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Abstract

The COMPASS experiment, which started running at the European Council for
Nuclear Research, CERN, in Geneva in 2001, is currently investigating in a wide
ranging programme the spin structure of the nucleon through deep-inelastic scatter-
ing (DIS). The experiment uses a polarized muon beam and a polarized deuterium
target, which together allow access to all terms of the polarized DIS cross-section.
Two of the most important functions which COMPASS is designed to fulfil are a
precision measurement of the gluon polarization AG and the investigation of the
transverse spin effects, specially extracting the transverse polarized quark distribu-
tion functions Apqg. In Semi-Inclusive DIS of polarized leptons on a transversely
polarized target, eight azimuthal modulations appear in the cross-section. Within
the QCD parton model, four azimuthal asymmetries can be interpreted at leading
order, two of them being the Collins and Sivers asymmetries. The other two leading
twist asymmetries are related to different transverse momentum dependent quark
distribution functions. There are four additional asymmetries which can be inter-
preted as twist-three contributions. This thesis describes the analysis with the data
taken with transverse spin configuration during the COMPASS beam-time 2002
- 2004, resulting in the extraction of the eight Transverse Momentum Dependent
(TMD) asymmetries.
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Chapter 1

Introduction - Physics Motivation

“Wisdom is not a product of
schooling but of the lifelong
attempt to acquire it.”

Albert Einstein

The atomic nucleus consists of nucleons i.e. protons and neutrons. Since
the mid 1960s it became clear that the nucleons are not the elementary particles
i.e. fundamental indivisible constituents of the atomic nucleus. They have their
own inner structure. The low energy properties of the nucleons and hyperons can
be described by the constituent quark model in which baryon is made up of three
strongly interacting constituent quarks (up, down and strange) with masses of about
one third of the baryon mass. In this model, two of the quarks have spin % in the
up direction and one has spin % in the down direction. The proton consists of two
up quarks with charge —l—% e and one down quark with charge —% e, whereas the
neutron consists of two down quarks and one up quark. These quarks are point-like
structureless particles whose interactions are through the exchange of vector bosons
in strong interaction, namely, gluons

The structure of the nucleon can be studied by scattering a beam of
leptons off a target nucleon. When the incident lepton beam has very high energy
compared to the nucleon mass then we can explore the internal structure of the nu-
cleons. Deep Inelastic Scattering (DIS) involving large momentum transfer showed
that a nucleon is made up of point-like constituents, the so-called partons. These
partons introduced by Feynman have a lot in common with the constituent quarks
of Gell-Mann and Zweig, which also have spin 1/2, electric charges of +§ e and
-3 ¢, flavor and color, but very small masses (m, ~ 4 MeV/c?, my ~ 7 MeV/c?
and m, ~ 150 MeV /c?) and are called current quarks in order to distinguish them
from the constituent quarks. In parton model, the nucleon consists of three nearly

massless valence quarks, quark-antiquark pairs (sea quarks) and gluons. The ap-
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pearance of the first data on polarized deep inelastic scattering (DIS) opened a new
field of experimental and theoretical investigation. Originally, it was assumed that
the spin of the nucleon, %, could be fully attributed to the spin of the quarks. It was
assumed that the spins of two quarks cancel each other and the remaining quark
gives the spin of the nucleon. A measure of the quark spin distribution is given by
the helicity distribution function Agq. In the infinite momentum frame, where the
nucleon is moving with a very high momentum, the helicity distribution describes
the number of quarks with their spin aligned with that of the nucleon minus the

number of quarks with opposite spin.
1 1

Eq. (1.1) illustrates that the total spin of the nucleon must arise from the combina-
tion of three sources :

(i) The spin distribution of the quarks(AYX)

(ii) The spin distributions of the gluons(AG)

(iii) The angular momentum of quarks and gluons L,, L,

The quark spin contribution can be further decomposed into contributions from the
different flavors i.e. AY =Au+Au+Ad+Ad+As+A3. The contributions of charm
or heavier quarks is usually neglected as it is believed to be very small. It was
a surprise (called as spin crisis) when the EMC experiment showed in late 1980s
that only a small fraction (AX = 0.12 + 0.09 £ 0.14) of the proton spin could be
attributed to the quark spins. The " spin crisis” urged further investigations in an
attempt to find the missing component. COMPASS [1] is a fixed target experiment
on the SPS M2 beamline at CERN, which was proposed to measure the contribution
of the gluons to the nucleon spin (AG).

The measurement of another unknown quantity, the transverse spin or
transversity distribution is also one of the main goals of COMPASS. In the infi-
nite momentum frame with the nucleon’s spin transverse to the direction of motion,
the transversity distribution Apq or hy or ¢, describes the number of quarks with
their spin aligned in transverse direction parallel to the nucleon’s spin minus the
number of quarks with antiparallel alignment. In the rest frame of the nucleon, the
probability to find quark spin aligned with the nucleon spin does not depend on
the nucleon’s spin orientation. However, if the nucleon is boosted to a very high
momentum in the direction of its spin, the alignment probability corresponds to the
helicity distribution. If the nucleon is boosted transverse to its spin, the quark spin
distribution corresponds to a different distribution known as the transversity dis-
tribution. Transversity is another piece of the nucleon’s spin structure. It can give
new and important information on the inner structure of the nucleon. Besides the
helicity and the tranversity distribution functions, six other quark distribution func-
tions exist for each quark flavor in leading twist, collectively called as the Transverse
Momentum Dependent (TMD) distribution functions. The transversity distribution
escaped notice untill 1979 when Ralston and Soper [2] found it in their study of
Drell-Yan spin asymmetries for transversely polarized baryons. The reason is its
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chiral-odd nature which requires the combination with another chiral-odd object in
helicity observing processes.

1.1 Thesis outline

Extraction of eight target transverse spin dependent asymmetries with COMPASS
data taken between the years 2002 - 2004 will be the scope this thesis. The theory
of inner structure of the nucleon is reviewed in Chapter 2 with emphasis on the
concept of the factorization of the deep-inelastic scattering process into distribution
and fragmentation functions. A detailed description of COMPASS spectrometer and
data acquisition system are presented in Chapter 3. The formalism of the extraction
of TMD asymmetries from the experimental data and systematic studies performed
are presented in Chapter 4. Final results obtained along with interpretation given
by the model calculation are presented in Chapter 5. Chapter 6 has the summary
and outlook to complete this thesis.



Chapter 2

Theoretical background

“I am now convinced that
theoretical physics is actually
philosophy.”

Max Born

Attempting to understand the intrinsic spin structure of the proton and neutron
has been an active area of both experimental and theoretical research for the past
twenty years. With the confirmation that the proton and neutron were not elemen-
tary particles, physicists were challenged with the task of explaining the nucleon’s
spin in terms of its constituents. This chapter introduces the deep inelastic scat-
tering (DIS) as one of the main tools to investigate the nucleon spin in section 2.1
along with the quark parton model. Section 2.2 introduces the inclusive DIS in QCD
improved quark parton model whereas section 2.3 describes the semi-inclusive deep
inelastic scattering. Final section 2.4 describes the target transverse spin dependent
asymmetries.

2.1 Inclusive deep inelastic scattering

The scattering of point-like leptons [3], [ off a nucleon N offers a clean probe to
investigate the structure of protons and neutrons. In this process

I+ N1+ X. (2.1)

Here [ is the initial lepton, N is the target nucleon, I’ is the scattered lepton and
X is the final state hadrons. Fig. 2.1 shows a schematic diagram of deep inelastic
scattering. The lepton with four-momentum k = (F, E) is scattered at an angle 0.
In case of elastic scattering, it is directly connected to the energy of the scattered

4
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lepton

nucleon

Figure 2.1: The basic diagram for deep-inelastic scattering lepton hadron scatter-
ing.The virtual photon momentum is ¢. The final hadronic state is not measured
and is denoted by X

lepton with four-momentum &' = (E’, k). Thus one variable is sufficient to describe
the process. To describe inelastic scattering, two independent variables are needed,
e.g. O and E’, as the lepton has enough energy to break up the proton. In deep
inelastic scattering the invariant mass W of the final hadronic state X is well above
the resonance region and the four-momentum transfer, ¢ = k — £/, of the exchanged
boson is large enough to resolve the nucleon’s constituents and to investigate their
properties. For COMPASS kinematics the exchanged boson is usually a virtual
photon.

2.1.1 Kinematics

The relevant kinematic variables for the description of the DIS process are sum-
marized in Table. 2.1. Instead of using E’ and the lepton scattering angle 6 to
characterize the process, two dimensionless scaling variables,

Pg v
-1 _ 7 2.2
and o 0
pr— pr— 2-
YT a9p. qg 2Mv’ (2:3)

are used. Here P is the four-momentum of the target nucleon, M the nucleon’s
mass, v = E — E', the virtual photon energy, y, the fractional energy, x, the Bjorken
scaling variable and Q> = —¢?. The invariant mass of the photon nucleon system is

W? = (P+q)*=M*+2Mv — Q* (2.4)
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The Bjorken scaling variable z is interpreted as the fraction of the nucleon momen-

g=k—F four-momentum transfer to the target

s= (P k)~ M*+2MFE squared centre-of-mass energy

v = % ~F —F energy transfer to the target

Q? = —¢* ~ 4EFE'sin?*(0/2) squared invariant mass of the virtual photon

W2 =(P+q)*= M?+2Mv — Q? | squared mass of the final state

Q* Q?

T=55. = 5w Bjorken scaling variable
Y= ]Iz—_'Z, == fractional energy transfer to the target

Table 2.1: kinematic variables used in the description of DIS

tum carried by the struck quark in the infinite momentum frame.

2.1.2 The deep-inelastic cross-section

The differential cross-section for inclusive DIS, where the scattering lepton has an
energy between E’ and E’ + dFE’ and is found in the solid angle df2, can be written
as a product of a leptonic tensor L, and a hadronic tensor W, [4, 5]

3o ya? FE'

— =L, W 2.5
dQdE’ ~ 2M¢* E " (2:5)

Here « is the electromagnetic coupling constant. The leptonic and hadronic tensor
describe the interaction at the leptonic and hadronic vertices of the DIS process
[6, 7]. They can be split up into parts which are symmetric and antisymmetric
under parity transformation as follows:

S -1 (A S . A
wa)(k, k') + szw)(k, K. s), Wg) (P,q) + zW,EV)(P, q,5). (2.6)

Here only the antisymmetric parts are spin-dependent. In the cross-section of Eq.
(2.5), antisymmetric combinations of L,, and W, do not appear due to parity
conservation of the electromagnetic interaction.

Since the lepton is a point-like spin-1/2 particle, the leptonic tensor can be calculated
in the formalism of QED!. The small electromagnetic coupling constant a ~ 1/137
and the fact that photons do not couple to themselves allow the application of

'Quantum Electrodynamics
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perturbative QED. Using Dirac matrices and the Dirac spinor for spin-1/2 particles
with four momentum and spin four vectors, the leptonic tensor reads like [8]:

Ly =2 (kuk, + kK, — g (kK — m?) + imeuy,\ans") . (2.7)
Here, g,, denotes the metric tensor, €,,), denotes the Levi-Civita tensor.
W, parameterizes our lack of knowledge of the nucleon structure and is defined by
[9]; )

Wi = 5 [ dct=(P. S| (@). 5" O P.S). (28)

™

S is the spin vector of the nucleon with momentum P and (P, S|[j*(x), 7 (0)]| P, S),
the nucleon matrix elements of the commutator of electromagnetic currents j*(x)
and j”. The hadronic tensor W, does not describe an elementary particle but a
particle with an unknown internal structure. The complex inner structure of the
nucleon prevents the calculation of the hadronic tensor. The hadronic tensor is
parameterized with the help of four structure functions Fy, Fs, g1 and go. They
depend on two independent variables x and Q? in DIS.

Fi(x, Qz)( — G+ quc]u) + Fa(z, Q) (pu _ Pa u) (pl’ _ @qu) +

W, = 2 - q
: q> Pq e

M S,
: T _pvio 2 2 _rMa
+2Pq€ q)‘(gl(va )So+92('r7Q )(SU Pchr))

The two structure functions F(x, Q?) and Fy(z, Q?) are associated with unpolarized
DIS whereas g;(x, Q?) and go(x, Q*) with polarized DIS. The combination of the
general expressions for L,, and W,, in Eq. (2.5) also produces separate symmetric
and anti-symmetric terms :

do a? B

4B ~ A E (L) (k, KYW™ SN (P q) — L) (k, K, s) WD (P,q,5)) (2.10)
The resultant double spin dependence on both the lepton spin s and the hadron
spin S of the anti-symmetric part of the cross-section suggests that this term must
be investigated with polarized beam and target. The COMPASS experiment with
polarized beam and target is in a position to perform such investigations. For such
an investigation with an experiment like COMPASS, it is only possible to produce
a muon beam which is polarized either parallel or anti-parallel to the direction of
its momentum. It is the target polarization which can be chosen without restriction.

2.1.3 The unpolarized cross-section

Averaging over all spin states in the initial state of the scattering process, only the
spin independent symmetric parts of the leptonic and hadronic tensors survive and
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the unpolarized cross-section can be written as [10]

do.unpol a? /4
_ = 1 ©pevis) 2.11
dQdE’ Mqg* E * ( )
402E? | 2F (2,Q%) . ,0  Fy(z,Q*) ,0
= . in® - 4 —1 2~ - 2.12
7 i sin 5 + ” cos 5 ( )

The structure functions F(x, Q) and Fy(z, Q?) reflect the unpolarized inner struc-
ture of the nucleon. The structure functions are approximately independent of the
momentum transfer from the probe to the nucleon, this phenomenon is known as
Bjorken scaling [11].

2.1.4 The polarized cross-section

In contrast to the symmetric part, the antisymmetric part of the cross-section de-
pends on the lepton and the nucleon spin. For a lepton with its spin and momentum
aligned, i.e. longitudinally polarized, the cross-section depends on the azimuthal and
polar angles, ¢ and 3, of the target spin S with respect to the lepton beam (see
Fig. 2.2). In the difference between two opposite target polarization states 1, the

spin plane

gy —=

scattering plane

Figure 2.2: Definition of azimuthal and polar angles of the target spin S
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unpolarized cross-section cancels and one obtains the polarized cross-section [10]

ot do(+1)  d’o(-1) (2.13)
dedydy — dxdydy  drdyde '

2,2

= %{ [(2 —y— 72y )gl(w,QQ) - vzygz(:v,QQ)} cos  +

1 — s 2 21 o
ol y- (V91 (%, Q%) + 2g2(z, Q%) sin Beosp o (2.14)

If the target nucleons are longitudinally polarized, where 3 = 0, then the cross-
section reduces to

Bo—= Bo—< 4o [(2 72y2
J— y J—

5 )gl(x,QQ)—vzygz(ft,@)l (2.15)

dxdydp B dxdydp - sxy

Here — indicates the spin orientation of the incoming lepton whereas =< indicates
the different spin states of the target nucleon. The cross-section is dominated by the
structure function g;(z, Q%) because go(x, Q?) is suppressed by the factor v ~ 1/Q?
and it vanishes in the simple quark parton model (see section 2.1.6). The contribu-
tion of go(x, @?) vanishes completely in the case of a target polarized longitudinally
with respect to the virtual photon.

In the case of target polarized transverse to the incoming lepton beam, then 5 = /2
and the polarized cross-section remains ¢ dependent

d30_—>U d30.—>ﬁ 40(2 1 - ,}/QyQ
4

N N %) +2 2 . (2.16
dxdyde  dxdyde sxyﬁy {791(%@ )+ 2g2(z, Q )}cosgp (2.16)

Here, neither g;(z,Q?) nor go(z,@*) dominates the cross-section. The combina-
tion of measurements on longitudinally and transversely polarized target allows the
extraction of go(z, Q%) [12].

2.1.5 Forward virtual Compton scattering

The asymmetries are often expressed in terms of the flow of virtual photons absorbed
by the nucleon, with the beam lepton playing no role other than that of a photon
source. The optical theorem relates the hadronic tensor to the imaginary part of
the forward virtual Compton scattering amplitude 7},,:

1
Wiy = g-ImT,, (2.17)

with
T =i / et < PS | T(J,(6)0,(0) | PS > (2.18)
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The optical theorem relates the imaginary part of the Compton scattering amplitude
to the virtual-photon absorption cross-sections. The following relations between
these and the nucleon structure functions may be obtained [13]:

Ao

o = MK(—F1+%(1+72)>, (2.19)
o)’ = ZZZ; (Fl + g1 — 7292)» (2.20)
o = jﬁ? (F1 — g1+ 7292), (2.21)
U;/LQ = jf[? (7(91 + 92))- (2.22)

Here, M is the nucleon mass and K = v — Q*/2M is the normalization factor [14].
The indices % and % represent the relative alignment of the photon and nucleon spins
in relation to one another (anti-parallel or parallel).

The ratio of the photo-absorption cross-sections of longitudinal and trans-
verse virtual photons is given by:

R(z,Q%) = ou@, @) (2.23)

O'T(xa QQ)’

with which, the structure functions Fy(z, Q%) and Fy(z, Q*) can be related to each

other by

(1 +9*)Fa(x, Q) — 22k (x, Q%)
QxFl (I> QQ)

In the Bjorken limit where Q% — oo, ¥ — oo and  remains constant, the kinematic
factor v can be neglected and the photo-absorption cross-section o with helicity 0
vanishes as a consequence of the requirement of helicity conservation at the virtual
photon-parton scattering vertex. Thus R — 0 and Eq. (2.23) yields the Callan-
Gross relation [15].

R(z,Q?%) = (2.24)

Fy(r, Q%) = 22F (). (2.25)

This relation has been verified experimentally from SLAC data [16], [17], [18], [19],
[20] and is an evidence that the constituents of the nucleon are spin % particles.

2.1.6 The quark parton model

The quark parton model developed by R.P.Feynman at the beginning of the 1960s
describes the nucleon as composed of smaller fundamental constituents, which Feyn-
man called partons [21]. These building blocks of the nucleon swiftly became iden-
tified with quarks, the existence of which had been postulated independently by
Gell-Mann [22] and Zweig [23] a few years before. Quarks are the particles with
one-third integer charge and a spin of one half.

The quark parton model allows us to understand structure function in terms of
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quarks. According to QPM, a deep-inelastic scattering event can be regarded as
a superposition of elastic lepton-parton scattering processes. This holds true only
when the momentum transfer Q? of the photon is sufficiently large so that the indi-
vidual partons can be resolved. The interaction must be of short duration so that
the partons cannot interact among themselves. If the hit parton, ¢, carries the frac-
tion ¢ of the hadron’s four-momentum, p, = £P, the energy in the hadronic final
state, W, is

W? = (p, +q)° (226)

For a structureless parton, only elastic scattering can occur requiring
W2 = (¢M)?. Using this identity the above equation can be written as:

E2M? = E2P? + 26 Pq + ¢*. (2.27)
Substituting the identities, ¢> = —Q? and P = M we get,
Q2
=2 =y, 2.98
200 (2.28)

Thus the Bjorken variable x has a very intuitive interpretation as the fraction of
nucleon momentum carried by a single parton before a scattering event.

For scattering from a free massless Spin—% parton inside a hadron, the hadronic
tensor, WH can be calculated and one finds the structure functions:

arton 1 arton
Froe) = SeBd(€—a), FET(x) = e3E0(€ — o).
arton 1 arton
g @) = AgeBsE—a), AT@) =0, (2:29)

Here e, is the parton’s charge and ¢ is the Dirac function. The factor A = %1 rep-
resents the spin direction of the parton in relation to the nucleon spin. It accounts
for the fact that g; is defined using the nucleon’s spin orientation and therefore an
additional minus sign is needed when the parton’s spin is oriented opposite to the
one of the nucleon. The fourth structure function g, does not have a simple inter-
pretation in the quark parton model because it is generally assumed that no quark
has spin transverse to the nucleon spin.

