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Introduction

The study of the spin structure of the nucleon has been a central issue along the
last decades. The importance of understanding the contributions to the proton spin
for longitudinal polarization has been widely recognized: after the surprising result
of the European Muon Collaboration (EMC, 1987) that the spin of the quarks only
contributes to a small fraction AY. of the proton spin [1], an intense theoretical
and experimental activity has been devoted to the investigation of the origin of
the nucleon spin structure. Several deep-inelastic scattering experiments on proton,
deuteron and *He (SMC at CERN, E143, E155 at SLAC and HERMES at DESY)
have confirmed the original EMC result, establishing AY. between 20% and 30%.
The spin equation for the nucleon can be written as:

1 1

3= §AE+AG+ (L,) (1)
where AY is the contribution of the quark spins, AG is the contribution of the
gluons, and (L,) is a possible contribution from the gluons and quarks orbital angular
momentum. The smallness of AY. implies the investigation of the other two terms of
the equation. While measurements of (L,) are for the moment out of reach, direct
measurements of AG have become a priority issue for both polarized semi-inclusive
deep inelastic scattering (SIDIS) experiments as COMPASS, HERMES, and for high
energy polarized p p scattering experiments, as those at RHIC.

The knowledge of the helicity distributions does not exhaust the spin structure
of the nucleon. To fully specify the quark structure of the nucleon at the twist - two
level, the transverse spin distribution Arg(z) must be added to the momentum dis-
tribution ¢(z) and to the helicity distribution Ag(x). The transversity distribution
function Arg(x) describes the probability of finding transversely polarized quarks
in a transversely polarized proton. It was first introduced in 1979 [2] and was then
reappraised [3, 4] in 1990, when the interest on transverse spin physics was renewed
thanks to many different experimental results.

The importance of transverse spin effects at high energy in hadronic physics was
first suggested by the discovery in 1976 that A hyperons were produced polarized
in unpolarized collisions of a 300 GeV proton beam on various targets (Be and p)
at Fermilab, experiment E8 [5]. This result (fig. 1.a) was largely unexpected and

1



2 Introduction

[ LI — |(a)| T { T T ] ' ' ' I I
+ou| 2Pz g ! { e ! ! ! !
L - 1 04 + -
olet &4 1+ 4 0 14
[ T . T i T ) T T T T T T i @ %
i o 1 0.2 .
—oal @Px } } 4 5 ¥ -
B (b) P, b A 13 ¢ s
[o] l 0f4 ] Ee - 1?2 - I.LG G;V/C < 0 """!"" ®
+0.051 aP, (c) g i ) .
(o o ] ] 3 $ { | @ |
P LT B B ozt
T T T T T T T T [ 7r°=x + ]
+0.2 | (d) { R —04F ™ =0 ]
P .
voul @ s ! % i | N T . L
- s ® P, . 0 02040608
&, o Ty
OOJ 0.4 0.8 1.2 1.6 GeV/c XF
a) b)

Figure 1: a) A polarization measured for inclusive production from proton-Beryllium
scattering at Fermilab [5]; b) asymmetries in the inclusive production of pions using a
polarized proton beam at Fermilab [8].

could not be easily explained: in particular it was not clear if it could be interpreted
within a hard scattering framework, or was due to unknown soft physics processes.

Large single transverse spin asymmetries were successively observed at CERN [6]
and in THEP [7], in inclusive 7° production in polarized p p scattering. The common
belief was that these asymmetries were due to low energy phenomena, that would
disappear at higher energy.

During the 90s, the E704 [8] Collaboration at Fermilab set the stage at a different
level, thanks to the large center of mass energy available (/s ~ 20 GeV) and the
extension in the covered range of hadron transverse momentum, P2. The E704
Collaboration collected single spin asymmetries data for pp and pp collisions using
secondary polarized proton antiproton beams for different produced hadrons (p and
A). The main results gathered by the E704 Collaboration were the very large single
spin asymmetries, up to 30-40% measured in inclusive pion production in the large
xy region, both for polarized proton and antiprotons beams colliding on hydrogen
target (fig. 1.b). For both charged and neutral pions the asymmetries are compatible
with zero at low zy, and increase for higher z; values. The asymmetries have
different signs for opposite charge of the pions. Similar results were achieved also
in inclusive A and 7 production. In order to study and to understand the origin



of such effects, the RHIC-Spin collaboration at BNL put forward a proposal for
polarized p p experiments [9]; in Europe, the HELP Collaboration [10], and later on

the HERMES and the COMPASS Collaborations proposed SIDIS experiments with
transversely polarized targets.

Starting from the end of the 90s, very interesting results on transverse single
spin asymmetries in polarized hadronic collisions came up and are currently col-
lected at RHIC by different collaboration (STAR, PHENIX, BRAHMS). For the
first time, polarized proton proton collision, with one or both beams longitudinally
or transversely polarized, have been studied at center of mass energies as large as
200 GeV, with the possibility to reach /s ~ 500 GeV in near future. The results
from STAR [11] for single transverse spin asymmetries for forward neutral pion
production at high pseudo-rapidity of () = 3.8 with a proton beam transversely
polarized are in agreement with the E704 results (fig. 2.b). At mid-rapidity, the
single spin asymmetries for both neutral and charged pions were found to be consis-
tent with zero, as the results from E704 at lower energies and in similar kinematical
conditions.

Even if perturbative QCD can describe with high accuracy the cross sections at a
similar energy and kinematical region, these large effects cannot be explained in the
standard collinear pQCD framework, in which the intrinsic transverse momentum
kr effect is integrated and all partons/hadrons are assumed to be collinear with
parent hadrons/partons. The failure of standard collinear pQCD led to a special
attention on the role played by parton distributions and fragmentation functions
in pQCD approaches, and in particular on the intrinsic transverse momentum of
partons inside hadrons involved in high-energy processes. It was originally suggested
by Sivers [12] that pQCD with the inclusion of transverse momentum effects in
parton distribution functions could be able to explain such large transverse physics
effects. The Sivers function is related to an asymmetry in the intrinsic transverse
momentum of the quarks or gluons in a transversely polarized proton, resulting
in an azimuthal asymmetry in the hadrons produced in the quark fragmentation
process. Another possible explanation is that the large asymmetries can be created
in the fragmentation process of a transversely polarized quark in the final hadron, as
suggested by Collins [13]. The so called Collins asymmetry comes from the coupling
of the Collins fragmentation function with the transversity distribution Arq(z).

The non trivial effects underlying the large asymmetries observed at E704 led
to different interpretations along the time. In a first moment, the asymmetries
were interpreted as the manifestation of the Collins effect, and later on as a com-
bination of the Collins and Sivers effects. Indeed, it has been shown that in the
complete asymmetry formula both terms appear, together with contributions due
to other transverse momentum dependent parton distribution functions, like the
Boer-Mulders function [14, 15] convoluted with the transversity distribution. Pre-
dictions [16] using a parametrization for the Sivers function explain very well the
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data (fig. 2.a). In a similar way, also the STAR results have been interpreted as
resulting from the Sivers effect (fig. 2.b).
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Figure 2: a) Ay asymmetries measured for inclusive pions production in pp collisions at
E704 [8]; the curves are a fit on 7° data and predictions for charged pions due to the
Sivers effect from [16] b) Ay for inclusive 7° production in pp collisions at STAR [11];
the curves are predictions for STAR kinematics due to the Sivers effect [16].

At variance with the pp experiments, in the semi-inclusive hadron production
in deep inelastic scattering of leptons off a transversely polarized target, the Collins
and the Sivers effects can be disentangled, since they give rise to different azimuthal
asymmetries. The Collins and Sivers effects do not exhaust the possible mecha-
nisms giving rise to the asymmetries: the complete description of a quark in the
nucleon and in the fragmentation process involves several parton distribution func-
tions and fragmentation functions depending on the intrinsic transverse momentum,
that can be studied in SIDIS experiments. The measurements of the Collins and
Sivers asymmetries from the COMPASS and HERMES experiments are presented
in section 1.4.

Transverse spin effects can be probed also measuring azimuthal asymmetries in
unpolarized cross sections for ee~ processes. The Belle Collaboration at the KEKB
asymmetric-energy eTe~ storage rings has published very interesting results on the
inclusive production of hadrons pairs (namely pion pairs) in ete~ annihilation [17].
They have found evidence of statistically significant azimuthal asymmetries. As
we will see in details in section 5.4, these results are related and give access to
the product of two Collins fragmentation functions, allowing the extraction of the
transversity distribution function from the Collins asymmetries measured in SIDIS.

Today the importance of transverse spin effects has been recognized by the entire
spin physics community and is a main part of the scientific program of different
experiments using different channels: pp and pp collisions, polarized SIDIS and



Te~ annihilation.

The study of transverse spin asymmetries in polarized SIDIS reaction is one of
the goals of the COMPASS experiment at CERN. COMPASS has taken data from
2002 to 2004, using a deuterium target and a muon beam of 160 GeV/c; for 20%
of the time the target was polarized transversely with respect to the beam direc-
tion. The transversity distribution function is studied at COMPASS via different
probes: A production, two-hadrons asymmetries and single hadron asymmetries.
The measurements of the Collins and Sivers asymmetries for unidentified hadrons
have been published for the first data taking period (2002) [18] and for the total
collected statistics [19].

The work done for this thesis has been devoted to the measurement of the Collins
and Sivers asymmetries on identified hadrons (pions and kaons). The thesis is struc-
tured as follows: in Chapter 1 the inclusive polarized DIS approach to access helicity
distributions is briefly reviewed, and the relevance of the semi-inclusive DIS to as-
sess transverse spin effects is presented. The Collins and Sivers asymmetries are
introduced, and an overview of the existing measurements is given. Chapter 2 con-
tains a description of the COMPASS apparatus. The COMPASS RICH-1 detector
is the argument of Chapter 3: after a brief description of the detector, the work
done to understand its response during data taking, which is of big importance in
order to properly use the detector capabilities to identify the hadrons, is presented.
In Chapter 4 the data analysis, from the stability studies, the selection of the SIDIS
events in the data, the method used to extract the asymmetries and the systematic
studies, is presented. In the last part the final measurements of the Collins and
Sivers asymmetries for pions and kaons are shown. The interpretation of the results
is the subject of the Chapter 5. With a flavor separation analysis on the measured
asymmetries, together with the asymmetries of the HERMES and Belle experiments,
we extracted the Sivers and the transversity distribution functions for the u and d-
quark, and the Collins fragmentation functions. The analysis has been done on the
SIDIS asymmetries as a function of z, while the SIDIS asymmetries as a function
of z have been used to check the predictions corresponding to our results. Other
similar works exist in literature, but this global analysis uses different parameteriza-
tions for the extracted functions and are based on the pion asymmetries presented
in this thesis and on recent data from HERMES and Belle. The conclusions and the
outlook are presented in the last chapter.

(&
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Chapter 1

The spin structure of the nucleon

The transverse structure of the nucleon is investigated by COMPASS by means of
semi-inclusive Deep Inelastic Scattering reactions of muons on a polarized nucleon
target. The Deep Inelastic Scattering (DIS) technique has been of the utmost im-
portance along the last 40 years to achieve the actual knowledge about the nucleon
structure. In particular, most of the experimental knowledge about the quark unpo-
larized distribution and quark helicity distribution derives from (polarized) DIS ex-
periment. In the first part of the chapter the DIS formalism is recalled, together with
the experimental measurements to access the unpolarized and polarized structure
functions; an interpretation of the functions via the naive and the QCD improved
parton model is given. The transversity distribution function is then introduced,
with a short historical introduction and a review of its characteristics. One way to
access transversity is the semi-inclusive DIS: after having shown the complete cross
section expression for this process, the structure functions containing the Collins
and Sivers distribution functions are object of further attention. In particular it is
shown how the Collins and Sivers asymmetries are measured in COMPASS. The
final part of the chapter contains a brief description of the experimental techniques
to access the transversity function used in outgoing experiments.

1.1 Polarized inclusive DIS

Consider the inelastic scattering of polarized leptons on polarized nucleons indicated
in fig. 1.1. In the Deep Inelastic Scattering, the nucleon structure breaks up and
forms a final hadronic state X:

(k)+NP) > (k') +X. (1.1)

In inclusive DIS, only the final lepton is detected, while the hadrons produced are
detected in semi-inclusive DIS; if the final hadronic state X is totally reconstructed,

7



8 The spin structure of the nucleon

Figure 1.1: Deep Inelastic Scattering

the process is called exclusive. For a fixed target experiment as COMPASS, the 4-
momentum of the initial nucleon in the laboratory frame is P= (M, 0), with M the
mass of the nucleon; the 4-momentum of the incoming (outgoing) lepton is k = (E,p)
(k' = (E/, p')). The relevant kinematic variables used to describe a DIS reaction are
summarized in table 1.1.

The squared momentum transfer ()% is a measure of the spatial resolution of the
reaction: in DIS processes, @2 is large enough to resolve the constituents of the
nucleons. The kinematics of the DIS reaction in COMPASS is characterized by @Q?
values between 1 and 100 (GeV/c)? and a center of mass energy /s ~ 300 GeV, the
momentum of the initial lepton being 160 GeV/c.

The Bjorken scaling variable x can vary in the range between 0 and 1, and gives
an indication of the inelasticity of the reaction: in the elastic case, the hadronic
mass of the final state is equal to the nucleon initial mass, W = M, implying z = 1;
on the contrary, in the case W > M, x is below 1; the DIS regime is defined when
Q? — oo and v — oo, while z takes a finite value (Bjorken limit).

The differential cross section for detecting the final lepton in the solid angle df2
and in the final energy range (E’, E'+dFE') in the laboratory frame, can be written
as [20, 21]:

d*o o? FE

— = uv .
dQYdE' ~ 2Mq¢* E L WH5 (12)

where « is the fine structure constant, and L,, and W, the leptonic and hadronic
tensor respectively. In the following, we will assume the one photon exchange ap-
proximation and we will sum over all the spin configuration of the final lepton (since
the scattered lepton polarization is not measured in the experiment). Considering
the behavior under p,v interchange, both tensors can be split in a symmetric (5)
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0 lepton scattering angle in the lab system
s=P+Xk)?2% M2+ 2ME squared center of mass energy

q=k -k 4-momentum transfer to the target

Q? = —q* ¥ AEFE sin?(4) squared momentum transfer

.q lab !
v=Ca4ZLF _F

S va in lab the energy transfer

from the lepton to the nucleon
W? = (P +q)? “ M2+ 2Mv — Q? | squared mass of the hadronic final state

r = 2311 lab 2‘}%;'/ Bjorken scaling variable
.q lab ;
Y= % = & fractional energy transfer to the nucleon

Table 1.1: The kinematical variables used to describe a DIS process. The relationships
with the label “lab” hold in the laboratory frame in case of a fixed target experiment,
neglecting the lepton mass.

part, not depending on the spin, and in a antisymmetric (A) part, depending on the
spin:

Lu(k,s;k) = LB (k¥)+iL() (k,s:k);

uv
Wuw(q;P,S) = W (q;P)+i Wi (q; P, S); (1.3)
therefore the cross section reads:
d*c o? FE'
— = (L) W (S) _ A e (A)] 1.4
dQ dE" 2M¢* E [ py L } (1.4)

At variance with the leptonic tensor, that can be calculated in QED, it is not possible
to evaluate exactly the hadronic tensor, due to the complex inner structure of the
nucleon. Therefore a parametrization involving structure functions is used.

If we consider cross sections or difference between cross sections with particular
initial and final polarization, it is possible to single out the two terms L,(j,q,) Wr(S)
and LL,’L}) WA For example, the unpolarized cross section, obtained summing
over all the spin configuration of the initial lepton and of the nucleon, reads:

d2 ounp a? i

1 d%o
e (K, PiK) = 2> (k,5,P,S;K) = 2L wr S (1,
a5 ap o PiK) 4 £ dQ dE' (k5. P, S; ) 2Mq¢* E TTH (1.5)
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Neglecting the lepton mass, in the laboratory frame the cross section can be written
explicitly as:

d?ov?  4o’E"” . o0 5 0

HdE = g 2W sin g + W; cos o1k (1.6)
where W, and W, are the unpolarized structure functions. In the Bjorken limit,
they are known to approximately scale:

MW (P-q,Q*) = Fi(z); vWy(P-q,Q%) — Fy(z); (1.7)

meaning that F}, vary very slowly with Q? at fixed z. The F}  structure functions
describe the deviation from the cross section for the scattering of a spin-1/2 particle
off a point like constituent; they correspond to the electrical and magnetic form
factor in lepton-nucleon elastic scattering. The actual knowledge about the F; form
factor is shown in fig. 1.2; the F} form factor is connected to F, through the following
relationship:

F(1++2
= 20E7) (18)
2z(1+ R)
where v = % and R is the ratio of cross sections for longitudinally and transversally

polarized virtual photons on an unpolarized target. In naive quark parton model,
eq. 1.8 simplifies in the so called Callan-Gross relationship, 22 F (z) = F(z).

Differences of cross sections with opposite target spins single out the L%) WHv(A)
term of the cross section:

dQUS,S d20.s,75 042 E

_ _ _ = 4(A) mv(A) — 1.9
dQ dE'  dQ) dE' 2Mg* E ™ (1.9)
8ma’E' Go

= Tl 8)a s + Qs8] MG + @[5 9P a) — (a-H)P-5)] 37 |

here G1(P - q, Q%) and G2(P - q,Q?) are the polarized structure functions. They
also, in the Bjorken limit, are approximately expected to scale:

(P-q)°

Gi(P-q,Q*) = gi(z); v (P-q) G2(P-q,Q%) — ga(x). (1.10)

1.1.1 Measurement of g; and g

To assess the polarized structure functions g; and gy we consider particular spin
configurations of the incoming leptons and target nucleons. In the case of longitudi-
nally polarized leptons, that is initial leptons with spin along (—) or opposite ()
the direction of motion, and of nucleons at rest polarized along (=) or opposite (<)
the initial lepton direction of motion, eq. 1.9 becomes [20, 21]:

- —
felond 26 40 E' ,
0dE dadb - g E | FTE s

14

(P-q)

291_@21/(P972-q) . (1.11)
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Figure 1.2: The proton structure function FJ measured in electromagnetic scattering of
positrons on protons (experiments ZEUS[22] and H1[23]) at HERA, for z > 0.00006, and
for electrons (SLAC[24]) and muons (BCDMS|25], E665[26], NMC[27] ) on a fixed target.
Statistical and systematic errors added in quadrature are shown. The data are plotted as
a function of Q? in bins of z. For clarity, F§ has been multiplied by 2%, where i, is the
number of the z bin, ranging from i, = 1 (z = 0.85) to i, = 28 (z = 0.000063). The figure
has been taken from [28].
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If the nucleons are transversely polarized with respect to the direction of the incom-
ing lepton, the cross section is given by:

o=t d2oY 402 E"? v 92
_ = 2 sinfeos¢| Mgy + 2B—2— | | (1.12
dQdE'  dQdE' T Q* E Cosqj( e’ ) U

A

where ¢ is the azimuthal angle between the scattering plane and the (p, S) polar-
ization plane.

In the performed experiments using a longitudinally polarized target the quantity
actually measured is the longitudinal spin-spin asymmetry:

- -
Z =
gzt (1.13)
— —
do~ +do*

where do is short for d?c/(dQ2 dE'), and the denominator is simply twice the unpo-
larized cross sections.

The measurement of A gives us information on the combination of g; and g,
rather than on g; or g» alone. However, the go term is usually neglected due to
its smallness, and A provides essentially a direct measurement of the polarized
structure function g;. The measurements of g; from DIS experiments on proton,
deuteron, and neutron are shown in figure 1.3.

To measure the structure function g9, one should consider other spin-spin asym-
metries. By scattering longitudinally polarized leptons on transversely polarized
nucleons, one can measure the asymmetry:

do=¥ — do"

Al=————: 1.14
T dot £ dob (1.14)

where, again, do is short for d?c/(d) dE') and the denominator is twice the un-
polarized cross section. From eq. 1.12, it is clear as a measurement of A, provides
direct information on a combination of g5 and ¢;. In this case the usual approach
is to extract g, relying on the knowledge of g; obtained from the A measurement.
The first measurements of g; date back to less than a decade ago; in the last few
years accurate results have been reported by the E155 collaboration [37, 38] and the
E143 collaboration [30].

1.1.2 The parton model

A simple interpretation of the form factors can be derived in the framework of the
quark parton model, in which the hadron is composed by granular constituents,
the partons. The parton model interpretation has been suggested by the scaling
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Figure 1.3: The spin-dependent structure function zg¢; (z) of the proton (top), deuteron
(middle), and neutron (bottom) measured in deep inelastic scattering of polarized elec-
trons/positrons: E142[29] (@2~ 0.3—10 GeV?), E143[30] (Q*~ 0.3 — 10 GeV?), E154[31]
(Q%~ 1 — 17 GeV?), E155[32] (Q*~ 1 — 40 GeV?), JLab E99-117[33)(Q%*~ 2.71 — 4.83
GeV?), HERMES[34] (Q*~ 0.8 — 20 GeV?) and muons: EMCJ[1] (Q*~ 1.5 — 100 GeV?),
SMCJ[35] (Q*~ 0.01 — 100 GeV?), COMPASS[36] (Q%>~ 1 — 100 GeV?), shown at the
measured Q? (except for EMC data given at Q? = 10.7 GeV? and E155 data given at
Q? = 5 GeV?). Statistical and systematic errors are added in quadrature. The figure has
been taken from [28].
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v(q) v(a)

N (P) | N (P)

Figure 1.4: The so-called handbag diagram.

behavior of the F; and F3 form factors, which implies the nucleon to be composed
of point-like constituents. It is usual to consider the DIS kinematics in the infi-
nite momentum frame, where the nucleon moves with very large momentum along
a direction, allowing to consider the quark as massless constituents moving paral-
lel to the nucleon (this means neglecting the transverse component of the quark
momentum). In this frame the Bjorken z variable is the fraction of the momen-
tum of the nucleon carried by the struck quark. The quarks are considered as free,
and therefore all the interactions between themselves and with the target remnants
are neglected. The hadronic tensor is usually represented by the handbag diagram
shown in fig. 1.4. To describe the density of partons of a certain type ¢ with mo-
mentum x P, the parton distributions functions ¢(z) (PDFs) are introduced. The
structure functions for DIS reactions are built up from the incoherent sum of elastic
scatterings of the virtual photon on the constituents:

Fy(z) =Y elzq(x); (1.15)

for Fi, the Callan Gross relationship holds, and indeed it is a prediction of the
model. In this picture, the form factors are interpreted in terms of probability to
find a parton with a fraction x of the nucleon momentum.

The quantity >, fol zq(x)dz is the contribution of the quarks and antiquarks to
the nucleons momentum, and it is expected to be 1 if the identification partons =
quarks + antiquark is correct. Considering the experimental world data on Fy(z)
for proton and neutron, it comes that the contribution of the u and d-quark is only
~0.5, implying that an important nucleon constituent is missing (see section 1.1.3).
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Introducing the probability density function of a parton with spin parallel to the
longitudinal nucleon spin (¢(z, S; S)) or antiparallel (¢(x, —S;S)), we can decompose
g1 in terms of parton contribution:

0(@) = 5 3. 5:5) — ale~5:9) = £ Y 2hg(w,S) . (11

q q

The eq. 1.16 shows that g; has a probabilistic interpretation in the framework of
the parton model. The structure function g, has not a simple interpretation in this
framework and is expected to be zero!.

The first moment of g; for the proton and for the neutron, I'"" = fol dz ¢0"(x)

admits the following decomposition [20]:

1 1

O =

Au + Ad + As); (1.17)
as \/%:18 ;g

the a3 and ag components can be obtained from data on hyperon 3-decay. Note
that in £d. 1.17 we have adopted the imprecise but common writing convention:
Aq = [, dz (Aq(z) + Ag(z)).

From eq. 1.17, we obtain the so called Bjorken sum rule:

o1
I} T} = Zas, (1.18)

which is considered a fundamental rule in QCD, since it can be derived independently
from the parton model framework. The EMC collaboration measured for the first
time I [39], while I'? was measured from the SMC collaboration [40], allowing a
first check of the Bjorken sum rule. The Bjorken sum rule was found to be consistent
with its expectation value, predicted using the known value of as.

With the assumption As = A5 = 0, we have ay = v/3ag, and eq. 1.17 reads:

1
P’l”"zﬁag{il—i-%-Z—z}. (1.19)

which it is known as the Ellis-Jaffe sum rule. The I} measured from EMC indicated
a large violation of the Ellis-Jaffe sum rule. This implied that the assumption
As = A5 = 0 had to be released. The measured I'} was used to extract the ag term,
and also the Au, Ad and As components.

In the parton model the sum of the spin contribution of all the quark and an-
tiquark flavors, usually indicated with A, should account for the total nucleon
spin:

1 AY

INon zero values of g can be obtained allowing the quark to have an intrinsic Fermi motion
inside the nucleon [20, 21].
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As it is clear from eq. 1.17, in parton model the ag term coincides with AX, so that
the spin 1/2 of the nucleon implies a value of ag near to 1. The EMC measurement
for ag was unexpectedly small and compatible with zero [20]:

ao = 0.06 + 0.12 + 0.17; (1.21)

that came as a big surprise and was the cause of the so-called “spin crisis”.

1.1.3 QCD improved parton model

The failure of the momentum sum rule indicates that some nucleon constituents are
missing, that can be easily identified with the gluons. Although the gluons do not
interact directly with the virtual photon, they are supposed to mediate the strong
interaction and to give rise to the QCD corrections to the quark-parton model. The
QCD corrections to the model are taken into account by allowing the parton number
densities to depend upon Q? in a way calculable in QCD. In this way the formalism
used in the parton model remains unchanged, except that each of the density ¢(z)
is replaced by ¢(z,Q?), implying a dynamical breaking of the Bjorken scaling.

The dependence of the quark densities from Q% can be interpreted as arising
from the fact that the photon resolution increases with Q2. Since quarks and gluons
interact, at large Q% the photon starts to see the cloud of gluons and virtual ¢q pairs
(the so called sea quarks), so that the number of resolved partons increases.

The @Q? evolution of the quark structure functions is described by the DGLAP
equations[41]. The equation expresses the fact that a quark with momentum fraction
x could come from a parent quark with a larger momentum which has radiated a
gluon, or from a parent gluon creating a qq pair. If the PDFs are known at a certain
@Q? scale, they can be computed at any other scale using the DGLAP equations.

In QCD, the conservation of the SU(3) singlet axial current, valid for massless
quarks, is broken; in particular the singlet axial current has a non zero anomalous
contribution [42], that induces a gluon contribution via the diagrams represented
in fig. 1.5. Taking into account the anomaly, the connection between ay and AY is
quite different from what it is in the Naive Parton Model, namely:

2
a0(Q?) = AY — 3 %g) AG(Q); (1.22)
therefore the ay measurement from the EMC collaboration does no longer mean a
small contribution of the quark and antiquark to the nucleon spin but a possible
cancellation with the anomalous gluonic part. It has to be noted that the term AG
behaves like 1/a; when Q? — oo, so that the term appearing in eq. 1.22 is not a
correction vanishing at high Q2.
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Figure 1.5: Diagrams contributing to the mixing between g7 and the polarized gluon
parton density.

A measurement of AG appears to be needed, both for itself and as an element
of the spin puzzle; taking into account this new contribution, eq. 1.20 becomes:

11
S. =5 = 5AT+AG + (L), (1.23)

where we have written also the possible contribution from the gluons and quarks
orbital angular momentum, (L,). A direct measurement of AG is one of the most
important measurements at COMPASS, and is part of the scientific program of other
polarized semi-inclusive deep inelastic scattering experiments as HERMES, and of
high energy polarized pp scattering experiments at RHIC.

1.2 Transversity

In the previous section we have introduced the two PDF's ¢(x) and Ag(z); at leading
twist, another PDF has to be considered to fully describe the quark spin composition
of the nucleon. The third distribution is the quark transverse polarization distribu-
tion, Arq(z), known as transversity. It was introduced first in 1979 by Ralston and
Soper [2], but only in the nineties it was the subject of an intense theoretical activity,
when it was rediscovered by Artru and Mekhfi [3] and by Jaffe and Ji [4]. In the
same time, on the experimental side, first proposals [9, 10] to measure transversity
were put forward. In the last decade, a great interest in the transverse polarization
distributions has been shown, both from the theoretical and from the experimental
point of view (section 1.4).

