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Abstract

Nell’ambito della Cromodinamica Quantistica, la descrizione al leading order della struttura
del nucleone si basa sulle tre funzioni di distribuzione partoniche (PDFs) f(x), g1(x) e
hi(x). Da un punto di vista probabilistico, f(x) & definita come la densita di quark che
portano una frazione x del momento longitudinale del nucleone, mentre la distribuzione di
elicita g (x) ¢ definita come la differenza delle densita di quark con polarizzazione parallela
e antiparallela rispetto a quella del nucleone polarizzato e frazione x di momento. Entrambe
queste distribuzioni sono ben note grazie alle misure di deep inelastic scattering (DIS)
inclusivo non polarizzato e polarizzato longitudinalmente. La funzione di distribuzione A (x),
nota come trasversita, ¢ 1’analogo dell’elicita nel caso di un nucleone con polarizzazione
trasversa: ¢ definita come la densita di quark con polarizzazione parallela a quella del
nucleone meno la densita di quark con polarizzazione antiparallela. La trasversita, non meno
importante delle distribuzioni fj(x) e g;(x), & tuttavia meno conosciuta a causa della sua
natura chiral-odd che non ne consente 1’osservazione nel DIS inclusivo. Una possibilita
per accedere alla trasversita ¢ offerta dal meccanismo di trasferimento di spin che induce
una polarizzazione trasversa negli iperoni A e A prodotti nel DIS su nucleoni polarizzati
trasversalmente. Qui, le funzioni di frammentazione H 1A/ 1¢ H]A / 9 molto interessanti ma
ancora non note, costituiscono le quantita chiral-odd che si legano alla trasversita per
ristabilire la conservazione dell’elicita. Sfruttando il decadimento self-analysing delle A,
la polarizzazione trasmessa puo essere misurata dall’asimmetria angolare del barione di
decadimento. Dunque la misura della polarizzazione della A fornisce informazioni sulla
trasversita /11 e sul meccanismo di trasferimento di spin nella produzione di iperoni, descritto
dalla funzione di frammentazione H IA/ 7,

Scopo di questo lavoro di tesi ¢ la prima misura della polarizzazione trasmessa dalla
trasversita a particelle A e A sfruttando il set completo di eventi DIS raccolti dall’esperimento
COMPASS usando un fascio di muoni ad alta energia e un bersaglio di protoni polarizzati
trasversalmente. Questa misura, mai condotta prima, puo dare informazioni importanti sulla
struttura adronica e sul meccanismo di frammentazione.

Questo elaborato ¢ organizzato nel seguente modo. Il capitolo 1 ¢ dedicato ad una

breve descrizione teorica della struttura del nucleone, dei processi DIS e dei meccanismi di
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produzione e decadimento di particelle A e A. L’ ultima sezione offre una panoramica delle pit
importanti misure di DIS legate alla trasversita. Nel capitolo 2 viene presentato 1’esperimento
COMPASS con particolare attenzione ai rivelatori utilizzati in questa analisi. La selezione
degli eventi DIS e dei candidati A e A ed il metodo per la misura della polarizzazione sono
descritti nel capitolo 3 e costituiscono il cuore del lavoro svolto. I risultati sono descritti nel

capitolo 4, che contiene anche conclusioni e prospettive future.



Abstract

The basic ingredients of the leading order QCD description of the nucleon structure are
the three parton distribution functions (PDFs) fj(x), g1 (x) and &;(x). Focusing on quarks,
fi(x) is defined as the number density of quarks carrying a fraction x of the longitudinal
momentum of the nucleon, while the helicity distribution function g;(x) is defined as the
helicity asymmetry of quarks in a longitudinally polarised nucleon. They are both quite well
known thanks to the measurements of unpolarised lepton-nucleon inclusive deep inelastic
scattering (DIS) and longitudinally polarised lepton-nucleon DIS.

The transversity distribution function /;(x) is the analogous of the helicity PDF in
case of transversely polarised nucleons: it is defined as the number density of quarks
with polarisation parallel to that of the nucleon minus the number density of quarks with
antiparallel polarisation. Transversity is as fundamental as fj(x) and g (x), but is less known
because of its chiral-odd nature, which prevents to access it in inclusive DIS. A possible way
to access transversity is offered by the spin transfer mechanism that leads to a transversity
transmitted polarisation of As and As produced in DIS off transversely polarised nucleons.
Here, the fragmentation functions Hf\/ 7 and Hf\/ q very interesting and still unknown, are
the chiral-odd objects coupled with the transversity distributions. Taking advantage of the
As and As self-analysing decay, the transmitted polarisation can then be measured by the
angular asymmetry of the decay baryon. Thus the measurement of A and A polarisation gives
information on both /; and the spin transfer mechanism in the hyperon production encoded
in HIA/ . The aim of this thesis work is the first measurement of the transversity transmitted
polarisation of As and As using the complete DIS dataset collected by the COMPASS
Collaboration using a high energy muon beam and a transversely polarised proton target.
Such measurement, never performed before, will give relevant information on the hadron
structure and the fragmentation mechanism.

This thesis is organised as follows. Chapter 1 is dedicated to a short theoretical description
of the nucleon structure, the DIS process and the mechanisms of A (A) production and
decay. The last section gives an overview of the most relevant DIS measurements related
to transversity. In chapter 2 the COMPASS experiment is described, giving more details on

the detectors relevant for the present measurement. The selection of the events and of the A
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and A candidates and the method used to measure their polarisation are described in chapter
3 and constitute the core of the work done. The results are described in chapter 4, which
includes conclusions and outlook and ends this thesis.
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Chapter 1

Nucleon spin structure and transversity

1.1 Introduction

The atomic nucleus is made of protons and neutrons, generally called nucleons. Nucleons
are not elementary particles: they themselves have an internal structure whose building
blocks are the quarks, which are fermions. The role of hadronic physics is to understand the
structure of the nucleons as well as the spectrum of all strongly-interacting hadrons, which
are also made up of quarks.

A large part of our understanding of the hadrons comes from the Quark Parton Model
(QPM), which is formulated in terms of constituent quarks and provides, inter alia, a
simplified but good description of the hadron spectrum and a prediction of the magnetic
moments of the baryons. In the QPM the internal structure of a baryon (i.e. a half-integer spin
hadron) consists of three constituent quark, each of them possessing a mass of approximately
one third of the baryon mass. In this model, the proton consists of two u (up) quarks with
charge +2/3 e and one d (down) quark with charge -1/3 e; the neutron, symmetrically, consists
of two d quarks and one u quark. A meson (integer-spin hadron) is described as a g4 pair. In
the QPM, the three quarks are in an S-state; the u quark has spin 1/2 upwards, while the d
quark has spin 1/2 downwards. A full description of the hadronic spectrum requires indeed
four more quark flavors, namely the strange (s), the charm (c), the bottom (b) and the top ()
quarks.

Our knowledge of hadron structure also relies on the non-abelian gauge theory called
Quantum Chromodynamics (QCD). In QCD, the quarks are described as fundamental, point-
like particles with no inner structure, whose strong interactions take place through the
exchange of vector bosons, the gluons. The perturbative approach used to solve the QCD
equations cannot be applied at small energies, where the coupling constant is of order unity
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and where, for this reason, the QPM remains a useful model. In this framework, the issue of
the nucleon spin appears particularly interesting.

The nucleon is a spin 1/2 particle. This value can be decomposed into the sum of several
contributions:

1 1
where:

* AX is the total number of quarks with spin parallel to that of the nucleus minus the

number of quarks with their spin anti-parallel;
* Ag is the gluon contribution;

* L, and L are the contributions from the orbital momentum of quarks and gluons.

The simplest QPM prediction about the spin of the nucleon foresees a AX = 1 contribution,
with Ag+ L, + Lg = 0; including relativistic corrections AX ~ 0.75, with Ag ~0.125 and L, =
Ly =0. The result of the EMC experiment in 1988 on a proton target, AX. = 0.12+0.0940.14
[1, 2] came as a big surprise, since it contradicted these predictions. The proton spin crisis
caused by the EMC result urged further intense experimental and theoretical investigations
on spin. On the experimental side, a large number of experiments were performed at SLAC,
DESY, JLAB and CERN to verify the EMC result, measure the neutron and improve the
accuracy of the measurements. In particular, the first experiments (SMC at CERN and E142,
E143, E154 and E155 at SLAC, and HERMES at DESY) confirmed the EMC result that
the quarks carry only a small (about 0.25) fraction of the proton spin, and found out that the
same holds true for the neutron. These findings clearly hinted at the necessity of setting up
new experiments to measure Ag and possibly L, and L, experimental effort which is still
ongoing (COMPASS at CERN, RHIC at BNL and several Jefferson Lab experiments).

On the theoretical side a huge number of papers undertook a critical review [3] of the
QCD description of the nucleon and a renewed attention was given to the transverse spin

phenomena, previously essentially ignored.

1.1.1 First observations of transverse spin effects

Let’s consider a high-energy particle moving on a straight line, that for simplicity we can take
as the longitudinal direction. The spin four-vector s* of such particle can be decomposed
into a component sﬁL , parallel to the particle momentum p*, and a transverse component sﬁ,
perpendicular to it:
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s“:sﬁ—i—sﬁf:kp“—l—s‘f_. (1.2)

If the particle moves with a Lorentz factor 7, the transverse spin components turn out to
be suppressed of a factor 1/y with respect to the longitudinal one. This argument led, in the
past, to the idea that transverse spin effects are always negligible, but this is in general not
true.

The first extensive discussion of transverse spin effects in high-energy hadronic physics
was triggered by the discovery, in 1976, that A hyperons produced in unpolarised pN
interaction exhibit a surprisingly large transverse polarisation at high pr [4]. Soon after, the
E704 experiment at FNAL discovered large and unexpected left-right single spin asymmetries
in inclusive pion production in the collision of transversely polarised proton on a hydrogen
target, results essentially confirmed at RHIC at 1/s=200 GeV twenty years later. All these
phenomena are forbidden at leading-twist QCD and can arise only as an &'(1/pr) effect.
Indeed, in a famous paper [5] it was proven that in collinear perturbative QCD single
transverse spin asymmetries are of the order of ¢(mm,/+/s) and therefore vanish in the limit
of massless quarks. Large transverse spin effects in hadron reactions, on the contrary, are
not suppressed and their interpretation required a generalisation of collinear QCD, as will be

seen in the following.

1.1.2 QCD structure of the nucleon

At leading order the QCD structure of the nucleon is described by three distribution functions:
the number density, or unpolarised distribution f; (x); the helicity, or longitudinal polarisation
distribution g (x); and transversity, or transverse polarisation distribution 4 (x). The unpo-
larised and helicity distributions are well known objects, for which a simple probabilistic
interpretation holds: fj(x) is the probability of finding a quark with a fraction x of the
longitudinal momentum of the unpolarised parent hadron, independently of the quark spin
orientation; for a longitudinally polarised nucleon, g;(x) is the number density of quarks
with momentum fraction x and spin aligned to that of the parent hadron minus the number
density of quarks with the same fraction of momentum but opposite helicity.

Let us indicate with the superscript £ the sign of the quark helicity with respect to that of

the parent nucleon. One has:

[ =@+ x), 1) = (x) = fi (x). (1.3)
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Also hy(x) has a probabilistic interpretation: in a transversely polarised hadron, it repre-
sents the number density of quarks with momentum fraction x and their spin parallel to that
of the parent hadron minus the number density of quarks with the same momentum fraction

and their spin antiparallel. If 1 indicates the parent nucleon transverse polarisation,

h(x) = f; (¥) = fy (%) (1.4)

In the helicity basis, transversity appears as an interference term and this simple inter-
pretation does not hold anymore. For non relativistic quarks, moreover, 41 and g; are equal,
thus any difference between them probes the relativistic nature of quarks. The transversity
distribution h1(x) was introduced already in the 70’s [6] to describe the pp — utu~X
Drell-Yan reaction, but it was nearly forgotten until the beginning of 90’s, when Artru and
Mekhfi [7] studied its QCD evolution and Jaffe and Ji [3] inserted it in a general classification
of all leading-twist and higher-twist parton distribution functions.

The three PDFs are proportional to the imaginary part of quark-nucleon forward ampli-
tudes /53 ara’» Where A refers to the nucleon helicity and A to the quark helicity. Quark
and hadron helicities generally take on the values +1/2. Due to helicity conservation, the
sumrule A+ A = A’ + A/ applies. According to this rule, three independent sets of helicity
amplitudes exist, namely:

1 1 1 1

. . 1.
—|—2 +2 +2 +2 (1.5)
-l‘l 1—>+1 ! (1.6)

2 2 2 2 '

1 1 1 1

where the first two are diagonal in the helicity basis, since the quark does not flip its helicity.
The third, instead, requires a spin flip. These three sets of amplitudes can be grouped into the
three PDFs according to the scheme:

1 1 1 1 1 1 1 1

4= 4= S S 1.
fl(x)<—>(—i—2 +3 s +2)+(+2 5 — 5 2) (1.8)

1 1 1 1 1 1 1 1

S Y T T 1.
gl(x)H( 5 +2 +2 +2) (+2 > —|—2 2> (1.9)

1 1 1 1

N B 1.1
h](x) > (+2 > > —|—2) (1.10)
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As a consequence, fi(x) and g (x) are chiral-even, whereas & (x) is chiral-odd. From the
probabilistic interpretation of the three PDFs, it is easy to derive two fundamental constraint
on helicity and transversity:

g1 (x)| = 1fi7 (x) = f7 ()] < f1(x) (1.11)

a1 ()] = 1 £] (x) = f1 ()] < fi (). (1.12)

A combination of boundary conditions on the three PDFs is on the basis of the Soffer

bound [8], which must be satisfied at leading order:

f1(x) +g1(x) > 2|h1 (x)]. (1.13)

An important property of the leading order PDFs is that their first moments correspond to
the vector, axial and tensor charges:

+1

1 —
dxfl(x):/o dx [f1(x) = fi(x)] = gv, (1.14)

a0 = [ axlgr) -1 =g (1.15)

+1 _
/ dxhl(x):/o dx [l (x) — i (x)] = gr-. (1.16)

-1

The tensor charge, in particular, is a fundamental quantity since it gives the contribution
of the quark electric dipole moment to the nucleon electric dipole moment, a sensitive probe
of CP violation beyond the Standard Model. Tensor charges can be calculated in lattice QCD.

The three PDFs are all leading-twist functions. This means that there is no reason to
expect a priori that transversity should be smaller that helicity, at least at low Q2. Their QCD
evolution is instead different: /;(x) has no gluonic counterpart in spin one-half hadrons since
a gluon transversity distribution for nucleon would violate helicity conservation. For this
reason, /1 (x) does not mix with gluons in the evolution, so that its evolution equation is a
simple non-singlet quantity.

