x’) a(x’) Q g9(x’) w
qu qu qu ng

Figure 2.7: Schematic view of the processes related to the splitting functions, which enter the DGLAP
equations. For simplicity the helicities have been omitted.

An advantage of the grouping of the parton distributions in singlet and non-singlet
combinations is that the non-singlet version evolves independently of the gluon distribution
as opposed to the individual parton densities. Given a parton density at a specific scale
Q% one can transform this function to a different scale Q? using these DGLAP equations.
However, this knowledge on the shape at Qg is mandatory. The DGLAP formalism by
itself is not sufficient to deduce the shape of the distribution.

Taking into account QCD effects leads to corrections in the expressions for the struc-
ture functions and consequently in the expressions for the first moments of g; and the
corresponding sum rules. The polarised structure function g; is then given by [34]

905,07 = SO Q%) © AT, Q7) 2:51)
+ CJ(x,Q%) ® AS(x, Q%) + 2nsCy(x, Q%) ® AG(z, Q*)}.

The coefficient functions C}I\IS, C’s and C, as well as the splitting functions P;; of the
DGLAP formalism can be expanded in a power series in the strong coupling constant .
The leading order of the expansion of the coefficient functions recovers the “LO” QPM
described in Sec. 2.2.

Due to the non-abelian character of QCD the strong coupling constant is a decreasing
function of Q2. For small Q? the coupling constant is of the order of one and a perturba-
tive treatment is not possible. This regime is called soft. For the hard regime of large Q?,
however, the coupling constant decreases making perturbative calculations possible. The

IThe splitting function AP(z) is then obtained by integrating over all possible initial fractions z’.
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structure of Eq. (2.51) reflects the principle of factorisation. The perturbatively calculable
hard part of the interaction namely the photon-parton scattering is presented by the co-
efficient functions CY, whereas the soft part, i.e. the structure of the nucleon, is absorbed
in the parton distributions. However, the way of separating these two parts is ambiguous,
leading to different so-called factorisation schemes and scales, where the latter refers to the
scale at which the separation takes place. This ambiguity enters at next-to-leading order
and makes the interpretation of experimental results difficult as we shall see. One should
stress that the g structure function as a physical observable does not depend on the choice
of factorisation scheme.

Two prominent factorisation schemes are the Modified Minimal Subtraction scheme
(MS) and the Adler-Bardeen scheme (AB). The following discussion of these schemes is
simplified when one considers the first moment of g;, since in this case the convolution
is turned into a simple product of the first moments of coefficient functions and parton
densities

1

Q%) = 3

(€) {CTQMHA(Q%) + CF(QHAZ(Q?) + 2npCy(QP)AG(QY) } . (252)

The two schemes differ in how they treat certain soft contributions. In the MS scheme
these contributions reside in the coefficient function, whereas in the AB scheme they are
absorbed in the parton distributions [38]. As a consequence, the first moment of Cy(z, Q?)
vanishes in the MS scheme up to next-to-next-to-leading order (NNLO) and therefore the
first moment of g; decouples from the gluon distribution AG. In contrast to this, the first
moment of Cy(z,Q?) does not vanish in the AB scheme, leading to a direct contribution
of AG(Q?) to g1 and T'y. This results in the following relation

nyos(Q?)

MS /2y _ AB
AYP(Q) =AY o

AG(Q?). (2.53)
The fact that AXAP is independent of Q2 is conserved to all orders in c due to the Adler-

Bardeen theorem [39], which states that the gluon anomaly covered in the next section
does not receive higher order corrections.

2.3.2 Anomalous Gluon Contribution

The previous section showed how the QPM can be expanded to accommodate the scaling
violation, so this section is devoted to bringing the OPE to an equivalent level of sophis-
tication. In Chapter 2.2 it was mentioned that the OPE relates the first moment of g; to
a product of perturbatively calculable coefficient functions and the proton matrix element
ay, of the axial-vector currents. If an interaction among the partons is allowed, i.e. the
assumption of free quark fields is dropped, OPE yields [40]

I = Saa(@O%(@) + 5 (0 + 0s) @) (254
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where the coefficient functions C*(Q?) can be expanded in a power series in ;s and the LO
recovers Eq. (2.41). In this picture the Bjorken sum rule now reads [40]

11ga
ey = |94
1 1 6

CoNS, (2.55)
av

Whether the matrix element a;, is a function of Q? depends on whether the corre-
sponding current is conserved. The currents ‘]53u and J58M are conserved to the extent that
SU(2)s and SU(3); are exact symmetries*™. In contrast to that OMJQM # 0 even in the
limit my — 0. This is called the axial anomaly and was rediscovered in the analogy to an
anomaly in QED [41] in the aftermath of the first measurement of I'; by the EMC. The
matrix element of Jf?u is modified in the following way

2
ap(Q?) = ai° — %@)AG(Q%, (2.56)
i
where af© corresponds to the matrix element in Eq. (2.41), i.e. to AY in the LO QPM.
Even though the anomalous gluon contribution may look like an ordinary correction, which
decreases like oy with rising Q?, it does not vanish in the limit Q% — oo:

dos(Q*)AG(Q?)
dln Q2

Eqns. (2.56) and (2.53) show that what is measured in a polarised DIS experiment, namely
ao(Q?), cannot easily be interpreted due to the scheme dependence. In the two schemes
mentioned in Chapter 2.3.1 we get for the spin contribution of the quarks

ATMI(@Q?) = ao(Q?) (2.58)
npos(Q?)
27
This means that in the AB scheme the unexpected smallness of the measured value can
be explained by a reduction due to the anomalous gluon contribution, which has to be
added back to arrive at the quark contribution. This, however, has to be confirmed by a

measurement of AG.
The discussion above has shown that the spin-sum rule (Eq. (2.1)) is more subtle, i.e
the contributions are in general scheme and scale dependent

1 1.4 S s S
5 = ANNQY) + AGHQ) + LJ(Q) + L{ (@), (2.60)

where fs denotes a chosen factorisation scheme.

The conclusion is that in order to further pin down the contributions to the nucleon
spin, a measurement of the polarised gluon distribution AG is mandatory. It is needed on
the one hand to fix the gluon contribution to the spin-sum rule and on the other to be able
to extract the quark contribution from the g; measurement in the case of the AB scheme.
The next sections will discuss how such a measurement of AG can be done.

=0+ 0(2(Q?)). (2.57)

AYAB = 4(Q%) + AG(Q?). (2.59)

**The fact that these symmetries are slightly broken due to the different quark masses leads to a partial
conservation of the currents and thus to a small scale dependence of as and as. This dependence, however,
can be neglected [33].
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2.4 QCD Analysis of ¢;

The knowledge of how the parton distributions evolve with Q2 provides a handle to extract
them from a measurement of the structure function in the z-Q? plane. The Q? dependence
of the structure functions in particular makes this approach sensitive to the gluon distribu-
tion. The basis of the analysis are the DGLAP equations and thus the splitting functions
up to a given order. In addition to that there is the ansatz for the structure functions,
e.g. g1(w, Q%) given in Eq. (2.51), for which one needs the coefficient functions also cal-
culated up to a given order. This, however, implies a choice of a factorisation scheme.
Currently the splitting and coefficient functions for the polarised case are available up to
NLO [42,43].

The starting point of the analysis is a parametrisation of the parton densities, namely
AY, A¢NS and AG, at a given scale Q2. The parametrisation is then evolved to the @Q?
of the g; measurement and the parameters are optimised such that the following x? is
minimised:

2 [g%alc (.%', QQ) - g?ata('% QQ)]Q

X = Z [59?“3(:6,622)]2 ’ (2-61)

i

where the sum runs over the experimental data points g{®? with a statistical error Jg{at2

and ¢§¥¢ is computed from the parametrisation. The analysis crucially depends on how
extensively the structure function has been measured in the mentioned kinematic plane.
In the unpolarised case (cf. Fig. 2.2) the coverage in this plane and the statistical accuracy
are excellent and as a consequence the parton densities can be determined rather well.
The situation is different in the polarised case, where the data sample has not yet reached
the same kinematic extent (cf. Fig. 2.4) due to the fact that it exclusively comes from
fixed target experiments. As can be concluded from Fig. 2.8 the singlet and non-singlet
distributions AY and A¢NS are well determined. The gluon distribution AG, however, is

hardly constrained at all with an error of 50-100 %.

The QCD analysis of g1(z,Q?) is a powerful tool to extract the parton densities, but
suffers from the limited kinematic coverage of the polarised data, very much in contrast
to the unpolarised case. In addition there is the handicap that there is no equivalent to
the momentum sum rule for the polarised quantities, which certainly helps to constrain
the distribution in the unpolarised analysis due to the fact that it links the NLO-quantity
G(z,Q?) to the directly probed LO-quantity Y(z, Q?):

1= /01 X (x, Q%)dxr + /01 Gz, Q%)dx. (2.62)

It is therefore necessary to have a direct measurement of AG using a process where the
gluon is probed directly. The possibilities at hand for such a measurement are introduced
in the next section.
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Figure 2.8: The polarised parton distributions at Q2 = 4 (GeV/c)? resulting from a NLO QCD analysis.
Shown are analyses by Bliimlein/Bottcher (BB, [44]), Gliick et al. (GRSV, [45]) and the Asymmetry
Analysis Collaboration (AAC, [46]). The quark distributions and thus also their singlet and non-singlet
combinations are well determined. The gluon distribution, however, is hardly constrained.
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2.5 Direct Measurement of AG

This section will cover the most important approaches to measure the polarised gluon dis-
tribution AG directly. The possible reactions can be classified by looking at the probe used.
Technically feasible at the moment are electromagnetic and strong probes corresponding
to experiments where polarised lepton beams are scattered off polarised fixed targets or
experiments at polarised pp colliders.

2.5.1 Electromagnetic Probes

In polarised lepton-nucleon scattering the photon-gluon fusion process (PGF) provides
direct access to AG. In the PGF process (cf. Fig. 2.9) the virtual photon interacts with
a gluon from the nucleon via exchange of a virtual quark, resulting in a qq pair, that
is produced back-to-back in the photon-gluon centre-of-mass (c.m.) frame. There are
currently two strategies how to tag this process and thus to enhance it in the data sample.
One is the analysis of hadron pairs with high transverse momentum relative to the virtual
photon and the other is the use of open charm events. Both strategies are currently used
in COMPASS. Since the analyses proceed via the extraction of asymmetries, they are
sensitive to the gluon polarisation AG/G as will be shown in the coming sections. Thus
in order to extract AG one needs a measurement of the unpolarised distribution G from
e.g. experiments at HERA.

H (k)
K (k)

N

Figure 2.9: Schematic view of the photon-gluon fusion process.

High p; Hadrons

This approach is mainly based on the assumption that a large transverse momentum (p;)
relative to the photon can only be generated by the PGF and the QCD-Compton processes
(cf. Figs. 2.9 and 2.10), whereas in the LO process the quark typically emerges in the
direction of the virtual photon. If one in addition assumes that properties of the quarks like
direction of motion and flavour are reflected in the properties of the resulting hadrons, the
PGF process can be enhanced by cutting on the p; of the produced hadrons. The remaining
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1 (k)

N

Figure 2.10: Schematic view of the QCD Compton process.

asymmetry contributions of the LO and QCD Compton processes can be calculated and
thus be subtracted from the measured asymmetry. In order to be able to correct for the
background processes, one needs to know their relative contributions to the data sample.
This information is obtained from Monte Carlo simulations which have been tuned to
describe the data. For the case of Q2 > 1(GeV/c)? the high-p; asymmetry is then given by

- AG
AnN s = (B GPGT) PO 4 (4,900 ROCPC 1 (A (@O RO, (269)

where (a’ ) are the analysing powers of the contributing processes given by the partonic
cross-section ratios and R’ are the corresponding relative contributions of the processes to
the data sample. The photon-nucleon asymmetry A; is introduced by the fact that in the
case of QCD Compton and LO processes the photon probes Ag and not AG. In order to
justify the perturbative treatment of the photon-parton interaction, a hard scale is needed.
This scale is provided by the p; of the process, which is assured to be sufficiently large by
asking for a minimum p; of 1-1.5 GeV /c. COMPASS has analysed the 20022003 data and
obtained AG/G = 0.049 £ 0.296(stat) = 0.105(syst), using the described high-p; approach
for Q% > 1(GeV/c)? [47].

If one extends the analysis to cover the entire Q? acceptance of the experiment there
is an additional source of background, namely so-called resolved photon events, where
the hadronic structure of the photon allows for an interaction with the parton from the
nucleon. The information on the polarised parton distributions of the photon is scarce,
however, one can deduce limits from the knowledge on the unpolarised distributions and
thus calculate the contribution of the resolved photon processes to the measured asymmetry
and subsequently subtract. The COMPASS result for this analysis is AG/G = 0.024 +
0.089(stat) £ 0.057(syst) [48], again for the data of 2002 and 2003.

As a conclusion it should be stressed that the approach of tagging the PGF process via
the analysis of high-p; hadron pairs is statistically favoured compared to the open charm
approach covered in the next section. It is, however, strongly model dependent due to
the use of Monte Carlo simulations in order to extract the relative contributions of the
contributing processes.
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Open Charm

In this approach the quark-antiquark pair produced in the PGF process is required to be a
cc pair. Assuming that due to the large charm-quark mass the intrinsic charm content of
the nucleon is negligible and the generation of charm during the fragmentation process is
suppressed, the cé-pair is a clean tag for PGF. In principle the virtual photon could not only
interact directly, but also via its hadronic structure, however, these resolved contributions
are small for COMPASS energies, as LO estimates have shown [49]. This makes the open
charm approach theoretically free of background.

The charm quarks produced in the PGF process subsequently fragment into charmed
hadrons. The production of charmonia from PGF is suppressed and in addition the forma-
tion of a bound state from the c¢ pair introduces large theoretical uncertainties. Therefore
only open charm will be discussed in the following and Tab. 2.1 summarises the correspond-
ing fragmentation probabilities. The PGF events can then be recognised in the detector
via the characteristic decay of the charmed hadrons, in the case of COMPASS mainly
D= K.

Table 2.1: Summary of the charm fragmentation probabilities. The values are given for a centre-of-mass
energy of 10 GeV [6]. Note that the probabilities include all decays into the corresponding hadron, e.g.
D*— D% contributes to the first line.

Hadron | Quark Content | Probability
DY ci 50 %
Dt cd 20 %
Df s 20%
AF ude 10%

As a proof of principle one can look at the unpolarised case, where the open charm
tag has already been used to extract the gluon distribution G(x) from e.g. HERA data.
Fig. 2.11 shows the result for zG(x) extracted from a QCD analysis (cf. Chapter 2.4)
compared to the distribution extracted from photoproduction data for D*.

Having established the principle of the open charm approach to extract information
about the gluon in the nucleon, it will now be discussed how the measurable asymmetries
are related to the gluon polarisation. The photon-nucleon asymmetry is given by

2Mv o
cc __ AUny—>cE . me AO—’Yg—)CC( )AG(U, S)ds

_ _ (2.64)
N OyN—sce f%%” O~yg—ec(8)G(n, §)ds

where n is the fraction of the nucleon momentum carried by the interacting gluon. The
photon-gluon c.m. energy is given by

. Q%=0
§=(q+1P)* "= 2nrMy. (2.65)

The integration limits are given by the production threshold for a ¢¢ pair and Eq. (2.65)
forn =1.
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Figure 2.11: The gluon momentum distribution extracted from a QCD analysis compared to the result
obtained with an open charm tagging approach. The line (“H1 prel”) shows xG(x) as extracted via a QCD
fit on NMC and H1 data, error bands taking into account theoretical and experimental uncertainties are
indicated. The points are obtained from a D * meson cross-section measurement by the H1 collaboration.
For the DIS measurement Q> > 2(GeV/c)?> was required, whereas for the photoproduction (yp) Q* <
0.01 (GeV/c)? was used [50].

The interpretation of the muon beam as a source of photons leads to the following
factorisation of the muon-nucleon cross section [1]

d20 N—cc
déLQdV = F(E’ Q2’ V)O-’YNHCE(Q25 V)a (266)

with the virtual photon flux

2(1 — 2 2/2F?
F(E,Q2’y):%( ngQJ;er;le/?/ . (2.67)

Since this flux behaves like 1/Q? for small Q? and finite v, it is important to make use of the
entire photon spectrum, even down to quasi-real photons with % — 0. This requirement
strongly influences the design of the spectrometer, such as the detector components for the
detection of the scattered muon and the trigger system.

The perturbative treatment of the cross sections is in the case of quasi-real photons
justified by the hard scale given by the production threshold of the c¢ pair, which is 4m?2.
Eq. (2.64) can be modified such that it reads

2Mv ~  AG(nm, ~
cé AO—’yN—wE 4m? arr, G((77 ))J’yg—wc( )G(n7 )dS
oy = Sk - G - (2.68)
YN —cc fmz O',ygﬂcc )G(n,s)ds
. AG
— <aLL?>, (269)
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thus giving a relation between the photon-nucleon asymmetry and AG/G, where the par-
tonic (photon-gluon) asymmetry is defined as

The partonic cross sections in the limit Q% — 0 are given in LO as [51]

AGygce(8) = ;12”04%%() (35—1 1+Z> (2.71)
reld) = 57 (Cp- P46 pmTE), em)

with g = /1 —4m2/s.

These cross sections and the partonic asymmetry are shown in Fig. 2.12 as functions
of §. A small partonic asymmetry results in a small photon-nucleon asymmetry and thus
makes it difficult to extract the gluon polarisation. The fact that the partonic asymmetry
changes sign is therefore a motivation to use it in the event weight later on in the analysis.

[nb]
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Figure 2.12: Spin-averaged and spin-dependent partonic cross sections (left) and partonic asymmetry
(right) as functions of the photon-gluon c.m. energy § for m. = 1500 GeV/c?. COMPASS kinematics yield
(8) ~ 21 GeVZ.

The photon-nucleon asymmetry AQC;V is related to the measured counting-rate asym-
metry A™ via several ’diluting’ factors

N= _ N< _
Am = 2 e _ pp DAY, (2.73)
NZ + N5
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The depolarisation factor D was already introduced in Eq. (2.22), P, and P; are the beam
and target polarisations and f is the dilution factor, which takes into account interactions
in unpolarisable material in the target.

The main part of this thesis is devoted to the extraction of the gluon polarisation from
the COMPASS data by using the open charm approach. More details on the reconstruction
of the charmed hadrons and the actual extraction of AG/G will be given in Chapters 5
and 6, the final result is presented in Chapter 7.

2.5.2 Strong probes

The polarised proton beams at RHIC (BNL) provide the opportunity to extract AG by
using the partons of one proton as a probe of the gluons in the other. Here the main
processes are the prompt photon production and the jet production.

In the case of prompt photon production the desired process is qg — ~yq, whereas
the process q¢ — g contributes as background (cf. Fig. 2.13). The latter, however, is
suppressed to 10 % due to the small intrinsic ¢ content of the proton. In the case of jet
production the process in question is gg — gq and gg — gg (cf. Fig. 2.14 (a) and (b)). In
addition to that there is the possibility to study heavy flavour production gg — qq.

As opposed to the clean photon probe of the lepton-nucleon scattering covered in the
last section, there are now parton densities on both sides of the reaction, resulting in a
measurement that is sensitive only to a convolution of the gluon density and another parton
density. For example in the case of prompt photon production the measured double spin
asymmetry is given as ,

N AG Y, eiAgi
Ay o aleg —79)=5 > a (2.74)
The measurement of AG at RHIC is based on the mentioned processes [52] and is performed
as part of the STAR and PHENIX experiments.

N

(b)

Figure 2.13: Schematic view of the prompt photon production (a) and the background process (b).
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(b)

Figure 2.14: Schematic view of the jet production ((a) and (b)), as well as the heavy flavour production
(c) in pp reactions.



Chapter 3

The COMPASS Experiment

This chapter is dedicated to the setup of the COMPASS experiment. After covering the
prerequisites of polarised DIS, namely the polarised beam and the polarised target in
Sec. 3.1 and Sec. 3.2, the design principle of the spectrometer will be discussed in Sec. 3.3
along with its most important components. The depth at which they will be covered
varies with their importance for the analysis described in the following chapters. In the
open-charm analysis the data from the years 2002 to 2004 are used and it is therefore
interesting to know the changes in the spectrometer during this period. This will be
subject of Sec. 3.3.4. There are many overviews on the COMPASS spectrometer [5,53-55],
which can be consulted for details in addition to the references explicitly given in the text.

3.1 The Beam

The COMPASS experiment is situated at the end of the M2 beamline of the SPS* at
CERN. This beamline can be adjusted to deliver muon as well as hadron beams, which
makes the rich physics programme of COMPASS possible. In the following this beamline
will be described as it is used for the measurements with muon beam. For more details
see [5,56].

The muon beam supplied by the M2 beamline (cf. Fig. 3.1) is a tertiary beam, originat-
ing from the protons accelerated in the SPS up to 400 GeV. These protons are extracted
from the SPS into M2 during 4.8 s in a 16.8 s cycle leading to the so-called spill structure
of the beam. The secondary beam of mainly pions and kaons is produced by the proton
beam in the T6 production target. The length of this beryllium target can be varied in
order to adjust the intensity of the resulting beam. For a subsequent nominal intensity of
2.8-108 ™ /spill a target length of 500 mm is used. A setup of dipole magnets and scrapers
selects pions and kaons in a given momentum interval. Most of these pions and kaons then
decay into muons while travelling through the following 600 m long section of the beam
line. After removing the remaining pions and kaons in a hadron absorber the tertiary muon
beam is momentum selected and transported to the COMPASS hall at ground level.

*Super Proton Synchrotron

27
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Figure 3.1: The M2 beamline providing the COMPASS experiment with a tertiary muon beam. The
secondary beam of mostly charged pions and kaons is produced at the T6 target, which is impinged by the
SPS proton beam. At the end of the decay tunnel the remnants of the secondary beam are filtered out by
the hadron absorber housed in the B4 dipole setup, resulting in a clean muon beam.

One of the dipole setups which steer the beam towards COMPASS is used together
with the Beam Momentum Stations as a spectrometer to determine the momentum of the
beam on an event-by-event basis. The detectors of this setup will be described in Sec. 3.1.1
and the principle of reconstruction will be covered in Chapter 4. The muon beam, which
finally arrives at the COMPASS target, has a momentum of p, = 160 GeV /c with a spread
of 3%.

Owing to the parity violating nature of the pion (kaon) decay the muon beam is natu-
rally longitudinally polarised. The polarisation of the muon in the lab frame is determined
by the kinematics of the muon and its parent particle

2F
m72r,K + (1 — EHK )mz
p =i | (31)
mﬂ',K - mﬁ

where E; and m; (i € {m, K, u}) are the energies and masses of the pion, kaon and muon,
respectively. The momentum selection of the pions/kaons and the resulting muons thus
makes it possible to adjust the polarisation of the muon beam.

A parametrisation of the polarisation as a function of the momentum is obtained from a
Monte Carlo simulation of the beamline. During the years 2002 and 2003 the momentum of
the secondary pions and kaons was selected to be pr g = 177 GeV /c resulting in an average
muon polarisation of (P,) = —0.76. In 2004 the selected momentum was pr g = 172 GeV /c
yielding a 7% larger polarisation of (P,) = —0.81. The corresponding parametrisations
of the polarisation as a function of the momentum are shown in Fig. 3.2. Making use of
the knowledge of the momentum of the beam muon the polarisation is thus available on
an event-by-event basis. The polarisation, which enters in the analysis as a diluting factor
(cf. Eq. (2.73)), can thus be used in a weighting of the events.

The M2 beamline has already been used by the SMC. During that time the polarisation
of the muon beam was measured [57,58| and the result was found to agree well with the
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Figure 3.2: The beam polarisation as obtained from a parametrisation as a function of the beam momen-
tum. The circles show the situation during the data taking of 2002 and 2003, where p, x = 177 GeV/c.
During 2004 pr x = 172 GeV/c was used, resulting in a increased beam polarisation (triangles).