The optical theorem relates the hadronic tensor to the imaginary part of the for-
ward virtual Compton scattering amplitudes [43]. Thus the leading-twist distribu-
tion functions appearing in the tensor parametrization can be expressed in terms of
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Figure 1.6: The three quark-nucleon helicity amplitudes.

the imaginary part of the quark-nucleon forward amplitudes. The amplitudes have
the form Apxan, where A, A’ (A, \') are nucleon (quark) helicities. There are in
general 16 amplitudes; imposing helicity conservation (A + XA = A’ 4+ )\'), parity and
time-reversal invariance, only three amplitudes remain: A, . A, A,
(fig. 1.6). The two amplitudes A, , A, are diagonal in the helicity basis,
since the quark does not flip its helicity; A;; 1 corresponds to ¢(z,S;S) while
A._ _ to the g(z,—S;S) function introduced in section 1.1.2. Therefore the fol-
lowing relationships hold:

q(z) = qi(2) +g-(2) ~ Im(Aiy1q + Asyo); (1.24)
Ag(z) = qu(z) —q-(x) ~ Im(Apq o — A ). (1.25)

The third amplitude, A ., is off-diagonal (helicity flip), and it can be related to
a third distribution function, named transversity:

Arq(e) = a1(2) — q(2) ~ Im(Ay—_y). (1.26)

In the helicity basis, A;_ _, has not a probabilistic interpretation. However, if
we consider a transversity basis:

pa- %[H S = 5], | 4= %[H > —ij— 5], (1.27)

with 1 transverse with respect to the direction of motion, Arq reads:

Arq(z) = gr(z) — g () ~ Im(Ap gy — Apppy), (1.28)

leading to the interpretation of Arg(x) as the polarized quark distribution in a
nucleon polarized transversely with respect to its momentum.
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At variance with the longitudinal polarized distribution, there is no gluonic con-
tribution to transversity. A hypothetical ArG(z) would imply a helicity flip gluon-
nucleon amplitude, which cannot exist due to helicity conservation. In fact gluons
have helicity +1, but the nucleon cannot undergo a helicity change of +2. This
results in a different Q? evolution for transversity and helicity distributions: even if
they have the same value for a certain )%, the function may differ at another scale.

Transversity is a chiral-odd quantity that requires the helicity of the quark to
be flipped. Since all the hard processes conserve quark helicity through the quark
line, to measure transversity the presence of another soft term is required. Thus
transversity cannot be measured by means of the usual inclusive DIS, that it has
always been the major source of information about the unpolarized and helicity
PDFs. The measurement can be done involving at least two hadronic states, as
in the Drell-Yan process or in the lepton nucleon polarized semi-inclusive DIS, in
which Arg(z) is coupled to a T-odd function as described in section 1.3.

Soffer inequality

From the definition of ¢(z) and Ag(z) two bounds on Agq(z) and Arq(z) can be
derived :

[Ag(z)] < q(x), (1.29)
|Arg(z)] < q(z). (1.30)

Similar inequalities hold for the antiquark distributions. A further, more subtle,
bound simultaneously involving ¢, Ag and Arq, was derived by Soffer [44]

q(z) + Aq(z) > 2|Arq(z)| . (1.31)
Eq. 1.31 is known as the Soffer inequality. It is an important bound, which must be
satisfied by the leading-twist distribution functions.

Tensor charge

The first moment of the transversity PDF is connected to the tensor charge g7, one
of the fundamental parameters characterizing the properties of the nucleon:

gr = Z/ dz [Arq(z) — Apg(z)]. (1.32)

The tensor charge measures the net number of transversely polarized valence quarks
in a transversely polarized nucleon. Its difference from the axial charge g4 is related
to the relativistic nature of the nucleon. Measurements down to small x values are
required for the evaluation of the integrals.
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Bakker Leader Trueman sum rule

The first moment of the transversity PDF is also connected to the spin of the nucleon.
The Bakker Leader Trueman sum rule [45]

1_

2= 5 A+ Arg + 3 Ly (1.33)

q’q’g

is free of the gluon contribution, and provides an independent way to access the
contribution of the orbital angular momentum of ¢, § and g to the nucleon spin.

1.3 Semi-inclusive DIS

In semi-inclusive DIS (SIDIS), a lepton scatters off a nucleon and at least a final
state hadron is detected:

(k) +N(P) - '(K)+h(Py) + X . (1.34)

The corresponding hand-bag diagram is indicated in fig. 1.7. The ® term is the
same as in DIS (fig. 1.4), while the A indicates a quark-quark correlation function
describing the way the struck quark evolves into a hadronic final state of which
the hadron is detected. The cross section of the process can be factorized in the
following way:
do!N2URX Zq . dolld . D(}; (1_35)
q

where do'9"? is the hard part of the scattering, while ¢ and D! are the parton
distribution functions and fragmentation functions parameterizing respectively the
® and the A term in fig. 1.7.

In the unpolarized case, the fragmentation functions D}(z, Q) give the proba-
bility density for an initial quark to produce a final hadron with fractional energy
z 2. The dependence on the resolution scale @? is described via a DGLAP-type
equation, giving the possibility that a parton gives rise to a hadron via the radiation
of an intermediate parton which fragments into the hadron. Since fragmentation
functions cannot be calculated directly, they have to be derived from fits to exper-
imental data, usually from ete™ annihilation [46, 47]; in a recent work [48] also
data from pp collisions and DIS experiments have been used. In order to extract

the fragmentation functions from the data, some relationships based on charge and

. . . . lab
2The invariant z is defined as z = EP» 'L _En_.
Pq EE

available energy carried by the hadron.

in the laboratory frame, z is the fraction of
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FFs

PDFs

Figure 1.7: Handbag diagram for SIDIS process: the ® box term is the same as in DIS,
while the A box indicates the hadronization process.

isospin invariance and valence quark composition of the respective hadron are taken
into account. From charge conjugation invariance we get:

DFN =DM = K (1.36)

while from isospin symmetry for pions:

7Tr+

DI = pr (1.37)
When the hadron contains a valence quark of the same flavor as the fragmenting
quark, the fragmentation functions are usually named favored, or valence-type; oth-
erwise they are named unfavored, or sea-type, where the names reflect the naive

expectation. Taking into account this convention, for pions we distinguish between
two types of fragmentation function :

Dioy = DI =D =Df =D ;
Duyng = DF =DY =Df =Di' =D =D =Df =D .

The extraction of fragmentation functions from data show that Dyq > Dyyy, as
expected.

In so far, transverse momentum dependent (TMD) effects have been neglected,
since transverse momenta are small as compared to the longitudinal component. To
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Figure 1.8: Definition of the azimuthal angles ¢}, and ¢g in the “gamma-nucleon system”.

completely describe SIDIS processes however both the transverse momentum of the
quark inside the nucleon and the transverse momentum of the hadron with respect
to the fragmenting quark have to be considered since both influence the final state
hadron distribution.

1.3.1 SIDIS cross section

The SIDIS cross section can be expressed in terms of transverse momentum de-
pendent parton distribution functions and fragmentation functions that explicitly
depend on the transverse parton momentum, ET, with respect to the virtual photon
and on the transverse momentum pr of the final state hadron with respect to the
fragmenting quark direction. These partonic functions, usually indicated as unin-
tegrated functions, are a generalization of the distributions appearing in standard
factorization for the collinear case, in which both /;T and pr are ignored.

In the so called “gamma-nucleon system” (GNS, fig. 1.8) where the virtual pho-
ton direction defines the z axis, and the xz plane is the lepton scattering plane
(defined by the initial and final lepton momenta), the polarized semi-inclusive DIS
cross section depends on the azimuthal angle ¢, of the produced hadron with respect
to the scattering plane, as well as on the azimuthal angle of the target nucleon spin,

Ps-

Assuming single photon exchange, and in case of spinless final state hadrons, the
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cross section reads [49]:
do B
dz dy dds dz dby, dP{fQ

x;zp 2(1—¢) (1 + gw) {FUU,T +eFyurL++/2e(l+¢) cos oy F[%S.‘bh

+£cos(20n) FE3? 4+ Ao 1/2(1 — €) sin ¢, FEn

+5) 2¢(1+¢) singy, F(sjlzd)h + esin(2¢p) F[s]iz2¢h

+S)Ae [\/1 — 2 Fyp++/2e(1 —¢) cos ¢y FES5 %"

1S, s1n(q5h—¢s)( [?;(;{h ¢S)_|_ FISJI;’(gh ¢s))

+e sm(¢h + ds ) Sln(¢h+¢s) +e sin(3¢h _ ¢S) F[S]i;(3¢h_¢5)

+1/2e(1 +¢) singg Fn?s + \/2¢(1 + €) sin(26, — ¢s) Fyy sm(2¢h ¢s)]
+S1A [V T— €2 cos(¢n — ¢s) Feo @ 95) 4\ /2e(1 —¢) cos pg Fos?s

+1/2¢e(1 =) cos(2¢p, — bs) Fg;s(2¢h‘¢s)] }; (1.38)

where ), is the helicity of the lepton beam, S and S are respectively the projection
of the target polarization in the plane parallel or transverse with respect to the

photon direction, and the ratio ¢ of longitudinal and transverse photon flux is given
by:

1 —y — 122
_ A (1.39)
l—y+ 592+ 37
where v = 242 , (. and will be neglected in the following. The structure functions

Q
F on ther.h.s. depend on z, Q?, z and P}”Q; the first and second subscript indicate the
respective polarization of beam and target (L=longitudinal, T=transverse), whereas
the third subscript in Fyy 5, Fyyp,, and FSIH(¢h ¢s) Fsm(d’h ?s) specifies the polar-
ization of the virtual photon. The superscrlpt in the structure functions indicates
the different azimuthal modulation in ¢, and ¢gs.
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Eq. 1.38 shows that there are in total eighteen structure functions, eight of these
depending on the target transverse polarization. Due to the different azimuthal
modulations of each term, it is possible to build cross section asymmetries and
extract each term from data.

1.3.2 Structure functions

The explicit expression for all the structure functions appearing in eq. 1.38 are given
in ref. [49]. The calculations are based on the factorization of the cross section into a
hard photon-quark scattering process, TMD parton distribution functions and TMD
fragmentation functions.

In the cross section there are eight leading twist TMD PDF entering the para-
metrization of the quark-quark correlator; they are listed in table 1.2. The notation
used follows ref. [49]. The letters f, g and h refer respectively to unpolarized, lon-
gitudinally and transversely polarized quark distribution. The subscript “1” means
that they are leading twist quantities; subscripts “L” and “T” mean that the target
nucleon is longitudinally or transversely polarized; the superscript “L” indicates the
presence of transverse momentum effect.

| DF

meaning

fi(x, k%) | unpolarized distribution

gir(z, k%) | helicity distribution

gi1(7, k%) | distribution of longitudinally polarized quarks

in transversely polarized nucleon

i (z, k2) | Sivers distribution

hyr(z, k2) | quark transverse polarization along target transverse polarization

hi; (z,k2) | quark transverse polarization along quark intrinsic transverse momentum
in the longitudinal polarized target

hir(z, k%) | quark transverse polarization along quark intrinsic transverse momentum
in the transverse polarized target

h; (z, k%) quark transverse polarization along normal to the plane defined

by quark intrinsic transverse momentum

and nucleon momentum in the unpolarized quark

Table 1.2: The eight leading twist PDF.

The structure functions in eq. 1.38 are related to the TMD distribution functions
by convolution of the type:

ClwfDl =z e / Pky d*pr 6@ (kr — pr — Pr/2) w(Pr, k) fa(w, k2) Do(z, p%);
' (1.40)
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here f and D are generic PDF and FF, w(kr, §;) is a function of the transverse
momenta, and the summation runs over quarks and antiquarks; the d—function
implies transverse momentum conservation.

The unpolarized structure function in eq. 1.38 contains the unpolarized PDF f,
(previously indicated with q) and the unpolarized fragmentation function D already
introduced:

FUU,T - C [le] . (141)

Out of the eight transverse structure functions of eq. 1.38, four can be expressed
via leading twist PDFs:

sin [ ]A'L .
FUT(¢h+¢S) = C _—]\/ZTthIL] 5 (1.42)
sin(¢p, — [ ]A'LE
FUTE$h o= ¢ _TTflj’_TD:| ; (1.43)
peinGon-ss) _ o[ 2(h-kr) (br-Pr) + k7 (h-Pr) —4(h-kr)* (h-Pr) | o)
ur 2M2Mh 1771 )
(1.44)
. h-k
Fppes) = ¢ MTngD:| ; (1.45)

where i = Plt/|Ph].
Eq. 1.42 is related to the Collins effect (section 1.3.3); the h; PDF is the TMD
transversity, defined as:

kr

hl(x,k%) = th(x, k%) - M2

hir(z, k7); (1.46)
this unintegrated PDF is related to the transversity distribution introduced in sec-
tion 1.2 via:

Agg(z) = by (z) = / Phrhy (@, k2) . (1.47)

The fragmentation function Hi- appearing in eq. 1.42 is the Collins fragmentation
function, describing the spin-dependent part of the fragmentation.

Eq. 1.43 describes the so called Sivers effect, that will be explained in sec-
tion 1.3.4. The Sivers function fi is convoluted with the unpolarized fragmentation
function D.

The structure functions in eq. 1.44 and 1.45 give access to the PDFs hi; and the
chiral even g7, convoluted with Hi- and D respectively.

The other four structure functions in eq. 1.38 are twist-3 contributions, and have
no simple interpretation in the parton model.
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The terms that have received more attention both from the experimental and
from the theoretical side, are the Collins and Sivers contributions, that will be
described in the following.

1.3.3 The Collins mechanism

The fragmentation function Hi- appearing in eq. 1.42, plays an important role in
the phenomenology of transversity, and it is related to the so called Collins effect.
This mechanism, which arises from final-state interaction effects and was introduced
by Collins [13], is responsible for a left-right asymmetry in the fragmentation of
transversely polarized quarks. The fragmentation function Hi- describes the spin-
dependent part of the hadronization of a transversely polarized quark into a hadron;
Hi can be defined considering the distribution of hadrons produced from quarks
with opposite polarization [43]:
77|

Nyt (2,01) — Nijqu(2, Pr) = Esm(fﬁh — s )Hi (2, p%) - (1.48)

The angles ¢, and ¢g are respectively the angles of the momentum of the produced
hadron and of the spin vector of the fragmenting quark with respect to the quark
momentum.

In the DIS process, as dictated by QED, the directions of the final and initial
quark spins in the GNS are related to each other by ¢y = 7w — ¢, thus the following
relationship holds:

bn — G5t = bn + s — T = D¢, (1.49)

where we have defined the Collins angle ®.

Let’s now consider the unpolarized term and the Collins term in the eq. 1.38.
Neglecting quark transverse motion inside the target, using eq. 1.41 and 1.42, and
introducing the function:

D) = ~ T (e ) (1.50)
M,
the cross section reads?:
do a2 9 {1 9 2
= — e, 3= |1+ (1— -x-q(z) - D"z, P") +
Lo dy i ds don AP wzgq 5 1+ -9 -2-q@) Dz, P
+(1-y) S1sin(@c) @ - Arq(a) - ARDE(z, PI)} (1.51)

3If we consider quark transverse motion in the nucleon, the convolution integrals in eq. 1.41
and 1.42 cannot be solved explicitly, unless we make some assumption on the parton distribution
functions and fragmentation function dependence on kr and pr. In the usual assumption of
Gaussian distributions, the effect of the convolution integral is the presence of a factor which
depends on the widths of the distributions. This point will be discussed in Chapter 5.
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By comparing the cross sections on oppositely polarized target nucleons one
obtains from eq. 1.51 the transverse single spin asymmetry:

A,’ZE = dO'(S_:J_) — da(_k?') = SL . DNN . AColl - sin @C . (152)
dO'(SJ_) + dO’(—SJ_)

The “Collins asymmetry” is

2
(7 Arq(z) - A Dy(2, P)

AColl = 3 (153)
Y, €2z q(z) - Diz P
and 1
-y
D = 1.54
T Ty 422 (54

is the transverse spin transfer coefficient from the initial to the struck quark [50].

As evident from eq. 1.53, the Collins asymmetry gives access to the transversity
distribution function; the identification of final state hadrons and the use of different
targets allow to extract the different quark contribution.

1.3.4 The Sivers mechanism

A different mechanism responsible for a spin asymmetry in the cross section of
SIDIS of leptons on transversely polarized nucleons was suggested by Sivers [12].
Sivers conjecture was the possible existence of a correlation between the transverse
momentum kr of an unpolarized quark in a transversely polarized nucleon and the
nucleon polarization vector. Considering the number density of unpolarized quarks
in opposite transversely polarized nucleons, the Sivers function can be defined as:

Pot (3, kr) = Pywy (3, kr) = Pywr(, kr) — Pywr(, —kr) (1.55)
k .
= s, (s - o) fiplekd). (150

where the angle ¢g — ¢, is the relative azimuthal angle between the target spin S,

and the quark transverse momentum &y, and the fi.(z, k2) is the Sivers function.
Following the notation used in [19], we define the quantity:

kx|
Under the assumption that the hadron produced in the fragmentation and the frag-
menting quark are collinear, i.e. that all the hadron transverse momentum originates

from the intrinsic transverse momentum of the quark in the nucleon (P! = zkr),
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the SIDIS cross section with the unpolarized and the Sivers term of eq. 1.38 is given
by:

do . 052 262 1[1+(1_y)2} T
dv dy dps dzdg, dPp” Y@ <=1 2

. [q(x, PF?/2%) + S, sin(®s)ALq(z, PE /z2)] . D!(2),(1.58)

where the Sivers angle is:
Og = op — s . (1.59)
Comparing the cross sections on oppositely polarized target nucleons, the trans-
verse spin asymmetry of eq. 1.52 becomes

A = 4o(51) —do(=5))
"7 do(S)) + do(—S))
where the “Sivers asymmetry”
2
>g €T Agq(z, Pr/2%) - Dy(2)

Asip = 5 (1.61)
> z-q(z, Pr/2%) - Di(2)

is revealed as a sin ®5 modulation in the number of produced hadrons.

The Collins and Sivers terms in the cross section depend on the two independent
angles @ and ®g, thus measuring SIDIS on a transversely polarized target allows
the Collins and the Sivers effects to be disentangled and the two asymmetries can
separately be extracted from the same data.

The existence of the Sivers function requires final/initial state interaction. In
the absence of interactions the Sivers function would vanish by time-reversal invari-
ance of QCD (see e.g. Ref. [14]) and indeed it was believed for several years the
Sivers function to be zero. Recently it was shown however [51, 52, 53] that these
interactions are represented naturally by the gauge link that is required for a gauge
invariant definition of a transverse momentum dependent parton distribution, thus
the Sivers function has become a very important piece in the most fundamental
issues of QCD.

A sum rule for the Sivers function was derived by Burkardt for a spin-1/2 target in
QCD [54, 55]. This sum rule states that the average transverse momentum induced
by the Sivers effect vanishes if one sums over all partons:

(bry= Y <kr>.= / dz / Phrkr Y Alq(z, kr) = 0. (1.62)

0=4q,4q,9

= SJ_ . Asw - sin (DS s (160)

4

4As before, considering the Gaussian dependence of parton distribution functions and frag-
mentation functions from kr and pr brings an additional factor in the asymmetry formula (see
Chapter 5).
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1.4 Experimental overview

Starting from the end of 90s the HERMES Collaboration at DESY, and later the
COMPASS Collaboration at CERN have performed a series of measurements of az-
imuthal asymmetries in SIDIS processes of leptons off transversely polarized target.
The first HERMES results, referring to the 2002-2003 data, have been published
in ref. [56]; the data corresponding to 2002-2004 are in ref. [57], while preliminary
results with all the available statistics (2002-2005 data) have been presented at the
DIS07 conference [58]. The first COMPASS publication refers to the data taken in
2002 [18], while results for all the available statistics on a deuterium target (collected
in years 2002-2004) are published in ref. [19].

The HERMES measurement of non zero single spin asymmetries on a proton
target show for the first time that the Sivers and Collins effects are real effects, and
that the transversity PDF is different from zero. The kinematical region covered by
the HERMES experiment is the following: W2 > 10 GeV?, Q? > 1 (GeV/c)?, 0.1 <
y < 0.85, 0.2 < z < 0.7, 0.023 < z < 0.4. The Sivers asymmetries are measured
to be positive for 71 and consistent with zero for 7=. The Collins asymmetries
are positive for 7t and negative and comparable in magnitude for 7~. Preliminary
results for the asymmetries with all the available statistics [58] are shown in fig. 1.9
as a function of z, z and PZ.

The COMPASS Collaboration has measured for the first time Sivers and Collins
asymmetries using a transversely polarized deuteron target. The kinematical range
covered is W > 5 GeV , Q? > 1 (GeV/c)?, 0.1 <y < 0.9, z > 0.2, 0.003 < z < 0.3,
P! > 0.1 GeV/c. The results on the entire collected statistics are shown in fig. 1.10.
The asymmetries have been measured on “unidentified hadrons”; the work presented
in this thesis allows the first measurement of the Collins and Sivers asymmetries on
pion and kaon samples.

Independent information for the Collins fragmentation functions being non zero
has been provided by the Belle measurements of hadron azimuthal asymmetries in
ete” annihilation [17].

The CLAS Collaboration has performed measurements of both longitudinal beam
and target spin asymmetries for pion production in SIDIS off protons using an
electron beam with 4.3 GeV and 5.7 GeV energy; up to now no transverse target
has been used.

To conclude this short overview, one has also to quote the effort going on at
RHIC and the proposal at FAIR/GSI to study transverse spin effects in pp and pp
collisions.
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Figure 1.9: Collins amplitudes (left column) and Sivers amplitudes (right column) for
charged kaons (closed symbols) and charged pions (open symbols) as function of z, z and
P! from HERMES experiment [58].
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Figure 1.10: Overall results for Collins asymmetry (top) and Sivers asymmetry (bottom)

against z, z and P2 for positive (full circles) and negative leading hadrons (open circles)
from 2002, 2003, and 2004 COMPASS data [19]. Error bars are statistical only.



Chapter 2

The COMPASS spectrometer

The COMPASS experiment has been approved in 1997 to perform measurements
on the nucleon spin structure with a high energy muon beam and on hadron spec-
troscopy using hadronic beams. From 2002 to 2007, only measurements with muon
beam have been performed, apart from a pilot run with a pion beam in 2004. The
data used for the measurement of the Collins and Sivers asymmetries presented
here have been collected in 2003 and 2004. In the following chapter the COMPASS
apparatus is described in the configuration during the 2004 run with muon beam,
the configuration used in 2003 being very similar. After a brief introduction on the
general principles guiding the construction and the realization of the spectrometer, a
short technical description of the main components is given. A complete description
can be found in [59] and in the papers referenced therein. The description of the
RICH detector and of its role in COMPASS are the subject of the next chapter.

2.1 General overview

The broad physics program of the COMPASS experiment dictates specific require-
ments to the experimental setup. The need to collect particles in a large range in
both momentum and polar angle implies a large acceptance in the apparatus, track
reconstruction and identification capabilities in very different regions of the phase
space. On the other hand, the very high luminosity conditions require detectors
able to stand high rates and to measure tracks with high time resolution, an effi-
cient trigger system, and finally a data acquisition system able to cope with high
flux data.

To satisfy these requirements, the COMPASS apparatus is made of two different
spectrometers: the Large Angle Spectrometer (LAS) and the Small Angle Spectrom-
eter (SAS). The first is located after the target region, and it has an acceptance of
+180 mrad. Its task is to measure and identify particles emitted at large angle
from the target, before the tracks are too far away from the beam line. The second
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spectrometer is located after the first one, where more energetic particles emitted
at small angles from the target have moved away from the beam axis, and tracking
becomes easier.

In the original project, both spectrometers have the same components: trackers,
an analyzing magnet, a RICH detector, a hadronic calorimeter, an electromagnetic
calorimeter and a muon filter. Up to now, part of the calorimeters and the RICH
detector in the SAS are missing. The experimental setup used in 2004 is shown
in picture 2.1. The picture shows also the COMPASS reference system: the z axis
follows the muon beam direction, the x axis follows the horizontal direction and the
y axis the vertical one. The part corresponding to positive value of x is sometimes
referred in the following as “Jura side” while the part corresponding to negative
value as “Saleve side”, following the position of these mountains with respect to the
spectrometer.

Muon
Filter 2

top view HCALL1 o
Muon Filter 1 ECAL2 #(.\vddcl -
SM2 rigger
Straw Outer
Trigger MWPC -
/ Straw Inner e
ml rigier e

Micromegas I
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x
RICH-1 SEM MW1 Large area DC -
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COMPASS Spectrometer 2004 HCAL2 Middle Trigger

0 10 20 30 40 50 m

Figure 2.1: COMPASS apparatus in the configuration of the 2004 muon run.

The Large Angle Spectrometer starts at ~2 m downstream the target. It is
built around the analyzing magnet SM1. Trackers of different type placed upstream
and downstream the magnet allow the measurement of the particle bending when
crossing the magnetic field, and thus the reconstruction of the track momenta. After
SM1, the RICH-1 detector measures the velocity of charged particles. Together with
the momentum, this information allows the determination of the particle mass. The
RICH-1 photon detectors are outside the acceptance and do not interfere with the
particle trajectory, apart from small effects of multiple scattering in the gas radiator.
Thus the particles crossing it continue their travel reaching the last part of the
LAS, where the hadronic calorimeter and the muon wall are located. The hadronic
calorimeter contributes to the particle identification providing a measurement of the



2.2. MUON BEAM 33

hadron energy. The last component is the muon filter; this device is used to identify
the muons using their high penetration length: a big amount of material absorbs
all the particles but the muons, that are detected with trackers downstream the
absorber.

The Small Angle Spectrometer starts at ~15 m downstream the target and it is
30 m long. It is based on the same working principles of the LAS, and is built around
SM2. The main difference is the lack of the RICH detector, foreseen in the second
stage of the COMPASS experiment. Moreover it is provided with an electromagnetic
calorimeter, ECAL2, that can be used to detect electrons and photons.

2.2 Muon beam

The muon beam is derived from a primary proton beam of 400 GeV/c momentum
extracted from the CERN SPS. The proton beam intensity is typically 1.2-10'® pro-
tons during a spill time of 4.8 s, within a SPS cycle of 16.8 s. The protons impinge
on a Beryllium target 500 mm thick yielding a secondary beam composed mostly
of pions with a contamination of kaons. The pion beam momentum is selected
with a resolution of 10% around the nominal value of 225 GeV/c with dipoles and
quadrupoles through the beam line. Along a 600 m long “decay tunnel”, a fraction
of the pions decay in a muon and neutrino. Due to the parity violating nature of
the pion decay, the muon beam is naturally polarized; while in the pion center of
mass system all the muons are polarized, in the laboratory system the fraction of
polarized muons depend on the beam phase space selected: in the COMPASS case
the muons polarization is about 80%. After the decay tunnel, the hadron compo-
nent of the beam is stopped by means of a hadron absorber made by nine pieces
of Beryllium each 1.1 m long. The muon beam is then cleaned and selected in mo-
mentum and transported to the surface level. Before entering the experimental hall,
the z momentum (nominal value 160 GeV/c) is measured by the Beam Momentum
Station (BMS), consisting of a bending magnet and six hodoscope stations located
downstream and upstream the magnet. Four stations are made of horizontal strips
of different pitch in order to cope with the different flux in the regions around the
beam axis; two stations are made of scintillating fibers with 2 mm of diameter. The
time resolution achieved by the system is around 0.3 ns; the reconstruction efficiency
of each beam track is around 93% and the momentum resolution is better than 1%.
After the BMS, the muons are focused on the polarized target. The incoming muon
flux is of the order of 2-10® muons per SPS cycle. The beam is accompanied by a
large halo, composed of muons poorly deflected or absorbed: the “near” halo, in the
region within 15 cm from the beam line, accounts for ~16% of the beam intensity,
while the “far” halo accounts for about 7%.
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2.3 The polarized target

The main part of the COMPASS physics program with the muon beam consists in
spin asymmetry measurements, that are performed using a polarized target. Up to
2006, COMPASS took data with an isoscalar target, °LiD, characterized by a high
fraction of polarized nucleons. With a good approximation %Li can be considered as
formed by a spin-0 *He nucleus and a deuteron, thus the percentage of polarizable
nucleons in the ®LiD being f = % = 0.5. Taking into account the He material
present in the target region for refrigeration purposes the dilution factor becomes
approximately f ~ 0.38. The degree of polarization reached during data taking is
high, larger than 40%. In 2007 COMPASS has taken data with a polarized proton
target (ammonia, NHj). The dilution factor for ammonia is lower than that of the
SLiD (f ~ 0.13), but the polarization values are higher, around 80%.