When transverse quark momentum k | is taken into account, the number of leading-twist
distribution functions, necessary to characterise the nucleon structure, raises to eight. These
transverse-momentum-dependent (TMD) distribution functions describe the quark-gluon
dynamics with all possible spin-spin and spin-orbit correlations. The eight TMD PDFs are
reported in Tab. 1.1. The symbols U, L and T refer to unpolarised, longitudinally polarised
and transversely polarised nucleons (V) and quarks (g) respectively.
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Table 1.1 Leading twist TMD distribution functions, listed according to their probabilistic
interpretation.

N\qg U L T

U fi hi
L 81 hf_L

T fﬁ glLT hlhlLT

The diagonal elements are the momentum dependent distribution functions f(x,k ),
g1(x,k, ) and hy(x,k | ): they do not vanish after an integration over k, and simply reduce
to the already encountered leading-twist PDFs f](x), g1(x) and A;(x). On the contrary, the
off-diagonal term vanish after k| integration. Among them, the most interesting TMD PDFs

are the T-odd flLT and hi, known as the Sivers and Boer-Mulders functions.

1.2 Access to the nucleon spin structure

The spin structure of the nucleon, and in particular the helicity contribution AY. of the quarks
to the global spin, can be studied through (inclusive) deep inelastic scattering (DIS), where
two of the three PDFs enter in the cross section. Transversity, instead, due to its chiral-odd
nature, cannot be accessed in inclusive DIS and other channels, like e.g. semi-inclusive deep

inelastic scattering (SIDIS), must be chosen.

1.2.1 Deep inelastic scattering (DIS)

Deep inelastic scattering (DIS, Fig. 1.1) refers to the scattering of a high energy lepton ¢ off
a nucleon N. The basic reaction is:
/N = U'X (1.17)

where X is a generic final hadronic state. If only the final lepton is observed, DIS is called
inclusive; if, in coincidence with ¢/, X is observed also, DIS is said to be semi-inclusive (if X
is partially observed) or exclusive (if X is completely reconstructed).

When the nucleon is at rest in the laboratory, the expression for its Lorentz vector is
simply Py, = (M,0,0,0), being M the nucleon mass, while the incoming lepton Lorentz
vector (neglecting the lepton mass and taking its line of flight as z-axis) can be written as
¢y = (E,0,0,E). In the one photon exchange approximation, the scattering occurs via the
exchange of a virtual photon, whose four-vector is the difference of the incoming and outgoing
leptons: gy = €y — ¢}, = (E,0,0,E) — (E',0,E’sin6,E’ cos 0), being 6 the scattering angle.
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k
P M W

Figure 1.1 Kinematic quantities for the description of deep inelastic scattering. Note that
here the lepton momenta are indicated as k and k'

In inclusive DIS only two independent Lorentz invariants can be constructed. They can

be chosen to be the invariant mass of the virtual photon
0’ =—¢° (1.18)
and the Bjorken variable

2
x= 0 )
2P-q

(1.19)

Q7 is also indicated as the resolution of the electromagnetic probe: high values of Q>
correspond to a deeper investigation of the nucleon inner structure. In the QPM framework,
and in particular in the so-called infinite momentum frame, where the nucleon moves with
infinite momentum, x is interpreted as the fraction of the nucleon momentum carried by the
quark which, at the elementary level, absorbs the virtual photon. In terms of Q2 and x, DIS
can be defined as the limit Q> — oo with x fixed.

Other useful kinematic variables that can be introduced to describe DIS reactions are:

_P-q _P~q

2 2
“7 — P q 1‘:2()

1%
where Vv corresponds to the photon energy in the laboratory frame, y is the inelasticity
and W is the final state hadron mass. Both x and y range between 0 and 1 and they are related
to Q2 through the relation:
Q2
= . 1.21
Xy =" (1.21)

where s is the center of mass energy.
The differential DIS cross section, to detect the outgoing lepton in the solid angle d2
and in the energy range (E’,E’ + dE') in the laboratory frame, can be calculated as the
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contraction of a leptonic tensor L,y and a hadronic tensor W*V:

d*c o’ E' v
igae ~ gt g (122

where o = 1/137 is the electromagnetic coupling constant. The leptonic tensor Ly is
function of the incoming and outgoing lepton momenta and spins (¢, ¢, sy, sy respectively)
but, since the final lepton spin is in general not observed, we can sum over it. Lyy can
then be decomposed into two terms, the first symmetric and independent on sy, the second

antisymmetric and dependent on sy:
Luv (6,0, 50) = LE)(0,0)+ L) (0,0, 50). (1.23)

An analogous separation into symmetric and antisymmetric part (the former independent
on the nucleon spin S, the latter dependent on it) is possible also for the hadronic tensor:

WHY(P.q,5) = W5 (P.q) + W[} (P.q,S) (1.24)

with the caveat that, while the leptonic tensor can be exactly computed in QED, this is
not true for the hadronic tensor, due to the unknown nucleon inner structure. A necessary
hadronic tensor parametrisation is then performed introducing two structure functions for the
symmetric part (] and F>) and two for the antisymmetric part (g and g»).

The contraction of a symmetric tensor with an antisymmetric one is zero, so that the
spin-independent cross section can be extracted from the contraction of the symmetric parts
of L,y and WHV, while the spin-dependent cross section comes from the contraction of their
antisymmetric parts:

o 40E” [2F(x,0%) .0 F(x0Y) ,0
dE'dQ 04 { M sin E—FTCOS 5] (1.25)
d’Ac Ao’E’ . . O ,
dE'dQ ~ Q’MVE {<E +Ecos0)g1(x, Q) — T-a(x, Q )} (1.26)

where Ao expresses the difference in the cross section for the nucleon spin parallel and
antiparallel with respect to the beam spin direction. In the light of the QPM, the structure
functions can be written in terms of the f; and g; PDFs as:

Fi(50%) = 3 ¥ (6. 0) + ()] (1.27)
q
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F(x,0%) =xY e [f](x,0%) + fl(x,0%)] (1.28)
q

1
§1(6,.0%) = 5 1.5 [6](x.0) + 4] (x, Q)] (1.29)
q

while g»(x,0?) has not a simple QPM interpretation.

The correlation between F; and F; is given by the Callan-Gross relation, which is a
consequence of the fermionic nature of quark: F>(x, 9%) = 2xF; (x,0?).

Unpolarised and polarised DIS are privileged frameworks in which the unpolarised
distribution function and helicity distribution function can be studied. This is not true for
the transversity distribution function that must be associated to a second chiral-odd object to
provide an observable quantity. Such an object can be found, for instance, in SIDIS.

1.2.2 Semi-inclusive deep inelastic scattering

Let’s consider the process:
¢N — U'hX (1.30)

where the hadron 4 is observed in coincidence with the scattered lepton ¢'. The projection of
the hadron momentum along the virtual photon momentum, estimated in the photon-nucleon
center of mass frame, usually indicated as pﬁ, can reach at maximum the value of W /2. It is
then useful to introduce a new variable, the Feynman x or xr, defined as the ratio:

2pt
xF:W”;»—lnggl. (131)

In this frame the quark which absorbed the virtual photon has pﬁ > 0, whereas the other
quarks, that continue in the initial nucleon direction, have p|*‘ < 0. In a simplified model,
then, hadrons with xz > 0 come from the hadronisation of the quark which absorbed the
virtual photon (kinematic region of current fragmentation, CFR) and those with xr < 0 come
from the target fragmentation (TFR) region. As a matter of fact, the separation of the two
regions is not so sharp, and usually further requirement on the hadron energy are applied to
select the CFR.

The ratio of the hadron energy Ej, to the virtual photon energy v is indicated as z. This
quantity governs the probability for a quark ¢ to fragment into a hadron /~ with energy zv,
described by fragmentation functions (FFs), which depend only on z and on Q2. SIDIS FFs
are chiral-odd objects and, then, they can couple to transversity.

The SIDIS cross section for the production of a specific hadron in the final state is an
example of application of the factorisation theorem, according to which it is possible to
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separate the perturbatively calculable part of the cross section from the non perturbative one.
In SIDIS, the non perturbative term usually corresponds to FFs, so that the factorisation

theorem schematically reads:

o!N=hX _ 6 < PDF @ FF (1.32)

where 6 denotes the perturbatively calculable cross section for the elementary subprocess
lqg — V'q'. Generally speaking, the FFs describe how the color-carrying quarks and gluons
transform into color-neutral particles such as hadrons or photons. While (leading-order) PDFs
can be seen in the QPM as probability densities for finding partons, with a given momentum,
inside color-neutral particles, the FFs are probability densities for finding color-neutral
particles inside partons.

The simplest FF, and also the best known, is denoted by D?/ q(z) and describes the
fragmentation of an unpolarised parton of type g into an unpolarised hadron 4, where the
hadron carries the fraction z of the parton momentum. D}ll/ ?(z) is also known as collinear, or
integrated, FF: the transverse momentum k7 of the hadron relative to the parton is integrated
over. In addition to D}]l/ ?(z), one can extend the set of FFs by considering the spin of the
parton, that of the produced hadron and the transverse momentum of the hadron relative to

the parton [9]. The two most common classes of FFs are:

* Integrated FFs: D}ll/ ?(z) with its two spin-dependent counterparts G}ll/ ?(z) and H{l / 1(2)
that, unlike D}ll/ ?(z), take into account the hadron when it is polarised, respectively
longitudinally and transversely with respect to its momentum. These three FFs are
leading-twist (twist-2) objects.

* Transverse-momentum-dependent (TMD) FFs: they depend on the hadron transverse
momentum k7 and they are needed to probe the transverse momentum dependence of

the parton distribution functions, as well as the transversity PDF.

The FFs are listed in Tab. 1.2 according to their probabilistic interpretation. The
columns indicate the quark polarisation (unpolarised-U, longitudinally polarised-L, trans-
versely polarised-T). The rows indicate the hadron polarisation. They depend on both z and

on kr.

The integrated FFs can be obtained by integrating the TMD FFs: for instance,

D) =22 / d*kr D" (2, 2K%). (1.33)
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Table 1.2 TMD fragmentation functions, listed according to their probabilistic interpretation.

H\q U L T
U D}ll/q Hlih/q
L G]f/q Hlih/q

T DllTh/q Gfll/Tq Hfl/q HlLTh/q

1.2.3 Measurement of transversity

The FFs are assumed to be process-independent: they describe the quark hadronisation in all
the different processes, namely in SIDIS, e"e™ annihilation and pp hard scattering. In these
cases, using QCD factorisation, the cross sections are schematically written as:

¢ ¢ X — 5 FF (1.34)
oN=UhX — &6 @ PDF @ FF (1.35)
o' — & © PDF ® PDF @ FF (1.36)

where 6 indicates the process-dependent partonic cross section calculated in perturbative
theory. This is a very important point, since it states that information on the FFs from, for
instance, eTe™ annihilation can be used to extract PDFs from SIDIS. In particular, this is
the case for H #h/ 1 called the Collins function. In SIDIS it couples with the chiral-odd
transversity PDF giving a well defined transverse spin asymmetry, the so called Collins
asymmetry. Simultaneous use of the SIDIS and e* e~ data allows for the extraction of the
transversity and the Collins FFs, as described in Sect. 1.4.

To access transversity another important process is the SIDIS production of spinless
hadron pairs. In this case a new FF has been introduced, the so-called DiFF (Di-hadron
Fragmentation Function) H;', which can also be accesses in eTe~ — hadrons. Recently,
experimental investigations however gave hints for a common origin of the H IJ? and H; FFs
[10]. Also, a Monte Carlo implementation of the 3 Py model can describe simultaneously the
asymmetries in one hadron and two hadrons production in the fragmentation of a transversely
polarised quark.

Of particular interest for the present work are the FFs describing the production of the spin
one-half A or A hyperons. Gll\/ ?(z) shows up in SIDIS off longitudinally polarised nucleons
p— v AX) and in pp — AX [9]. Specific for the measurement of the transversity PDF is
H 1A/ ?(z) to which it couples in the process £p! — #/ATX and pp' — ATX, still unknown.

The measurement of the transverse polarisation of As and As produced in SIDIS off

transversely polarised nucleons has always been indicated as a promising channel to access
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transversity [11-14]. It is the subject of this thesis and will be treated in detail in the next
section.

The basic idea is that, if transversity is different from zero, the polarisation of the
fragmenting quark is transferred to the A according to Hf\/ . so that the A is polarised and
its polarisation can be measured from the angular distribution of the proton produced in the
decay A — pm~.

The semi-inclusive production of a A hyperon is shown in Fig. 1.2. The incoming lepton
(here, a muon W) emits a virtual photon y*, which interacts with the nucleon N to give the
A and other products X, not observed. The incoming and outgoing muons u and ' define
the scattering plane; the photon y* and the A define the production plane and the two decay
products (proton p and pion 7~ ) form the decay plane.

The two processes, A production and decay, are described in the next section.

n

Scattering
plane

Production plane

Figure 1.2 A production and decay in SIDIS.
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1.3 A production and decay

Of particular interest is the semi-inclusive deep inelastic process /NT — ¢'hX, where an
unpolarised lepton / interacts with a valence quark of the transversely polarised nucleon N'
and the struck quark fragments into a hadron £ of spin one-half. If at least part of the initial
transverse polarisation is transferred to the hadron in the fragmentation, this polarisation
should be detectable. A possibility is offered in this sense by the hyperon self-analysing
decay, as will be discussed in the following section. In this section we first consider the
transfer of transverse polarisation from the target nucleon to the A hyperon, and then the

measurement of the transverse A polarisation.

1.3.1 Transmitted transverse polarisation

A simple explanation of the polarisation transfer is given in Ref. [15]. If Py is the nucleon

transverse polarisation, the initial quark inherits part of it according to the relation:

_fi) By, (1.37)
A

Py

where h? and flq are the transversity and the number density PDFs. ﬁq gets lowered and
rotated in the hard scattering process with the lepton. In the lepton-quark center of mass
frame:

P = DyyRF,, (1.38)

where Dyy is the depolarisation factor and R is the rotation about the normal to the scattering

plane that transforms the initial quark direction into the final one. From QED one gets

2(1-y)

Dyn
and R essentially is a reflection about the y-z plane which brings the direction of spin of the
initial quark into that of the final one. Also the final hadron inherits part of the outgoing
quark polarisation, with a probability given by the ratio between the transversely polarised

and unpolarised fragmentation functions:

h/q
pof Qp (1.40)
Dy"(2)
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Summing over the quark species, we get:

h
5 Laeiom @)

= DynRPy (1.41)
Y, (0D ()

where now R is the rotation about the normal to the scattering plane that transforms the
initial nucleon’s direction into the final hadron’s one.