The probability to find a parton inside a nucleon of a certain type carrying momen-
tum fraction £ is parameterized by the parton distribution functions ¢}(¢). For the
quarks, ¢; = u,d, s, .... is used whereas for the gluons ¢; = ¢ is used. For a longi-
tudinally polarized nucleon, parallel and antiparallel orientation of the parton spin
with respect to the nucleon spin are denoted by A = +1, whereas for transversely
polarized nucleon, it is denoted by A = (1, ]). Usually the ¢;(x) is understood as the
sum of the distribution functions of quarks and anti-quarks in both helicity states
of particular flavor 7, whose spins are parallel or anti-parallel to the nucleon spin.

q=q¢" +q, Aq=q" —q, Arq=q —q" (2.30)

Here Agq denotes the difference of the helicity states and Arq is the transversity
distribution function. The hadron structure functions are then given by:

Fa) =3 [ e 2:31)
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Here ¢ runs over all quark flavors and F = F}, F5, g1, and g yielding,

Fi(z) = = Z < )+ aq; (x )) = % Z eZqi(z) (2.32)
Fy(z) = x Z ( )+ q; ( ) =z Z e;qi(x (2.33)
g(z) = = Z ( —q; ( ) Z e? Aq;(x (2.34)

g2(z) = 0. (2.35)

2.1.7 QCD improved quark parton model

In the late 70s, a more or less complete description of the nucleon was given by the
field theory of Quantum Chromo-dynamics (QCD). QCD is the non-abelian gauge
theory of the strong interaction through different colors. QCD introduces gluons
as vector bosons conveying the strong nuclear interaction. In the QCD improved
quark parton model, the quarks can radiate gluons, which can themselves either
be re-absorbed by the quarks to produce quark-antiquark pairs or radiate further
gluons. Quarks couple to the strong interaction through three different colors. In
contrast to Quantum Electrodynamics (QED) where the photons have no electrical
charge and cannot couple to each other, the field quanta of the strong interaction i.e
the gluons, do carry charge. This causes a scale or energy dependence of the strong
coupling constant a.

127
(33 — an)ln(QQ/A%CD)

Here A?;)CD is the QCD scale parameter which depends on the number of quark
flavors n; and the re-normalization scheme. The above equation is valid only for
Q* > AQCD This shows that the coupling constant decreases with increasing Q2.
For oy < 1, one has to apply perturbative QCD method. But the coupling constant
is not to be necessarily smaller than 1 for small ? region, so the perturbation theory
fails. For this so-called confinement region (Q? < 1 GeV/c), where « is of the order
of 1 or larger, lattice QCD calculations have to be used to describe the experimental
data.

a(Q*) = (2.36)

There is a depletion of high momentum partons and an increase in the
low momentum parton distribution as Q? increases. This phenomenon known as
scaling violation can be seen in Fig. 2.3, where the structure function F; is plotted
as a function of Q? for different values of z.

With sufficiently large )2, the gluon can be resolved into a quark-antiquark
pair and the photon can interact with one of them. Now the structure functions have
the same form as in the case of QPM, but with ? dependence. Their respective
logarithmic behavior is described by the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi
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Figure 2.3: The proton structure function F, measured in electromagnetic scattering
of positrons on protons at e-p collider HERA (ZEUS and H1) and for electrons
(SLAC) and muons (BCDMS, E665, NMC) on a fixed target.

equations or simply DGLAP equations [24, 25, 26, 27]. The photo absorption cross-
section ratio R (see Eq. (2.23)) now vanishes in the leading order perturbative QCD
calculations. Therefore the Callen-Gross equation (see Eq. (2.25)) holds true also
in the QCD improved QPM. However the structure function g, which vanishes in
naive QPM (see Eq. (2.35)) does not vanish in QCD improved QPM, instead it
arises from quark-gluon interactions.

2.2 Inclusive DIS in QCD improved QPM

In the QCD improved parton model, the scattering process can be described as
elastic quark-lepton scattering inside the nucleon. In the interaction with a virtual
photon with sufficiently large Q?, quarks behave like quasi-free particles. The hand-
bag diagram representing the hadronic tensor W, [28] is shown in Fig. 2.4. The
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Figure 2.4: Handbag diagram. The virtual photon with 4-momentum ¢ strikes a
quark inside the nucleon with momentum p.

virtual photon is absorbed by a quark with initial four momentum p. Thus the
four momentum of the outgoing quark is & = p + ¢q. Neglecting quark masses, the
hadronic tensor Eq. (2.8) is rewritten as

Wyu(a, P,S) = Z Z/ 5 wors | (% / élw];
(27T)454(P —p— Px)2m)'6* (p+q— k)
< ([atk)y“o(p, P, S)]"[a(k)y* 6(p, P, S)]
6. P. Sy ulk) [6(p, P, )" u(k))). (2.37)

Here p and k are quark momenta before and after interaction with the virtual photon,
whereas P and S indicate the nucleon momentum and its spin.

The hadronic tensor can be decomposed into two parts, hard process and soft process
as shown in Fig. 2.4. The soft part contains a non perturbative QCD part. The
soft part can be described by introducing a quark-quark correlation function ®.

d3 Py
q)zj pu‘PS Z/ 2 32EX )454(P_p_PX)

X (PSJi;(0)]X)(X11i(0)| PS) (2.38)

The quark-quark correlation matrix ®;; describes the confinement of the quarks
inside the nucleon and depends on the four momentum of the quark p and the
proton P and the spin of the proton S. In the above equation, ¢ is the quark spinor
with 4,j being Dirac indices. At leading order of 1/Q, the correlation function
contains all the relevant information on the non-perturbative dynamics of quarks
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inside the nucleon.
Using the quark-quark correlation function, the hadronic tensor can be rewritten as

W.u(q, P,S)

p+Q) 2)

xTr | ®(p, P, S)y"(p + ¢ +mg)y”

+®(p, P, S (p+dq— mq)y“] ) (2.39)

Here Fourier transformation of Dirac delta function and the completeness of the
|X) are used. @ is the correlation function of anti-quark which is obtained from Eq.
(2.38) by interchanging 1 with .

2.2.1 Parton distribution functions

Quark level information of the nucleon can be obtained from the quark-quark cor-
relation function. The information is expressed in terms of the parton distribution
functions (PDF). Here we consider the nucleon momentum in light-cone coordi-
nate system P = (P*, P~, Pr = 0), similarly the quark momentum is expressed as
p= (pT,p~,pr). The PDF is derived from the quark-quark correlation function and
is obtained by integrating ® over the rest of the components of quark momentum p~
and pr. Thus the integrated ® is a function of the light-cone momentum p*. If we
choose the infinite momentum frame, the transverse component of the momentum
|pr| is small enough in comparison with the nucleon momentum P*. Then one can
write pt ~ xP". Now the resulting integrated ® depends only on the light-cone
momentum fraction x = p* /P and S,

/dp_dng(I)ij (p, P,S) = &;i(x, 9). (2.40)

pt=zP+

Now the projected correlation function ®! can be introduced, which is defined as

oM (z) = % / dp~d*prTr(®(p, P, S)T). (2.41)

Here I' is a 4 x 4 Dirac matrix. The projection I" determines the characteristic of
the quark current j9,

1_
ji = §¢F1p. (2.42)
From this, the vector and axial currents are expressed as

1
Vectorcurrent : jI = §¢7+”¢

1 -
Axialcurrent : jI = §¢’7+’}/51/J. (2.43)
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Parton distribution functions are defined using the projected ®. In case of the
vector current, the projection I' = 4" gives the spin-independent parton distribution

function f7,
1 ol () = fi(x). (2.44)

The spin-independent structure function Fj can be reconstructed as the sum of the
f1 for possible quarks ¢ and anti-quarks ¢,

Fy(z) = 20Fy(x) = Y _epfi(x). (2.45)

a/q
Similarly, by the projection I' = y*+°, the quark helicity distribution A, is obtained,
ol )(z) = Ag(x). (2.46)

From this, the spin dependent structure function g; is obtained,

gi(x) = % Z ez Aq(x). (2.47)

In addition to the two parton distribution function defined above, there is
a third quark distribution function so-called transversity distribution denoted as h;.
The transversity distribution is obtained from the projection I' = ig**~5 = 4145,

ol (2) = hy (). (2.48)

The transversity distribution h;(z) supplies, together with the unpolarized DF f;(x)
and the helicity distribution Ag(x), a complete picture of the nucleon in leading or-
der shown in Fig. 2.5. fi(x) describes the unpolarized distribution, the helicity

-9 0

S
Aq(x) =g,(x) =

Ayq(x)=h(x) = @
Figure 2.5: Probabilistic interpretation of leading order integrated PDF's.

distribution Ag(x) describes longitudinally polarized quarks inside a longitudinally
polarized nucleon and the transversity distribution h; describes transversely polar-
ized quarks inside a transversely polarized nucleon [29].
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2.2.2 Transversity

As explained before, the transversity distribution function describes transversely
polarized quarks in transversely polarized nucleon. The scattering amplitude and the
discontinuity that defines a distribution function are shown in Fig. 2.6. The quark

h h

H H’

Figure 2.6: The forward scattering amplitude with helicities of quarks and hadrons.

(h,h') and hadron (H, H') helicities take on the values +1/2. Helicity conservation
requires H + h' = H' 4+ h. Parity sends h — —h etc., and time reversal interchanges
initial (H, k') and final (H’, h) helicities. This leaves exactly three independent
quark distribution functions corresponding to the helicity labels [30].

11 11
J— — H J— J—
2 2 2 2
11 11
— — — H — — —
2 2 2
11 11
-z S 2.4
5 T 2 9 (2:49)

These three helicity amplitudes can be grouped into combinations that measure spin
average ¢, helicity difference Ag, and the transversity distribution hq,

(11 11)+<1 1 1 1>
— T - —= = = ==
g 2 2 2 2 5 3 5 2
11 11 11 11
s (o ihg Lt
2 2 2 2 2 2 2 9
11 1 1
hy o (5 -5 - — 5) (2.50)

The distributions ¢ and A, are the sum and difference, respectively, of the probability
to find a quark polarized among and against the polarization of a nucleon in a helicity
eigenstate. The transversity is off-diagonal in helicity and does not appear to have
a probabilistic interpretation. Instead, in the basis of transverse spin eigenstates, hq
can be interpreted as the probability to find a quark with its spin aligned along the
transverse spin of the nucleon minus the probability to find it oppositely aligned.
So the quark-hadron forward scattering amplitude that defines hq, flips the chirality
as well as the helicity of the quark. Since all perturbative QCD processes and
all interactions with external electroweak currents conserve chirality, h; decouples
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from all hard scattering processes that involve only one quark distribution function
[31]. Therefore it is impossible to measure transversity in ordinary deep inelastic
scattering.

2.2.3 Transverse Momentum Dependent (TMD) distribu-
tion functions

As seen before, the Parton distribution functions are obtained by projections of the
integrated quark-quark correlation function (see Eq. (2.40)). The quark distribution
functions which can be obtained from the integrated correlation function at leading
twist were presented earlier. Now if the transverse momentum is taken into account
(see Eq. (2.40)) in the hard process, other quark distributions can be defined.

The pr dependent PDF is defined using projections of the un-integrated correlation
function, which is defined as

1

(2, pr) = §/der(<I>(p, P,S)T). (2.51)

Using this projected correlation function, the PDF's defined previously are rewritten
at leading order in 1/Q) as [32]:

Eijp ,LS ;
pe - S
(I)[7+75]($apt> = )\glL($7P2T)+ ZWNT.QIT(‘Tap%“) (2'53)
. i+ 5 _ i 2 p%“ 1 2 pr-Sr, | 2
2io™)(e,pr) = Sphur(e,ph) + 51 (Mity (e,p3) + P hin (e, 03)
ij
€ i
FIPTi g (2, p2). (2.54)

Within this picture the nucleon can be characterized by eight TMD quark distribu-
tion functions. The probabilistic interpretation of these distribution functions is as
follows:

1. fi(z,p3) describes the unpolarized quark distribution function,

2. fiy(z, p2) describes the unpolarized quark inside a transversely polarized nu-
cleon. It is called the Sivers function and has a nature of (naive) time-reversal
odd (T-odd).

3. gir(z,p3) describes the helicity distribution function,

4. gir(z, p%) describes the distribution of longitudinally polarized quarks in trans-
versely polarized nucleon,

5. hir(x,p%) describes quark transverse polarization along target transverse po-
larization,
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6. hi;(z,p%) describes quark transverse polarization along quark intrinsic trans-
verse momentum in the longitudinally polarized target,

7. hip(x,p%) describes quark transverse polarization along quark intrinsic trans-
verse momentum in the transversely polarized target,

8. hyy(z,p%) describes quark transverse polarization along normal to the plane
defined by quark intrinsic transverse momentum and nucleon momentum in
the unpolarized target.

The helicity distribution Ag and the transversity distribution function
hy introduced before are rewritten as [32]:

Aq(z,p7) = gin(z,p7), (2.55)

miepd) = (o) + 5o b, ) (2.56)
These transverse momentum dependent PDFs can be classified with the nucleon
polarization state [32]. The quark-quark correlation function is expressed by sepa-
rating the terms corresponding to unpolarized (O), longitudinal (L) and transversely
(T') polarized target,

@ow.pr) = {Alw.p}) +int e )P, (2.57)
Op(z,pr) = {AAQ(:C p)Ys + Ay (2, pﬂ%'ﬁ?}ﬂ (2.58)

€1,,p7.57 .
Ore,pr) = {Firleph) =S+ gir(a,p) P

Sr s
(e, )8+ i, g P P b (2.50)

The sum of these correlation functions gives the full spin structure of the nucleon,

O(z,pr) = Po(z, pr) + @r(z, pr) + Or(x, pr). (2.60)

In order to access these TMD distribution functions, DIS measurement with trans-
versely polarized target is required. However, the transverse spin is naturally sup-
pressed in high energy interaction since the transverse component of the spin is no
longer eigenstate of transverse spin operator. Moreover it is expected that trans-
verse momentum is very small compared to the nucleon momentum. Therefore the
inclusive measurement does not provide an access to these distribution functions.

2.3 Semi-inclusive DIS

As explained in the previous section, transversity cannot be measured in inclusive
DIS. In order to access the chiral-odd transversity function, it has to be combined
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with another chiral-odd object. One of the possibilities is the semi-inclusive DIS
process, where at least one produced hadron h with four-momentum P, is detected
in addition to the scattered lepton. Fig. 2.7 shows a schematic diagram of a semi-
inclusive measurement. In addition to two scaling variables introduced in inclusive

nucleon

Figure 2.7: The basic diagram for deep-inelastic lepton hadron scattering. The
virtual photon momentum is ¢. The final hadronic state is not measured and is
denoted by X

DIS measurement (see Egs. (2.2) and (2.3)), a third scaling variable z is introduced
in semi-inclusive measurement, which describes the proportion of the photon energy
carried by the detected hadron:

s DB B (2.61)
P.q v

The semi-inclusive measurement allows us to access the transverse momentum de-
pendent PDFs in DIS experiment. The quark parton model is extended by a frag-
mentation model introducing a set of new functions called fragmentation functions
(FF) which allows to relate the appearance of certain hadrons h in the final state
to the parton distribution functions for different flavors [33]. Fig. 2.8 shows the ex-
tended handbag diagram for semi-inclusive DIS. The quark fragmentation functions
are derived from the quark-decay functions A.

2.3.1 Fragmentation Functions

The hadronic tensor explained in Eq. (2.39) is expanded with the decay function A
as [34, 35]:

d*p  d*k ,
Wonla P.5) = 3063 [ R st oma=hITr(®(p. PSP Mk Py (262
q
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Figure 2.8: Extended handbag diagram for semi-inclusive DIS.

Here @ is the correlation function as already defined in Eq. (2.38) and A is the new
decay function, which is defined as [36]:

1 .
A(k, Py, Sp) = Z(Qﬂ)él/d‘lzelk'z

X (0[ts(2) | Ph, Shi X) (Ph, Sh; X[43(0)]0) (2.63)

The above equation describes the way in which the struck quark evolves into a
hadronic final state in which the hadron h is detected. This process is called
hadronization or fragmentation of the quark. Decomposition of A function in the
basis of Dirac matrices including the final quark transverse momentum yields eight
fragmentation functions in leading twist [37, 38]. However, after summation over
the spin of the produced hadron, only two fragmentation functions remain, namely,
the unpolarized FF D?"(z, P2,) and the so-called Collins FF H;-*""(z, P2) [39].
The index ¢ — h indicates the fragmentation of a quark with flavor ¢ into a hadron
type h. These above twist-two FFs have probabilistic interpretation. The unpolar-
ized FF is the probability density that a struck quark of flavor ¢ with transverse
momentum k7 fragments into a certain hadron of type h with energy fraction z,
whereas the Collins FF is the difference of the probability densities for quarks with
transverse spin states T and | to fragment into a hadron A, shown in Fig. 2.9
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qg—h lg—h
D! H; -

Figure 2.9: Leading twist transverse momentum dependent quark fragmentation
functions independent of the produced hadron.

2.3.2 The SIDIS cross-section in terms of structure func-
tions

Assuming single photon exchange, the lepton-hadron cross-section in SIDIS can be
expressed in a model-independent way by a set of 18 structure functions [40, 41].

do B o? y? < m 7_2 )
drdydipdzdgpdP?, — xyQ?2(1 —¢) 2

X {FUU,T +eFyur + V2e(1 + €) cos O el
+eco8(20) i 2" + Pream/26(1 — €) sin ¢ Fy ™"
+5¢ [m sin ¢hFSiE¢h +e Sin(2¢h)F£’,iEQ¢h]
+S51 Pream [m Frn++/2e(1—¢) cos gy Fz‘f%}
157 sin(on — o) (FSRG ) + F)

+esin(¢p, + ¢S)F§;(¢h+¢5) + esin(3¢), — ¢S)ng;(3¢h*¢5)

+/2e(1+ ) sin pg FEn?s 1 \/2e(1 + ) sin(2¢y, — dg) Frm2on=2s)

+|57| Poeam [m cos(op, — ¢S)F£<7>§(¢h—¢s)
+1/2e(1 — €) cos pg o s

++/2e(1 = €) cos(2¢y, — ¢S)Fgfﬁ(2¢h*¢s>} }

where « is the fine structure constant and the structure functions F,” on the right
hand side depend on x, @2, z and PZ. The notations for the structure functions
have the following meaning: the superscript correspond to azimuthal asymmetry
described by given structure function whereas the first and second subscript indicate
the respective polarization of beam and target and the third subscript specifies
the polarization of the virtual photon. Integrating these structure functions over
produced hadron momentum and summing up over all hadrons in the final state,
one can find relations between the polarized SIDIS structure functions and ordinary

(2.64)
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DIS structure functions [42].
The ratio € of longitudinal and transverse photon flux in Eq. (2.64) is given by

1—y— 372y

€= ) 2.65
L—y+ 3557+ 377 (26

2]‘5“. Using Eq. (2.65) the depolarization factors entering equation 2.64

can be written as [40]:

where v =

2

Y 1 1 1 1
20—¢ 1+72(1_y+592)+17292“(1—y+§y2)7 (2.66)
2
y 1 1
—a¢ = Teelvm )R-y, (2.67)
v 1 Lo o
30— 0 2¢(1+¢) = 1+72(2—y) 1—y—17y ~(2—y)y/1—y(2.68)
L Va0 — \/1 R~ /T g (2.69)
clt+e) = ——=y/l-y-—v=ysl-v :
2(1—¢) 142 4
LTme - -t~y 2.70)
0-9" T I 2T -

2.4 Target transverse spin dependent asymmetries

For a hadron produced in the current fragmentation region of SIDIS, the cross-
section is a convolution of initial quark distribution in the nucleon, defined as,

doHN=U+h+X o DEF @ dottilte @ PR (2.71)

Here do't9="+4 is the polarized lepton-quark elastic hard scattering cross-section
and the symbol ® stands for convolution over quark intrinsic transverse momentum.
As one can see from the general expression (see Eq. (2.64)), there are only eight pos-
sible target transverse polarization St dependent azimuthal modulations, with five
single target spin and three double spin. These azimuthal modulations are combined
with eight independent structure functions. Using Eq. (2.71), each structure func-
tion can be written independently as a convolution of eight transverse momentum
dependent distribution functions (explained in section 2.2.3) and two fragmentation
functions (explained in section 2.3.1). Within the leading order QCD parton model
calculations, the structure functions entering in the amplitudes of target transverse
polarization dependent azimuthal modulations are given by the following convolu-
tions:

ng;(%—%) x fi4g DI (2.72)
F(SJl;(dﬁh-l—%) x hi® Hll q—>h’ (2.73)
sz%s(%f%) x ¢l ® DI7" (2.74)
Fin@on=09 o pleg pitah (2.75)
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Whereas the spin independent part of the cross section is given by
Fyur o f{@ DY, (2.76)

Egs. (2.72) to (2.75) defines the four leading twist modulations, out of which
sin(¢pn, — ¢s) and sin(¢y, + ¢s) modulations describe the Sivers [43] and Collins effect
[39] respectively. The other two leading twist modulations give us access to DFs gi.
and hy,?.