Monte Carlo simulations. Based on this cross check it was decided that the parametrisation
of the polarisation obtained from Monte Carlo is sufficient for COMPASS.

The most important parameters of the beam are summarised in Tab. 3.1. It should be
pointed out that the values for the beam diameter give the dimensions of the gaussian core
of the beam. In addition to this core there is a considerable amount of beam halo, which

constitutes an important source of background.

Table 3.1: Summary of the beam parameters.

proton rate at T6 / spill 1-10'3
muons / spill 2108
beam momentum (p,,) 160 GeV /¢
beam polarisation (P,) -0.76 (-0.81)
beam diameter at target ( ox x oy ) | 8 x 8 mm?

3.1.1 Beam Momentum Station

The Beam Momentum Station (BMS) setup is situated at about 100 m upstream of the
COMPASS target. It takes advantage of the deflection of the beam in the field of the B6
dipole magnet in order to measure the momentum of the beam on an event-by-event basis.
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The BMS setup consists of two telescopes installed upstream and downstream of the B6
magnet (cf. Fig. 3.3). Each telescope originally consisted of two hodoscope planes composed
of scintillator elements of 5mm pitch and 20 mm thickness [56]. Since the association of
information from the BMS setup and the beam measuring detectors in the spectrometer
heavily relies on time correlation, an excellent time resolution is required. For the original
planes it was found to be 262 ps [5]. This setup was supplemented in 2003 by a fifth station
BMSO05, a plane similar to the Scintillating Fibre planes used in the spectrometer. The
geometry of this plane is similar to that of the original planes apart from the 2.5 mm pitch.
The plane is mounted half-way in between the stations BMS01 and BMS02. However,
the impact of this station on the reconstruction is limited (cf. Chapter 4) due to its time
resolution of about 900 ps, related to problems with the photomultiplier used [59].

For the data taking of 2004 there were further modifications to the setup. Due to the
age of the original BMS setup' spare parts for the front-end electronics were no longer
available. This lead to a refurbishment of the electronics of stations BMS01 to BMS04
according to the COMPASS philosophy of digitising as close to the detector as possible.
As a side-effect the timing is more stable in this configuration compared to the situation
before, where a strong temperature dependence was caused by long cables between the BMS
setup and the readout hut. In addition to the changes in electronics an additional station
called BMS06 was mounted between the stations BMS03 and BMS04. This station is made
of scintillating fibres just like BMS05 and also its dimensions are equal to those of station
BMSO05, except for the pitch of 1.25 mm resulting in 128 channels. The two stations use
the same multi-anode photomultiplier technology, whose performance has been improved
considerably compared to 2003.

3.2 The Polarised Target

The high luminosity needed for the physics programme of the COMPASS experiment
is achieved by using thick solid state targets. The target material that is used for the
measurements of the spin structure of the proton and the deuteron are NHs and SLiD,
respectively. The combined knowledge on proton and deuteron can then be used to extract
information on the spin structure of the neutron. So far the COMPASS experiment has
taken data with the SLiD target material. Since °Li can be interpreted as consisting of an
unpolarisable alpha particle and a deuteron, the polarisable fraction is large making LiD
an efficient deuteron target (cf. Eq. (2.73)).

The polarisation of the target material is achieved using the technique of dynamic
nuclear polarisation (DNP) [60], where the polarisation of impurity electrons is transferred
to the polarisable nucleons. The low temperatures and strong magnetic fields needed for
the DNP are provided by a complex setup of a cryostat and superconducting magnets
(cf. Fig. 3.4). The setup used by COMPASS so far corresponds to the one also used by
SMC and will now be described in more detail. For the data taking of 2006 onwards the
use of a magnet system with larger acceptance (180 mrad instead of 70 mrad) is planned.

fThe BMS was used already by the EMC in the 1980s.
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Figure 3.4: The SMC target setup, as used by COMPASS so far, consisting of the dilution refrigerator
and the magnet system, which contains the microwave cavity and the mixing chamber. The dimensions of
the target cells are indicated.

The target material is contained in two oppositely polarised cylindrical target cells of
60 cm length and 3 cm diameter, which are installed one after the other along the beam
inside the mixing chamber of a 3He-*He dilution refrigerator. This means that the two
target cells are exposed to the same muon flux, making the measured asymmetries inde-
pendent of the flux and thus avoiding possible false asymmetries due to variations of the
beam flux. The target cells are labelled according to their position relative to the beam
direction as upstream and downstream cell.

During the DNP the dilution refrigerator provides a temperature of about 0.4 K. As
soon as the desired polarisation is achieved, the polarising process is stopped and the
spin configuration is frozen by cooling the target material to 50 mK. One can then take
advantage of the long relaxation time, which exceeds 1000h. The mixing chamber is
situated inside the microwave cavity which provides the necessary radiation for the DNP.
There is a separate microwave system for each of the two target cells, since for opposite
polarisations two different microwave frequencies are needed. The two target cells are
separated by a 10cm gap in which a microwave stopper prevents radiation intended for
one cell from leaking into the other one. Another reason for the separation is to make sure
that later on in the analysis of the data the primary vertices can be safely attributed to



3.3. THE COMPASS SPECTROMETER 33

one of the target cells. The polarisation is constantly monitored by five NMR-coils along
each of the cells. Typical polarisations are about 50 %, which can be seen from Fig. 3.5,
where the average cell polarisation is plotted for the years 2002 to 2004.
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Figure 3.5: The average cell polarisation for the years 2002 to 2004 plotted for each run which is used
in the analysis of this thesis. The data-taking periods are indicated. One period typically corresponds to
one week. The average polarisation achieved was about 50 %.

The magnet system consists of a solenoid and a dipole magnet. The strong longitudinal
field of about 2.5T necessary for the polarisation is supplied by the solenoid magnet with
a relative homogeneity of about +2 - 1075 [15]. In order to reduce false asymmetries due
to acceptance effects, it is possible to rotate the target-spin orientation (cf. Fig. 3.6). This
is done by superimposing the field of the dipole magnet on the partially ramped down
longitudinal field [15]. The rotation of the spin configuration is done 2-3 times a day.
Possible systematic effects correlated to the direction of the solenoid field are suppressed
by reversing the target spins by means of the microwave setup leading to a reversed relative
orientation of the target spin and the longitudinal field (cf. Fig. 3.6). This, however, is a
lengthy procedure of about two days, since it involves the loss of polarisation and thus a
subsequent repolarisation. Therefore this is done only about once per month.

3.3 The COMPASS Spectrometer

The COMPASS experimental setup consists of a two-stage forward magnetic spectrometer
optimised for high rates and large angular and dynamic acceptances, which are require-
ments for all aspects of the proposed physics programme and the muon programme in par-
ticular. In the proposed final setup of the experiment both stages will be fully equipped
with spectrometer magnets, tracking, particle identification via Ring Imaging Cerenkov
counter (RICH), electromagnetic and hadronic calorimetry and muon identification. Com-
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Figure 3.6: Schematic view of the different longitudinal spin configurations. Shown is the situation
corresponding to the different microwave settings, where a given setting gets its label corresponding to
the sign of the upstream polarisation. The orientations of the field of the solenoid magnet is indicated
along with the corresponding sign of the current in the magnet Iy,. The sign of a given polarisation is
relative to the solenoid field orientation, i.e. parallel orientation of polarisation and field means positive
sign. The situations on the top and on the bottom of the plot correspond to the orientations before and
after a solenoid field reversal.

pared to this final scenario, the setup used for data taking up to now (cf. Fig. 3.7) is
lacking part of the setup for the electromagnetic calorimetry and the RICH of the second
spectrometer stage.

The reason to use a two-stage setup is to optimise the momentum resolution, which
is especially important for the open charm approach to measure AG/G due to the fact
that the charmed meson can only be identified via its invariant mass. The large angle
spectrometer, which makes up the first stage, is meant for the detection of tracks with
angles up to about 180mrad and low momenta, whereas the small angle spectrometer
covers the angular acceptance range smaller than 30 mrad and is used for the reconstruction
of high momentum tracks.

The fact that the two stages are similar in their setup implies that also the principle
of measurement and reconstruction is the same for the two. The momentum of detected
particles is measured via their deflection in the fields of the spectrometer dipole magnets
(SM), which have a bending power of 1.0 Tm and 4.4 Tm, respectively. The deflection is
detected with tracking stations installed upstream and downstream of the magnets. More
details on these detectors are given in Sec. 3.3.1.

The hadrons in the final state of the reaction can be identified by measuring their
velocity with the RICH. This information, combined with the momentum measurement,
gives access to the mass of the particle and therefore its identity. Since the hadronic
calorimeters (HCAL) absorb most of the particles whose energy they are to measure, they
are installed in the rear part of each of the spectrometer stages. Muons are identified with
the pFilter setups, which conclude each stage. The particles with large momenta and small
angles are able to cross the first spectrometer through holes in the calorimeters and the
uFilter. The pFilter of the second stage is followed by detectors needed for the trigger,
which will be described in more detail in Sec. 3.3.3.
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3.3.1 Tracking Detectors

The purpose of tracking detectors is to sample the track of a charged particle at discrete
points along the spectrometer. One plane of a tracking detector typically measures the
impact of a particle along the coordinate perpendicular to its wire or fibre direction. This
means that for one space point at least two planes are needed. In order to be able to sort
out ambiguities, often additional projections to the typical x and y planes are measured.

The required characteristics of a tracking detector vary with its position in the spec-
trometer and the angular acceptance it is to cover. A detector meant to detect particles
which travel through the setup under very small angles is likely to be exposed to the high
intensity of the beam, whereas a detector meant for the large angle coverage does not need
to be designed for such high rates. In addition to that, a detector mounted upstream of
SM1 is exposed to all the low energy debris produced in the reaction, which is then swept
away by the magnetic fields of the spectrometer magnets and thus does not reach the de-
tectors further downstream. The tracking detectors used in COMPASS can be classified
in three groups, according to their acceptance, as summarised in Tab. 3.2.

Table 3.2: Summary of the different classes of tracking detectors, which are characterised by the angular
acceptance covered. Abbreviations are used for Scintillating Fibres (SciFi), Micro Mesh Gas detector
(Micromega), Gas Electron Multiplier detectors (GEM) and Multi Wire Proportional Chambers (MWPC).

Very small angles | SciFi, Silicon Microstrips
Small angles Micromega, GEM
Large angles Drift Chamber, Straw Tubes, MWPC

The rate that a gaseous detector can stand is limited by the space charge caused by
the ions, which drift only very slowly. In order to be able to use gaseous detectors in
relatively high rate areas, COMPASS takes advantage of new developments, namely the
Micro Mesh Gas detector (Micromega) and the Gas Electron Multiplier (GEM). Both
approaches are based on the idea to limit the distance between the volume where the
amplification takes place and the cathode. This effectively limits the drift time of the
ions and subsequently makes the detector capable of standing higher rates. In case of
the Micromega the amplification takes place in the volume between the micro mesh and
the anode strips, which are separated by 0.1 mm (cf. Fig. 3.8, left). The GEM detector
is constructed in such a way that the amplification takes place only in the holes of the
GEM foil (cf. Fig. 3.8, right). In addition to an improved high-rate capability (up to
450 kHz/cm? [61]) these designs result in a reasonable time resolution of about 9ns and
12ns in the case of Micromegas and GEMs, respectively.

One complete tracking station in the COMPASS spectrometer typically consists of one
detector from each of the three categories. In front of SM1 Scintillating Fibres and Silicon
Microstrip detectors cover the beam area as well as the very small angles. The tracking in
that region is completed by Micromegas and Drift Chambers for the small and the large
angles. For the remaining part of the large angle spectrometer GEM detectors replace the
Micromegas and there are Straw Tube detectors as a supplement to the Drift Chambers. In
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Figure 3.8: Schematic view of Micromegas (left) and GEMs (right). In both cases traversing particles
ionise the gas atoms. In case of the Micromega detector the amplification takes place between the mesh
and the anode strips, whereas in the case of the GEM detector it takes place in the holes of the GEM foil.
These designs are the basis for the capability of these detector types to stand relatively high rates.

the small angle spectrometer Scintillating Fibres and GEM detectors are again used for the
very small and the small angles, whereas now the large angles are covered by Multi Wire
Proportional Chambers (MWPC), Straw Tubes and Large Area Drift Chambers (W4-5).
The properties of the tracking detectors used in COMPASS are summarised in Tab. 3.3
along with references to sources of further details.

3.3.2 Detectors for Particle Identification
Ring Imaging Cerenkov Counter (RICH)

A charged particle crossing a medium with a speed greater than the speed of light in that
medium radiates photons according to the Cerenkov effect. The photons are emitted under
an angle 0 relative to the direction of motion of the particle

1 1 m2c?

cosfog=—=—4/1 4+ ——, 3.2
c=15 + e (3.2)
where n is the refractive index of the medium crossed by the particle and [ is the velocity

v/c. From Eq. (3.2) the threshold condition for the Cerenkov effect can be deduced:

1

- 3.3
5> (33)
A RICH takes advantage of the Cerenkov effect in order to identify charged particles.
Knowing their momenta from a measurement in the spectrometer, one can deduce their
mass from the measured Cerenkov angle (cf. Eq. (3.2)), provided the momentum is above
the Cerenkov limit. For growing momenta the Cerenkov angle approaches the asymptotic
limit cos ¢ = 1/n and it becomes more and more difficult to separate the different particle
types, thus a given setup has a design limit up to which the particle identification is
expected to work reasonably. In the case of COMPASS the radiator material is C4F1g gas
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Table 3.3: The most important properties of the tracking detectors used in COMPASS. In some cases
the values for active areas and dead zones vary, depending on the position in the spectrometer. In case
of the drift detectors the information on space and time resolution is not independent, since the latter is
used in the extraction of the space information. The values for the time resolution are therefore not given.
Further details can be found in: SciFi [55,62,63], Silicon Microstrip [64], Micromega [61], GEM [65, 66],
Drift Chamber [67,68], Straw Tubes [69,70], MWPC [53], W4-5 [71].

Detector Time Space

Type Active Area | Dead Zone | Resolution | Resolution | Projections

SciFi 39.4x39.4 mm?-

(target region) | 52.5x52.5 mm? - 430 ps 120 pm 0°,45°,90°

SciFi 8484 mm?-

(spectrometer) 123%123 mm? - 370 ps 200 pm | 0°,+45°,90°

Silicon

Microstrip 70 x50 mm? - 3ns 14pm | 0°,45°,90°

Micromega 380380 mm? ?5cm 9ns 70 pm | 0°,£45°,90°

GEM 300x300 mm? ?5cm 12ns 70 pm | 0°,445°,90°

Drift Chamber 140 %124 cm? (30 cm - 220 pm | 0°,420°,90°

Straw Tube 325%277cm? | 23x16cm? — 250 ym | 0°,410°,90°
(D16 cm-

MWPC 150120 cm? 22 cm - 500 pm | 0°,410°,90°

W4-5 552x262cm? | #0.5m-1m - 1900 pm | 0°,430°,90°
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with a refractive index of ng,r,, = 1.00153 at 1bar and 20°C. Under these conditions the
threshold momenta for pions, kaons and protons are 2.5 GeV /¢, 8.9 GeV/c and 16.9 GeV /c,
respectively. The mentioned design limit is about 50 GeV /c. For the open charm analysis
the RICH is used to identify the kaons resulting from the decay of charmed mesons. The
expected momentum distribution for the kaons from the channel D° — K is shown in
Fig. 3.9 along with the kinematic acceptance of the RICH. It can be deduced from the plot
that roughly 80 % of the kaons are in the momentum acceptance of the RICH.
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Figure 3.9: The reconstructed momentum of the kaons from the decay of the D ° extracted from a Monte
Carlo simulation. The filled area shows the momentum acceptance of the RICH.

The intensity of Cerenkov photons emitted by a given particle increases with decreas-
ing photon wavelength and it is thus useful to design a system which works in the very
ultra-violet (VUV) range (A¢ > 150nm). This has implications for all components of the
setup. The Cerenkov photons typically have to travel several meters through the radiator
gas, thus the gas has to be as transparent as possible. Crucial is the absence of Oy and
H50O contaminations, because of their large absorption cross section in the VUV range.
The goal is to keep their contributions below 5 ppm [72]. The photons produced in the ra-
diator are reflected by two spherical mirror systems [73] and focused onto photon detectors
(cf. Fig. 3.10). The centres of the spheres are vertically displaced in order to be able to
focalise outside the spectrometer acceptance. This means that the photon detectors can
be installed such that they are shielded by SM1. Since parallel rays are focused into one
point by the mirror system, the photons emitted by a given particle give a ring in the plane
of the photon detectors. The radius of this ring is related to the focal length f = R,,/2 of
the mirror-system and the Cerenkov angle

r= eCRTm (3.4)
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Figure 3.10: A schematic view of the RICH detector. The side view on the left shows how the photons
radiated by a traversing charged particle are reflected by a mirror system onto photon detectors. Parallel
rays are focused into points in the plane of these detectors, meaning that the photons emitted by a given
particle result in a ring. The dimensions of the setup and the arrangement of the photon detectors are
shown on the right.

where the radius of the sphere R,, is 6.6 m. The measurement of the ring radius thus gives
access to the Cerenkov angle, requiring an excellent resolution of the photon detector.

In order to detect the Cerenkov photons they are first converted to electrons in a layer
of Csl. This layer is situated on the cathode plane of a MWPC which is to detect the
resulting electrons. The segmentation of the read-out cathode of 8 x 8 mm? is meant to
provide a sufficient resolution and leads to 80000 channels with a total active area of 5.3 m?2.
The transmission properties of the quartz window which separates the radiator gas volume
from the photon detectors yields a lower limit of the sensitive region of the RICH detector
of 165nm [74]. The quantum efficiency of Csl, which vanishes beyond 200 nm, gives the
upper limit of this region [75].

A major source of background for the RICH are pile-up muons® crossing the detector.
This effect is limited by the installation of a beam pipe, which is shielding the photon
detectors from photons originating from the beam region. The pipe is filled with He in
order to reduce the material budget, exploiting the larger radiation length of He compared
to the radiator gas. However, not the entire beam can be contained in the pipe, which
means that the halo of the beam still leads to a substantial amount of background. Upgrade
projects to be implemented by 2006 are aiming at improving the time resolution of the
photon detection. This will allow a better discrimination of the background [76].

More details on the RICH detector can be found in [77-79].

Muon Filters

In principle the two pFilters are very similar. Both are made up of an absorber, which
filters out the hadrons, and tracking devices, which are to detect particles that manage to

#Beam muons which have not interacted in the target are called pile-up muons. Therefore they do not
primarily belong to the event in question.
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penetrate the absorbers. The ability to cross the amount of material as provided by the
absorbers gives a strong indication that the particles in question are muons.

In the case of pFilterl the absorber consists of 1 m iron and for the tracking part Plastic
TIarocci Tubes (PIT) are used [1], denoted in Fig. 3.7 as MA0O1 and MA02.

The setup of Muon Filter 2 has several parts. The main absorber of pFilter2 consists
of 2m iron and the corresponding trackers are drift-tube detectors with an active area of
about 4.0 x 2.0m?. The second absorber of this setup, uFilter2’, is made of 50 cm concrete
and is to protect the trigger hodoscopes installed downstream of it (HM05 and HLO5 in
Fig. 3.7) from hadrons, which made their way through the hole of yFilter2. pFilter2’ also
has a hole in the centre for the beam, otherwise muons could react with the material of the
absorber and contaminate the trigger with remnants of this interaction. A third absorber,
pFilter3, is to protect the hodoscopes of the HIO5 setup from hadrons, which travelled
through the beam holes of uFilter2 and pFilter2’. It is arranged in such a way that it is
not illuminated by the beam.

Calorimetry

The final COMPASS setup foresees a set of electromagnetic (ECAL) and hadronic (HCAL)
calorimeters for each of the spectrometer stages. For the data taking up to now only
the HCALs were completely equipped and read out, whereas the ECALs are still in a
construction and commissioning phase.

HCALL and HCAL2 [5] consist of iron/scintillator-sandwich modules and exhibit a
relative energy resolution og/E of 60%//E/GeV + 8% and 65%/+/E/GeV + 5%, re-
spectively. In addition to the possibility of using the HCAL to separate strongly interacting
particles from electromagnetically interacting ones, the HCAL signal is also used in the
trigger as will be pointed out in the next section.

3.3.3 Muon Trigger

The purpose of the trigger is to enhance the fraction of events with certain topological and
kinematic properties and to suppress the recording of events which are not interesting. The
decision has to be taken quickly, since the buffering of data in the detector electronics is
limited (< 600ns) especially in the case of the HCALs. The trigger thus needs information
from quickly responding detectors. In the case of COMPASS it is based on signals from
dedicated hodoscope systems and the hadron calorimeters. The events selected by this
trigger can be classified in two groups:

Quasi-real photon events: For the open-charm measurement it is important to make
use of the entire photon spectrum, even down to quasi-real photons due to the flux increase
at small Q2 (cf. Sec. 2.5.1, Eq. (2.67)). Small Q? are related to small scattering angles of
the muon, providing a first requirement for the trigger. For the production of a pair of
charm quarks § ~ 2nyEMy > 4m? is required (cf. Eq. (2.65)). In addition a sufficient
photon polarisation is needed. It enters the analysis in form of the depolarisation factor D
(cf. Eq. (2.73)), which is approximately proportional to the relative energy of the photon y.
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So the minimum requirement for the trigger was chosen to be y > 0.2. The trigger classes
which cover the mentioned kinematic range are called Inner Trigger (IT) and Ladder Trigger
(LT) (cf. Fig. 3.11).

60

Q?[(GeVic)?]

1.0

. @
.

Figure 3.11: The approximate kinematic ranges of the various trigger categories.
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The magnetic fields of the spectrometer dipoles serve to separate the beam from muons
which encountered energy loss in the target. But a single measurement of the deflection in
the bending plane of the magnets is not enough. Especially for events at the lower end of the
desired y-range the deflection due to scattering in the target (6x-effect) can be of the same
order as the bending due to magnetic deflection. These two effects can be disentangled by
measuring the deflection in the x coordinate at two different points along the setup. This is
done by dedicated hodoscope setups, two for each one of the trigger classes named Hx04 and
Hx05, where x€{I,L} for Inner Trigger and Ladder Trigger. The desired events populate
a certain region in a plane given by the hit positions in the two corresponding hodoscope
planes. Appropriate combinations of coincident hits in the hodoscopes are subsequently
selected in specially designed trigger matrices (cf. Fig. 3.12).

Inclusive Deep Inelastic Scattering: In order to be able to draw conclusions from
DIS events, there has to be a hard scale in the process, justifying a perturbative treatment.
In the case of DIS this hard scale is given by the momentum transfer Q. As a trigger
requirement Q2 > 0.5 (GeV/c)? was chosen. The trigger classes selecting these events are
called Middle Trigger (MT) and Outer Trigger (OT) (cf. Fig. 3.11) and are again produced
using two hodoscope setups for each of the triggers. For the Middle Trigger they are called
HMO04 and HMO05 and consist of hodoscopes oriented along the x and the y-axis providing
a check whether a given muon track points to the target in the horizontal and vertical
planes, in addition to the disentanglement of magnetic deflection and scattering angle in
the target. The Outer Trigger, which extends the kinematic coverage up to very large Q2,
uses signals from horizontally oriented hodoscopes and thus checks target pointing in the
non-bending plane only.
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Figure 3.12: Principle of the trigger based on energy loss and the requirement of an associated hadron
in the final state. The interaction at zg yields a scattered muon, which is deflected in a magnetic field at
zm (for simplicity the two spectrometer magnets are combined here) and detected in hodoscopes at z; and
z2. The two measurements make it possible to independently select low Q% and a chosen range of energy
loss. The required HCAL signal suppresses background due to elastic processes [80].