The A polarisation is calculated in ¥*-nucleon center of mass (GNS frame, Fig. 1.3) in
Ref. [16] working with a transversely polarised nucleon. In the GNS, the z-axis is given
by the photon direction, the xz plane is the scattering plane and the y-axis is parallel to the

normal to the scattering plane. The components of the A polarisation are :

h/q q h/q
Y h(x)H Y hl(x)H
p=8,~ L1 L9, Dyy,  Po=-—S, =171 1) ;z/qDNN' (1.42)

¥, /{(x)D Y (D!

where Sy and S, are the x and y components of the nucleon spin vector S.
To observe the predicted baryon transverse polarisation, an interesting possibility is

offered by the hyperons self-analysing decay, that will be investigated in the following

Bl

section.

k' B[
Y
k//J ! z A

y

Figure 1.3 Coordinate system in the GNS frame.

1.3.2 Hyperon self-analysing decay

A natural choice to investigate the transversity transmitted polarisation, expected in semi-
inclusive leptoproduction of spin one-half hadrons, is to study events with hyperons in the

final state. The hyperons are in fact self-analysing, that is they reveal their polarisation
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through the angular dependence of their non-leptonic decay products, like e.g.:

rt - pno
A — pr- N N 20— A0g?
0 0 X" —nrm o 3
AN —nm & —nmw
X =S nm

The most easily accessed process is the weak decay AY — pw~ (correspondingly A? —
pr™) which has branching ratio is 63.9 %. On one side, this decay channel is the most
favourable in terms of statistics; on the other hand, however, only part of the observed
As come from direct production, since they can also appear as decay products of heavier
hyperons. In this thesis we will ignore this second possibility.

Like all hyperon non-leptonic decays, A decay is characterised by the presence of two
spin-1/2 baryons (one in the initial state as decaying particle, the other as decay product) and
of a spin-0 meson. The most general Lorentz-invariant amplitude for this process can be
written as [17]:

M = Grmaiis(A—Bys)u; (1.43)

where G is the Fermi constant, my is the pion mass, u; and uy are Dirac spinors for the
initial and final baryons respectively, and A and B are dimensionless constants. The parity
violation is induced by the presence of the 5 matrix. Starting from the expression in Eq. 1.43,
the angular distribution of the final baryon in the rest frame of the decaying one can be

calculated. Let’s then fix the expression for u; and uy introducing the Dirac bispinors ; and

xf 1
i E 2
U = (75), up = (M) ( 6'125(; ) (1.44)
0 2my By Xf

where Ef, my and P indicate the final baryon energy, mass and momentum and G is the

vector of Pauli matrices. Thus, inserting u; and uy in Eq. 1.43,

1
Er+me\2 G-p
mg Ep+my

where 75, acting on J;, introduces a change of sign. To simplify the notation, let us define:

— B —
pp=LL a=A, p— Bl (1.46)
|pf| Ef+Mf
Er+ms\?
m Lo
:s///:c;pmi(szff) (x}(aero-pf)x,-). (1.47)
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The transition probability will then be proportional to:

> =xj(a+b3-pp)ix (a"+b"G-pr)xs

1460 N2 B 3
(20 ) (1 5]

(1.48)

R < |xj(a+bS-pp)xi

where @; and @y are unit vectors in the directions of initial and final baryon spins, respectively.
The expression for the two spin density matrices substitute the products x; X,T and yr x} and
a trace must be evaluated to get the correct expectation value. Since our concern is initial

state polarisation, we can sum over all possible @y states to get a quantity proportional to:
Tr[(a+ b6 - py) (1+6- &) (a" +b*G - py)] . (1.49)
The product of all terms inside the trace yields:
|a|*(1+6 - @)+ (ab* +a*b)(G-ps)(1+6 - @)+ |b|*(14+ (G- ps)(S-@)(3-pr)). (1.50)

Now, recalling that the trace of a sum is equal to the sum of the traces, that Tr(& V) =0
always and that (G- p)(6-¢) = (P-4)[+iG X G,

R o |a* + |b|* +2Re(ab*) (@ - py) (1.51)

so that, introducing the weak decay parameter:

2Re(ab*)
=— 1.52
P+ 52 e
the decay rate % can be written as:
K< 1+00;-py. (1.53)

which means that, in the hyperon rest frame, the transition rate shows a dependence on the
angle between the hyperon spin direction and the final baryon momentum. This transition
rate asymmetry reflects on the number of baryons emitted per solid angle and, integrating

over the azimuthal angle, we are left with the expression:

dN
dcos 6

o (14+0ocosB) (1.54)
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The o parameter for A decay has been measured to be ov = 0.642 +0.013 [18], with
an opposite sign in the case of A: the deviation from an isotropic emission is remarkable.
Eq. 1.54 describes the angular distribution in a frame where the axis, with respect to which the
angle 0 is defined, is chosen along the spin of the hyperon. In an experimental measurement
it is not always possible to realise such a frame and it becomes necessary to introduce a
quantization axis. The angle 8 must then be redefined with respect to the new axis and the

angular asymmetry takes the more general form:

dN
dcos @’
where the intrinsic weak decay polarisation, induced by & only, substituted by a more suitable

o< 1+ aP"cos@’. (1.55)

oP™ term that strongly depends on the chosen polarisation axis.

The general formula for the angular dependence of the emitted baryons can be obtained
in another way, tailored to the case of A decay. Such alternative derivation [19] stresses the
role of parity and angular momentum in the decay and, considering the contribution of s and
p waves (the first parity-violating, the second parity-conserving), gives again Eq. 1.54.

To summarise, if for A (A) production in SIDIS off a transversely polarised nucleon we
choose as polarisation axis the direction of the spin of the struck quark and we measure the

angular distribution of the proton (antiproton) produced in the A (A) rest frame, it is:

ANP(P)

Teos O o< 14 aP P cos 9. (1.56)
where "
B h‘] H q
pAA) SN—Zq I(X) z/qDNN (1.57)
qulq(x)Dl

with Sy the nucleon transverse polarisation.
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1.4 Experimental overview

In this section, a brief overview of the most important experimental results concerning
transversity are reported. As previously stressed, SIDIS is a unique tool to access it. Mea-
surements of transversely polarised pp hard scattering would also be important but in the
Drell-Yan process transversity of the valence quarks are convoluted with transversity of
the sea antiquarks giving rise to very small transverse spin asymmetries, while in hadron
inclusive production, where transverse spin effects have been measured at high energy by the
RHIC experiments, the Collins effect is mixed to the Sivers effect, preventing a clear access
to transversity. Only very recently signals of the transversity distribution have been seen by
looking at hadron distributions inside the jets. The cleanest process would be transversely
polarised proton-antiproton Drell-Yan process which would allow to measure the convolution
of the two transversity functions, and the measurements have been proposed at the FAIR
facility at GSI [20, 21]. Unfortunately the feasibility of polarised antiproton beams has still
to be proven and these experiments will not be performed in the near future.

Today, all the knowledge on transversity is coming from the SIDIS results produced
by the HERMES and the COMPASS collaborations about the Collins asymmetry and the
two-hadron asymmetry [22]. They are shown in the next sections of this chapter, together

with the preliminary COMPASS results on A transmitted transverse polarization.

Collins and dihadron asymmetries

The Collins effect consists in a left-right asymmetry, with respect to the plane defined by
the quark momentum and quark spin, in the azimuthal distribution of hadrons produced in
the hadronisation of transversely polarised quarks. Its amplitude is encoded in the H ﬁ FF,
the so-called Collins function. When coupled to the transversity distribution in SIDIS off
transversely polarised nucleons, it gives a specific sin®¢ modulation in the cross section.
The azimuthal ®¢ angle, the Collins angle, is defined as ®¢ = ¢;, + ¢s — & where ¢, and @g
are the azimuthal angles of the hadron transverse momentum and of the nucleon transverse
spin in the GNS reference frame. The amplitude of the modulation allows to measure the

so-called Collins asymmetry given by:

1.h
quéh‘f(x) ®H|" /1

(1.58)

The symbol & indicates a convolution over transverse momenta which can be only solved
assuming specific dependences (typically Gaussian dependences) of the PDFs and the FFs
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on the corresponding transverse momenta. In order to perform flavor separation the Collins
asymmetry has been measured with transversely polarised deuterons (COMPASS [23, 24])
and proton (COMPASS [25, 26] and HERMES [27] ) and for charged and identified final
state hadrons. The results are shown in Fig. 1.4 and Fig. 1.5.
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Figure 1.4 COMPASS measurement of the Collins asymmetries for charged pions, charged
kaons and K”s on deuterons (left) and on protons (right) as function of x, z and the hadron
transverse momentum in the GNS P,7.
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Figure 1.5 HERMES measurement of Collins asymmetries on protons for pions (left) and
kaons (right) as function of x, z and the hadron transverse momentum in the GNS P,7.

As can be seen the asymmetries for deuteron are small and compatible with zero, while
they are clearly different from zero for proton data, in particular in the case of charged

pions. The sign is opposite for positive and negative pions and the absolute values are quite
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close and increase in the quark valence region (x > 0.1). The agreement between the two
experiments is very good once the different sign convention for ®¢ is taken into account, in
spite of the different lepton beam energies (27 GeV at HERMES, 160 GeV at COMPASS).
The first HERMES result and the COMPASS result constituted the first evidence that both the
transversity and the Collins functions are different from zero and persist at high energies too.
Recently, measurements with a n target have been performed at lower energy at Jefferson
Lab [28].

The di-hadron asymmetry has been measured soon later both at HERMES (p) and
COMPASS (p and d) from the same data used to extract the Collins asymmetry. It is the
amplitude of the modulation in sin ®gg in the cross section, where ®grg = @g + ¢5 — 7, with Pg
the azimuthal angle of the relative transverse momentum of the oppositely charged hadrons

in the pair. The asymmetry can be written as:

¥, 2 () HTM(2)
¥, e f1(x)D"(z)

ARgs (1.59)

where Z = z; + 22 is the sum of the z values of the two hadrons.

The COMPASS results are shown in Fig. 1.6. Again, with the deuteron target the
asymmetry is compatible with zero, while for proton it shows a clear signal in the case of the
highest statistics pion pair measurement, similar to that of the Collins asymmetry for positive
pions. The fact that the x dependence is very close in the two cases is expected, since it is
due to the transversity x dependence. The same sign and the absolute value is well explained
assuming that the convolution over transverse momenta is not relevant and that the Collins
effect is responsible for both asymmetries as already stressed.

All these data have been used by several groups to extract transversity, together with the

corresponding measurements performed in e™

e~ — hadrons giving independent information
on the spin dependent FFs. The results have large uncertainties, in particular for the d quark
transversity due to the low statistics of the deuteron data set, but the results are in good
agreement. Some of the results are shown in Fig. 1.7 [29]. There the points are the u and d
quark transversity functions obtained directly from the COMPASS proton and deuteron data
for the Collins asymmetry using the analyzing power extracted from the Belle eTe™ data
[30] at the Q° of the COMPASS experiment, ranging from 1.4 to about 25 GeV?/c? in the
different x bins. In this analysis the transversity function for the sea quarks has been obtained
to be compatible with zero. The curves in Fig. 1.7 show the result from a simultaneous fit
[31] of the COMPASS, HERMES and Belle data. The error bands refer to 0% = 10 GeV?/c?.

The solid line and the dashed line show the central values at 0? = 10 GeV?/c? and 0% = 10
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Figure 1.6 COMPASS measurement of the two identified hadron asymmetries, for different
combinations of pions and kaons, on deuterons (left) and on protons (right) as function of x,
Z and the invariant mass.

GeV?/c?, respectively. In both cases the uncertainties are statistical only. As can be seen, the
results of the two extraction methods are in good agreement.

Xi
T

0.4 e

107 10"

Figure 1.7 Transversity distribution for u# and d valence quarks, extracted from Collins
asymmetries. The figure is from Ref. [29].
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A polarisation

The first measurements of the A transmitted transverse polarisation have been performed in
COMPASS using the methods described in the previous sections and all the data collected
with the transversely polarised deuteron target. The preliminary (still unpublished) results
are shown in Fig. 1.8 [32]. The measured polarisation was different from zero for As, but
with a large background and poor statistic inside the mass peak.
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Figure 1.8 COMPASS preliminary results on A (left) and A (right) transmitted transverse
polarisation from deuteron data. The top plots show the invariant mass distributions; the
bottom plots the measured polarisations vs x. The bars show the statistical errors.

The same analysis was performed using the proton target data collected in 2007 [33]. The
major improvement in analysis was the use of the RICH information for particle identification
in the selection of the A candidates. As can be seen in Fig. 1.9, top plots, the background
in the invariant mass distribution is much lower. Still the statistics is marginal and the
polarisations compatible with zero both in x and in z bins (Fig. 1.9, bottom plots). No attempt
has been done to extract transversity from those measurements, because of the fact that the

relevant FFs are unknown and not yet measured in the e™ e~ annihilation channel and because
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the statistical uncertainties on the results are large. Still predictions for the FFs exist, and
calculations have been performed in different models.

In Ref. [34] the transversity induced A polarization in SIDIS has been calculated assuming
the transversity distribution of the u and d quarks saturating the Soffer bound and in three

different scenarios for the fragmentation process:

1. all the A spin is carried by the s quark, as from the SU(3) non relativistic quark model.

Since A is assumed to be zero, no polarization is expected;
1

2. the contribution of the u quark to the Lambda polarization is -20% that of the s quark,
as suggested by SU(3) flavor symmetry. In this case the A polarization at x ~ 0.2 is
about -0.10;

3. all the light quarks give the same contribution to the A polarization. This is the most

favorable model, and gives a A polarization of about +0.20 at x ~ 0.2.

The transverse spin transfer to the A, namely the ratio H f\/ 1/ Df/ 7 has also been calculated
using models. In particular, in reference [35] predictions for the s and u quark HlA /a / Dll\/ i
have been obtained in the framework of the diquark model. The transverse spin transfer for
the s quark increases with z up to z = 0.5 and then has a constant value of about 0.75, while
for the u quark it increases almost linearly with z assuming a value of about 0.1 at z =0.5.

Of course testing these predictions and giving more input for future calculations has high
relevance and constitutes the motivation of this work. COMPASS collected more SIDIS data
with the transversely polarised proton target in 2010, corresponding to about twice the 2007
statistics. The analysis of those data, not used yet to measure the A and A polarisation, will
allow to reduce the final statistical uncertainty by a total factor close to two with respect to

the released 2007 results alone.
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Figure 1.9 COMPASS preliminary results on A and A transmitted transverse polarisation
from 2007 proton data . The plots in the first row show the invariant mass distributions for
the A candidates (left) and the corresponding Armenteros plot (right). The second row plots
are the same for A. The third (bottom) row plots give the A and A as function of x and z.



Chapter 2

COMPASS spectrometer

2.1 General overview

COMPASS (COmmon Muon and Proton Apparatus for Structure and Spectroscopy) [36, 37]
is a fixed target experiment located at the M2 beamline at the Super-Proton-Synchrotron
(SPS) at CERN in Geneva, Switzerland. Approved in 1997, one of its main physics topics is
the investigation of the nucleon structure by using a high energy muon beam and polarised
proton and deuteron targets.