Within the QCD parton model, the non-zero contributions arise also for the remain-
ing 4 azimuthal modulations at twist-three level. It is important to note that using
only twist-two DFs and FFs and taking into account the order |ky|/@ kinematic
corrections, one also obtain the nonzero contributions to all these asymmetries [42].
This approximation was successfully used to describe the (twist-three) Cahn effect
in unpolarized SIDIS [44] and provide predictions for the cos(¢y) dependence of
SIDIS Ay asymmetry [45]. Within this approximation, the remaining four struc-
ture functions are defined as:

COS M -
FLT(%) x agtllT ® D‘11 h7 (277)
_ M
Fz‘;f@(ﬁh ¢s) x _ggT ® D’11_>h’ (278)
Q
sin M — -
Fone) o 6(%@@1{5‘1 hy fleg po h>, (2.79)
sin - M - -
Frin@en—0 o 6(111? ® Hi ™" 4 fh1 @ DI ")- (2.80)

Note that the convolutions in these equations include different combinations of in-
trinsic transverse momentum of quarks in nucleon. The complete definition of all
convolutions presented here can be found in [40].

For the target transverse polarization dependent azimuthal modulations given in
Eqgs. (2.72) - (2.80), except the usual spin independent cross-section, all terms are
expressed with sin or cos terms with different combination of azimuthal angles.
Those are expressed with a Fourier expansion. Thus they are naturally orthogonal
functions and can be disentangled without interference between the terms.

2.4.1 Definition of asymmetries

All eight cross-sections corresponding to target transverse spin dependent azimuthal
asymmetries defined earlier, are measurable quantities to provide data which can
be interpreted, for example, within the QCD parton model. There are five single
spin asymmetries or UT asymmetries and three double spin asymmetries or LT
asymmetries. For a shorthand notation, lets consider the eight target transverse
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spin dependent azimuthal asymmetries as:

w1 (Pn, ¢s) = sin(on — és), (2.81)
wa (P, ds) = sin(dp, + ), (2.82)
ws(dn, ¢s) = sin(3¢n — ¢s), (2.83)
Wy (Pn, ¢s) = sin(os), (2.84)
Ws(Pn, ¢s) = sin(2¢n — ds), (2.85)
we(Pn, Ps) = cos(Pn — ¢s), (2.86)
wr(Pn, ¢s) = cos(es), (2.87)
ws(dn, Ps) = cos(2¢, — ¢ds) (2.88)

In general, the asymmetries are parameterized by the ratio of convolutions of spin-
dependent to spin-independent DFs and FFs, which can be written separately for
UT and LT asymmetries:

wz((b 7¢S) wl(¢ 7¢5)
Awi(¢h,¢s) — FUT " Alui(d’h@s) — FLT " (2 89)
ur - F » “ALT - F : '
vuU,T uvu,T

The cross-section can be represented as:

do(fn, bs, ) o <1+\ST|ZD%WS>A“ 0wy, 65)

=1

- Pbeam|ST\ZD“”¢h¢ VAV (B, ds) + ). (2.90)

=6

Here Dvi(#n9s) represents the depolarization factor, which are calculated for all
asymmetries from Eqgs. (2.66) - (2.70). Thus calculated depolarization factors are:

Dsin(¢h—¢s>(y) =1, (2.91)
Dsin(¢h+¢s)(y) _ Dsin(3¢>h+¢s)(y) — %7 (2.92)
Dsin(2¢h—¢s)(y) _ Dsin(¢s)(y) _ 2(12;(341) 13/)_2 ?/’ (2.93)
Dsn=95) () = D(y) = %, (2.94)
Deos(20n=63) () = Dos(®3) () = H (2.95)

The counting rate asymmetries extracted from the data as amplitudes of correspond-
ing azimuthal modulations (raw asymmetries) are then given by

Apgonie) = DU () £ Sp| AP (i = 1,5), (2.96)
Ao = DY) () f Py ST AT (i = 6,8), (2.97)
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where f is the target polarization dilution factor. All these asymmetries are mea-
sured at COMPASS with a transversely polarized target. After a brief introduction
about the COMPASS experiment in Chapter3, extraction of eight target transverse
spin dependent asymmetries is discussed extensively in Chapter 4.



Chapter 3

The COMPASS Experiment

“Experimental science is the
queen of sciences and the goal of
all speculation.”

Roger Bacon

(jOMPASS1 [1] is a fixed target experiment on the M2 beam-line of
the SPS? at CERN?® (European Council for Nuclear Research), on the France-
Switzerland border near Geneva. Fig. 3.1 gives an overview of the accelerator
complex at CERN. A polarized beam and a polarized target are prerequisites to
measure all the terms in DIS* cross-section. Some aspects of the polarized muon
beam used in the COMPASS experiment are discussed in section 3.1 followed by an
introduction to the setup of the polarized target in section 3.3. The overall design of
the COMPASS spectrometer is described in section 3.4, whereas the detectors used
for track reconstruction are discussed in section 3.5. The detectors used for particle
identification are discussed in section 3.6. Section 3.7 explains the trigger system
used in COMPASS. Readout concept and data analysis is discussed in sections 3.8
and 3.9 respectively. A detailed description of the COMPASS experiment can be
found in [46].

3.1 The SPS 160 GeV polarized muon beam

The M2 beamline can provide different types of beams that are produced from the
SPS protons. Pions, kaons, protons and muons can be used to perform different
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2Super Proton Synchroton

3Conseil Europen pour la Recherche Nuclaire

“Deep Inelasitc Scattering
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measurements that are foreseen with the COMPASS experiment. The M2 beamline
(Fig. 3.2) has always been a dedicated muon beamline but by removing the hadrons
absorbers and re-tuning the magnets, the beamline can be used to transport sec-
ondary hadrons up to 300 GeV. The common origin for the muon beams and the
hadron beams lies in the SPS at CERN as a source of high energy protons of up
to 450 GeV. These protons are typically extracted from SPS into M2 beamline [47]
during a 4.8 s extraction time (“spill”) in a 16.8 s cycle.

The accelerated protons are transported to the T6 production target made of beryl-
lium where charged pions and kaons are produced along with muons [48]. It is
possible to set the intensity of the muon beam by adjusting the length of the pro-
duction target. For an intensity of 2.8 - 10% u™ per spill a target length of 500 mm
is used. Shorter targets are used in order to get low intensity beams [49].

The secondary charged pions and kaons which have been produced in the T6 target
can be separated from protons by a set of bending magnets. The scrapers which
are specially designed collimators made out of 5 m long magnetized iron blocks are
used to deflect low momentum particles away from the beam, selecting a momentum
band of about £10% around a central value of p, x = 177 Gev/c. In the beam of
about 177 GeV /¢, the hadronic part consists of 65.9% protons, 3.4% K* and 30.7%
7.

Among other particles, pions and kaons are produced, that decay into muons and
neutrinos in the 600 m long decay channel equipped with alternatively focusing and
de-focussing (FODO) quadruple magnets. The pions and kaons which remain after
passing the decay channel are removed by a hadron absorber of length 9.9 m, which
is made of beryllium. The absorber housed in the bending dipole B4, together with
another dipole magnet B5 is responsible for bending the muon beam, which, at this
point is at about 15 m underground towards the experimental hall situated on the
surface of the earth. This procedure together with the following scrapper elements,
selects muons with a momentum of p, =160 GeV /c with a momentum spread usually
between +3% and +5% RMS.

The polarization of the muon is naturally obtained which is based on the parity
violation in the weak decay of the charged pions or kaons [50]. The polarization of
the muon depends on the decay angle in the pion or kaon rest frame with respect
to its direction of motion in the lab frame (see Fig. 3.3).The sign and degree of the
muon polarization can be chosen by selecting the corresponding muon energy [51].
In order to optimize flux and energy of the muon beam, forward muons were chosen
for COMPASS, which are negatively polarized.

The polarization P, of the muon in the lab frame is given by

mfr’K +(1- —2%”K)mi
P,=— - . , (3.1)
m; e —m2

with m,, and £, being mass and energy of the muon that has been produced in the
decay, and mass m, x and energy E, i of the decaying pion and kaon [52, 53]. The
spot size of the beam at the COMPASS target defines the diameter of the target
cells, which should be as small as possible in order to avoid the multiple scattering of
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CERN Accelerators

(not to scale)

LHC: Large Hadron Collider
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Figure 3.1: The CERN accelerator complex. LINAC 2 and 3 are the injectors
for protons and ions respectively. Via PS booster and PS they are transferred to

the SPS, where they are extracted to the north area for different experiments, like
COMPASS.
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Figure 3.2: The sideview of M2 beam-line that provides muon beam to COMPASS
experiment

Figure 3.3: The decay of charged pions and kaons. Due to helicity conservation,
lepton number conservation and the fact that neutrinos have helicity -1, positive
muons, which were produced in the forward direction relative to the parent particle’s
momentum, are polarized anti parallel to their momentum in the lab frame

the produced particles for efficient mass reconstruction of the short living hadrons.
The Typical beam size is about o, ~ 0, ~ 8 mm, which has been considerably re-
duced compared to that in the SMC experiment(c ~16mm). The beam parameters
for the year 2004 beam-time are summarized in the following Table. 3.1.

3.2 Measurement of the muon beam momentum

Measurement of the momentum of each individual muon is achieved by the Beam
Momentum Station (BMS) situated about 100 m upstream of the COMPASS target.
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Beam parameters Measured
Beam momentum (p,)/(px) 160 GeV /c/172 GeV /c
Proton flux on T6 per SPS cycle 1.2-10%
Focussed muon flux per SPS cycle 2108
Beam polarization (—80+4)%
Spot size at COMPASS target (o, X 0,) 8 X 8 mm?
Divergence at COMPASS target (0, X 0,) 0.4 x 0.8 mrad
Muon halo within 15 cm from beam axis 16%
Halo in experiment (3.2 x 2.5 m?) at |z,y| > 15cm %

Table 3.1: Parameters and performance of the 160 GeV /¢ muon beam in 2004.

Fig. 3.2 shows the setup of the BMS. The three consecutive dipole magnets (B6)
deflect and bring the muon beam close to the horizontal direction before entering
the experimental hall. The B6 dipoles are surrounded by a set of four quadru-
ples (Q29, Q30, Q31, Q32) and six beam momentum stations(BM01, BM02, BM03,
BMO04, BM05, BM06). Out of these, BMS stations BM01 - BM04 are scintillator

BMO3 BM0O4
Q31 Q32 MIB3
beam
BMO06

-137.2 -131.0 -123.8 -73.7-70.8 -61.3
|

Distance from target (m)

Figure 3.4: Layout of the Beam Momentum Station for the COMPASS muon beam.

hodoscopes with horizontal strips previously used in the SMC experiment. Each
hodoscope is composed of 64 scintillator elements of 5 mm width in the dispersive
(vertical plane) and 20 mm thickness ensuring a large output signal. In the central
region, the scintillator strips are divided horizontally so that the particle flux per
element does not exceed 1-107 s7! even for the maximum intensity beam. The read
out is done using single channel fast photomultiplier tubes with a time resolution of
typically 0.3 ns. This setup was supplemented by two more planes namely BM05
and BMO06 to resolve ambiguities. The BMO05 station was mounted halfway between
the stations BM01 and BM02, whereas BM06 was mounted between stations BM03
and BMO04. These two extra planes provide the additional redundancy in the track
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between the beam momentum stations and the detectors in front of the target.
The geometry of the BMO05 plane is similar to that of the original planes apart from
the 2.5 mm pitch. It consists of 64 channels of two adjacent stacks of scintillating
fibre hodoscope. In addition, BM06 plane was included which possesses 128 chan-
nels, all made out of single stacks of scintillating fibre hodoscope. The design was
chosen such that the maximum rate per channel does not exceed 3 - 10° s7!, with a
pitch of 1.25 mm. The two new stations use the same multi-anode photomultiplier
technology, similar to the one used for the scintillating fibre stations. There were
further modifications done to the setup for the data taken in 2004. Considering
the age of the initial BMS setup (BM01 - BMO04), spare parts for the electronics
were no longer available, which lead to a refurbishment of the electronics of sta-
tions BM01 - BM04, increasing the overall beam detection efficiency. The purity of
the beam momentum station information and the efficiency were improved further
during the event reconstruction by backtracking the information obtained by the
tracking detectors located in front of the target.

3.3 The polarized target

With the small cross-section for muon scattering and the given beam intensity, the
high luminosity required for the physics programme of the COMPASS experiment
is achieved by using thick solids state targets.

The target material used for the measurements of the spin structure of proton and
deuteron are N Hs and SLiD, but so far the COMPASS experiment has taken data
with the SLiD target material [54]. The °Li nucleus can be considered to large extent
as He+D system, see [55]. Therefore the °LiD might be described as two polarizable
(spin 1) deuterons and unpolarized (spin 0) helium core. The total amount of the
polarizable material is approximately 50% (4 out of 8 nucleons).

The polarization of the target material is achieved by using a special technique
called as Dynamic Nuclear Polarization (DNP) [56], where the electron polarization
is transferred to nuclear spins by means of a microwave field.

3.3.1 Construction and operation

The COMPASS polarized target, shown in Fig. 3.5, was previously used by the SMC
experiment [57] [58], refurbished with extra elements to meet the requirements for
COMPASS experiment. The target material is contained in two independently po-
larized cylindrical target cells of 60 cm length and 3 cm diameter, installed one after
the other along the beam inside the mixing chamber of a *He - *He dilution refrig-
erator [59]. The two target cells are exposed to the same muon flux, ensuring that
the measured asymmetries are independent of the flux. Thus in the measurement
of possible false asymmetries are reduced. The target cells are labeled according to
their position relative to the beam direction as upstream and downstream cell.
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Figure 3.5: Side view of the COMPASS polarized target: (1) upstream target cell and
(2) downstream target cell inside mixing chamber, (3) microwave cavity, (4) target holder,
(5) still (3He evaporator), (6) *He evaporator, (7) *He liquid/gas phase separator, (8) 3He
pumping port, (9) solenoid coil, (10) correction coils, (11) end compensation coil, (12)
dipole coil. The muon beam enters from the left. The two halves of the microwave cavity
are separated by a thin microwave stopper.

During the DNP the dilution refrigerator provides a temperature of about
0.4 K. After the desired polarization state is achieved, the polarizing process is
stopped and the spin configuration is frozen by cooling the target material to 50
mK. Taking advantage of the long relaxation time (exceeding 1000 h), the target
can then be used with the desired polarization. A mixing chamber is placed inside a
microwave cavity which provides the necessary radiation for DNP process. There are
separate microwave systems available for each of the two target cells, because two
different frequencies are needed for two target cells which are oppositely polarized.
The polarization is constantly monitored by NMR coils along each of the cells.
Typical polarizations are about 50%. Fig. 3.6 shows a typical average polarization
in the upstream and downstream target cells during 20 days of the 2004 run.
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Figure 3.6: Typical average polarizations in the upstream and downstream target cells
during 20 days of the 2004 run. After day 11, the polarizations in the target cells are
reversed by changing the microwave frequencies. Data are taken in transverse mode from
day 13 to day 18 and a new field reversal by microwaves is performed at the end of the
period. The current of +417 A corresponds to an axial field of 2.5 T.

3.3.2 Transverse polarization

During data acquisition in transverse mode. the target material is kept in frozen spin
mode below 90 mK and the spin direction is maintained by the 0,42 T transverse
dipole field. The polarization is reversed by exchanging the microwave frequencies
of the two cells.

The data for the measurement of the target transverse spin asymmetries analysis,
discussed in Chapter 4 of this thesis, were taken in the transverse target configura-
tion.

3.4 The COMPASS spectrometer

The COMPASS experimental setup consists of a two-stage forward magnetic spec-
trometer, a Large Angle Spectrometer (LAS) and a Small Angle Spectrometer
(SAS), imposing capabilities of operation at high luminosity of high beam inten-
sity, counting rates, large angular and dynamic acceptances, which are requirements
for the proposed muon programme and other physics programmes.

The basic layout of the COMPASS spectrometer as it was used for ob-
taining 2004 data is shown in Fig. 3.7. Both the setup, LAS and SAS are located
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Figure 3.7: Compass 2004 muon setup (top) artistic view, (bottom) top view (for
detector names, see text).
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downstream of the target, extends over a total length of 50 m. Each of the two spec-
trometers is equipped with an analyzing magnet surrounded by tracking detectors
and completed by a hadron calorimeter and by a muon filter for muon identification.
Due to the flexibility required by the broad spectrum of the COMPASS physics pro-
gramme, all the detectors involved are mounted on rails allowing to position them
at variable distances from the target.

3.4.1 Large angle spectrometer

The Large Angle Spectrometer (LAS) has been designed for the detection of tracks
with large angle up to about 180 mrad polar acceptance and with low momenta.
It is built around the spectrometer dipole magnet SM1 surrounded by tracking de-
tectors. SM1 is a dipole magnet situated 4 m downstream of the target. The pole
tips of the SM1 magnet are wedge shaped, where the apex of the edge is facing the
target making sure that the tracks pointing to the target are orthogonal to the field
lines of the magnet.

The field integral of the magnet is measured to be 1.0 Tm, leading to a deflection
of 300 mrad for particles with a momentum of 1 GeV/c. Considering the bending
power of SM1, the tracking detectors involved in LAS need to have an angular ac-
ceptance of 250 mrad in the horizontal plane.

A RICH detector used for particle identification follows the SM1. It possess large
transverse dimensions to match the LAS acceptance. It is used to identify the
charged hadrons with momenta ranging from a few GeV/c to 43 GeV/c. It is fol-
lowed by a hadron calorimeter with a central hole matching the second spectrometer
magnet (SM2) acceptance. The LAS is completed by a muon filter, which is a device
to distinguish between the hadronic products from the muons.

3.4.2 Small angle spectrometer

The Small Angle Spectrometer (SAS) setup detects the tracks with angles in the
range of £30 mrad and with momenta of 5 Gev/c and higher. Similar to the LAS
setup, the SAS is built around an another spectrometer dipole magnet SM2, located
18 m downstream of the target. SM2 has a total field integral of 4.4 Tm. SM2 is
followed up with an electronic and a hadronic calorimeter and a muon filter which
has a hole in the center covering the acceptance of the inner trigger.

3.5 Detectors for track reconstruction

In the overall spectrometer acceptance, the particle flux varies significantly in differ-
ent regions. The detectors used for track reconstruction must possess a high particle
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rate capability with an excellent space resolution. In order to avoid multiple scat-
tering and secondary interactions, the amount of material used in every detector has
to remain at minimum level. These requests are very severe in the upstream area of
the SM1 magnet, where the particle flux is at maximum due to the large number of
low energy secondary particles coming from the target. Whereas, for the detectors
situated far from the beam, the space resolution constraint can be relaxed obtaining
unchanged angular resolution but the area covered must be large.

As a result of the varying demands, a wide variety of detectors are deployed in
COMPASS. The tracking detectors are grouped into three groups according to the
angular range in which they operate.

e Very Small Area Trackers (VSAT) - situated directly in the beam area for
the detection of the particles at very small angles. These detectors are small
in size, require very good time-resolution and short dead-time because of the
high flux they have to withstand. In addition, as they are in the area around
the target, they must also possess a good spatial resolution of about 50 um.
These duties are taken care by eight scintillating fibre stations in and around
the beam with excellent time resolution [60], and by three stations of double-
sided silicon micro-strip detectors with high spatial resolution [61].

e Small Area Trackers (SAT) - used to detect particles deflected at slightly larger
angles. These detectors must possess high space resolution but the requirement
for good time resolution is relaxed. These requirements are satisfied by three
Micromegas (Micromesh Gaseous Structure) stations [62, 63] and eleven GEM
(Gas Electron Multipliers) stations [64, 65]. Both Micromeagas and GEM
detectors have central dead zone with a diameter of 5 cm.

e Large Area Trackers (LAT) - particles deflected at greater angles are detected
by these detectors. These detectors must have a good space resolution and
must cover a large area defined by the experimental setup acceptance. Three
drift chambers (DC), followed by three stations of straw drift tubes [66] and
by 14 multi-wire proportional chamber (MWPC) stations, satisfy the require-
ments needed for large area tracking.