A common source of background to all of the three trigger classes are halo muons. In
order to suppress triggers where a halo muon has been mistaken by the trigger logic as
a scattered muon, systems of hodoscopes, which can be used as a veto, are installed at
various locations upstream of the target. In addition to these dedicated trigger hodoscopes,
selected horizontally oriented channels from the SciFi stations upstream of the target are
used to suppress particles with large angles. Since the use of a veto introduces a significant
dead time in the system, there are two versions of veto combinations which differ in how
stringent they perform the veto and thus in how much they reduce the trigger rate. The
most stringent form is used with the Middle and Outer Trigger, whereas the less stringent
version is used with the Ladder Trigger. No veto is applied to the Inner Trigger.

Events resulting from elastic muon-electron scattering and (quasi) elastic radiative
scattering off target nuclei are a source of background especially for the quasi-real photon
triggers. They can be suppressed by asking for a minimum energy deposit in one of the
hadronic calorimeters. The use of the calorimeter in the trigger is a possible source of bias,
e.g. due to different acceptances for positively and negatively charged hadrons. Therefore
it was chosen to use the Middle and Outer Trigger without asking for a coincident signal
in the calorimeter, explaining the use of the veto mentioned before$.

A standalone version of the calorimeter signal was used as a trigger (CT) in order to

A semi inclusive version of these triggers was recorded to allow for the determination of efficiencies.
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further extend the Q2 range on the one hand and on the other to provide a means of
determination of efficiencies for the hodoscope based triggers.

The final trigger signal is then combined as “IT or MT or LT or OT or CT” and the
time of generation of this signal is measured defining a global time scale for the event.
More details on the trigger system can be found in [80, 81].

3.3.4 Evolution of the Spectrometer

The schematic drawing of the COMPASS spectrometer in Fig. 3.7 shows the state during
the data taking of 2004, which contributes more than one half to the charmed-meson
statistics used in the analysis of this thesis, the other half being contributed by the years
2002 and 2003. In order to be able to interpret the data properly, one needs to know how the
spectrometer looked like during the corresponding data-taking periods. The modifications
to the spectrometer during the years 2002 to 2004 will be described in the following. The
evolution of the BMS setup was already covered in Sec. 3.1.1.

In 2002 the SI03 station was still in a commissioning phase and the beam telescope
upstream of the target was therefore supplemented with a Scintillating Fibre prototype.
It was found that the additional SciFi station did not significantly contribute to the beam
reconstruction due to its limited size and it was removed after 2002 and the corresponding
electronics re-used for the station BMS05.

In the category of the tracking detectors downstream of the target the changes effected
mainly the reconstruction of particles with large scattering angles and were thus aiming at
an improvement of the reconstruction of events with large Q2. In this context two stations
of Straw Tube detectors (Straw 5 and Straw 6) were added to the spectrometer in 2003.
The two stations of W-45 used in 2002 were backed up with two more stations each in 2003
and 2004. The reconstruction of the scattered muon, which in rare events suffered from
missing redundancy in the case of small scattering angles, was improved by an additional
station of GEMs (GEM11) in 2004.

In the final setup the ECAL1 and ECAL2 will be situated directly upstream of the
respective HCAL and will thus protect the HCAL from electromagnetic showers initiated
by photons or electrons. In the absence of ECAL2 in 2002 a lead wall of 10 cm thickness
was used in front of HCAL2. This lead wall was then removed in 2003, when the ECAL2
was sufficiently equipped with lead glass.

3.4 The Data Acquisition and Data Analysis Model

The Data Acquisition System (DAQ) [53,54, 82| was designed to fulfil the requirements
imposed by the need for high rates. The innovation in the DAQ system is, that the data
are digitised right at the detector on front-end cards (cf. Fig. 3.13) or very close to it
on dedicated Mezzanine Cards. The data are then received by the COMPASS readout
driver, called CATCHY, which is common to all detectors except the GEM detectors and

YCOMPASS Accumulate, Transfer & Control Hardware
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the Silicon Microstrip detectors. Already at this stage a basic event building is performed
and the data are put into a common format.

After being transferred via optical links to the DAQ barrack, the data are stored in
so-called readout-buffer PCs and then processed in an event builder farm (cf. Fig. 3.13),
which combines the pieces of data belonging to an event. Finally, the data are transferred
via a dedicated network to the central data recording on the Meyrin site, where they are
temporarily stored on disc. For longterm storage the data are eventually written to tape.

The readout driver is not only used to collect data from the detectors, but also to pass
information to the detectors. Among this information are configuration data, which are
passed to the front-end electronics attached to the detectors, as well as the trigger signal,
which arrives at the CATCH via optical fibres from the Trigger Control System.

Detectors Trigger Control System
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=0 ‘ GigaBit Switch
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Figure 3.13: The data acquisition system of the COMPASS experiment. The data flow from the detectors
via the front-end electronics, the read-out driver CATCH and the read-out buffers to the event building
is shown. The CATCH is also used to pass the trigger signal, which it receives from the Trigger Control
System, to the front-end electronics of the detectors.

The data recorded by the DAQ are organised in so-called runs which typically contain
100 or 200 spills. These runs are grouped together in periods which contain the data of
about one week. During such a week of data taking the access to the spectrometer is
strictly limited in order to ensure the stability of its properties. This stability is the basis
for the measurement of small asymmetries. Since asymmetries are calculated separately
for each period, modifications done to the spectrometer setup in between these periods are
not harmful to the physics result.

During the years 2002 to 2004 a grand total of 700 TB of data have been written to
tape. This number shows the need for a powerful data analysis framework in order to cope
with this amount of data.

As soon as detector calibrations and alignment information are ready, the raw data can
be processed using the COMPASS Reconstruction and Analysis Framework (CORAL) [5].
Before the data pass this first stage, runs are excluded which exhibited pathological features
already during data taking. Among these features are irregularities in the accelerator
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system and the beam line or failure of important parts of the spectrometer or the DAQ
system.

Many physics aspects covered by COMPASS involve the measurement of asymmetries,
where data taken for different target configurations enter (cf. eg. Eq. (2.73)). If an impor-
tant detector fails for one configuration but is perfectly working for the other, this could
lead in the worst case to false asymmetries. Therefore care is taken in this kind of situa-
tions to artificially switch off parts of crucial tracking detectors in the analysis which have
failed in the corresponding partner configuration.

In CORAL the data recorded by the DAQ are decoded and the different steps of
the data reconstruction are performed, like track and vertex reconstruction and also for
example the processing of the RICH information. The most important outcome of the data
production are the so-called mDSTsll, where the amount of information is strongly limited
as compared to the raw data. The mDSTs essentially contain completely reconstructed
objects like vertices and tracks to which information on particle identification is associated.
In addition only events which satisfy the minimum requirement of having at least one vertex
reconstructed are saved. The reduction in size achieved by these limitations, and also the
fact that no further reconstruction is necessary, results in an essential gain in processing
speed of the mDSTs. This is a prerequisite for an effective physics analysis of the data.
The mDST files can eventually be analysed using the PHAST** framework, which has also
been internally developed in COMPASS [83]. In the case of the open charm analysis of
this thesis the data were further condensed and only the most essential information was
written to a ROOT-tree [84], filled with only such events which showed strong hints of
charmed mesons having been produced in the interaction.

The behaviour of the COMPASS spectrometer can be simulated with a dedicated soft-
ware package called COMGEANT [85]. The output of this package can then be processed
by CORAL and PHAST similar to real data. The physics events, which are eventually
taken as input to COMGEANT, are produced by an event generator. For this work mainly
the AROMA [86] generator was used, which is a dedicated tool to produce heavy quarks
through boson-gluon fusion.

Imini Data Summary Tape
**Physics Analysis Software and Tools



Chapter 4

The Beam Reconstruction

The momentum vector of the incident beam muons can be determined on an even-by-event
basis using the BMS setup described in Sec. 3.1.1 and the beam telescope just upstream
of the COMPASS target. The event-by-event reconstruction is important, since many
analyses rely on accurate determination of the muon kinematics to be used in cuts to
suppress physical background. An example for this aspect will be given in Chapter 5,
where the fractional energy of the D meson is used in order to enhance the signal fraction.
In addition, the beam kinematics are needed event-by-event, since they are used for the
computation of information like the beam polarisation P,(p,) and the depolarisation factor
D(y), which are used as an event weight in many analyses.

The principle of reconstruction of the beam momentum will be covered in Sec. 4.1. A
method of how the efficiency of the involved setup can be determined unambiguously is
introduced in Sec. 4.2. This method was then used to monitor the optimisation of the effi-
ciency of the beam reconstruction by several improvements of the reconstruction algorithm.
This aspect will be discussed in Sec. 4.3. It was already mentioned in Sec. 3.1.1 that the
experimental setup evolved during the period 2002-2004 affecting also the reconstruction
algorithms and efficiencies. The analysis described in this chapter covers the years 2002
and 2003, for information on the reconstruction in 2004 the reader is referred to [87].

4.1 Reconstruction of the Beam Momentum

In order to fully reconstruct the beam particles, information about the momentum of
the particle and its direction of flight is needed. The absolute value of the momentum
is obtained from the BMS setup, whereas the direction is measured by a telescope of
Scintillating Fibre (FI) and Silicon Microstrip (SI) detectors. The two pieces of information
then have to be correlated trying to optimise the efficiency of the reconstruction, while at
the same time suppressing fake combinations. This task, however, is complicated by the
fact that the contributing detector groups are installed 100 m apart.

The measurement of the absolute value of the momentum in the BMS setup is based
on the deflection of the beam in the dipole field of the B6 magnet (cf. Figs. 3.1 and
3.3). In the original setup used in 2002 the trajectory of the beam particle is detected
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by four BMS stations, yielding in the ideal case four measurements of the y coordinate
along the track. Since three measurements are needed to fix the momentum, the possible
additional measurement can be used for a consistency check (Xgpace). The momentum and
the Xgpace are taken from parametrisations, an approach which minimises computing time.
The parametrisations are obtained from a Monte Carlo simulation of the beam line [5].

In order to suppress fake combinations of hits in the BMS stations, time correlation is
used. The BMS hits, which enter in the computation of momentum and Xgpace and thus
subsequently form a “track” in the BMS setup, must not exceed a certain time difference
among each other (30). The spectrum of time differences between hits of a possible com-
bination is shown in Fig. 4.1 (left). The use of the time difference has the advantage that
the trigger time, which poses a possible source of uncertainty, cancels. Remaining fake
combinations are further suppressed by not allowing tracks to have more than one hit in
common and by checking that they are not too similar in momentum and Xgpace. If a choice
has to be made it will be based on the quality of the time correlation.
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Figure 4.1: Time differences used to suppress fake combinations of information in the beam reconstruc-
tion. Left: Distribution of the time difference between hits which are to be combined to a “track” in the
BMS setup. Right: Distribution of the difference between the time of the BMS “track” and the track in
the FI/SI telescope.

The track pieces in the FI/SI telescope are reconstructed by the usual CORAL tracking
package (TRAFDIC), which is used also for the other zones of the spectrometer® [88|.
A so-called beam candidate is then obtained by combining the momentum measurement
from the BMS with the direction measurement from the FI/SI telescope. Again, the time
difference between the combined information is not to exceed a certain limit (30). The
corresponding distribution is shown in Fig. 4.1 (right). Finally, the beam candidate has to
be correlated to the trigger, which is achieved by cutting on the track time of the beam
candidate (30). This is the only place where the reconstruction algorithm depends on the
trigger time.

The time spectrum of the beam candidates is shown in Fig. 4.2 (left). The momentum

“The target and spectrometer magnets as well as the second muon filter divide the spectrometer in
zones for tracking purposes.
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Figure 4.2: Time spectrum of the beam candidates (left) and the momentum spectrum of the final sample
after correlation to the trigger by cutting on the track time of the candidates (right). Only unambiguously
reconstructed events enter the momentum distribution.

spectrum of the final set of beam candidates is shown in Fig. 4.2 (right). More details on
the beam reconstruction and the event timing can be found in [5].

The result of the beam reconstruction is then among one of the following three cate-
gories:

e No beam candidate correlated to the trigger can be reconstructed. There will not
be a primary vertex and this event is therefore lost for those physics analyses which
require the knowledge of the virtual photon kinematics or the position of the primary
interaction for asymmetry extractions.

e Exactly one beam candidate can be reconstructed, which is the ideal case.

e More than one beam candidate can be reconstructed. In case only one BMS “track”
is participating in all the beam candidates, i.e. is combined to several different FI/SI
tracks, the vertexing will be performed on all of the candidates. This procedure
possibly results in more than one primary vertex. The user can then decide which of
the provided choices is the best primary vertex, so in principle these events can be
used in the analysis. If the information from the BMS is ambiguous, i.e. if several
different BMS “tracks” are combined with tracks in the beam telescope, the event
has to be discarded.

The typical statistics for a nominal intensity run from 2003 is summarised in Tab. 4.1,
showing large differences between the beam reconstruction efficiencies for the different
trigger types. From these values it is difficult to deduce the efficiency of the beam recon-
struction, since here this efficiency is convoluted with the trigger purity. This results in the
conclusion that physics data are not useful to estimate the efficiency of the setup involved
in the beam reconstruction and the applied algorithms.
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Table 4.1: Statistics of the beam reconstruction for a typical physics run from 2003. The results are shown
separately for the main trigger types, where e.g. LTCV means LT AND Calorimeter Trigger AND Veto.

0 Candidate | 1 Candidate | >1 Candidate
ITC 28 % 54 % 18%
LTCV 49% 36 % 15 %
MTV 34 % 53 % 13 %
oTVv 69 % 24 % 7%

4.2 Evaluation of the Efficiency using Random Trigger

In order to estimate the efficiency of the beam reconstruction, an event sample is needed
where it is safe to assume that there really was a beam particle travelling through the
involved detectors, i.e. BMS and FI/SI. Those events where e.g. the trigger fired due to
a halo muon, which probably did not cross all active areas of the BMS stations, need to
be suppressed. One approach is to select events where there is a beam particle detected
and reconstructed in the spectrometer. This event category is, however, suppressed in
the physics trigger, because there the sample of events is enhanced where the muon has
interacted in the target and thus has lost a given amount of energy, leading to a stronger
deflection in the spectrometer magnets compared to the nominal beam axis. The wanted
event sample could be enhanced in the so-called Beam Trigger, where a coincidence of
certain channels of the Scintillating Fibre stations upstream of the target gives the trigger.
However, since the Scintillating Fibre detectors, which are to be evaluated as part of the
beam detecting setup, are included in the choice of the event sample this introduces a bias.

A clean way to obtain the needed event sample is to use data recorded with random
triggers (RT), which are generated from the noise of a diode [89]. In order to be able to
use the resulting event sample to evaluate the beam reconstruction efficiency, an additional
software trigger has to be defined. The main principle of this trigger is to find events with
a reconstructed beam muon in the spectrometer.

The method searches for tracks which cross the acceptance of both target cells and
are reconstructed in all of the FI stations between the target and SM2 (FI03-FI06). The
second spectrometer stage is ignored in the reconstruction of these tracks, since there the
necessary redundancy is missing, leading to a distortion of the sample. The effect is shown
in Fig. 4.3, which displays the slope of the resulting tracks in the y-z plane. The double
peak structure is due to the fact that the reconstruction algorithm is in need of a space
point in addition to the one from FI07, which is just downstream of SM2. A possible
source of such a space point can be the stations GEM07-GEMO09, which, however, have
a dead zone in the centre leading to only a small overlap between FI and GEM. This, in
turn, selects tracks with a special and pathological slope useless for the evaluation of the
efficiency.

In order to optimise the selection of tracks a time-correlated hit in station FI07 is re-
quired. This increases the lever-arm and at the same time takes advantage of the large
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Figure 4.3: The distribution of the slope dy/dz of beam particles reconstructed in the spectrometer. For
the distribution on the left both stages of the spectrometer have been used. The double peak structure is
caused by the small overlap between SciFi station 7 and GEM stations 7-9. Only the first spectrometer
stage has been used for the distribution on the right.

bending power of SM2 improving the momentum measurement. The momentum distribu-
tion of the selected sample of tracks in the spectrometer is shown in Fig. 4.4, displaying
a peak at 160 GeV/c and thus giving evidence that really a sample of events with a beam
particle in the spectrometer has been selected.

Having this sample at hand, the timing of these events has to be considered. It was
pointed out that the trigger time is used throughout the experiment to define a global
time scale (cf. Sec. 3.3.3). However, in the case of random triggers this trigger time is
uncorrelated to what is happening in the spectrometer, making it useless for the purpose
of defining a time scale. Since the reconstruction of the BMS information as well as the
correlation of the BMS to the FI/SI telescope is based purely on cuts on time differences,
this part of the algorithm is not affected by an ill-defined trigger time in contrast to the
final absolute cut on the track time for which a proper event-timing is needed.
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Figure 4.4: The momentum distribution of the beam particles detected in the first stage of the spectro-
meter (left). The peak at 160 GeV /c shows that really a sample of beam particles has been selected. The
difference between the t;,,. of the beam candidates and the t; .. of the beam particle reconstructed in
the spectrometer is plotted on the right, featuring a clear correlation.
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Here the method takes advantage of the fact that all FI stations in the first spectrometer
stage contribute to the beam-particle track. This means that the track time is measured
with an excellent resolution due to the properties of the Scintillating Fibres and can thus
be used as a substitute for the trigger time. The time difference between the track time of
the beam candidates and the track time of the beam particle in the spectrometer is shown
in Fig. 4.4 (right).

With the redefined event-timing the analysis of the random trigger data can proceed
just like it does for data obtained with physics trigger. The result of the analysis is
summarised in Tab. 4.2 for the years 2002 and 2003. Since the reconstruction algorithm is
the same for the two years, the differences in Tab. 4.2 can only be due to changes in the
experimental setup.

Table 4.2: Beam reconstruction statistics for random trigger for 2002 and 2003. The numbers in brackets
show the absolute fraction which can be resolved by the vertexing.

0 Candidate | 1 Candidate | >1 Candidate
Random Trigger (2002) 17% 2% 11% (3%)
Random Trigger (2003) 8 % 78 % 14% (3%)

It is now interesting to find out, which part of the beam-detecting setup has failed to
deliver information in those cases where there is no beam candidate reconstructed. For
this purpose a time window is opened around the track time of the spectrometer track and
it is checked whether there is a BMS “track” or a FI/SI track, respectively. The resulting
statistics are summarised in Tab. 4.3. It turns out that the BMS setup is contributing
most to this category and that the improvement from 2002 to 2003 seen in Tab. 4.2 is due
to an increased efficiency of the BMS hardware. In fact these improvements can be related
to a reshuffling and refurbishment of BMS electronics.

Table 4.3: The table shows the behaviour of the BMS setup and the FI/SI setup respectively in
those events with no beam candidate reconstructed. The BMS is responsible for the largest fraction
of these events and improving its performance from 2003 compared to 2002 helped to decrease the non-
reconstructable fraction. The numbers are obtained by checking whether there is BMS or FI/SI information
in a given time window around the event time. The approach can therefore only approximately simulate
the behaviour of the nominal analysis which is based on cuts on time differences. This leads to the entries in
the last column, which seem to be contradictory to the fact that there is no beam candidate reconstructed
in the corresponding event.

FI/SI failed | BMS failed | FI/ST and BMS failed | FI/SI and BMS are ok
2002 1% 14 % 1% 1%
2003 1% 6 % 0% 1%
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4.3 Optimisation of the Reconstruction

The method of evaluating the beam reconstruction efficiency developed in the last sec-
tion can be used to monitor the optimisation of the reconstruction algorithm. Several
approaches to improve the reconstruction efficiency are discussed in this section. The clus-
tering in the BMS and the back-propagation are aiming at resolving ambiguities in the
event sample with more than one beam candidate reconstructed. The BMS rescue proce-
dure and the implementation of the fifth BMS station are to decrease the fraction where
there is no beam candidate reconstructed due to the BMS setup. The analysis described
in this section is performed on 2003 data.

4.3.1 Clustering in the BMS

The scintillator strips in the stations BMS01 to BMS04 overlap by a few hundred pm,
therefore a clustering of hits can be useful. The need for the clustering is shown in Fig. 4.5,
where for BMS04 the time difference between hits is plotted versus the difference in their
y coordinate. A crowded area is clearly seen at small time differences (< 0.5ns) and
differences of Ay/mm € (0, 5] and Ay/mm € (5, 10], which correspond to horizontally and
vertically neighbouring strips, respectively. A clustering method has been developed [5],
which results in an increase of the unambiguous event sample of 3% (cf. Tab. 4.4).
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Figure 4.5: The plot on the left shows the time difference between hits in the BMS04 station versus
their difference in the y coordinate. The crowded area at small time differences and small differences in
the y coordinate (<10 mm) is a motivation to use a clustering procedure. The plot on the right shows the
projection on the At-axis, the time correlation between neighbouring hits displays a o of about 380 ps.

4.3.2 Back-Propagation

The correlation in space of the BMS measurement with the one in the FI/SI telescope is
complicated by the beam optics in between, consisting of dipole and quadrupole magnets.
But in principle the beam optics are known and also used in the Monte Carlo simulation
of the beam line [90]. With this knowledge the y coordinate at a given BMS station k can
be deduced from the values of ypy/s1, dy/dzpy/s1 as measured by the FI/SI setup and the
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Table 4.4: The influence of the clustering in the BMS on the beam reconstruction statistics for random
trigger for 2003. The numbers in brackets show the absolute fraction which can be resolved by the vertexing.

0 Candidate

1 Candidate

>1 Candidate

Random Trigger

8%

78 %

14% (3%)

+ clustering

8%

81 %

11% (3%)

relative deviation of the momentum from the nominal value dp/pg

dp

dy
- 36
Po

4.1
dz F1/sI ’ (41)

Yims = Mssyprjsi+ Msa

where M;; is the corresponding element of the transfer matrix of the beamline [91]. The
actual values of these matrix elements are summarised in the appendix (cf. Sec. A). The
proof of this principle is given in Fig. 4.6, where the difference between the y coordinates
as measured in a given BMS station and the back-propagated value is plotted showing a
very clean correlation. The spread of the distributions is about a factor of two larger in
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Figure 4.6: Proof of principle for the back-propagation approach. The difference between the y coordi-
nates as measured in a given BMS station and the back-propagated value is plotted. The spread of the
distributions obtained from a fit of a Gaussian is indicated.
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the stations upstream of the bending dipole B6 as compared to those downstream of it.
This difference is caused by the significant vertical dispersion in the transfer matrix due to
B6, giving more weight to the momentum and therefore also to its relatively large spread.
The offset in the distributions with respect to zero is due to misalignments of beam-line
elements and BMS stations.

Based on the correlation between the coordinate from the back-propagation and the
measured value, the spatial information can now be used in addition to the time information
in order to resolve ambiguities in the association of BMS measurements to those from the
FI/SI setup. As a measure of how well two given measurements match a y2-probability
is used, shown in Fig. 4.7. Those combinations with very low probability (<0.005) are

N/0.02
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Probability

Figure 4.7: Probability distribution for the correlation between back-propagated and measured y co-
ordinate in the BMS. The distribution is sufficiently flat except for the expected enhancement at low
probabilities from combinations which do not match.

discarded and from the remaining combinations the one with the largest probability is
chosen. This results in a significant improvement of the reconstruction efficiency. Of the
formerly ambiguous fraction of 11 % now all but 2% can be resolved (cf. Tab. 4.5).

Table 4.5: The influence of the back-propagation on the beam reconstruction statistics for random trigger
in 2003. The fraction of those events not usable for analysis has decreased from 16 % to 10 % as compared
to the situation with just the BMS clustering applied. The numbers in brackets show the absolute fraction
which can be resolved by the vertexing.

0 Candidate | 1 Candidate | >1 Candidate
Random Trigger with clustering 8% 81% 11% (3%)
+ back-propagation 8% 90 % 2% (0%)




56 CHAPTER 4. THE BEAM RECONSTRUCTION

4.3.3 BMS Rescue Procedure

In Sec. 4.2 it turned out that the largest fraction of those events with no reconstructed
beam candidate is due to failure in the BMS setup. Further investigations show that in
about 2/3 of these events the absolute value of the momentum cannot be reconstructed
because two BMS planes have failed, however, at least three fired planes are needed for
the standard reconstruction.