The polarization of the target nuclei is performed via Dynamic Nucleon Polariza-
tion (DNP): this technique relies on irradiation of some paramagnetic centers in the
target material (density 107*= 107 per nucleus) with a microwave radiation in a
strong and homogeneous magnetic field along the beam direction and at low temper-
ature. The very low temperature needed for the polarization process (~ 200 mK),
is reached with a *He-He refrigerator system. A magnetic field of 2.5 T and ho-
mogeneity of 10~ is provided by a solenoid magnet. Until 2004, the COMPASS
solenoid with wide aperture to match the full COMPASS spectrometer acceptance
was not available, and the solenoid built for the SMC experiment, with a limited
acceptance of £70 mrad, has been used instead (fig 2.2). From 2006 on, the new
superconducting COMPASS solenoid magnet has been delivered and is presently in
operation.

The target consists of two cells, each 60 cm long and with a diameter of 3 cm.
To reduce possible systematic effects, the two cells are polarized with opposite spin
direction. In longitudinal mode (nucleon spin parallel to the beam direction) the
target cells polarization are reversed every 24 hours by rotating the direction of
the solenoid field and changing the microwave frequencies of the two cells. During
this operation, the polarization is maintained thanks to a transverse dipole field
of 0.42 T. In transverse mode (nucleon spin orthogonal to the beam direction),
the target material is kept in “frozen spin” mode at a temperature below 90 mK
and the spin direction is maintained by the transverse dipole field. The reversal of
the polarization is made exchanging the microwave frequencies of the cells after 5
to 7 days of data taking. Due to the long relaxation time of the target material
(>1000 h), the polarization in the cells does not decrease significantly during the
data taking period.

The structure of the target cells is clearly visible in fig. 2.3 (left), where the
distribution of the reconstructed interaction vertices along the beam axis is shown.
The vertices reconstructed outside the cells are due to interactions with liquid helium
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Figure 2.2: Side view of the COMPASS polarized target system: (1) upstream and (2)
downstream target cell, (3) microwave cavity, (4) target holder, (5-8) 3He-*He refrigerator,
(9) solenoid coil, (10-11) 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.

or some other target component. The effect of the opening angle of the target
solenoid is the non flat distribution of the number of reconstructed vertices along
the beam axis; the number of vertices (and also of the outgoing tracks) is different
for the upstream and downstream cell. As we will see in section 4.3.2, this effect is
taken into account in the data analysis. The solenoid acceptance influences also the
resolution on the z coordinate of the vertex: as shown in fig. 2.3 (right), it increases
from about 5 mm at the downstream end of the target to 25 mm in average at the
upstream end. In the direction perpendicular to the beam axis, the resolution on the
vertex coordinates is 0.1 mm, due to the good resolution of the trackers detecting
the beam and the scattered muon (section 2.5).

2.4 The analyzing magnets
The magnet in the first spectrometer, SM1, is a dipole magnet 110 cm long with

aperture matching the spectrometer acceptance. The main component of the field
goes from top to bottom; the field integral is 1 Tm and corresponds to a deflection
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Figure 2.3: Distribution of the reconstructed vertex position z along the beam axis (left);
distribution of the error o, vs. z (right). The solid lines show the position of the target
cells.
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Figure 2.4: Track momentum resolution o, /p versus p.

of 300 mrad for particles with 1 GeV/c momentum.

The dipole magnet of the second spectrometer is 4 m long with a field integral
of 4.4 Tm; as for SM1, the main field component is in the vertical direction.

Due to the different bending power of the two magnets, the momentum resolution
is different for tracks reconstructed in the first or in the second spectrometer. This is
shown in fig. 2.4, as a function of the particle momentum. Fringe field tracks means
tracks reconstructed only before SM1, where the momentum can be measured using
only the fringe field of the magnet.
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2.5 The tracking system

The COMPASS tracking system consists of many tracking stations along the whole
spectrometer. Each station is made of two or more detectors of the same type
measuring different projections in the plane transverse to the beam direction.

Due to the large overall acceptance of the spectrometer, the region to be covered
by the detectors is large and the characteristics needed change with the distance from
the beam axis. Near the beam axis region, detectors should stand high particle flux
and have a good time and position resolution; in the region far from the beam
axis, the particle flux is less intense and the requirements for the detectors are less
demanding.

The Very Small Angle Trackers (VSAT)

The beam region up to a radial distance of 2.5-3 cm is covered by eight stations of
scintillating fibers and two stations of silicon detectors. These detectors measure
the tracks of the incoming and scattered muon and of the hadrons produced at very
small polar angles, in a very crowded environment, with a particle rate reaching 10°

s~ mm~2.

The scintillating fibers have a diameter between 0.5 and 1 mm; each station is
made by different planes in order to measure more than one projection. In each
plane several layers, shifted one with respect to the other, are used in order to avoid
low efficiency zones. The detection efficiency of scintillating fibers is above 99%, and
the time resolution varies between 350 and 450 ps.

COMPASS silicons are microstrip detectors with double sided readout. The
active area is 5x7 cm?, with 50 um pitch on both sides; the average spatial resolution
is about 10 pm, time resolution is about 2.5 ns.

The Small Angle Trackers (SAT)

The region at a radial distance between 2.5 and 30-40 cm is covered by two re-
cently developed devices employed for the first time in a high energy experiment:
Micromegas (Micromesh gaseous structure) and GEM (Gas Electron Multiplier) de-
tectors. Both devices are gaseous detectors in which the conversion and the amplifi-
cation regions are separated. The working principle of the two detectors are shown
in fig. 2.5 and 2.6. The performances of the detectors are very similar: the detection
efficiency, time and space resolution are 97%, 9 ns and 90 um for Micromegas and
97%, 12 ns and 70 pum for GEM respectively.
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Figure 2.5: Schematic view of the GEM detectors. The gas-filled region between two
parallel plate electrodes is divided by three 50 pym thin Polyimide foils with a very large
number of holes (~10%/cm?). A Cu cladding on both sides of the foil allow the application
of a potential difference of several hundreds of volts; when the primary electrons pass
through the holes, multiplication avalanche occurs, and then the electrons are guided to

another amplification stage or to the readout anode, formed by two sets of perpendicular
strips.
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Figure 2.6: Schematic view of the Micromegas. The conversion and the amplification
regions are separated by a metallic micromesh; in the conversion gap the ionization process
takes place, and a moderate field of 1 KV /cm produces the drift of the primary electrons.
A higher field of 50 KV/cm in the second region (100 ym gap) produces an avalanche

resulting in many e~ /ions pairs. The electrons are then collected by the anode segmented
in microstrips.

The Large Angle Trackers (LAT)

The reduced particle flux in the outer regions, covered by Large Angle Trackers,
allows to use slower devices as drift chambers, straws and MWPC.
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Three stations of Drift Chambers, each one measuring four coordinates, are
placed in the first spectrometer; the active area is 180x127 cm?, with a dead zone
of 30 cm diameter near the beam region to avoid high rates. The spatial resolution
of a DC is 190 pym. In the second spectrometer, there are other six drift chambers
covering a very large area (500x250 cm?, dead zone of 50-100 ¢cm diameter); the
spatial resolution is ~500 pm.

Several stations of straw drift tubes are placed in both spectrometers, each one
covering a region of 280x323 c¢cm? (central dead zone of 20x10 ¢cm?). The tubes
are made of a cylinder of plastics and a 20 ym diameter anode wire of gold plated
tungsten. Each plane consists of a central zone with 6 mm diameter tubes and an
outer region with 10 mm diameter. In each station three layers of tubes measure
three different projections; the overall resolution for the 6 mm straw tubes plane is
about 190 pm.

The tracking of particles at large angles in the SAS is mainly based on a system of
eleven stations of MWPC, for a total of 34 planes; the active area is of 178120 cm?
(dead zone of ~2 c¢cm diameter), while the distance between anodic wires is 2 mm,
allowing a spatial resolution of 1.6 mm.

2.6 Calorimetry

The hadron calorimeters

Both hadron calorimeters are located before the muon filters and have a double
purpose in the experiment: they measure the energy of hadrons produced in the
target and participate in triggering on semi-inclusive muon scattering events. The
calorimeters are sampling calorimeters using stacks of iron and scintillator plates;
the light collection is performed with wave-length-shifting fibers. The linearity of
the energy response is of the order of a few percents for both calorimeters over
different energy ranges: 0-25 GeV for HCAL1 and 10-100 GeV for HCAL2. The
energy resolution can be parametrized as:

e HCAL1 0/E =59.4%/vVE ® 7.6% for pions;
e HCAL2 0/E =65%/vE ® 5% for pions;

where E is expressed in GeV.

The electromagnetic calorimeter

The electromagnetic calorimeter of the second spectrometer, ECAL2, consists of
3000 lead glass modules corresponding to 16 radiation lengths in thickness. A high
energy gamma ray or an electron crossing the detector, starts an electromagnetic
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shower inside the lead glass. The e*e™ pairs emit Cherenkov light that is viewed by
PMTs at one side of each block. Linearity response is better than 1% until 40 GeV;
the energy and spatial resolutions have been measured as:

e 0/E =55%/VE® 1.5%;
e 0, =6 mm/vE® 0.5 mm;

with E in GeV.

2.7 The muon detectors

Both muon detectors (Muon Walls, MW) are made of two stations of trackers cover-
ing large surfaces (~4x2 m?) placed upstream and downstream an absorber. MW1
uses 8+8 stations of Plastic Streamer Tubes, measuring two projections; the absorber
is a 60 cm long iron block. MW2 employs 646 planes of drift tubes measuring three
projections and a 2.4 m long concrete block. The MW1 averaged tracking efficiency
per plane is typically 91%, while for MW?2 it is between 81 and 84%.

2.8 The trigger system

The main purpose of the trigger system is to distinguish a good event candidate in a
highly crowded environment, with very small decision time and low dead time. It has
also to provide a signal for the detector front-end electronics to start the recording of
the data. The trigger components are four stations of two hodoscopes each, covering
different regions around the beam line (for this reason the 4 stations are called
“inner” (I), “middle” (M), “ladder” (L) and “outer”(O) ) and a veto station made
of two scintillator counters upstream the target. Moreover hadronic calorimeter
information is used in some triggers. A schematic overview of the location of the
trigger components in the spectrometer is shown in fig. 2.7.a.

Different techniques are used in the different kinematical regions covered shown
in fig 2.7.b. For the high @? region (Q? >0.5 (GeV/c)?), “ladder” and “outer”
hodoscope stations (H4L, H5L, H30, H40) are used to measure the muon scattering
angle in the non-bending plane. Coincidence matrices are then used to select only
the signals coming from the target region; the signal from the veto is used in anti-
coincidence with the muon signal in order to reject halo muons tracks.

For lower Q% region, corresponding to small muon scattering angles, the target
pointing technique cannot be used due to the imprecise reconstruction of the muon
track using the hodoscopes only. The “inner” and “middle” hodoscope stations
(H4I, H5I, H4M, H5M) measure the muon energy loss using the two spectrometer
bending magnets and the trigger is given if a minimum energy loss is detected. In
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Figure 2.7: a) Schematic view of the location of the trigger components in the setup;
b) The range in y and Q? for the four hodoscope trigger subsystems and the standalone
calorimeter trigger.

addition a minimum energy deposit in the hadronic calorimeters is required, to elim-
inate background processes without hadron production, such as elastic scattering off
electrons and nuclei or beam halo spurious signals.

The presence of an absorber in front of one of the two hodoscopes forming each
station assures the rejection of electron and hadron tracks.

Together with hodoscope triggers, also a standalone calorimeter trigger is used
to cover regions of high Q? that cannot be covered by the outer trigger. A trigger
signal is generated if a minimum energy deposit in the calorimeter is left. Particular
care is devoted to the cluster reconstruction, in order to reject clusters due to the
pile-up of halo muon signals.

2.9 Readout electronics and data acquisition

The architecture of the data acquisition system has been dictated from the char-
acteristics of the COMPASS environment. A large number of detector channels
(~250000), high trigger rates (10 kHz for muon beam, and up to 100 kHz for hadron
beams) and big amount of data (35 kB per event, stream of 220 MB/s during spill
time) suggested a pipelined and nearly dead-time free readout scheme as well record-
ing techniques relying on buffering and parallelism.

The first stage of the data acquisition flow consists in the preamplification and
discrimination of the detector signals. Data are then digitized and buffered, when
possible directly in the detector front-end electronics, in custom-designed TDC and
ADC modules. After the arrival of a trigger signal, the data are transferred to the
readout driver modules called CATCH and GeSiCA, developed for the COMPASS

experiment. Here the information arriving from different front-ends is merged for
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each event, and stored in intermediate FIFOs until the transmission of the complete
event to some PCs (“readout buffers”) via optical fibers. CATCH and GeSiCA also
distribute the trigger signals to the front-end modules and initialize them during the
system startup.

In 2004, 19 PCs have been used as readout buffers. Each readout buffer contains
four “spill buffer cards”, used to reduce the bandwidth needed for the data flow
taking advantage of the SPS duty cycle: data are written in the spill buffer cards
during the spill time (4.8 s), and are then read out during the full SPS cycle (16.8 s).
The grouping of the data stream corresponding to one event (event reconstruction)
is made by 13 PCs named “event builders”; in these computers the “online filter”
process takes place, in order to improve the purity of the trigger. The decision time
for the online filter is of the order of 4 ms, and only a partial event reconstruction
is possible. The decision criterion applied for the filter is based on the presence
of a beam track in the event, fulfilled if a minimum number of hits in the BMS,
SciFI and Si stations is present. In the event builders PCs, the data are split
into files of 1 GB each (chunks) and sent to the CERN central computer center,
where they are stored onto tapes of the CASTOR (CERN Advanced STORage
manager) hierarchical storage system. In parallel, an Oracle database is filled with
the information of each event and run. Each period of data taking is divided into
sub-periods lasting one or two weeks; these are further divided in small sub-unities,
called “runs”, that are considered periods of stability of the apparatus conditions.
Each run contains 100 or 200 spills, (corresponding to 25-50 minutes of data taking)
and stores 1.5-2 million events.

2.10 The data processing

A typical data taking period lasts ~100 days per year, corresponding to a total of
~ 300 TB of raw data recorded. The huge amount of data collected implies a pro-
cessing phase in which the data size of the files is reduced to increase the speed of
following analysis. The computing power necessary to process the data with a rate
comparable to the data acquisition rate is provided by the COMPASS Computing
Farm at CERN. The reconstruction is based on CORAL (COmpass Reconstruc-
tion and AnaLysis), a framework written in C++, using object oriented techniques
that allows an easy implementation of new pieces of code from different develop-
ers. The inputs for CORAL are the raw data containing the detector information
digitized by the front end electronics; the information about the apparatus, such
as calibration and alignment results, are stored and read from a database. Before
the reconstruction phase, the data are decoded (the information on the fired detec-
tor channel is extracted) and clustered (channels fired from the same particle are
grouped together). Then follows the reconstruction procedure, including track and
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vertex reconstruction and particle identification. The output of CORAL, i.e. the
reconstructed quantities for each event, are ROOT trees, called mini Data Summary
Tapes (mDST), that are the input of the physical analysis. The data reduction fac-
tor between raw data and mDST is about 100. Also larger DST, containing detector
digits, are written from CORAL; the ORACLE database manages the handling of
these files.

2.11 The spectrometer upgrade

Taking profit of the long SPS shutdown in 2005, an important upgrade project of
the spectrometer has been carried on, in order to improve the apparatus perfor-
mances for the second part of data taking, started in 2006. The upgrade concerns
the polarized target, the large area trackers in the LAS, the RICH-1 detector (see
the next chapter), the electromagnetic calorimeters ECAL1, and the new tracker
downstream RICH-1.

One of the most important changes in the setup is the substitution of the SMC
target solenoid with the superconducting solenoid with large aperture. The new
solenoid provides a field homogeneity of £4-107° over the target region. The target
configuration has been changed into three cells, instead of the two used until 2004:
the middle cell is 60 cm long and it is polarized in opposite direction with respect
to the upstream and downstream cell, each 30 cm long.

The new large acceptance allowed by the solenoid suggested the construction of
two new large tracker telescopes for the LAS, placed downstream SM1: one station
is made of straw tubes and the other one is a drift chamber with similar design of
the DC already employed in the first part of COMPASS data taking.

The electromagnetic calorimeter ECAL1 is placed upstream HCAL1. It has large
overall dimensions of 4x2.91 m?, and is formed by blocks of three different sizes,
coming from previous experiments.

A new large size tracking station (Rich wall) is placed downstream the RICH-
1, in front of the ECAL1. It consists of eight layers of Mini Plastic Tubes, with
the same design of those used in the MW1. The Rich wall tracker has a double
role in the experiment: it measures the particles trajectories downstream RICH-1,
allowing a better reconstruction of the particles crossing the detector, and it acts as
a pre-shower for the ECAL1, improving its resolution.
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Chapter 3

The COMPASS RICH-1

Particle identification is very important for most of the measurements performed
in COMPASS, and in particular for the measurement of the Collins and Sivers
asymmetries for different particles, pions and kaons. These asymmetries give access
to the flavor dependent functions playing a role in the two mechanisms: the Sivers
and transversity PDF's and the Collins FF's.

Hadron identification in COMPASS is mainly based on the RICH-1 detector,
assuring identification capabilities in a crowded environment and good resolution
values in a wide momentum range.

After a brief description of the RICH-1 detector, the reconstruction procedure
and the variables characterizing the detector behavior will be discussed. This will be
useful to understand the identification procedure adopted in the asymmetry analysis,
described in the following chapter.

3.1 RICH-1 description

The RICH-1 [60] is a large-size Ring Imaging CHerenkov operating in COMPASS
since 2001. The request to cover a wide momentum range for particle identification,
from a few GeV/c up to 60 GeV/c, has suggested the use of a gaseous radiator,
C4F1g, in order to achieve good resolution also in the high momentum domain. The
overall length of the radiator vessel (~3 m), has been chosen in order to have a large
number of photons emitted from particles crossing the vessel. The transverse dimen-
sions are also very large, to match the overall spectrometer acceptance (250 mrad
in the horizontal plane and +180 mrad in the vertical plane). The detector di-
mensions and the requirement of a minimal amount material in the spectrometer
acceptance, dictated the final geometry (see fig. 3.1): two spherical mirror surfaces
reflect the photons and focus them on 8 MWPC with Csl photocathodes located
outside the spectrometer acceptance.
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3.1.1 Gas and gas system

The RICH-1 radiator vessel has a length of ~3 m and a volume of about 80 m?.
C4F 1o has been chosen as radiator due to its very low chromaticity (dn/dE ~ 5-1075
at 7 eV) and a refractive index (n — 1 = 0.0015 for 7 eV photons) that allows
hadron identification from Cherenkov threshold till momenta near to 60 GeV/c; the
Cherenkov threshold for 7, K and p are respectively 2.5, 9.5 and 17 GeV/c.

RICH-1 operates in the VUV wavelength domain, since the Csl quantum effi-
ciency is different from zero only below 200 nm; therefore the radiator transparency
to VUV photons is mandatory for RICH-1 operation. Since the photons are ab-
sorbed from impurities as water vapor and O, the level of contamination in the
radiator gas is kept below 3 ppm with a dedicated gas system [61]. The system
covers also different tasks: it is used to fill the radiator gas and to recover it in the
storage tank, it avoids gas stratification inside the vessel and controls the radiator
pressure in order to avoid mechanical stress to the thin vessel surfaces in the accep-
tance region and to the photodetector windows. Good transparency of the radiator,
stable over months, was achieved since 2002 data taking. Figure 3.2 shows a typical
transmission curve in the VUV domain, with the main contributions to the VUV
light absorption: Rayleigh scattering, Oy and H5O.

In order to absorb the photons emitted from beam muons, that would cause a
prohibitive amount of background photons, a 10 cm diameter pipe filled with Helium
is positioned inside the vessel around the beam axis.
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Figure 3.2: Typical UV light transmission through 1.87 m of C4F;(, as measured online
during data taking (crosses). The solid curve is a fit to the data. The main contributions
to the UV light absorption are also shown.

3.1.2 Mirror system

The RICH-1 optical system [62] relies on two large surfaces of spherical mirrors
with radius of curvature of 6.6 m. The curvature centers of the surfaces are located
at 1.6 m distance from the beam axis, therefore the photon image is focused
outside the spectrometer acceptance, where the photodetectors are located (fig. 3.1).
Since the focusing surfaces are spherical, the geometrical aberration causes a small
deformation of the image formed on the detector plane surfaces.

The reflecting surfaces cover an area of ~21 m? and are made of 116 pentagonal or
hexagonal mirrors (fig. 3.4); the dead zones between adjacent mirrors correspond to
a 4% loss of reflecting surface. To limit the multiple scattering of particles crossing
the detector, the mirrors are very thin: they are made of 7 mm of borosilicate
glass covered with a layer of UV reflecting material (~ 80 nm of Al). Another
layer of 30 nm MgF, protects the Al surface material from water vapor and O,
contamination. The total material is about 5.5% of radiation length. The reflectance
of the mirror system is above 80% in the 160-200 nm wavelength range (fig. 3.3).

Mirrors are suspended to nodal points of a net-like mechanical structure (fig. 3.4).
The nodal points lay on a spherical surface and allow an angular adjustment of each
mirror position with a 0.1 mrad precision.

3.1.3 Photon detectors

The photon detection system comprises 8 large-size MWPCs (576 x 1152 mm?) with
Csl photocathodes [63]. The chambers are operated with CH, gas, transparent to
VUV photons. A quartz window divides the methane from the radiator; pressure



48 The COMPASS RICH-1

v at production
= after 1 year
.9 e after 2 years

Reflectance
o
O

0.8~

| L |
0659 200 250
Wavelength (nm)

Figure 3.3: Measured reflectance for a typical mirror element. The measurements have
been performed shortly after production, 1 year and 2 years later.

Figure 3.4: a) Picture of the reflecting surfaces of spherical mirrors; b) mechanical support
structure of the mirror surfaces.
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Figure 3.5: RICH-1 photon detector scheme.

gap is avoided maintaining the photodetector gas at atmospheric pressure. Each
chamber has the photocathode surface segmented in 72 x 72 pads of 8 x 8 mm?;
these dimensions determine the spatial resolution of the detector. The distance
between anode and cathode is 2 mm. The geometrical structure of the detectors is
shown in fig. 3.5.

The Csl film on the segmented cathode is 500 nm depth, and it has a non zero
quantum efficiency in the VUV domain only (fig. 3.6). The Csl material has been
chosen since it is the only photon converter material stable in gaseous environment.
Because of the presence of the Csl layer, photon detectors can exhibit electrical
instabilities related to the high voltage and to the particle flux [64]; nevertheless
great care in the mechanical construction of the MWPC and uniformity of the
anode wire tension allowed to reach gain up to 5-10%.

3.1.4 Readout system

The Cherenkov effect is characterized by the emission of few photons, 3 orders of
magnitude below a scintillation process. This results in signals in the MWPC gen-
erated by single photo-electrons: the amplitude spectra for these signals is described
by Polya functions, that can be approximated by an exponential curve for low mul-
tiplication values (5 - 102+-10%). It is therefore mandatory to have a readout system
with reduced electronics noise and precise control of the effective threshold setting;
in COMPASS RICH-1 this is obtained by using a modified version of the GASSI-
PLEX chip [67] and adjusting the threshold for each readout channel independently.
GASSIPLEX has optimum matching with the detector signal, even if it has some
intrinsic limitations: in particular an effective dead time of 3 us, resulting from the
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length [65, 66].

time required for baseline restoration after the release of the track-and-hold signal.

The large number of RICH-1 electronic channels (82944) correspond to ~ 40% of
the total number of COMPASS electronic channels. To reduce the data flow, empty
channels are suppressed at the front end stage, and only the amplitude signals above
threshold are read out and stored in local FIFO array. Data are then transmitted
with optical fibers to the general acquisition system (see section 2.9) at a rate of
40 MB/s.

3.2 RICH-1 reconstruction

Fig. 3.7 shows the active pads in the photon detectors for one event; there are
6 visible rings and few active pads due to the background. A dedicated class of
CORAL (section 2.10), named RICHONE [68], allows to reconstruct the interesting
physical variables from the active pads in each event. The reconstruction procedure
is based on two different stages:

e the pattern recognition, corresponding to the ring reconstruction for each
track crossing the RICH-1 detector, and the determination of the Cherenkov
angle; the trajectory parameters are necessary for this phase;

e the particle identification (PID), in which a mass hypothesis is assigned to
each particle; in this phase the particle momentum and the radiator refractive
index are needed.
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Figure 3.7: An event from the online event display of COMPASS RICH-1; the squares
represent the hits with signal amplitudes larger than a threshold, individually set for each
channel.

3.2.1 Pattern recognition

The ring reconstruction in RICHONE follows a method found in literature, devel-
oped by Ypsilantis e Seguinot [69]. The method is based on the knowledge of the
particle trajectory inside the RICH-1 and of the coordinates of the detected photons.
The values of the emission angles for each photon (f¢p, @) are extracted from these
informations. Then the ring reconstruction and the measurement of the Cherenkov
angle are performed.

Clustering

In order to achieve a better determination of the photon impact point onto the
photon detectors, the active adjacent pads are combined together in a cluster. The
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impact point is found evaluating the mean of the position of each active pad in the
cluster, weighting each pad with the corresponding pulse height information. The
cluster is defined around the pad with maximum pulse height, choosing the adjacent
pads with pulse height below 30% of the maximum in the z direction and below 60%
in the y direction; the limit is less stringent in the y direction since the chamber
wires follow this coordinate, resulting in a more broad signal.

Evaluation of 0,

The Cherenkov photons are emitted uniformly along the particle trajectory inside
the RICH-1 radiator, and are characterized by the same Cherenkov angle 8¢y, (ne-
glecting chromatic aberration) and by different azimuthal angles along the track, ¢.
The optical system focuses all the parallel photons, emitted in different points of the
trajectory, in the same point of the detector (neglecting the spherical aberration),
resulting in a ring image on the photon detector. Since the emission point of the
photon along the particle trajectory is not known, the middle point of the track is
taken. The Cherenkov angle is evaluated from the emission point and the photon
impact point on the detectors, using the Hough transformation [69]. A good deter-
mination of the particle trajectory is mandatory in order to extract the Cherenkov
angle with good precision.

Ring reconstruction

As a first approximation, for each track all the photons inside a fiducial region of
aperture of 70 mrad are assumed to belong to the track; the angles ¢, and ¢
are then evaluated. In a correlation plot of f¢p, as a function of ¢, the photons
belonging to the particle should distribute uniformly in the range (0-27) in ¢ and
around a precise value of fc,. The ring reconstruction is based on the search of a
peak in the ¢y, distribution: small intervals of 30 (where o is the single photon
resolution) on an overall range of 0-70 mrad (the maximum physical Cherenkov angle
is around 55 mrad) are considered, and the interval with the maximum number of
entries defines the ring. The Cherenkov angle of the particle 6,;,, is then evaluated
as the mean value of the Cherenkov angles of the photons belonging to the ring.
Since the procedure finds a ring for each track, a minimal amount of 4 photons per
ring is required. This helps the rejection of tracks with only background photons
associated, as in the case for particles under Cherenkov threshold.

3.2.2 Particle identification

The particle identification, i.e. the assignment of a mass to a track, is based on
a likelihood function, built using the Cherenkov angles of the photons, the track
momentum and the refractive index. The likelihood does not depend on the last
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part of the pattern recognition, the ring reconstruction, since it is evaluated using
all the photons in the region of 70 mrad aperture around the particle track.

The likelihood function is made by two parts, describing respectively the prob-
ability for a photon to belong to the signal or to the background. The signal part
is assumed to have a Gaussian shape, with standard deviation equal to the sin-
gle photon resolution and mean value the Cherenkov angle HZ’LP corresponding to a
mass hypothesis. The Oz’gp is evaluated from the mass value, the momentum and
the refractive index using the formula cosfc, = 1/np.

The signal probability is normalized to the mean number of photons expected
from the Frank and Tamm equation (Sy = Nysin?6cy); in the expected number of
photons evaluation also dead zones in the RICH-1 detector are taken into account.

A theoretic parametrization of the background contribution b is not so evident,
therefore the description is taken directly from the data, taking into account some
track parameters, as the track momentum and the polar angle at the RICH-1 en-
trance.