A detailed description of the various detectors mentioned above can be found in [46].

3.6 Detectors for particle identification

The various detectors discussed in previous sections were used to measure points in
space and time, together with the information of particle tracks obtained from the
fields of spectrometer magnets SM1 and SM2. However to be able to distinguish
particles of different types, the information on their energy is needed. For that the
COMPASS spectrometer includes several particle identification detectors. A RICH
detector located in the first spectrometer separates outgoing hadrons into pions,
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kaons and protons ranging up to a momenta as large as 43 GeV/c. Two hadron
calorimeters, HCAL1 and HCAL2 measure the scattered hadron energy and initiate
a trigger signal. An electronic calorimeter, ECAL2 measures the energies of the
photons and electrons emitted at small angles. Finally the “Muon Wall” system
namely MW1 and MW2 detects the scattered muons both in LAS and SAS.

3.6.1 The RICH detector

According to the Cerenkov effect, when a charged particle goes through a medium
with a velocity greater than the velocity of light, it radiates photons. They are
emitted at an angle 6 relative to the direction of motion of the particle given by.

m2c?
2
p

1
cosbo=— = —/1+ (3.2)
n

nf

Here n is the refractive of the medium crossed by the particle, 8 = v/c is the speed
of light invacuo. So if the momentum of that particular particle is known, its mass
can be deduced by measuring 6. Form Eq. (3.2), the threshold condition for the
Cerenkov effect can be calculated as,

1
> —. 3.3
g2t 33)
A Ring Imaging Cerenkov detector (RICH) takes advantage of the Cerenkov effect

to identify charged particles. The COMPASS RICH detector [67] is capable of sepa-
rating kaons, pions and protons in an energy domain between 5 GeV /c and 43 GeV /c
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Figure 3.8: COMPASS RICH-1: principle and artistic view.
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Fig. 3.8 shows, the RICH large volume vessel is approximately 3.3 m
long in the beam direction, with a width of 6.6 m and a height of 5.3 m filled with
C,Fyo radiator gas, with a refractive index of 1.00153 at 1 bar and 20°C. Under these
conditions the threshold energy for the emission of Cerenkov light is 2.5 GeV /c for
pions, 8.9 GeV/c for kaons and 17 GeV /c for protons [68, 69].

The intensity of Cerenkov photons radiated by a traveling particle increases with
decreasing photon wavelength, thus it is useful to build a system which works in the
very ultra-violet (VUV) range. The Cerenkov photons will have to travel several
meters though the radiator gas, so the gas has to be transparent as possible. The
produced photons in the radiator gas are reflected by two spherical mirror systems
(with radius R,,, = 6.6 m) and focussed onto photon detectors, giving a ring in the
plane of the photon detectors. The radius of this ring (r) is related to the focal
length of the mirror system and the Cerenkov angle

r = gl (3.4)

2

Thus the measurement of ring radius provides an access to calculate the Cerenkov
angle. The photon emitted are reflected from the mirror system and focussed onto
the front wall which is coated with phot-sensitive Csl divided into pixels. Thus the
Cerenkov photons are converted to electrons in CslI layer, where the layer is situated
on the cathode plane of a MWPC to detect the resulting electrons. The readout
cathode of 8 x 8 mm? provide the sufficient resolution with a total active area of
5.3 m2. The CsI photon converters have good quantum efficiency for wavelengths
below 200 nm, which provides compatibility in the VUV domain of both the mirror
system and the gas radiator. Quartz windows separate the radiator gas from the
photon detector and provide a lower limit of the sensitive region of the RICH detector
of 165 nm. The radiator gas system establishes continuous gas circulation in a closed
loop, ensuring a optimum VUV transparency and maintaining a constant relative
pressure in the vessel.

3.6.2 Calorimetry

The COMPASS spectrometer is equipped with two hadronic calorimeters and an
electromagnetic calorimeter. The two hadronic calorimeters HCAL1 and HCAL2
are used to measure the energy of hadrons produced in the target and participate
in triggering on inelastic muon scattering events. Both hadron calorimeters consists
of several layers of iron and of scintillator plates. They are located before the muon
filters (see Fig. 3.7).

The hadron calorimeterl (HCAL1): The HCALL is situated be-
fore MW1 upstream of SM2. It consists of modular structure with each module
consisting of 40 layers of iron (20 mm thick) and scintillator plates (5 mm thick).
480 such modules are used in HCAL1 which are assembled in a matrix of 28 x 20
(horizontal x vertical) with a rectangular window of 8 x 4 modules removed in the
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centre of the matrix, to make a passage for the beam. The light from the scintil-
lator is collected by a flat light guide. The amount of light collected by a single
scintillator traversed by a minimum ionizing particle is good enough to produce 4 to
6 photoelectrons at the Photo Multiplier Tube (PMT) photocathode. The signals
from PMTs are sent via cables of about 140 m length to a fast analog to digital
converter. Small fractions of signals are fed into the fast summation system for
trigger purposes [70].

The HCALL1 has a spatial resolution of 0,, = 14 & 2 mm, with an active area of
4.2 x 3 m?. The energy resolution of HCALI as a function of the energy for pions
can be parameterized by o(E)/E = (59.4 +2.9) % /v E @(7.6 £ 0.4) %, with the
energy F in units of GeV.

The hadron calorimeter2 (HCAL2): The HCAL2 is the second

calorimeter used in COMPASS spectrometer. It is placed downstream of SM2 and
in front of the second muon filter (see section 3.6.3). The HCAL2 takes the form of
a matrix of 22 x 10 modules, arranged on a mobile platform. Most of the modules
consists of 36 steel plates (25 mm thick) interleaved with scintillator sheets (5 mm
thick), which were used previously by NA12 experiment [71], however the method
of light collection from scintillator and high voltage bases for photomultipliers were
modified to meet the requirements for COMPASS experiment. The calorimeter has
a hole with the dimensions of 2 x 2 modules to pass the high intensity beam.
The readout of the scintillation light is done by wavelength shifting fibres of 1 mm
diameter placed in a circular groove in each scintillator sheet, the light collected
from those bundle of fibres from all the sheets are transferred to the photocath-
ode of a Photo Multiplier Tubes (PMTs). The energy resolution for HCAL2 is
o(E)/E = (66/vVE @ 5) %, with the energy F in units of GeV.

The electromagnetic calorimeter2 (ECAL2): The ECAL2 is made
from 2972 modules of lead glass assembled in a matrix of 64 x48. The ECAL2 used in
the COMPASS spectrometer was previously used in the GAMS-4000 spectrometer
[72].  When an gamma ray or an electron is incident on ECAL2, it develops an
electromagnetic shower inside the lead glass which eventually emits Cerenkov light
on its way through the glass. A PMT connected to each lead glass block measures the
intensity of the light emitted from that particular block, as the energy deposited on
each counter is proportional to the amount of Cerenkov light emitted. With one such
counter, about 1000 photoelectrons per GeV energy deposit can be obtained. All
the modules are installed inside a frame which can be moved both ways, horizontally
and vertically. ECAL?2 has a hole of 10 x 10 modules in the centre to make a passage
for the beam. The energy resolution for ECAL2 is o(E)/E = 5.5%/vE @ 1.5% and
has a space resolution of o(z) = 6 mm/vE@ 0.5 mm, with the energy E in units
of GeV.
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3.6.3 Muon identification

The muon identification is accomplished by two detector systems. In the LAS region,
the muon filtering system consists of two stations of Muon Wall 1 (MW1) separated
by a 60 cm thick iron absorber (Muon Filter 1), whereas in the SAS region, the
system consists of a 2.4 m thick concrete absorber (Muon Filter 2) followed up by
two stations of Muon Wall 2 (MW2) and three stations of MWPC stations.

Muon Wall 1 (MW1) : The basic element used in building the MW1 is
a gaseous wire detector called Mini Drift Tube (MDT). A particle detected in both
detector layers is regarded as a scattered muon.
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Figure 3.9: Schematic cross—sectional side view of MW1 all dimensions are given in
millimeters. Vertically only part(255 mm) of the stations are shown.

Fig. 3.9 shows the schematic view of the MW1 system, consisting of two
stations separated by the iron absorber. Each station consists of four detectors with
two planes of MDTs on both sides. Vertical and horizontal tubes provide the X
and Y coordinates respectively. Both planes X and Y have a hole in their center
to match the acceptance of SM2. The active area covered by the X plane is of
4845 x 4050 mm? and 4730 x 4165 mm? by the Y plane respectively.

Muon Wall 2 (MW2) : The MW2, at the back of the SAS uses the
same principle as in MW1. The MW2 consists of two identical stations with each
station composed of 6 layers of drift tubes which are grouped into double layers.
There are three double layers assembled in vertical, horizontal and inclined positions.
The inclined tubes are at —15° with respect to the vertical tubes. There are 1689
tubes used in building the two stations.
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Minimally deflected muons which already flew through the beam hole in
the first Muon Wall (MW1) can be detected here.

3.7 The trigger system

An complete physics event has to be formed with the tiny pieces of information
provided by the individual detectors described above. For that a signal must be
activated during the process and must be distributed to the read-out of all the de-
tectors. A signal from the trigger system provides the command to process all data
collected within a specified time window and also to suppress the recording of events
which are not interesting. This trigger signal must be available as quickly as pos-
sible, since the buffering of data in the detector is limited (< 600 ns) especially in
the case of the HCALs. To ensure the availability of the signal within the required
time scale, the trigger system is based on fast hodoscopes and read out by pho-
tomultipliers. Based on their construction, position with respect to the beam and
the kinematic regions covered, the trigger hodoscopes are categorized in different
classes: Outer Trigger (OT), Inner Trigger (IT), Middle Trigger (MT) and Ladder
Trigger (LT) [73]. As the scattered muon looses up to 20% of its original energy,
the particle must be detected in two such detectors at different positions in z along
the beam. Therefore each trigger system is divided into two hodoscope stations, the
inner (H41I, H5I), the ladder (H4L, H5L), the middle (H4M, H5M) and the outer
system (H30, H40), as shown in Fig. 3.10. The events selected by this trigger can
be classified in two groups: Photon-gluon fusion events and inclusive deep inelastic
scattering events.

N /
SM2 HCALZ p-Filter

Beam

Figure 3.10: Location of the components relevant for the trigger.
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3.7.1 Trigger on photon-gluon fusion events

Photon-Gluon Fusion (PGF) events are of great importance to the open charm
measurement for the measurement of AG at COMPASS. Therefore 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. At low %, the muon scattering angles are close to
zero providing a first requirement for the trigger. A sufficient degree of polarization
of the exchanged photon is required as it enters the data analysis in form of the
depolarization factor D, which is approximately proportional to the relative energy
of the photon, y. Therefore, the minimum requirement for the trigger was chosen
to be y > 0.2. The scattered muons of differing energy are deflected in the

\ y=0.2
Z 4 i
Trigger
{ | -
2,1 H5 Signal
Hodoscopes Cmp/lc;?rie;nce
N » \
scattered p
]
o HCAL
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Magnet \ \ 7 _
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Figure 3.11: Concept of the trigger for quasi-real photoproduction with high energy
loss. The scattered muon leads to a coincidence in the activated area of the coin-
cidence matrix while the halo muon fails to do so. In addition, a minimum hadron
energy can be required in the calorimeter.

field of the spectrometer magnets causing signals in different channels of the trigger
hodoscopes. The signals are fed into a coincidence matrix which selects only those
hit combinations which correspond to an energy loss of more than 20% (see Fig.
3.11). As there are a number of background processes, such as elastic scattering off
target electrons and elastic and quasi-elastic radiative scattering off target nuclei
present in the kinematical region of quasi-real photo production, the information
from the hadronic calorimeter can be used to reject most of the background events
and those triggered by beam halo. This way, the background events caused by halo
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or beam muons that pass through the spectrometer with little energy loss can be
suppressed.

3.7.2 Trigger on deep-inelastic scattering events

In contrast to the trigger on PGF events, a large momentum transfer, Q* > 0.5 Gev/c?
is required for deep-inelastic scattering events. The trigger classes selecting these
events are Middle Trigger (MT) and Outer Trigger (OT). They consist of two ho-
doscope setups for each of the triggers (see Fig. 3.12). The hodoscopes used here
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Figure 3.12: The kinematic regions in the Q? — y plane covered by the different
triggers.

consist of horizontally mounted plastic scintillator covering a wide range to each
side of the beam. Information from the hadron calorimeter may not be demanded
since this trigger setup is also used to detect the inclusive scattering reactions, in
which no hadron is detected. Several veto counters are installed in the pre-target
region to suppress signals from halo muons. The active area of these veto counters
cover only the area outside the beam. If there is a signal registered in one of these
counters, a halo muon is presumed and the event is discarded.

3.8 The read-out concept

With over 250 000 detector channels to be read out and to record a total amount of
data up to 350 TByte per year demanded a special design of the Data Acquisition
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system (DAQ). In the COMPASS experiment, the DAQ has to cope with the high
particle fluxes of 2 - 10® ; per spill of 4.8 s with trigger rates of about 10 kHz for
the muon beam. To meet those demanding tasks, an entirely new read-out concept
was designed [74].
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Figure 3.13: General architecture of the DAQ system. Digitised data from the de-
tector front-ends are combined on the readout modules named CATCH and GeSiCA
close to the detectors. The storage of the data during the spill and the event building
is performed locally. The data are recorded at the CERN computer centre.

An overview of the data flow is shown in Fig. 3.13. As the preampli-
fiers and discriminators are located near to every detector, the data is constantly
digitized and buffered with the help of custom designed TDC® and ADC® modules.
The synchronization of the various digitized readout units is performed by the Trig-
ger Control System (TCS). As soon as the trigger signal is activated the data are
transferred via fast links to readout-driver modules named CATCH” and GeSiCAS8.
These modules are also responsible to distribute the trigger signals to the front-ends
and initialize them during the system startup. The readout-driver modules combine
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the data from the front-end cards and transmit the sub event to readout buffer via
optical S-Link at a speed of 160 MByte/s. The data coming from each link are
stored in 512 MByte spill buffer cards in the central Read-Out Buffers (ROBs).

The data are distributed from the ROBs to twelve event — builders work-
ing in parallel, where they are combined to global events. In 2004 the total data
transmitted during the spill to the readout buffers correspond to 230 MByte/s. Fi-
nally these data are recorded on tape remotely at the CERN central data recording
facility located in the CERN computer center.

3.9 Data-analysis at COMPASS

A huge amount of data (nearly about 350 TB per year) is collected by the exper-
iment. This requires the availability of sufficient computing power to reconstruct
the events at a rate comparable to the data acquisition rate. The demanded CPU
power is provided by 200 Linux Dual-CPU PCs at CERN. First step in handling of
the data is called the Production process, where the raw data are used to reproduce
particles and their tracks. After this process is completed, the data is ready to use
for different physics analyses.

Raw data from COMPASS experiment are stored in the Central Data Recording
(CDR) system at the end of every run and transferred to the COMPASS Comput-
ing Farm (CCF) where the data are stored for a certain period of time before being
written to tape. Data access from tape is established through the CASTOR? sys-
tem where the user is provided with a directory structure and commands for writing,
reading, opening and closing of the files. When a file is being requested by an user,
CASTOR downloads a copy from the tape onto a local disc for access.

3.9.1 Event reconstruction

The Event reconstruction is performed by a fully object oriented program called
CORAL!. This is designed with a modular architecture with collection of class li-
braries written in C4++ programming language. A schematic representation of the
reconstruction program is shown in Fig. 3.14.

The input given to the reconstruction procedure is either the raw data
collected by the experiment or the output from Monte Carlo simulation software.
Only the reconstruction of real data is explained here. Before the raw information
from the detectors is sent to the track finding algorithm, two initial processing phases

YCERN Advanced STORage
10COMPASS Reconstruction and AnaLysis
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Figure 3.14: Schematic representation of the COMPASS reconstruction software.

are required. Decoding : In this first phase, the information from the fired detector
is extracted from the raw data. Clustering : In the second phase, the information
from the detector channels that have fired by the same particle are grouped together.
Finally the different steps of the data reconstruction are performed, like track and
vertex reconstruction and also the hadron identification by RICH reconstruction
which are explained in the following part.

Track reconstruction: The spectrometer is divided into three regions
by the two spectrometer magnets SM1 and SM2 respectively. This is done by the
track reconstruction algorithm named TRAFFIC/TRAFFDIC. The three phases of
reconstruction corresponds to: a) pattern recognition, where, the track segments
are identified in the various zones of the spectrometer then, b) the track segments
from several distant zones are connected to build full tracks (Bridging) and finally
c) the best estimators for the parameters of the reconstructed tracks are computed
(Fitting).
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Vertex reconstruction: Various tracks that have a common point sug-
gest the existence of an interaction point or a vertex. Here the aim is to get the
best estimator of the three coordinates of the vertex position from each track that
is assumed to originate from there. All tracks surviving the initial phase are used
to estimate the parameters of the vertex and the relative y? fit is performed, which
acts as a measure of probability of a particular vertex. The approximation of the
primary vertex is possible by computing the average Point Of Closest Approach
(POCA) between one beam track and all possible outgoing tracks.

Particle identification: The particle identification is performed inside
CORAL by a package named RICHONE. The raw information from the RICH de-
tector provides the coordinates of the photon detector pads with a signal above
threshold. This information combined with the particle trajectory from track re-
construction is used to calculate the probability that the particle is of a particular

type.

After the reconstruction phase, the information such as track parameters,
vertices, calorimeter clusters, PID probabilities, detector hit patterns, etc are stored
into output ROOT trees called as mini Data Summary Tapes (mDST). The data
reduction factor between the input raw data and the output mDST is about 100.

3.9.2 PHAST

PHAST! [75] is an internally developed program. It is the main tool for physics
data analysis at COMPASS. This program reads in all objects from the mDSTs. It
provides dedicated classes and functions based on the CERN ROOT packages [76].
Using these common routines, various physics analysis can be performed. The data
analysis explained in Chapter 4 was performed with PHAST.

HUPHysics Analysis Software and Tools



Chapter 4

Extraction of transverse spin
asymmetries at COMPASS

“What we observe is not nature
itself, but nature exposed to our
method of questioning.”

Werner Heisenberg

One of the main objectives of the COMPASS experiment is to gain
more knowledge on target transverse spin dependent asymmetries especially the
transverse quark distribution function Azpq. About 20% of the total running time
has been spent on target transverse spin measurements in the years 2002, 2003
and 2004, with 11 days of data acquisition in 2002, 9 days in 2003 and 14 days in
2004. The following sections are devoted to the extraction of target transverse spin
dependent asymmetries from the data obtained from the the 2002, 2003 and 2004
beam-times at COMPASS. RICH detector information has been available only for
the 2003 and 2004 beam-times. Therefore, the results of extracted transverse spin
dependent asymmetries for identified pions and kaons for the years 2003 and 2004
are discussed first, followed by the results for the unidentified hadrons for the years
2002, 2003 and 2004.

4.1 'Transverse data and their production

Measurements with transverse target polarization during each beam time were taken
in a period with the target cells polarized oppositely. In principle, the asymmetry
could be calculated from the difference in the counting-rates from the two target cells.
This method is subject to systematic effects coming from the different acceptance

49
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of the two cells. In order to avoid such effects as far as possible, the polarization
of the cells is reversed between two periods. The counting rate asymmetry is then
calculated for the two target cells separately in two periods (period 1 and period
2) with opposite spin configurations (see Fig. 4.1), these being described as either
down — up or up — down periods according to the spin configuration of the target
cells.
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Figure 4.1: Schematic depiction of the target cells in transverse mode with longi-
tudinally polarized muon beam. Measurements are always performed with opposite
polarizations in the two target cells. The polarization is reversed in both cells be-
tween periods.

The spin orientation of the polarization of the COMPASS target cannot
be flipped by inverting the magnetic field, because the acceptance would change.
Therefore the polarization reversal is done by exchanging the microwave frequencies
of upstream cell and downstream cell in the target. The duration of this process
is typically two days in order to achieve ~ 50% polarization. Once the target is
polarized the data is taken for several days (typically 5 days) before a polarization
reversal is done. Data is taken again with the target polarized after a spin flip for 5
more days.