This situation calls for a rescue procedure, which uses the information from two BMS
stations and supplements it with additional measurements from outside the BMS setup.
An idea for such a procedure was developed, which uses the slope dy/dz as measured in the
FI/SI setup to fix the third degree of freedom in the momentum reconstruction [92]. The
procedure requires that at least one of the BMS hits is situated upstream of the B6 dipole.
In order to test the rescue procedure, two hits are removed from BMS “tracks”, where all
planes BMS01 to BMS04 have contributed, and the momentum is computed using the new
approach. The difference of the 2-hit result and the original 4-hit momentum is shown in
Fig. 4.8, where hits from stations BMS01 and BMS04 have been used. The o of 0.72 GeV /¢
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Figure 4.8: Difference between the momentum obtained with 4 BMS stations and the rescued value using
two hits (here the hits in BMS01 and BMS04) and the slope dy/dz of the candidate as measured in the
FI/SI telescope. The width of the distribution is indicated as obtained from the fit of a Gaussian.

is reasonable relative to the resolution of the default reconstruction of 0.8 GeV /c. However,
the resolution of the rescue procedure varies with the combination of available stations.
The most unfavoured combination is BMS02/BMS03 due to the small lever arm relative
to the dipole with o = 1.38 + 0.01 GeV /c. The average over the event sample, which is to
be rescued, is about 1.1 GeV /c.

Using the rescue procedure on the random-trigger data it turns out that it works very
efficiently, the fraction of events with no beam candidate decreases by an absolute 3% to
the benefit of the unambiguous sample. The result is summarised in Tab. 4.6 and compared
to the situation when using the back-propagation procedure only.
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Table 4.6: The influence of the rescue procedure on the beam reconstruction statistics for random trigger
in 2003. The fraction of those events with no beam candidate has decreased by an absolute 3% to the
benefit of the unambiguous sample. The ambiguous event sample cannot be further resolved by the
vertexing.

0 Candidate | 1 Candidate | >1 Candidate
Random Trigger with back-propagation 8% 90 % 2% (0%)
-+ rescue procedure 5% 93 % 2% (0%)

4.3.4 The Role of BMS05

The station BMS05 was added for the data taking of 2003 in order to back up the original
setup and help to decrease the fraction of events not reconstructable due to too little
information from the BMS setup. However, the time resolution of the new plane was about
900 ps during 2003, a performance which is not sufficient for an efficient contribution to
the beam reconstruction. In order to avoid that uncorrelated hits from the station BMS05
degrade the overall reconstruction efficiency, it was implemented in the algorithm only
in a rescue mode. This means that the new plane is only used if it is not possible to
reconstruct at least one trigger-correlated beam candidate with the default procedure or
the rescue procedure described in Sec. 4.3.3.

For the use of the new station it is required to have a hit from at least two stations
of the original setup and one of the two has to be downstream of the dipole. The gain in
reconstruction efficiency as evaluated from random trigger data is about 1 % absolute. The
performance of the reconstruction is summarised in Tab. 4.7 and compared to the previous
steps in the optimisation procedure.

Table 4.7: The influence of the station BMS05 on the beam reconstruction statistics for random trigger
in 2003. The fraction of those events with no beam candidate has decreased by 1% to the benefit of the
unambiguous sample. The table also summarises the optimisation of the beam reconstruction on the basis
of random trigger data. The numbers in brackets show the absolute fraction which can be resolved by the
vertexing.

0 Candidate | 1 Candidate | >1 Candidate
Random Trigger 8% 78 % 14% (3%)
+ clustering 8% 81 % 11% (3%)
+ back-propagation 8% 90 % 2% (0%)
-+ rescue procedure 5% 93 % 2% (0%)
T BMS05 1% 94% 2% (0%)

The conclusion of the effort to improve the efficiency of the beam reconstruction is
a decrease of the not reconstructable fraction of events from 19% to 6 %. This result
was obtained on random trigger data from the year 2003, however, except for the limited
influence of the station BMS05 it is also applicable to the data of 2002.
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Since the reconstruction of the charmed mesons as well as the subsequent extraction
of AG/G as described in the following chapters depend on the information on the beam
momentum, they benefit directly from this improved efficiency.



Chapter 5

The Reconstruction of D Mesons

The aim of this part of the analysis is to provide a set of events where the fraction of
photon-gluon fusion (PGF) is enhanced. As was already discussed in Chapter 2, PGF
events can be tagged by requiring charmed mesons in the final state. These mesons can be
reconstructed by detecting their decay products in the spectrometer. The following decay
with a branching ratio of 3.83 % is exploited for this analysis

D% — K7t and DO — Ktn—. (5.1)

A fraction of 40 % of the D sample originates from the decay of a D*, where in addition
to the DY a characteristically soft pion is produced [6].

Assuming a momentum of the D%of about 40 GeV/c and a cr of 124.4 ym [6], the
distance between the primary vertex, where the D%is produced, and its decay vertex
is about 2.67mm. The use of the large cold solid state target (cf. Sec. 3.2) prohibits
dedicated vertex detectors, which are commonly installed in detector setups at collider
machines. The resolution of the z component of the vertex in COMPASS is about 1cm,
which makes the direct reconstruction of the DO via its decay vertex impossible, leaving
only the identification via its invariant mass.

In order to control combinatorial background, efficient particle identification is needed.
This explains that the RICH detector (cf. Sec. 3.3.2) is of great importance for this analysis.
The reconstruction of the RICH data is described in Sec. 5.1 along with the subsequent
use of the resulting information on the identity of the particles in question.

The basic data selection will be described in Secs. 5.2 and 5.3. Two samples of events
are used in the analysis. One sample consists of D"s originating from a D*, where the
D* could be tagged using the soft pion in the final state. Those events where only the decay
of the D%could be detected constitute the second sample. The reconstruction methods
will be described in Secs. 5.4 and 5.5, respectively, on the basis of 2003 data. The final
sample of events which will be used for the extraction of AG/G is shown in Sec. 5.6.

99
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5.1 RICH Reconstruction

5.1.1 Reconstruction in RICHONE

The RICHONE software package is responsible for the reconstruction of the data from
the RICH detector. It is implemented in the CORAL framework (cf. Sec. 3.4) where it is
executed during the “production” of the data. Only the most essential parameters needed
for particle identification are written to the mDST files. Among these parameters are the
likelihood and x? for the various mass hypotheses, whose origin will be described in the
following.

The input to the reconstruction are the hits from the photon detectors of the RICH
as well as the particle trajectories of the given events. In addition to this information the
refractive index of the radiator gas is needed. The reconstruction of the RICH data starts
with a clustering procedure. This procedure combines individual hits from the photon
detectors to clusters, which are expected to better correspond to the real photon impact
point. The next step is to find the ring and extract the Cerenkov angle ¢. The procedure
of fitting the ring in the photon-detector plane is technically rather involved. An alternative
is to perform a transformation of the cluster coordinates to the 6-¢ plane, the plane of the
polar and azimuthal angles relative to the particle trajectory. In this plane the clusters
from a given particle distribute along a fixed # uniformly in ¢, thus the ring search in the
detector plane is equivalent to searching for a peak in the #-projection.

After a first estimation of ¢ corrections can be applied for e.g. mirror misalignments
and distortions due to the quartz window, which separates the radiator volume from the
photon detectors. Finally the actual particle identification takes place, for which two
strategies exist. A x? for the ring can be computed

N2
" Npor k=1 (o9 )2

i€ {m K,p}, (5.2)

where the sum runs over all N7 photons in the signal, Hg is the angle of the k-th photon
in the ring, ;" is the expected Cerenkov angle for a given mass hypothesis i and oy is
the resolution in #. This X? is obtained for three mass hypotheses, namely pion, kaon and
proton.

Alternatively, a likelihood can be constructed as follows

N’Y
Ly = [T |0 = 9G], 67.65") + B8], 6])] i € {m K, p}, (5-3)
k=1

where ¢ is the background fraction taken from the 67 distribution and G(67,¢],6/"®) and
B(0], ¢]) parametrise the signal and background contributions, respectively. A normalised
version of the likelihood L = {/Ly is then available for the analysis, in order to allow the
comparison of different particles. .

The signal contribution G(6}, ¢}, 0;"®) to the likelihood can be conveniently described

as a Gaussian centred at the expected angle G;ing with a spread o, (¢]). The advantage
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of the likelihood as compared to the x? is that it takes into account the background
contribution explicitly. However, the difficulty is to describe the background correctly. The
quality of this description determines whether the use of the likelihood yields better results
in the subsequent analysis compared to a method based on 2. Possible contributions to the
background are electronic noise, photons from other particles belonging to the same event,
but also photons from particles belonging to different events resulting from the memory
of the photon chambers. Most of these contributions are difficult to describe theoretically
and thus have to be extracted from the data. This turned out to be an ambitious project
which could only recently be successfully finished at the beginning of 2005. Up to the
implementation of this improved background description the particle identification (PID)
based on x? was superior to the use of the likelihood, which is the reason for the fact that
this analysis is using the xy? method. The gain in statistical significance of the charmed
meson signal due to the improved background description is of the order of up to 10 % [93].
However, at the time of completion of this analysis it was only available for a fraction of
the data, since it involves a complete reproduction.

5.1.2 The Roéle of the Refractive Index

The refractive index is needed for the calculation of the expected Cerenkov angle for a
given mass hypothesis (cf. Eq. (3.2)) and the quality of the resulting information on the
particle identity depends on the accuracy to which it is known.

First of all the index depends on the gas mixture in the radiator volume of the RICH.
Since it cannot be filled completely with C4F1g gas, there is always a mixture of Ny and
C4F10, so the refractive index deviates from the expected value of nc,r,,. In addition the
refractive index depends on the temperature and the pressure of the gas [94],

A
AT =+3° — 2L ~1% (5.4)
n—1
A
AP = +10mbar — nl ~ +1%.
n—

It is difficult to measure the gas mixture with an accuracy needed for a determination
of the refractive index with an uncertainty sufficiently small for the purpose of data re-
construction. Therefore the index has to be extracted from the data by measuring the
Cerenkov angle of particles with § ~ 1, a procedure which requires a pre-production of
the data. Practically this is done for a few runs distributed evenly over time and the
refractive index is then interpolated between these runs. This estimated value of the index
(production index) is then used for the production of the data. After all runs have been
processed the refractive index can be exactly determined for the complete sample. The
result of this procedure is shown in Fig. 5.1, where the upper row is characteristic for the
current level of production of the 2003 data. The deviation from the true refractive index
can be kept below 1%, relative to the true value minus one. For the production of 2004
data, the procedure has been refined. Again a few runs were pre-produced, but now the
interpolation was improved with data from temperature and pressure sensors in the RICH
vessel. The result is a decreased deviation, which can now be kept below 0.1 %.
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Figure 5.1: The plots on the left show the values of the index used during production as well as the true
values extracted after a complete production of the data. The modulation in the distributions is due to
day-night oscillations of the pressure and temperature of the radiator gas. The plots on the right give an
impression of the relative deviation of the production index from the true index. The upper row shows the
period 03P1C as a typical example for 2003, whereas the plots in the lower row contain information from
the period 04W29, a typical period for 2004. The effect of the improvement of the interpolation procedure
is obvious, in 2003 the relative deviation could be kept below 1%, whereas in the production of the 2004
data it could be kept below 0.1 %. The gap in the lower right plot is due to the limited precision of the
values stored in the data-base. The deviations are given relative to (ntrye — 1).

The fact that the true index is not available during the first iteration of production
means that also the particle identification parameters written to mDST, namely the likeli-
hoods and x?s, are determined only with the estimated value for the index. For both sets
of PID parameters correction methods have been developed, which take into account the
deviation of the production index from the true value.

For the correction of the likelihood the first derivative is stored in the mDST, which

allows for the following correction

oL

+ 5 (Mtrue — Tprod) » (5.5)
on Porod rue pro

L(ntrue) = L(nprod)
where nproq is the value of the refractive index available during the production and ngrye

is the true value.
The correction method for the y? is only summarised here, details can be found in the
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appendix (Sec. B.1) [95]. The corrected x? is given by

Xz2 = a()?f)rod) -2 b()?f)rod) ’ Hzprue + C(X%rod) ’ (elt'rue)Q i€ {Wa K, p}’ (5'6)

where 0™ is the expected Cerenkov angle now computed with the true refractive index.

The variables a, b and ¢ depend on a set of x?s available from the mDST information:

=2 2 2 2
Xprod = (Xprod,ﬂ’ Xprod,K s Xprod,ring)’ (57)

where Xirodﬁng is the x? of a free ring fit. The advantage of the correction method for the
x? is that it is exact. In contrast to that, the correction of the likelihood neglects higher
order terms in the expansion, since only the first derivative is available in the mDST. This
makes the use of the x? more robust against large index deviations.

5.1.3 Kaon Identification

For the identification of the kaons a x? method is used. The kinematic acceptance of
the RICH implies that the momentum of the kaon candidate has to be above the kaon
threshold and below 50 GeV /c. The threshold is computed on a run-by-run level using the
true refractive index. A Monte Carlo simulation of the momentum spectrum of the kaons
resulting from D°decays is shown in Fig. 3.9 together with the kinematic acceptance of
the RICH. The x? has to comply with the following requirements:

e The x? of the kaon hypothesis has to be smaller than the one of the pion hypothesis:
XP(K) < x3(n).

e In case the momentum of the kaon candidate is above the proton threshold, the
equivalent condition needs to be fulfilled for the proton hypothesis: y2(K) < x2(p) .

e The purity of the resulting sample can be further improved by applying a cut on the
x? of the kaon hypothesis: x?(K) < x2,.x-

The result of this method is shown in Fig. 5.2 (left). There the mass spectrum of those
particles is shown, which are identified by the described method. The choice of x2,,, is
governed by the usual trade-off between efficiency and purity. The optimisation of this cut
will be done in Secs. 5.4 and 5.5. As an example the value 5 is used for x2,. in the figure,
resulting in an improvement compared to the situation without cut.

The influence of the x? correction described in Sec. 5.1.2 is shown in Fig. 5.2 (right).
The distribution obtained by using the uncorrected x? values is compared to the one where
a correction has been applied. The relative deviation of the refractive index for this example
is 0.6 %. The improvement in the purity of the sample, which can be concluded from the
plot shows the importance of the correction.

5.1.4 Pion Identification

Two approaches are used for the purification of the pion sample. The veto method makes
indirect use of the RICH. It requires that the particles in question cannot be identified
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Figure 5.2: The left plot shows the mass spectrum reconstructed by the RICH for those particles, which
have been identified as kaons by the x? method. The situation where no cut on x*(K) is applied is
compared to the one where x*(K) < 5 is required. The spectrum is extracted from run 27876 from 2003.
The right plot shows for the same data the influence of the x? correction. The hatch-style histogram shows
the distribution after the correction and corresponds to the distribution with y*(K) < 5 on the left side.
The relative deviation of the refractive index is 0.6 %.

as kaons by the method described in Sec. 5.1.3 otherwise they are excluded from the
pion sample. This means that particles without RICH information or particles with a
momentum below the RICH kaon threshold are considered as pions.

A stricter selection is done by positively identifying the particles using information from
the RICH. The kinematic acceptance now implies that the momentum of the candidates
has to be above the pion threshold and below 50 GeV/c. Since a comparison to the 2
of at least one other mass hypothesis can only be done for momenta above the RICH
kaon threshold, the sample of candidates is divided into two categories. The momentum
spectrum of pions coming from D?decays extracted from a Monte Carlo simulation is
shown in Fig. 5.3.
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Figure 5.3: The reconstructed momentum of pions from the decay of the D°extracted from a Monte
Carlo simulation. The filled histogram shows the momentum acceptance of the RICH. The black line
indicates the division of the sample into two categories for which separate PID procedures are used.
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For those particles with a momentum above the kaon threshold the following conditions
have to be met:

e The x? of the pion hypothesis has to be smaller than the one of the kaon hypothesis:
X2 (m) < X*(K).

e In case the momentum of the pion candidate is above the proton threshold, the
equivalent condition needs to be fulfilled: x*(m) < x%(p) -

e In addition a cut on the x? of the pion hypothesis is applied: x?(7) < XZux-

The result of these cuts is shown in Fig. 5.4 (left). In the plot the mass distribution of the
identified pions extracted without an absolute cut on x? is compared to the distribution
where x2,. = 5 has been used. Again this choice of x2,. is an example to demonstrate
the effect of the cut and the optimisation will be covered in Secs. 5.4 and 5.5.
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Figure 5.4: The plots show the mass spectrum reconstructed by the RICH for those particles which have
been identified as pions by the x? method. The left plot contains those particles with a momentum above
the RICH kaon threshold. The situation where no cut on X2(7r) is applied is compared to the one where
x2(7) < 5 is required. The right plot shows the spectrum for those particles with a momentum above the
pion threshold but below the kaon threshold. The effect of a cut of x(7) < 5 is shown. The spectra are
extracted from run 27876 from 2003.

In the case of those particles which have a momentum below the kaon threshold the
identification via the minimum y? is not possible. Thus a stricter absolute cut on x?(r)
may have to be applied as a compensation. The mass spectrum resulting from this sample
of events is shown in Fig. 5.4 (right).

5.2 Run Selection

The analysis presented in this thesis is based on all data taken in longitudinal target spin
configuration during the years 2002 to 2004. Details on the data-taking periods like the
production version and the status of the RICH are summarised in the appendix (Sec. B.2).
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The extraction of the gluon polarisation involves the measurement of small asymme-
tries. This means that one has to pay special attention to the stability of the spectrometer.
A few observables have been chosen to monitor the stability, among these are:

e Average number of primary vertices per event

e Average number of tracks in the SciFi/Silicon telescope per event

Average number of tracks per event
e Average number of tracks associated to the primary vertex per event
e Integrated beam flux.

The quantities are monitored spill-wise and spills which are deviating from the main band
by more than 5o are excluded. The list of spills which were excluded from this analysis
was obtained from the COMPASS stability web page [96]. In addition to this selection a
few runs were excluded for various reasons. A summary of these runs is also included in
Sec. B.2.

5.3 Basic Event Selection

In the following a few basic cuts are described, which are applied to the data before the
actual reconstruction of D% and D*s takes place.

e Only events with at least one primary vertex are used for the analysis. A vertex is
defined as primary vertex, if the incoming beam muon is associated to it. In case
of several primary vertices the one with the largest number of associated tracks is
chosen or, if the vertices are equal in this respect, the one with the best x? of the fit.

e The scattered muon has to be associated to the primary vertex. It is mainly identified
by looking for associated hits in those trigger hodoscopes which contribute to the
trigger type of the event in question.

e Only tracks that are associated to the primary vertex and that are not identified as
scattered muon are considered as hadron candidates possibly coming from the D* or
DY decay.

e The hadron candidates should not be exclusively reconstructed upstream of the first
spectrometer magnet (SM1). For candidates not meeting this condition only the
fringe field of the spectrometer magnet could be used for the momentum determina-
tion resulting in a degraded resolution.

In order to be able to extract the gluon polarisation from the data, one has to make sure
that the interaction took place in one of the target cells filled with 6LiD. The distributions
of the three coordinates of the primary-vertex position are shown in Fig. 5.5. A clear
separation of the two target cells can be seen in the distribution of the z coordinates, which
means that events can be attributed to a given spin configuration with good accuracy.
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Figure 5.5: The distribution of the spatial coordinates of the primary vertex. The plots are generated
from the data sample after applying all cuts but the target cuts defined in the following. The distribution
of the z coordinate shows that the two target cells can be well separated. The nominal position of the
target cells is shown as the shaded region. In the distribution of the lateral coordinates the applied cut on
the target radius of » < 14 mm is shown as a black circle.

It turned out that the target is not perfectly aligned with the z axis of the spectrometer
(cf. Fig. 5.6 and Tab. 5.1). The cuts on the position of the primary vertex are thus applied
in the reference frame of the inclined target. The containers, which hold the target material
can only be opened in a few places for filling purposes. This means that it is technically
not easily possible to fill the two target containers completely with SLiD, especially also
because the filling has to be done in liquid nitrogen. The fact that the target cells are not
completely filled is taken into account by a cut on the y coordinate of the vertex. The cuts
applied on the coordinates of the primary vertex are thus as follows:

e The z coordinate is situated in the upstream cell (100 cm<z<—40cm) or in the
downstream cell (—30 cm<z< —30cm) of the target.

e The radius r is smaller than 1.4 cm.
e The y component is smaller than 1cm.

The advantage of having two oppositely polarised target cells is that the terms entering
the asymmetry can be measured simultaneously. This means that the measurement is
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Figure 5.6: The plot shows a sketch of the inclination of the COMPASS target. The coordinates of P
and P> are summarised in Tab. 5.1. The shaded area inside the target cells indicates the volume actually
filled with °LiD.
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Table 5.1: Summary of the target inclination in 2002-2004 [97,98]. The position of the points defining
the inclination is indicated in Fig. 5.6.

P Py

Year | x/cm  y/cm  z/cm | x/cm y/cm z/cm
2002 | -0.20 0.10 -—100 | —0.30 —0.15 30
2003 0.04 0.03 -100| —0.03 —0.20 30
2004 0.01  0.05 -100 0.02 -0.30 30

independent of possible variations of the beam flux. However, the flux only cancels in the
asymmetry if it is the same for both target cells. Possible acceptance effects have to be
avoided. This is done by requiring that a beam particle, which interacts in a given target
cell, could also in principle have interacted in the other cell. A set of cuts is thus applied
on the entrance and exit points of the extrapolated beam trajectory, which is equivalent
to the one discussed above.

5.4 D*Tagging

The choice of cuts for the reconstruction of the charmed mesons is governed by the aim to
minimise the statistical error on the measurement of the gluon polarisation. The effective
signal is used to monitor the effect of a given cut and is defined as

S

Set = —.,
eff 1+%

(5.8)

where S and B are the number of signal and background events in a given mass interval.
With increasing width of this interval the amount of included signal events increases and
the signal-over-background ratio decreases such that the effective signal has a maximum
at a certain interval size. The optimal intervals were found to be £1.8¢0 and +1.450
around the nominal D%mass in the case of the D*tagged and the untagged D9 samples,
respectively. These mass ranges were then used for the optimisation of the cuts.

Assuming equal acceptances of the target cells, Seg is related to the statistical error on
the gluon polarisation via

AG 1 1
5 <_) - : | (59)
G P,PgfD(arL) v/Sesr
where P,,Pg,f and D are the diluting factors defined in Eq. (2.73) and (arr,) is the mean
partonic asymmetry (cf. Eq. (2.70)).
The cuts described in this section and Sec. 5.5 were tuned such that the effective signal

is maximised. The effective signal as a function of the corresponding cut is shown in
Sec. B.3 for each of the cuts.
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This section is dedicated to those D%s which originate from a D* via
D** — D% and D*~ — ﬁﬂg, (5.10)

with a branching ratio of 68.3 %. The characteristic feature of this decay is the small mass
difference between the D* and the D resulting in a so-called soft pion 7g with very small
momentum. This feature gives rise to an efficient tagging method, which helps to suppress
combinatorial background.

Before the tagging can be applied, the DY is reconstructed assuming the golden decay
channel into charged kaons and pions (cf. Eq. (5.1)). The invariant mass of the combination

is given by
1
My, = E\/(PK+P7F)2, (5.11)

where P; are the four-momentum vectors of the kaon and the pion*. The resulting
DY candidate is then combined with an additional pion according to the decay of Eq. (5.10).
The invariant mass Mg, of the D* candidate is then computed in analogy to Eq. (5.11).
The strategy of identification of the kaons and pions will be described in Sec. 5.4.2.

5.4.1 Cut on the Mass Difference between D* and D°

The mass difference between the D*and the Dis given as [6]
Am = mp. —mpo = (145.42 £ 0.05) MeV /2. (5.12)

This mass difference is largely taken up by the pion mass Am — m, = 5.8 MeV/c? and
as a consequence the momenta of the decay products in the D * rest frame are very small:
p=39MeV /c. The mass difference can therefore be very well reconstructed, since the
influence of a limited momentum resolution is suppressed due to the domination by the
pion mass.