Currently, 14 countries with 33 institutes take part at the COMPASS collaboration with a
total of about 220 researchers.

The COMPASS spectrometer (Fig. 2.1) is equipped with two dipole magnets, SM1 and
SM2, located downstream of the target. Their integrated field strengths are 1.0 Tm and
4.4 Tm respectively and they divide the spectrometer into two main parts. The first one is
built around SM1 and is called Large Area Spectrometer (LAS). Its design has been studied
to detect particles with small momenta and large polar angles to the best. This stage also
contains the Ring Imaging Cherenkov (RICH) detector for hadron identification. The second
stage is called Small Angle Spectrometer (SAS) and is located around SM2. Each stage
is equipped with trackers which allow to measure charged particles from the maximum
acceptance to the beam line, electromagnetic and hadron calorimeters as well as muon walls.

In the first data taking period in 2002-2004 a 160 GeV/c muon beam was scattered off a
®LiD (deuterium) target, which was longitudinally or transversely polarized. In 2005, taking
advantage of an SPS shutdown, a general upgrade was performed. The target geometric
acceptance was increased by installing a new solenoid magnet; moreover, the two-cells target
was replaced by a three-cells target. In parallel, the RICH detector was equipped with new
photomultipliers in the central region and new front-end readout electronics for the outer part

to improve the particle identification. After the upgrade, in 2006, data were taken with a
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Figure 2.1 COMPASS spectrometer in 2010 setup.

longitudinally polarized °LiD (deuteron) target. A NH;3 (proton) target was used in 2007,
when the running time was equally shared between longitudinal and transverse spin physics,
and in 2010, when the NHj3 target was transversely polarised during the whole beamtime.
For this analysis, the data collected in 2007 and 2010 with the transversely polarised proton
target are used and in the following the experimental setup of the year 2010, very similar to
that of 2007, will be described.

Fig. 2.1 schematically shows the COMPASS setup: the laboratory reference frame is
defined having the z-axis along the muon beam line entering from the left side, the x-axis
and y-axis are on the transverse plane, with the y-axis pointing upward.
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Figure 2.2 The accelerator complex at CERN. The location of the M2 beam line is also
indicated.

2.2 Polarised muon beam

The SPS M2 beam line can providle COMPASS with a high intensity u* beam with a
momentum up to 200 GeV/c.

The very first stage in the production of the muon beam is the acceleration of a primary
proton beam in the Proton-Synchrotron (PS in Fig. 2.2) up to a nominal momentum of 14
GeV/c. The produced beam is then injected in the SPS, where its momentum is raised up to
400 GeV/c. The extracted beam is guided onto a 500 mm thick Beryllium production target,
named T6. In 2010 the extraction time, called spill, was about 13 seconds with a 9.6 seconds
flat top, corresponding to a flux on T6 of around 2.4 - 10'3 protons per spill. The secondary
beam coming from the Beryllium target mainly consists of pions. The beam goes through a

600 m long decay tunnel, in which pions can decay into a muon and a muonic neutrino:

= ut v (2.1)
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Figure 2.4 Layout of the Beam Momentum Station for the COMPASS muon beam. [36]

Since this decay is parity violating, the muons are naturally longitudinally polarised with a
mean polarisation value of -80% in the laboratory system. In general, however, the level of
muon polarisation depends on the fraction of the parent hadron momentum carried by the
decay muon (Fig. 2.3).

At the end of the decay tunnel the hadronic component of the beam is removed by
Beryllium hadron absorbers; each of the nine Beryllium blocks is 1.1 m thick. The desired
muon beam momentum is selected by an array of magnetic dipoles and collimators and bent
to the horizontal by three dipole magnets (B6).

Before entering the target area the beam is detected by the Beam Momentum Stations
(BMSs), which consist of four hodoscopes (BM01-BMO04) made of scintillating stripes, and
two scintillating fibre planes (BMO0S5 and BM06), as shown in Fig. 2.4. The BMS achieves
a time resolution of 0.3 ns, a reconstruction efficiency greater than 90% and a momentum
resolution better than 1%. Around the muon beam there is a halo, which is made up of muons
not properly deflected or absorbed. Within a range of 15 cm from the beam line, the near halo

accounts for ~16% of the beam intensity; outside this region, the far halo still account for
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~T7% of the beam intensity. These two components are rejected using a scintillator counter
veto system, while the muons in the central region are detected by telescopes of scintillating
fibers placed in front of the target.

At last, the beam is focused and steered on the target where it comes with a flux of 3.7
-10'7 /s, corresponding to about 4-10% muons per spill.

2.3 Polarised target

The polarised target is a very important part of the COMPASS experiment since it allows
to study the spin structure of the nucleon. It is a solid state target operating in a frozen spin
mode and it is the largest in the world having a total length of 120 cm. The target is mainly
composed by the polarising magnet, the refrigerating system and the three (or two) cells
containing the target material (Fig. 2.5) which can be polarised either on a perpendicular
or parallel direction with respect to the beam. The particular design of the target allows for
the simultaneous polarisation of the different cells in opposite directions. Moreover, the
polarisation state can be periodically reversed: both aspects are particularly useful to reduce
systematic effects.

As target material, COMPASS has used SLiD (polarised deuteron) and NH3 (polarised
proton). The ®LiD target had a dilution factor, that is the scale factor weighing for the non-
polarisable components of the target, of f ~0.38 and a maximum polarisation of Pr ~ 50%.
The NHj target has a dilution factor f ~ 0.15 and an achievable polarisation of Pr ~ 90%.
The diameter of the cells is 4 cm; the two outer cells have a length of 30 cm, the inner cell is
60 cm long and they are separated by two 5 cm gaps. The polarisation of the outer cells is
the same, and opposite to the one of the inner cell.

The polarization is built up using the technique of the Dynamic Nucleon Polarization (for
areview see e.g.[38]; for the measurement of polarisation at COMPASS see [39]). The target
material is placed inside a microwave cavity in which a microwave frequency modulation
is applied at a temperature of 200 mK to 300 mK (Fig. 2.5). The irradiation of the target
with microwaves slightly below or above the electron spin (Larmor) resonance frequency
transfers to the nucleon the high electron polarisation, obtainable in a magnetic field. This
transfer process is called resonant absorption of microwaves.

To reach the high polarization needed for the measurement, a strong longitudinal magnetic
field of 2.5 T along the beam direction is generated by a superconducting solenoid and the
target material must be kept cooled down to a temperature of ~60 mK using a *He-*He
dilution refrigerator. For running the target in transverse mode, i.e. with a nucleon polarisation

transverse to the beam direction, a dipole field of ~0.5 T is applied after the polarization is
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Figure 2.5 Side view of the COMPASS polarised target: (1) upstream target cell and (2)
downstream target cell inside mixing chamber, (3) microwave cavity, (4) target holder, (5) still
( He evaporator), (6) *He evaporator, (7) *He liquid/gas phase separator, (8) *He pumping
port, (9) solenoid coil, (10) correction coils, (11) end compensation coil, (12) dipole coil.
The muon beam enters from the left.

built up. This field bends the direction of the charged particles passing through the target. As
a consequence, the reversal of the target polarisation cannot be done by rotating the dipole
field, because then the particle tracks would get bend in the other direction and differences
in the spectrometer acceptance would increase systematic uncertainties. Therefore, the
polarization in transverse mode has to be destroyed and rebuilt again. Reaching a polarization
of 90% takes approximately three days and therefore the reversal is only done every five to
seven days.

Until 2005, a solenoid was used inherited from the SMC experiment. Its angular accep-
tance was = 70 mrad. In 2005 a new superconducting solenoid magnet was implemented
with an angular acceptance of +180 mrad.
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2.4 Tracking system

Different tracking detectors are used to measure particle coordinates in the plane transverse
to the beam direction. They are placed along the full length of the spectrometer (~ 50
m) and have to cope with different working conditions. Near the beam axis the tracking
stations have to deal with high particle fluxes and must feature a good time and position
resolution. Away from the beam, a larger surface is needed in order to cover the whole region
defined by the magnet acceptance, but the requirements on the spatial resolution are less
strong. The tracking detectors can be split up in three main classes, depending on the covered
angular range: Very Small Area Trackers (VSAT), Small Area Trackers (SAT) and Large
Area Trackers (LAT).

2.4.1 Very Small Area Trackers (VSAT)

The tracking stations along the beam axis measure the tracks of the incoming and scattered
muon and the particles deflected at very small polar angles up to a radial distance of 2.5
cm. To have a precise reconstruction of the primary vertex coordinates inside the target, ten
scintillating fibre (SciFi) stations and three silicon detectors are used.

During the 2010 three SciFi stations were placed in front of the target, while two were
placed just behind the target and five inside the spectrometer. Each station consists of at
least two planes measuring the X and Y coordinate of the particle track. To guarantee a high
efficiency in each plane, the scintillating fibres are stacked in overlapping layers (Fig. 2.6)
with the fibres of one column forming one detector channel. The number of layers ranges
from two up to seven and the diameter of the fibres used is 0.5, 0.75 or 1 mm, depending on
the station. The active area is between 3.9 x 3.9 cm? and 12.3 x 12.3 cm? . The generated
scintillation light is guided to Multi-Anode Photomultiplier Tubes (MaPMTs). The spatial
resolution achieved by the SciFis ranges between 130 and 210 um, depending on the fibre
diameter. The time resolution is generally better than 400 ps.

The silicon stations are characterised by a higher spatial resolution. The silicon microstrip
stations have an active area of 5 x 7 cm? with a spatial resolution of 10 um and a time
resolution of about 2.5 ns. They have a double-sided readout, where the strips on the
front are perpendicular to those on the backside: so, one silicon wafer is sufficient for a

two-dimensional positioning.
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Figure 2.6 Cross section of a typical SciFi plane (top) and signal distribution for different
muon incident positions and angles (bottom). One fibre row (e.g. blue) gives one detector
channel.

2.4.2 Small Area Trackers (SAT)

The SAT group covers the intermediate region at a radial distance from 2.5 to 40 cm and
consists of two types of detectors: MICROMEGAS (MICROMEsh GAseous Structure [40])
detectors and GEMs (Gas Electron Multipliers [41]). Both detectors have a central dead zone
of 5 cm in diameter to avoid high occupancy in the high flux area.

MICROMEGAS is a gaseous detector based on a parallel plate electrode structure and
a set of microstrips for readout. The special feature of this detector is the presence of a
micromesh which separates the gaseous volume into two regions, the conversion gap where
ionisation takes place and the amplification gap where the avalanche is produced. The field
configuration prevents the ions from the avalanche from drifting back into the conversion
gap, stopping most of them on the mesh. The ions drift over a maximum distance of 100 um,
corresponding to a time of 100 ns at most. The MICROMEGAS achieve a time resolution of
9 ns with a spatial resolution of 90 um.

The GEM is a composite grid consisting of two metal layers separated by a thin insulator,
etched with a regular matrix of open channels. A GEM grid with the electrodes kept at a
suitable difference of potential, inserted in a gas detector on the path of drifting electrons,
allows to pre-amplify the charge drifting through the channels. Coupled to other devices,
multiwire or microstrip chambers, it permits to obtain higher gains. As in the MICROMEGAS
case, the separation of sensitive and detection volumes offers, besides a built-in delay, a
strong suppression of photon feedback. Multiple GEM grids assembled in the same gas
volume allow to obtain large effective amplification factors in a succession of steps.

The time resolution of the GEMs is 12 ns and the space resolution is 70 gm.
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2.4.3 Large Area Trackers (LAT)

The detectors of the LAT cover the region from a radial distance of 15 cm around the beam
axis up to the total geometrical acceptance of the experiment. Due to the reduced particle
flux in this outermost regions Drift Chambers (DC) [42], Straw Tube chambers [43] and
MultiWire Proportional Counters (MWPC) [44] are used.

Four DCs are installed around SM1 and have an active area of 180 x 127 for DC1-DC3
and of 248 x 208 cm? for DC4. The central zone, deactivated to avoid high occupancy, has
a diameter of 30 cm. The spatial resolution is better than 190 um. Six drift chambers are
installed around SM?2 to detect particles deflected at large angles. The covered area is 500 x
250 cm? with a large central dead zone of 50 - 100 cm in diameter. The spatial resolution of
these drift chambers is 500 um.

In both stages of the spectrometer straw drift tube detectors are installed. They are made
of two layers of thin plastic films; the inner, that consists of a carbon loaded Kapton foil, is
glued to the outer one, made of aluminised Kapton. The anode wires are made of gold-plated
tungsten and are centered in the tubes. As a fast counting gas a mixture of Ar-CO,-CF; is
used. The straw tube chambers cover an overall area of 280 x 323 cm? and provide a spatial
resolution of 190 um.

Particle tracking at large angles is mainly done with eleven MWPC stations which have
an active area of 178 x 120 cm? and reach a spatial resolution of 1.6 mm.
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2.5 Particle identification

The COMPASS experiment features several detector types to ensure an efficient identification
of the detected particles. A Ring Imaging Cherenkov (RICH) counter in the LAS is used to
determine the velocity of the particles and to separate them into pions, kaons and protons,
covering a momentum range from the Cherenkov threshold (2.5 GeV/c for pions) up to 50
GeV/c. Each stage of the spectrometer is also equipped with an electromagnetic calorimeter
(ECAL), a hadron calorimeter (HCAL) and a muon detector.

2.5.1 Calorimeters

Both hadron Calorimeters are placed in front of the muon filters (see Fig. 2.1) and serve two
purposes: to measure the energy of the hadrons which are produced in the target material
during the scattering process and to trigger on semi-inclusive muon scattering events. The
HCALSs are sampling calorimeters built with stacks of iron and plastic scintillator plates.
Through interactions inside the steel, cascading interactions are produced and detected as
hadronic showers in the plastic scintillators.

The electromagnetic calorimeter ECAL?2 is positioned just in front of HCAL?2 and is made
up of 3000 lead glass modules, each corresponding to 16 radiation lengths. A high-energy
gamma ray or an electron crossing the lead glass gets fully absorbed, making possible a
measurement of its energy. Because of their large interaction lengths, hadrons can not be
detected with an electromagnetic calorimeter.

The calorimeters have not been used in this analysis. Still, due to the large amount of

material, their presence is quite relevant.

2.5.2 Muon detectors

Identification of the scattered muons is performed using two dedicated muon filters. Each
filter includes an absorber layer, preceded and followed by tracker stations (Muon Walls)
with moderate space resolution. The absorber is thick enough to stop incoming hadrons.
Muons are positively identified when a track can be reconstructed in both sets of trackers
placed upstream and downstream of the absorber.

The first Muon Wall (MW1) is located at the downstream end of LAS, in front of SM2.
It consists of two stations of squared drift tubes, each with an active area of 4.8 x 4.1 m2. An
iron wall, 60 cm thick, is placed between the two stations; the average tracking efficiency is

of ~ 91% per station.
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Figure 2.7 A typical RICH event display: many photon rings are visible. The 16 squares
represent the photon detector frames. In the central part, equipped with PMTs, there are
more photons per ring and the background is lower ([45]).