4.1.1 Data production

The data production process described in section 3.9 was performed for all the
periods. During data acquisition, some changes in the spectrometer can occur.
These changes influence data reconstruction accuracy. Therefore for each period
special calibration and alignment runs are taken. Later each period is processed
separately. Typically, one physics run occupies about 70 gigabytes of disk space.
During storage, one physics run is divided into chunks. One chunk is usually of 1
Gbyte and contains about 25 000 events. Fig. 4.2 shows a schematic view of the
reconstruction and analysis system to which the data flows after they are stored
centrally.
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Figure 4.2: Schematic view of the off-line system and reconstruction and analysis
flow

Once the production algorithms and the necessary files such as calibra-
tion and alignment files are finally settled, a pre-selection of the data suitable for
production is made on the basis of criteria recorded in the online log-book such as
beam stability, number of spills, target polarization and the magnetic fields of SM1
and SM2. Not all runs of the given period are processed, the number of “good runs”
was taken by excluding the runs in which for whatever reason several detectors had
malfunctioned. The production is performed on a run-by-run basis. One production
script starts about 70 (parallel) jobs, each one is to process one chunk of the data.
The typical processing time for one event is about 0.5-1.0 sec, so processing of a
run may takes 3-6 hours. After the production, the size of the mDST is about 1%
of the original raw data, later this mDST’s are used to perform physics analysis by
means of another program called PHAST (see section 3.9.2). In the 2002 to 2004
data acquisition periods, the experiment benefited of about 12 - 10° spills in which
COMPASS collected about 30 billion events, corresponding to a total sample of
more than 1PByte (1-10"2).

The COMPASS beam-time in 2002 had three periods in which the mea-
surements were taken with transverse target polarizations - P2B, P2C and P2H, one
polarization reversal took place between the periods P2B and P2C, and second in
the middle of P2H, breaking the period further down into P2H1 and P2H2. In the
beam-time in 2003, there were two periods - P1G and P1H, whereas in 2004 there
were four periods - W33, W34, W35, W36. Two polarization reversal took place,
first between W33 and W34 and second between W35 and W36. Table. 4.1 gives
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an overview of the periods with transverse target polarization

Year Period Target polarization
2002 P2B I
2002  P2C N
2002 P2H.1 I
2002 P2H.2 18
2003 P1G I
2003 P2H ™
2004 W33 N
2004 W34 I
2004  W35H (A
2004 W36 N

Table 4.1: The transversity data acquisition periods the 2002, 2003 and 2004 beam-
time at COMPASS. The target polarization of the two cells, upstream and down-
stream are shown.

4.1.2 Data quality checks

To make sure that the data produced is in fact ready for the physics analysis, some
production efficiency checks are performed. During the processing of each run, log
files are produced and are used to check how many chunks have been successfully
completed. In some cases it may occur that some data contained in a chunk were
corrupt, these corrupted chunks are skipped while processing and this will not affect
the production of the runs further.

The performance of the apparatus before and after the target spin reversal between
the sub periods is monitored. The reliability of the data taken over an entire period
is tested with various parameters by using the histogram files produced during the
production. Using the histograms produced during the event reconstruction, the
detector performance stabilities were checked by looking at the shape of the hit
distribution in about 360 detector planes. The time stability of the detector and
reconstruction efficiencies were also checked. Further details about various data
quality checks can be found in [77].

Runs showing some instability were not used for the physics analysis. The runs
rejected by this criterion are 9 for the 2002 data, 28 (out of a total of 458) for the
2003 data and 44 (of 462) for the 2004 data, corresponding to about 5% and 4% of
the initial raw event sample.
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4.2 Event selection

For the calculation of the target transverse spin dependent asymmetries, deep-
inelastic scattering events in which at least one hadron is produced are required.
In the following sections, the applied kinematic and other cuts used in the data
analysis are discussed.

4.2.1 @Q? reduction

Several physics analyses performed at COMPASS, such as that to determine the
gluon polarization AG, deal with events in the whole kinematic range of Q?. For
transversity analysis, only events in deep-inelastic regime are of interest. The condi-
tion Q* > 1 Gev/c is defined to select events in this regime. This cut is responsible
for a considerable reduction of data. The Q? reduction is performed separately on a
run-by-run basis and the reduced data files are saved to tape. Due to the reduction
of data size after Q? cut, computing power required for the further steps of the
analysis is considerably reduced.

4.2.2 Cuts on the primary vertex and muons

Primary Vertex : The muon interaction point called as “primary vertex” is defined
by one beam particle and one scattered muon. The primary vertex is reconstructed
by CORAL (explained in section 3.9.1). If more than one primary vertex is recon-
structed in one event, then the PHAST defined “best primary vertex” is taken to
select a primary vertex. The PHAST defines the best primary vertex on the basis
of their reduced x? and the number of outgoing particles used in the reconstruc-
tion. These reconstructed primary vertices lie in the COMPASS coordinate system
in z either in the upstream cell (—100 cm and —40 cm) or in the downstream cell
(=30 cm and 430 cm). All vertices outside these regions are discarded. Fig. 4.3
shows the distribution of the primary vertex z-coordinate before any cut has been
applied.

Due to the additional dipole field the target cells are displaced in trans-
verse running mode with respect to the longitudinal case. Therefore the target
position was independently deduced for the transverse running. Fig. 4.4 shows how
the target position was deduced. A distribution of the primary vertices is plot-
ted for various positions along the beam axis. In these plots, the position of the
target cylinder with the radius of 1.5 ¢m can be located, so the displacement in
r and y can be extracted. As the magnetic field orientations do not change dur-
ing the transverse running mode, all these measurements can be combined. For
each year, the displacement in x and y is plotted against the position along the
beam axis. No displacement along z was observed, therefore the standard positions
(—100 cm 2y, — 40 cm 5 —30 ¢m Zgown + 30 cm) were used.
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Figure 4.4: Left: Distribution of the primary vertices at the most upstream part of
the target. The target cylinder can be easily identified. Right: Same distribution
with red circle refers to the shape of the cylinder, whereas the blue circle indicates
the region accepted by the radial cut of r = 1.3 cm.

To make sure the primary vertex is well inside of the target material, the
PHAST routine PaAlgo::InTarget is used. The applied cuts using PaAlgo::InTarget
routine were the radial cut of r;, < 1.3 cm. A further cut was applied to ensure an
identical beam intensity in both target cells, ensuring a nearly identical luminos-
ity. Only those events were accepted, where the projection of the incoming muon
beam lies within the same cuts at the most upstream end of the target cell at
(2 = —100 cm) and the most downstream end of the target cell at (z = 30 cm).
This cut was achieved by another PHAST routine PaAlgo::CrossCells.

Beam Muons : The beam muon associated in the mDST with the best
primary vertex is taken as the beam particle. A cut on a maximum momentum
of Pream < 200 GeV is applied. A total 2 is calculated for each track when the
mDST data are produced. The calculated y? fit expresses the summed probability
that each hit assigned to the track does belong to it. Now the reduced x? can be
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constructed be the relation, )
2 Xtot

Xred = Noge — 5 (4.1)
Here N, is the number of hits along the track and the reduction by five appears
due to the number of degrees of freedom emerging from the five parameters which
are extracted from the track. For incoming muons, the reduced y? greater than 10
leads to the event being discarded. The beam momentum distribution for W35/W36
data sample is shown in Fig. 4.5.
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Figure 4.5: Momentum distribution of the reconstructed incoming muons for
W35/W36 data sample.

Scattered Muon : The scattered muon g of the best primary vertex
flagged by PHAST is taken if it fulfills the same criterion regarding x? ; as the beam
muon. To achieve a clean muon identification, the amount of material traversed in
the spectrometer had to be larger than 30 radiation lengths. Due to the fact that
COMPASS trigger hodoscopes do not cover the full kinematics range in large-angle
spectrometer, the muons scattered at large-angle are not taken into account as such.
To overcome this problem, additional muons are recovered by the assumption that
any outgoing particle from the best primary vertex which causes more than four
hits in plane 1 and more than six in plane 2 of Muon Walll (MW1) is considered,
provided they also satisfy the conditions x2 , < 10 and nX /X, > 30 as applied to
the flagged scattered muons. To be noted that the two planes in the muon wall 1
are separated by a thick iron absorber. Applying the following criteria an event is
discarded:

e If more than one "recovered” muon is found in an event,

e If a flagged 1/ and a "recovered” p’ are found in the same event,
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e If more than one flagged p’ is found in an event.

4.2.3 Cuts on the variables y and W

A further cut is applied on events with very large and very small values of the kine-
matic variable y. By applying the cut y > 0.9, the events with low ' momentum
are discarded. This cut is used to discard the events for which large radiative correc-
tions are expected. An additional cut with y < 0.1 is applied to discard the events
belonging to the elastic region. It also removes events with poorly reconstructed
scattered muons or beam halo muons misidentified as scattered muons. Cuts on y
leads to a further reduction of the sample size. A cut on the center of mass energy W
is applied. W > 5 GeV cut removes the sample events in the region of the nucleon
resonances. The y and W distributions before the cuts were applied is shown in Fig.
4.6. It should be noted that there is a large overlap of events being discarded with
these two cuts.
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Figure 4.6: The y distribution (left) and the W distribution (right) before the applied
cuts

4.2.4 Hadron identification

The flavor of the outgoing quark in the fragmentation process largely determines
what type of hadron is produced with the largest momentum or energy. The pro-
duction of a 7 or a 7~ contains a differing contribution from the transverse u and
d quark distributions. In order to get information on both charges, from this point
the analysis is performed for positive and negative hadrons i.e. events containing a
positively-charged hadron and those in which the hadron has negative charge.

All outgoing particles from the best primary vertex which are neither flagged nor
recovered muons are considered to be hadrons. As general condition applies, every
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track must have at least one hit after the magnet SM1. Hence all tracks recon-
structed only in the fringe field are rejected. This condition is satisfied by a cut on
the last measured coordinate (z,5; > 350 cm), where z, is the z position of the
last measured hit associated with the track. A hadron must satisfy x?,; < 10 and
a maximum nuclear interaction length nX/X, < 10 is also required. In addition a
minimum energy deposition in any cluster associated with the hadron in HCAL1
or HCAL2 is required, specifically EH¢ALT > 5 GeV for 2002,2003 data acquisition
periods and EACALL > 4 GeV for 2004, EHCAL2 > 8 GeV for 2002,2003 data acqui-
sition periods and EH#CA4L2 > 4 GeV for 2004. The correlation between the energy
measured in HCAL and that measured by the spectrometer is shown in Fig. 4.7.
The hadron is accepted even when no calorimeter cluster is found and the event is
not discarded whereas an event is discarded when clusters in both calorimeters are
associated.
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Figure 4.7: Correlation between the energy measured in HCAL1 (left) and HCAL2
(right) and the energy measured by the spectrometer for the 2004 data [77].

4.2.5 Kinematic cuts on all hadrons : z, p;

The kinematic variable z gives the fraction of the photon energy transferred to the
struck quark and consequently to the hadron produced in the fragmentation. At
lower values of z, impurities occur through the secondary interactions of the original
hadron with the target material, which can lead to the false identification of the
hadron. A cut on z is applied to ensure that only the events with at least one
hadron with z > 0.2 are used. The COMPASS kinematics are skewed down to lower
values of z and a cut z > 0.2 ensures that the events are lost within an acceptable
bound. The higher the energy of the identified hadron, the greater is the probability
that it is the hadron initially produced at the start of the fragmentation process.

An additional cut on the transverse momentum (p;) of the particle with respect
to the virtual photon direction is applied, which has to be larger than 0.1 GeV /c.
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This special cut is introduced to assure a good resolution in the measured azimuthal
angle. The z and p; distribution before the cuts were applied are shown in Fig. 4.8
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Figure 4.8: The z distribution (left) and the p; distribution (right) before the applied
cuts

4.2.6 Extra cut on y and z distribution

After applying all the cuts defined above, there is a peak present at high y in the y
distribution of the positive hadrons appearing in the last z bin (0.8 < z < 1) and
an excess of events is also visible in the z distribution of the first x bin. The peak
is also visible in the distribution of the energy of positive hadrons at high z and in
the distribution of the momentum of the scattered muon.

One fact that is clearly visible is that none of these peak problems appeared for
negative hadrons. This gave a lead to suspect a problem with hadron identification.
The “scattered” muons giving origin to the peak in y distribution (identified by
selecting events with y > 0.8 and z > 0.8) are particles which have passed through
more than 100 X, and with a distribution of x and y coordinates that does not show
evidence of holes in the muon wall (Fig. 4.9 (left)) and therefore are well identified
positive muons even if they are not the true scattered muon. Moreover these tracks
come from the primary vertex of the event. They should be muons coming from 7w
or K decays, i.e. the decay product of a hadron coming from the vertex.

The positive hadrons with z > 0.8 belonging to events in the y-peak
show one peculiarity, i.e. the distribution for the z; — y; coordinates (last z and y
coordinates of the reconstructed track) for these events is squeezed at very small
values (a square of no more than 50 cm edge) even if the distribution of the last z;
coordinate is spread along the experiment. The x; —y; distribution (Fig. 4.9 (right))
indicates the holes of the hadron absorber. By extrapolating “positive hadron”
tracks till after the muon wall, we see, as expected, that for a large fraction of these
events the number of X, passed is small, since they are passing through the hole
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Figure 4.9: Left: x; — y; distribution of scattered muons for positive hadrons with
z > 0.8 and y > 0.8. Right: z; — y; distribution for positive hadrons with z > 0.8
and y > 0.8.

in the iron absorber and do not trigger the event. The result is that the track of a
muon falling in that region is associated with nXy < 10 and identified as a hadron
by our selection rules.

e the scattered muon is identified as a positive hadron because it goes through
the hole and does not cross large amount of the material,

e a positive muon from the primary vertex is reconstructed and wrongly consid-
ered as scattered muon.

The reconstruction of these events is wrong and they have to be rejected using the
following cuts.

A cut in the z; and y; coordinates of the tracks or, even better, in the extrapolated
x. and g, coordinates of the track after the iron absorber is used. By looking at the
distribution of z. and y, for different intervals in z;, we see (Fig. 4.10) that the cut
in these positions can be optimized. The adopted selection is:

1. v/(ze — 45 cm)? + y2 < 10 cm for 2 < 2000 cm;

2. y/(ze — 35 cm)?2 4+ y2 < 15 cm and (|y.| < 3 em and |2, — 55 cm| < 13 ¢cm) for
2000 cm < z; < 4000 cm;

3. ye] <25 cm and |z, — 45 cm| < 25 cm for 4000 cm < 7 < 5000 cm

The loss of events due to this cut is negligible as it is less than 1% in the
overall statistics.
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Figure 4.10: Distribution of positive hadrons versus x. —y. extrapolated coordinates
at 50 m for events with y > 0,8 and z > 0.8, and tracks with z; < 20 m 20 < z; < 40
m and z; > 40 m. The applied cuts are also shown.

4.2.7 Final data-sample for unidentified hadrons

The final statistics entering the analysis after surviving all the cuts listed in the
previous sections is shown in Table. 4.2. The table is consolidated to the 10 periods
with transverse target spin in 2002, 2003 and 2004, for positively and negatively
charged hadrons. The distribution of the important kinematic variables may be
seen in Fig. 4.11 for W35/W36 period sample

Year Period Positive hadrons | Negative hadrons
2002 P2B/P2C 704840 594138
2002 | P2H.1/P2H.2 472244 399692
2003 | P1G/P1H 2429420 2029588
2004 | W33/W34 2093759 1739317
2004 | W35/W36 2716216 2258956
| Sum | | 84-10° | 7.0-10° |

Table 4.2: Final Statistics for the years 2002,2003 and 2004 for hadrons with z > 0.2

4.3 RICH identified pions and kaons

The RICH information has been available only from the 2003 COMPASS beam-
time and sustained for the 2004 beam-time. Asymmetries with identified pions and
kaons are based on the P1G, P1H (2003) and W33, W34, W35, W36 (2004) data
periods. The RICH detector is an important apparatus used within COMPASS
detector setup. Since it is used for the hadron identification, some specific studies
on the stability in time has to be done. RICH stability in time on a spill per spill
basis has to be checked to avoid using data from bad spills in otherwise good runs.
This analysis has been done after the rejection of the RICH bad runs. A detailed
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Figure 4.11: The distribution of the important kinematic variables in the final sample
after applying appropriate cuts (top left: y distribution, top right: W distribution,
bottom left: z distribution and bottom right: P, distribution).

description on the RICH data quality checks such as monitoring bad runs and bad
spills can be found in [78].

4.3.1 Likelihood analysis

Particle identification using the RICH detector is performed using a Likelihood
method. Input to this analysis consists of 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 indi-
vidual hits from the photon detectors to clusters, which are expected to correspond
better to the real photon impact point. A transformation of the cluster coordinates
to the 6 — ¢ plane is performed. Which is the plane of the polar and the azimuthal
angles relative to the particle trajectory. In this plane the clusters from a given par-
ticle distribute along a fixed € uniformly in ¢, thus the ring search in the detector
plane is equivalent to searching for a peak in the #-projection.
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Using the information, a likelihood is constructed for three mass hypotheses, namely
pion, kaon and proton mass hypothesis, which is as follows:

Ny
Ly =TI |0 - 06 6.0 +eBE].6)|  iemKp (42

k=1

where the product runs over all N7 photons 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 hypoth-
esis i. ¢ is the background taken from the 67 distribution and G(67, ¢}, 6;™) and
B(0], ¢}) parameterize the signal and background contributions respectively.

The mass assignments are then done on the basis of the largest likelihood proba-
bility among the different mass hypothesis. A normalized version of the likelihood
L = Y/Ly is then available for the analysis, in order to allow the comparison of
different particles.

The signal contribution G(67, ¢7,0:"™) to the likelihood can be conveniently de-
scribed as a Gaussian centered at the expected angle 6] with a spread o}(¢;).
The advantage of using a likelihood method is that it takes into account the back-
ground contribution explicitly. Possible contributions to the background are elec-
tronic 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.

4.3.2 Cut for hadron identification

As it was explained before, the hadron identification using the RICH detector is
based on a likelihood method [79, 80]. The hadrons are identified with a particular
mass hypothesis if the likelihood corresponding to this mass hypothesis is the max-
imum one. To have a clear picture on the identification, some cuts on the hadron

momentum and on two separate distributions £fmez and Lfmez  has been per-
LHpqeck LHgndmaI

formed.

Cut on momentum : Corresponding to the 1.50 separation between K and 7, an
upper limit for accepted momenta of 50 Gev/c has been chosen. A cut is applied
little above the Cerenkov threshold (py,) to avoid particles with no Cerenkov pho-
tons are emitted. The Cerenkov threshold py, is calculated for a particular particle
mass with the corresponding refractive index with the formula:

m
= —. 4.3
Pth o (4.3)
The threshold is computed on a run-by-run basis. This cut is applied separately for
pions and kaons.

Cut on Likelihood variables : Two variables, L£fmaz

! LHback
first variable gives the separation to the background hypothesis: if the variable is
near 1 then it means that the LH of the identified particle and that of the background
have the same value. Therefore the distinction between particle and background

and LLIJ;I’”:I are used. The
¥
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hypothesis is not straightforward. Whereas the second variable gives the separation
to the 2nd maximum LH: if the variable value is near 1, it means that the LH of
the identified particle and that of another mass hypothesis are equal.

4.3.3 Cuts applied for the identification of pions

With the calculated py,,. and the two likelihood variables, L’;{I:”k and II;H’; , the
ac 277,

max

following cuts are applied for the identification of pions:

e p > py,. + 0.5 GeV/c for pions, (py, = 2.5 GeV/c),

LHy
° THyoor >103,

o LAz  —1002.

LHZ”d'maz'

4.3.4 Cuts applied for the identification of kaons

LHg

and
) LHback:

Similarly with the calculated py,, and the two likelihood variables

LHpg
LHQnd

max

, the following cuts are applied for the identification of kaons:

® p > pu, + 1.0 GeV/c for kaons, (pi, = 9 GeV/c),

LHg
* Tho > 1.04,

o —LHr - 1003.

LHQ”dmax

4.3.5 Final data sample for RICH identified pions and kaons

Table. 4.3 shows the final statistics entering the analysis after all the above cuts
were applied, for all the periods in 2003 and 2004, for positively and negatively
charged pions and kaons.