In Fig. 5.7 the reconstructed mass difference reduced by the nominal pion mass

AM —my = Mggne — Mgz — my (5.13)
is plotted versus the invariant K7 mass reduced by the nominal D° mass. The plot shows
an enhancement in the expected region. The projections of the distribution on the corre-
sponding axes are plotted in Fig. 5.8 and show how a cut on the mass difference can be
used to suppress background. For the following analysis a cut of

3.4 MeV/c2 < Mgwr — Mgz —my < 8.6 MeV/c2 (5.14)

was chosen.

*Throughout this work invariant masses are denoted by an upper case letter, e.g. Mk ,. For the nominal
value for a particle mass, which is taken from literature, lower case is used e.g. mo.
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Figure 5.7: The reconstructed mass difference between the candidates for the D * and the D °reduced by

the nominal pion mass is plotted versus Mxr — mpo. A signal is seen as expected around AM — mg ~
6 MeV/c? and Mg —mpo ~ 0MeV/c%

5.4.2 Particle Identification

Kaon Identification

The kaon candidates used for the reconstruction of the D0 are identified by the x? method
described in Sec. 5.1.3. The absolute cut on the y?(K) of the kaon hypothesis requires

Y2(K) < 8.5. (5.15)

It was mentioned in Sec. 3.3.2 that the Cerenkov photons emitted by halo muons
constitute a significant source of background. This is especially true for the central region
of the RICH around the beam axis. Excluding part of this central region improves the
significance of the D*signal. The following condition has therefore to be met by the
radius of the impact point on the RICH of a given kaon candidate:

rr > 8cm. (5.16)

Preparation of the Pion Sample

The pion candidates are tagged using the less strict veto method described in Sec. 5.1.4.
The analysis can here profit from the fact that the cut on the mass difference has already
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Figure 5.8: The two plots show projections of Fig. 5.7 onto the two axes. For the distribution on the
left the interval +30 MeV/c2 around Mg, —mpo = 0 has been projected onto the AM — m, axis. The
distribution on the right shows the projection of the interval 3.4 MeV/c2<AM — m,<8.6 MeV/c? onto the
Mpgr —mpo axis.

removed a lot of background. A cut on the pion momentum
pr > 5GeV/e (5.17)

removes a region of phase space, where the reconstruction is not optimal especially in view
of the momentum resolution. This cut is not applied on those pion candidates which are
used as soft pions for the D * reconstruction.

5.4.3 Cuts on D?Kinematics

A genuine D produced in the photon-gluon fusion process carries a rather large fraction
of the available photon energy v. Assuming that two charmed mesons are produced from
the ¢ pair, the energy fraction of a DY for example should be of the order of 0.5:

Epo

Zp = ~ 0(0.5). (5.18)
This is in contrast to the arbitrary combination of a kaon and a pion, which come from the
fragmentation of a quark and thus are part of the background. In this case the fractional
energy is expected to be significantly smaller since their production was not directly related
to the photon.

A cut on the fractional energy of the DY candidate can therefore help to improve the
significance of the signal. For the D* tagging the cut was chosen to be

zp > 0.26. (5.19)

The Dis a particle with spin 0 and thus decays isotropically. This means that the
distribution of cos@ is flat, where € is the emission angle of the kaon in the rest frame
of the DYrelative to the direction of motion of the D (cf. Fig. 5.9). For an arbitrary
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Figure 5.9: A sketch clarifying the definition of the emission angle 6 of the kaon in the rest frame of the
DO relative to the D direction of flight.

combination of pions and kaons from the background, the distribution of cos § is peaked at
+1. This behaviour is due to the fact that these particles are produced in the fragmentation
of quarks, where they get only a small amount of transverse momentum. Since signal
and background events give a different cos distribution, this in principle can be used to
suppress background by cutting away regions around cos 6 =~ +1. However, these regions
of the distributions are already suppressed by the acceptance of the RICH and the cut on
the position of the impact point of the kaon on the RICH. An additional cut yields no
improvement of the effective signal in case of the D* tagging.

5.5 D"Selection

This section describes the reconstruction procedure for D%s without requiring that they
originate from a D*. In principle the reconstruction approach is similar to the one used
for the D*-tagging method. In many cases, however, the cuts are chosen to be more strict,
since with the cut on the mass difference AM an efficient tool to suppress background is
missing. As in the D*-tagging method the cuts are tuned to optimise the effective signal
defined in Eq. (5.8) and details on the choice of the cuts are given in Sec. B.3.

A D candidate is formed by combining particles which are taken to be a kaon and a
pion. The identification procedure for the kaon and pion samples will be described in the
following section.

5.5.1 Particle Identification
Kaon Identification

For the identification of kaons the x? method described in Sec. 5.1.3 is used. The absolute
cut on the x? of the kaon hypothesis is chosen to be

X*(K) < 8. (5.20)

A cut on the impact point on the RICH is applied just like in the case of the D* tagging.
The distance of this point to the z axis has to meet the condition

rx > 18 cm. (5.21)
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Pion Identification

The pions are positively identified using the RICH. For this purpose the x? method de-
scribed in Sec. 5.1.4 is applied. For those particles above the RICH kaon threshold the
absolute cut on the y? of the pion hypothesis is

X*(m) < 5. (5.22)

The sample of pion candidates whose momentum is below the kaon threshold is discarded.
This is done because using these particles for the reconstruction of DYs results in a spec-
trum of the invariant mass with no hint of a signal.

Additionally, there is a cut on the radius of the impact point on the RICH of

rz > 13cm. (5.23)

5.5.2 Cuts on D?Kinematics

Similar to the D*-tagging method a cut on the fractional energy of the D candidate is
applied:
zp > 0.25. (5.24)

The suppression of background by requiring cos @ (cf. Fig. 5.9) to lie in a certain interval
is here more successful than it was in the case of the D * tagging. The interval is chosen to
be

| cos 6] < 0.64. (5.25)

5.6 The Final Sample

The reconstruction procedures described above can in principle yield more than one charmed
meson per event. However, for the extraction of asymmetries an event should only be
counted once. The signal resulting from the D*-tagging method has a better signal to
background ratio. Therefore a D found with this method gets first priority and D9 from
the same event but reconstructed without associated D*are removed. This procedure
reduces the effective signal of the untagged sample by about 20 % and results in a data
sample whose events contain either a D*-tagged or an untagged D°. But there are also
events which contain more than one candidate from the mentioned categories. This is in
principle not surprising, since the ¢¢ pair can fragment into two charmed mesons. How-
ever, it turns out that in most cases the D in question are reconstructed from the same
kaon combined with different pions. No unbiased way could be found to choose the correct
combination, since the properties of the candidates do not differ significantly. Therefore
events with multiple candidates are removed from the sample. The consequence of this is
a reduction of the effective signal by about 1% in the case of the D* tagging and about
7% in that of the untagged Ds.

The sample of DY obtained after these final cuts is shown in Fig. 5.10 for the data
from the years 2002 to 2004. The spectra obtained with the D* tagging exhibit a bump
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Figure 5.10: The plots show the invariant mass spectra after all cuts for the two categories of D%. The
left column shows the spectra obtained with the D *-tagging method and the right column the ones for
the untagged D°s. The spectra in the first row are extracted from the data of 2002 and the ones in the
second and third row from the data of 2003 and 2004, respectively. The statistics indicated in the plots
have been extracted from a fit to the spectra. Details on the fit functions and the complete set of results
of the fit parameters can be found in Sec. B.4. Also the values for the effective signal are summarised in
that section.
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on the left of the central peak. This feature is a reflection of the decay
D* - D% g — Krn'ng, (5.26)

where the D% now decays into a 7° in addition to the pair of the charged kaon and pion.
The neutral pion from this decay can not easily be detected in the COMPASS spectrometer
as it was equipped during the years 2002 to 2004. The effect of ignoring the neutral pion
in the decay chain of Eq. (5.26) is shown in Fig. 5.11. The result is indeed a reflection at
around My, — mpo &~ —250 MeV /c?.
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Figure 5.11: The plot shows the reflection of the D° decay of Eq. (5.26) extracted from a Monte Carlo
simulation. In the simulation only PGF events yielding D°s are allowed and the mesons are forced to
decay via the mentioned decay chain. The data are then reconstructed using the cuts described above, i.e.
the 7° is ignored. The distribution shows a peak at around M, —m o &~ —250 MeV /c?. This is also the
region where the real data exhibit the bump.

5.6.1 Properties of the Charmed Meson Sample

This section is devoted to the kinematic properties of the event sample presented in
Fig. 5.10. Among the interesting quantities are the negative 4-momentum transfer Q2
and the fractional energy of the virtual photon y, both defined in Chapter 2. In addition
to that there are those variables depending on the kinematics of the charmed meson, like
its momentum and the momenta of the decay products, but also zp, the fractional energy
of the DY . Assuming that the distributions of these quantities do not depend strongly on
the invariant mass, one can obtain distributions for the signal part of the spectra by using
the technique of side-band subtraction. In this approach the distributions obtained from
the side bands of the mass spectrum (|M — mpo|/(MeV/c¢?) € [150,400]) are subtracted
from those extracted from the signal region after being normalised to the number of back-
ground events in the signal region taken from the fit. The interval for the signal region
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is chosen as discussed in Sec. 5.4. Monte Carlo simulations show that the distributions of
the mentioned kinematic variables are very similar for D% produced directly and D%
resulting from D* decays. Since the D* tagged sample yields a cleaner signal than the un-
tagged sample, it is used for the extraction of the distributions. The result for the general
event kinematics, namely Q? and y is shown in Fig. 5.12. The Q? distribution confirms
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Figure 5.12: The plots show the kinematic properties of the event sample obtained with the D *-tagging
method. All spectra are produced by subtracting distributions from the side bands of the invariant mass
spectra.

that really a wide range of the virtual photon spectrum even down to quasi-real photons
is exploited in order to detect as many charmed mesons as possible. The fractional photon
energy y covers the entire range starting as expected at y ~ 0.2 (cf. Sec. 3.3.3).

The momenta of the DY and their decay products are shown in Fig. 5.13 together with
the momentum of the soft pion from the D* decay. As expected from the mass dominated
difference between the masses of the D*and the D?, the momentum of the soft pion is
very small with a mean of about 3 GeV/c.

The distributions of the fractional energy zp of the D and its transverse momentum p;
relative to the photon are shown in Fig. 5.14. They are compared to distributions obtained
from a Monte Carlo simulation, where D*s were produced by the AROMA generator and
then forced to decay via the golden channel. The spectrometer response is simulated by
COMGEANT (cf. Sec. 3.4) and the resulting output is treated analogously to real data.

The agreement between the real data and the Monte Carlo distributions is generally
very good, which shows that the sample of charmed mesons collected is really coming from
photon-gluon fusion. The mean of the zp distribution is about 0.5 which corresponds to
the expected value. In case of a non-negligible charm content in the nucleon, events with
charmed hadrons could result from direct scattering of the photon from a charm quark.
In such a process one charmed hadron is found in the final state which now carries most
of the energy of the photon and thus has a relatively large fractional energy. From Monte
Carlo simulations one would expect a mean value for the fractional energy of the resulting
DY of above 0.6.
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Figure 5.13: The top row shows the momenta of the decay products of the D*, namely D°and soft
pion. The bottom row contains the spectra of the momenta of the decay products of the D°. All spectra
are obtained from the D *-tagged sample by subtracting distributions from the side bands.
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For leading order scattering from charm quarks one would in addition expect that the
struck quark is typically emitted in the direction of the virtual photon (cf. Sec. 2.5.1). As-
suming that in the fragmentation only small amounts of transverse momenta are generated
this would result in a distribution of transverse momenta of the charmed meson which is
significantly smaller than the one shown in Fig. 5.14.

One can thus conclude that the sample of D% reconstructed with the procedure de-
scribed in this chapter is really generated by photon-gluon fusion. The methods which
are used to extract the gluon polarisation from the reconstructed event sample will be the
subject of the next chapter.
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Figure 5.14: The plots show the distributions of zp, the fractional energy of the D°and its transverse
momentum p; relative to the photon. As expected the mean of the zp distribution is about 0.5. Both
spectra agree well with the corresponding distributions extracted from a Monte Carlo simulation. The
spectra for the real data are obtained from the D *-tagged sample by subtracting distributions from the
side bands.



Chapter 6

The Extraction of the Gluon
Polarisation

The subject of this chapter is the extraction of the gluon polarisation AG/G from a sample
of events in which a candidate for a D°could be found. The yield of events containing
charmed hadrons is given for the upstream target cell by*

~ —

Nee = au{ (®7n, + P n) JC:; +(®7ns + 9, )oz

u
+(I)ZHAUCE’A}’ (6.1)
A

where the following quantities enter:
Ay, acceptance of the upstream cell.
&~ &~ integrated flux of muons with positive and negative helicity giving the total
flux =07 + O
ny , ny. number of polarisable nucleons per unit area with positive and negative spin
projections onto the beam axis. The total polarisable area density is given
by ny, =n; +ng.
O'%, acgg cross sections for the parallel and antiparallel spin configurations. The spin
averaged cross section is defined as Gz =1/ 2(05? + UC;C?).
nA, 0cz,A the area density of unpolarisable nucleons bound in a nucleus of type A and
the corresponding cross section. The contribution to the event yield from the
unpolarised nucleons is absorbed in a sum, which runs over all involved types
of nuclei A.
An analogous expression holds for the number of events in the downstream cell, Ny. In this
chapter cell-dependent quantities will be discussed for the case of the upstream cell and the
equivalent expressions for the downstream cell are omitted for clarity. The muon-nucleon
asymmetry for charmed hadron events is defined as

A = & (6.2)
oz +os

*In order to simplify the notation the shorthand c¢ is used for uN — cc.

79



80 CHAPTER 6. THE EXTRACTION OF THE GLUON POLARISATION

The relation between this asymmetry and the event yield can be obtained by re-writing
Eq. (6.1): o i
N = a, PNy oz (1 — PMPquCC) , (6.3)

with the total number of nucleons per unit area n, = n, + >_ 4 n4 and the average total
cross section Gee = (NyOez + Y, 4 MACcA)/Ty. The beam and target polarisations P, and
P, and the dilution factor f in this expression are given by

T et N O 1 C(64)
O— + d— n? + nf NyOcz + ZA NAOCce A

which means that for positive values of the polarisations the corresponding net spin points
along the beam axis.

The mass spectra plotted in Fig. 5.10, however, show that the event sample, which is
to be used for the asymmetry extraction does not purely consist of the type uN — cc.
There is a background contribution in addition, which is taken into account in the event
yield by replacing 6.z by Gtot = 0cz + dBg. The total event yield is then given by

6_ ~

NP = a4, By G0 <1 —~ P,P,f
Ttot

Jec A — p, P, f258 ABg> , (6.5)
tot
with the asymmetry of the background contribution AP,

The event yield Nﬁ"t depends on a number of variables &;, among the most important
are the invariant mass Mg, the position of the primary vertex 7,, the energy of the
incident muon £, and the time ¢ at which the event takes place

€ = (Mgr, T, Epst, ...). (6.6)

The target polarisation and the beam flux may depend on the time of the event, as does
the acceptance, which in addition depends also on the vertex position. The cross sections
depend on Mg, and the event kinematics in general. The diluting factors like the beam
polarisation and the dilution factor depend on the kinematics of the muon. A naive analysis
proceeds by counting the events from a given target cell in a given mass window, without
further classification of the events according to the dependence on { This means that one
measures the integrated event yield

Vit = [ R G0 = 1ufow) (1 - (554 — (326)2°%). 67

with 1, = [ @ﬁumotdg The average acceptance and diluting factors are given by

—

<CL > — M <ﬂz> _ fau(ﬁﬁua-totp‘upuf%df (6 8)
[ @7y 6v0rdE B Tondide

where i € {c¢,Bg}. Assuming A < 1 the average of the diluting factors can be evaluated
. tot .
by (3;,) ~ Zév“ ! /Nt [99]. The sum runs over all events and the approximation holds
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for large event numbers. If in addition the acceptance is assumed to be equal for signal
and for background events the cross-section ratios &;/di0 can be expressed as

6 S opg B
= —— and —=_—"—,
Otot S+ B Otot S+ B

(6.9)

where S and B are parametrisations of the signal and background contributions to the
invariant mass spectrum. These parametrisations are in general functions of the invariant
mass and the kinematics of the event.

In the following several different methods for the extraction of the charmed hadron
asymmetry A are discussed. The approaches introduced in Secs. 6.1.1 and 6.1.2 are
based on the assumption that the asymmetry of the background events AP8 vanishes. It
will be discussed in Sec. 7.2.1 to what extent this assumption is justified. A method of
asymmetry extraction, which does not rely on the assumption AP& = 0, is subject of
Sec. 6.1.3. How the pre-factors of the asymmetry in Eq. (6.5) are obtained is then covered
in the subsequent sections along with a discussion of the analysing power a, ., which relates
the charmed hadron asymmetry to the gluon polarisation.

6.1 Methods for Asymmetry Extraction

6.1.1 First Order Method

The starting point for this method is Eq. (6.7) and the assumption that the background
term is zero. The counting rate asymmetry is then given by

NqEOt _ N;Ot
bu(au) — la(aa) = (lu(a) (Bi7) — la(aa) (55°)) A
lu(aw) + lafaa) — (lu{au)(BS) + lafaa)(B57)) A

An

(6.10)

This expression can be turned into a first order equation in A by assuming that the
acceptance difference between the two target cells is small. This means that the second term
in the denominator can be neglected with respect to the first term, since (85°) ~ —(85°).

It was discussed in Sec. 3.2 that for a given microwave setting data are taken in two
target spin configurations. In one configuration the target spins point inward (=<) and
the corresponding asymmetry is called AiN and in the other configuration the spins point
outward («<=>) resulting in A%,. Computing the mean of the two asymmetries one arrives
at

_ 1 .
A% = _m (Ay = ARX) = Afalses (6.11)

where Ag, 1 and (3) are given by

L 1 lu(aw) — la(aq) i_ M ’ an
Afalse = 2<ﬂ>{<lu<au>+ld(ad>> (lu<au>+ld<ad>> } d (6.12)
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1 (e () = lalaa)(BEY ' ( Tufau)(B5) — lafaa) (B5) \°
= 2{< Ve ) - (e ) } (01

The false asymmetry Ag, o takes into account acceptance variations and vanishes if the
following equations are fulfilled
i [¢) li o

(oplad) g Wli (6.14)
(a)(ay) laly
The two conditions essentially require that the flux in the two target cells is equal and in
addition that the acceptances and the number of nucleons are stable in time.

Assuming equal acceptances of the target cells, i.e. N/4 ~ N:L(O) = N;l(o) the statistical
error on the asymmetry is given by

R =

= 1
SAC = (6.15)
(BVN
If the ratio S/(S + B) is independent of the other diluting factors it can be pulled out of
the average. This yields the relation between the effective signal and the statistical error
on the asymmetry used also for Eq. (5.9)

w_ 14B/S 1 1 (6.16)
(P.Pf)WWN  (PuPf) VSerr '

where P, is the mean of the target polarisations defined in analogy to Eq. (6.13).

6.1.2 Second Order Method

This method is based on the double ratio of counting rates in contrast to the First Order
Method which uses a counting rate asymmetry. The double ratio is given by [99]

N\ tot i \tot)o

5= N SN (6.17)
(thlot)1(Nt0t)o
u

where the event yields are defined by Eq. (6.7) together with the assumption that the
background asymmetry vanishes. The letters “i” and “0” denote the two target spin config-
urations of a given microwave setting defined in Sec. 6.1.1. Using the definition in Eq. (6.7)
the double ratio reads

5 = <GL><a3> lng (1 - (ﬂﬁa’i>A05> (1 _ <ﬂ§EvO>AcE)

(a9)(al) 151} (1 B <ﬁ§E,i>AcE> (1 B <5;570>Ac5)' (6.18)

Applying the same assumptions on the stability of acceptance, flux and number of nucleons
in the target cells with respect to the two spin configurations as for the First Order Method
(cf. Eq. (6.14)) one obtains a second order equation in A°. This equation is given by

a (A%)? —bAC 4 c =0, (6.19)
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with the parameters

a = S(BFONBTT) — (BENET) (6.20)
b= 5 (485 + (55)) — (1850 + (85°) (6.21)
c = 6-1 (6.22)

The solution of the second order equation is

+vb2 —4dac+b
A= 2
I dacth (6.23)

where the sign is determined by the type of microwave setting (cf. Fig. 3.6). The Second Or-
der Method can thus extract the asymmetry without the assumption of equal acceptances
of the two target cells, which was needed in the case of the First Order Method. This is
an important advantage especially in view of the fact that in the open charm analysis the
acceptance ratio of downstream cell over upstream cell is of the order of 1.5 to 2.

In the method described so far every event enters the analysis with the same weight.
This is not optimal, since events with a small 3,4 carry less information about the asym-
metry than those with large pre-factors. A weighting of events can be introduced by
modifying Eq. (6.7)

-~ —

NY = / WE N EVE = Ly () (1~ (5w AT) (6.24)

where the background asymmetry has already been neglected at this stage for simplicity.
The meaning of [, is the same as before, but the average acceptance and diluting factors
are now given by

(b = fwaufbﬁu&totdg (i) = fwau@flu&totpupuf&%df (6.25)
u/w — — w — pury .
[ @71, 6101 dE b [ way, @iy biordE

and the latter can approximately be evaluated by (85 )w ~ > 655/ > p wk. Using the
weighted event yields, the double ratio reads

(6.26)

and the method can proceed in analogy to the unweighted case.

The statistically optimal weight is w = fL‘E a) [99]. In order to estimate the gain achieved
through the weighting, one needs to compare the statistical errors for the weighted and
the unweighted case. Using the weight defined above and assuming equal acceptances of
the target cells and equal pre-factors (35" ~ (5°) they are given as

A — L g sae— L (6.27)
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Thus the statistical error can be reduced by a factor given by

(6.28)

Applying a weight w = ﬂfj a) however, means that x depends on the target polarisation.
As mentioned above, this polarisation may be time dependent and one can realistically
assume that the dependence is not equal for the two target cells. This implies that even
in the case of perfectly stable acceptances the condition £ = 1 is not fulfilled. As a
consequence the target polarisation is excluded from the weight in order to limit systematic
effects.

6.1.3 Fit Method

The method derived in this section is not based on the assumption that the background
asymmetry vanishes. Instead it allows for the simultaneous extraction of the signal and
background asymmetries [100,101].
The integrated event yield in the upstream target cell is given by an expression similar
to Eq. (6.24)
S

NYs = / wsNPYE)dE  with  wg = P, 5T (6.29)

where the signal weight is now explicitly marked with an index for reasons which will
become clear later in this section. The event yield N!°*(¢) is expressed similarly to Eq. (6.5)

and reads

Stot /2 . s S - ~ B

NTZO‘D (5) = au(bnuO'tot (1 - ﬂumAcc - ﬂumABg> s (630)
with Bu = P,P,f. Assuming that the asymmetries are largely independent of 5, one can
rewrite Eq. (6.29) as

S

Nys = /wsdua'totdg_ Acc/wsduﬁu&tots+3dg
_ABg/deuBqu—totS_i_—Bdg (631)
_FSS FSB
_ S cctu Bgtu
= Iu<1—A ?—Ag%@), (6.32)
where
Gy = au®iy (6.33)
I?f = /deuﬁtotdg (634)
FS% = /wgd Bu6 Ldé (6.35)
u uMu totS+B .