The second Muon Wall (MW?2) is installed at the very end of the spectrometer. The
absorber is a 2.4 m thick concrete wall. The charged particle trajectory upstream of the
concrete wall is reconstructed by the SAS trackers, while downstream of it there are two
dedicated stations of steel drift tubes with an active surface of 4.5 x 2.0 m? each. The average

tracking efficiency is 82 % per station.

2.5.3 RICH detector

To determine the mass and therefore the type of the hadrons from the momentum measured
by the spectrometer the RICH detector (Ring Imaging CHerenkov, [45]) is used. The RICH
identification is based on the Cherenkov effect: a particle, moving through a medium with
a velocity larger than the velocity of light in the same medium, emits photons in a cone
symmetric to its direction (Fig. 2.7) [46]. The emission angle of this Cherenkov light, the

Cherenkov angle O¢y, is given by:
cos Oy, = L (2.2)

Bn

where n is the refractive index of the medium and 8 = v/c. In order to minimise the total
amount of material (the RICH is followed by electromagnetic and hadronic calorimeters and
by the SAS), a C4F;0 radiator with n = 1.00153 was chosen. Particles cross 3 m of radiators.
The gas pressure and its transparency in a wide wavelength range down to the UV domain,
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Figure 2.8 A scheme of principle and an artist view of the COMPASS RICH detector.

required by the photon detectors used, are crucial parameters. The radiator gas system [47]
allows to keep the pressure constant within 10 Pa and ensures its transparency by continuous
filtering.

The threshold momentum required to have Cherenkov emission is obtained from the
condition 8 > 1/n:

Dthr 1 m
e — (2.3)

For pions, kaons and protons the threshold values are about 2.5 GeV/c, 9.5 GeV/c and 20
GeV/c respectively.

The emitted photons are reflected by two spherical mirror systems and focussed on the
photon detectors, positioned in the focal plane, resulting in a ring image (Fig. 2.8). The mirror
wall has a surface of 21 m? and is formed by a mosaic arrangement of 116 spherical UV
mirror elements [? ]. From the radius of this ring the Cherenkov angle and the corresponding
velocity are extracted.

In the years 2001-2004 multi-wire proportional chambers (MWPCs) equipped with CsI
photocathodes were used as photon detectors. After the 2005 upgrade in the central region of
the RICH the use of Multi-Anode Photomultipliers (MAPMT) replaced both the detection
and the read-out system, leading to a suppression of the uncorrelated background signals due
to the high time-resolution (< 1 ns) of the MAPMTs. In the external part of the RICH the
existing read-out of the MWPCs was replaced by APV chips leading also to an improved

time-resolution.
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2.6 Trigger system

The task of the trigger system is to select physical event candidates in a high rate environment
with very fast decision and low dead time and provide a read-out signal to the front-end
electronics of the detectors [48].

The COMPASS trigger system is based on the detection of the scattered muon. It consists
of four scintillating hodoscope stations covering different kinematic regions (“inner” (IT),
“middle” (MT), “ladder” (LT) and “outer” (OT)), two scintillating veto stations upstream
of the target and uses the hadronic calorimeters. The position of the trigger components is

shown in Fig. 2.9.
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E/HCAL2 I
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Figure 2.9 Position of the trigger elements: LAST (H1, H2), IT (H4I, H5I), MT (H4M,H5M),
LT (H4L, H5L), OT (H30, H40), Vetos and the hadron calorimeters.

To cover the different kinematic regions of the COMPASS physics program, different
trigger concepts are applied. For triggering events from the high Q? region (Q? > 1 (GeV/c)?),
the muon scattering angle in the non-bending plane is measured with the “ladder” and “outer”
hodoscopes and compared in coincidence matrices to ensure that the muon is coming from
the target region (Fig. 2.10). Additionally, the veto system is used to identify muons coming
from the beam halo. The trigger signal coming from the coincidence matrix is also put in
coincidence with the calorimeter signals and a trigger signal ("semi-inclusive trigger") is
generated if the energy loss is above a certain threshold.

In 2010, starting with period W31, a fifth hodoscope trigger station was integrated into the
system. The so-called Large Angle Spectrometer Trigger (LAST) consists of two hodoscopes
installed in the LAS, the first one in front of the RICH, the second one behind Muon Filter 1.

The LAST extends the existing muon trigger acceptance towards large Q2.
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Figure 2.10 Left: basic scheme of the trigger decision. The scattered muon leads to a
coincidence in the activated area of the coincidence matrix; the halo muon fails to do so
because its track do not point back to the target. Right: the kinematic coverage in y and Q2
for the four hodoscope trigger subsystems and the standalone calorimetric trigger.

2.7 Data acquisition system and event processing

At COMPASS the Data Acquisition (DAQ) [49] system has to handle the information of
more than 250000 detector channels with a typical event size of 45 kB at a trigger rate of
about 10kHz. Moreover, the trigger signals are mainly created by hodoscope signals at the
downstream end of the spectrometer. Therefore, a special pipeline and a nearly dead-time
free readout scheme is necessary developed.

A schematic view is shown in Fig. 2.11.

The pipeline concept consists of digitising and buffering all signals close to the respective
recording detectors. The data registration is performed by the Front-End (FE) boards. In
this procedure a time delay is created which allows the trigger to decide whether the signal
is interesting or not. This basis procedure is the same for all detectors expect for the
calorimeters, which send their signal through long delay cables until the trigger decision
is received. The signal is digitised over the CATCH (Compass Accumulate Transfer and
Control Hardware) readout modules. The CATCHs use the trigger signals generated by the
Trigger Control System (TCS) to build local subevents and also provide the TCS timing
signal to the connected FE-boards. From the CATCHs the signals are transferred to readout
buffer via optical fibres, where the data are stored on spill-buffer PCI cards. In the break
between two spills the data are processed in the Event Builder (EB). The events are written
to multiple 1 GB large files (chunks) labelled by the run number and their consecutive chunk
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Figure 2.11 Schematic view of the COMPASS DAQ system. The data of the detector front-
ends are readout by CATCH and GeSiCA modules, buffered and sent to the event builders.
The files containing the final events are transferred afterwards to the CERN computer center.

number. These files are transferred to the CERN central data recording system to be finally
stored on tape at the CERN Advanced STORage system (CASTOR).

As soon as the configuration information (calibrations, alignment) of each detector is
available, the raw data can be processed. CORAL (COmpass Reconstruction and Anaysis
Framework) decodes the recorded data and provides additional information such as vertex
positions, particle tracks and RICH information. The additional information also allows the
further reduction of data volume based on physics quantities, thus, the data can afterwards
be processed faster. The processed data are stored in a mDST (mini Data Summary Tape)
format. The investigation of physics signatures of the mDST’s is conducted with the PHAST
(PHysics Analysis Software and Tools) software package. Both CORAL and PHAST have
been developed by the COMPASS collaboration.






Chapter 3

Data analysis

3.1 Data sample and stability

The aim of the present work is the measurement of the tranversity transmitted polarisation of
the A (A) produced in SIDIS off transversely polarised protons using the 2010 data. Since
some aspects of the analysis are new, the 2007 data have also been analysed. For both
datasets the mDST filtered for the measurement of the K Collins and Sivers asymmetries
[50] have been used in order to reduce required storage space and CPU time. The same data
selection, based on data quality and stability, has been done: in particular, the same bad spills
and bad runs have been excluded. They are defined by looking at the time stability of several
quantities like the average number of primary vertices, beam tracks, secondary tracks, the
number of tracks associated with the primary vertex and the number of secondary vertices.
As will be clear in the following, the stability of the spectrometer performance is an essential
requirement to avoid systematic effects and the applied data selection is the result of studies
performed since a long time.

In the next section the selection of the DIS events and of the A candidates will be described.
The last section of this chapter is dedicated to the measurement of the A polarisation. All the
plots have been produced using the 2010 data and are very similar to the ones obtained from
2007 data.

3.2 Selection of DIS events

The DIS events are selected with a standard procedure. The first requirement is the presence
of a primary vertex (PV) defined by at least one incoming and one outgoing muon tracks.
Further requirements are the following:
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* The reduced % of the incoming and outgoing muon tracks satisfies %,ze g < 10;

* The incoming muon momentum is in the range: 140 GeV/c < beam,,,,,< 180 GeV/c
and artifacts (momenta artificially put to 160 GeV/c when badly reconstructed) are
rejected;

* The incoming muon track crosses all the target cells: this ensures that the flux is the

same for all cells;

* The outgoing muon traverses 30 radiation lengths (X /X, > 30, where X depends on
the atomic and mass numbers of the crossed material) and its first hit is in front of SM1
(Zfirse <350 cm). The first condition cannot be satisfied by hadrons; the second is

necessary to have a good track reconstruction;
* The PV reconstructed position is inside one of the target cells (Fig. 3.1).

The cuts on the reconstructed kinematic variables are:

* The squared momentum transfer must satisfy the condition 0? > 1 (GeV/c)%;
* The Bjorken variable x lays in the range (0.003,1);

« The final state hadronic mass W must be larger than 5 GeV/c? to reject hadron reso-

nances and to be in the DIS region;

* The energy transfer ratio y must be in the range 0.1 <y < 0.9. Events with low y are
outside the DIS domain and, being small the difference of the incoming and outgoing
muon energies, they suffer from poor reconstruction efficiency. On the other hand,
events with large y are affected by radiative effects: since their systematic is too large

to be included, they are discarded.

3.3 Selection of A and A candidates

The A hyperon, being a neutral particle, can not be directly detected in the spectrometer. It is
identified by the detection of the charged particles produced in its weak non-leptonic decay
A — pm~ which has a branching ratio BR = 63.9% [18].

The mean life of the A particle is T = (2.632£0.020) - 1079 s, thus in the majority of
the cases the decay position (secondary vertex, SV) is far enough from the production vertex
(primary vertex, PV). The A shows up as a pair of opposite charged particles "created" in a
position downstream the PV with no track connecting the SV to the PV, namely as a "V°".

For each DIS event, the A candidates selection is performed in three steps:
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Primary vertex x-y coordinates Primary vertex z coordinate

~
S
# of candidates

8
Xey (cm) Zpy (cm)

Figure 3.1 On the left: the x-y coordinates of the primary vertex: the asymmetry is due to the
magnetic field that bends the incoming muon track. On the right: z position of the primary
vertex, inside the three cells.

» Background rejection with kinematic cuts;
* Background rejection using the RICH detector;
* Mass cut to select only A candidates inside a proper invariant mass interval,

described in the following.

3.3.1 Kinematic cuts
To select A candidates, the following cuts have been applied to the reconstructed V's:
* The number of outgoing particles is 2 and they have opposite charge;

* Both outgoing tracks are not associated to any primary vertex. This is not the same as
asking that the tracks come from a secondary vertex, since the reconstruction algorithm

can in principle associate each of them to several primaries;
* The secondary vertex must be downstream of the primary vertex (zsy > zpy);

* The outgoing particles must be hadrons, i.e. the radiation lengths associated to their
tracks must be X < 10Xy;

* The reduced x? for both tracks satisfies sze < 10;

* Both tracks do not cross the yoke of SM2, where the magnetic field is not implemented
in CORAL;
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A + A invariant mass spectrum

hist
Entries 3400676
Mean 1.125
RMS 0.02172

4000

# of candidates
T

3500
3000
2500
2000F

1500

1000

Lo b b b b b b L
1.08 1.09 11 111 1.12 1.13 1.14 1.15 1.16
M, (GeV/c?)

Figure 3.2 First reconstructed A + A invariant mass spectrum: a large background still
present.

* The momenta of both decay particles must be larger than 1 GeV/c to have an adequate

track and vertex reconstructions;

* The last measured hit of both tracks has a z coordinate larger than 350 cm and smaller
than 3300 cm, i.e. between SM1 and SM2. This ensures that the momenta of the decay

particles are reconstructed with sufficiently high resolution.

After these cuts, a large background is still present in the sample. This is clear when
looking at the invariant mass distribution of the pair of particles from V°, shown in Fig. 3.2

and defined as:

Min =/ (E1 + E2)? — (1 + 2)° (3.1)

where E; and p; (i = 1,2) are the energy and momentum of the daughter particles. Energies
are calculated from the measured momenta and under the hypotheses that both the daughter
particles are pions (KS case) or assuming them to be a proton-pion pair (A/A case). For each
V0, both options are taken into account.

Two further kinematic cuts are applied. The first one is a cut on the collinearity angle

6,011, defined as the angle between the reconstructed A candidate direction p and the vector

) (3.2)

v linking the primary and the secondary vertices:

!

<l

N
|PA

!
=i

6., = arccos (

and illustrated in Fig. 3.3.



3.3 Selection of A and A candidates 45

Figure 3.3 The collinearity angle, defined upon the decay particles momenta and the vector
linking primary and secondary vertices.

The collinearity angle distributions, for 6,,;; < 350 mrad and 6,,;; < 20 mrad are reported
in Fig. 3.4. The requirement 6,,;;<7 mrad favours the selection of VOs stemming from the

primary vertex.

<350 mrad Collinearity angle, 6 <20 mrad
h1 h1

Entries 3400676
Mean  0.006981
RMS _ 0.005979

Collinearity angle 6

coll

w
o
S

TT T T T T[T T[T T[T T[T TITT X

Entries 3187598
Mean  0.05323
RMS 0.05264

18000

@
S
S

16000

# of candidates
# of candidates

14000

12000

10000

8000

6000

4000

2000

| P B AR e e L P IRt PRI R T
-0.1 -0.05 0 0.05 01 015 02 0.25 0.3 0.35 0.4 -OO 0.005 0.01 0.015 eCl,UZ

ol coll

Q
=]
o
o

Figure 3.4 Collinearity angle distributions for the two cases: 6.,; < 350 rad (left) and
0011 < 20 mrad (right). Note the different scales.

The second requirement is on the transverse momentum pr of the positive decay particle
with respect to the VY momentum, that has to be larger than 23 MeV/c in order to remove
a large background due to the photon conversion ¥ — eTe~. The pr spectrum, obtained
after the collinearity cut, shows the contributions of background and As. On a first sight, it
seems that the request for pr to be larger than 50 MeV/c could eliminate the largest part of
background, but such cut would be too much severe. The pr vs M;,, scatter plot (Fig. 3.5,
right), in fact, allows to recognise that the separation line between the A branch and the
background band from which it emerges clearly lays at 23 MeV/c. A cut at 50 MeV/c would
reject background events outside the A invariant mass interval, as well as too many good A

candidates.