4.4 Asymmetry calculation

In this section, eight target transverse spin dependent asymmetries are defined.
Experimental extraction of raw asymmetries using ratio product method is explained
along with the discussion on how the raw asymmetries are corrected with the relevant
scaling factors to give physics asymmetries.
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‘ Year ‘ Period ‘ Positive pions ‘ Negative pions | Positive kaons | Negative kaons ‘

2003 | PIG/PIH [ 1707142 1485228 309563 203485
2004 | W33/W34 | 1536076 1328755 272068 176838
2004 | W35/W36 | 2024054 1752848 359420 234662
| Sum | | 5267272 | 4566831 | 941051 | 614985

Table 4.3: Final statistics for the years 2003 and 2004 for all pions and kaons

4.4.1 Calculation of the raw asymmetries

As it can be seen from the main equation for polarized SIDIS cross section, Eq.
(2.64), The complete expression for the transverse interaction cross-section can be
written as

5

do(fn, b, ) o0 |14 Sz D DU @) ARy, (g, 6,) (4.4)

=1
8

+ Pbeam‘ST’ZDwi(d)}“(bs)Ag%(d)h’d)S)wi(¢h7¢s) .

=6

Here |Sr| is the transverse polarization of the target, Dvi(%n?s) defines

o (9n-92) efines the asymmetries with unpo-

wz (z)h ¢5

the respective depolarization factor, A
larized beam (U) and transversely polarlzed target (T) similarly A, defines
the asymmetries with longitudinally polarized beam (L) and transversely polarized
target (T). The respective eight azimuthal modulations are given by,

wy(Pn, ¢s) = sin(gp, — ¢s), (4.5)
wa(bp, ps) = sin(pp + ¢s — ), (4.6)
ws(¢n, ds) = sin(3¢n — ¢s), (4.7)
wa(dn, Ps) = sin(¢s), (4.8)
w5(Pn, ¢s) = sin(2¢, — ¢s), (4.9)
we(Pn, ds) = cos(dn — @s), (4.10)
wr(dn, ¢s) = cos(ps), (4.11)
ws(Pn, ¢s) = cos(2¢n — bs) (4.12)

Now we can write two separate cross-sections for UT and LT asymmetries described
by eight modulations w;(¢p, ¢s), where i runs from 1 to 8 leads to the counting rate
asymmetries of the form:

dO—Oﬂ — daw w; (G, ds .

Ao + dood AU%, :éw) i=1,.,5 (4.13)
do=" — do—¥ w;

e = AL =68 (414

4o+ doT
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Here, 0 defines unpolarized beam whereas — defines the longitudinally polarized
beam and 1} ({}) defines up (down) target polarization.

These eight modulations are based on 5 combinations of azimuthal hadron (¢,) and
spin (¢;) angles which are:

Q1 = dn — s (4.15)

=ont+os—m (4.16)
Q3 = 39n — ¢s (4.17)
&) — 0, (118
D5 = 20, — ¢ (4.19)

With the five combinations, there are two (®5, ®3) which do appear only in sin mod-
ulation, while the other three appear in the combination of sin and cos modulations.
Therefore, we can define the five ®; dependent modulations

Wy(®y) = AP sin(dy) 4+ AVPrP2) cog(D,) (4.20)
Wy (By) = A¥2(Pr0) gin(D,) (4.21)
Wa(®3) = Arai ) sin(®y) (4.22)
Wi(Dy) = ALsPR05) in(dy) + ALTPR02) cos(Dy) (4.23)
Wi (D) = AYP0s) in(Py) 4+ AWSPrP2) cog(Ds) (4.24)

For each subperiod of our measurement and each target cell, we can now describe
the counting rate dependence N(®;) by:

Naa(®5) = Fijalasa®ua( @) (12 W;(®;)) (4.25)
where +(-) stands for up (down) target polarization and u(d) for the upstream and
downstream target cells. o is the unpolarized cross-section, while ff/ , 1s the flux

and nff/ 4 the target density in the given target cell while measuring with the indi-

cated polarization. Finally, af/ ;(®;) is the acceptance for the same configurations
depending, naturally, on ®;.

4.4.2 Calculation of the azimuthal angles ¢, and ¢,

The cross-section is defined with eight azimuthal modulations which are based on
five combinations of azimuthal hadron angle ¢, and azimuthal spin angle ¢, (see
Egs. (4.15) - (4.19)). These modulations are usually defined in the Breit frame
of the muon deep-inelastic scattering and it is calculated from the relevant vectors
(momentum of the hadron and the nucleon spin) in that reference system. The
Breit frame is the reference system in which xz plane is the u scattering plane and
z is defined by the virtual photon direction, the y axis is chosen in order to have a
righthanded frame. The vectors must be transformed from the laboratory reference
system (LS) to the Breit system, this procedure is performed in three steps [81].
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1. From Laboratory System (LS) to Incident Muon reference system (IMS) : In
the LS, the z axis is the nominal beam direction, the y axis is in vertical
direction pointing upwards and the x axis is defined to get the righthanded
frame. In the IMS, the 2’ axis defines the incident muon direction. Therefore
the transformation is performed by a rotation of an angle ¢,,; around z followed
by another rotation of an angle §,; around the ¢ axis. (1 is the incident muon
and p2 is the scattered muon)

2. From IMS to 7*N reference system (GNS) : Here the z” axis is defined by the
direction of the virtual photon ~*. The z”,y” plane is the muon scattering
plane and 3" axis is chosen to get a right handed frame. The transformation
to GNS is done by a rotation of an angle # , around the 2" axis followed by
another rotation of an angle —6!, around the y’ axis.

3. From GNS to Breit system : A Lorentz transformation along the z” axis is
done in order to get the relevant vectors (i.e. the momentum of the hadron and
the nucleon spin) in the Breit system. Definition of the azimuthal angles ¢,
and ¢y, for semi-inclusive deep inelastic scattering in the Breit frame is shown
in Fig. 4.12.

Figure 4.12: Definition of the azimuthal angles ¢, and ¢, for semi-inclusive deep
inelastic scattering in the Breit frame
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4.4.3 Determination of the raw asymmetries

As described in the section 4.1, the counting rate asymmetry is calculated between
two periods with opposite polarization. In our case for the trasnversity data peri-
ods, the counting rate asymmetry is calculated between, the 2002 data acquisition
periods: P2B and P2C, P2H.1 and P2H.2, the 2003 data acquisition periods: P1G
and P1H, the 2004 data acquisition periods: W33 and W34, W35 and W36. A
“ratio product method” is used to calculate all the raw asymmetries (described in
the immediate section).

4.5 One-dimensional analysis

4.5.1 Ratio product method

In order to estimate the raw asymmetries from the measured number of events, a
ratio product method has been used. This method minimizes the effect of possible
acceptance variations. Using the Eq. (4.25), a double ratio can be constructed
simultaneously with the information of both target cells (u, d) for two sub-periods
and it is given by,

A(®;) = “( j j (4.26)

with the respective error propagation:

1 1 1 1
o, = [A(9))] - \/Nj(‘I)j) + N (D)) + N, (®)) * Ny (%)

u

(4.27)

While testing this method, it was understood that for low statistics, the fit was
biased i.e. the value A(®,) of the ratio product method can exhibit large deviation
from 1 due to large statistical fluctuations. Therefore to avoid any effect due to this
bias, the value A(®;) is replaced by 1. Now the formula to calculate the error can
be written as

1 1 1 1
OA@®;) = + + — + — . (428)
) \/ NF(®) " NJ(®;) T N (@) T N (@)
Expanding Eq. (4.26) using Eq. (4.25), one gets:
_ fandal (2))o(1+ W5(2;)) - fangag (®;)o(1 + W;(P;))

A = et @) (L =W, @,) - fintat (@a(l - Wy, 2
N ) =y, (LI ) S

— Wj(®@5))(1 = Wi(®;))
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Where
R
C, = 4.31
N 3
N.aT(d.
Ca — aj(é.]) ad (®.7> ) (432)

a, (®;) - ag (2;)

We assume the reasonable assumption [77]:

al(P; a; (P;

ag (®;)  a;(®;)
i.e. that the ratio of acceptances between the upstream and downstream cells stays
constant after spin reversal. Therefore C, is equal to 1. The beam flux is expected to
stay constant, therefore Cf is equal to 1. Therefore the asymmetries can be deduced
from the double ratio using:

(1+ W;(2;)) (1 + W;(®;))
(1= W;(2;))(1 — Wj(®))
The double ratio is calculated in 16 equal bins over the range of ®;. The moments
of ®; can now be deduced by individually performing two parameter fits. This
method was implemented in the extraction of Collins (sin(¢y, + ¢s — 7)) and Sivers
(sin(¢p, — ¢s)) moments in [77].

For the sin modulation the fit is made with:

A(®,) = par(0)(1 + 4par(1) sin ®;). (4.35)

A(®;) = const

(4.34)

and for the cos modulation:

A(®;) = par(0)(1 + 4par(1) cos D;). (4.36)

In the cases, where W;(®,;) depends on both, sin and cos modulations,it
can be easily seen, that also a 3 parameter fit can be performed to extract both
moments simultaneously:

A(®;) = par(0)(1 + 4par(1) sin ®; + 4par(2) cos ;). (4.37)

In both cases, par(0) is the above mentioned constant and par(1) ( as well as par(2)
for the 3 parameter fit) give the raw “asymmetries”.

4.5.2 From the raw asymmetry to the corrected asymmetry

The objective is to gain from the raw asymmetries, an insight into the real physics
asymmetries. The final eight TMD asymmetries which are related to the relevant
raw asymmetries with their respective scaling factor are discussed below. The scal-
ing factors are namely the dilution factor f, the target polarization |Pr|, the beam
polarization Py, and the depolarization factorD¥i(y). A short description of those
correction factors are discussed in the immediate sections.



4.5. ONE-DIMENSIONAL ANALYSIS 69

o Ai}’}(‘bﬁ%_ﬂ asymmetry (Collins) : The Collins asymmetry is extracted

from the raw asymmetry through the expression

) sin(¢p+¢s—m)
ASIH(¢h+¢s—ﬂ') o UT,raw (438)

vr — Dsin(én+es) (y) - f - | Pyl

A?}I}(%h_%) asymmetry : Similar to Collins asymmetry, this asymmetry is

extracted from the raw asymmetry through the expression
ASin(3¢h—¢s)

sin(3¢p—¢s) UT,raw
AUT - Dsin(3¢h+¢s)(y) . f . ’PT’ ) (439>

° Af]i;(‘z’h_d’S) asymmetry (Sivers): Sivers asymmetry is extracted from the

raw asymmetry through the expression

. A?Jifjlf¢h—¢s)
AS]H h—Ps — i ,2raw . 4.40
ur Dsin(én=03)(y) - f - | Pr| ( )
o ACLO;WF%) asymmetry : This asymmetry is extracted from the raw asym-
metry through the expression
Acos(dn—s)
ACOS(¢h*¢>s) — LT raw . 441
LT Dcos(¢h—¢s)<y> . f . |PT| . ’Pbeam| ( )
° A?}r}(%) asymmetry : This asymmetry is extracted from the raw asymmetry
through the expression
. ASin(d)s)
ASIH(¢3) _ . UT,raw ' 4.49
Ur T DRey) - P 2
° A?}HT(Q%_%) asymmetry : This asymmetry is extracted from the raw asym-

metry through the expression

ASIn(20n—0s)

sin(2¢p—¢s) UT,raw
Apr = D@0 (y) - f - |Py| (4.43)

° AEO;(%) asymmetry : This asymmetry is extracted from the raw asymmetry

through the expression

Acos(9s)

ACOS(¢5) — LTraw ’ 444
LT Dcos(¢s)(y) f . |PT‘ : ‘Pbeam‘ ( )

o ACLO;(Q‘Z&“QSS) asymmetry : This asymmetry is extracted from the raw asym-

metry through the expression
cos(2¢p—¢s)

Acos(2¢>h7¢>s) _ LT,raw . 4.45
LT Dcos(2¢h—¢s)(y> f- ’pT| . ‘pbeam| ( )
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4.6 Target polarization Pr

A direct measurement of target polarization at COMPASS is not possible in trans-
verse mode. The polarization is measured in the longitudinal 2.5 T field at the
beginning and the end of each transverse data acquisition period. Measured values
for the COMPASS target polarization in the transverse data acquisition periods are
given in Table. 4.4

‘ Period ‘ Runs ‘ Upstream ‘ Downstream ‘
P2B | 21178-21207 | -49.79 54.58
P2B | 21333-21393 -47.79 47.40
P2B | 21407-21495 -47.09 46.33
P2C | 21670-21765 52.50 -44.09
P2C | 21777-21878 50.36 -43.06
P2H.1 | 23490-23575 -49.83 52.11
P2H.2 | 23664-23839 47.45 -41.41
P1G | 30772-31038 -49.70 +52.78
P1H | 31192-31247 | +49.39 -42.60
P1IH | 31277-31524 | +51.31 -44.63
W33 | 38991-39168 | +50.70 -43.52
W34 | 39283-39290 -44.80 +45.97
W34 | 39325-39430 -38.60 +40.35
W34 | 39480-39545 -46.14 +47.41
W35 | 39548-39780 -46.44 +47.44
W36 | 39850-39987 | +49.89 -42.76

Table 4.4: Target polarization values for 2002 - 2004 transversity data acquisition
periods

4.7 Dilution factor f

The dilution factor f is introduced to estimate how much material in the target can
be polarized. In the case of the COMPASS °LiD target, four nucleons out of eight can
be polarized (see section 3.3). Thus the maximal fraction of the polarizable material
to the total material is f = 0.5. As the current COMPASS target was inherited from
the SMC experiment, calculations from SMC regarding the real dilution factor could
be modified for the COMPASS kinematics [82]. The factor is found to vary slightly
with x, with a value in the relevant range of just under 0.4. For the analysis, a
constant value of f = (.38 was assumed
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4.8 Depolarization factor

The depolarization factor is calculated from the kinematics of each event in the
data sample. According to the run it occurs in and the target cell where the vertex
is found, depolarization factor is then multiplied by the appropriate value for the
polarization from Table. 4.4. It is then used to weight the event. In total there
are eight raw asymmetries extracted and six different depolarization factors are
evaluated as two asymmetries have the same depolarization factor. The evaluated
depolarization factors depend only on y for the transverse case (see section 2.4.1)
and are given by

DSiIl(d)h*QSs)(y) — 1’ (446)
. . 2(1 —
D@00 (y) = DRET) (y) = Dy (y) = #—%2 A
o | 22— y)WI—y
Dsm(2¢h ®s) — Dsm(¢s) — , 4.48
) W) =i, (4.48)
_ 2-y)
Deoston—d9(y) = D(y) = YY) 4.49
_ 2yv/1—y
Dcos(?qﬁh ®s) — DCOS(¢S) = 2z 7 4.50

4.9 Binning

All the eight TMD asymmetries are calculated separately in different kinematic
regions in z, z and p;. The bins chosen over the range of z, z and p; are given below.

0.003 < zp; < 0.008 010 < pr <0.20
020< 2 <0.25

0.008 < xp; < 0.013 020 < p; <0.30
025< 2z <0.30

0.013 < xp; < 0.020 030< pr <040
030< 2z <0.35

0.020 < zp; < 0.032 040 < p, <0.50
035< 2z <040

0.032 < xp; < 0.050 0.50 < pr <0.60
040 < 2z <0.50

0.050 < xp; < 0.080 0.60 < p <0.75
0.50< =z <0.65

0.080 < xp; <0.130 0.75 < p; <0.90
0.66 < z <0.80

0.130 < xp; < 0.210 090 < p <1.30
080 < =z <1.00

0.210 < xp; < 1.000 1.30 < p¢ <end.

Calculated asymmetries are then plotted against x, z and p; accordingly.
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4.10 Results for the extracted eight TMD asym-
metries

Eight TMD Asymmetries with unidentified hadrons, RICH identified pions and
kaons were extracted. Asymmetries with unidentified hadrons are with the COM-
PASS 2002 -2004 data sample whereas asymmetries with RICH identified pions and
kaons are with the COMPASS 2003 - 2004 data sample [83]. The asymmetries were
extracted using information from both target cells for the paired periods P2B/C,
P2H.1/H.2, P1G/H, W33/4 and W35/6. Therefore they should be combined with
an appropriate weighting. The final weighted asymmetry for RICH identified pions
and kaons for the paired periods P1G/H, W33/4 and W35/6 is calculated with the

formula:

|:(02 L. APlG/H) + (Uz L. AW33/4> + (02 L. AW35/6):|
P1G/H W33/4 W35/6

1 1 1
|:O'2 + 0'2 + 0'2 :|
P1G/H W33/4 W35/6

The statistical error oy, on the weighted asymmetry can be calculated
accordingly from the statistical error on the period asymmetries :

1
OAy = . 4.52
Aw 1 T ( )
3 p) )
9P1G/H TWw33/a TWw3s/6

Similar formalism is used to calculate weighted asymmetry for unidenti-
fied hadrons including the data periods in 2002 (P2B/C and P2H.1/P2H.2). The
weighted asymmetry Ay and its respective statistical error o4, is calculated for
each bin (see section 4.9) in x, z and p; accordingly. This calculation is performed
for all eight TMD asymmetries for unidentified hadrons (positive and negative),
identified pions (positive and negative) and identified kaons (positive and negative).

Figs. 4.13 - 4.20 shows the extracted eight TMD asymmetries for uniden-
tified hadrons, pions and kaons. All asymmetries are plotted as a function of x, z
and P! The red circles shows the results for positive hadrons, (pions and kaons)
whereas blue triangles shows the results for negative hadrons, (pions and kaons).
The error bars shown in all the plots are statistical only. In all the plots the blue
triangles are slightly shifted horizontally with the respect to the measured value.
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Figure 4.14: Extracted Sivers asymmetry (A“Z']i;(d)h_d)s)) for unidentified hadrons (top
row), pions (middle row) and kaons (bottom row) as a function of x, z and Pp
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Figure 4.15: Extracted A(f;i(‘z’h_%) asymmetry for unidentified hadrons (top row),
pions (middle row) and kaons (bottom row) as a function of x, z and Pk
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Figure 4.16: Extracted A?}I}(3¢’”_¢S) asymmetry for unidentified hadrons (top row),
pions (middle row) and kaons (bottom row) as a function of z, z and Pk
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Figure 4.18: Extracted A?}I}(M’”_%) asymmetry for unidentified hadrons (top row),
pions (middle row) and kaons (bottom row) as a function of z, z and Pk
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Figure 4.19: Extracted AZO;(%) asymmetry for unidentified hadrons (top row), pions
(middle row) and kaons (bottom row) as a function of z, z and Py
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Figure 4.20: Extracted AZO;(M’L_%) asymmetry for unidentified hadrons (top row),
pions (middle row) and kaons (bottom row) as a function of z, z and Pk
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4.11 Estimation of the systematic errors

Several tests were performed to test the stability of the detector essential for our
data analysis. The main objective here is to evaluate the sources and to quantify the
size of our systematic errors. The tests performed are, checking the compatibility of
the results obtained from different periods, checking the stability of the acceptance
ratios and finally estimating the value of free parameter par(0) used in the fitting
function.

The following systematic studies were performed for unidentified hadrons with the
COMPASS 2002 - 2004 data sample and for identified pions and kaons with the
COMPASS 2003 - 2004 data sample, but only the results performed for identified
pions and koans with COMPASS 2003 - 2004 data sample is presented as the sys-
tematic studies performed for unidentified hadron sample shows similar trends.

4.11.1 Compatibility of the results from different periods

The compatibility of the final asymmetries in each x, z and p; bin obtained in three
data acquisition periods from 2003-2004 has been checked by building the “pulls”
distribution.

Ai— < A>

—
<A>
where i = 1 to 3 for 3 periods, A; are the asymmetries and < A > is the corresponding
weighted mean. In the denominator we have used the variances to take into account
the correlation between A; and < A >. As expected, these pulls follow within the
errors of a standard normal distribution. Figure. 4.21 is a “pulls” distribution to
show the compatibility of results from different periods with x, z and p;. Figure.
4.22 is an overall pulls distribution of asymmetries for all different measurements,
such as all the eight asymmetries with positive and negative pions and kaons, z, z,
py for three data acquisition periods. The number of entries involved in estimating
the overall pulls distribution are 2496. Combining the bins for z, z and p; will give
in total of 26 bins (9 bins in z + 8 bins in z + 9 bins in p;). In total there are eight
asymmetries ( 26 x 8 = 208) calculated for two charged particles (pions and kaons)
(208 x 2 = 416), it is estimated for positive and negative particle (416 x 2 = 832),
finally for three paired data periods P1G/H, W33/4, and W35/6 (832 x 3 = 2496).