6.2. DATA GROUPING 85

B -
dg. 6.36
S—FB5 (6.36)

SB <A
Fu = /wSauﬁuUtot

In analogy to Eq. (6.32) four expressions can be obtained for the two target cells and the
two spin configurations (“inner” and “outer”).
Using a background weight wp given by

B
=P, f—- .
wp ”fS 5 (6.37)
four more equations can be derived. The equivalent to Eq. (6.31) then reads
N“’B—/wd& dE—A“/wd@& Sd,§
w - By Otot BuutotS+B
—APs / WE G Bubrot o Bd{ (6.38)
—FBS FBB
_ B cctu B U

where IZ| FBS and FBP are defined in analogy to Eqs. (6.34-6.36). The weighted event
tot

yield NS can be approximately obtained by N5 ~ Z]kv" wg,j, and F3%/I% is approxi-

mated by

F&S’S B fwgdu@uﬁtot S—iS-'B dg (6 40)
]5' fwsdu&totdg |
Ntot ~ S g
w —==d
N Yok skBugis 5. (6.41)

N&Ot
2op WSk

Analogous equations hold for F2B /T2 and the corresponding quantities entering Eq. (6.39).
This means that there are eight equations for eight unknown parameters, which are A,
ABe (I (IF), (I2)°, (IB), (IP)E, (1B)°, where the condition k = 1 (cf. Eq. (6.14)) was
used to fix (I57)° and (IP)°. The set of equations can thus be solved to give the signal
and background asymmetries A° and AP8. More details on this method are given in the
appendix (Sec. C.1).

6.2 Data Grouping

All the methods for asymmetry extraction discussed in Sec. 6.1 have in common that they
take as input the event numbers from the two target cells for the two spin configurations,
which correspond to the two orientations of the solenoid field (cf. Fig. 3.6). Thus the
data have to be grouped accordingly in order to extract asymmetries. One way to do this
grouping is to combine runs taken before and after a given reversal of the solenoid field.
This is called the consecutive grouping and is explained schematically in Fig. 6.1 (left).
This way of data grouping has the advantage that the time interval in which the combined
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data have been taken is relatively short and that therefore the spectrometer is likely to
be stable. This means that residual false asymmetries due to variations of the acceptance
with time are suppressed.

However, for this analysis the resulting event numbers for a given target cell and a given
spin configuration can be very small for the consecutive configuration. In such a situation
the use of the Second Order Method (cf. Sec. 6.1.2) would be doubtful (cf. Eq. (6.8) and
the discussion thereafter).

The lack of events can be cured by applying the so-called global way of combining
the data. In this mode the data taken around several reversals of the solenoid field are
combined for the asymmetry extraction (cf. Fig. 6.1 (right)). Typically the data from one
data-taking period are combined together, but care is taken to split periods with large
interruptions (e.g. 02P2G, 03P1D). In the global configuration there is the risk that false
asymmetries due to possible variations of the spectrometer acceptance with time are not as
well suppressed as in the case of the consecutive configuration. However, studies performed
in the course of different analyses like the Ay extraction or the high-p; approach to measure
AG/G have shown that there are no significant effects (cf. e.g. [97]). In the light of these
studies and the current statistical accuracy of the open-charm approach the conclusion is
that the global configuration can safely be used.

>e]l (= (=& g Be %
=D == [==] I

Figure 6.1: A schematic definition of two ways of data grouping for asymmetry extraction. On the left
the data before and after a given solenoid-field reversal are grouped together. This is called consecutive
configuration. On the right the data around several field reversals are grouped together, which is referred
to as the global configuration. Typically the data from one data-taking period are grouped together in
this mode.

6.3 Diluting Factors

6.3.1 Beam and Target Polarisation

The polarisation of the beam muons is obtained on an event-by-event basis from a parametri-
sation, which gives the polarisation as a function of the beam momentum. The mean value
of the beam polarisation is —0.76 and —0.81 for the years 2002/2003 and 2004, respectively,
with a relative error of 5% (cf. Sec. 3.1 and Fig. 3.2).

The target polarisation is measured by five NMR coils along each target cell every
10-15 minutes. These measurements are then averaged to obtain the value for a given run,
which typically takes 30-60 minutes (cf. 3.2 and Fig. 3.5). Averaged over the three years
of data taking 2002 to 2004, one obtains for the polarisation a mean value of 51 % for the
upstream cell and 50 % for the downstream cell with a relative error of 5%. Only runs
which are actually used in this analysis have entered in these statistics. Typically data are
only recorded if the target polarisation is above a minimum polarisation. Due to this, the
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smallest polarisation values occurring in this analysis are 32 %, whereas the largest values
amount to 57 %. In case a given run does not have a polarisation measurement because
of technical problems, the values from neighbouring runs are linearly interpolated. This
rescue procedure had to be applied for about 7% of the runs.

6.3.2 Dilution Factor

The dilution factor (cf. Eq. (6.4)) gives the fraction of interactions in polarisable material.
In a naive picture the target cells are completely filled with SLiD and the 5Li nucleus is in-
terpreted as a system comprised of an alpha particle and a deuterium nucleus (cf. Sec. 3.2).
These assumptions yield a naive expectation for the dilution factor of 0.5. However, besides
6LiD there are also other materials found in the volumes of the target cells. Mainly there
is the 3He-*He responsible for the cooling of the target material, but also C, F, Ni and
Cu are present, introduced by the NMR coils. All these materials need to be included in
the computation of the dilution factor. Apart from the number of nucleons bound in the
nuclei of a given type also the corresponding cross sections enter the dilution factor. This
means that it depends on the event kinematics and among these mainly on x, which has
been defined in Eq. (2.7). The dilution factor is given by a parametrisation as a function
of  and y and is thus available on an event-by-event basis [102]. Averaged over the event
sample used for the extraction of the gluon polarisation the mean value of the dilution fac-
tor is (f) = 0.40. The uncertainties on the involved cross sections as well as the uncertain
target composition enter in the error on the dilution factor, which amounts to 5 %.

6.3.3 Analysing Power
Definition of the Analysing Power

The analysing power is here defined as the ratio of the spin-dependent and the spin-
averaged muon-gluon cross sections:

A —cc
STug—ee, (6.42)

ary =
Opg—ce

It relates the muon-nucleon asymmetry to the gluon polarisation via

. AG
A =app o (6.43)
Referring to the formalism in Sec. 2.5.1 (cf. Eq. (2.70)) the analysing power ay,, incorporates
the depolarisation factor D and the partonic asymmetry a,.,. The expression in Eq. (6.43)
is an approximation of the convolution in Eq. (2.64). It was checked that this approach
does not lead to a significant distortion of the result. This was done for the case of light
quarks (A;) [103] and it is expected that this result can be extended to charm quarks.
The cross sections in Eq. (6.42) have been calculated to first order in oy [103]. They
depend on a number of kinematic variables and the charm-quark mass m,

(A)U,ug—»cé(xyQQ)xp)an¢amC)) (6'44)
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where the inclusive variables z and Q? have been defined in Sec. 2.1.1 and Tp, 24 and ¢
depend on the fraction of nucleon momentum 7 carried by the interacting gluon and the
4-momenta of the proton, the virtual photon and the charm quark in the final state, P, q
and P, via

x P-P, (P xk)-(PxPy)

Sy T Pq YT PxuPxPp, (6:45)

The complete equations are given in the appendix (Sec. C.2). The analysing power thus
depends not only on the kinematics of the virtual photon, but also on the parton kinematics.
Since only one charmed meson is reconstructed, the kinematics of the parton system are
not exactly measurable. This, however, means that the true analysing power, computed
with the complete kinematics of the event, is not available either.

The distribution of the analysing power extracted from a Monte Carlo simulation is
shown in Fig. 6.2. For this simulation D%s have been generated with AROMA and are
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Figure 6.2: The analysing power arr, as obtained from a Monte Carlo simulation of D° decays. For the
distribution a charm-quark mass of 1500 MeV /c? was used.

forced to decay via the Km channel. After simulation of the spectrometer response with
COMGEANT (cf. Sec. 3.4) the events are then reconstructed like real data with the dif-
ference that the parton kinematics (7, z, and ¢) are available and can be used for the
computation of the analysing power. For the plot in Fig. 6.2 a charm-quark mass of
1500 MeV /c? was used. A discussion of the dependence of the analysing power on this
parameter will follow in the last part of this section. The cross sections which enter the
analysing power are calculated to first order in a;. In order to be consistent, care is taken
that also the simulation is strictly leading order. Therefore parton showers have been
switched off in the generator, since they are used to model next-to-leading order processes.

The distribution of the analysing power shows that the quantity changes sign in the
accessible kinematic range. This means that it can take on small values even down to
zero and as a consequence the corresponding events do not carry any information on the
gluon polarisation. It is therefore desirable to have the analysing power available on an
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event-by-event basis in order to use it as an event weight.

Parametrisation of the Analysing Power

A possibility to provide the needed value of the analysing power is to produce a parametri-
sation from Monte Carlo. This parametrisation has to map the partonic quantities on
which the analysing power actually depends onto reconstructable variables.

The starting point of the extraction of the parametrisation is a Monte Carlo simulation
as described above. The main dependence on the photon kinematics is absorbed in a
pre-factor as shown in the following factorisation

2

arr = Haw (6.46)
The residual dependencies are then mapped onto the fractional energy zp of the DY and
its transverse momentum p; relative to the virtual photon. This is done by determining
ayp on a grid in zp and p; and using these values as input to a spline fit. The values
of ar;, on this grid are included in the appendix (Sec. C.3). This procedure results in a
parametrisation of the analysing power, which depends on y, p; and zp: aty (y,ps, 2p).
Finally a multiplicative correction factor of about 3% is applied in order to adjust the
mean value.

A comparison of the true analysing power to the value obtained from the parametrisa-
tion is shown in Fig. 6.3. The correlation obtained between the two values is 0.78.
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Figure 6.3: The true analysing power is plotted versus the value obtained from the parametrisation. A
clear correlation is visible.
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Figure 6.4: The mean value of the true analysing power is plotted versus the charm quark mass. The
value m. = 1500 MeV /c? is favoured by cross section measurements, however, variations of +100 MeV /c?
are not excluded.

Dependence on the Mass of the Charm Quark

The equations quoted in Sec. C.2 reveal a dependence of the analysing power on the mass
of the charm quark. The charm-quark mass may for example be determined from measure-
ments of the total charm production cross section. A comparison of this cross section to
the expectation for a given charm-quark mass allows an estimation of the parameter. The
most favoured value' is m, = 1500 MeV /c?, but variations of the order of £100MeV /c?
are not excluded [104].

The mean values of the analysing power for charm-quark masses of 1400 MeV/c?,
1500 MeV /c? and 1600 MeV /c? are shown in Fig. 6.4 and summarised in Tab. 6.1. The
quantities have been obtained from a Monte Carlo simulation as described above. Parametri-
sations were produced for all three mass values. The gluon polarisation will be extracted
using the cental value of m. = 1500 MeV /c?. The other configurations will be used for an
estimation of the dependence of AG/G on the mass of the charm quark, which will then
enter in the systematic uncertainty of the final result of this analysis.

Table 6.1: Summary of the mean values for the analysing power obtained for different values of the
charm-quark mass. The true values of the analysing power are presented as well as the values obtained
from a parametrisation aP (y, ps, zp).

me [MeV /c? true app, ary’
1400 0.1831 £0.0010 | 0.1831 £ 0.0009
1500 0.1978 £0.0009 | 0.1980 + 0.0007
1600 0.2115 £0.0011 | 0.2099 + 0.0009

TThe pole mass of the charm quark cited here is about 20 % larger than the current or bare quark mass
given in [6].
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6.3.4 Signal to Background Ratio

The methods for the asymmetry extraction presented in Secs. 6.1.1 to 6.1.3 rely on the
knowledge of pre-factors absorbed in ( ;‘(E d)> with

cC S
<ﬁu(d)> = (PuPu(d)fm

For the extraction of the gluon polarisation these factors need to be supplemented with
the analysing power according to Eq. (6.43), giving

). (6.47)

cC S
(Bu(ay) = (PuPu(d)faLLm>-

The plots in Fig. 6.5 show a comparison of the distributions of zp and p; from the signal
part of the invariant mass spectrum to those extracted from the sidebands of the spectrum.
For this purpose the distribution for the signal is obtained via sideband subtraction as
described in Sec. 5.6.1. In the plots a shift between the distributions is clearly visible.
This shift between the distributions indicates that the S/(S + B) term depends among
others on the kinematic variables zp and p;. As discussed in Sec. 6.3.3 the parametrisation
of the analysing power a., also depends on these variables

(6.48)

(Biay) = (PuPu@ farr(2p,pt) (2D, pt))- (6.49)

S+ B

In a naive analysis S/(S + B) is extracted from a fit to global mass spectra, such as the
ones in Fig. 5.10. However, this means that (S/(S+ B))(zp,pt) is averaged over the event
sample and the mean of the pre-factors is effectively given as

(B5f) = (PuPaa Taus (o, s (o) (6.50)
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Figure 6.5: The plots show the distributions of zp and p; as extracted from the sideband-subtracted
signal region and those from the background. A shift between the signal and the background distributions
is visible.
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Such a naive extraction thus suffers from a bias introduced by ignoring the implicit corre-
lation between the analysing power and the S/(S + B) factor.

This bias can be avoided by parametrising the signal and background contributions
not only as a function of the invariant mass, but also as a function of the most important
kinematic variables such as zp and p;. However, this approach is not feasible, since the
available statistics is not sufficient. Alternatively, the parametrisation of S/(S + B) is
obtained as a function of only one variable which absorbs all dependencies, namely f P, a,.

The distribution of fP,ay;, is shown in Fig. 6.6 for the D* tagged sample. All events
contained in the spectra of Fig. 5.10 are also included in this distribution. The binning for
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Figure 6.6: The distribution of fP,arr, for D™ tagged events for the complete data sample. All events
that entered the corresponding spectra in Fig. 5.10 are included in this distribution. The bins used for the
parametrisation of S/(S + B) are indicated.

the parametrisation is arranged such that the events are distributed evenly. The resulting
bins are indicated in the distribution shown in Fig. 6.6. The number of bins was chosen such
that the dependence of the analysing power on e.g. p; in the respective bin is minimised
and on the other hand the statistics is sufficient to yield a reliable fit.

The invariant mass spectra in these bins of fP,a;,, are shown in Fig. 6.7. The decrease
of the signal-to-background ratio is clearly visible. In order to quantify the effect, the
ratio was determined in a mass window around the nominal D®mass and the result is
summarised in Tab. 6.2. It should be stressed that these values are meant only for the
illustration of the effect. In the actual analysis the S/(S + B) factor is evaluated on an
event-by-event basis at the corresponding invariant mass.

For the untagged event sample a similar approach is used. In this case the number of
bins is chosen to be three due to the less prominent signal compared to the D * tagged case,
which makes the fit more difficult. The signal-to-background values as determined from
a mass window around the signal are also summarised in Tab. 6.2. The actual positions
of the bins and the complete set of fit parameters in the different bins for the two event
samples are summarised in the appendix (Sec. C.4).

As discussed above, the parametrisation of the signal-over-background ratio was done
as a function of fP,a.; instead of p; and zp due to a lack of statistics. The correlation
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Figure 6.7: The plots show the invariant mass spectra for the D * tagged sample in the bins of fP,arr
indicated in Fig. 6.6. A clear decrease of the signal-to-background ratio with increasing bin number is

visible.



94 CHAPTER 6. THE EXTRACTION OF THE GLUON POLARISATION

Table 6.2: Summary of the signal-to-background ratios as a function of bins in fP,arL for the D * tagged
and the untagged event sample. The values result from a fit of S/B to the invariant mass spectrum in a
mass window of +1.8¢0 and £1.45¢0 around the nominal D ° mass in the D * tagged case and the untagged
one, respectively.

D*tagged DY | untagged D
Bin 1 | 2.876 £0.160 | 0.112 4 0.008
Bin 2 | 1.486 £0.118 | 0.071 4+ 0.006
Bin 3 | 1.128 £0.107 | 0.070 + 0.006
Bin 4 | 0.959 + 0.102
Bin 5 | 0.809 £ 0.081

between the dilution factor, the beam polarisation and the signal-over-background ratio is
weak, therefore this parametrisation is effectively a function of the analysing power, which
in turn most strongly depends on p;. The distributions of p; and zp in the first and the
last bin of fP,ay; are shown in Fig. 6.8 and support the statement made before. The
parametrisation is primarily a function of p;.
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Figure 6.8: The plots show the distributions of zp and p; for those events in the first and the last bin
of fP,aLL, respectively. A clear shift is visible in the case of p; indicating that the parametrisation is
primarily a function of p;.

In order to make sure that the dependence of the signal-to-background ratio on p; is not
an artefact of the spectrometer and the reconstruction, the distribution of p; was studied
in a Monte Carlo simulation at generator level. For the generation of background events
the Pythia generator [105] was used and only events in the mass range of +400MeV /c?
around the nominal D% mass were accepted. The resulting distribution for p; is plotted in
Fig. 6.9 and compared to the corresponding signal distribution obtained using AROMA.
They show that the shift between the distributions for signal and for background events is
present already at generator level and is therefore based on a physics effect and not on an
artefact of acceptance and reconstruction. The background events mainly originate from
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leading order photon-quark scattering. As discussed in Sec. 2.5.1 the struck quark then
emerges typically in the direction of the incident virtual photon and thus has small p;.

This means that the S/(S + B) parametrisation really describes basic physics and
not the symptoms of low reconstruction efficiency in some parts of the phase space. The
parametrisation is thus used in the extraction of the gluon polarisation, which will be
presented in the next chapter.
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Figure 6.9: The distribution of p; is studied at generator level. The background distribution is obtained
from Pythia, whereas the signal events are as usual generated by AROMA. The shift between the distri-
butions shows that the dependence of the signal-to-background ratio is due to a physics effect and not due
to an artefact introduced by the spectrometer or the reconstruction.
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Chapter 7

Results for AG/G and their
Interpretation

7.1 Results for AG/G

For the extraction of the gluon polarisation the so-called Second Order Method was used
(cf. Sec. 6.1.2). The reason for this choice is that this method does not need the assump-
tion of equal acceptances of the two target cells in contrast to the First Order Method
(cf. Sec. 6.1.1). Since in this analysis the ratio of the acceptance of the downstream cell
over the one in the upstream cell can be of the order of 1.5 to 2, this is a relevant aspect.
For the extraction of the result it was assumed that the background is unpolarised. It will
be discussed in Sec. 7.2.1 to what extent this assumption is justified and how large the
systematic uncertainty due to this assumption is.

All events inside a +400 MeV /c? mass window around the nominal D% mass were used
for computing the asymmetries and, referring to Eq. (6.24), the following relations were
used in order to directly determine AG/G:

S
g = PuPtfaLL—SJrB (7.1)
S
w = PHfG/LLs‘_i_—B' (72)

The factor S/(S+B) is evaluated from the parametrisation discussed in Sec. 6.3.4 according
to the invariant mass of the D9 candidate and the value of fP,ar;, of the event in question.
Furthermore, the analysing power used for the extraction was computed using a mass of
the charm quark of m, = 1500 MeV /c?, as this seems to be the value favoured most by the
data (cf. Sec. 6.3.3).

The results for the two sub-samples, namely the D*tagged D"s and the untagged
ones, are shown for the different years of data taking in Fig. 7.1. The numerical values are
summarised in Tab. 7.1.

The combined result of the three years of data taking from 2002 to 2004 is

% = —0.31 + 0.44(stat.). (7.3)

97
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Figure 7.1: Result for AG/G for the D* tagged D’s and the untagged ones. Shown are the values
obtained for the three years of data taking 2002 to 2004.

The corresponding average nucleon momentum fraction carried by the gluon is n = 0.15.
A direct reconstruction of this quantity is not possible, since only one charmed meson is
reconstructed, therefore the value was extracted from a Monte Carlo simulation along with
the true analysing power (cf. Sec. 6.3.3). Two thirds of the n distributions are contained
in the interval [0.10,0.22]. This is taken to be the range in which the gluon polarisation is
extracted.

The next section is devoted to the discussion of systematic effects inherent in the
procedure of extraction of the gluon polarisation or introduced by the various ingredients
of the analysis. The final result of this work will be presented at the end of that section.

Table 7.1: Summary of the results for the gluon polarisation shown in Fig. 7.1.

AG/G (no tagging) | AG/G (D* tagging) Mean
2002 2.03 £2.11 0.34 +1.76 1.04 £1.35
2003 —0.95+1.23 —0.82+£1.12 —0.88 £0.83
2004 0.27 + 0.86 —0.73 £0.78 —0.28 £0.58

7.2 Systematic Effects

7.2.1 Polarisation of the Background

The result for AG/G presented in the last section was extracted assuming an unpolarised
background, which means that the background asymmetry AP& vanishes. This section is
devoted to the question, whether this assumption is justified. There are several different
approaches to estimate the asymmetry of the background. Three of them will be discussed
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in the following:
e Extraction of asymmetries from the side bands of the invariant mass distribution
e Extraction of asymmetries from wrongly charged background

e Use of the so-called Fit Method for the asymmetry extraction.

Exploiting the Side Bands

This approach is based on the assumption that the signal contribution is negligible in the
side bands of the invariant mass spectrum. In case of the D? this assumption is justified as
long as the safety margin to the signal region is chosen to be large enough. For this purpose
the intervals | M — mpo|/(MeV /¢?) € [150,400] was chosen, leaving a ~ 5o distance to the
nominal mass of the D?.

In the case of the D*tagged D% , however, the assumption is not justified due to
the reflection of the decay D? — Krr", which is clearly seen in the spectra of Fig. 5.10.
Therefore only the side bands of the untagged D sample are used in this approach, since
there the influence of the reflection is strongly diluted. The background asymmetry is not
expected to differ significantly between the two samples. The result from the untagged
DY can thus be generalised.

The raw asymmetries A?a%v are extracted from the side bands using the Second Order
Method with

B

=578 (74
B

w = S+ B (7.5)

The results for the raw asymmetries, which are largely consistent with zero are summarised
in Tab. 7.2.

Table 7.2: Summary of the results for the raw background asymmetry Ag‘%\, extracted from the side
bands of the untagged D ° invariant mass spectrum. For this purpose a mass range |M —m ,o|/(MeV/c®) €
[150, 400] was chosen.

Ars,

2002 | —0.0031 = 0.0030
2003 | —0.0038 = 0.0018
2004 0.0001 £+ 0.0013

| Mean | —0.0016 + 0.0009
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Wrongly charged Background

The contamination by signal events can be neglected in the case of wrongly charged back-
ground. For this approach D candidates are reconstructed using kaon and pion candidates
with the same charge. For the D* tagging the correctly charged soft pion is used. Apart
from these choices of the charges all other cuts are equal to the nominal reconstruction.
The charge combinations used for the nominal reconstruction and for this approach of the
wrongly charged background are collected in Tab. 7.3.

Table 7.3: Summary of the charge combinations used for the nominal D reconstruction and for the
wrongly charged background.

nominal wrongly charged background
DO(K,TF) (_7+) or (+a_) (_’_) or (+7+)
D~ (K77T77T5') (_a+7+) or (+a_7_) (_7_a+) or (+7+a_)

The resulting mass spectra of this reconstruction are shown in Fig. 7.2. The raw
asymmetries are again extracted using the Second Order Method, where now || = 1 and
w = 1 are used. Since a signal contribution to the spectra can be neglected there is no need
to avoid the signal region. Thus the mass range |M — mpo|/(MeV/c?) € [0,400] is used
for the extraction. The results for the raw asymmetries A5 are summarised in Tab. 7.4.
All values turn out to be consistent with zero.
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Figure 7.2: The invariant mass spectrum of the wrongly charged background compared to the nominal
reconstruction. The left plot shows the D * tagged spectrum, whereas the D %s reconstructed without the
tagging enter the spectrum on the right. Both spectra contain the three years of data taking 2002-2004.
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Table 7.4: Summary of the results for the raw background asymmetry ArBa%V extracted from wrongly

charged background. The mass range used for the extraction is |M —m,o|/(MeéV/c?) € [0,400].

Arg, (untagged D) | Ang (D* tagging)
2002 —0.0001 £ 0.0032 0.006 £ 0.023
2003 —0.0015 £ 0.0018 —0.006 = 0.014
2004 —0.0005 £ 0.0013 0.011 +0.011

‘ Mean 2002 to 2004 —0.0007 £ 0.0010

Fit Method

In order to exploit the Fit Method for the extraction of the background asymmetry the
following was used (cf. Eq. (6.29) and (6.30)):

6l = 1
S B

wg = —— and wp

S+ B

(7.6)
(7.7)

~S+B

Due to the reflection of the D decay via an undetected neutral pion only the untagged
DO sample is used in this approach. The results for the raw asymmetry ABE, obtained with
the Fit Method are summarised in Tab. 7.5 and are compared in Fig. 7.3 to the results
previously presented.