For a number N of detected photons, the likelihood function can be written as:

e DS+ B)Y ' Soggze T+ b(0pa,p))

=1

where S and B are the signal and background photons integrated on the fiducial re-
gion around the particle track. The term w is the poissonian probability
describing the expected number of detected photons, both signal and background
contribution.

The likelihood function is evaluated for three mass hypotheses (7, K and p)
and for the background hypothesis, neglecting the signal part. A first simple iden-
tification is made choosing among the 4 hypotheses the one corresponding to the
highest value of the likelihood. To improve the identification purity, after having
found the highest likelihood one can require the ratio of the likelihood with respect
to the background hypothesis or to the second highest likelihood to be above a cer-

tain value. For this purpose the two distributions —22— and 22— are considered.
LHback LHznd

The first variable is an index of the separation between a mass hypothesis and the
background hypothesis; if this variable is near 1, it means that the likelihood of the
identified particle and that of the background have almost the same value, implying
that the distinction between particle and background hypothesis can be ambiguous.
In the same way, the second variable indicates the distinction between 2 different
mass hypothesis. The cuts on these distributions are tuned finding a good compro-
mise in term of purity and efficiency of the sample. This is done maximizing the
function Factor Of Merit (FOM) depending on both the statistics of the sample and

on the purity; an example is FOM = S - (HLB), where S is the number of signal
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Figure 3.8: Mean number of detected photons per particle for the reconstructed ring
images, as a function of the measured Cherenkov angle 6. The line is the best fit of the
function Sy = Ny sin? in the range above 36 mrad.

particles in the sample and B the number of background particles. An example of
this procedure will be described in section 4.2.3.

3.3 RICH-1 characterization

The RICH-1 performances have been monitored and studied using the data collected
in COMPASS. In this section we present some aspects of the RICH-1 characteriza-
tion, like the number of photons and the angular resolution. Systematic studies of
RICH-1 efficiency and purity are presented in the next chapter (section 4.5).

3.3.1 Number of photons

The pattern recognition procedure allows to extract some information about RICH-1
characterization, as the number of photons per ring. In fig. 3.8 the number of photons
belonging to the reconstructed rings is shown as a function of the Cherenkov angle of
each ring. The distribution is fitted with the function Sy = Nysin?0, from the Frank
and Tamm relationship; a good agreement between data and the theoretical curve
can be observed. The fit is performed in the range above 36 mrad: the request of 4
photons per ring in the reconstruction procedure has as a consequence an excess of
photons coming from background at low Cherenkov angles. From the fit, the mean
number of photons emitted at saturation, namely at the maximum Cherenkov angle
allowed (~55 mrad ), is 14.
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Figure 3.9: Resolution of the Cherenkov angle for a single photon for reconstructed rings,
versus the particle momentum for a sample of identified pions.

To increase the purity of the identification, it is worth to introduce a cut on
the minimum momentum of the particles that can be identified by the RICH-1. A
natural choice would be to consider the physical Cherenkov threshold as the min-
imum value allowed, but we have already commented that rings with less than 4
photons per ring are rejected at the level of the pattern recognition; knowing the
value Ny of RICH-1, we can evaluate the momentum corresponding to the detection
of 4 photons for each particle mass, and reject the particles with momentum below
this value. In fact, the rings associated to these particles contain with high probabil-
ity photons from the background and therefore the reconstructed Cherenkov angle
is not correct. The Factor of Merit can be evaluated from the number of photons
emitted at saturation and the maximum Cherenkov angle value:

So 14

_ = ~ 5000; 3.2
sin?(0cp)  sin?(0.055) (3:2)

from this value, the momenta corresponding to the emission of 4 photons are eval-
uated as 3, 10.5 and 20 GeV/c, respectively for the pion, kaon and proton mass
hypothesis. In the analysis described in this thesis, the cut on the minimum mo-
mentum was applied in the particle identification.

3.3.2 Angular resolution

Fig. 3.9 shows the single photon resolution for particles identified as pions as a
function of the momentum. The resolution is extracted as the Gaussian width of
the difference between the Cherenkov angle of each photon belonging to the ring and
the Cherenkov angle for the pion mass hypothesis. At saturation the single photon
resolution is ~1.2 mrad.

The single photon resolution is due to different factors:

e the spatial resolution of the MWPC pads;
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Figure 3.10: Cherenkov angle resolution for the reconstructed rings versus the particle
polar angle.

e radiator chromatic aberration;

e spherical aberration of the optical system;

e misalignment in the geometry of the system;

e resolution in the reconstruction of the particles tracks;

e clectronic noise on the photon detector and physical background.

The photon resolution depends also on the pattern recognition method: in RI-
CHONE, the algorithm finds the ring that has more photons. Therefore the presence
of background photons in the detector, especially in the inner zone, where the halo
contribution is huge, strongly disturbs the reconstruction procedure. Moreover in
this region the signal to background ratio is further decreased by the presence of the
beam pipe, absorbing signal photons.

The ring resolution values are shown in fig. 3.10 as a function of the particle
polar angle at the RICH-1 entrance; the mean value is around 0.6 mrad. The ring
resolution does not scale perfectly with the number of photons due to the presence
of background photons in the rings, diluting the signal yield.
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Figure 3.11: Cherenkov angles as measured with RICH-1 versus the particle momenta.

3.3.3 Mass separation

Figure 3.11 shows a plot of the Cherenkov angles as measured with RICH-1, ver-
sus the particle momentum. The bands corresponding to pions, kaons or protons
are clearly visible. At high momenta, near 40 GeV/c, the different bands begin to
overlap; in particular, the pion and kaon bands are close. To find the maximum mo-
mentum value allowing pion-kaon separation, the function o(p)/(fx — 6,) has been
considered: o(p) is the ring resolution parametrized as a function of the momentum,
and O — 0, is the difference between the K and m Cherenkov angles from kinematics,
also depending on momentum. In fig. 3.12 the function is shown, together with the
lines indicating the 3, 2, 1.5 ¢ separation; the corresponding momentum values are
35, 43 and 50 GeV/c respectively.

It is interesting to compare these values with those obtained using the formula

from the literature:
Am?
p= \/ 5 ; (3.3)
N609,,, tan Ocop

where Am? is the difference in the squared mass of the mass hypothesis. Taking
the resolution value at saturation as 0.6 mrad we obtain momenta of 33, 41 and
47 GeV /c respectively for the 3, 2, 1.5 o separation, in rather good agreement with
the values extracted directly from the data.
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Figure 3.12: o(p) divided by 6.-0k, the separation from kinematics, as a function of

the momentum. The 20 K/m separation line crosses the measured separation at about
43 GeV/c.

3.4 RICH-1 upgrade

The COMPASS upgrade project has been already introduced in the previous chap-
ter; one of the major improvements implemented within this project is the upgrade
of the RICH-1 detector.

RICH-1 has been in operation since 2001 and, following several improvements,
it reached fully satisfactory performances in 2003. The major limitations of the de-
tector is due to the presence of the large muon halo, bringing a high pad occupancy
from background photons. The long dead-time of RICH-1 read-out, of the order
of 3 us, further decreases the signal to noise ratio. Moreover in case of minimum
ionizing particles traversing the CsI-MWPCs, the probability for electrical instabili-
ties in the photon detectors increases; this limits the maximum achievable gain and
consequently the number of measured photons.

The upgrade project was studied to overcome the limitation of the RICH-1 de-
tector, since in the second part of COMPASS data taking, the luminosity has been
increased: the beam intensity is around 100 MHz (40 MHz until 2004) and the
trigger rates can reach 100 kHz for the hadron program (20 kHz until 2004).

The project involves two complementary technologies. In the most central region
of the detector, both the detection method and the read-out scheme are replaced.
The use of Multi-Anode Photo-Multiplier Tubes (MAPMT) leads to a significant
increase in the number of detected photons, thus enlarging the momentum range
in which efficient PID is performed. In the external part, comprising the 75% of
the active area, the existing MWPC are coupled with a new read-out based on the
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APV25 chip, already used in COMPASS for GEM and silicon detectors. The dead
time is reduced from 3 us to 400 ns, bringing a large suppression of the uncorrelated
background.

The RICH-1 upgrade has been successfully completed in spring of 2006. The
upgraded RICH-1 performances during 2006 data taking have been monitored and
indicate a fully satisfactory behavior of the detector.
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Chapter 4

Measurement of the Collins and
Sivers asymmetries

The first preliminary results of the COMPASS collaboration on the Collins and
Sivers asymmetries have been published in 2005 [18], using the 2002 data. Final re-
sults extracted from the total statistics collected on the transversely polarized deu-
terium target in the years 2002-2004 have been published in January 2007 [19]. The
published results are extracted from SIDIS events in which the final state hadrons
are not identified. In the analysis presented in the following the hadrons have been
identified as kaons and pions using the RICH-1 of the COMPASS spectrometer, and
the asymmetries have been measured for the two data samples. These results have
been presented for the first time at the QCDO06 conference [70] and they will be
published soon (paper in preparation).

The chapter is structured as follows: first we introduce the data sample on which
the analysis has been performed, explaining in some details the studies concerning
the RICH-1 stability in time. We then describe the criteria chosen to select SIDIS
events in the data and to identify the hadrons; we give the results of the measured
Collins and Sivers asymmetries on pion and kaon samples, postponing the interpre-
tation of the results to the following chapter. We conclude the chapter with the
description of the studies performed to assess the systematic error of the measure-
ment and with the evaluation of the kaon sample purity.

4.1 Data handling

4.1.1 Data sample

For this work, the COMPASS transverse data collected in 2003 and 2004 with iden-
tification capabilities have been analyzed; during the 2002 data taking with the
transversely polarized target, RICH-1 particle identification cannot be used due to
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a bad C4Fy transparency. The data have been taken during 13 days in 2003 and
during 22 days divided in two periods in 2004.

In order to compare data with the two target spin orientations in one cell, each
data taking period has been divided in 2 sub-periods (fig. 4.1); the first one (pl)
with the spin of the upstream cell nucleons “up” and of the downstream cell “down”
(yielding f.i. N, and N;), and the second sub-period (p2) in the opposite configura-
tion (yielding N, and N; ). In section 4.3.2 it will be discussed how the information
from the two sub-periods are combined to extract the asymmetries.

upstream downstream upstream downstream

pl. ¢t } P2 § ¢

Figure 4.1: The different spin orientations in the upstream and downstream target cells
in two sub-periods, pl and p2.

Table 4.1 reports for each period the year, the name of the sub-periods, and the
corresponding muon beam flux impinging on the target.

date sub-periods | integrated muon flux
20/08 - 03/09/2003 | P1G - P1H 8 . 102
13/08 - 25/08/2004 | W33 - W34 6.3 - 102
25/08 - 05/09/2004 | W35 - W36 7.9 - 1012

Table 4.1: The data used in this analysis: the first column gives the period, the second
the sub-periods name, the last one the integrated muon flux.

4.1.2 Data stability

Data taking conditions stable in time are a mandatory requirement to measure
small effects as cross section spin asymmetries. In particular, for the transversity
measurements, it is important to assure the data stability inside each period used
to extract the asymmetries. In a complex apparatus as COMPASS, there are many
redundancies and several sources of possible instability in the data and it is not
always possible to identify them during the data taking time. Therefore an offline
analysis of the data is necessary in order to test the data stability versus time and
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reject from the physical analysis runs or spills showing instability, and that could
cause false asymmetries.

To monitor the apparatus performances, the stability in time of many distribu-
tions has been checked dividing the periods into runs or clusters of runs. The time
stability of the reconstruction efficiencies were checked looking at the hit distribu-
tions in the about 360 detector planes and at different variables: the mean number
of clusters per plane and per event, the mean number of tracks per event, the mean
number of track segments in the different spectrometer regions per event, the mean
number of primary vertices per event, the mean number of secondary vertices per
event.

The stability was also checked monitoring the number of reconstructed K° mesons
per primary vertex, the reconstructed K° mass distribution, the energy measured
in the two hadronic calorimeters HCAL1 and HCAL2, the coordinate distributions
of the interaction vertex, the vertex x? distribution and the distributions of several
kinematic observables (like z, @Q?, y, the azimuthal angles and the momenta of the
scattered muon and of the hadrons). As an example, the mean 77 invariant mass
in the K° region from the data collected in the first sub-period of the 2004 run is
shown in fig. 4.2 as a function of time.
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Figure 4.2: 77 invariant mass in the K region as a function of time from August 13 to
August 19, 2004.

Runs showing some instabilities were not used for the physics analysis. The runs
rejected by these criteria are about 5% and 4% of the initial raw event sample of
2003 and 2004 data.
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4.1.3 RICH-1 stability

The identification of hadrons as kaons or pions is made using the RICH-1 informa-
tion, described in details in section 4.2.3. The stability in time of the performances
of this detector has been checked with some specific tests which have been an im-
portant part of this work and are described in this section.

Monitor on likelihood shape

This monitor is based on the idea that the shape of the likelihood distributions
for hadrons identified as 7 and as K should not change upon time'. To monitor
the stability in time of the likelihood shape, we computed the ratio between the
likelihood distribution for each run of one sub-period and the distribution on the
entire sub-period considered. In the hypothesis of a shape not changing in time, this
ratio should be perfectly flat; from a fit with a constant function the reduced x? and
the corresponding probability py are taken as stability indexes. The principle of the
method is given in fig. 4.3, where an example for pions from 2003 data is shown.

Together with the distributions of the likelihoods for the total sample of 7 and
K, also some subsamples have been studied, considering four bins of the hadron
polar angle at RICH-1 entrance (0< 6, < 30 mrad, 30< 6, < 60 mrad, 60< 6, <
90 mrad, 90< 6, < 120 mrad ) and four bins corresponding to the four geometrical
zones in the detector: Jura up and down, Saleve up and down. For kaons the last
bin in polar angle is not considered because there is not enough statistics. In fig. 4.4
the likelihood distributions in these bins have been reported.

In fig. 4.5 and 4.6, the results from the stability tests applied on the sub-period
P1G are given. The left part of fig. 4.5 shows the probability py values as a function
of each run of the period for the likelihood distribution of identified pions (fig. 4.4),
expected to be uniformly distributed between 0 and 1. The solid line in each plot is
the result of a fit with a constant function, the mean value of the probabilities py. In
the right part of fig. 4.5, the corresponding reduced x? values are shown, again for
the likelihood distribution of pions of fig 4.4; the solid line corresponds to a fit of the
points with a constant function. Fig. 4.6 shows the probability py and the x? values
for the hadrons identified as kaons. From the pictures, one can see that the mean
probability py for all the kaon and almost all the pion distributions is near 0.5, and
the reduced x? is near 1, as expected for good fits. The plots corresponding to the
total likelihood distribution for pions and for the first two bins in polar angle exhibit
low probability values and corresponding high x? values; the reason for this behavior
is not connected to the detector stability but to the background fluctuation, as we
will comment later.

!Here and in the following for likelihood is intended the ratio of the likelihood of the mass
hypothesis to the one of background, since this variable is used in the identification procedure (see
section 3.2.2).
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Figure 4.3: Left: the likelihood distribution of one run (top) and the likelihood distri-
bution of the entire period (bottom). Right: the ratio of the distributions is fitted with a
constant and the reduced x? and the corresponding probability pg are taken as stability
monitor.

In the x? monitor (right part of fig. 4.5 and 4.6), it is possible to notice some
runs showing a bad x? value in more than one distribution. Some of these runs
have been marked with an elliptic box in the pictures and have been labeled as “bad
runs” in this monitor.

Also a structure with up and down consecutive x? is present, as shown in fig. 4.7,
that is a zoom of the first x? plot of fig. 4.5. This is connected to the day-night
effect on the multiplicities in 2003 data, as we will comment later. For the other
sub-period of 2003 data, the situation is very similar to the one reported for sub-
period P1G; for the two periods of 2004 data, the situation is more stable and the
runs corresponding to bad x? are only a few. Moreover the “structure” in the x?
monitor plots is absent.



66 The measurement of the Collins and Sivers asymmetries

60000] - A 200001 - A
15000 . b ied
10000 ) . . identified kaons
identified pions ool i
2000 ok

LH, distribution, Jura up LH, distribution, Jura down LH, , Jura up LH, , Jura down

§|
S
-3
&
®
K
|
B

400

§

2000 20000

3
|
@
i)
3
]
B
3
]
@

400
10000~ 3000)
5000

E E ERERK
D
2000)
2 13 K

- H
PP
o

o

[ER

5

LH, Saleve up
K] 1

LH, distribution, 0 < 6 <30 mrad

10000

2

Figure 4.4: At the left, the likelihood distributions for hadrons identified as m with
the likelihood method in the P1G sub-period: total sample (plot A), subsample divided
according to the 4 detector regions (B: Jura up, C: Jura down, D: Saleve up and E: Saleve
down), and subsample divided according to polar angle bins ( F: 0< 8, < 30 mrad, G: 30<
0, < 60 mrad, H: 60< 6, < 90 mrad, I: 90< 6, < 120 mrad ). At right, the corresponding
likelihood distributions for the hadrons identified as kaons (the last bin in polar angle is
missing because of lack of statistics.)

Sensitivity of the monitor

Before rejecting from the analysis a run marked as “bad” with the test described
in the previous section, we looked for possible explanations of its instability in the
run logbook of the experiment?, where comments on all changes and instabilities
of the apparatus should be written. As an example, for two of the runs marked
in fig. 4.5 and 4.6 we found in the logbook the comments pointing to front-end
problems, (thus not all the RICH-1 data have been recorded, bringing to a lower
cathode multiplicity with respect to the standard situation), and to an increase of
the RICH-1 multiplicities due to an increment of the temperature. Other reasons
found in the run logbook for the RICH-1 instability were due to noisy strips (see
fig 4.8) or HV problems (see also section 4.1.3).

2this is a web based logbook, connected to a MySQL database for the permanent storage of
comments and annotations during the data taking
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Figure 4.5: Left: probability py as a function of the run number of the sub-period P1G
corresponding to the likelihood distribution of identified pions, given in fig 4.4: total
sample (plot A), subsample divided according to the 4 detector regions (B: Jura up, C:
Jura down, D: Saleve up and E: Saleve down), and subsample divided according to polar
angle bins ( F: 0< 0, < 30 mrad, G: 30< 6, < 60 mrad, H: 60< 8, < 90 mrad, I: 90< 6}
< 120 mrad ). The solid lines are the result of a fit with a constant function, indicating a
mean value for the probabilities pg. Right: the corresponding reduced x? values, for the
same likelihood distributions. The solid line refers to a fit with a constant function.

Likelihood stability for pions

The likelihood distributions ratio for pions at small polar angle show a bad general
behavior in the probability p, and x? monitors. The explanation can be found
considering the dependence of the likelihood distribution on the particle polar angle,
clearly visible in fig. 4.9. It can be useful here to remind that for likelihood we
intend the ratio of the likelihood of the mass hypothesis to the likelihood of the
background hypothesis: thus the different amount of background photons from the
beam halo particles in the regions closer to the beam line translates in different
likelihood values. The “discontinuities” in the scatterplots are due to the fact that
the likelihood calculation uses a background parametrization as a function of the
hadron polar angle. The difference in the likelihood ratio shape between kaons and
pions (see fig. 4.4) is due to the different Cherenkov threshold for the two masses:
kaons with a momentum lower than 9 GeV/c do not enter in the sample, meaning
that there are few kaons with high polar angle and high likelihood values; for this



68 The measurement of the Collins and Sivers asymmetries

2 for LH distribution

po 112

XZ

Z

.
P8

-
et
F .,';’ ISy
. :.'. oo Lo 5

Figure 4.6: The same as in fig. 4.5, for hadrons identified as kaons.
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Figure 4.7: Zoom of the first x? plot of fig. 4.5; a structure with up and down x? is
visible.

reason the likelihood distribution for kaons is more regular with respect to that for
pions, and the stability monitor is more stable. It is important to note that the low
probability py values found in the monitor are not correlated with a bad behavior of
the RICH-1, but with the different amount of background photons, that is related
to the fluctuations of the beam halo intensity.
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Figure 4.8: Hits distribution of the 16 photocathodes in a run with a noisy strip.
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Figure 4.9: Distribution of the likelihood as a function of the particle polar angle for
hadrons identified as pions (left) and as kaons (right).

RICH-1 hardware stability

As seen in the previous paragraphs, some runs labeled as bad with the x? monitor
are correlated with comments about the RICH-1 photocathode multiplicities in the
run logbook. The cathode multiplicities are strongly related to the values of the
temperature because the MWPC signal amplitude are evaluated with respect to
the pedestal value. The pedestal value moves with the temperature because of the
white noise presence. In the 2003 setup, only two settings (corresponding to the
“day” and “night” scenario) for the thresholds were present, and the loading of the
settings was done by hand. In the 2004 setup, a tool for the automatic loading of
the threshold has been developed.
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The connection between multiplicities and temperature values is clearly visible
in the day-night effect in the transversity periods of 2003 data (fig. 4.10), for all the
16 cathodes of the RICH-1 chambers; while for the 2004 transversity periods the
multiplicity distributions are very flat (fig. 4.11).

The day-night fluctuations in the multiplicity values are also visible in the x?
distributions for 2003 data (see fig. 4.7): this is related to the fact that the likelihood
function is computed taking into account all the hits detected in the chambers, so
a change in the amount of hits is strongly related to the value of the likelihood
functions.

This is confirmed by the observation that almost all the runs found outside the 3o
region centered on the mean multiplicity value of at least one of the 16 cathodes, were
already classified as bad in the “shape” monitor. This also explains why in the 2004
data we found only a few runs showing RICH-1 instabilities: the automatic loading
of the thresholds resulted in very stable multiplicity and likelihood distributions.
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Figure 4.10: Photocathode multiplicities as a function of the run number for 2003
transversity data.

RICH-1 stability monitor spill per spill

The monitors described above have been used to identify and reject runs with stabil-
ity problems in the RICH-1. A more refined stability analysis, checking the RICH-1
stability in each spill of the accepted runs has also been performed. At the end, the
unstable spills of each run were rejected. The shape and the multiplicity monitors
cannot be used for a stability analysis on a spill per spill basis: the histograms
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Cathodes multiplicities for 2004 data legenda
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Figure 4.11: Photocathode multiplicities as a function of the run number for 2004
transversity data.

considered have only few entries for each spill and therefore are not significant. The
quantity chosen to check the spill stability is the number of hadrons identified as 7
and K.

In the upper part of fig. 4.12, the number of hadrons identified as K and 7,
normalized to the number of tracks from the interaction vertex, is shown as a func-
tion of the spill number, in one sub-period of the transversity data (W33). In the
middle part, the projection on the Y axis are presented with a Gaussian fit. Using
the mean value p and the standard deviation o of the Gaussian, we built the two
normal variables @ and N’;;K“K The correlation between these two variables
is shown in the lower part of fig. 4.12; it is due to the fact that, if we neglect the
particles identified as protons (that are very few), a track can be identified either
as a kaon or as a pion. If in a spill there are more tracks identified as pions, as a
consequence the tracks identified as kaons are less, and vice-versa. We classified a
spill as “bad” if it lied outside the ellipse giving the 30 confidence level, as shown
in the figure.

To check roughly the effectiveness of the monitor on spills basis, we show in
fig. 4.13 the result of the stability analysis for one sub-period (P1H) including also
the bad runs; in this figure, a big group of spills well outside the accepted region is
clearly visible, corresponding to the high voltage of the MWPC being switched off
after a RICH-1 gas alarm.

We decided to apply this monitor also to the run stability analysis; the plots
for the sub-period P1H are shown in figure 4.14. Since in one run we have enough
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Figure 4.12: First row of plots: the number of hadrons identified as K (left) and as 7
(right) per track, as a function of the spill number. Second row: projection on the Y axis
of the plots above with a Gaussian fit. From the values of the two Gaussians, the two
variables Y2z and NKaﬂ, are built and plotted one against the other in the bottom

plot. The elhpse giving the 30 confidence level is shown. The plots refer to sub-period
W33.

statistics, we divided the hadron sample in 4 subsamples: positive hadrons, negative
hadrons, hadrons with polar angle at RICH-1 entrance below 30 mrad and above
30 mrad. A run was classified as bad if it was bad in at least one of the subsamples
considered. Also in this case the monitor showed a good sensitivity to the RICH-1
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Figure 4.13: Same as in fig. 4.12, for sub-period P1H. The group of spills well outside
the accepted region, correspond to the high voltage off of the RICH-1 MWPC (see text
for details).

instabilities; the group of runs outside the ellipse in figure 4.14, corresponds to the
turning off of the chambers HV, already described in the spill analysis.

Conclusions on RICH-1 stability

We have tested different methods to check the RICH-1 stability in time, and we
have already commented that they have been found correlated with each other. As
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as in fig. 4.13, but for the stability analysis on a run per run basis

rejected a run from the analysis if a run was classified as “bad”

in more than one monitor. In the table 4.2 we report the number of runs rejected
with the monitors described, for the 6 sub-periods of transversity data. In the table
also the corresponding number of rejected spills is given, since a run can contain less
spills than the standard value (100 or 200), if the data taking has been stopped due

to some problems.
The percentage

of spills classified as bad with the spill stability analysis and

rejected are in table 4.3.
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sub-period | bad runs | corresponding percentage of
number of spills | rejected spills (%)

P1G 16 905 4.5
P1H 15 1302 7

W33 4 288 2

W34 7 335 2.6
W35 2 111 0.5
W36 2 45 0.3

Table 4.2: The number of runs (and the corresponding number of spills) rejected with
the monitors described, for the 6 sub-periods of transversity data.

sub-period | Bad spills on good runs (%)
P1G 1.05
P1H 0.97
W33 0.96
W34 1.16
W35 0.98
W36 0.96

Table 4.3: The percentage of spills of good runs classified as bad and rejected from the
analysis for the 6 sub-periods of transversity data.

4.2 Data analysis

4.2.1 Event selection

The first step to select DIS events in the data is the reconstruction of the interaction
point of the incoming muon in the target: the “primary vertex” is defined as the
intersection of two tracks associated to a particle beam muon, y, and to the scattered
muon, p'.

A beam muon track is defined when it is reconstructed in the scintillating fibers
and silicons trackers upstream of the target and its momentum is measured in the
BMS. The scattered muon is defined as a positively charged track reconstructed
downstream the target, going through SM1, and with momentum larger than 1
GeV/c. In the analysis, all the triggers (section 2.8) are used, even if their contri-
bution in terms of number of events is different due to the different Q? kinematical
regions covered. For all triggers based on the hodoscope information, the scattered
muon track must be compatible with the hodoscope hits, according to the trigger
matrix. In the calorimetric trigger case, a minimal number of hits is required in the
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muon filters so that the amount of material traversed in the spectrometer must be
larger than 66 (74) radiation lengths for tracks reconstructed in the first (second)
spectrometer, respectively.

If in the same event, more primary vertices are found due to the reconstruction of
more than one beam track or scattered muon track, only the “best primary vertex”
is chosen for the analysis. This is defined as the one with the maximum number of

outgoing tracks and, in case of equal number of tracks, the one with smaller vertex

X2

After the selection of the primary vertex of the event, a quality cut on the
reduced x? of the u and p' tracks is applied (x? <10); moreover the momentum of
the incoming beam particle is requested to be below 200 GeV/c and the number
of radiation lengths traversed by the scattered muon to be larger than 30. To
reject false primary vertices, the vertex coordinates are checked to be inside the
target region, with a radial cut on the distance of the vertex from the target axis (
Tytz < 1.3 cm ) and requiring the z,;, coordinate to belong to one of the target cells
(-100 cm < Zy, < -40 cm or -30 cm < Zy < 30 cm).

To ensure the same muon beam flux in both target cells, the beam track projec-
tion at the entrance and at the exit of the target has to be inside the radial target
region.

For the selection of DIS events, some standard cuts have been applied:

e Q> > 1 (GeV/c)?, to ensure deep inelastic scattering regime;

e mass of the final hadronic state W > 5 GeV/c?, to avoid the region of reso-
nances;

e fraction energy transfer 0.1 < y < 0.9, in order to limit the error due to
radiative corrections and to warrant a good determination of y.

4.2.2 Hadron selection

To select the hadron sample for the analysis, some cuts are applied on the tracks
coming from the primary vertex and not flagged as p'.

To have a good momentum resolution, tracks reconstructed only in the fringe
field of SM1 (section 2.4) are rejected; while to ensure a good resolution in the
measured azimuthal angle, the transverse momentum of the particle with respect to
the virtual photon direction is required to be larger than 0.1 GeV/ec.