46 Data analysis

pT>23 MeV/c cut
0.08 - 5

P, distribution after collinearity cut
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Figure 3.5 Left: pr distribution after the collinearity cut: the background contribution at
small pr and the A-K? superposition region at py ~ 100 MeV/c are well visible. Right: pr
vs My, scatter plot: As lay on the vertical branch and a red line indicates the cut value. Also
the KV branch can be recognised on the left of the A branch.

The effect on the reconstructed invariant mass spectrum of the collinearity and pr cuts is
clear looking at Fig. 3.6, where the spectra obtained before and after their application are
compared. A further improvement of the analysis is guaranteed by the construction of the

Armenteros plot, thanks to which the sample composition can be studied.
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Figure 3.6 Effects on the reconstructed A + A invariant mass spectrum of the cuts on 6.,
and on pr: alarge amount of background events gets removed.
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3.3.2 Armenteros-Podolanski plot

The Armenteros-Podolanski plot [51, 52] is a powerful tool introduced in the 50’s to analyse
and recognise V° particles. We indicate with M the mass of the V? particle and with P its
momentum in the laboratory reference system; the vectors p; and m;, with i = 1,2, are the
momenta in the laboratory reference system and the masses of the daughter particles, being
m the mass of the positive one. The variables considered in the Armenteros construction are
two: the transverse momentum p;7 of one of the two daughter particle with respect to P and

the asymmetry in the longitudinal momentum component of both, commonly indicated as o:

_ PiL — P2L (3.3)

a )
P1L+ PaL

With reference to Fig. 3.7, 0 is the emission angle of particle 1, while p*, E{ and E3 are
the momenta and energies of the decay particles in the center of mass system (CMS).

Figure 3.7 Left: decay in the laboratory system. Center and right: decay in the CMS.

After a Lorentz transformation from the laboratory to the CMS, the longitudinal and

transverse components of the daughters momenta are given by:

piL = Yp*cos 0+ BYE], pir = pr =p*sin®;

. . - 3.4)
parL = —Yp cos O + BYE;, par = pr =p sin6.

where f =v/c and y = 1/4/1— B2. Introducing the quantity a* = (Ef — E3)/M, the

longitudinal asymmetry can be written as:

_ 2vp* cos O Ef—EX* 2p*cos O
o PiL—paL _ 2YpTcos +BY(Ef —E;) _ 2pTcos +ar

= = (3.5)
piL+paL ByM pM
A simple rearrangement of the terms leads to:
M M o—o
p*cos@zﬁ—(a—a*):ﬁL(a—a*): : (3.6)
2 2y 2\/1/P2+1/M?
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Armenteros plot, cut onp, Armenteros plot with conversion background

Figure 3.8 Armenteros plots for the A candidates without (left) and with (right) the cut
pr > 23 MeV/c used to reject background from y — ete™

This equation, once squared and summed to p% = p*Zsin? 0, yields the equation of an

ellipse:
»  (a—a)? )
— = 3.7
when assuming 1/P ~ 0, which is a good approximation in high-energy regimes. The

expression for p* is fixed by the values of the three masses:

1
M

(M2 — (my +m2)?] 1 M2 — (my —m)?] 2, (3.8)

*

p

thus, different V% lay on ellipses of different shapes: this is a major result, since their
identification gets strongly simplified. Note that, if m; = my, a* = 0 and the center of the
ellipse is (0,0) on the (o, pr) plane, while if m| # my the center has coordinates (0,a*). Thus,
while K's lay on a centered elliptical distribution, A and A ellipses are mirrored with respect
to the a* = 0 axis, the former on the right part of the Armenteros plane, the latter on the left.

This can be seen rewriting the a* quantity in the following way:

*

o BB (B[ —E)(E{+E5) _mi+p?—m—p? mi—m

M M(E; +E3) M? M .9

which is greater than zero if the positive particle is also the heaviest, that is the case for As,
while the reverse apply to As.

The Armenteros plot, after all the kinematic cuts described in the previous section, is
shown in Fig. 3.8 (left). As can be seen, the 174 sample consists in Kfs, As and As. The effect
of the cut pr > 23 MeV/c is clear when looking at Fig. 3.8 (right) obtained without this cut.
The ¥ — e*e™ background shows up as the band at small py.
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A cuton & > 0 or a < 0 selects the region in the Armenteros plot where As or As are
expected. In this way, the invariant mass spectrum shown in Fig. 3.6 can be split into two

contributions, according to the sign of « (Fig. 3.9).

A+A invariant mass spectrum (a>0) A+A invariant mass spectrum (a<0)
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Figure 3.9 The invariant mass spectrum after all kinematic cuts (p7 and 0., included), split
in the complementary cases: o > 0 (left) and o < O (right).

As shown in Fig. 3.8 and more effectively in Fig. 3.10, the A and A elliptic branches
and the background K? events overlap at pr ~ 100 MeV/c. At first sight, a cut on « and pr
seems to be a good solution to select only the interesting Vs. Unfortunately, this cut would
not remove the background in the A mass peak and make the parametrisation of its shape
more complicated, as can be seen in Fig. 3.10 (right). This selection method will then be
avoided.

Armenteros plot, intersection region Effects on the A invariant mass spectrum
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Figure 3.10 Left: the superposition region at pr ~ 100 MeV/c. Right: the effect on the
invariant mass spectrum of a cut on the Armenteros pr, & plane.

The plots in Fig. 3.10 give an insight into the correlation between high transverse momenta
and high reconstructed A masses. To investigate such correlation, an useful possibility is
offered by a mass extension of the Armenteros plots, where the reconstructed A or K? are

reported on the third axis.
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The three quantities pr, o and the invariant mass define a surface, always symmetric with
respect to the o = 0 vertical plane (Fig. 3.11). The K contribution to the A invariant mass is
more pronounced for high pr, where the number of K candidates is larger: for this reason,
a cut on pr removes high A invariant masses, while the K¥s at smaller pz, contributing to
small masses, are kept.

Mass extended Armenteros plot (A) Mass extended Armenteros plot (Kg)

08 08 o4 3% 7

0.2 .
04 06 g | 0.2

Figure 3.11 Mass extended Armenteros plots for A (a > 0, on the left) and for K? (on the
right).

The selection of an interval of p7 values on the mass extended plots results in a symmetric
shape in the K? case and in a double, rotated parabolic shape for As. This means that a cut

on the A invariant mass selects asymmetric arcs on the Armenteros ellipses (Fig. 3.12).
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Figure 3.12 Left: section at 50 MeV/c<pr<100 MeV/c of the A mass extended Armenteros
plot. Right: effects of a cut on the reconstructed A mass: two elliptic arcs with asymmetric
widths survive.

In order to eliminate the KV background while not imposing too strict limitations on the
A and A signal sample, the RICH detector has been used. The procedure will be described in
the following section.
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3.3.3 Use of the RICH detector

The RICH detector allows to identify electrons, pions, kaons and protons in a momentum
range from threshold (~ 10 MeV/c, 2.5 GeV/c, 9.5 GeV/c and 17 GeV respectively) to
50 GeV/c, where the Cherenkov angles of pions and kaons become nearly independent on
momentum and a reliable distinction between them is no more possible (Fig. 3.13).

To identify the A candidates among the V's, it seems convenient to look for the decay
protons (correspondingly, antiprotons for A): searching for pions as daughter particles, in
fact, would not remove the K background. However, a direct proton identification would
drastically reduce the available statistics because of its high Cherenkov threshold. For this
reason, the usual strategy consists in the rejection of all those V events in which an electron,

a pion or a kaon has been identified, while a proton was expected.

The particle identification (PID) is performed using an algorithm based on the maximum
likelihood method, briefly described in the following. If the particle momentum p and the
refractive index n are known, for a particle of mass M, the expected Cherenkov angle is given

by:
1 /R M?
cosBy = — = VP~ (3.10)

Bn np

The (extended) likelihood function for each mass hypothesis M is written as [45]:

=

Ly = exp[—(Su+B) [ fu(6;,9;) (3.11)

J=1

where N is the number of photons and 6; and ¢; are the polar and azimuthal photon angles.

The function fj; is made up of a signal and of a background term:

fu(6,¢) =su(6,¢)+b (3.12)

and sys has a gaussian shape of the kind:

L 2
SM(ej,¢j) = SO eXp [—lM

V270, 2 o} ] €p(6;,¢;) (3.13)

where €p(6;,¢;) is the photon probability to reach the detector. According to the Frank-
Tamm law, moreover, Sop = Ny sin? Oy, being Ny the number of expected photons at saturation
(B — 1). The term Op; is the single-photon resolution, calibrated on data.

£y is calculated for five mass hypotheses (e, u, K, @, p) and for the background
hypothesis. At first order the maximum of the six .Z); values can be assumed to correspond
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to the good hypothesis. More refined procedures requires the comparison between different
values, so that a mass hypothesis is accepted when its ratio with the second highest likelihood
or with the background is higher than a proper value.

Note that the exp(—B) term (Eq. 3.11), entering each %), value in the same way for each
mass hypothesis, is not influential at all.

The PID is performed in CORAL and the relevant information for each track is saved in
the mDSTs. The PHAST GetLike function returns the six likelihood values for each particle.
The rough identification, made assuming that the highest likelihood value corresponds to the
correct mass hypothesis, is implemented in the LikePid PHAST function that returns the
code (tag) of the particle with the highest likelihood according to the scheme:

e (0 — pion; e 1 — kaon; e 2 — proton;
e 3 — electron; e 4 — muon; e 5 — background.

Actually, the tag number 3 (electron) is inhibited for momenta over 8 GeV/c and the
muon tag is never used. A tag equal to -1 is set if no RICH information is available or if the
momentum is higher than 50 GeV/c because of the bad pion/kaon separation.

To reliably identify a particle (in order to reject it, in our case), a selection must also be

performed on the ratio:
LH(particle to be identified)/LH(background).

So, to attribute a mass hypothesis M to a particle X, two conditions must be verified at

the same time:
» among all the six likelihoods calculated for X, the value for M is the highest;
e the ratio LH(M)/LH (background) must be greater than a certain value k.

If one of the two conditions can not be satisfied for any M, the particle is not identified.
A correction to this procedure will be explained in the following.

The set of k values, which strictly depend on momentum, has been evaluated for the
analogous analysis of A and A transverse polarisation performed using COMPASS 2007
data and are given in Tab. 3.1 and Tab. 3.2. The likelihood cuts were tuned searching for
the smallest statistical uncertainty on the number of A candidates in any momentum region,

equivalent to the maximum of the corresponding Figure of Merits (FoMs), defined as:

2
S+B

FoM = (3.14)
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where S means signal and B background as calculated on the A invariant mass spectrum.
The same k values have been used for the 2010 data analysis since the FoM has a weak

dependence on k and the RICH performances in 2007 and 2010 were very much the same.

Table 3.1 Summary of RICH A cuts to identify positive electrons e™, pions 77 and kaons
K™ to be rejected.

Momentum range Identification of  Likelihood cut

et LH(e)/LH(bk)>2.3
Thr(7)<p<Thr(K) ot LH(7)/LH(bk)>2.2
s LH(7)/LH(bk)>2.5
Thr(K)<p<Thr(p) K+ LH(K)/LH(bk)>3.0
et LH(z)/LH(bK)>2.5
p>Thr(p) K+ LH(K)/LH(bk)>2.4

Table 3.2 Summary of RICH A cuts to identify negative electrons e, pions 7~ and kaons
K~ to be rejected.

Momentum range Identification of  Likelihood cut

e~ LH(e)/LH(bk)>1.9
Thr(r)<p<Thr(K) T LH(7)/LH(bk)>1.9
- LH(7)/LH(bk)>2.2
Thr(K)<p<Thr(p) z— LH%/LH((bk;;.O
T LH(7)/LH(bk)>2.4
p>Thr(p) K- LH(K)/LH(bk)>2.2

As already pointed out, if the momenta of the daughter particles are higher than 50
GeV/c, the difference between the Cherenkov angles of pions and kaons is small. To avoid
unreliable identifications, the LikePid function is automatically inhibited in this region,
where anyway a quite large background contamination still persists. Since our aim is solely
to reject non-proton particles, the bad pion/kaon separation is not matter of concern.

Our choice for an extension of the RICH rejection region over the 50 GeV/c limit
(here referred to as RICH+ cut) is based on the likelihood values of each mass hypothesis
calculated by the RICH algorithm: it is sufficient to ask the highest likelihood not to be
the one associated to the pion or kaon (or electron) hypotheses to retain only protons and
unidentified candidates.

In Fig. 3.13 four Cherenkov angle vs momentum scatter plots are reported for the positive

particles are shown, in logic progression, in the ¢ > 0 case: after all cuts except for RICH
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Cherenkov angle vs momentum (a.>0) Cherenkov angle vs momentum (>0, RICH)
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Figure 3.13 Cherenkov angle vs momentum for positive particles (¢ > 0). Top, left: all
candidates after all but RICH cut; Top, right: standard RICH cuts applied; Bottom, left: also
RICH+ cut applied; Bottom, right: mass cut also applied.

(top left), after RICH cut (top right), after RICH+ cut also (bottom left), after mass cut also
(bottom right).

The RICH+ rejection is concentrated on high energy values: for this reason a rejection of
kaons in the overlapping region of the Armenteros plot, already provided by the RICH cut, is
not expected (Fig. 3.14). The Armenteros plot, as resulting after all the selection procedure
(except for the mass cut) can be seen in Fig. 3.15. The KV contribution, even if strongly
reduced in the selection procedure, is still well visible. The final mass cut selects the two
elliptic branches corresponding to As and As and the only retained background is given by
those K. so with a reconstructed mass identical, within three standard deviation, to that of the
A.
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Invariant masses intersection region Invariant masses intersection region, RICH

M, (GeV/c?)

T T T T O A T N N
0.3 0.

T T T T O T N T T A
03 0.35 0.

5 55 06
M, (Gevic?) Mo (Gevic?)

Figure 3.14 Intersection region between the A K invariant masses. On the left before the
RICH cut, on the right after the RICH cut.
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Figure 3.15 Armenteros plot after all selection cuts, except for the mass cut (all 2010 data).
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3.3.4 Invariant mass spectra

In Fig. 3.16 the A and A invariant mass spectra before the mass cut are given, together with
the corresponding section of the Armenteros plot. The invariant mass distributions are fitted
with a superposition of a gaussian function and a constant function. The gaussian mean
value can be compared to the PDG A mass value (Mx = 1115.683 +0.006 MeV/c [18]); a
common value for the peak standard deviation o is chosen as 2.45 MeV/c.
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Figure 3.16 Left-up: Armenteros plot after all cuts (o > 0 sector). Right-up: invariant
mass spectrum for A candidates. Left-down: Armenteros plot after all cuts (a < 0 sector).
Right-down: invariant mass spectrum for A candidates.

An estimate of the background contribution to the mass peak is necessary to calculate the
S/B ratio: to do that, the sideband method is a possible choice. Applied to our analysis, this
method consists in counting the number of events in two proper mass intervals, one on the
left and one on the right of the peak: the estimated number of background events under the
mass peak is then the sum of background events in the outer intervals, normalised to the peak
width. The statistical error on the number of events is taken as poissonian.