As was discussed in Sec. 6.1.3 the Fit Method is not only able to extract the asymmetry
of the background but can simultaneously determine the charmed asymmetry A. The
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Figure 7.3: Results for Ag%v extracted by applying different methods. Compared are the values obtained
from the side bands of the untagged D°invariant mass spectrum, the ones from the wrongly charged
background and the results extracted by the Fit Method. The results are consistent with each other and
mostly also consistent with zero.
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Table 7.5: Summary of the results for the raw background asymmetry Ag%v extracted with the Fit
Method. The mass range used for the extraction is [M — m,o|/(MeV/c®) € [0, 400].

Ang, (untagged D°)
2002 —0.00192 £ 0.00266
2003 —0.00251 £ 0.00155
2004 —0.00036 + 0.00114

| Mean 2002 to 2004 | —0.00120 + 0.00087 |

results are compared to values for A computed with the Second Order Method with

raw

S
bl = 575 (7.8)
S

The values obtained are summarised in Tab. 7.6 and plotted in Fig. 7.4. No significant
deviations are observed between the result from the Second Order Method, which neglects
the contribution from APB8 and the Fit Method. This result justifies the use of the Second
Order Method with its assumptions for the extraction of the gluon polarisation in Sec. 7.1.

Table 7.6: Summary of the results for the raw asymmetry AfSy extracted with the Fit Method and the
Second Order Method. The values give the weighted average of untagged and D * tagged D s.

Fit Method | Second Order Method
2002 0.001 £ 0.051 —0.001 £ 0.051
2003 —0.019 £ 0.030 —0.015 £ 0.031
2004 —0.027 £ 0.023 —0.023 + 0.023
| Mean 2002-2004 | —0.021 £ 0.017 —0.018 £ 0.018

Conclusion on the Asymmetry of the Background

The information about the background asymmetry collected with the different approaches
is consistent. In order to arrive at a final result for the background asymmetry the results
obtained from the side bands of the D?and the values from the wrongly charged back-
ground are combined. Due to the strong correlation between the side band approach and
the result from the Fit Method the latter is to be interpreted as a cross check. The result
for the raw background asymmetry is given by

AP8 = —0.00115 £ 0.00071. (7.10)

raw
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Figure 7.4: Summary of the results for the asymmetry Agsy extracted with the Fit Method. The values
are compared to those, which were extracted with the Second Order Method. The values show the weighted

average of untagged and D * tagged D%s. In addition the values for Ag‘%\, obtained from the Fit Method
are shown for the untagged D °sample.

In order to estimate the systematic effect of neglecting this asymmetry in the extraction of
the gluon polarisation the result for Ang, is compared to A< . This yields a value of 7%

for the relative systematic error due to the influence of a possibly polarised background.

7.2.2 Analysing Power

The systematic influence of the analysing power on the result for the gluon polarisation is
two-fold. The inevitable deviation of the parametrisation of ar;, from the true value is to
be taken into account as well as the dependence of the analysing power on the mass of the
charm quark whose value is uncertain.

Influence of the Parametrisation

The parametrisation aty (y,p:, z2p) (cf. Sec. 6.3.3) is performing well considering the fact
that only part of the charmed final state is detected. However, with a correlation of about
78 % it is not perfect and thus could possibly distort the result for AG/G. In order to
quantify the effect a toy Monte Carlo was used, which simulates the spin dependent effects.

In this approach unpolarised events were generated and reconstructed just like for the
extraction of the parametrisation afy (cf. Sec. 6.3.3). Each event was then randomly
assigned to one of the solenoid-field configurations (“inner” or “outer”) according to a flat
distribution. Depending on the z coordinate of the corresponding primary vertex the events
were associated to one of the target cells. The spin-dependent part of the interaction was
simulated by weighting each event with

A AG
Wpol = 1 — atLrLue?a (7.11)

where the true analysing power was used, which is computed with the complete information
about the parton kinematics. The gluon polarisation was chosen to be —0.3 corresponding
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to the central value of the final result quoted in Sec. 7.1. The absolute values of the diluting
factors entering B namely f, P, and P; were set to one in order to increase the statistical
significance of the analysis. The resulting event sample was then analysed with the Second
Order Method, once using the true value for the analysing power and once using the value
from the parametrisation. For the analysis an unweighted approach was chosen (weight
w = 1 in Eq. (6.24)), which means that the two analyses are 100 % correlated and the
interpretation is easier. The results of the analysis are summarised in Tab. 7.7. Both
results are consistent with the input of AG/G. Comparing the realistic result obtained
with the parametrised ap, to the one obtained with the true analysing power one can
deduce a deviation of 0.5%. This effect is small compared to other systematic effects in
the analysis and will thus be neglected.

Table 7.7: Summary of the results for AG/G obtained from a toy Monte Carlo. An event sample was
generated assuming the true analysing power and AG/G = —0.3. The sample was then analysed once
using the true value of the analysing power and once with the value from the parametrisation.

input AG/G with atue with alp’
AG/G —0.3 —0.291 £ 0.016 | —0.289 + 0.016

Influence of the Mass of the Charm Quark

As discussed in Sec. 6.3.3 the favoured value for the mass of the charm quark is m, =
1500 MeV /c?, which is also the value used for the extraction of the result presented in
Sec. 7.1. However, it was also pointed out that variations of m,. of 100 MeV /c? are not
excluded. In order to estimate the uncertainty on the result for the gluon polarisation due
to this possibly different charm quark mass, the analysis is repeated using the two extreme
values m. = 1400 MeV /c? and m. = 1600 MeV /c?. In the default analysis using the Second
Order Method the analysing power enters in the weight of each event. Changing the weight
between two analyses means that the event sample is effectively changed, which makes the
interpretation of the results more difficult. This is the reason why the unweighted approach
(w = 1) was applied here. For the extraction of the results events were taken from a mass
window of +1.8¢ in the case of the D* tagged DY and +1.450 for the untagged sample.
This was done to make the results also applicable in Sec. 7.2.4.

The parametrisations of the analysing power for the different masses of the charm
quarks were produced as described in Sec. 6.3.3. The results for AG/G for the different
mass values are summarised in Tab. 7.8. These values indicate a variation of the result for
the gluon polarisation of +11 %.

7.2.3 False Asymmetries

All methods for the asymmetry extraction introduced in Chapter 6 rely on the assumption
that the experimental setup is stable in time (cf. Eq. (6.14)). Only under this condition do
the acceptance differences between the two target cells cancel exactly. Even though great
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Table 7.8: Summary of the results for AG/G extracted using different values for the mass of the charm
quark m.. For the analysis the unweighted Second Order Method was applied on an event sample taken
only from the signal region around mjo.

me = 1400MeV /c? | m. = 1500 MeV /c? | m. = 1600 MeV /c?
AG/G —0.43 £ 0.67 —0.39 £ 0.60 —0.35 4 0.55

efforts are made to avoid changes in the experimental setup and to keep the setup stable,
the assumption mentioned above is not always perfectly fulfilled. This means that instead
of the pure physical asymmetry a result is extracted, which can be distorted by a false
asymmetry.

The influence of false asymmetries has been studied extensively also by other analysis
groups inside COMPASS in the course of extracting results for A; or for AG/G via the
high-p; approach. Both of these analyses have a considerably larger statistical significance
than the open charm approach studied in this thesis. In these analyses the influence of false
asymmetries was found to be small compared to the statistical error [26,97]. Considering
these results and the current statistical accuracy of the open-charm analysis, it is not
expected that the influence of false asymmetries plays an important réle here.

There are, however, two differences between the mentioned analyses and this work
which may be relevant. First, due to small event yields this analysis is forced to use the
global configuration for the grouping of the data (cf. Sec. 6.2) and secondly, the approach
presented in this thesis is heavily relying on the RICH detector, which is not used in
the other analyses. In order to confirm that these differences do not introduce important
effects, a few investigations have been performed.

One way to estimate false asymmetries is to extract asymmetries in a situation, where
physical asymmetries are absent. This can be done by artificially dividing each target cell
into two halves, which are then treated as upstream and downstream cell (cf. Fig. 7.5). A
separate measurement of the false asymmetry can then be obtained from each of the two
physical target cells.

> <
> | < —>

Upstream Downstream

Figure 7.5: The principle of the extraction of asymmetries, which do not have a physical origin. Each
of the target cells is artificially divided into two halves, which are then treated as separate cells for the
purpose of computing asymmetries. The data are analysed as if the spins were oriented as indicated by
the short arrows.

In order to increase the statistical significance of the determination of the false asym-
metry, it is desirable to use not only the signal part of the invariant mass spectrum but
also the background region. Provided that the corresponding events are detected in similar
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regions of the spectrometer, there is no reason to assume different false asymmetries for
signal and background. As an indication, which region of the spectrometer is used for the
detection of a given track, the polar angle 6,1, in the laboratory frame is used. The dis-
tributions of this angle for the decay products of the D* candidates are shown in Fig. 7.6.
The comparison between the distribution for the side-band subtracted signal and the one
for the background shows that one can safely assume that the two categories of events are
reconstructed in the same regions of the spectrometer. This means that the invariant mass
spectrum in the range of 4400 MeV /c? around the nominal D°mass can be used for the
extraction of the false asymmetry, in order to enhance the statistical significance.
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Figure 7.6: The plots show the polar angle 60,;, in the laboratory frame for the decay products of
the D*. The distributions for signal events obtained by side-band subtraction are compared to the one
extracted from the background region of the invariant mass spectrum. The agreement between the signal
and background distributions justify the use of the spectrum in the range of +400 MeV /c? around mpo
for the extraction of the false asymmetries.

The analysis proceeds by using the Second Order Method with w = 1 and |3] = 1.
The results obtained are shown in Fig. 7.7 and summarised in Tab. 7.9. Computing the
mean over the three years and the two target cells, where the statistical error of the signal
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Figure 7.7: The false asymmetry Ag,)se extracted by sub-dividing the upstream target cell (left) and the
downstream target cell (right). The plots show Ag,je for the D™ tagged event sample as well as for the
untagged D% for the years 2002-2004.

Table 7.9: Summary of the results for Ag, 4, extracted by subdividing a single target cell. The values
give the weighted means over the D * tagged sample and the untagged D °s for the corresponding years.

Year | Agase upstream | Agygse downstream
2002 | —0.0066 £ 0.0038 | —0.0022 £ 0.0033
2003 | —0.0022 £ 0.0022 0.0014 + 0.0018
2004 | —0.0015 £ 0.0016 0.0014 + 0.0014
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cc

asymmetry A

serves as weight, one obtains
Afalse = —0.00041 £ 0.00080. (7.12)

This result is compatible with zero, however, in order to be safe the error on the false
asymmetry is used to estimate the systematic influence. Putting this value in relation to
the value for the signal asymmetry ASC , the estimation for the relative error due to false
asymmetries is 8 %.

7.2.4 Signal and Background Parametrisations

The parametrisation of the signal and the background contributions to the invariant mass
spectrum as functions of fP,a.; was discussed in Sec. 6.3.4. It was extracted by integrating
over the three years of data taking. Possible differences between the years are ignored by
this approach, which was motivated by the wish for a reasonable number of bins in fP,a,,
and reliable fits.

In order to estimate the systematic effect of the integration over the entire data sample,
parametrisations were produced for each year separately. In the case of the D* tagged
sample of 2002 the statistics are too low for a stand-alone fit. As a remedy the shape of the
background in the different bins was fixed to the value of the global spectrum. The analysis
was then repeated with the new parametrisations. For reasons which were already discussed
in the context of the dependence on the charm quark mass (cf. Sec. 7.2.2) the unweighted
Second Order Method was chosen and applied on an event sample from a narrow mass
window. The result is summarised in Tab. 7.10 and compared to the equivalent analysis
with the default parametrisation of signal and background. The relative systematic error
estimated from these results amounts to 5 %.

Table 7.10: Summary of the results for AG/G obtained using different signal and background parametri-
sations. The default is obtained by integrating over the three years of data taking 2002-2004. The
alternative approach uses one parametrisation per year.

default parametrisation per year
AG/G | —0.39 £ 0.60 —0.37 £ 0.59

7.2.5 Other Sources of Systematic Errors

In addition to those sources of systematic effects discussed in dedicated sections above,
there are a few more quantities introducing rather small uncertainties. The dilution factor,
the beam polarisation and the target polarisation have been covered in Secs. 6.3.2 and
6.3.1, respectively. The relative errors associated to these quantities have been discussed
in the corresponding sections and are summarised in Tab. 7.11.
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Table 7.11: Summary of the relative errors on the dilution factor, the beam and the target polarisations.

6f/f | 0Bu/Pu | 0P/ P,
5% 5% 5%

7.2.6 Final Result for AG/G

In order to arrive at the final result for AG/G the different contributions to the systematic
error need to be combined. For this purpose the assumption has to be made that the various
sources of systematic errors are independent. This is in some cases not entirely true. The
estimated background asymmetry and the false asymmetry are correlated. Adding their
contributions linearly should, however, give an upper limit of the resulting systematic error.

The different contributions to the systematic error are summarised in Tab. 7.12. When
adding these contributions according to the discussion above the resulting uncertainty is
about 21 %. With this value the final result for the gluon polarisation is

A
?G = —0.31 & 0.44(stat.) =+ 0.07(syst.). (7.13)

This value for the gluon polarisation has been measured at a mean momentum fraction
carried by the gluon (n) = 0.15 in a range given by [0.10,0.22].

Table 7.12: Summary of the contributions to the systematic error. The various sources of uncertainties
were discussed in the previous sections.

ABe [ m, | AP [ S/(S+B)| f | Py | b
% | 11% | 8% 5% 5% | 5% | 5%

7.3 Interpretation

This section is dedicated to the discussion of the result for the gluon polarisation obtained
in this analysis via the open charm approach. The value will be compared to previous
measurements of AG/G from various experiments and to the expectations based on results
from QCD fits (cf. Sec. 2.4).

In order to compare the result of this work directly to the polarised gluon density
AG(n) from QCD fits, a parametrisation of the unpolarised density G(n) is needed. For
this purpose the GRV98 parametrisation [106] is averaged over the kinematic range of the
open charm result for AG/G. In the case of open charm production the hard scale of the
process, which allows for the perturbative treatment, is given by the mass of the charm
quark and the transverse momentum p; of the D?: u? = 4(m?2 + p?). This means that
the gluon distribution is probed at the scale y? ~ 13 (GeV/c)2. The momentum fraction
carried by the gluon is plotted in Fig. 7.8 together with G(n, u? = 13 (GeV/c)?).
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Figure 7.8: The plot shows the unpolarised gluon density G(7n) given by the parametrisation GRV98,
which has been obtained from a QCD fit to the world data of the spin independent structure function
F>(z,Q?). The parametrisation is shown at a scale of u?> = 13 (GeV/c)®. In addition the distribution of
the momentum fraction carried by the gluons is shown, as extracted from a Monte Carlo simulation. This
spectrum is expected to reflect the distribution of 7 in the measurement presented in this thesis.

As pointed out in Sec. 7.1 the momentum fraction 1 cannot be directly extracted from
the data. This means that the quantity has to be obtained from a Monte Carlo simulation,
which is done in the same way as for the true analysing power a'*"® (cf. Sec. 6.3.3).

The weighted average of the unpolarised gluon density in 77 amounts to fol w(n)G(n)dn =
12.4 | which is taken to be without error. The weight entering the average is given by the
distribution of n shown in Fig. 7.8. Using this value for the gluon distribution one arrives

at a result for nAG for this analysis of
nAG = —0.58 £+ 0.82(stat.). (7.14)

This value is plotted in Fig. 7.9 and compared to various parametrisations of AG obtained
from QCD fits. The final result of this work is compatible with all the parametrisations
shown in the plot.

In Fig. 7.10 the value obtained for the gluon polarisation is compared to previous mea-
surements of this quantity. Different experiments have already extracted AG/G by tagging
the photon-gluon fusion process via the detection of hadron pairs with large transverse mo-
mentum p; (cf. Sec. 2.5.1). The various analyses can be categorised by the Q2 range in
which the corresponding data have been taken. This is of importance since resolved photon
contributions are expected to be negligible at large Q% (Q* > 1(GeV/c)?) but could give
sizeable contributions at low Q2.

The HERMES experiment at DESY has extracted AG/G mainly in the low Q? range
((Q2) = 0.06 (GeV/c)?) [107] and arrives at a value of AG/G = 0.41 + 0.18 & 0.03 at
(n) = 0.17, neglecting possible contributions due to resolved photons. The result obtained
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Figure 7.9: The plot shows the value for nAG as obtained in this analysis through the open charm
approach. It is compared to different parametrisations for AG(n, u? = 13 (GeV/c)Q) obtained by QCD fits
to the spin dependent structure function gi(x, Q*). Shown are analyses by Bliimlein/Béttcher (BB, [44]),
Gliick et al. (GRSV, [45]) and the Asymmetry Analysis Collaboration (AAC, [46]). The shaded areas give
the uncertainties of the BB parametrisation (dark) and the AAC parametrisation, respectively.
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Figure 7.10: The result for the gluon polarisation as obtained in this work is compared to different
previous measurements. In addition the parametrisations of AG/G from QCD fits are shown, computed
from the parametrisations shown in Fig. 7.9 and the unpolarised density from GRV98.
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by SMC was extracted for Q2 > 1(GeV/c)? and gives a value for the gluon polarisation of
AG/G = —0.20 £ 0.28 £ 0.10 at () = 0.07 [108].

As discussed in Sec. 2.5.1 also the COMPASS collaboration has obtained results for the
gluon polarisation, extracted via the high-p; approach from the data collected in 2002 and
2003. The analysis for Q% < 1 (GéV/c)? takes into account resolved photon contributions
and arrives at AG/G = 0.024 + 0.089 £ 0.057 at (n) = 0.095. The corresponding analysis
for the Q? > 1(GeV/c)? range has obtained AG/G = 0.049 £ 0.296 £ 0.105 at () = 0.11.

In addition to the directly measured values for the gluon polarisation Fig. 7.10 also
shows results from QCD fits for comparison. The parametrisations of AG(n) shown in
Fig. 7.9 have been used to compute the gluon polarisation together with the parametri-
sation of GRV98 for the unpolarised density. The comparison in general shows that the
direct measurements of the gluon polarisation are compatible with the parametrisations
from QCD fits. The first moments of the parametrisations are around or below one and
the overall agreement with the direct measurement leads to the impression that the con-
tribution of the gluons to the nucleon spin is small. Taking the measured points at face
value they are also compatible with a node at =~ 0.1, which, however, would result in an
even smaller value for the first moment of the distribution.

In Sec. 2.3.2 it was discussed that in the AB factorisation scheme the unexpected
smallness of the measured value for ag could be explained by the reduction due to the
anomalous gluon contribution. In this scheme the quark contribution to the nucleon spin
is given by

nyos(Q%)

AEAB _ 2
ap(Q~) + 5

AG(QY). (7.15)
In order to be consistent with the expectation for the quark contribution of about 0.75 [3]
a value for AG of the order of 2.5 to 3 would be needed. This seems to be unlikely in the
light of the results presented in Fig. 7.10 and leads to the conclusion that the smallness of
the quark contribution to the nucleon spin cannot be explained by the contribution of the
gluons in the AB scheme.

The challenge for future experiments is now to determine the contribution of the orbital
angular momenta of the quarks and gluons to the nucleon spin and to find out whether
these can account for the missing pieces in the nucleon spin structure.
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Summary

The complicated structure of the nucleon has been studied with great success in deep-
inelastic lepton-nucleon scattering (DIS) experiments at CERN, SLAC and DESY. As
a result the unpolarised structure functions have been measured accurately over a wide
kinematic range. From these measurements it is possible to determine the gluon density
in the nucleon with good accuracy via a so-called QCD fit.

In the case of the spin structure of the nucleon the situation is different. Even after
decades of experimental and theoretical efforts it remains to be understood how the spin
of the nucleon of #/2 is to be accounted for in terms of contributions from the quarks and
gluons inside the nucleon. Of particular interest is the question whether the polarised gluon
density can explain the unexpected smallness of the quark contribution to the nucleon spin.

The QCD fit, which worked well in the unpolarised case, yields a polarised gluon density
AG(n) which is only badly constrained. This is due to the fact that the information on the
polarised structure functions is only available in a rather small kinematic range, since the
corresponding measurements are so far exclusively performed by fixed-target experiments.
The limited knowledge of the structure functions aggravates the difficulty that the gluon
distribution enters only in next-to-leading order and is thus suppressed by a,. A direct
measurement of AG is therefore needed to get a clearer picture.

This direct measurement is the major aim of the COMPASS experiment at CERN.
The process on which this measurement is based is the photon-gluon fusion (PGF). It can
result in the production of a c¢ pair and is then tagged by detecting the charmed mesons in
the final state. This approach results in a theoretically very clean sample of PGF events,
assuming that the intrinsic charm content in the nucleon is negligible.

Since the charm tagging of the PGF process is very much statistically limited, it profits
directly from improvements of the reconstruction efficiency. A major contribution was
made in the course of this work concerning the reconstruction of the momentum of the
beam muons. The efficiency of this reconstruction was initially limited by the fact that
information from the contributing detectors, installed about 100 m apart along the beam
line, could only be associated by using the time stamp of the corresponding measurements.
The main improvement is that now also space information is taken into account, based
on the knowledge of the transfer matrix of the beam line. In total the fraction of non-
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reconstructable events could be decreased from 19 % to 6 %.

The polarised target used in the COMPASS experiment is a large solid-state target
which does not allow the use of dedicated vertex detectors. The identification of the
charmed mesons thus has to proceed via the reconstruction of their invariant mass. In
order to control the combinatorial background, the reconstruction relies heavily on the
RICH detector. This work contributed to the understanding of how this detector and the
spectrometer in general can be used best in order to extract the cleanest possible signal
of charmed mesons. Especially the tagging of D* decays results in a very clear signal and
thus makes COMPASS the first polarised fixed-target experiment which is able to extract
the gluon polarisation via the open charm approach.

The analysing power needed for the extraction is given by the ratio of spin dependent
and spin averaged muon-nucleon cross sections, which have been calculated to first order
in a. These cross sections cannot be computed exactly in the analysis, since they depend
on parton kinematics, which are poorly known due to the fact that typically only one of
the two charmed mesons produced in the PGF process is detected. Thus a parametrisation
based on Monte Carlo simulations was prepared, which maps the parton kinematics onto
measurable quantities. This makes the analysing power available on an event-by-event
basis with sufficient accuracy and thus allows a statistically optimal analysis.

The final result for the gluon polarisation is extracted at a mean momentum fraction
carried by the gluon of = 0.15 and at a scale u? ~ 13 (GeV/c)? and was found to be

A—GG = —0.31 &+ 0.44(stat.) £ 0.07(syst.). (8.1)
The systematic error is mostly due to the uncertainty on the mass of the charm quark,
possible false asymmetries and the background contribution to the asymmetry.

This result for AG/G is consistent with parametrisations obtained from QCD fits to
polarised DIS data. Together with other direct measurements of the gluon polarisation by
the SMC, HERMES and COMPASS experiments, where hadron pairs with high transverse
momentum are used to tag the PGF, a consistent picture starts to form. The measure-
ments favour a polarised gluon distribution whose integral is considerably smaller than the
value needed in the AB factorisation scheme to explain the smallness of the quark spin
contribution.

The significance of the result will be enhanced by more data to be taken by COMPASS
in the future, especially in view of the new target magnet with increased acceptance and
upgraded photon detectors for the RICH. But also the prospect of studying the orbital
angular momentum contribution of the quarks via deeply virtual Compton scattering gives
COMPASS the possibility to further contribute to our understanding of the spin structure
of the nucleon.



Appendix A

Details of the Beam Reconstruction

As discussed in Sec. 4.3.2 the knowledge of the beam optics of the transfer line between
the BMS setup and the position of the FI/SI telescope is used to sort out ambiguities in
the reconstruction. The values of the elements of the transfer matrix used in Eq. (4.1) are
summarised in Tab. A.1 [91].