The amount of material traversed in the spectrometer from the hadron tracks has
to be smaller than 10 radiation lengths; this cut reduces the muon contamination in
the hadron sample, since a muon is expected to interact less and to traverse more
material in the spectrometer. The calorimeter information has been used rejecting
tracks with associated clusters in both hadronic calorimeters; in case of a signal in
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one calorimeter, the corresponding energy is required to be larger than 5 GeV (2003
data) or 4 GeV (2004 data) in HCAL1 and larger than 5 (2003 and 2004 data) GeV
in HCAL2. These limits have been chosen looking at the correlation between the
calorimeter energy and the energy detected in the spectrometer, and rejecting the
region corresponding to muons or electrons (leaving in the calorimeters a constant
value of energy, independently from their momentum value).

A cut on the hadron relative energy has been made, requiring z > 0.2.

For the asymmetry evaluation, we defined also a “leading hadron” sample, since
in some models [71] the asymmetries are expected to be larger for more energetic
hadrons.

The leading hadron sample contains the most energetic hadron for each event
(looking at the hadron with largest z) and a more stringent cut on z (z > 0.25) is
applied. To exclude the possibility for a hadron to be wrongly identified as leading,
the z contribution of all non-muonic outgoing particles of the vertex is summed and
subtracted from 1. If the “missing” z is greater than the z of the identified leading
hadron, clusters of higher energy are searched in the calorimeters. If such a cluster
is found and no track is associated to it, then the event is discarded.

4.2.3 Particle identification

The identification procedure using the RICH-1 detector has been introduced in
section 3.2.2. In the following we will describe the criteria used to define the cuts

on the + éick and LIL{’; y applied for this analysis.

As a first step, hadrons are identified with a mass hypothesis if the likelihood
corresponding to this mass hypothesis is the highest one. Then, some cuts on the
hadron momentum are applied. The upper cut for the track momenta has been set
at 50 GeV/c, corresponding to 1.5 o separation between K and 7 (section 3.3.3). As
regards the lower limit, we chose to cut a little above the Cherenkov threshold to
avoid particles with too few Cherenkov photons emitted (section 3.3.1). The values
chosen are:

e p>py. + 0.5 GeV/c for pions;
e p > py, + 1.0 GeV/c for kaons;

corresponding to a mean number of emitted photons about 4.

Cut on —£Z_ and -LZ
LHpgck LHgnd

The ratios —22— and —£2— have been introduced in section 3.2.2.
LHpgck LHznd

The shape distribution (fig. 4.18) does not give a clear indication for a possible
cut in these variables. Therefore we tuned the cuts on the data, selecting particles
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coming from ¢ and p decay. To this end a subsample of the “all hadron” sample,
with the events in which at least two opposite charged hadrons from the primary
vertex were found, was used. After a cut on the sum of the relative energy of the
hadron pair (21 + zpe < 0.9, see fig. 4.15), to avoid exclusive reactions, the invariant
mass of these particles was computed. The invariant mass distribution is shown
in fig. 4.16, for all the identified hadrons together with the distributions for the
different combination of identified particles (at this stage made only choosing the
mass hypothesis corresponding to the highest likelihood value): 77, KK and 7K. In
the mm sample the p peak is visible, in the KK the ¢ peak and in the 7K the K*
peaks (K*(892) and K*(1430)).
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Figure 4.15: Distribution of 231 + 232, where h1 and h2 are two opposite charged hadrons
from the primary vertex; the cut on the value 0.9 to avoid exclusive reactions is shown.
The distribution starts from the value 0.4 since in the selection of the hadron sample the
z is cut above 0.2.

Cuts for K identification

To tune the cuts for K identification, we selected the subsample in which for both
hadrons the likelihood corresponding to the K mass hypothesis is highest, and we

tried different cuts in %ba}ik’ &;{TZ, to maximize the “figure of merit” (FOM) for

the ¢ peak. The FOM was defined considering the gain in signal and the gain in
purity with respect to the initial invariant mass distribution:

S (5/B)

FOM = — - ——==; 4.1

So (So/Bo) (4.1)
here Sy and By refer to the signal and background values in the ¢ sample before any
cut, and S and B after the cuts applied. These quantities are evaluated using a fit
with a Gaussian function in the ¢ peak region plus a second order polynomial. An
example of this fit is shown in fig. 4.17.

The cuts corresponding to the maximum FOM are:
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Figure 4.16: Invariant mass distributions for all the hadrons of opposite charge from the
primary vertex. In (b) the invariant mass for hadrons identified as 7+ 7, in (c) as K*zF
and in (d) as KTK™; the sum of the three distributions is shown in (a).
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Figure 4.17: Invariant mass for opposite charged hadrons both identified as K, in the ¢

peak region, before and after the cuts applied. The curves are the results of the fit used
to evaluate the figure of merit Sio : %_
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LH )
° LHb;ik >1.04;

o 17 > 1.003.
2n

The distributions of the ratios 7 gH and Lle for hadrons identified as kaons
back ond

before and after the cuts described are shown in fig. 4.18.
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Figure 4.18: Left: ngz - distribution for hadrons identified as K, before and after the

LHg

cuts described in the text are applied. Right: 757 y
2n

distribution for K, before and after
the cuts.

Cuts for 7 identification

To tune the cuts for pions identification, we used the same approach used for kaons
and described in the previous paragraph, using a sample of p. The p peak is visible
in fig. 4.19. The cuts corresponding to the maximum value for the p figure of merit
are:

LHy )
® i >1.03;

o pi= >1.002.
on

4.2.4 Final statistics

To improve the analysis speed, a pre—cut sample with some general cuts was used.
The cut criteria of this sample are:

e at least one primary vertex including a scattered muon;
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Figure 4.19: Invariant mass for opposite charged hadrons both identified as 7, zoom in
the p peak region, before and after the cuts applied. The fits shown are used to evaluate

the figure of merit S% . (%gg)-

e at least one primary vertex resulting in a Q% > 1 (GeV/c)? event;
e at least one further particle from this vertex.

These basic cuts reduced the sample size by a factor of = 20.

The effect of the cuts on the statistics can be seen in tables 4.4 and 4.5. Counts
in table 4.4 are normalized to the pre—cut sample; the cuts applied are those used to
select the DIS events. The effect of the cuts used to select the “all” hadron sample
is described in table 4.5; here the counts are normalized to the number of hadrons
after the cuts of table 4.4.

Finally, numbers in table 4.6 describe the effect of the RICH-1 selection on the
“all” hadron sample, both for positive and negative hadrons. In the first part of
this table, the label “no RICH-1 info” refers to the hadrons without RICH-1 output
buffer in mDSTs (this can happen in case of particles under Cherenkov threshold),
while the labels “pions”, “kaons”, “protons” refer to the different identification
hypothesis requiring the highest likelihood value; in the second part of the table
the labels “pions after cuts”, “kaons after cuts” refer to the final number of K
and 7 after application of the cuts described in previous section. Given the low
percentage of protons in the data, this sample is not considered for the extraction
of the asymmetries. All these numbers are for the sub-periods W35-W36, but the
effect of the cuts is very similar in all the periods.

The final statistics entering the analysis for all the periods and charges as well
for the “leading” and for the “all” hadron sample is given in tables 4.7 and 4.8, for
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Cut events (-107) | ratio
number of events 1.50 1
1 selection 1.49 | 0.99
1 selection 1.35 | 0.90
Q? >1 (GeV/c)? 1.35 | 0.90
W>5 GeV/c? 1.27 | 0.84
0.1<y<0.9 1.23 | 0.82
same beam flux in cells 0.94 | 0.63
vertex in target region 0.83 | 0.55

Table 4.4: Effect of the cuts on the event statistics for the sub-periods W35-W36.

Cut particles (-107) | ratio
number of particles 2.02 1
XX0<10 2.01 | 0.99
X2 <10 1.96 | 0.97
no fringe field tracks 1.89 | 0.93
Ph > 0.1 GeV/c 1.64 | 0.81
z > 0.2 0.52 | 0.26
minimum energy in HCAL 0.49 | 0.24
positive hadrons, h™ 0.27

negative hadrons, h™ 0.22

Table 4.5: Hadron statistics for the sub-periods W35-W36; the initial number of particles
in the first row is after the cuts of table 4.4.

Cut h* (-10°) | ratio | h™ (-10°) | ratio
number of hadrons 2.71 1 2.23 1
no RICH-1 info 0.13 | 0.05 0.11 | 0.05
pions 2.08 | 0.77 1.80 | 0.80
kaons 0.41 | 0.15 0.28 | 0.12
protons 0.08 | 0.03 0.06 | 0.03
pions after cuts 2.03 | 0.75 1.76 | 0.79
kaons after cuts 0.36 | 0.13 0.24 | 0.11

Table 4.6: RICH-1 statistics for the sub-periods W35-W36; the initial number of particles
in the first row is after the cuts of table 4.5.

pion and kaon samples respectively.
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Period All 7 sample Leading 7m sample

ot (-10%) 7~ (-10%) | #F(-108) 7 (-109)
2003 P1G-P1H 1.71 1.49 1.10 0.93
2004 W33-W34 1.54 1.33 0.99 0.82
2004 W35-W36 2.03 1.76 1.30 1.09
total 5.28 4.58 3.39 2.84

Table 4.7: Final statistics for pion analysis.

Period All K sample Leading K sample

K* (-10%) K= (-10%) | KT (-10%) K=(-10°)
2003 P1G-P1H 0.31 0.21 0.24 0.14
2004 W33-W34 0.27 0.18 0.21 0.13
2004 W35-W36 0.36 0.24 0.27 0.17
total 0.94 0.63 0.72 0.44

Table 4.8: Final statistics for kaon analysis.

4.3 Asymmetry evaluation

4.3.1 Binning

The Collins and Sivers asymmetries have been evaluated as a function of one of
the three variables x, P? and z after integration over the other two. No attempt
has been yet done to extract the asymmetries in a 2- or 3-dimensional grid. The
kinematical range of the variables has been divided in 9 or 8 bins, as shown in
table 4.9. The overall distribution in z, Pk z and Q? are shown in figure 4.20,
for both the pion and kaon samples. To understand the correlation between the
variables used, we report in table 4.10 the mean values of z, P* z and Q? for the
various bins used for the asymmetry evaluation.

4.3.2 Calculation of the raw asymmetries

In section 1.3.3 and 1.3.4, we have defined the single spin asymmetries comparing
the cross section on the two different spin target configuration; in particular, in
eq. 1.53 and 1.60 it is shown as looking for different modulation in the asymmetry,
the Collins and Sivers contributions can be accessed. The hadron yield in both
effects, Collins and Sivers, depends on an azimuthal angle, ®¢ ¢ in the following
way:

N(®¢,s5) = Fnoa(®c,s)(1 + Ag'ssin(®c,s)); (4.2)
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0.003 <z < 0.008 | 0.20 < 2z < 0.25 | 0.10 < P* < 0.20 GeV/c
0.008 < z < 0.013 | 0.25 < z < 0.30 | 0.20 < P! < 0.30 GeV/c
0.013 < x < 0.020 | 0.30 < 2 < 0.35 | 0.30 < P! < 0.40 GeV/c
0.020 < x < 0.032 | 0.35 < 2z < 0.40 | 0.40 < P} < 0.50 GeV/c
0.032 < x < 0.050 | 0.40 < 2z < 0.50 | 0.50 < P} < 0.60 GeV/c
0.050 < z < 0.080 | 0.50 < z < 0.65 | 0.60 < P! < 0.75 GeV/c
0.080 <z < 0.130 | 0.65 < z < 0.80 | 0.75 < P! < 0.90 GeV/c
0.130 < 2 < 0.210 | 0.80 < z < 1.00 | 0.90 < P! < 1.30 GeV/c
0.210 < x < 1.000 1.30 < P}

Table 4.9: Bins in =, z, and PR
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Figure 4.20: Distribution in z, P*, 2z and Q? for pions (white distribution) and kaons
(yellow distribution) samples. The mean values are indicated.

where F' is the muon flux, n the number of target particles, o the spin averaged
cross-section, A7¢ the Collins and Sivers asymmetry and a(®¢,s) the product of the
angular acceptance and the efficiency of the spectrometer. Since the spectrometer
acceptance and efficiency are largely unknown, they have to be compensated in
the data analysis, taking into account that they differ between the upstream and
downstream target cell. As already noted, to compensate for the acceptance effects,
the measurement is always split in two sub-periods, with opposite spin orientation.
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7 sample, z bins K sample, x bins

() (@) () (PR)| (o (@) () (PP
0.00656 1.24 0.29 0.53 | 0.00656 1.24 0.30 0.57
0.011 145 0.33 052 ] 0.011 149 0.35 0.56
0.016 1.67 0.35 049 | 0.016 1.83 0.39 0.56
0.026 1.99 0.37 046 | 0.025 240 0.44 0.55
0.040 2.79 0.39 045 | 0.040 3.61 0.46 0.54
0.063 4.54 0.38 046 | 0.063 5.74 0.45 0.53
0.101 7.40 0.37 0.46 | 0.101 9.10 0.45 0.54
0.161 11.79 0.37 047 | 0.161 14.55 0.45 0.54
0.278 23.77 0.36 0.50 | 0.285 28.74 0.44 0.56
7 sample, PP bins K sample, P! bins

(=) (@) (o (PR| @ (@) (o) (PP
0.043 3.18 0.35 0.15 ] 0.039 3.7 0.39 0.15
0.042 3.14 035 025 ] 0.039 3.7 039 0.25
0.041 3.14 0.35 035 ] 0.039 3.77 039 0.35
0.041 3.23 0.35 045 | 0.039 3.77 040 0.45
0.041 3.29 0.36 055 | 0.039 3.76 0.41 0.55
0.040 3.36 0.37 0.67 | 0.038 3.68 0.42 0.67
0.040 346 0.39 0.82 | 0.038 3.71 043 0.82
0.039 3.61 0.41 1.04 | 0.037 3.75 0.44 1.05
0.038 4.08 0.43 1.55 | 0.036 4.12 044 1.57

7 sample, z bins K sample, z bins

(z) (@) (o) (PA] (@ (@) () (PP
0.037 3.43 0.22 043 | 0.028 397 0.22 0.52
0.039 337 0.27 0.45 | 0.032 3.99 0.27 0.52
0.041 333 032 0.48 | 0.035 3.92 0.32 0.53
0.042 3.28 0.37 0.49 | 0.038 3.87 0.37 0.55
0.044 3.19 0.44 052 | 0.042 3.74 0.45 0.56
0.046 3.03 0.56 0.54 | 0.046 3.44 0.57 0.58
0.046 2.74 0.72 0.54 | 0.051 3.25 0.71 0.62
0.045 240 0.88 047 | 0.052 293 0.87 0.62

Table 4.10: The z, P}, z and Q% mean bin values. The first table is for the selected =
bins, the second for the P% bins and the third for the z bins. The four columns to the left
are for the pion sample, the four columns at the right for the kaon sample.

If the angles are always calculated assuming spin up, we get two different rate
distributions depending on the real spin direction, as this assumption introduces a
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phase of 7 in the angle definitions:

NT(<I>C,S) = FnaaT(CI)C,S)(l + AFgsin(®c,s));
N¢(<I>C’5) = Fnacﬁ((bcys)(l — Agssin(®cs)).

To extract the asymmetries, we used the so called “double ratio method”. In
this method, the information of both target cells (u, d) and sub-periods (p1, p2) with
opposite target spin orientation (fig. 4.1), are used simultaneously, defining the ratio:

NP (@)Ng" (@)

F((I)) = qu’pl(@)N%pQ(@)

(4.5)

here ® stands for ®¢ .
Writing explicitly the event yield dependence on ®, we obtain:

1 + AFgsin(®))F,
1 — Aggsin(®)) pzndaaﬁpQ(@)( — AW sin(®))
al??(®)alP' (@) (1 + Agsin(®))(1 + AF¥sin(P))

) Lingoal? (@) (1 + Agsin(®))

)

(®) ()
at?! (®)atP* (@) (1 — ALesin(®))(1 — A sin(®))

(®)

(®)

1Tp2
Fon,oa,P?(®
F(®) = ‘2

plnuaau

(
(

(4.6)

alP?(®)al P (@
i (@)a; (@

Q

T
d
7
aq
:
T (1 +4AFSsin(®))
aq

at the first order in AF'g.
The ratio is calculated in 16 equal bins over the range of ®¢ ¢ and plotted against
®¢ 5. The statistical error on the ratio is estimated from eq. 4.5 as:

1 1 1 1

+ + + : (4.7)
P2 Pl P2 Pl
NJP? NP NEPE O b

They = [F ()] -

The ratio values as a function of ®¢ g are fitted with a sin amplitude with two free
parameters, par(0) - (1 + par(1)sin(®)); from par(1l) we extract the asymmetry as
A = par(1)/4.

No systematic effect is expected assuming the following “reasonable” condition
to hold:

a}P(@)al (@)
o1 pr = const, (4.8)
ag” (®)ag" (®)
or
tr2(Pp 11 (P
@ (2 _ const () (4.9)
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This assumption means, that the ratio of the acceptances of the up— and downstream
cell stays constant during the two sub-periods. Note that a test on the costant
acceptances can be done considering the variable:

NIP*(®)N;™ (@)
R(®) = —1 T (4.10)
Ny ()N " ()
since in this ratio the term containing the asymmetry vanishes:
al?’(®)ag"(®)
R(®) ~ O~ (4.11)
" (®)a," (P)

in section 4.4.4 we will check our assumption of constant spectrometer acceptance.

4.3.3 Collins asymmetry
The Collins asymmetry is extracted from the raw asymmetry through the expression:
A

Daw - f P (4.12)

AColl =

where Dy is the depolarization factor, f the target dilution factor and P the target
polarization (see also section 1.3.3). The depolarization factor Dyy = 1-2+((11_—i))2 is
calculated from the kinematics of each event; it is evaluated in each bin for all the
events entering in the asymmetry extraction, and the mean value for each bin is
taken. The dilution factor is taken constant as f = 0.38. The values of target

polarization, are in table 4.11.

sub-period Runs Polarization (% )

upstream downstream
P1G 30772-31038 -49.70 52.78
P1H 31192-31247 49.39 -42.60
P1H 31277-31524 51.31 -44.63
W33 38991-39168 50.70 -43.52
W34 39283-39290 -44.80 45.97
W34 39325-39430 -38.60 40.35
W34 39480-39545 -46.14 47.41
W35 39548-39780 -46.44 47.44
W36 39850-39987 49.89 -42.76

Table 4.11: Target polarization values for the 2003/2004 transversity periods.
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4.3.4 Sivers asymmetry

The Sivers asymmetry is extracted from the raw asymmetry through the expression
Aga.w )

Aiv:—a
S fP

(4.13)
in the Sivers effect the Dy is equal to 1, since the photon couples to an unpolarized
quark in a transversally polarized nucleon, and the kinematic factor (1 — y + 32/2)
is identical to the one in unpolarized scattering.

4.3.5 Results

The results for the Collins and Sivers asymmetries from the 2003-2004 data can
be found in fig. 4.21 for the “all pions” and “all kaons” sample and in fig. 4.22
for the “leading pion” and “leading kaon” one, separately for positive and negative
hadrons. The errors bars are the statistical errors only, since the systematic effects
were found to be negligible (section 4.4). The overall asymmetries are the result
of a weighted mean of the asymmetry values from each transversity data taking
period. As apparent from the figures, all the measured asymmetries are small and
compatible with zero within the error bars. Since all the measured asymmetries
are close to zero, the measurements for charged pions and kaons are not corrected
for the purity of the samples (see section 4.5). We refer to the next chapter for an
interpretation of the results, here we only anticipate that some phenomenological
work giving a consistent description of these results together with the results from
other experiments (HERMES and BELLE) are going on from different groups.

The results have been shown for the first time at QCDO06 conference [70]; a paper
containing the results and the description of the analysis is in preparation and will
be submitted to Phys.Lett.B journal.
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Figure 4.21: COMPASS 2003-2004 data, deuteron target: Collins (top) and Sivers (bot-
tom) asymmetries for all hadrons identified as pions and kaons, as a function of z, z and
P}l variables. The triangles refer to positive hadrons, the circles to negative.
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Figure 4.22: COMPASS 2003-2004 data, deuteron target: Collins (top) and Sivers (bot-
tom) asymmetries for leading hadrons identified as pions or as kaons. The triangles refer
to positive hadrons, the circles to negative.
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4.4 Systematic studies

In order to evaluate possible false asymmetries and to investigate the stability of the
physics results, many tests were done on the ”"unidentified” sample, whose results
were already published in [19].

As regards the false asymmetries studies, asymmetries expected to be zero have
been built splitting the two target cells in two parts and combining the data from
the same cell or scrambling the data collected in a “random” way. The mean values
of all the resulting false asymmetries were found to be compatible with zero, as it
should.

For the influence of possible acceptance effects on the physics results, the asym-
metries were evaluated for different subsamples of the data, and checking that the
results were compatible with each other. The subsamples have been created divid-
ing the data according to the position of the primary vertex inside the target, to
the region of the spectrometer in which the scattered muon was measured (see also
below), to the trigger of each event, to the time in which the data were recorded.

The result of all these tests and studies was that the systematic error is well
below the statistical one. For the analysis on the identified hadrons, 7 and K, only
the most significant of the mentioned tests have been done, since the data were
already shown to be stable and the possible effect of the RICH-1 instabilities ruled
out thanks to the RICH-1 stability studies (section 4.1.3).

4.4.1 Correlation between the asymmetries

To check the possible correlation between the Sivers and Collins asymmetries that
could arise from a non uniform acceptance in (¢, ¢s), the asymmetries for charged
hadrons have been estimated also fitting simultaneously the Collins and Sivers
terms [19]. For each kinematic bin, the estimator:

NP2 (¢, ds) NI (dn, bs)
Ni® (én, ds) Ny (dn, bs)

has been fitted with the following function:

A(on, ¢s) = (4.14)

H(¢h, (bg) = a1+agsz’n(q§h+¢5—7r)+a35in(3¢h—¢5)+a4sin(¢h—¢s)+a5cos(¢h(—¢5));
4.15
here the first term should be one, the second and the fourth terms are respectively
the Collins and the Sivers contributions and the other two the remaining leading
twist contributions. The fit has been performed in each kinematic bin, that has been
split into 8x8 bins in (¢4, ¢s). The Collins and Sivers asymmetries and their errors
estimated with this fit are essentially the same of the values obtained with the one
dimensional analysis, taking into account the statistical error, as expected from the
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orthogonality of the different terms. The correlation coefficients of the Collins and
Sivers asymmetries as given by the fit turn out to be small, in the range from -0.25
t0 0.25 [72], due to the non uniform population of the (¢, ¢s) bins. The fit has been
performed also with the complete cross section expression with 9 terms, considering
also the non leading twist components, and the same results for the Collins and
Sivers asymmetries have been obtained.

The conclusions from these tests is that, considering the smallness of the mea-
sured asymmetries for charged hadrons, the effect of the correlation between the
Sivers and Collins terms is negligible. Since the acceptance in (@, ¢s) is the same
for 7%, K*, also for the present data the correlation has negligible effects.

4.4.2 Hadrons from vector meson decays

The amount of hadrons coming from vector mesons decay in the pion and kaon sam-
ples could give problems in the interpretation of the measured asymmetries, even if
presently there is not a clear indication from the theory that these hadrons are really
a contamination of the signal and that they should be threated in a different way.
To estimate the possible effect on the asymmetries presented here, the exclusive p
and ¢ mesons have been selected in the data. The Collins and Sivers asymmetries
have been estimated for the charged hadrons coming from the p and ¢ decay, finding
results compatible with zero.

4.4.3 Periods compatibility

As already said in section 4.3.5, the final evaluation of the asymmetries is based on
the weighted mean of the asymmetries from every single data taking period. As an
example, in picture 4.23, we show the results on the Collins asymmetries for the 3
data taking periods (left) and the asymmetries after the mean evaluation. From this
picture, it can be noted that the results from the different periods are in agreement
within 1o, indicating that the periods are compatible and can be joined together for
the analysis.

To check the periods compatibility quantitatively, we consider the distribution:

A; — (4)

2 _ 9

Ji= 1=1,3

where A; are the asymmetries of each z, P, z bin and (A) is the corresponding
weighted mean, our final result. We used in the denominator the difference of the
variances to take into account the correlation between A; and (A4). The f; vari-
ables have been built for different subsamples (all/leading, 7 /K, positive/negative,
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Figure 4.23: Collins asymmetries for 2003 — 2004 vs. z for positive leading pions (top)
negative leading pions (bottom). On the left the contributions of the single periods are
shown and on the right the weighted mean. The color code for the pictures with the
contributions of the single period is: red points for P1G-P1H, green points for W33-W 34,
blue points for W35-W36.

Collins/Sivers...); as expected, they all follow a Standard Normal distribution; in
fig. 4.24 the distributions for the leading 7 and leading K subsamples can be seen
as an example.

The Standard Normal RMS values and their error, ogrys, for the subsamples
considered, are shown in table 4.12 for “all hadrons sample” and for “leading hadrons
sample”; from the table, it can be seen that only the K~ subsample has a RMS larger
than 1 by about 2 ogrps. For this reason, we investigated further this particular
subsample, considering separately the z, P} 2 bins: see results in table 4.13. The
z bins show no problem, while the x and P} bins are compatible with 1 within
207; the reason can be found out looking in the figures 4.25 and 4.26, where the
contributions of the single sub-period are shown: for the K~ asymmetries vs  and
P!, in very few points the asymmetries of the three periods are far more than 1o,
but no systematic effect appears in the plots. This effect can be due to the lower
statistics in this specific sample.
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Figure 4.24: f; distributions for leading 7 (left) and leading K (right) subsample for the
different asymmetries; the number of the entries in the histogram, 300, is the number of all
the asymmetries we measure: 300=2 x2x(9+9+7)x3 ((Collins-Sivers) x (positive-negative

) X (number of bins in x, z and P})x (3 data taking periods).

RMS ORMS RMS ORMS
all T 1.012 0.041 | leading m 0.943 0.036
all K 1.097 0.048 | leading K 1.089 0.048
Collins all 7 1.020 0.059 | Collins leading # 0.928 0.050
Collins all K 1.148 0.074 | Collins leading K 1.068 0.066
Sivers all 7 1.004 0.057 | Sivers leading 7  0.957 0.053
Sivers all K 1.045 0.062 | Sivers leading K 1.109 0.071
all 7+ 1.018 0.059 | leading 7™ 0.976  0.055
all 7~ 1.005 0.057 | leading 7~ 0.909 0.048
all K+ 0.989 0.056 | leading K+t 0.977 0.055
all K~ 1.196 0.081 | leading K~ 1.190 0.082

Table 4.12: Compatibility of the results from the three different periods of data taking:
RMS values of the variable (4; — (4))/, /0% — 0<2 A) and their error for different all and

leading hadron subsamples of events.
statistical fluctuations.

The spread of the data is compatible with the

4.4.4 Test of the acceptance ratios

From the number of events we build the ratio R(®):

N} (@) Ny (®)

RO = @@

== (bc, (I)S (416)
that should be, as already described in section 4.3.2, constant in ® if the spectrom-

eter is stable during the running period. The constancy of R over the range of ®
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bins RMS ORMS
leading K~ z,Ph2 1.190 0.082

leading K~ x 1.24  0.15
leading K~ Pk 1.29 0.16
leading K~ z 0.96 0.14

leading K~ | z,Collins | 1.25 0.21
leading K= | x,Sivers 1.34  0.25
leading K~ | P2 Collins | 1.15  0.18
leading K~ | P! Sivers | 1.32 0.24

Table 4.13: Compatibility of the results from the three different periods of data taking:
RMS values of the variable (4; — (A4))/ /02 — 0<2 4y and their error orars for different

leading K~ subsamples of events.
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Figure 4.25: Asymmetries for negative leading kaons sample: Collins vs. PP (top),
Collins vs z (2nd row). On the left hand side the contributions of the single periods are
shown and on the right hand side the weighted mean. The color code for the pictures
with the contributions of the single periods is: red points for P1G-P1H, green points for
W33-W34, blue points for W35-W36.
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Figure 4.26: As in fig. 4.25, for Sivers asymmetries.

implies a constant ratio of acceptances.