The selected sideband intervals are here (in MeV/c? units): (-30,-20) and (20,30), where
the energy values refer to the shifted invariant mass spectrum. This method will be applied

in all the x, z and p; bins in which the A polarisation is extracted.
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3.3.5 Further possible cuts

At the end of the selection procedure, after RICH and mass cuts, the distance D between
primary and secondary vertex, measured in the laboratory frame, is found to be larger than 10
cm. For this reason, no cut on the distance have been implemented, apart from the necessary
condition D > 0. In Fig. 3.17, the distance D distribution after applying the different cuts is
shown: the highest curve is the one obtained after all cuts up to the collinearity cut (excluded);
the second highest after the collinearity cut, the third highest after the pr cut, the following
after the RICH cuts and the lowest one (in yellow) is obtained after the mass cut around the

A mass peak.
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Figure 3.17 Evolution of the distance D distribution with the applied cuts, up to 250 cm.

For completeness, we have also studied the effect of removing the requirement that both
decay tracks do not belong to any PV, asking at least one of the two particles to satisfy it.
Such cut, which actually rejects particles with high mass and small transverse momentum
(calculated with respect to the vector linking primary and secondary vertex), could have an
impact on the number of protons in the final sample. Negligible differences have been found
between the two different procedures at the end of the selection chain: thus, the usual cut has

been maintained.
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3.3.6 Kinematic distributions for A and A

The typical kinematic distributions of the events survived after the selection procedure

including the A mass cut are discussed here. Necessarily, the distributions contains the

contribution given by the background events, lying inside the mass peak region, that can not

be further removed but only numerically estimated.

To better appreciate similarities and differences between A and A candidates, the respec-

tive distributions are put side by side.

The kinematically descriptive quantities studied are:

the squared momentum transfer Q2 (Fig. 3.18, first row);
the Bjorken scaling variable xp; (Fig. 3.18, second row);

the fraction y of the incoming lepton energy carried by the photon (Fig. 3.18, third

row);

the mass of the hadronic final state W (Fig. 3.18, fourth row);

the Feynman variable xr (Fig. 3.19, first row);

the fraction z of the photon energy taken by the A (Fig. 3.19, second row);

the transverse momentum p; of A with respect to the photon (Fig. 3.19, third row);

the xr-z correlation (Fig. 3.19, fourth row);

The kinematic distributions are obtained from 2010 data and they are in good agreement

with those produced for 2007 events, not shown here.
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Figure 3.18 Q? (squared momentum transfer), xp ; (Bjorken scaling variable), y (energy
fraction of the projectile transferred from the incoming muon to the nucleon) and W (mass of
the hadronic final state) for A candidates on the left and for A candidates on the right.
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by the hadron), p; (transverse momentum with respect to the virtual photon) and z — xr
correlation for A candidates on the left and for A candidates on the right.
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3.3.7 Final statistics for the A and A samples

In this section the effects of the selection procedure on statistics are analysed for both 2007
and 2010 datasets. The number of events after the DIS cuts in the mDST are 11.175.773
and 24.939.691, for 2007 and 2010 respectively. In Table 3.3 and Table 3.4 there are the
description of the cuts, the number of candidates passing each of them and the relative ratio.
The relative ratio is referred to the number of V vertices.

It has been checked that the final candidates and their corresponding primary vertices are
in a one-to-one correspondence: for any PV only one A candidate is reconstructed.

Moreover, the number of candidates after each cut, presented here, has been cross-
checked with the analysis currently going on in the Bonn group. Two independent analyses
are usually required by the COMPASS collaboration to release results.

Table 3.3 2007 DATASET Number of candidates passing each selection cut.

Number of V vertices 86336050
Cuts on Secondary Vertex and on Tracks Candidates Ratio (V°)

Exactly two particles out of SV 86294454 1.000
Daughter particles with opposite charge 86288759 0.999
SV downstream of PV 65303432 0.756
Both tracks do not cross SM2 yoke 64958413 0.752
Hadron selection: X/X0<10 62257877 0.721
Quality cut on both tracks: xrzed <10 61337316 0.710
Quality cut on both tracks: p > 1 GeV/c 55155502 0.639
Both tracks not associated to any PV 20690745 0.240
Optimal position of first and last hits 17017214 0.197
Collinearity angle 0,,;;< 7 mrad 2660329 0.031
Conversion background removal: pr>23 MeV/c 1794774 0.021
Cut on energy fraction z<1 1692095 0.020
RICH rejection cuts 361881 0.004
RICH+ rejection cuts 347674 0.004
Invariant mass cut 143253 0.002
A candidates (o > 0) 95135 0.001

A candidates (o < 0) 48118 0.001
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Table 3.4 2010 DATASET Number of candidates passing each selection cut.

Number of V? vertices 192570850
Cuts on Secondary Vertex and on Tracks Candidates Ratio (V°)

Exactly two particles out of SV 192559142 1.000
Daughter particles with opposite charge 192556279 1.000
SV downstream of PV 140057844 0.727
Both tracks do not cross SM2 yoke 139293440 0.723
Hadron selection: X/X0<10 132187748 0.686
Quality cut on both tracks: sze g <10 130206056 0.676
Quality cut on both tracks: p > 1 GeV/c 118826717 0.617
Both tracks not associated to any PV 40148062 0.208
Optimal position of first and last hits 31288561 0.162
Collinearity angle 6,,;;< 7 mrad 5656328 0.029
Conversion background removal: pr>23 MeV/c 3675221 0.019
Cut on energy fraction z<1 3611952 0.019
RICH rejection cuts 787749 0.004
RICH+ rejection cuts 759774 0.004
Invariant mass cut 315910 0.002
A candidates (@ > 0) 209602 0.001
A candidates (o < 0) 106308 0.001

3.4 Extraction of A polarisation

Following the calculations of Ref. [16] reported in Sect. 1.3.1 we have measured the A
polarisation with respect to the expected direction of the spin of the fragmenting quark, as

described in detail in the following. Eq. 1.42 is then rewritten as:

2 A/q
quth(x)H:\/ (Z)ng (3.15)
Y e2f1(x)D}Y(z)

Pr(x,2) = fPrDyn(y)

With respect to Eq. 1.42, two more factors are present here:

* the dilution factor f, corresponding to the fraction of target nucleons effectively
polarised, here taken to be the ratio of free protons over the total number of nucleons

in the NH3 target, namely 3/17;

* the target polarisation Pr, whose typical value is 85%, continuously monitored during

the data taking.
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!

Two ingredients are necessary to define our S7 quantisation axis: the target polarisation
vector and the normal to the scattering plane. Of these two, the first is known to be fixed in
the laboratory system ( Sr= (0,1,0)) and the second can be calculated event by event as a
simple cross product of the incoming and outgoing muon three-vectors.

3.4.1 Construction of the quantisation axis

Here we assume that the quark entering the elementary process {g — fq has polarisation
parallel to Sr. After the scattering, the component of the spin transverse to the direction of
the virtual photon y* is reflected with respect to the normal 7 to the scattering plane. Thus,
the construction of the quantisation axis consists of the following steps:

* subtraction of the component of Sr along the virtual photon y. If § is the unitary vector
indicating the y* direction,
Sty =5Sr—(5r-9)q (3.16)

* reflection of S’)T_y with respect to the normal to the scattering plane 7:

S = Sty +2(Sr.y- ) (3.17)

If we choose to work in the GNS, then 7 exactly corresponds to the y-axis and the formula in

Eq. 3.17, written for the x and y components, simplifies to:
Sl =—S; S;:Sy (3.18)

Finally, the A polarisation P, with respect to s,

Alq

Y, e2hd(x)H;"(z)
PA(x.2) = fPrDy () e (3.19)

Zq eqfl (x)Dl (Z)

reveals itself in the angular distribution (Sect. 1.3.2):
dN
o< | + aPpcosB (3.20)
dcos@

where 6 is the proton emission angle, calculated in the A rest frame, with respect to .. The
proton momentum in the A rest frame, namely ﬁ;}, is calculated as a Lorentz boost of the

momentum in the laboratory system ﬁé"b along the A line of flight [53]:
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SA _ =lab B 'ﬁéab lab \ B

The three components of the B vector are those of the A velocity, along each laboratory

axis, in units of the speed of light c; ¥, as usual, is equal to 1 /4/1 — ﬁ . B

3.4.2 A polarisation extraction

In measuring the transverse polarisation P, one has to be careful in avoiding possible
systematic effects introduced by the apparatus acceptance: the COMPASS spectrometer, in
particular, has an asymmetric layout due to the dipole magnets. Such well known effects have
been minimised in COMPASS by choosing the particular target configuration, with three cells
of opposite polarisations. In addition, the data taking has been divided in periods consisting
of two subperiods in which data were taken with two opposite polarisation orientation in
each cell. In each period very stable data taking conditions were assured (in particular in the
2010 run) in order to cancel acceptance effects as can be seen in an analytical way when two
successive polarisation subperiods are considered.

Let’s consider the "-+-" configuration: this means that the upstream (U) and downstream
(D) cells are polarised downward, the central (C) upward. It is convenient to indicate with the
index "1" the C cell and with the index "2" the U and D cells. Using Eq. 3.4.1, the number of

reconstructed A particles, emitting a proton in a given range of the angle 0 is:

0

M =D1p; (Z—g) (14 otPycosB)A;(cosB) (3.22)
do\"

Ny =Dy 70 (1 — otPycosB)Ar(cosB) (3.23)

where ®; is the muon flux, p; is the target cell length, (g—g)o is the differential cross section
for the production of As and A;(cos 6) is the acceptance term which includes both geometrical
acceptance and spectrometer efficiency. The opposite sign in front of P, is due to the choice
of keeping fixed the reference axis for the calculation of s, always equal to (0,1,0) for both
target polarisation orientations.

The reversal of the cells spin configuration to "+-+" in between the two successive data

taking subperiods leads to:

0
N = ®p; (j—g) (1 — aPycosB)A](cosH) (3.24)
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d 0
Ny = Dhp, (a’g) (1+ Py cos0)AS(cos ) (3.25)
Let’s consider now the double ratio:

MANY

M N

According to Eq. 3.22-3.25, and noticing that ®; = ®; and @} = &), because of the
requirements in the DIS event reconstruction, it can be rewritten as:

E =

(3.26)

P (%)0(1 + 0Py cos 6)Ap(cos B) x @, (ﬁ) 1+ Py cos 0)AS(cos 6)

o (%)0 (1—aPacosB)A(cosB) x D, (Z—g) 1 — aPycos0)A;(cosH)
~ (I+aPrcos@)Ai(cos ) x (14 aPycosB)A,(cos ) (3.27)
~ (1 —aPpcos0)A](cos0) x (1 — aPycos6)As(cos )

Aj(cosB) x A (cos0)
A (cosB) x Ay(cos 0)

~ (1+4aPpcos0)

where the approximation is well justified by the small expected value of Py. The reason-
able assumption about the performance of the COMPASS spectrometer states that the ratio
of acceptance in the upstream and downstream cells on one side, and of the central cell on

the other, stays constant between two consecutive data taking subperiods:

Aq(cos@) Aj(cosB)

= . 3.28
Al (cos0)  Al(cosO) (3.28)
Thanks to this assumption, the expression for € simply becomes:
eE=1+4aPpcosB (3.29)

and, after dividing data in n bins of cos 0 (n=8 in our analysis), Py can be extracted with a
linear fit of the quantities €; with j = 1,n.

The variance of €;, assuming poissonian statistics on the total number of events, is:

(3.30)

It is important to notice that if £; < 1 due to statistical fluctuations, then the corresponding
variance is artificially lowered. This effect can introduce a bias in particular when the number
of events .4;; is small and it has been verified by the Trieste COMPASS group that it is safer
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to substitute the expression for ngj with the following:

4
1
2 _
Op, = lizzle/%j (3.31)

where 812 has been replaced by its expectation value in case of zero polarisation.

A further complication is due to the fact that .4;; is the number of produced As in that
cos 0 bin. As shown in Sect. 3.3.4, the background in the final candidates sample is much
smaller than the signal. Still it has to be taken into account when measuring the A polarization.
A possible way to do it is to assume a given reasonable polarization for the background
events (which could also be zero) and correct for the corresponding contribution to the A
polarization. Here a different procedure has been followed: ./4;; in each cos 6 bin is the
difference between the number of A candidates (/4] }‘” ) and the number of background events
(4 f ) evaluated with the sideband method described in Sect. 3.3.4. As a result, assuming
Poisson distributions, the statistical uncertainty on .4;; is given by: Gj{j =M+ ]B .

Thus Eq. 3.31 becomes:

tot B
o2 — i "+ A
84 — .
= O

1

(3.32)

In case of small number of events involved (typically smaller than 10), some bias can be

introduced and this point has been checked in measuring the polarization.

3.4.3 Data binning and 2007/2010 statistics

The A and A polarisation has been measured by dividing the samples into six subsamples
of x and five subsamples of z and in five subsamples of the A transverse momentum in the
GNS p;. A dependence of the polarisation on x and on z is predicted by theory and the
p: dependence is also of interest. The intervals have been chosen in order to get balanced
statistics bin per bin, making also reference to optimised intervals where transversity has
been proved to be different from zero.

In Tab. 3.5 and Tab. 3.6, the bin widths for x, z and p; are reported for 2007 and 2010
data, together with the corresponding mean values, the number of candidates after sideband
subtraction, the S/B ratio and the FoM = S?/(S + B). The S/B ratios are also shown as
functions of x, z and p; in Fig. 3.20 for A and A candidates, 2007 and 2010 data samples.
Data quality in the two considered years appears compatible.

In each of the aforementioned bins the A and A polarisations have been measured for
each period of the 2007 and 2010 data taking, for a total of 6+12=18 periods. The results are
described in the next chapter.
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Table 3.5 2007 DATASET Data binning and statistics for the extraction of A and A polarisa-

tion. Values for p; are intended in units of GeV/c.