(4.53)

2

As expected, pulls shown in Figs 4.21 and 4.22 follow a standard normal
distribution within errors. This confirms that the results obtained with different
data acquisition periods are compatible.

4.11.2 Stability of acceptance ratios

A stringent test on the ®; dependence of the acceptance ratio is performed. For
the ratio test the count rates used to calculate the asymmetries in the double ratio
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Figure 4.21: Compatibility of the results from different periods: “pulls” distribution
to see the compatibility of results from different periods with z(top left), z(top right)
and p¢(bottom).

method (see Eq. (4.34)) is:
_ Ni(@
- N, (@

N (®)

A2y) V()

(4.54)

J
J

The above equation is rearranged in such a way that we create a ratio:
NH®IN; (P
Ny () Ny (%)

(4.55)

Assuming the absolute value of the target polarization to be the same in
each cell before and after reversal, at the first order it is:

S al(®)) - ag (D)
C focfi ag(®) - ag (@)

R(®,) (4.56)
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Figure 4.22: Compatibility of the results from different periods: “pulls” distribution
of asymmetries for all different measurements, such as all 8 asymmetries with positive
and negative pions and kaons, x, z, p;, for 3 data taking periods..

In the very likely case in which

ai(®;)  a,(®))
ar (@)~ af (@) (4.57)

then,
o fJ-fd_(ai(‘Pj))Q
M= ey o)
e (a;@j))?
i \ar(@y) (4.59)

Thus the constancy in ®; of R(®;) is a stronger assumption than the
required reasonable assumption (see Eq. (4.33)), and it implies for each cell the ratio
of the acceptances before and after the reversal to be constant in ®;. Ensures that
the spectrometer was stable during the running period. The ratio was calculated
in each bin of z, z and p, variables of all the 8 asymmetries separately for pions
and kaons. Figs. 4.23 and 4.24 show an example of the R-values for (3¢, — ;)
modulation vs. z for positive pions and kaons for the period W35/W36. The line
shows the result of a constant fit.

The quality of these fits are very good. To test this, the x? of each fit
was determined. Fig. 4.25 show the distribution of the x? values of the constant
fits on R(®;) values evaluated for "all” positive and negative pions and kaons, all
kinematical bins from all data taking periods for (3¢, — ¢s) modulation, and it is
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Figure 4.23: Distribution of the R-values vs z in (3¢, — ¢s) modulation for the
period W35/W36 for positive pions.

compared with the expected x? distribution for v = 15 degrees of freedom (constant
fit on 16 ® bins) normalized to the number of entries. A nearly perfect agreement
of data and expected behavior is observed.

For comparison, Fig. 4.26 shows the y? distribution of the two parameter
fit on the asymmetry A(®;) values for (3¢, — ¢s) modulation. Here the curve gives
the expected x? distribution for 14 degrees of freedom. A perfect agreement can be
observed.

To summarize, this performed test on the effects of acceptance gave re-
sults statistically compatible with what expected in the absence of systematic effects.

4.11.3 par(0) calculation

The parameter par(0) is the free parameter used in the fitting procedure for both one-
dimensional (see Egs. (4.35), (4.36) and (4.37)) and two-dimensional case (explained
in next section). par(0) should remain constant with the value 1 proving if our
assumptions of the double ratio method are true. The value for par(0) is deduced,
as we did for other parameters for all the five W;(®;) modulations (see Eqs. (4.20)
- (4.24)), all positive and negative pions and kaons, for all the periods and all z, z
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Figure 4.24: Distribution of the R-values vs z in (3¢, — ¢s) modulation for the
period W35/W36 for positive kaons.
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Figure 4.25: x? distribution of the constant fit on R(®) values for (3¢, — ¢5) mod-
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kaons. Theoretical x? distribution is normalized by the number of entries in the

histogram.
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Figure 4.26: x?* distribution of the two parameter fit on F'(®) values for (3¢;, — ¢,)
modulation compared to the normalized y? distribution for ndf = 14 for all pions
and kaons. Theoretical y? distribution is normalized by the number of entries in the
histogram.

and p; kinematical bins. The number of entries is 1560. Combining the bins for z,
z and p; will give in total of 26 bins (9 bins in # + 8 bins in z + 9 bins in p;). In
total there are five modulations (26 x 5 = 130) calculated for two charged particles,
pions and kaons (130 x 2 = 260), it is estimated for positive and negative particles
(260 x 2 = 520), finally for three paired data periods P1G/H, W33/4, and W35/6
(520 x 3 = 1560). Fig. 4.27 reveals a Gaussian distribution for the parameter par(0)
which has a narrow peak near 1 proving our assumption.

After performing these tests, there is no indication for any systematic

effects. The conclusion is that the systematic errors due to acceptance and efficiency
effects are considerably smaller than the statistical errors.
The asymmetry scale uncertainty due to the uncertainties on the target polarization
Pr is of 5% and the error on the dilution factor f due to the uncertainty on the
target composition is of the order 6%. Therefore, when combined in quadrature, the
global scale uncertainty is of the order 8%.

4.12 Cross-check between two independent anal-
yses

It is a general COMPASS collaboration policy that any result with COMPASS data
for the publication has to be cross-checked between two independent analyses. In
parallel to the analysis contained in this thesis, independent analysis of COMPASS
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Figure 4.27: Gaussian distribution of the par(0) values for all the five modulations
of all the periods.

transverse data (2002 - 2004) was performed in University of Torino (Italy). Results
of all the eight asymmetries extracted via the procedure explained in Section. 4.4
have been cross-checked using two independent analyses labeled as Bonn and Torino.
As an example, Figs. 4.28 and 4.29 show the cross check between Bonn and Torino
analysis for A?}I}(3¢h_¢s) asymmetry for pions and kaons for the weighted mean of
2003-2004 data. Just one asymmetry is taken as an example as all the other results
shows an excellent agreement. Even though the two analysis agreed upon applying
identical cuts, there are some differences, for example, the procedure of evaluating

the asymmetries. Therefore slightly different values of the asymmetries are expected.

In order to have an insight about the difference between two independent
results, a gaussian distribution is calculated with the formula

ATO - ABn

OTo

(4.60)

Here A7, is the asymmetry extracted by Torino group and Ag, is the
asymmetry extracted by Bonn group. The difference is then divided by the statistical
error calculated by Torino (or Bonn). This value is calculated for each asymmetry for
each bin in z, z and p; and finally a Gauss fit is performed. This way the repetition of
cross check plots can be avoided. Figs. 4.30 and 4.31 show the gaussian distributions
for all the eight asymmetries for pions and kaons (combined). All gaussian yields
RMS value approximately of 0.0004. This is a confirmation that the difference
between two independent analyses in extracting the eight asymmetries is minimal.
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Figure 4.28: Cross check between Bonn and Torino analysis for AZZ;( h=¢s) asym-

metry for all periods(2003 - 2004), all positive pions vs. z, z and p;(left) and all
negative pions vs. z, z and p;(right).
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Figure 4.29: Cross check between Bonn and Torino analysis for Af]i;,i(wh_%) asym-

metry for all periods(2003 - 2004), all positive kaons vs. z, z and p;(left) and all
negative kaons vs. z, z and p;(right).
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4.13 Two-dimensional analysis

All eight TMD asymmetries were extracted with another procedure using two-
dimensional method. Traditionally one-dimensional fitting procedure has been used
to extract Collins and Sivers asymmetry. The extracted asymmetries were pub-
lished in [84] and [77]. But in a recent COMPASS internal report [85] it has been
understood that the extraction of SIDIS asymmetries using ratio product method
with one-dimensional fitting procedure has an acceptance effect. Specifically the
dependence on azimuthal angle ¢, was considered which eventually gives a distorted
result. In SIDIS, we deal with six-dimensional phase space and look for dependence
of some asymmetries on given variable(s), and integrate the counting rates over
remaining ones. For example the number of counts for each target polarization is
given by:

qu/d(ﬂf, Y, z, P#? ¢h7 ¢S) X A(¢h7 ¢S)O-j/d<x7 Y, z, PI}’L7 ¢h7 ¢S) (461)

Here, the acceptance function A(¢y,, ¢5) now depends only on the azimuthal angles,
but in Sec. 4.4, it has been shown that the SIDIS cross-section depends on five
combinations of azimuthal angles (see Eqs. (4.15) - (4.19)).

Q1 = gn — 95 (4.62)
Oy =+ — (4.63)
O3 = 39, — ¢s (4.64)
Dy = ¢ (4.65)
5 = 20, — ¢ (4.66)

Let us consider the ratio product method used in one-dimensional analysis (see Eq.
(4.26)) now as a function of variable v = .y, z, Pk:

NJ(Ua CI)J')NJ(% (I)j)

A(v, @) = N (v,®;)Ny (v, ;)

(4.67)

Here, Nui/ 4(v, @) is the counting rate dependence obtained by integrating over all
phase space variables except v and ®;. To perform this integration the azimuthal
variables have to be changed from (¢p, ¢s) — (én, ®;) and then be integrated over
¢n. To find the x-dependence, the integral looks like:

Ny g(x, ) O</ d¢h/ddedP;‘LA((bh?Qbsj((bh?q)j))aj/d(xvyu PL, ¢n, ¢si(dn, ©;)),
- (4.68)
where j runs from 1 to 5. Now ¢g;(¢n, ®;) can be written as:
Gs1(dn, P1) = on — P4 4.69
Gs2(Pn, P2) = op + P2 — 4.70
Ps3
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It should be noted that, the acceptance function is entering in Eq. (4.68) as an
integrand which can only be factorized if the acceptance is uniform, since integral of
product of two functions is not equal to product of integrals of these two functions.
In general different terms in the cross-section have different dependencies on this
unobserved variable and if acceptance is not uniformly dependent on this variable,
then it will not be canceled in asymmetry, as it was explained in the context of
the reasonable assumption (see Eq. (4.33)). This spurred the idea of using two-
dimensional fitting procedure to extract asymmetries. Since we are not integrating
over the azimuthal angle ¢, the acceptance cancels out in each two-dimensional
(¢n: ¢s) bin.

Two-dimensional fitting procedures prove to be a powerful method to extract si-
multaneously all the eight asymmetries explained in section 4.5.2. In addition one
can deduce the correlation coefficients between any two asymmetries. First a two-
dimensional ¢, ¢ histogram is filled for each bin in zp;, z and p;. A typical two
dimensional distribution of number of counts versus (¢, ¢s) for W35 data sample
is shown in Fig. 4.32. It should be noted that the Fig. 4.32 shows a nonuniform

Entries 2682557

Figure 4.32: Two dimensional distribution of number of counts versus (¢, ¢;) for
the target polarization (+) and (¢p, ¢s + m) for the target polarization (-) of the
W35 data sample.

acceptance i.e. a deep valley in ¢, is visible due to a dip in the acceptance. For
each subperiod of our measurement and each target cell, we can now describe the
counting rate dependence, but this time with the two dimensional distribution of
¢n, ¢s. Similar to Eq. (4.25), the counting rate dependence N (¢h,¢s) can be
written as:

u/d<¢h= ¢s) = u/dnu/dau/d((bh? ¢s)o{l £ ZA:U&U%’% wi(dn, ¢s)}- (4.74)
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Similar to the method described in the section 4.5.1, a double ratio can be con-
structed using Eq. (4.13).

sz_<¢h7 ¢S)Nd+<¢h7 (bs)
NJ<¢h7 (bS)Ni((bha (bs) ’

with the respective error propagation:

A(¢ha ¢s)e:r: = (475)

1 1 1 1
T \/N+<¢h,¢s> NG ) NeGna)  No@way T

Here, A(¢p, ¢s)er refers to the asymmetry extracted via the experimen-
tally measured values, whereas 0 4(¢, 4.).. refers to the corresponding error calculated
with the experimentally measured values. The ratio is then calculated in 8x8 equal
bins over the range of (¢, ¢s). Using the similar assumption made in section 4.5.1,
the ratio product equation for two-dimensional method can be expanded using Tay-
lor expansion. At the first order, through these measured points a 9 parameter
theoretical fit is performed. The fitting function looks like:

A(n, ¢s)in = par(0)[1 + 4[par(1) sin(¢p, + ¢s — ) + par(2) sin(3¢, — ¢s) +
par(3) sin(¢n, — ¢s) + par(4) cos(dn — ¢s) + par(5) sin(ps) +
par(6) sin(2¢y, — ¢s) + par(7) cos(ps) + par(8) cos(2¢, — ¢s)]].(4.77)

Here the parameters par(1l) to par(8) give the "raw asymmetries” corresponding
to the eight TMD moments, whereas par(0) represents the constant term and is
expected to be ~ 1, which has been already proved in section 4.11.3.

To quantify the level of agreement between the experimentally measured values and
a hypothesis, a goodness — of — fit statistic can be defined [86]. This can be done by
calculating the x? probability distribution function. In this case the x? is calculated
by the formula:

_ i ¢h7 ¢s ex(i) — A(gbfn ¢s)th(i))2 (478)

(¢h7¢5 )ez(i)

Here i runs from 1 to N, where he measured ratio products are calculated
in N = nyn, bins of (¢p, ¢s). For this nonlinear least square fit [87], the calculated
x? distribution is minimized, as the minimum value of the x? represents the level of
agreement between the measurements and the fitted function. The x? minimization
is done with the program MINUIT [88]. MINUIT is a tool to find the minimum
value of a multi parameter function and analyze the shape of the function around the
minimum, with the best fit parameter values and uncertainties, including correlation
between the parameters. By minimizing the x? distribution the MINUIT produces
an 9 x 9 error matrix M ; corresponding to the 9 parameters used in the fitting
function. The errors based on the MINUIT error matrix take account of all the
parameter correlations. After minimization, Minuit provides the raw asymmetry
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results for the eight moments used in the fitting function. Those raw asymmetries
can be corrected with the corresponding scaling factors, similarly as it was done for
the raw asymmetries obtained with one-dimensional fitting procedure.

The ratio products are calculated in N = nyn, bins of (¢4, @), initially with n, =
16, ngy = 16 bins, to follow the same pattern as it was used in the one-dimensional
procedure where the ®; is divided in 16 equal bins. However in the two-dimensional
procedure, the MINUIT failed to minimize the calculated y? distribution due to the
presence of very low statistics in some bins. Therefore a re-binning is done with ny,
= 8, ng = 8. Even after re-binning, two-dimensional fit failed to converge results
for periods with low statistics namely in COMPASS 2002 data periods. As a result,
2002 data periods namely (P2B/P2C) and P2H is excluded in the two-dimensional
fitting procedure.

The two-dimensional fit proves to be a powerful and elegant method to extract
any number of asymmetries, but the results obtained with two-dimensional fit are
very close to those obtained with the one-dimensional fit, given the smallness of
all obtained asymmetries. Therefore, the final results presented in this thesis are
extracted using one-dimensional fitting procedure as it was used to extract Collins
and Sivers asymmetry in our published papers [84] and [77].

4.13.1 Correlation coefficients

One of the advantages of using two-dimensional fit with multi parameters is that
we have access to the covariances of the error matrix yielding the correlation coef-
ficients. In our case we have 9 parameters and a 9 x 9 matrix with Mj; ; elements (i
=1t09) and (j =1 to9). In total we have 36 pairs for each z, z and p; variable to
look for correlation. The MINUIT program gives access to calculate the covariance
and the variances. With that, one can calculate the correlation coefficient p as:

covariancey; j

Plig) = - : (4.79)

y/variancey; g - variancey; i
The correlation coefficient is calculated for 36 possible pairs. The observed corre-
lation coefficients are mainly =~ 0. Only for 8 combinations, the maximum value
exceeds 0.1. Values of up to |p| = 0.4 are seen for some rare cases (single low statis-
tics bins). Only the correlated pairs where the p value exceeds 0.1 is considered and
plotted. As a sample, Fig. 4.33 shows the correlated pairs for the pions, whereas
Fig. 4.34 shows it for the kaons.
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Figure 4.33: Correlation coefficients observed for pions, where the correlation is in
the range above 4+ 0.1 in any one of the z, z and p; bin.

To summarize the observed correlation coefficients are very small (<
0.1). Only for 8 combinations, the maximum value exceeds 0.1 with the maximum

value of up to |[p| = 0.4 in some bins.

The covariance i.e. the correlation in the

error matrix are automatically taken into account in the calculation of the errors
when the asymmetries are extracted via two-dimensional procedure. They are not
accounted with the one-dimensional fitting procedure. The rather small correlation
coefficients are due to the inhomogeneous detector acceptance (see Fig. 4.32).
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observed for kaons, where the correlation is in

4.14 Comparison of asymmetries with the two pro-
cedures

As we have extracted all the 8 asymmetries via a one-dimensional fitting proce-
dure and two-dimensional fitting procedure, it becomes necessary to compare these
results. Below are the comparison between the results from two different fitting
procedures from 2003 - 2004 data. Fig. 4.35 shows the cross check between 1D and
2D results for Sivers asymmetry for the positive pions(left) and the negative pions
(right) plotted against z, z and p;. Fig. 4.36 shows the same for kaons. A very
small difference can be observed. The difference could be due to the fact that the
one-dimensional fitting procedure suffers an acceptance effect with a non uniform
detector acceptance, as explained before.
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Chapter 5

Results and interpretation

“When I have fully decided that a
result is worth getting, I go ahead
of it and make trial after trial
until it comes.”

Thomas Alva Edison

In this chapter the results of the eight Transverse Momentum Dependent (TMD)
asymmetries will be presented. Results for each asymmetry is given for unidenti-
fied hadrons (positive and negative) with COMPASS 2002-2004 data followed up
by identified pions (positive and negative) and kaons (positive and negative) with
COMPASS 2003-2004 data sample. Asymmetries are plotted as a function of z,
z and Pk Results for Collins asymmetry are presented first including comparison
with the theoretical models. Results for Sivers asymmetry are presented next includ-
ing comparison with the theoretical models. Global fits by various theory groups
with COMPASS, HERMES (see section 5.5.1) and BELLE (see section 5.5.2) data
were performed to extract transversity, Collins function and Sivers function. These
fits were only possible with the proton data from HERMES and the corresponding
deuteron data from COMPASS. A short description of other transversity measure-
ments performed at COMPASS will also be discussed. The chapter ends with the
discussion on other existing experiments around the globe performing transversity
measurements along with the future plans of various other experiments which plan
to extract transversity, Collins distribution function and Sivers function.

5.1 Collins asymmetry (A?}r}(gbhws_w) )

The measured values for Collins asymmetry with 2002-2004 COMPASS data against
three variables x, z, P} are given in Fig. 5.1. The error bars shown in all the plots

100
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are statistical only whereas the systematic error is considerably smaller than the
statistical one. The red circles show the results for positive hadrons, pions and
kaons whereas blue triangles show the results for negative hadrons, pions and kaons.
In all the plots the blue triangles are slightly shifted horizontally with the respect to
the measured value. Measured Collins asymmetry for pions, kaons and unidentified
hadrons are very small or compatible with zero.
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Figure 5.1: Extracted Collins asymmetry for unidentified hadrons (top row), pions
(middle row) and kaons (bottom row) as a function of z, z and Pp.

5.1.1 Comparison with models

Observing small asymmetries is not a surprise because from the beginning it was
predicted that transverse spin effects would be small in the deuteron due to the
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opposite sign which was expected for the u and d distributions, causing cancelations
of the asymmetries of an iso-scalar target. Any attempt to analyze the results on
the deuteron can be done only in conjunction with corresponding proton data. The
HERMES collaboration [89] measured non zero Collins asymmetry on proton. The
data provide convincing evidence that both the transversity and the Collins mech-
anism are nonzero. Recent results of the BELLE collaboration provides evidence
for a non zero Collins fragmentation function. A global analysis (described later in
this section) using data available for deuteron and proton should shed light on the
estimation of the contribution from u and d quarks.

First, a naive interpretation of the measured Collins asymmetry on deuteron for
unidentified hadrons can be performed. For this interpretation, considering the pion
sample, many assumptions are made such as, neglecting the sea quark contribution
(i,e. Arg = Ars =0and ¢ = s = 0) and considering only the x range between
0.1 < z < 0.3 (valence region). Now lets take the equation for Collins asymmetry
[77]7

€2+ Agq(z) - ALD! (=, ph

Acou = (5.1)
> e2-q(x) - Dh(z,p)
Taking the two sets of fragmentation functions:
Drtjy = Dt jg = Dr-ja = Dr-ja favoured, (5.2)
Drtjg = Drtja = Dr—ju = Dy g un favoured (5.3)
and lets assume,
DI =DF =Dy, D =Df =D,, (5.4)

ASDT = ASDT = AVD,, AYDT = AYDT = AID,.