Table A.1: Summary of the elements of the beam-line transfer matrix, used in the back-propagation
procedure. The values are given for the position of the corresponding BMS stations.

M3 M3, M3

BMS 1| 0.561 | -43.498 | 13.596
BMS 2 | -0.032 | -21.484 | 6.376
BMS 3 | -0.894 | 16.304 | 0.610
BMS 4 | -1.288 | 37.401 1.076
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Appendix B

Details of the D Meson
Reconstruction

B.1 x? Correction Method

The x? of a given mass hypothesis can be written as follows

2

N7
1 (67 —6;) ,
2 — E e{n, K, p}, B.1
Xi Npor =1 (03)2 i€ tmKop) (B1)

where the sum runs over all photons N7 in the signal, 6] is the angle of the k-th photon
in the ring, 6; is the expected Cerenkov angle for a given mass hypothesis ¢ and O'g is the
resolution in 8. Since the mDSTs do not contain information about individual photons,
the goal is to absorb the dependence on HZ into factors, which can then be determined
from the available information. Eq. (B.1) can be written as follows

Xe=a—2-b-0;+c-(6;) (B.2)
with
N7 2 NY NY
1 (67) 1 0; 1 1
a= Z 5, b= Z 5, €= Z 5 (B.3)
Noor = (7) Noor = (o7) Npor (= (o7)
Thus one obtains a set of equations
X72r - 0—2.b- ngOd Ye- (Qgrod)Q
X% = a—2-0-02° 4. (9002 (B.4)
d d
X?ing = a—2-0b- erg)il;log tec- (erg)il;log )2’

where x? are the values taken from the mDST information and o and H%Od are computed

using the production value of the refractive index. The sz‘ing is the x? of a ring fit without

od

mass hypothesis and Hfiilg the Cerenkov angle resulting from this fit. In principle X2 could
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be used as the third equation, however, this choice would imply that the correction could
only be applied to particles with a momentum above the RICH proton threshold. The set
of equations can be solved for the parameters a, b and ¢, which are then functions of x?
and 0" with i € {r, K, ring}.

Finally, the corrected y?s can be obtained using the expectations for the angles girue
computed with the true refractive index

Xgr,true = a—2-b- ngrue +c- (ngrue)Q
Xicime = a—2:b-0%" +c- (0F°) (B.5)
X = a—2-b-00" +c (0)2.

B.2 Data Sample used for the Analysis

The production of the data is a crucial step in the analysis chain and as the understand-
ing of the spectrometer improves, a reproduction can profit from a revised version of the
reconstruction code. This also implies that the result of an analysis can depend on the
production version used. For the interpretation of a given result it is therefore interesting
to know the exact data sample and production versions used. Both are summarised in
Tab. B.1. As was discussed in Section 5.1.2, the refractive index is only known approxi-
mately during the first production of the data. For subsequent production iterations the
index is then known to the desired accuracy, provided that the data sample is the same. In
some cases the run sample considered for production was extended for the reproduction,
resulting in a mixture of runs where the index is known accurately and runs for which
only the approximation is available. The status of the RICH refractive indices is given in
Tab. B.1 for those periods which were used in the analysis presented in this thesis.

In addition to the “bad” spills (cf. Sec. 5.2) the following data were excluded for different
reasons:

e The period 02P1C was excluded because of major problems during its production
resulting in largely undefined detector calibrations.

e The first runs up to number 27963 of period 03P1A were excluded. Between this
set of runs and the following runs lies a period of 2 days without data taking. It
is therefore very probable that changes in the experimental setup were made. This
could be a source of false asymmetries.

For the periods 02P2E and 02P2F the initial production version 1 is used, since for
these periods and also the period 02P1C the reproduction procedure was not yet finished
at the time of completion of this analysis*.

*Note that the production procedure does not only consist of the actual data production but also post
production work like extraction of the “true” refractive indices and the preparation of lists of unstable
spills.
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Table B.1: Production versions and RICH index situation for the different periods used in the analysis
of this thesis. The following code is used for the status of the RICH refractive indices: (0) means exact,
(1) interpolated. Note that in the case of the period 03P1E the production version 1 is more up-to-date
than version 3.

Year 2002
Period | 02P2A | 02P2D | 02P2E | 02P2F | 02P2G
Version 2 2 1 1 2
RICH 0 0 1 1 0,1
Year 2003
Period | 03P1A | 03P1B | 03P1C | 03P1D | 03P1E | 03P1F | 03P1I | 03P1J
Version 1 1 1 1 1 1 3 2
RICH 1 1 1 1 0,1 1 0 0
Year 2004
Period | 04W22 | 04W23 | 04W26 | 04W27 | 04W28 | 04W29 | 04W30 | 04W31
Version 2 3 2 2 2 1 2 2
RICH 1 0,1 1 1 0,1 1 0,1 1
Period | 04W32 | 04W37 | 04W38 | 04W39 | 04W40
Version 2 3 2 2 3
RICH 1 1 1 1 1

B.3 Optimisation of S.g

The cuts introduced in Secs. 5.4 and 5.5 were chosen such that they yield the maximum
effective signal. This section contains the distributions which served as a basis for the
decision where to place the cuts. For each of the cuts used in the analysis the effective
signal (cf. Eq. (5.8)) is shown as a function of the cut. In addition to that there is a
figure with the distribution of the variable on which the cut is to be applied. There is a
correlation between the different plots shown. The cuts are applied in the order in which
they are shown here. This means that the discussion of a given cut is done on the basis of
a data set on which the previously mentioned cuts are already applied. The plots in this
section are based on the data taken during 2003.

In the plots, which show the effective signal as a function of a certain cut, the data
points are highly correlated. This is because the points contain mostly the same data set.
One should keep this in mind when judging the significance of the improvement that a given
cut yields. The shaded area around the distributions gives an estimation of the statistical
error on the effective signal obtained with the usual dy = V/N for the number of events in
the signal and in the background, respectively. The estimation ignores correlations between
the two contributions.
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B.3.1 D*Tagging

Cut on AM
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Figure B.1: The plot on the left shows the effective signal as a function of a cut on AM — mr, the mass
difference between the reconstructed mass of the D* and the D°reduced by the nominal pion mass. The
cut is applied symmetrically around 6 MeV /c?: AM —m € [6 MeV/c® — AMip, 6 MeV /¢ + AMjp]. The
size of the interval used in the analysis was chosen to be AMj,; = 2.6 MeV /c?. The plot on the right shows
the raw distribution of AM — m, as well as the distribution after applying the cut (filled area).
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Figure B.2: The plot on the left shows the effective signal as a function of a cut on the x? of the
kaon hypothesis. The effective signal plotted is computed for the sample x?(K) < XZax. In the analysis
X*(K) < 8.5 is used. The distribution of the x? of the kaon hypothesis is plotted on the left before and
after (filled region) applying the cut.
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Figure B.3: The plot on the left shows the effective signal as a function of a cut on the position of
the impact point of the kaon candidate on the RICH. For the radius of this point 7x > 7min iS required.
The cut for the analysis was chosen to be rx > 8cm. The raw distribution of the radius as well as its
distribution after the cut (filled histogram) is shown in the right plot.
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Figure B.4: The plot on the left shows the effective signal as a function of a cut on the pion momentum
pr. For the extraction of the effective signal the momentum is required to be larger than pr min. The
increase in effective signal compared to Fig. B.3 is due to the pion veto (cf. Sec. 5.4.2). For the analysis the
momentum cut-off was chosen to be 5 GeV /c. The raw distribution of the momentum and its distribution
after the cut (filled area) is shown in the right plot.
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Figure B.5: The effective signal as a function of a cut on the fractional energy zp of the D°is shown
on the left side. The value of the effective signal is computed for the data sample with zp > zp min. For
the analysis a choice of zp min = 0.26 was made. The right plot contains the distribution of the fractional
energy before and after (filled area) the cut.
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Figure B.6: The plot on the left contains the effective signal as a function of a cut on the x? of the kaon
hypothesis. The cut requires x*(K) < XZax- For the analysis a cut of x?(K) < 8 is applied. The plot
on the right shows the raw distribution of the x? and in addition the distribution after applying the cut
(filled area).
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Figure B.7: The effective signal as a function of a cut on the position of the impact point of the kaon at
the position of the RICH is shown on the left side. The cut is applied as follows: 7k > Tmin and for the
analysis the choice iS 7min = 18 cm. The distribution of rx before and after the cut (filled region) is shown
in the right plot.
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Figure B.8: The left plot shows the effective signal as a function of a cut on the x? of the pion hypothesis.
The effective signal is extracted from a data sample for which x*(7) < xZ.x was required. For the analysis
XZax = b was chosen to be used. The right plot shows the raw distribution of x*(7) and its distribution
after the cut (filled region). The increase in effective signal compared to Fig. B.7 is due to the basic
requirement that the x2 of the pion hypothesis is the smallest 2.
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Figure B.9: The effective signal as a function of a cut on the position of the impact point of the pion
at the position of the RICH is shown on the left side. The cut is applied as follows: 7 > Tmin. For the
analysis the choice is rmin = 13 cm. The distribution of r, before and after the cut (filled region) is shown
in the right plot.
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Figure B.10: The plot on the left shows the effective signal as a function of a cut on the fractional energy
zp of the DY, where the points are extracted from the data sample which satisfies zp > zp min. For the
analysis zp,min = 0.25 is used. The raw distribution of zp is shown in the right plot together with its
distribution after the cut (filled region).
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Figure B.11: The left plot shows the effective signal as a function of a cut on cos, where 6 is the emission
angle of the kaon in the D°rest frame relative to the direction of flight of the D®. The cut is applied
symmetrically around zero: |cosf| < cosfint. The choice for the analysis is |cosf| < 0.64. The plot on
the right shows the distribution of cos 8 before and after the cut (filled region).

B.4 Fit Parameters for the Final Event Sample

This section is devoted to the details of the fits to the invariant mass spectra presented in
Fig. 5.10. For the spectra obtained with the D *-tagging method a fit function is used which
describes the signal with a Gaussian and the background with an exponential function
added to a Gaussian to account for the D® — K70 reflection (cf. Sec. 5.6). The complete
function is given by

2
0 NTFO DO 1 (M — M7r0
Nt?lg (M/) = Bg; - exp(Bg; - M/) + ﬁ P {5 <TO

Ny {1 (M)z } (B.6)

2mo 2 o

where thg(M') is the number of tagged DYs at a given invariant mass M’ = Mg, —mpo,

Bg; are the parameters describing the background and N(ﬂo), 0(”0), Méﬂo) are the number
of DY in the Gaussian peak and the width and position of the Gaussian for the central
peak and the reflection (7°), respectively.

The spectrum of untagged DYs is fitted with a function given by

NDO(M,) = Bg, -exp(Bgy - M') + Bgs - exp(Bg, - M)
N(D?) 1 (M’—M0>2
+ expl = | ——— . B.7
5 eXP { 5 . (B.7)
The fit parameters resulting from the fit of the mentioned functions to the spectra shown
in Fig. 5.10 are summarised in Tab. B.2.




APPENDIX B. DETAILS OF THE D MESON RECONSTRUCTION

126

Table B.2: Summary of the fit parameters obtained from fitting the functions defined in Egs. (B.6) and (B.7) to the spectra shown in Fig. 5.10.

DY from D*tagging

0

0

Bgi Bg, N7 Mg o™ N M o
[(20 MeV /c®) 71 | [(103MeV /c?) L] [MeV /2| [MeV /2| [MeV /2| | [MeV/c?
2002 49.9+2.3 —3.39£0.14 259 + 118 —242 + 14 63.5+22.7 | 482+38 [0.924+249 | 352433
2003 133+3 —3.11£0.08 718 £ 152 —239+ 8 58.9+9.6 | 1112+54 | 6.0+£14 |298+1.6
2004 249 + 4 —3.07 £0.05 994 £ 159 —234+6 523+6.4 | 1928471 | 46+11 |29.9+1.2
Untagged DO
Bgi Bg> Bgs Bga N My o
[(20 MeV /c®)71] | [(102MeV /c?) 7Y | [(20 MeV/c?) 71 | [(103MeV /c?) 7] [MeV /c? [MeV /c?
2002 | 0.45£1.02 —1.90 £ 0.05 3297 £ 15 —2.69+£0.02 | 2030215 | 0.98+3.21 | 31.4+3.3
2003 | 0.013 £ 0.023 —3.10 £0.04 9829 + 19 —270£0.01 | 4619+£328 | 3.70 £1.93 | 27.6 +2.3
2004 | 0.013 £ 0.019 —3.24£0.38 18152 + 26 —2.69£0.01 | 8464+£465 | 538 £1.60 | 29.9+ 1.7
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The values for the effective signal obtained for the event sample presented in Fig. 5.10

are summarised in Tab. B.3.

Table B.3: Summary of the values for the effective signal obtained for the final event sample presented

in Fig. 5.10.

DY from D* tagging

untagged DY

2002 262 +19 177 £ 8
2003 603 + 28 354 £11
2004 1015 £ 36 0992 + 14
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Appendix C

Details of the Extraction of AG/G

C.1 The Fit Method for Asymmetry Extraction

As discussed in Sec. 6.1.3 a set of eight equations can be obtained. It is given by

Ny i ; ; FSS . FSB
o U, u,l c
Z Wi, = Iu,i 1— ACCIT - A gIT = f?ii(llii’ ACC, ABg) (C].)
L u,i u,i
Na PSS FSB
c B 1 c
Sl = I ( SATE A ) = i A, a%) ()
k d,i d,i
o S s Frs  mgFuo S (7S B
¢ u,0 u,0 c
Soud = H (1 AT AN ) < g, AT A (C)
3 u,0 u,0
Na,o ng*s FdSB
¢ do ,0 c
Swi o= 13, <1 — AT — ADE ) =: [7o(I5,, A, APE) (C.4)
k d,o d,o
Ny i BS BB )
dowp = L (1 - A - A ) = Fui(ly, A, ATE) (C.5)
k u,i u,i
Naj _FBS FBB )
Swf o= If(1-act Pl ) = pB (B A, AP (C.6)
1B B
k d,i d,i
. ¢B (B ¢ 2B
u,0 quo I?EO > - fu’O(Iu,mACC’A g) (07)

Na,o

Nu,O BS BB
dwf o= 17 (1 — AcE—F“"’ — ABg—F“"’
k

B B
Zwk = Id,o(
k

N F, ¢
| _ pceldo _ABgﬂ> =t (I, A%, APE), (C.8)

73
1

where and “0” denote the two spin configurations. Two parameters can be fixed using
k=1 (cf. Eq. (6.14)), here (I7)° and (IF?)° were chosen. The unknown parameters A,

129
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ABe (I (I, (15)°, (IP)Y, (IP)L, (1B)° can be extracted by minimising the x? given
by

= (N = fYTeov™ (N = f, (C.9)
with
Ny i Nu,o Ngo Ny i Ngi Nu,o Nao
Y s B B B B
N = Zwk,Zwk, Z wy, Zwk,Zwk Dowis Y wd Y jwi | (C10)
k k k k
f = (fu,iafd,ivfu,ovfd,oafu,ivfd,ivfu,oaffoa) . (Cll)
The diagonal elements of the covariance matrix are given by
N
cov(Npr, Nm) &)~ (wnk)? (C.12)
k

with m € {(u,1), (d,1), (u,0),(d,0)} and n € {S, B}. Apart from these diagonal elements
there are non-zero off-diagonal elements. This is due to the fact that the same data are
used twice, once with a weight wg and once with wp (cf. Egs. (6.29) and (6.37)). These
elements are given by [100]

cov(Ny3 , NyBE) = cov(NyB, N9 (C.13)
=~ Zw57kw3,k, (0.14)
k

where again m € {(u,1), (d,1), (u,0), (d,0)}.

C.2 The Analysing Power

The analysing power was defined in Sec. 6.3.3 by

A —cC
ay,, = —opI=ee (C.15)

Opug—ce

The spin-averaged and the spin-dependent cross sections are given by

Oug—ce = /,(,Lg)—rcc +cos¢g- U“g—rcc + cos2¢ - O-ugﬂcc (C.16)
Aoyycc = A 4cosg-Act) ., (C.17)

respectively. For the photon-gluon fusion process and the case of heavy quarks (charm or
bottom) the contributing terms are given by [103]

[%2) + (1= 2p)?] [zg + (1= 29)?] + B(1 - 2z,
zq(1 — 2¢)

Opg—ce 9

(0) _ Qs 1+ (1—y)?
47
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B2z, — ) 2
+422(177_Zq)2} +(1—vy) [8%(1 —Tp) — 27(1(17—172(,)} } (C.18)
(1- B
o = 2y —2)V/1- \/ i Z’ e fpzq)2)(1 — 229)
o B
(1 2 224(1 = Zq)) (C-19)
(2) o B(1 — 2x,) 32
Opg—sce = ?(1 —y) I:xp(l —xp) + g1 ZI;) — 16z3(1 — Zq)Q} (C.20)
) a1l ==y 2z, -1 & 5 o
Aoy e = g [zq(f?— Zq) + 570 _Zq)Q] 2+ (1-2)2 (C21)
Acl) . = Souv/I- 5% 4 _gs) (C.22)
e 1 — zq 4z§(1 — 2q)? o '

The form of Eq. (C.22) differs from the one in [103], which contains a misprint [109].

C.3 Parametrisation of the Analysing Power

The parametrisation of the analysing power is obtained from a grid in zp and p; in 8 x 10
bins. The values of the true analysing power in this grid are given for the charm masses
of 1400 MeV /c?, 1500 MeV /c? and 1600 MeV /c? in Tabs. C.1, C.2 and C.3, respectively.

Table C.1: The true analysing power on a grid of zp and p; for m. = 1400 MeV /c?.

0.025 0.099 0.222 0.396 0.618 0.868 1.226 1918 3.248 6.231
0.000 | 0.618 0.609 0.488 0.359 0.247 0.147 -0.050 -0.122 -0.275 -0.523
0.181 | 0.618 0.609 0.488 0.359 0.247 0.147 -0.050 -0.122 -0.275 -0.523
0.262 | 0.658 0.559 0.480 0.338 0.241 0.130 0.032 -0.110 -0.278 -0.457
0.353 | 0.659 0.582 0482 0.372 0.254 0.144 0.044 -0.100 -0.269 -0.449
0.450 | 0.690 0.623 0.542 0.428 0.300 0.201 0.090 -0.062 -0.233 -0.417
0.547 | 0.732 0.675 0.589 0.490 0.363 0.264 0.140 -0.024 -0.203 -0.415
0.645 | 0.753 0.701 0.639 0.530 0430 0.339 0.214 0.042 -0.168 -0.405
0.759 | 0.804 0.751 0.690 0.614 0.507 0.399 0.297 0.115 -0.100 -0.366
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Table C.2: The true analysing power on a grid of zp and p; for m. = 1500 MeV /c?.

0.025 0.099 0.222 0.396 0.619 0869 1.227 1.927 3.240 6.314

0.0 |0.666 0.586 0.521 0.384 0.269 0.198 0.082 -0.076 -0.241 -0.446
0.181 | 0.666 0.586 0.521 0.384 0.269 0.198 0.082 -0.076 -0.241 -0.446
0.262 | 0.669 0.602 0.506 0.370 0.261 0.178 0.060 -0.075 -0.242 -0.423
0.353 | 0.689 0.614 0.519 0.395 0.284 0.179 0.076 -0.070 -0.217 -0.405
0.450 | 0.721 0.647 0.555 0449 0.331 0.231 0.122 -0.023 -0.203 -0.394
0.548 | 0.756 0.699 0.599 0.507 0.398 0.296 0.187 0.023 -0.165 -0.386
0.645 | 0.779 0.744 0.661 0.576 0475 0.366 0.267 0.078 -0.134 -0.363
0.757 | 0.818 0.763 0.724 0.606 0.542 0432 0.347 0.172 -0.066 -0.335

Table C.3: The true analysing power on a grid of zp and p; for m. = 1600 MeV /2.

0.025 0.099 0.223 0.399 0.617 0.869 1.229 1.925 3.256 6.285
0.000 | 0.742 0.609 0.537 0415 0.341 0.226 0.092 -0.080 -0.205 -0.324
0.180 | 0.742 0.609 0.537 0415 0.341 0.226 0.092 -0.080 -0.205 -0.324
0.261 | 0.683 0.627 0.515 0.403 0.286 0.191 0.084 -0.030 -0.202 -0.385
0.353 | 0.704 0.638 0.537 0426 0.316 0.212 0.110 -0.018 -0.184 -0.375
0.449 | 0.725 0.673 0.586 0.467 0.362 0.270 0.164 0.011 -0.155 -0.356
0.547 | 0.761 0.716 0.635 0.534 0431 0.339 0.226 0.065 -0.123 -0.336
0.645 | 0.793 0.749 0.683 0.584 0.501 0.408 0.298 0.126 -0.076 -0.311
0.755 | 0.829 0.780 0.735 0.662 0.582 0487 0.384 0.192 0.015 -0.271
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C.4 Parametrisation of the Signal to Background Ratio

As discussed in Sec. 6.3.4 the signal and background contributions are parametrised as
functions of fP,ar;. For this purpose the invariant mass spectra are needed in bins of
fPua... The corresponding bin borders are summarised in Tab. C.4 for the D* tagged
event sample as well as the untagged one.

Table C.4: The table summarises the bin borders for the binning of the data in fP,arL for the purpose
of parametrising the signal and background contributions to the invariant mass spectrum as functions of
fPuavL.

D*tagged DY | untagged D
Bin 1 [—1,0.03] [—1,0.006]
Bin 2 [0.03, 0.06] [0.06,0.10]
Bin 3 [0.06,0.09] [0.10, 1]
Bin4 | [0.09,0.12]
Bin 5 0.12,1]

The values of the parameters entering the parametrisation of the signal and background
contributions to the invariant mass spectrum are given in Tab. C.5. They are obtained by
fitting the functions defined in Eqs. (B.6) and (B.7) to the spectra shown in Fig. 6.7.
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Table C.5: Summary of the fit parameters for the signal and background parametrisations as functions of fP,arr.

DY from D*tagging

Bg; Bgs N Mg o™ N Mo o
[(20 MeV /c?) 7] [(103MeV /c?) 7Y [MeV /2| [MeV /2| [MeV/c?] | [MeV/c?
Bin 1 74.7+2.2 —2.81 +0.10 577 + 82 —23545 48.2 4+ 5.7 | 1266 £47 | 6.46 +1.14 | 29.7 £ 1.2
Bin 2 81.7+25 —3.51 4+ 0.09 340 + 100 —225 + 14 60.4 +£12.6 | 745+45 | 3.01+2.02 | 33.8 £2.2
Bin 3 86.4 +2.8 —3.33£0.10 386 + 141 —245+ 13 59.1 £16.3 | 570 +42 [3.124+2.09 | 29.3+2.4
Bin 4 90.0 £ 2.9 —3.08+£0.11 432 + 144 —243 4+ 13 61.8+14.1 | 525+45 | 1.45+2.66 | 33.2+3.0
Bin 5 95.6 £ 2.5 —2.93 £0.09 272 4+ 103 —238+ 14 53.8 £15.9 | 441+38 [6.72+2.26 | 25.9+2.3
Untagged D%
Bg: Bgs Bgs Bgy N My o
[(20 MeV /c?) 7] [(102MeV /c?) 71 | [(20 MeV /c?) 7 | [(103MeV /c?) 7Y [MeV/c?| | [MeV/c?
Bin 1 4.01 £ 3.85 —1.73+£0.24 10446 + 31 —2.55+0.02 | 6462+348 | 580+ 1.47 | 28.1+1.5
Bin2[305-10724+433-1072| -2.93+0.36 10186 + 23 —2.88+£0.01 | 5514+489 | 1.49+2.93 | 39.5+4.0
Bin3|114-10°4+6.91-106| -531+1.23 10568 =+ 20 —2.65+£0.01 |4087+£345 [ 2.13+£2.14 | 27.7+£2.8
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