The ratio R has been calculated for each bin of z, z, P! for the 16 bins of the
Collins and Sivers angles for leading and all hadrons, for positive and negative K
and 7. For each variable bins, the distribution of R vs ® was fitted with a constant.
All R distributions resulted to be flat; an example from sub-periods W35-W36 in
the 9 x bins can be found in fig. 4.27 and 4.28 for all pions sample and for all kaons
sample.

To test the goodness of the fits, we compared the distribution of the x? of the fits
with the theoretical distribution corresponding to 15 degrees of freedom (constant
fit on 16 ® bins); in fig. 4.29 it can be noted that the distributions (for both the
all hadron sample and the leading hadron one) are in good agreement with the
theoretical curve.

In figure 4.30, the x? distribution of the two parameter fit on F(®) used to
extract the asymmetries is compared to the expected x? distribution for 14 degrees
of freedom. Also in this case a good agreement can be observed.
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Figure 4.27: Distribution of R(®) vs ®¢oyins for the all pion sample in the 9 z bins, for
the period W35-W36. The lines are fits with a constant function.

4.4.5 Splitting the detector in geometrical regions

To check a possible effect of the RICH-1 acceptance and efficiency on the mea-
sured asymmetries, we considered 4 subsamples of the total statistics selecting the
azimuthal angle ®, of the scattered muon:

e 0 <P,y < m/2;

o T/2< Q) <

o Ty < 3m/2;
o 31/2 < &y < 2m;

since this angle is correlated to the hadron angle, the splitting is sensitive to the
different regions of the RICH-1 in which the hadron is identified.

For each region, the asymmetry is calculated using the same method as for the
full data set. Also in this case, the spread of the data results to be compatible with
statistics, as confirmed by the pull distribution, that follow a Standard Normal with
a RMS around 1.
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Figure 4.28: Same as in fig. 4.27, for the all kaon sample.
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Figure 4.29: x? distribution of fit with a constant on the R(®) compared to the x?
distribution for ndf = 15; at left for all hadron sample, at right for leading hadrons. The
normalization is to the number of entries in the histogram.

4.5 RICH-1 purity

An important piece of information for the analysis comes from the knowledge of the
purity of the identified sample; this is important especially for the kaon sample, for
which we can expect a relevant contamination from pions, since they are produced
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Figure 4.30: x? distribution of the two parameter fit on F(®) compared to the x?
distribution for ndf = 14; at left for all hadron sample, at right for leading hadrons. The
normalization is to the number of entries in the histogram.

in a much larger amount.

4.5.1 True and identified hadrons

After the identification procedure, the hadron sample is divided in subsamples of K,
7 or p; we define the vector, I, of the number of the identified hadrons:

T = (NI, N, N)); (417)
7 is connected with the true number of hadrons present in the data, 7:
T = (NI, NE,NT), (4.18)

by the relationship

T=M-T, (4.19)

where M is a matrix containing the RICH identification probabilities:

NI P(r —»n) P(K—m) P(p—m) NT
N | =| PesK) PK=SK) Pp—K) |-| NT
N, P(m—p) P(K—p) Plp—p) N,

The matrix diagonal elements are the RICH-1 identification efficiencies, for example
P(K — K) is the probability for a kaon to be identified as a kaon; the off-diagonal
terms are the misidentification probabilities: for example, the term P(m — K) is
the probability for a pion to be identified as a kaon.
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If for simplicity we neglect the proton contribution, the expression above be-

comes:
NI P(r—»=m) P(K —mn) NF

N P(r - K) P(K — K) NE

Writing explicitly the expression of the number of identified K, N, we obtain
the following relationship:

Ny =P(r = K)-NI' + P(K — K) - N, (4.20)

that shows how the number of hadrons identified as K by the RICH-1 is due to two
different contributions: the first term, P(m — K) - NI' | is the number of 7 that
have been identified wrongly as K, while the second term, P(K — K) - NL | is the
number of true K that have been identified correctly. This last term is what we need

to assess the purity value for the K sample:

. NET P(K — K) - NT
Purity(K) = ]\gl( = NT K. (4.21)

The first relationship in eq. 4.21 is the purity definition: NIT(U is the number of true
K in the sample of N%, identified K; the second relationship is written explicitly
using the RICH-1 kaon efficiency. N} is known from the data after the identification
procedure. Knowing the matrix coefficients, we can extract also the term N} from
data, inverting the relationship in eq. 4.19:

T=M'T. (4.22)

Writing explicitly N, eq. 4.21 becomes:

1 P(r—K) NI
P(K—)K)N};_ _P(ﬂ'—)ﬂ')‘ﬁ .
NII( o 1— P(n—»K) P(K—w)’
P(n—m) P(K—K)

Purity(K) = (4.23)

and we need to evaluate all the M matrix elements to get the purity.
The purity of the pion sample can be extracted in the same way as for the K
sample:

P(K—m) NI
urity(m) = T T - P(r>K) P(K—m) " (4.24)
Ny Nz 1- P(nom)  P(K—K)
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4.5.2 RICH-1 identification probabilities

The M matrix elements are the RICH-1 identification probabilities. They have been
extracted from data selecting a ¢ and a K° sample.

To evaluate P(K — 7) and P(K — K), we need a source of K in order to see
how well the RICH-1 identifies them. To this end, we consider the particles coming
from the decay of the ¢ meson and to have a clean sample we select exclusive ¢ in
the data searching events with the following signature:

e best primary vertex in the target with y and p';

e 2 and only 2 outgoing hadrons defined as in section 4.2.2 of opposite charge
from the primary vertex; select events u+ N — ' +h* +h~;

e inelasticity: I = ((m””"g;”]\j“)2_M2) < 2.5 GeV/c?, where M is the nucleon

mass, and the missing mass is evaluated for the reaction u+N — p/+h* +h~;

all the hadrons coming in M, £1lo are considered K and are used to compute
P(K — w) and P(K — K). We evaluate the parameters independently for positive
and negative particles, since the RICH-1 behavior is slightly different for opposite
charges; in the evaluation of the probabilities for the positive hadrons, the negative
one is requested to be identified as a K, to reduce the background under the ¢ peak;
vice-versa for the negative particle. In this way the background under the ¢ peak is
about 5% (instead of the 12% found before applying this cut).

For the evaluation of the remaining parameters of the matrix, P(r — m) and
P(m — K), a pion sample is obtained considering the hadrons coming from the
decay of the K° meson. The selection is based on the following requests:

e best primary vertex in the target with y and p';
e secondary vertex Vj with 2 outgoing hadrons of opposite charge;
e Zyo > 50 cm, to avoid the target region.

Also in this case we require the particle of opposite charge to be identified by RICH-
1 while evaluating the probabilities for the other one. The background under the
K?Y peak is about 2%.

The overall results for the RICH-1 identification probabilities for positive and
negative hadrons are:

P(rt —7t) PKT —7x") 0.94 0.28
Mt = = )
P(rt — K*) P(K* — K*) 0.018 0.55
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P(r= —»7n") P(K —7) 0.93 0.29
M_ = =
P(r~ — K-) P(K~— K~) 0.027 0.59

Applying these values to the equation 4.23 and 4.24, and using the ratio of
identified pions to kaons in data (N!, /N, ~ 5.8 and N!_/N}._ ~7.5) we obtain:

purity(Kt) = 0.90 ; purity(K~) = 0.78 ;
purity(nt) = 0.92 ; purity(n~) = 0.95 .

These results give only a rather rough indication of the purity values, because
they are integrated over the hadron phase space. This effect is not negligible because
the RICH-1 performances depend very much upon the hadron phase space.

One way to take into account the phase space is to evaluate the purity for each
hadron of the sample, using different matrix coefficients depending on particle polar
angle and momentum, and considering then the purity mean value :

I
NK

1
Purity(K) = NI Z Purity(6;,pi)- (4.25)
K =0

It has to be noted that here to evaluate Purity(6;,p;), one needs to know also
I

the ratio ]]\\]]—}f as a function of #; and p;; in section 4.5.4 it will be shown how this
K

dependence is taken into account.

4.5.3 Matrix parametrization

To parametrize the matrix as a function of the hadron phase space, we evaluate
the coeflicients in different bins of momentum and particle polar angle at RICH-1
entrance window. The bins are:

3GeV/ie< p <6GeV/e;

6GeV/e< p <10GeV/c;
10GeV/e < p < 15GeV/¢; Orad < 6 < 0.030rad;
15GeV/e< p <20GeV/c; 0.030rad < 6 < 0.060rad;
20GeV/c< p <25GeV/c; 0.060rad < 6 < 0.090 rad;
25GeV/e< p <30GeV/c; 0.0907ad < 6
30GeV/e< p <40GeV/c;
40GeV/ec < p <50GeV/c;
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Figure 4.31: The picture shows the parametrization of the matrix containing the RICH-
1 identification probabilities for positive hadrons as a function of particle polar angle
and momentum. The four pads corresponds to the four probabilities considered: the
dependence of the probabilities from the particle polar angle is in the abscissa, while the
momentum dependence is given by the different sets of points.

In the evaluation of P(K — K) and P(K — ) the first two bins in momentum
are missing because they are below the kaon Cherenkov threshold, while the last
polar angle bin is missing because of lack of statistics.

The matrix elements are given in fig. 4.31 for positive particles and in fig. 4.32
for negative ones. In each figure, the four plots correspond to the four probabilities
considered: the particle polar angle is in the abscissa axis, while the momentum
dependence is given by the different sets of points.

Since we want to use the matrix coefficients for each possible value of # and p,
an interpolation between the points and an extrapolation to uncovered ranges of
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Figure 4.32: The same as in fig. 4.31, for negative hadrons.

and p are needed. We used:

e a linear interpolation and extrapolation in the small polar angle and momen-
tum region;

e a constant value in the large polar angle and momentum region.

The results over all the interesting regions are shown in fig 4.33 and 4.34; the
superimposed points are the measured points, already shown in fig. 4.31 and 4.32.
The overall trend can be understood on the basis of RICH-1 behavior.

4.5.4 Purity results

The K sample purity has been evaluated in each bin of z, P* and z in which the
1

transverse spin asymmetries are measured. For each bin, the dependence of % from
K
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Figure 4.33: The surfaces in the four plots represent the RICH-1 identification probabili-
ties for positive hadrons after the interpolation and the extrapolation procedure described
in the text; the superimposed points are the measured points of fig. 4.31 (the points have
been put a little above the real value to allow a better view of the surface). In the axis,
the momentum goes up to 50 GeV/c and the polar angle up to 0.2 rad.

particle polar angle and momentum has been taken from data.

The results for the K sample purity are shown in fig. 4.35, respectively for zx,
Pl and z bins. The two different sets of data points in each plot correspond to
positive K (red circles) and negative K (blue squares). As a general comment, one
can note that the purity values are high, around 80%. The 2 first z bins show lower
values, around 50-60%, because they correspond to small particle polar angles, the
region near the beam pipe, where RICH-1 efficiency decreases due to the presence
of background photons from the beam halo.
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Figure 4.34: The same as in fig. 4.33, for negative hadrons

The errors shown are an upper limit estimated in the following way:
Opurity = Maz(|puritymin, — purity|, |purityme, — purity|), (4.26)

where purity is the measured purity value, purity,,;, and purity,,.. the lower and
the upper limit for it. purity,;, has been estimated from the errors on the matrix
probability coefficients, minimizing the numerator of eq. 4.23 (replacing the P(m, K)
term with P (7, K) + 0p(r,x), P(7,7) with P(7,7) — 0p(zx)) , and maximizing the
denominator (replacing the P(K,w) term with P(K,7) — op(kx), P(K, K) with
P(K,K) + 0p(k,k))- The term puritymq, has been estimated in the same way, tak-
ing the opposite sign of the o.

In fig. 4.35 a different purity behavior for positive and negative kaons can be
noted. The difference is due to the fact that from our measurement:
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Figure 4.35: Purity of K sample in the z, P} and z bins used in transversity analysis.
The red points correspond to positive K, the blue squares to negative.
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both the contributions decrease the purity of the negative particle sample, as can
be seen from equation 4.23. The effect of the two contributions has been tested in
the following way:

e applying the purity formula on the negative sample using the identification
probabilities for positive hadrons: in this case one still obtains lower purity
for negative K, due to the N, /Ng contribution;

e applying the purity formula on the negative sample using the N!/N values
for positive hadrons; in this case one still obtains lower purity for negative K,

due to the % contribution;

e applying the purity formula on the negative sample using both the identifi-
cation probabilities and N!/N}, values for positive hadrons; in this case one
obtains purity for negative hadrons of the same order of those for positive.
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Figure 4.36: Purity of pion sample in the z, P and z bins used in transversity analysis.
The red points correspond to positive pions, the blue squares to negative.

This simply means that the distributions of # and p have almost the same
shape for positive and negative hadrons .

In fig. 4.36 the results for the pion purities are shown. The values are higher
than those for kaons, and always between 90% and 100%, as expected.

Using the purity values, the measured asymmetries can be corrected for the
contamination. In our case, all the asymmetries are very small, thus the correction
has not been applied because the measured values would not change.



Chapter 5

Extraction of the transversity and
Sivers distribution functions

The results on the Collins and Sivers asymmetries presented in the previous chapter
can be used to extract information about the different distribution functions ap-
pearing in the asymmetry formulas. To this end, the COMPASS results obtained
on a deuterium target have to be combined with the Collins and Sivers asymme-
tries on a proton target, recently measured by the HERMES experiment at HERA,
both for a pions and a kaons sample'. Information about the Collins fragmentation
functions can be accessed also from specific azimuthal asymmetries arising in ete™
annihilations, and data on this channel are available from the Belle collaboration.

Combining together the measurements of these experiments, it is possible to
perform a flavor separation analysis, with the aim of extracting the distribution
functions for the different quark flavors. The Sivers functions are extracted from
the Sivers asymmetries measured by the COMPASS and the HERMES experiments;
both the Collins fragmentation functions and the transversity distribution functions
are extracted from the Collins asymmetries measured by COMPASS and HERMES
and from the Belle asymmetries.

In this chapter the results on the flavor separation analysis we have performed
are presented. In the first part, the fit procedure is described: we give some details
about the method, the error analysis, the PDFs and FF's used as an input for the fit.
We then start the analysis of the Sivers asymmetries introducing the formulas with
the explicit dependence on the different quark flavors. As a starting point, we extract
the Sivers functions for the u and d-quark following a work in literature, using a
simple parametrization. We then generalize the approach introducing more complex
parametrization for the Sivers PDFs, and we extract them from the HERMES and
COMPASS data.

LCOMPASS data on a proton target have been collected in 2007, therefore results for this run
will be available in the next years.

109
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For the analysis of Collins effect, the Belle data have been analyzed with the aim
of extracting the favored and unfavored Collins fragmentation functions. Different
asymmetries measured by Belle have been used for this part. It is shown that
from this data, it is possible to extract the ratio of the Collins FFs, but not their
size. The Belle data are then analyzed together with SIDIS data from HERMES
and COMPASS, and both the Collins fragmentation functions and the transversity
PDFs for the u and d-quark are extracted.

5.1 Fit procedure

The problem of extracting unknown functions combining data from different experi-
ments has been studied by different groups, that have provided parameterizations for
the unpolarized and helicity PDF's and FFs. The problem to extract the transversity
and the Sivers PDF's from the data is similar, but the data available for this purpose
are very few, therefore some simplifications are needed in the analysis. For example
at this stage the parametrization used for the functions have been chosen with few
free parameters, and the systematic errors of the experiments have been neglected.

5.1.1 x? minimization

To fit at the same time data from different experiments, we built a x? variable in
the following way:

2
0;

X2 :Z (Apr_Agh(alﬁ'“aaN))Q ‘ (51)

3

The sum over the index 7 is on all the asymmetries considered in the analysis. The

AP are the measured asymmetries and o; their corresponding errors; A" are the

theoretical expression for the asymmetries, depending on the unknown functions we

want to obtain (transversity distribution functions, Collins fragmentation functions

or Sivers functions). The unknown PDFs and FFs are parametrized and therefore

depend on some parameters o, ..., ay. The minimization of the y? gives the set of
parameters, together with their errors, that fit the experimental data.

The minimization of the y? has been made with the dedicated package MI-
NUIT [73] by Frank James, imported in the ROOT [74] framework.

MINUIT gives the possibility to use different minimization algorithms. We chose
to start the minimization procedure with MIGRAD, that is the best known minimiza-
tion algorithm, used as a default by programs as ROOT and PAW[75]. This method
uses the function derivatives, therefore it depends strongly from the knowledge of
these, and fails when they are very inaccurate. The routine MIGRAD gives also the
error matrix, evaluating it as the inverse of the matrix of the second derivative x?
with respect to the parameters. In the case MIGRAD fails to converge, we switched to
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the SIMPLEX algorithm, that is much slower than MIGRAD but does not use the first
derivatives; this means that it is much more robust in case of large fluctuations in
the function value. However, the information about parameter errors is not reliable,
and correlation coefficients are not given at all. After the minimum has been found
by means of MIGRAD and SIMPLEX, a search for additional distinct local minima is
started calling the algorithms IMPROVE and SEEK (this is a MC search for minima);
in case a real new minimum is found, MIGRAD is called again. In some specific cases
of problematic fits, we apply an iterative procedure of fixing and releasing some of
the parameters, in order to help the convergence of the problem.

The convergence of the problem is defined when the estimated vertical distance
to the minimum is less than a tolerance parameter that we fixed as 0.0001. As a
default, MINUIT tries to achieve a fast convergence using the fewest possible number
of function calls, with the risk that the precision defined by the user is not obtained.
We avoid this behavior setting a flag in the program that allows MINUIT to waste
calls in order to be sure that the values found are precise.

The errors on the parameters are given using the HESSE routine, that calculates
the full matrix of second derivatives of the function with respect to the parameters,
and inverts it. This method takes into account the correlation between the parame-
ters, but not the non-linearities of the problem, since it approximates the y? shape
at the minimum with a parabolic shape.

5.1.2 Error analysis

Once the error matrix and its inverse, the Hessian matrix, are known, one can
estimate not only the uncertainties on the parameters {ai,...,anx}, but also the
uncertainty AX for any physical quantity X depending on them, provided the de-
pendence can be approximated by a linear expansion around the x? minimum. In
order to avoid such assumption, we used the mathematical method of the Lagrange
undetermined multiplier [76, 77, 78], that estimates AX in a way that takes into
account the variation of x? over the entire parameter space {a, ..., ay}-.

Let X, be the value of X for the parameters minimizing the x2, which is the best
estimate of X. For a fixed value of A, called the Lagrange multiplier, one performs
a new minimization with respect to the fit parameters {ay, ..., ay }, of the quantity

F=x+ \MX-Xp), (5.2)

to obtain a pair of values (x%(\), X())). At this new minimum, x?()) is the lowest
possible x? for the corresponding value X (\) of the physical variable X. Thus
one achieves a constrained fit in which x? is minimized for a particular value of X
(fig. 5.1.a).

By repeating the minimization for many values of A\, one maps out the paramet-
rically defined curve (x?()), X(A)) (fig. 5.1.b). Since A is just the parameter for this
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curve, its value is of no particular physical significance. The error on X is taken as
the variation of X necessary for the x? to raise to x2,, + 1, corresponding to 1o
standard deviation. In the case of linear dependence of X from the parameters the
associated probability content is 68%.

The essential feature of the Lagrange Multiplier method is that the full parameter
space {aq, ..., ay } is explored in the minimization procedure, not just the immediate
neighborhood of the original x? minimum as in the Hessian method, and no approx-
imation based on a small deviation from the original minimum is needed. The only
drawback to the Lagrange Multiplier method is that it can be slow computation-
ally, since it requires a separate series of minimizations for each point in which the
observable X is of interest.

a, X: physies
variable
Ly r..”'l
contours of {7 /./, ; ;.'
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/ :?’:/ o/ —

/ F,”J.‘-"' ,i:';?:j
(=¥
. LM method @ X 0 . : N

Figure 5.1: a) The Lagrange Multiplier Method provides sample points along the curve
L, in the parameter space; b) for a given tolerance Ax?, the uncertainty on X is evaluated
as AX; the solid points correspond to the sample points on the curve L, on the left side
of the plot. Figures taken from [76].

5.1.3 Constraint on the extracted functions

As seen in Chapter 1, the transversity distribution function has to obey the Soffer
bound, while the Sivers and Collins functions have to obey their positivity bounds.
Let’s consider as an example the positivity bound for Sivers PDF:

|AZq(2)] < gq(z) . (5.3)

To impose the constraint in the fit we applied the so called “penalty method”: after
the x? is minimized, the condition 5.3 is checked for each x (on a grid of 100 points).
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If the condition is fulfilled for each x, we do not perform further minimizations. If
the condition is not fulfilled for at least one x, we add to the x? a term measuring
the positivity violation in the following way:

X=X +Z (127q(c:) _Q(xi))Q; (5.4)

err?

where the sum is on all the x for which the bound was not fulfilled. The term “err”
corresponds to the uncertainty on ¢(z). For convenience, one takes a constant value
(we chose 0.01), which means that a small violation of positivity condition is only
mildly penalized. A further minimization is then performed. Note that this method
is somehow arbitrary in the choice of the x grid on which the condition is checked
and in the fixed value of err chosen.

5.1.4 Unpolarized PDFs and FFs

Since the asymmetry formulas for the Collins and Sivers asymmetries depend on
the unpolarized PDFs and FF's, we need to use some existing parameterizations for
them as an input to the fit. Moreover, together with the helicity PDFs, they are
also used to impose constraints on the distribution functions.

Different parameterizations for the PDFs exist in literature from the work of dif-
ferent groups. In all the fits presented in the following, we have used the GRV98 LO
parameterizations for the unpolarized quark distributions [79], and the GRSV2000
LO parameterizations for the polarized quark distributions [80]. They are shown
in figure 5.2 for Q% = 2.4 (GeV/c)?. The PDF parameterizations refer to a proton
target. Using the relationship between the PDF in the proton and in a neutron, we
can write the PDF for a deuteron target:

ul(z) = uP(z) +u(z) = uP(x) + dP(z);

di(z) = d’(z) +d"(z) = d°’(x) + uP();

stz) = $P(z)+s"(z) =2 s°(2);

i'(z) = @(z)+a"(2) =@ () + d&(2);

d'(z) = &(2) +d"(z) = d"(2) + u"(z);

5 z) = &(x)+35"(z) =235 (z); (5.5)



114 Extraction of the transversity and Sivers distribution functions

PDF GRV98LO Pol PDF GRSV2000LO
g o g =
[ X F Ad
0.9 a 3 As
F 3 0.3 a
0.8; S r AT
0.7 ) 0.2
0.6 TN i
0.5 e, e | 0.1~
0.4 T e i ]
E ’ oot O e
0.3; ¢ o T
02 0.1
0.1 : K
07 L L \\HH‘ Il Il \\HH‘ Il Il \\HH‘ \v”\‘\\‘.r“bd _0-27‘ Il Il \\HH‘ Il \\\HH‘ Il Il \\HH‘ Il Lt
10" 10° 102 10" 1 10* 10 102 10"
X a) * b)

Figure 5.2: a) Unpolarized PDFs from the GRV98 LO parametrization at Q? =
2.4 (GeV/c)?; b) Helicity PDFs, standard scenario, from the GRSV2000 LO parame-
trization at Q2 = 2.4 (GeV/c)?.

The parametrization for the fragmentation functions are taken from Kretzer’s
work [46], where, in addition to eq. 1.36 and 1.37, the following hierarchies are
assumed:

Dy = DI, <Dr =Dr; (5.7)
DY = D7 <DX < DK (5.8)

Eq. 5.7 and 5.8 should derive from the valence structure of pions and kaons. Writing
explicitly all the fragmentation functions:

D, = DI =DY =Dr =D5 ;

D, = DT =D% =D =D =D =D" =D

Dy = DK =DpEK",

D, = DK'=DK .

Ds = DX =pK =pK =pK —=pk' = pk' - pk® - pK*,
note that in this notation D; and D, are respectively the favored and unfavored
fragmentation functions introduced in section 1.3. They are shown in picture 5.3
for Q* = 2.4 (GeV/c)?. The integrals of the fragmentation functions entering in
the asymmetry formulas as function of z have been evaluated numerically in the
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Figure 5.3: Fragmentation functions D; and Dy from Kretzer parametrization at Q? =
2.4 (GeV/c)?.

z range of the experiments: 0.2 < z < 0.7 for HERMES, z > 0.2 for COMPASS.
No acceptance effect has been taken into account; indeed for COMPASS data, we
have checked with a full chain of MC simulation that the apparatus acceptance as
function of z is flat. The different values of Q% in the different z bins has been
taken into account in the PDF and FF evaluation for COMPASS; for HERMES, a
@? mean value of 2.4 (GeV/c)? has been considered, since the Q? variation in the z
range in less pronounced.

5.2 SIDIS cross section with Collins and Sivers
terms

We start the analysis of Collins and Sivers effect in SIDIS following the approach of
ref. [81]. In this paper it is assumed that the transverse momentum of the hadron
in the GNS P! is entirely given by the transverse-momentum dependence in the
Sivers and Collins functions. The hypothesis is that the contributions to it from
other factors will result in a smearing effect, which may be considered sub-dominant.
This hypothesis was already introduced in sections 1.3.3 and 1.3.4, and lead us to
the formulas 1.51 and 1.58. Considering together the Collins and Sivers terms in the
cross section expression, and integrating over the modulus of the hadron transverse
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momentum, the general expression is [81]:

do dJUU ) dO.Swers ) do.g%llms
= — — — —; (5.9
Godydeda, ~ dudyds SO = @s) g s —sinlon+ bs) G (59)
with:
doyy Ara? s ) L
= (1 - 2 D 1
dogiers =~ Amal,s ) T
= em (1 — 2)x A D! 11
dogottins =~ Amal,s 0 b
— = |5 (1 — A ATD}(2). 5.12
where we have introduced the integrated Sivers and Collins functions:
Mo(o) = [ PEratala,i2), (5.13)
A}D!(z) = / d*prAGDY (2, pr); (5.14)

these two terms are respectively connected to the so called (1/2)-transverse mo-
mentum of the Sivers function and of the Collins fragmentation function defined for
instance in [82, 83] in the following way:

ATq(z) = 250012 (4 — / 2l iy 2 (5.15)
2M
MDY = =206 = 2 [ @), (50
ZIVLp

5.3 Sivers analysis

Within the approach described in the previous paragraph, the formula for the Sivers
asymmetry as function of z can be evaluated as:

d d dO'g%})eTs
f <ay drdydz
[ dzdy-dovy

dzdydz

ASi'uers (l') = (517)

the integral over y in eq. 5.17 cancels out because it is the same in the numerator and
denominator; the integral over z can be factorized due to the approximations applied
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in the previous paragraph. Introducing the integral of the unpolarized fragmentation
functions, D! = ["** D!(z) dz, the Sivers asymmetry can be written as:

B qeg -Alq(x) - D(’;_
> e2-q(x)- Db
and can be directly compared with the HERMES and COMPASS measured asym-

metries.

From this formula, one can write the explicit expression for pions on a proton
target:

ASive'rs(x) = (518)

pnt  AATuDy + ATdD, + 4ATuD, + ATdDy + (Al's + AL5) D,
Sivers = AuD; + dDy + 4aDy + dD; + (s + 5)D,

(5.19)
o AASuD, + AldDy 4+ AAYuDy + A dDs + (Af's + AY'5) D,
Sivers = 4uDy + dD; + 4aD; + dD, + (s + 5) D,

(5.20)

and for a deuterium target:

bt _(AJu+ AGd)(4D1 + D) + (AfE + Ajd)(4D2 + D1) + 2(Af's + Aj5)D;
Sivers (u+d)(4Dy + Dy) + (@ + d)(4Dy + Dy) + 2(s + 5) Dy

(5.21)

b (Abu+ Ald)(4Ds + Dy) + (Alu + Ald)(4D1 + Do) + 2(Al's + Al'5) D,
Sivers  — (u+d)(4D3 + D1) + (@ + d)(4D1 + Do) +2(s + 5) Dy

(5.22)

in all the above formulas we didn’t write the x dependence of the PDF and Sivers
functions for simplicity.