Now substituting the relevant assumptions to Eq. (5.1), one gets Collins asymmetry
for 7™ on a proton target as :

4ATUUA%D1 + ATdUA%DQ
4UUD1 + dng ’

7|—+
Aoy = (5.6)

and for 7~ as :

AP~ 4ATUUAOTD2 + ATdvA(’J)“Dl
Coll = 4y Dy + dy Dy '
Taking the suggestion from the HERMES data i.e A%D; = —A%.D,, and taking

the information from the unpolarized data, Dy ~ 0.5D;, d, ~ 0.5u,, the previous
expressions become

(5.7)

ATU AO D1
AR LT 5.8
Coll Uy D1 ’ ( )

and
4 ATUU A%Dl

Apvﬂ'i,\,__
Coll 25 w, Dy’

(5.9)
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respectively. It clearly shows the contribution from the u-quark is dominant.
We can play the same game for a deuteron target. With the isospin considerations
i.e. u? = d" and vice versa, the Egs. (5.6), (5.7), (5.8), and (5.9) become

Aru + ATd 4A0 D1 + AO D2
AT~ 2L i T 5.10
Coll Uy + d, 4Dy + D, (5.10)
- ATU + ATd AO D1 + 4A0 D2
ALT )~ d vT r 5.11
Coll Uy + dv D1 + 4D2 ( )
and 3A Apd, AY.D
dt TUy + Apd, 1
Abou = 7 w 21 (5.12)
d,m~ 3 ATUU + ATdv AO Dl
Col = "1 " 51 : (5.13)

respectively. Both the 77 and the 7~ Collins asymmetries on the deuteron are
proportional to Aru,(x) + Ard,(x). Therefore cancelations are expected to reduce
considerably the effect which has been measured on the proton. As a matter of fact,
assuming Ard, = 0 (no limit on the size of Ard, is provided by the HERMES data)
one derives relations between the Collins asymmetry measured by HERMES and
COMPASS which are only marginally satisfied. Thus, the present precise data on

Aggn should allow to extract Ard,.

Three different global analyses have been performed till now with the
published data from COMPASS, HERMES and BELLE experiments. In ref [90],
the single spin asymmetry (SSA) in the SIDIS process ep — ehX (measured in
HERMES) and pud — phX (measured at COMPASS) were studied. By using some
simple parameterizations for the Collins fragmentation function, a fit of the HER-
MES data were performed. The Soffer bound |Arq| = (¢ + Aq)/2 was considered
to extract Collins functions. Different scenarios for favored and unfavored Collins
fragmentation functions were considered but the fits always favored the relation
AYD; ~ —A%D,. The fit results were used to make phenomenological prediction
for the published COMPASS data [84] shown in Fig. 5.2. It should be noted that,
the authors have used the leading hadron sample in the published COMPASS data.
The figure shows a fair agreement of the theoretical interpretations.

In ref [91], the Collins fragmentation function is extracted with SIDIS
data obtained from HERMES experiment, COMPASS experiment and azimuthal
asymmetries in e*e” annihilation data obtained from BELLE experiment. A gaus-
sian model is assumed for the distribution of transverse parton momenta and a chiral
quark-soliton model was used for the transversity distribution function. First the
Collins effect is studied with the available SIDIS data and checked for its compatibil-
ity with ete™ annihilation data from BELLE experiment, and it was observed that
they are in good agreement. A fit is made with HERMES data and the fit results
were used to predict published COMPASS data [84]. It should be noted that, the
authors have used the leading hadron sample in the published COMPASS data. Fig.
5.3 shows the description of the COMPASS data.
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Figure 5.2: Collins asymmetry compared with COMPASS data [84] for the fitted
Collins functions in reference [90]
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Figure 5.3: Collins asymmetry compared with COMPASS data [84] for the fitted
Collins functions in reference [91]

In ref [92], a global fit is performed with results obtained from COM-
PASS, HERMES and BELLE experiments. This analysis is fairly new and it results
in the extraction of the Collins fragmentation of the transversity distribution func-
tion for u and d quarks for the first time. First Transversity and Collins functions
were extracted with the available SIDIS data then the Collins fragmentation func-
tion was extracted with the available ete™ annihilation data. With the fit results,
predictions for the forthcoming experiments were given. With the global fit results
description of the published data from COMPASS, HERMES and BELLE were pre-
sented. Fig. 5.4 shows the description of the published COMPASS data using the
global fit results. Fig. 5.5 shows the Transversity distribution functions for v and d
quarks determined through the global fit.
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Figure 5.4: Collins asymmetry compared with COMPASS data [77] for the fitted
Collins functions in reference [92]
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Figure 5.5: The transversity distribution functions for u and d determined with
the global fit performed in [92]. The left panel shows xAru(z) (upper plot) and
xArd(x) (lower plot). In the right panel, the unintegrated transversity distributions,
xAru(x, k) (upper plot) and zArd(x, k) (lower plot) are shown. The bold blue
line as an upper and lower limit shows the Soffer bound whereas the shaded area
shows its fit uncertainty.
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5.2 Sivers asymmetry (A‘?]T( h >)

Measured values for Sivers asymmetry with 2002-2004 COMPASS data against three
variables x, z, P} are given in Fig. 5.6. The error bars shown in all the plots
are statistical only whereas the systematic error is considerably smaller than the
statistical one. The red circles show the results for positive hadrons, pions and
koans whereas blue triangles show the results for negative hadrons, pions and kaons.
In all the plots the blue triangles are slightly shifted horizontally with the respect to
the measured value. Measured Sivers asymmetry for pions, kaons and unidentified
hadrons are very small or compatible with zero.
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Figure 5.6: Extracted Sivers asymmetry for unidentified hadrons (top row), pions
(middle row) and kaons (bottom row) as a function of z, z and Pp
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5.2.1 Comparison with models

Similar to the Collins asymmetry, the measured Sivers asymmetry for pions, kaons
and hadrons are very small or compatible to zero. Similar hypothesis can be imple-
mented here for Sivers asymmetry as it was performed for Collins asymmetry. Lets
take the equation for Sivers asymmetry [77],

6 Afq(z,pp/z) - DI =)

ASiv =
> €2 q(z,pi/z) - Dh(2)

(5.14)

Considering the pion sample and restricting the analysis to the valence
region by neglecting the sea contribution (i.e. Alg=Al's=0and §=s=0 at all

z) and assuming DT = DT = D; and D} = DT = D,, on a proton target the
equation for Sivers asymmetry can be written for 77 and 7.
For 7: - .
Siv 4u, Dy + d, Dy
and for 7~: AATw Dot ATd D
Ag,;;‘ ~ o0 Uy V2 + 0 Yo /1 (516)

4UUD2 + dle

Assuming Dy ~ 0.5D1, d,, ~ 0.5u,, the previous two expressions can be
simplified and written as

AT~ AE“” (5.17)
and . .
anm o~ 20 @;52 Loty (5.18)
respectively.

Sivers asymmetry for 7~ measured by HERMES on a proton target is about zero,
this simplifies the treatment and we get,

Ald, = —2ALu, . (5.19)

Now we can go on and perform the similar treatment for a deuteron
target. We can get the expressions for Sivers asymmetry in the case of 71 and 7,

Alu, + Ald,

drt
Al ~
Siv Uy +dv

(5.20)

and
N Afu, + Ald,

d,o—
A ==+ (5.21)
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The two expressions (5.20) and (5.21) simply imply that Ag’gf ~ AT
This clearly shows that the Sivers asymmetry for positive and negative hadrons
observed in COMPASS experiment requires,

Ald, ~ —Alu,. (5.22)

In ref [90], the authors have performed a simple fit for the Sivers functions
for v and d quarks using the HERMES data. The fit of the HERMES data is
very good and gave as a result Ald, ~ —Alw,. Using the fit results the Sivers
asymmetries were calculated for 7 and 77~ in the kinematic region of the COMPASS
experiment. These results are then compared to the COMPASS results for leading
positive and negative hadrons [84]. Fig. 5.7 shows the comparison with the Sivers
data obtained from the COMPASS experiment. Predicted Sivers asymmetries for a
deuteron target are very small, except in the large-x region. The smallness of the
Sivers asymmetry is related to cancelations between u and d contributions, which
for deuterons enter in a different combination than for a proton target.
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Figure 5.7: Sivers asymmetry compared with the COMPASS data [84] for the fitted
Sivers functions in the reference [90]

In ref [93], SIDIS data from HERMES and COMPASS were analyzed
within leading order (LO) parton model with un-integrated parton distribution and
fragmentation functions. For the first time constrained extraction of the Sivers
function for v and d quarks was performed. Fig. 5.8 shows the description of the
COMPASS data from the results of the fit. Assuming a Gaussian factorization of
the k, and p, dependence of all distribution and fragmentation functions, together
with a most simple parametrization of the xz-dependence of the unknown Sivers
functions, for the first time the information on A" f, Jpt (2, k1) and AN Jaspr (2, k1)
were extracted. Fig. 5.9 shows the x dependence of the extracted Sivers function.

In an another approach in ref [94], the authors have performed a detail
empirical studies to estimate the gluon and quark orbital angular momentum con-
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Figure 5.8: Sivers asymmetry compared with the COMPASS data [84] for the fitted
Sivers functions in the reference [93]

tributions to the Sivers asymmetry. In their studies with the deuteron data, it was
found that the SSA for u-quark fragmentation to leading positively charged hadrons,
as well as d-quark fragmentation to leading negatively charged hadrons, ought to be
small. Therefore the authors claim that, the observed small Sivers asymmetry for
positive and negative hadrons on the deuterons has been interpreted as the evidence
for the absence of gluon orbital angular momentum in the nucleon.

5.3 Results for other asymmetries

cos(¢n—ps)

Measured values for other TMD asymmetries such as A; asymmetry, A?}IZ}(SQS“QSS)
asymmetry, AS’UH}(%) asymmetry, ASUH%(MV%) asymmetry, A?});(d)s) asymmetry and

ACLOTS(QQS“QSS) asymmetry for pions, kaons and unidentified hadrons are very small

or compatible with zero. These six asymmetries are only extracted from COMPASS
data up to now. Even a naive interpretation cannot be preformed for these asymme-
tries without the corresponding results from proton data. Therefore the final results
for these asymmetries, see Figs. 4.15 to 4.20.
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Figure 5.9: The x dependence of the Sivers function extracted with fit performed in
[93]. The shaded area corresponds the to fit uncertainity.

5.4 Other transversity measurements at COM-
PASS

So far we have seen the results for Transverse Momentum Dependent (TMD) asym-
metries with special attention to Collins asymmetry and Sivers asymmetry. There
are two other measurements which have been performed with COMPASS experi-
ment namely the measurement of “two hadron production” introducing the chiral
odd interference fragmentation function Hj' (very much similar to the Collins frag-
mentation function) to probe the transverse distribution function Arq(z) and the
“A polarimetry” to get information on the transversity distribution function by
measuring the polarization of the current jet A produced in SIDIS.

5.4.1 Two hadron asymmetry

An alternative method has been proposed (see [95] and references therein) to mea-
sure the “relative Collins effect” between two fast particles on the jet, which allows
us to measure an asymmetry which is practically not affected by fluctuations in the
fragmenting quark momentum. An asymmetry is expected due to the interference
between the helicity-flip amplitude and the helicity conserving one namely the “in-
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terference fragmentation function” [96]. This asymmetry is measured very much like
the Collins asymmetry, essentially replacing the azimuthal angle of the hadron ¢y,
with the azimuthal angle of the plane containing two hadrons ¢r (see Fig. 5.10).

Figure 5.10: Description of the angles involved in the measurement of single spin
asymmetries in deep-inelastic production of two hadrons [96].

In COMPASS experiment, ¢g is defined as the azimuthal angle of Ry
with respect to the lepton scattering plane. From the angular distribution in ¢pg =
YR — s, it is possible to measure the asymmetry Aj;7" by:

AR Y e Argi() - H(z, M)

f-Pr-Dyn Soeiqi(r) - D?(Z,M,%) (5.23)

Here both the spin dependent fragmentation function H;%(z, M?) and
the corresponding spin averaged FF D!(z, M?), are unknown and need to be mea-
sured in eTe™ annihilation or to be evaluated using models.

5.4.2 A polarimetry

Another transversity measurement carried out in COMPASS experiment is the A
polarimetry. Here the information on the transversity distribution function Arq(x)
can be obtained by measuring the polarization of the current jet A or A produced
in SIDIS. This is one of the first methods proposed to access transversity. The
transverse polarization of the A measured with respect to the nucleon spin axis S—>T
is related to the transversity distribution function by:

PS qeg-ATq-ATD;\

A, raw

f-Pr Dyn >, e2-q- D}

(5.24)
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Here ATD;\ is the fragmentation function of the transversely polarized
quark ¢ into a A and it needs to be measured independently. The only disadvantage
of this measurement is that the statistical efficiency as a quark polarimetry is poor
due to the relatively small abundance of weak decaying hyperons in quark jets.

5.5 Measurements in other experiments

There are several experiments measuring transversity, Collins function and Sivers
function. To unravel several unknown distribution and fragmentation functions,
SIDIS measurements cannot be mapped alone. In addition, data from e*e™ annihi-
lation, polarized hadron-production of mesons and polarized Drell-Yan can be used
to make a global analysis in order to extract the unknown functions.

5.5.1 HERMES

HERMES is a fixed target experiment being conducted using the HERA particle
accelerator at DESY. The experiment’s goal is to investigate the quark-gluon struc-
ture of matter by examining how a nucleon constituents affect its spin. HERMES
conducted its first run from 1995 to 2000, and a second run began in 2001 and is
scheduled to end during the summer 2007. HERMES scatters longitudinally polar-
ized electron and positron beams of 27.5 GeV from longitudinally or transversely
polarized targets. In the years 2002 - 2005, HERMES has taken data with a trans-
versely polarized proton target to measure single-spin asymmetries for semi-inclusive
electroproduction of charged pions in deep-inelastic scattering. So far results for
Collins asymmetry and Sivers asymmetry has been published in [89] for charged
pions and kaons. Their measurement so far reveals a non zero Collins and Sivers
asymmetry on a proton. A non-zero Collins asymmetry shows clear evidence for the
existence of both transversity distribution function and the Collins fragmentation
function. A non-zero Sivers asymmetry provide first evidence for a T-odd parton
distribution function appearing in leptoproduction which implies a non vanishing
orbital angular momentum of the quarks inside the nucleon. The results observed
by HERMES play a major role in the global analysis performed by many groups to
extract the transversity distribution function for v and d quarks.

5.5.2 BELLE

The BELLE experiment [97] at the asymmetric ete™ collider KEK-B at Tsukuba,
Japan, is mainly dedicated to the study of CP violation in B meson decays. Its
center of mass energy is tuned to the resonance at /s = 10.58 GeV/c, whereas
background studies are performed off resonance at 10.52 GeV/c. These off resonance
events are studied in order to measure spin-dependent and precise spin-independent
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fragmentation functions. Using the KEK-B storage ring, 8 GeV/c electrons are
collided with 3.5 GeV/c positrons producing ¢g pairs. In ete™ — ¢g, one measures
the azimuthal distribution of two pions in opposite hemispheres [98]. With that one
either computes the azimuthal angles of each pion relative to the thrust axis, which
results in a cos(¢1 + ¢2) modulation, or one calculates the azimuthal angle relative to
the axis defined by the 2"? pion, which results in a cos(2¢) modulation. The first
method directly accesses the Collins fragmentation functions whereas the second
method contains a convolution integral of the Collins fragmentation function over
all involved transverse momenta. The BELLE experiment plays a major role in the
global analysis performed by many groups to extract the transversity distribution
function for v and d quarks.

5.5.3 RHIC - SPIN

The RHIC facility at Brookhaven National Laboratory was built originally for heavy
ion physics, to search for the new state of matter, quark gluon plasma. The facility
has its own spin physics program with the help of two experiments, PHENIX [99]
and STAR [100]. Both experiments concentrate on the investigation of the quark
and gluon helicity distributions in nucleon using two polarized proton beams collid-
ing with each other. In addition to the helicity distributions also transversity and
transverse momentum dependent distribution or fragmentation functions in hadron
production can be accessed via azimuthal asymmetries. Such experiments can give a
direct access to the combination of quark and anti-quark transversity when colliding
transversely polarized protons.

5.5.4 CEBAF

The Continuous Electron Beam Accelerator Facility at the Jefferson Lab operates a
6 GeV electron beam at very high luminosity. Most of the measurements with the
low energy electrons are performed in a low Q?, low W? region. Nevertheless, non-
zero azimuthal beam spin asymmetries have been reported at the CLAS experiment
[101] in the deep inelastic regime. An upgrade of the accelerator to a maximal energy
of 12 GeV will allow to increase the statistical precision for SIDIS

5.6 Future experiments

The previously presented experiments have already been producing results. There
are two more new experiments lined up to measure transverse spin effects.
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5.6.1 PAX

PAX is a proposed experiment at GSI in Germany. Proposed measurement is via
Drell-Yan process by colliding transversely polarized antiprotons with a transversely
polarized fixed target. The advantage of using antiprotons instead of protons is that
one can measure two valence quark transversities instead of a valence and a sea
transversities.

5.6.2 EIC

Electron Ion Collider is planned with the possibility to have both a polarized elec-
tron as well as a polarized proton beam. Realization of the project has two possibil-
ities.One among them is called eRHIC solution, which involves adding an electron
accelerator of up to 10 GeV energy to the existing RHIC facility with proton ener-
gies of 50 - 250 GeV. The other involves upgrading the electron beam at CEBAF
by polarized proton beam at reasonable high energies.



Chapter 6

Conclusion and outlook

“I think and think for months and
years. Ninety-nine times, the
conclusion is false. The hundredth
time I am right.”

Albert Einstein

The contribution reported in this thesis is the analysis of the data taken with
transverse spin configuration during the COMPASS beam-time 2002 - 2004. In
Semi-Inclusive DIS of polarized leptons on a transversely polarized target, eight az-
imuthal modulations appear in the cross-section. Within the QCD parton model,
four azimuthal asymmetries can be interpreted at leading order, two of them being
the already known Collins and Sivers asymmetries. The other two leading twist
asymmetries are related to different transverse momentum dependent quark distri-
bution functions. There are four additional asymmetries which can be interpreted
as twist-three contributions.

The analysis was centered on the extraction of eight transverse momen-
tum dependent asymmetries for the first time at COMPASS. The asymmetries were
extracted separately for positive and negative hadrons as well as pions and kaons.
All asymmetries were extracted with two different methods, namely one-dimensional
and two-dimensional method. The two-dimensional fit proves to be a powerful and
elegant method to extract any number of asymmetries, results obtained with two-
dimensional fit are very close to those obtained with the one-dimensional fit, given
the smallness of all obtained asymmetries. Therefore, the final results presented in
this thesis are extracted using one-dimensional fitting procedure.

All the measured asymmetries are small, mostly compatible with zero
within the statistical errors. The most likely interpretation for this behavior is a
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cancelation between the proton and neutron asymmetries in the results obtained
with COMPASS iso-scalar target.

Especially the new global analysis for Collins and Sivers mechanism ob-
tained with the data from COMPASS, HERMES and BELLE experiments clearly
shows that the Collins and Sivers effect are real. It also shows that precise COM-
PASS data with deuteron target has to be used to estimate the down quark transver-
sity distribution Ard. COMPASS data provide convincing evidence on the cance-
lation of the u and d quark Sivers distribution function.

After the SPS stop in 2005, COMPASS started data acquisition in 2006
but data were taken only with longitudinal mode. Currently in the year 2007, data
acquisition is going on with transversely polarized proton target with much higher
acceptance. With the improved geometrical acceptance of the spectrometer obtained
using the new COMPASS polarized target magnet, it should result in the measure-
ments of the asymmetries with reduced error bars at large x.

Measurements for transverse spin dependent asymmetries with a proton
target at COMPASS is expected to be non-zero and a new global analysis with
new COMPASS proton data would play a crucial role in the field of transverse spin
physics.
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