5.3.1 Fit of pion asymmetries

In the following, the HERMES and COMPASS Sivers pion asymmetries as function
of x are fitted in order to extract the Sivers functions for the u and d-quark. The
outline is as follows:

e in the first part, the Sivers functions are parametrized as in [81], and different
set of data are fitted:

— the 2002-2004 HERMES data; the extracted Sivers functions are then
used to make predictions for the COMPASS asymmetries;

— the 2002-2004 HERMES data and present COMPASS data; the compat-
ibility of the results obtained in this and in the previous fit is checked;
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— the 2002-2005 HERMES data;
— the 2002-2005 HERMES data and present COMPASS data;

e a more general parametrization for the Sivers PDFs is then introduced, and
the 2002-2005 HERMES data and present COMPASS data are fitted, imposing
the positivity constraint for the Sivers functions in the fit; in this part:

— the extracted Sivers functions are compared with the unpolarized PDFs
and with the results obtained fitting the data without the positivity con-
straint;

— the predictions for HERMES and COMPASS asymmetries as function of
z are evaluated and compared with the data;

— the effect of the introduction of the FFs transverse momentum Gaussian
dependence is estimated;

— the Sivers functions are compared with predictions from some models.

We start the analysis of Sivers asymmetries considering the approach of Vogel-
sang and Yuan’ paper [81]. The fit was made on 2002-2004 HERMES 7t and 7~
data [57], while the 2002 COMPASS data [18] were used as a comparison for the pre-
dictions. In the asymmetry expression, the s-quark and the antiquark contributions
are neglected, and only the Sivers functions for u and d-quark are assumed to be
different from zero; also in the denominator, only the u and d-quark contributions
are considered. Therefore eq. 5.19 and 5.20 read:

p’?ﬁ— _ _4AgUD1 + A(j;dDQ (523)
Sivers 4UD1 + dDz ’
- AATuDy + AYdD
Apa.ﬂ- — —_ 0 2 0 1 24
Sivers 4UD2 + le (5 )
The parametrization used for the Sivers functions is the following:
Al u(r) = Sux(1 — x)u(z)
Ald(z) = Suz(1 — z)u(z) (5.25)

where u(z) is the unpolarized u-quark PDF (containing both the valence and sea
contribution), and S, and S, are two free parameters. Note that in this parametri-
zation, the two functions are constrained to have the same behavior with respect to
x, and the only free parameter is the size of the functions.

Vogelsang and Yuan fitted both the Sivers asymmetries as functions of z and z;
the result quoted in the paper is the following:

S, = —0.81+0.07;
Sy = 1.86+0.28 . (5.26)
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Figure 5.4: Result of the fit of 2002-2004 HERMES data with parametrization of eq. 5.25.
The bands correspond to 1-o error.

The result obtained with our fit is essentially the same:

S, = —0.76 £0.09 ;
Se = 1.83+0.35;
X’/NDF = 12.0/8 ~15; (5.27)

the small differences in the parameters and their errors are due to the fact that we
fit only the asymmetries as a function of x. The result of the fit compared with
the measured HERMES asymmetries are shown in fig. 5.4, while the corresponding
Sivers functions are shown in fig. 5.5. In all these figures, the PDFs multiplied by z
are shown.

With the same assumptions used for the proton target, on deuteron eq. 5.21
and 5.22 become:

Sivers (u+d)(4D1+D2) u+d ) .
g _(AJut ATd)(ADy + D) Afut Afd (5.20)
Sivers (’LL + d) (4D2 + Dl) u+d ’ .

The predictions for COMPASS are not in agreement with the present data, as shown
in fig. 5.6, while they were reasonably in agreement with the old 2002 data, with
larger error bars. Introducing the COMPASS data in the fit, the parameters are the
following:

Sy = —0.54+£0.06;
0.84+0.12 ;
x’/NDF = 32.9/26 ~ 1.26 ; (5.30)

&R
I
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Figure 5.5: The resulting Sivers functions for u and d-quark from the fit of HERMES
data. The dotted lines are the positivity bounds given by the unpolarized PDFs. The
bands correspond to 1-¢ error.
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Figure 5.6: Prediction for COMPASS data using the result from the fit of 2002-2004
HERMES data. The bands correspond to 1-o error.
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In fig. 5.7, the fit results are shown: the curve for the HERMES 7+ asymmetries
is almost unchanged, while the 7= data description is slightly worse with respect
to the previous fit. On the contrary the COMPASS data are well described. It is
important to notice that the error on the parameters is very much reduced with
respect to the previous result, and the Sivers PDFs for u and d-quark have now
similar size (we recall that in this approach the two functions are constrained to
have the same shape), as can be seen in fig. 5.7.c. In the figure it can be noted also
that the bound for the Sivers PDF's is now naturally fulfilled.

The parameters obtained with the two fits are quite different. To check the
compatibility of the results using or not the COMPASS data, we considered the
ellipses corresponding to 1, 2 and 30 (fig. 5.8): the larger set of ellipses corresponds
to the fit of the HERMES data only, the smaller one to the fit of both the HERMES
and COMPASS data. For each set, the confidence level associated to the three
ellipses is respectively 39%, 86% and 99%. It is clear that the two solutions are
marginally compatible; evaluating the x? of the fit of the HERMES data in the
point corresponding to the result from the fit of the HERMES and COMPASS data,
the compatibility is less than 1%.

In spring of 2007, new preliminary results from the 2002-2005 data have been
produced by the HERMES collaboration [58]. The size of the Sivers asymmetries is
the same as for the previous data, while the error bars are very much reduced. Using
the new data in the fit, the results are very similar to those obtained previously,
both for the fit of HERMES data only (to be compared to eq. 5.27):

S, = —0.75+0.06 ;
Se = 1.81+£0.24;
X’/NDF = 23/8~28; (5.31)

and for the fit of HERMES and COMPASS data (to be compared to eq. 5.30):

S, = —0.55+0.04;
Sa = 0.94+0.11;
X’/NDF = 53/26 ~ 2.04 . (5.32)

In both cases, the parameter errors are slightly smaller, while the x? is higher. The
results of the two fits are respectively in fig. 5.9 and 5.10. The corresponding Sivers
u and d-functions extracted from the two fits are shown in fig. 5.11. The picture is
similar to the previous one; in particular, without the COMPASS data, the d-quark
Sivers function is much larger than that for the u-quark, and the positivity bound
is violated.
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Figure 5.7: Result of the fit of 2002-2004 HERMES (a) and COMPASS data (b) with
parametrization of eq. 5.25; the resulting Sivers functions for u and d-quark are shown in

(c). The bands correspond to 1-o error.
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Figure 5.8: Error ellipses corresponding to 1, 2 and 3o for the fit on only HERMES data
(larger ellipses), and on the HERMES and COMPASS data (smaller ellipses).

To have a better description of the data, we introduce a more general parame-
trization for the Sivers functions, not depending on the unpolarized u-quark PDF:

ATu(z) = S,z% (1 — z)P ;
Ald(z) = Sg®(1 —z)Pe; (5.33)

in this way both the size and the shape of the two functions can be different. More-
over, we consider all the unpolarized PDF's in the denominator of the asymmetry
expressions, and not only the u and d-quark contributions. Also, the positivity con-
straints for the Sivers functions are included in the fit with the method described in
section 5.1.3. The values obtained are the following:

S, = —0.29 4+ 0.09 Sq=0.59 +0.31
o, = —0.274+0.10 ag=—0.19£0.17
B, = 2.65+0.81 Ba=2.934+1.03
X?/NDF = 37/22~ 1.68 . (5.34)

The comparison with the data is shown in fig. 5.12.a and 5.12.b. The description
of the HERMES 7t is similar to that already obtained with the previous simpler
parametrization, while the description of the HERMES 7~ is slightly better but
still not satisfactory. The description of the COMPASS data is slightly better, in
particular at the highest z.

The extracted Sivers PDFs are in fig. 5.12.c; the size of the two functions is
similar to that already obtained, while the shape as function of x is different, in
particular the maximum value is reached at lower x. Moreover, the errors bars of
the functions at high x are larger, since the shape cannot be well constrained due to
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Figure 5.9: Result of the fit of 2002-2005 HERMES (a) and predictions for COMPASS
data (b) with parametrization of eq. 5.25.

the lack of data points in that region. Even using this more general parametrization,
the Sivers functions for u and d-quark obtained from the fit show a valence-like
behavior (they are both suppressed at low x). This is clear in fig. 5.13, where the
comparison between the unpolarized total and valence PDF and Sivers functions
for u and d-quark is shown. Performing the same fit without the constraint for the
Sivers PDF's, one obtains essentially the same results, apart for a small violation of
the bound for the d-quark at high z, as visible in fig. 5.14.

The predictions for the asymmetries as function of z have been evaluated and
are compared with the data in fig. 5.15. The predictions are evaluated from eq. 5.17,
without the integration over z, and integrating over x. Thus, the extracted Sivers
functions and the PDF's have been integrated over x, respectively in the numerator
and in the denominator of the asymmetry formulas. The integration range has been
evaluated for the two different experiments taking into account the kinematical cuts
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Figure 5.10: Result of the fit of 2002-2005 HERMES (a) and of COMPASS data (b) with
parametrization of eq. 5.25.

applied in the analysis. Also, it has been checked that in the integration a flat
acceptance in x can be considered. This has been done evaluating with LEPTO
the acceptance in z of the two experiments due to the kinematical cuts and the
apparatus geometrical acceptance. The predictions using the acceptance from MC
or a flat acceptance are essentially the same. As can be seen, the data are well
described. Still, the dependence on z of the asymmetries (in particular the HERMES
7w~ asymmetries) is not obvious and can be due to the fact that the transverse
momentum dependence of the fragmentation functions is neglected here.

In [82, 84] the dependence of the PDF and the FF on the intrinsic transverse
momenta is assumed to be Gaussian, in order to be able to integrate the cross
section expression on the hadron transverse momentum. The Gaussian form of the
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Figure 5.11: Sivers functions for u and d-quark extracted from the fit with parametri-

zation 5.25, using 2002-2005 HERMES data only (curves a, b), and HERMES and the

present COMPASS data (curves ¢, d). Curves e, f are the positivity bounds given by the
unpolarized PDFs.

distribution functions is as follows:

1 2 2
a(. K1) = a(@) gy 77T, (5.35)
and .
_m2 2
DZ(ZaPZT) = DZ(Z) T2y e Pr/Pr); (5.36)
so that
/ Py glo, kr) = q(z), (5.37)
and
/ @Fr D! (z,pr) = D(2) . (5.38)

The widths of the two Gaussian, (k%) and (p2.), are unknown and assumed to be the
same for each quark flavor or hadron produced. In [84] the two parameters have been
fixed through a global fit of EMC and E655 data of the unpolarized SIDIS azimuthal
asymmetries. In [82] the dependence of the hadron transverse momentum from z in
HERMES data is fitted with a function of the form:

(PEE) = 205 + 0B (5.39)
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Figure 5.12: Result of the fit of the 2002-2005 HERMES (a) and the present COMPASS
data (b) with parametrization of eq. 5.33; the resulting Sivers functions for u and d-quark

are shown in (c). The bands correspond to 1-o error.
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Figure 5.13: Comparison between the absolute values of the Sivers functions for u -quark
(a) and d-quark (b) from the fit and the unpolarized total and valence PDFs for u and
d-quark from [79].
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Figure 5.14: Sivers functions for u and d-quark, obtained with the parametrization of
eq. 5.33, without imposing the positivity constraint in the fit. The d-quark slightly violates
the corresponding bound at high z; the result after imposing the constraint in the fit are
in fig. 5.12.c.
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Figure 5.15: Asymmetries as function of z predicted using the extracted Sivers functions
of fig. 5.12.c for HERMES (a) and COMPASS (b), compared with the measured points.

where (k%) and (p%) are the free parameters of the fit. The values found with the
two different approaches are similar:

[84] : (k2) = 0.25(GeV/c)?, (p%) = 0.20 (GeV/c)?; (5.40)
[82] : (k%) = 0.33(GeV/c)?, (p3) = 0.16 (GeV/c)? . (5.41)

Also the dependence of the Sivers functions from kr is assumed to be Gaussian,
with the width (k2,)) unknown (in [84] it is a free parameter of the fit, and in [82] it
is limited using the positivity bound). The integration of the cross section over P

brings a “Gaussian term” ag = 4 W in the Sivers asymmetry formula,
siv Pr)/Z

containing the z variable. The results for the Sivers functions obtained in this

work are in qualitative agreement with the Sivers PDFs found in [82, 84], but there

are some differences that can be due to the different models used for the parton

transverse momenta, and indicate a possible source of systematic uncertainties.
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The QCD prediction with a large number of colors N¢ [85] for the Sivers functions
gives:
Aju(z, k1) = —Agd(z, k7), (5.42)

valid with accuracy ~ 1/N,, in qualitative agreement, with the results given in 5.34.
Under certain assumptions [86], another prediction for the Sivers functions is the
large z-behavior as (1 — z)®. The Sivers functions obtained from our fit have a f3
coefficient smaller than 5, but again in qualitative agreement; in any case, it should
be stressed that the Sivers functions behavior at high z is badly constrained from
the present data.

Fig. 5.16 shows the integrals of the Sivers functions as obtained from the fit: each
point corresponds to the integral between the corresponding z value in abscissa and
the maximum value of z allowed, fixed at 0.9. The errors shown correspond to the
bands in fig. 5.12.c; no systematic effect (such as the parametrization used, the PDF
and FF sets used...) is taken into account: therefore the integral values and their
errors have to be considered only a rough estimation. The integrals for the two
Sivers functions are respectively:

0.9
/ dz Afu(r) = —0.1540.04 ;
0.01
0.9
dz Ald(z) = 0.23709 .
0.01

the two integrals have opposite sign and are similar in size, compatibly with the
Burkardt sum rule (section 1.3.4) assuming that the sea quark and gluon Sivers
functions are negligible with respect to the u and d-quark Sivers PDFs. This is also in
agreement with Brodsky’s argument [87], that the gluon orbital angular momentum
in a nucleon should be zero. In this paper, the connection between the Sivers
mechanism for the single spin asymmetries and the orbital angular momentum of the
quarks and the gluons in the nucleon is revisited; the COMPASS zero asymmetries
measured on deuterium are used as evidence of the gluon mechanism to be small
with respect to the quark mechanism.

The work done here to extract the Sivers functions from available data can be
improved. In particular the use in the fit of the asymmetries as function of z and P
taking into account the correlations between the asymmetries in the different bins,
and a more general parameterization of the asymmetries will give a better under-
standing of the overall picture. Also, no systematic errors have been considered. A
possible source of systematics is the influence of the PDF and FF parameterizations
on the results of the fits. In particular, recently a set of FF has been extracted with
a new analysis [48], in which also data from pp collisions and DIS experiments have
been used. The pion FFs extracted with this analysis and with Kretzer’s are similar,
and correspond in a 10-20% difference in the integrals over z. It will be interesting
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Figure 5.16: Integrals of the Sivers function for the u and d- quark shown in figure 5.12.c.
Each point corresponds to the integral between the corresponding z value in abscissa and
the maximum value of z allowed, fixed at 0.9.

to test the different parametrizations in a fit including also the kaon asymmetries,
since the integrals of the FF for kaons in the two parameterizations differ up to a
factor 4. The FF from [48] are shown in fig. 5.17.a for 7 and in 5.17.b for K*. In
the middle panels of the figures, the comparison with the FF from Kretzer [46] is
shown; in the lower panels, the comparison with another available set of FF [88].

5.4 Collins analysis

The Collins case is more complicated with respect to the Sivers one, since in the
asymmetry formula, two sets of unknown functions appear: the transversity dis-
tribution functions and the Collins fragmentation functions. On the other hand,
further information on the Collins fragmentation function can be achieved from
specific azimuthal asymmetries arising in e™e~ annihilations measured by the Belle
collaboration [17].

There are different approaches in the literature to extract the two sets of unknown
functions. In the Vogelsang and Yuan approach [81], only the HERMES SIDIS data
are used to extract the Collins fragmentation functions, while the transversity dis-
tributions are assumed to saturate the Soffer bound. In the work of Efremov, Goeke
and Schweitzer [83], the integrated Collins fragmentation function are extracted with
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Figure 5.17: Upper panels: individual fragmentation functions zD?(z, Q?) at Q? =
10 GeV? taken from [48] for 7+ (a) and for K+ (b). Middle panels: ratios of frag-
mentation functions from [48] to the ones of Kretzer [46]. Lower panels: ratios of
fragmentation functions from [48] to the ones of AKK [88]; note that D" is not
available in the AKK analysis.

two independent fits: one on HERMES data (using for the transversity distributions
the prediction from the quark soliton model) and another from Belle data, and the
two different analyzing powers are compared. Finally Anselmino et al. [90], made
a simultaneous fit of HERMES, COMPASS and Belle, extracting both the Collins
fragmentation functions and the transversity functions.

Here, we first extract the Collins fragmentation functions from the Belle data,
then we perform a global fit of all the existing pion data from Belle, HERMES and
the COMPASS results presented in this thesis.

5.4.1 Collins effect in eTe™ annihilation

The Collins effect can be studied in e*e  annihilation with the production in the
final state of two hadrons emitted in opposite directions. If we consider the process
ete™ — hiheX, the hadron hy will be produced with a specific azimuthal distri-
bution with respect to the axis defined by h; in the ete™ center of mass frame
(fig. 5.18).

If we assume the Gaussian model for the transverse momentum dependence
of the Collins fragmentation functions, the azimuthal dependence can be written
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Figure 5.18: Kinematics of the process e"e™ — hi1heX and the definitions of azimuthal
angles in the eTe™ rest frame.

as [17, 83]:
d*o(efe = hihy,X)  3a®
dcosbydzidzedd,  Q?

(1 + cos® 62) D (21) Dl (2)

+¢08(261) sin® 0y Ciauss AF DY (21) ATD2 (22) | - (5.43)

The sum over all quark and antiquark flavors weighted with the squared electric
charge is implicit here and in the following formula. In the formula, Q? is the center
of mass energy square of the lepton pair (Q? =10.52 (GeV/c)? at Belle), z; = 2E},, /Q

and Cgauss 18 given by:
4 Z1%9

C’Gauss(le; 22) = (544)

T 2425
This term differs by a factor 4 with respect to the one in ref. [83], due to the
different notation used: the term D!(z) is twice the term H*(/?(z) used in [83].
From eq. 5.43, the following observable can be defined:

(sin2 92) CGaussA(j)“Dg(zl)A%Dg (ZZ)

<1 + cos? 92> D(’IL(Z1)D,’;(ZQ) y (545)

A1 =1+ COS(2¢1)

where the average over 0, of the term fy = (sin?6) /({14 cos?6;)) can be calculated
from the acceptance of the Belle detector [17]. If we consider the production of pairs
of pions with the same charge (“like-sign” pion pairs), the A; term reads:

AL = 14 cos(2¢1) fo Caauss P*

= 1+ ¢c08(2¢1) fs Coauss {AALDT (21)AQDE (25) +
+4A) D (21)AY D} (22) + AYD]" (21)AJ D3 (22) +
+AYD] (21)AIDG (22) + AJD] (21)AJ DT (22) +
+A}DT (21)A}DY (22)}/{A2‘D3 - DZ}

= 1+ ¢c08(2¢1) fo Caauss{DALD 14, (21) A} D,y (22) +
+5A%Dunf(zl)A’(I)“Dfav(22) + QAOTDunf(Zl)A’(I)”Dunf(ZQ)}
/{A}.D, — D}}, (5.46)
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where the notation A}.D} — D! means that the denominator has the same form
of the numerator, but with the unpolarized fragmentation functions instead of the
polarized. The index “fav” refers to the hadronization of a u-quark in a 7" or a
d-quark in a 7.

Considering the production of “unlike-sign” pion pairs, the A; term becomes:

Agj = 1+ COS(2¢1) fﬁ CGaussPU
= 1+ ¢08(261) fo Caauss{4ALDE" (21) AL DI (25) +
+4A3.DT (zl)AOTDg+ (22) + AOTDZ;Jr (zl)A%Dg_ (29) +
+AGDF (21)ALD] (22) + ALDT (20)ALDT (22) +
+APD] (1) ATD5 (22)}/{AF.Dy — Dy}
= 1+ c08(2¢1) fo Caauss{ AT D 14, (21) AT D, 5 (22) +
+7AY D, ¢(21) A} Dy ¢ (22)} /{ATD, — D2}, (5.47)
One can note that in both the A and AY the product of favored and unfavored
functions appear.

To eliminate false asymmetries coming from the detector acceptance, the Belle
collaboration considers the ratio between the unlike-sign and the like-sign pion pair
production, AY and AZL:

A_? _ 1 + COS(2¢1) f9 CGaussPU
A% 1+ COS(2¢1) f0 CGaussPL
~ 1+ cos(2¢1) fo Caauss(PY — P") , (5.48)

AUL =

where PV — PL is given by
_ 5A%Dfav (zl)A(T)"Dfa'u (ZQ) + 7A%Dunf (zl)Ag"Dunf (252)
5Df¢w (zl)Dfa'u(zz) + 7Dunf(z1)Dunf(z2)
_ SA%DfLw (zl)Ag’Dunf (2’2) + 5A%Dunf (zl)A%DfLw (22) + 2A2’Dunf (zl)A%Dunf (2’2)
5Df(w(Z1)Dunf(2’2) + 5Dunf(2'1)Dﬁw (22) + 2Dunf(z1)Dunf(z2)

pv _pt

(5.49)

The systematic error of this method was estimated to be small [17].

5.4.2 Fit of eTe™ data

In this part the Belle data are fitted with the aim of extracting the favored and
unfavored Collins FFs. The outline is as follows:

e the Belle data [17] are fitted using the same parametrization for the Collins
FFs used in [83];
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e the same fit is performed on the new preliminary Belle data [91], and the
consistency of the results obtained from the fits on the two Belle data sets is
checked;

e the new Belle data are fitted using a more general parametrization for the
Collins FF's;

e in the end, another type of azimuthal asymmetry measured by Belle is consid-
ered.

We first fit the Belle data [17] using the same parametrization used in ref. [83]
for the favored and unfavored Collins fragmentation functions:

AYD, (2) = C,2Dy(2), a= fav,unf. (5.50)
The parameters we obtain are the following:

Claw = 0.32£0.21 Cuns = —1.05 £ 0.61;
X’/NDF ~ 4/8 ~0.5. (5.51)

The corresponding Collins FF's are shown in fig. 5.19. At variance with the usual
fragmentation functions, the Collins FFs have opposite sign and the unfavored one
is larger than the favored even if with larger error bar. Since eq. 5.49 is symmetric
with respect to the exchange of the signs of the 2 coefficients C,, and Cy,¢, the
choice of sign in 5.51 is arbitrary.

The result quoted in [83] is the following:

Cf,w =0.15 y Cu”f = —-0.45 3 (552)

there is a good agreement with our result, taking into account that here the Collins
fragmentation function is defined to be two times bigger than that used in [83]. It
is not possible to compare the parameter errors, since they are not quoted in the
paper. The result of the fit is shown in fig. 5.20.

In 2007, new preliminary Belle results [91] obtained on a larger amount of data
have been made available: the “old” published data correspond to 29 fb~!, while the
“new” preliminary data correspond to 547 fb~!, therefore they bring a substantial
improvement on the statistical accuracy of the measurement. This can be seen
comparing figure 5.20, containing the old data points, and fig 5.22.a, showing the
new data.

The same fit of the new Belle data gives a very different result: the two coeffi-
cients for the favored and unfavored Collins fragmentation functions have equal sign
(also in this case we cannot determine which sign it is), and the favored function is
more than 2 times larger then the unfavored one:

Ciaw = 1.17£0.19, Cypy=0.714+0.27
x> = 16.5/8 ~2. (5.53)
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Figure 5.19: Extracted Collins fragmentation functions from fit on Belle data using pa-
rametrization of eq. 5.50. The bands correspond to 1o error.
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Figure 5.20: Fit of Belle data with parametrization of eq. 5.50. The bands correspond to
1o error.

The extracted Collins FF's are in fig. 5.21, while the fit results in fig. 5.22, left part;
to help in the comparison with the previous fit, on the right hand side the new data
with the corresponding fit are shown together with the old data points and their fit.
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Figure 5.21: Extracted Collins fragmentation functions from fit on new Belle data using
parametrization of eq. 5.50. The bands correspond to lo error.
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Figure 5.22: a) fit of new Belle data with parametrization of eq. 5.50; b) Comparison
between the fit of new and old data: the red points and red line correspond to the new
set, while the blue points and black line to the old set, already presented in fig. 5.20.

To check the consistency of the two fit results, we considered their confidence
regions. In fig. 5.23, left part, the 1o confidence regions in the plane (Cypf, Cray) are
shown: the regions do not touch but it can be seen that the region corresponding to
the new data (the thicker one) seem to be a prolongation of the region corresponding
to the old data. In the right part of fig. 5.23, the regions corresponding to 20 error:



138 Extraction of the transversity and Sivers distribution functions

in this case the confidence region for the new data is contained completely in that of
the old data. Therefore we conclude that, despite of the very different results we get
in the two fits, the two set of Belle data are in very good agreement. An important
point is that, even if the new data from Belle are very precise, the allowed range for
the Collins fragmentation functions is large; also the relative signs of the two Collins
fragmentation functions is not defined. On the contrary the relationship between
them is very well defined. In this sense, results in eq. 5.53 must be considered as only
one of the possible solutions. For example, in fig. 5.24.a, curves corresponding to 10
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Figure 5.23: a) The 1o error confidence regions for the fit of old and new Belle data; b)
The 20 error confidence regions for the fit of old and new Belle data; the region for the
new data is contained in the one of the old data.

different pairs of values (Cyns, Cfqy) lying along the confidence region (fig. 5.24.b)
are shown: all the curves are very close, and the variation of the corresponding x?
is very low. Also, the minimum position depends somehow on the initial value of
the parameters.

We have also considered a more general expression for the Collins fragmentation
functions:

AYD,(2) =Co 2" (1 —2)°D,(2) a= fav,unf; (5.54)

with 7 and 0 coefficients equal for the 2 functions (a fit with v and ¢ different
for favored and unfavored FFs would bring 6 free parameters for 10 independent
points). With this parametrization, the fit is not stable, and the confidence region
in the parameter space (Cynf, Cray) has a similar shape already seen in fig. 5.23.
Different results are found depending on the initial condition of the parameters;
still, the fit seems to indicate Collins fragmentation functions with equal sign and

b)
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Figure 5.24: a) Ten different curves obtained varying the parameters Cy,f, Cqp along
the confidence regions in the (Cyy s, Cfay) plane as shown in b).

negative values of v and §, with § around 1 and v lower than 1. The Belle data are
better described with this parametrization (fig. 5.25): in particular in the first bin
of z1, the fitting curve is higher for z — 1 and follows the behavior of the points.
The curve shown in the figure refers to this result on the parameters:

Ciaw = 0.16£0.03, Cyupy =0.10+0.03
vy = —0.544+020, 6=-1.144+0.13
x> = 1.6/6 ~0.3. (5.55)

Another observable from Belle

Following the suggestion in ref [83], the Belle collaboration also measured a different
asymmetry. The Ay asymmetry described is built measuring the unlike- and like-
sign asymmetries AY and Al; a third asymmetry A can be accessed observing a
neutral and a charged pion. In terms of the favored and unfavored Collins functions,
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Figure 5.25: Fit of new Belle data (a) with the parametrization of eq. 5.54 and resulting
Collins FFs (b).

the A¢ reads:

AY = 14 cos(2¢1) fs CaaussP

= 14 c08(201) fo Clauss {AALDT" (21) AYDT’ (25) +
+AAG DY (21)AG DY’ (20) + AY D (1) AGDY (20) +
+AGDF (1) AGDF (20) + AGDT (21)A)DT (20) +
+AJ.DT (21)ALDF (25)}/{A}.D} — DI}

= 1+ cos(2¢1) fo Ciauss
{5(A7D 4y (21) + ATD o (21)) (AT Dy (22) + A7Dyp(22)) +
+4A4.D,,,, ;(21) A} D, (22) }{A}D, — D} . (5.56)

The observable measured by Belle is built considering the double ratio between the
A¢ and AV asymmetries:

AC

AU

1 + COS(2¢0)f9 CGaussPC

1+ cos(2¢0) fo Caauss P

~ 1+ COS(2¢0)f9 CGauss(PC - PU) )

Avc

(5.57)
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where P¢ — PV is given by:
PY - PV =
5(A8"Dfav(z1) + A%Dunf(zl))(Angfav(ZQ) + A%Dunf(zQ)) + 4A%Dunf(z1)Ag’Dunf(z2)
. SA%Dfav(zl)Ag"Dfav (22) + 7A%Dunf(zl)A%Dunf(zz)
5Dfa'u (zl)Dfav (22) + 7Dunf (zl)Dunf (22)

(5.58)

Together with the new preliminary data on Ay, Belle collaboration gave also
results for the Ayc asymmetry. We performed a fit of these data to see if the corre-
lation between the two Collins functions is less strong in this type of measurement
with respect to the unlike- and like-sign asymmetry. The results obtained confirm
our previous observations: also with this observable, it is not possible to fix inde-
pendently the two Collins fragmentation functions. For example, fitting the data
with the parametrization of eq. 5.50, the confidence region in the (Cypnf, Cfqy) plane
(fig. 5.27) is very similar to the previous already obtained, apart from the fact that
in this case only fragmentation functions with the same sign are favored. The fitting
curve in this case gives a very good agreement with the Belle asymmetries (fig. 5.26)
already using a simple parameterization for the Collins fragmentation functions with
only a free parameter (eq. 5.50).

From these observations, we can conclude that this new asymmetry allows to
extract the relationship between the favored and unfavored Collins FF's again, but
not their absolute value. We refrain from using both asymmetries at the same time
since the asymmetries are correlated (in both cases the unlike-pions combination
enter in the double ratio method).

5.4.3 Fit of Collins asymmetries

In this section, the azimuthal asymmetries measured by the Belle Collaboration are
analyzed together with the charged pion Collins asymmetries measured by HERMES
and COMPASS. The outline is as follows:

e the formulas for the Collins asymmetries on a proton and a deuterium target
are introduced;

e the 2002-2004 HERMES data are fitted as in [81], assuming the transversity
distribution to saturate the Soffer bound, while the Collins FF's are parametrized
and extracted from the fit; from the results, the prediction for COMPASS
asymmetries as function of x, for HERMES and COMPASS as function of z
and for Belle are computed and compared with the data;

e the Gaussian dependence hypothesis upon kr for the transversity distribution
is introduced in the formulas;
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Figure 5.26: Fit with parametrization of eq. 5.50 on Belle Ay asymmetries.
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e the 2002-2005 HERMES pion data, the present COMPASS data and the new
Belle data are fitted, using general parametrization both for the Collins FFs
and for the transversity distributions; the fit is performed with and without
imposing the Soffer bound;

— the extracted transversity functions are compared with the helicity and
unpolarized PDFs;

— the prediction for COMPASS and HERMES asymmetries as function of
z are evaluated and compared with the data;

— the extracted transversity functions are compared with predictions from

some models;

e in the last part, some considerations about the sign of the functions extracted
and the effect of the COMPASS data in the fit are reported.

As for the Sivers case, we start the analysis of the Collins effect following the
approach of [81], described in section 5.2. From eq. 5.10 and 5.12, the Collins
asymmetry as function of z in SIDIS can be written as:

AO thdy%xATq(x).

ACollins x) = )

(5.59)

where the term D('; in the denominator of eq. 5.59 is the fragmentation function
integrated over z, while the AOTDZ term is the integral of the Collins fragmentation

function over ﬁj’l and z, already defined in eq. 5.16. At variance with Sivers case, the
integrals over y in the denominator and numerator do not cancel out. In the analysis
of COMPASS data, the asymmetries have been extracted factorizing out the term
Dyy = (1—y+y?/2)/(1—7y) (see section 4.3.3), so we can neglect the contribution of
the y integrals to the asymmetries. In HERMES analysis, the approach is different:
in ref. [56, 57|, two types of asymmetries are presented: the “virtual-photon” and
the “lepton-beam” asymmetries. The lepton-beam and virtual-photon asymmetries
differ by a factor:

l—y

(1 —y) +y?/2

(5.60)

where R is the ratio of cross sections for longitudinally and transversally polarized
virtual photons on an unpolarized target, and v = 2]‘5’” (already introduced in sec-
tion 1.1). The difference with the asymmetries shown by COMPASS is the presence
of the R and the 72 terms. Both terms can be neglected at first order; moreover
the R term is not measured and its relevance in the formula is not clear. In the

new preliminary HERMES data, only the lepton-beam asymmetries are presented.
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In the following, we fit the lepton-beam asymmetries considering in the correspond-
ing asymmetry formula the Dyy factor for the HERMES kinematics, with R = 0
and v = 0. The Dyy is evaluated from MC using LEPTO. In the simulation the
kinematical cuts in HERMES analysis and the apparatus acceptance are taken into
account; fig. 5.28.a shows the mean value of y as a function of z, as obtained from
the simulation and from real data [89]; the agreement is very good. Fig. 5.28.b shows
the mean value of Dy as a function of x; the curve shown is used in the asymmetry
formula for HERMES. As a further cross check of the simulation reliability, we have
performed the same exercise for the COMPASS kinematics. The values of Dyy
from data and from MC are in fig. 5.29.
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Figure 5.28: a) Comparison of (y) from data and from MC as a function of z, for HER-
MES; b) (Dnn) from MC as a function of z , for HERMES.
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Figure 5.29: Comparison of (Dy ) from data and from MC as a function of z, for COM-
PASS.
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Considering the sum over the different flavors, and neglecting the y integral for
clarity, the asymmetry expression becomes:

Acoiins(z) = =2 eq - A7 Dy - Arq(z)
2 Dgale)

(5.61)

and as for the Sivers case, we can write it explicitly for the production of pions on
a proton target:

AP ot _ 4ATUA8’Dfav + ATdAg’Dunf + 4AT71A(7)’Dunf + ATCZA%Dfav + (ATS + ATE)A%Dunf
Collins = 4uDjay + dDynys + 4uDyns + dDfoy + (5 + 8)Dung
(5.62)
o 4ATulAG D, » + ArdAGD,,, + 4A7aAT D, + ApdAS D, . + (Ars + AF5)ALD,,,
Collins = 4uDyns + dDjoy + 40D top + dDyny + (5 + 8)Dung
(5.63)
and, considering eq. 5.6, on a deuterium target:
bt (Aru + Ard)(4A% Dy, + AYD,, ;) + (Art + Ard)(4A5D,,, s + AT Dy,
Collins (u+ d)(4D oy + Dyng) + (& + d)(4Duns + Dfay) + 2(8 + 3)Dyny
+ 2(ATS + ATg)A%Dunf
(u+d)(4Dfay + Dynys) + (@ + d)(4Dyns + Dyay) + 2(s + 8) Dy
(5.64)
b (Apu + ATd)(4A%Dmf + AOTDfaU) + (A7t + Ard) (4A0TDf(w + AOTDunf)
Collins (u+ d)(4Dypns + Dfay) + (@ + d) (4D fay + Dung) + 2(s + 5) Duny
N Q(ATS + ATE)A%Dunf
(u + d) (4Dunf + Dfll’U) + ("7' + CZ)(4Df(w + Dunf) + 2(3 + g)Dunf
(5.65)

In eq. 5.64 and 5.65 the asymmetries are positive since in COMPASS the asymme-
tries are extracted as a sin(¢p + ¢s — m) modulation.

The author of [81] fitted the HERMES asymmetries [57] assuming the transver-
sity distribution functions to saturate the Soffer bound (section 1.2 and fig. 5.30).
For the Collins fragmentation functions, two simple sets of parameterizations have
been used:

SETI: A)Dje(z) = Crz(1 — 2)Djan(2)
AYDyni(2) = Cuz(1 — 2)Djan(2) (5.66)

SETII : A} Dso(2) = Crz(1 — 2)Djay(2)
AYDyni(2) = Cuz(l = 2)Dyns(2) (5.67)
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Figure 5.30: The limit for the transversity PDFs imposed by the Soffer bound for transver-
sity distribution at Q% =2.41 (GeV/c)?.

In the first set, the z dependence for both the Collins fragmentation functions is the
same, only the magnitude is a free parameter; in the second set, the z dependence
is different for the u and d-quark, dictated from the unpolarized fragmentation
functions. Only the u and d-quarks have been considered in the numerator, while
in the denominator also the % and d contributions are considered?. With these
assumptions, eq. 5.62 and 5.63 read:

AATuA} Dy, + ArdAG.D

o LT 5.68
Collins 4Uchw + dDunf + 4ﬂDunf + deav ( )

Ap77r_. — _ — . 5.69
Collins 4uDypnf + dD oy + 40D 4y + dDyp g (5.69)
The results quoted in the paper are the following:
SETI: Cy = —0.2940.04
C, = 033+£0.04 (5.70)
SETII: C; = —0.2940.02
C, = 0.56+0.07 (5.71)
to be compared with our results:
SETII: C; = —0.27+0.05
C, = 031+£0.05 (5.72)

2 At variance with Sivers case, where @ and d were neglected also in the denominator.
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Figure 5.31: Extracted Collins fragmentation functions from the fit on HERMES data,
using parametrization in eq. 5.67.

SETII: C; = —0.27+0.05
C, = 0.50+0.08 . (5.73)

The values are in good agreement for both sets, and the errors are larger according
to the fact that we fit only the asymmetries depending on z, while in the paper also
the data on z have been fitted. The extracted Collins fragmentation functions using
the SET II are in fig. 5.31. The fit describes well the HERMES data (fig. 5.32.a),
and the predictions for COMPASS as a function of x are shown in fig. 5.32.b and
are in agreement with the data. The predictions as a function of z for HERMES
and COMPASS are also in good agreement with the data (fig. 5.33.a and 5.33.b),
while the description of Belle data (fig. 5.33.c) is not satisfactory. In particular, the
factor (1 —z) in the parametrization is needed in the description of SIDIS data since
the asymmetries do not increase much with z, while the Belle asymmetries show an
opposite behavior; this factor makes the predictions for all the Belle asymmetries
close to zero.

If we assume that the transverse momentum of the hadron is not due only to
the p; dependence of the Collins FFs, and one takes into account also the initial I;t
of the quark, the asymmetry formula 5.61 becomes [90, 83]:

2 0 h
Acolins () = — € ArDy - By - Arq(z)
Zq eg ) D(’f : Q(l“)

(5.74)

The term Bj is:

(5.75)

1
Bg(Z) = ’
1+ 2 (B, (o)
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Figure 5.32: a) Result of the fit for HERMES data, using parametrization in eq. 5.67; b)
prediction for COMPASS.
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and since it decreases mildly with z, it describes the behavior of the SIDIS data
without the need of including a term as (1— z) in the parametrization for the Collins
fragmentation functions. The terms (k3 ,) and (pAp) are respectively the widths of
the Gaussian describing the transverse momentum dependence of the transversity
and Collins fragmentation function, and are unknown. One approach is to fit them
from data [90]?, or extract from data only the values (B,-A%D) where the mean is on
the z range of the experiments [83]. Our approach is to assume that (k3,) ~ (Pap),
and consequently to put their ratio to 1 in the asymmetry formula.
For the Collins fragmentation functions we choose the parametrization:

AYD,(z) = C,2"(1=2)D,(2), a= fav,unf (5.76)

with the same 7 and ¢ coefficients for the favored and unfavored Collins fragmen-
tation functions. For the transversity distribution function, we choose the same
parametrization used in the Sivers case:

Arq(z) = S@a*(1— 1), q=u,d; (5.77)

but in this case the o and [ coefficients are the same for u and d. The reason why we
consider «, #, v and J to be independent on flavor is to avoid too many free param-
eters in the fit. As in ref. [90], we perform a global fit of the data from COMPASS
, HERMES and Belle. We use the COMPASS pion asymmetries presented in this
thesis, the new HERMES and new Belle data. We consider only the transversity
functions for u and d-quark, and the complete denominator in the asymmetry ex-
pression. We first perform a fit free from constraints, to see if the positivity limit for
the Collins fragmentation functions and the Soffer bound for the transversity distri-
bution function are naturally fulfilled. The parameters from the fit are the following:

Cfap = —0.08 £ 0.02 Sy =39+43
Cuny = 0.16 + 0.06 Sqg=—-43+48
v =0.01 £0.20 a=0.49 4+ 0.39
§=—0.99 +0.12 B=27+21

x’/NDF = 26.5/30 ~ 0.89; (5.78)
and the corresponding curves are in fig. 5.34 and 5.35. The description of the
data is good for all the experiments, but the d-quark transversity function strongly
violates the corresponding Soffer bound; the u-quark transversity PDF and the

Collins fragmentation functions violate mildly the corresponding limits only at high
x and z, respectively. Including the constraint on all the functions in the fit, the

3More precisely, the transversity PDFs width is assumed to be the same of the unpolarized
PDFs, while the width of the Collins FF is taken as (pAp_ ) = (M? * (p*))/((p?) + M?), with M
free parameter of the fit.



5.4. COLLINS ANALYSIS

HERMES n*

0.1

151

HERMES

f0:2 0.05 0.1 0.15 0.2 0.25 0.3 0.35 x0.4 -02 0.05 0.1 0.15 0.2 0.25 0.3 0.35 x0.4
Bj Bj
a)
COMPASS nt* COMPASS
50.2 50.2
O O
< <
0.1 0.1
1 lll;]_ﬁg %l;, ;Ill
0 X x T Y x ; T
0.1 -0.1
1l mi 1) nl 1l L mi
-0. -0.
10° 102 107 X.. “10° 1072 10" X
Bj Bj b)
80.5:
o C[—Xx- ATU
<T°'4? —x-Ad
03 X - (U+Au)/2
g x - (d+Ad)/2
0.2
0 1; .
oF
-0.1;
0.2
-0.3;
0.4l Ll Lol Ll
10* 10° 10 107

X C)
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parameters are:

Cfay = —0.087 £0.018 S, =414 10
Cuns = 0.17£0.05 Sq=-11+1
v =0.04+0.18 a=1.28+0.12
§ = —0.96 +0.12 B=6.5540.18
X’/NDF = 29.5/30 ~ 0.98. (5.79)

The description of the data is still rather good, as visible from fig. 5.36 and 5.37
and from the x? of the fit. The parameters for the Collins fragmentation functions
are very similar to those obtained with the unconstrained fit, since they almost fulfill
the positivity constraint. On the contrary, the parameters for the u and d-quark
have changed very much, as expected, since the violation of the Soffer bound for the
d-quark was strong, and a change in the parameters for the d-quark is reflected in
those for the u-quark since they have the same parametrization in the fit.

The extracted transversity distributions are different from zero and opposite in
sign. Also the Collins FFs are opposite in sign, at variance with what was suggested
by the new Belle data. The results are the first indication of the order of magnitude
of the transversity PDFs and Collins FFs, but more data are needed in order to
better constrain the different functions and to understand more deeply the data. In
particular, the global fit performed can be improved including in the analysis also the
asymmetries as function of z and P, taking into account the correlation between
the different asymmetries, and the K data, that can also provide information on
the sea quark transversity PDFs. Moreover, also COMPASS data on proton are
needed in order to constrain better the transversity distributions. More data can
be useful also in order to simplify the error analysis. In fact, at variance with the
simpler Sivers case, the Lagrange method to extract the error bands has given some
problems. The fit is highly non linear, and small variation of the parameters give
huge fluctuation in the x? value, even in the region around the minimum; as a result,
it is difficult to follow the behavior of the x? versus the function of which we are
evaluating the error band. Thus the error bands shown in the fig. 5.34- 5.37 have
to be considered as an indication of the size of the error.

In fig. 5.38 the transversity PDFs are compared to the unpolarized valence PDF's
and polarized PDFs. It can be noted that the transversity PDFs are similar to the
helicity PDF's, but smaller in size. This is an indication that the relativistic effects
in the nucleon are important, since in absence of relativistic effects the transversity
and helicity distributions would coincide. The transversity distributions evaluated
from some models and extracted from the global fit of Anselmino et al. are shown
in fig. 5.39.a.

In fig. 5.40, the integrals of the transversity distribution functions are shown. As
already commented for the Sivers case (fig. 5.16) the integral values and their errors
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Figure 5.36: Same as in fig. 5.34, but including the constraints on the transversity and

Collins functions in the fit.
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Figure 5.37: Same as in fig. 5.35, but including the constraints on the transversity and
Collins functions in the fit.
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Figure 5.38: Comparison between the transversity PDFs for u and d-quark and the unpo-
larized valence and polarized PDFs (the unpolarized d-quark PDF is drawn with opposite
sign for the comparison).

have to be considered only a rough estimation, since systematic effects are not taken
into account. The integrals for the two transversity distributions are respectively:

0.9
5u=/ dr Aru(z) = 0.397913 ;
0

.01

0.9
0a = / dr Ard(z) = —0.11153 .
0.01
We can compare these integrals with values of the tensor charge (see section 1.2)
from models assuming that the transversity PDFs for % and d-quark are negligible
with respect to those for the u and d-quark. In table 5.1, some values for the tensor
charge evaluated with different models are reported: our results are marginally
compatible with the predictions, that are all in agreement and higher in absolute
value with respect to our result. Clearly, a precise determination of the first moment
of the transversity PDFs would need more data at low as well as at high x.
The predictions as function of z for HERMES and COMPASS data are shown
in fig. 5.41.a and 5.41.b respectively, and show a reasonably good agreement with
the data.
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Ou 0
non relativistic quark model | 0.97 | -0.24
MIT bag model 0.99 | -0.25
color-dielectric model 0.99 | -0.25
chiral quark soliton model 1 | 0.97 | -0.37
chiral quark soliton model 2 | 0.77 | -0.29
chiral quark model 0.72 ] -0.13
light cone model 0.85 | -0.21
spectator model 0.83 | -0.17
lattice 0.80 | -0.22

Table 5.1: Values for the tensor charge for u and d-quark evaluated at Q?=10 (GeV/c)?

in different models. The table is taken from [43].

Consideration about the fragmentation function and transversity signs

We have seen in the previous paragraph that the two Collins fragmentation functions
have opposite signs, as well as the two transversity functions. Even if the relative
sign is fixed from the fit, there is an ambiguity in the absolute signs of the functions:

in fact, both the following possibilities :

I) AYDjo(2) <0 Agu(z) >0
A%Dunf(Z) >0 ATd(Jf) <0

II) A}Djoy(2) >0 Agu(z) <0
A)Dyns(2) <0 Apd(z) >0

result in the same sign of the asymmetries, as visible considering the numerators for

the asymmetries on a proton and a deuterium target:

A%;;;ns ~ _(4ATU’A2’Df(w + ATdAg“Dunf)
A%;;;ins ~ _(4ATUA’(1)“Dunf + ATdAg“l)fcw)
Add;;l:'ns ~ (ATU + ATd) (4A8“Dfav + Ag“l)unf)

Add;;l;ns ~ (ATU’ + ATd) (4A%Dunf + Ag“Dfa/u) :

As regards the Belle data, we have already commented how the relative sign of the
Collins fragmentation functions cannot be determined from these data.
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Figure 5.41: Prediction as function of z for HERMES (a) and COMPASS data (b), using
the extracted transversity PDFs and Collins FF's of fig. 5.36 and 5.37.

Effect of COMPASS data in the fit

We have seen that from the new Belle data it is possible to determine a relationship
between the favored and unfavored Collins FFs, but not their relative sign. In
particular, assuming their relative size to be more or less the same, we have the two
possibilities: A%.D;,, ~ +A%D,, ;. The solution with both the FFs with equal sign
is not in agreement with HERMES results, since it implies the asymmetries on 7"
and 7~ to be the same:

—AYD 0 (4A7u + Ard)
—A$D, (407w + Apd)

D,
ACollms

D,
ACollms

while the HERMES asymmetries are positive for 77 and negative for 77. On the
contrary, the solution with the Collins FF's with opposite signs brings the following
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asymmetries for HERMES :
at
A%’ollins ~ _A’(l)“Dfav (4ATU’ - ATd)
Azé,’oﬁll_ins ~ _A%Dfav(_4ATu + ATd)

in agreement with the data.

The Ard contribution in the above formulas is smaller than the Aru, due to the
factor 4 in front of Aru; so the sign of Aru must be opposite to that of A%Df(w
(as we have from the result of the global fit), but we cannot determine which sign it
is, an ambiguity that, as already commented, cannot be solved even including the
COMPASS data in the fit.

To understand in an intuitive way the effect of the COMPASS data in the fit,
we performed the fit of HERMES and Belle asymmetries only. The fit is unstable,
and gives different solutions depending on the initial value of the parameters. This
can be understood since on a proton target the Ard cannot be constrained, due to
the dominant contribution of the u-quark. The result of COMPASS on a deuterium
target implies the further constraint Ard ~ —Apu, meaning that the sign for the
d-quark transversity PDF is opposite to that of the u-quark, and that the size of
the two PDFs has to be more or less the same. With this additional condition, the
fit has only one solution and the functions can be extracted.

5.5 Predictions for COMPASS proton data

In 2007 COMPASS has taken data using a NHj target. The statistics collected
should allow to measure the Sivers and Collins asymmetries with the same error
bars of the asymmetries measured on a deuterium target, taking into account the
different dilution factor and the different reachable polarization value of the two
materials (f ~0.38 and 0.17 , P ~0.50 and 0.80, respectively for LiDg and NHj ).
Assuming that both the Sivers and the Collins effects have the same magnitude at
different ), we are able to predict the size of the asymmetries for COMPASS. The
predictions as a function of z are shown in fig. 5.42.a for Sivers asymmetries and in
fig. 5.42.b for Collins asymmetries. The curves are compared with the asymmetries
curves for HERMES resulting from the fit (for the Collins case, the curves for HER-
MES have been changed in sign and have not been multiplied by the Dy factor to
help in the comparison). Both the Sivers and the transversity PDFs are the same
for COMPASS and HERMES, since no evolution with % has been taken into ac-
count in the fit. The unpolarized PDFs and the FF's in the denominator have been
evaluated at the two different mean Q? values ( Q* =3.5 (GeV/c)? for COMPASS
and Q? =2.4 (GeV/c)? for HERMES ), as well as the FFs and the Collins FFs in
the numerator. The different integration range in z for the FFs has been taken into
account. The prediction for COMPASS are very similar to the result obtained from
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Figure 5.42: Prediction as function of z for COMPASS measuring on a proton target the
Sivers asymmetries (a) and the Collins asymmetries (b). The dashed lines are the curves
for HERMES data obtained from the fit (fig. 5.12 and 5.36).

HERMES on a proton target. The comparison between the measured asymmetries
and the predictions will be interesting in order to understand the @? dependence
of the transverse spin effects, confirming or not that the approach followed in this
work of interpretation of the results is correct.
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Conclusions and outlook

In the years 2002-2004 the COMPASS experiment took data with a ™ beam of 160
GeV/c and a transversely polarized ®LiD target to measure transverse spin effects
in SIDIS, a topic which received much attention in the last years, both from the
theoretical and from the experimental side. The study of these effects is considered
of great importance in the field of spin physics, a really new territory.

Results for the Collins and Sivers asymmetries for not identified hadrons have
already been published. In this thesis the same asymmetries have been evaluated for
charged pions and kaons, identified using the RICH-1 detector of the experiment.
This work has required a deep understanding of the experimental technique, of the
COMPASS spectrometer and the full analysis chain. A good knowledge of the RICH-
1 response during data taking has been necessary in order to tune the cuts used to
identify the hadrons and to keep under control the systematic of the measurement.
This last aspect is of big importance since the effect one wants to measure is very
small. For this reasons, an extensive study of the RICH-1 performances has been
performed, ranging from the stability in time of the detector, to the evaluation of
the purity of the K sample. All the systematic effects which could bias the results
have been evaluated, with the conclusion that the systematic errors are smaller than
the statistical ones.

As in the case for the not identified charged hadrons, the measured asymmetries
for both the pion and the kaon samples are small, and compatible with zero within
the statistical errors, at variance with the non zero Sivers and Collins asymmetries
measured by HERMES on a proton target at lower energy. These results can be
explained with the hypothesis that in a deuterium target there is a cancellation
between the neutron and the proton asymmetries.

The last part of the thesis has been dedicated to a first global analysis of all
the existing data related to the Collins and Sivers asymmetries for charged pions,
namely the results presented in this thesis, and the HERMES and the Belle measure-
ments. The Belle measurements have highlighted a non zero correlation between the
azimuthal angles of the hadrons produced in ete™ annihilation, and give convincing
and independent evidence of the Collins FFs being non zero.

The method used to fit all the data in order to extract the transversity and Sivers
parton distribution functions is based on a x? method, built comparing the measured
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asymmetries with the corresponding theoretical expression. The parameterizations
of the PDFs and FF have been chosen to be simple, mainly because of the few
experimental points available. No systematic errors have been taken into account
in the fitting procedure at this stage.

From the flavor separation analysis for the Sivers effect, we can draw the following
conclusions:

e the impact of the COMPASS data is clearly visible considering the analysis
using only HERMES data, in which the d-quark Sivers function results to
be bigger than that of the u-quark; the comparison between the analysis of
HERMES and both HERMES and COMPASS shows also that the data sets
from the two experiments are marginally compatible, an effect that can be due
to the over simplified analysis;

e in spite of the simplicity of the model which has been used in the interpretation
of the data, which assumes that the hadron transverse momentum is due to the
kr of the quark, the description of the data is satisfactory and the predictions
of the asymmetries as a function of z are in good agreement with the data;

e the Sivers functions for the u and the d-quark turn out to have opposite signs
and similar size; this result is in agreement with the large-No QCD limit;

e the integrals of the Sivers functions are in agreement with the Burkardt sum
rule. This is also in agreement with Brodsky argument, that the gluon orbital
angular momentum in the nucleon should be zero;

e the positivity bound for the u-quark Sivers function is naturally fulfilled; while
for the d-quark it is slightly violated at large x, where in any case there are
no data points.

As regards the Collins FF, a quite interesting quantity by itself, it has been
shown that the new, very precise Belle data allow to extract the ratio between the
favored and unfavored Collins fragmentation functions. The Belle data do not allow
to determine the sign of the Collins FFs but this ambiguity can be solved analyzing
these data together with the SIDIS data. Indeed Belle data are necessary in the
global analysis since the SIDIS data alone do not allow the extraction of both the
transversity distribution functions and the Collins FF.

Due to the higher complexity of the Collins global analysis with respect to the
Sivers one, parameterizations with less free parameters for the unknown distribution
have been used. The conclusions from this analysis are the following:

e the favored and the unfavored Collins fragmentation functions have opposite
signs and similar size; the positivity constraint is naturally fulfilled by both
FFs;
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e the COMPASS measurements of zero asymmetries on a deuterium target al-
low to extract the transversity PDF for d-quark, that is not constrained by
HERMES and Belle data;

e the transversity functions for u and d-quark have opposite signs; the Soffer
bound for the u-quark is naturally fulfilled, while the d-quark considerably
violates the Soffer bound; the description of the data is slightly worse if we
impose the constraint for the d-quark in the fit, but is still satisfactory;

e despite the considerably range of COMPASS data, the determination of the
first moment of the transversity PDF is not yet possible: low £ measurements
for proton (COMPASS) are still needed as well as high x data for both proton
and neutron; hopefully JLab will provide that in near future.

The work done has shown that it is already possible to extract important infor-
mation on the transversity and Sivers distribution from the available data. Even if
the knowledge about these functions is increasing considerably, still the road for a
complete understanding of the Collins and Sivers effects is long. A more refined and
complete analysis with respect to the one presented in this thesis, and respect to the
analyses existing in the literature, is needed in order to gather more precise informa-
tion. The use in the fit of different parametrization for parton distribution functions
and fragmentation function can give a hint for a source of systematic effects of the
analysis, as well as the inclusion of the systematic errors from the experiments. One
of the points where the analysis can be improved is the inclusion in the fit of all the
measured SIDIS asymmetries, as a function of z,z, and P, after having taken into
account the correlation between the different measurements. The inclusion in the
global analysis of the K data both from COMPASS and HERMES might possibly
allow a first extraction of the functions for the strange quarks, presently not known.

In the future more information on transversity can be obtained by including in
the global analysis the two-m asymmetries already measured at HERMES on protons
and at COMPASS on deuterium. The “interference” fragmentation function is being
measured by the Belle Collaboration, therefore the two-m asymmetries measured in
SIDIS will allow independent extraction of transversity. Information on the energy
dependence of the measured effects will be provided by COMPASS data on a proton
target, taken in 2007, and still to be analyzed. In the same line, also the SIDIS
measurements with a transversely polarized target foreseen at JLab (with beam
energy of 6 and 12 GeV) will bring complementary information. Moreover these
measurements will provide a global view on the transverse spin effects in SIDIS,
providing information also on the other TMD parton distribution functions and
fragmentation functions. All these data conclude the exploring part of the SIDIS
measurements, that has the big advantage, with respect to the Drell-Yann processes,
to allow a flavor separation analysis. Obviously, to reach a knowledge of transversity
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distribution function at the same level of the helicity distribution function, more data
with a better precision will be needed in a second phase.
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