A EVENTS

x binning mean value candidates S/B ratio FoM
x<0.013 0.009 23689 £ 166 123 +0.3 219133
0.013 < x < 0.020 0.016 16095 £ 132 23.1 £0.9 15427.8
0.020 < x < 0.032 0.025 17051 £ 135 31.24+1.4 16521.7
0.032 < x < 0.060 0.044 17009 £+ 134 36.7 +1.7 16557.7
0.060 < x < 0.210 0.105 15301 £ 127 43.1 £2.3 14954.0
x>0.210 0.289 1967 =45 47.0+£7.3 1926.1

z binning mean value candidates S/B ratio FoM
7<0.12 0.090 13489 +£ 124 14.8£0.5 12637.0
0.12 <z<0.20 0.160 21074 £ 152 19.5£0.6 20044.6
0.20 < z<0.30 0.248 22591 £ 156  26.4+0.9 21765.7
0.30<z<0.42 0.355 18673 +£ 141 29.7+£1.2 18064.6
7>0.42 0.529 15286 £ 128 28.0+ 1.2 14758.6

p; binning mean value candidates S/B ratio FoM
pr <0.30 0.193 17792 £ 148  8.6+0.2  15931.6
0.30 < p; < 0.50 0.401 23758 £ 160 26.5+£0.9 22894.2
0.50 < p; < 0.75 0.616 25676 + 164 46.0+2.0 25130.1
0.75 < ps < 1.10 0.893 17083 + 133 50.04+2.7 16748.2
p: > 1.10 1.356 6802 84  45.843.8 6657.2
A EVENTS

x binning mean value candidates S/B ratio FoM
x<0.013 0.009 13717 £ 130 8.440.2  12254.8
0.013 < x < 0.020 0.016 83724+ 97 15.8+£0.7 7874.1
0.020 < x < 0.032 0.025 7972 4+ 94 18.7£0.9  7566.6
0.032 < x < 0.060 0.044 7566 + 91 23.2+1.3 72542
0.060 < x < 0.210 0.103 6566 + 84  26.0+1.7 6323.1

x>0.210 0.291 717 £ 28 19.5+£3.3 6823

z binning mean value candidates S/B ratio FoM
7<0.12 0.092 6651 £ 88 11.7£0.5 6127.0
0.12 <z<0.20 0.160 12081 £ 117 14.4+0.5 11295.8
0.20 <z<0.30 0.247 12575 £ 119 16.3+£0.6 11848.9
0.30 <z<0.42 0.353 8596+ 98 16.5+0.7 8104.6
7>0.42 0.517 5008 £+ 78 9.94+0.5  4547.0

p: binning mean value candidates S/B ratio FoM

pr <0.30 0.189 8764 £ 110  5.1£0.1 7326.1
0.30 < p; < 0.50 0.401 12322 £ 117  19.0+£0.8 11705.1
0.50 < py < 0.75 0.616 12862 + 117 27.6£1.3 12412.7
0.75 < p; < 1.10 0.890 8188 £93  31.7+£2.0 79379
p: > 1.10 1.336 2774 £55 244423  2664.6
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Table 3.6 2010 DATASET Data binning and statistics for the extraction of A and A polarisa-

tion. Values for p; are intended in units of GeV/c.

A EVENTS

x binning mean value candidates S/B ratio FoM
x<0.013 0.009 51912 £243 142 £0.2 48494.6
0.013 < x < 0.020 0.016 34230 £ 192 24.6 £0.7 32894.9
0.020 < x < 0.032 0.025 37190 £ 199 334 +£1.0 36109.7
0.032 < x < 0.060 0.042 38381 +£201 36.7+ 1.1 37362.5
0.060 < x < 0.210 0.099 35464 + 193 41.6 £ 1.4 346323
x>0.210 0.291 4244 £ 67 348 +32 41254

z binning mean value candidates S/B ratio FoM
7<0.12 0.089 29363 + 181 17.0+ 04 27731.1
0.12 <z<0.20 0.160 46427 £225 213+ 0.5 44346.6
0.20 <z<0.30 0.248 49779 £ 231 27.24+0.6 48014.0
0.30 <z<0.42 0.355 41539 £ 210 33.0+£0.9 40318.8
7>0.42 0.530 34313 £ 192 289+ 09 33165.6

p; binning mean value candidates S/B ratio FoM
pr <0.30 0.192 40109 £220 9.74£0.2  36359.9
0.30 < p; < 0.50 0.401 53480 +£239 29.9+0.7 517494
0.50 < py < 0.75 0.616 56083 +242 44.0+1.2 548359
0.75 < py < 1.10 0.893 37606 £ 197 55.04£2.1 36933.7
p: > 1.10 1.358 14144 £ 121 47.6£2.8 13853.2

A EVENTS

x binning mean value candidates S/B ratio FoM
x<0.013 0.009 29891 £ 191 9.240.2  26966.4
0.013 < x < 0.020 0.016 18019 £ 142 16.1£0.5 16966.4
0.020 < x < 0.032 0.025 17924 + 141 18.7£0.6 17015.6
0.032 < x < 0.060 0.042 17062 + 136  22.4+0.8 16331.8
0.060 < x < 0.210 0.098 14938 +£ 127 25.4+1.1 143723
x>0.210 0.294 1720 4+ 44 19.7£2.2  1636.3

z binning mean value candidates S/B ratio FoM
7<0.12 0.092 14714 £ 131 12.1£04 13586.9
0.12 <z<0.20 0.160 26876 £ 174 15.6+0.4 25252.8
0.20 < z<0.30 0.247 27955 +£ 176 18.4+0.5 265164
0.30 <z<0.42 0.353 19124+ 146  16.8+0.5 18052.5
7>0.42 0.515 10884 £ 115 9.4403  9840.4

p: binning mean value candidates S/B ratio FoM
pr <0.30 0.191 20079 £ 165 5.7£0.1  17082.4
0.30 < p; < 0.50 0.402 27190 +£ 173 19.3£0.5 25852.2
0.50 < p; < 0.75 0.615 28357 £ 174 29.1£1.0 27416.0
0.75 < ps < 1.10 0.890 17836 + 138 30.0+1.2 17259.5
p: > 1.10 1.344 6091 £ 81 23.7£1.5 58453
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Figure 3.20 S/B ratios as function of x, z and p; for As (black points) and for As (red points)
. Full circles correspond to 2007 values, full squares to 2010 ones.






Chapter 4

Results

4.1 Strategies and kinematic regions

The A and A polarisation values have been measured in several kinematic regions and with

two different strategies, namely:

* extracting the polarisation period by period and then calculating the final polarisation
values as weighted means of 18 periods (6 for 2007, 12 for 2010; first strategy);

* summing periods of the same year with the same target configuration, so treating
separately 2007 as one period and 2010 as a second period, and then extracting the
results as a weighted mean of 2 periods (second strategy). Compatibility between 2007
and 2010 results is reported in Appendix.

Both methods have pros and cons. A period-by-period analysis is preferable to minimise
acceptance effects, since the reasonable assumption on the COMPASS spectrometer per-
formance is more likely to hold, but it can also lead, in case of poor statistics in some bins,
to a bias of the double ratio due to the large statistical fluctuations. On the other hand, the
second strategy surely solves for a possible lack of statistics, but some acceptance effects
could survive. The difference between the results obtained with the two methods can be used
to evaluate the systematic uncertainties.

With these two methods, the A and As polarisation has been studied in the following

cases and according to the binning introduced in the last chapter:
* all candidates considered;
* high z region, here defined by the condition z5 > 0.2 and xr > 0;

* low zregion: zp < 0.2 or xp < 0 (complementary to high z);
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* high x region (x > 0.032), where transversity for # and d quarks is known to be different
from zero;

* low x region (x < 0.032) where instead a signal compatible with zero has been mea-
sured;

* high p; region (p; > 0.5 GeV/c):
* low p; region (p; < 0.5 GeV/c).

The polarisation values for As and As (all candidates) are presented as function of x, z
and p; in Fig. 4.1, where the two described strategies are compared. Full circles correspond
to the first strategy (period-by-period analysis), open circles to the analysis of integrated
periods. There is a general agreement between the two methods. The bins with low statistics
are generally characterised by a period-by-period extracted polarisation that is higher than
the one calculated with the second method.

Another possible comparison between the methods comes from the distributions of the
xz values obtained from the fits in the eight cos 0 bins of the double ratios, each calculated
in the aforementioned bins of x, z and p;. In Fig. 4.2 we report the x? distributions, obtained
with the two strategies, considering all candidates. The experimental points are plotted on
the theoretical curve (x2 distribution with six degrees of freedom: eight is the number of
bins in cos O where the fit is performed, two is the number of parameters). As expected, the
period-by-period method returns a larger number of high s, indicating a worst convergence
of the fit due to a deviation of the double ratio, in some bins, from its expected value. All fits
(in x, in z and in p;) contribute here to the overall y? distributions. The agreement with the
expected distributions is good.

Compatibility of the final A and A polarisation for each considered bin in x, z and p; can
be studied by constructing the distribution of the quantities

P—<P>

4.1)

2 2
Op, — Ocp>

known as pulls, where P, is the measured polarisations in each bin, for each period, and
< P > the corresponding weighted mean. The expected distribution of the pulls is a gaussian,
whose width is an indication of possible systematic errors. The pulls distribution for the two
adopted strategies are reported in Fig. 4.3
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Figure 4.1 Measured polarisations for all A (left) and A (right) candidates, as function of x, z
and p;. The two extraction methods are compared: full circles correspond to first strategy,

open circles to second strategy.



74 Results

Distribution of x? from fits, 2007+2010 period by period Distribution of x? from fits, 2007+2010 integrated periods
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Figure 4.2 Distribution of the %2 values obtained with the first (left) and the second (right)
methods, compared to the theoretical curve xﬁd f—6" All candidates considered.
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Figure 4.3 Pulls distribution obtained with the first (left) and the second (right) methods,
fitted with a gaussian function. All candidates considered.
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4.2 Comparison with 2007 released results

In Fig. 4.4 a comparison is presented between the polarisations obtained as a function of x
and z, for As and As, with the two strategies currently adopted (full and open circles) and the

results obtained and released from the 2007 analysis [33], marked with a star.
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Figure 4.4 Comparison between 2007 results: released (star), period-by-period (full circles)
and integrating periods (open circles).

As can be seen, the agreement between the two strategies is very good. The agreement
with the already released results is satisfactory, in particular taking into account that our
analysis differs from the one performed in the past on 2007 data as for the selection procedure
and for the method of polarisation extraction. Some differences are also due to the different
binning (6 x bins now, 5 in the past). However, the agreement of the current results with the
released ones is good.

As a summary of these tests, is that the new methods give result compatible with the
already released ones and that both strategies can be followed in the measurement of the A

polarisation.
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4.3 Measured polarisations

Here we present the extracted values for A and A polarisation. The second strategy has
been adopted. Results are reported only as function of those kinematic quantities that do
not define the considered region. For example, P (x) is not shown in the two kinematic
regions x > 0.032 and x < 0.032, since it would be exactly the same as the P (x) in the "all
candidates" case. The error bars represent statistical uncertainties only. For each kinematic
region the x? and the pulls distributions are also presented (except for the "all candidates"

case, since they have been already shown in Sect. 4.1.)
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Figure 4.5 Measured polarisations as function of x, z and p; for As (on the left, black points)
and for As (on the right, red points). All candidates considered.
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As can be seen in Fig. 4.5, the measured polarisations are generally compatible with
zero. The two most interesting points are the last value of P (x) and the first of P (p;). The
former, even with a large statistical error, is different from zero and could be a hint of a
transversity signal, that is known to differ from zero for u (and d) quarks at large x. The latter
point, namely Py (p;) with p; ~ 0.2 GeV/c, is unexpectedly different from zero, even if the
expression for P, is not an explicit function of p;. It is important to stress, however, that the
small p; approximation (collinearity case) is the framework in which the calculations for the
A transverse polarisation are performed.

The measured polarisations have been then investigated in the high z and low z regions
(Fig. 4.6 and Fig. 4.7), trying to separate the different contributions of current and target
fragmentation. If the value of P(x), with x ~ 0.3 is a transversity signal, then it should
be visible also in the region at high z. As a counterpart, however, the selection of a certain
kinematic region can enhance the statistical error on the considered quantities.

Also a cut on x has been done (Fig. 4.8 and Fig. 4.9): for x > 0.032, if the polarised
fragmentation function is different from zero, then a dependence on z of the measured
polarisation gives a constraint on the values assumed by the polarised fragmentation function
HMA,

Finally, a cut on the low and high p; regions is appropriate to further investigate possible
correlation of the interesting first point in the values of Py vs p; (p; ~ 0.2 GeV/c) with the
other kinematic variables at play.

Unfortunately, when selecting the current fragmentation region the most interesting points
turn compatible with zero: the increase of statistical errors is larger than the increase of a

(possible) underlying physical signal.
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4.3.2 High 7 region
POLARISATION P,(x) POLARISATION PK(X)
2015 2015
<k < or
04— 0
0,05~ 0,05~
| f o }
-0.05— -0.05— % {
-0 -01—
_015L L L _o1sC L
107 10" 10"
X X
POLARISATION PA(p‘) POLARISATION Px(p()
~0.15 ~015
Cuy 2015
o~ < F
04— 0
0,05~ { .05~
e A . l
-0.05— 0,05 }
-0 -01—
P R A SR U R R B ~0.150 L T | .
0 02 0.4 0.6 0.8 1 12 14 16 0 0.8 1 12 14 16
Distribution of x? from fits, 2007+2010 integrated periods Pulls distribution for P, -, 2007+2010 integrated periods
_ XZ Pulls
18— y C Entries 44
F Entries 44 e Mean 02157
16— Mean 5.902 C RMS 0.962
F RMS  3.586 2 X2/ ndf 5.381/6
W = Constant  7.805 + 2.006
E 10— Mean —-0.2263 £ 0.2699
12 = r Sigma 1.036 + 0.267
10— 81—
A= r
= o
6, C
£ -
4 L
21 -
. . P IR IR R oL il
0 5 10 15 20 25 30 35 20 =5 4 5
X2 value pull

Figure 4.6 Measured polarisations as function of x and p; for As (on the left, black points)
and for As (on the right, red points). High z region considered. The distribution of the
values from fit and the pulls distribution are also reported (bottom row).
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4.3.3 Low zregion
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Figure 4.7 Measured polarisations as function of x and p; for As (on the left, black points)
and for As (on the right, red points). Low z region considered. The distribution of the x>
values from fit and the pulls distribution are also reported (bottom row).
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4.3.4 High x region
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Figure 4.8 Measured polarisations as function of z and p, for As (on the left, black points)
and for As (on the right, red points). High x region considered. The distribution of the
values from fit and the pulls distribution are also reported (bottom row).



4.3 Measured polarisations

81

4.3.5 Low x region
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Figure 4.9 Measured polarisations as function of z and p, for As (on the left, black points)
and for As (on the right, red points). Low x region considered. The distribution of the x>
values from fit and the pulls distribution are also reported (bottom row).
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4.3.6 High p; region
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Figure 4.10 Measured polarisations as function of x and z for As (on the left, black points)
and for As (on the right, red points). High p; region considered. The distribution of the x>
values from fit and the pulls distribution are also reported (bottom row).
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4.3.7 Low p; region
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Figure 4.11 Measured polarisations as function of x and z for As (on the left, black points)
and for As (on the right, red points). Low p; region considered. The distribution of the y?2
values from fit and the pulls distribution are also reported (bottom row).
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4.4 Extraction of integrated fragmentation functions

The measured polarisations, interesting by themselves, can be corrected to get information
on the A fragmentation function Hf\ /4 (2), so far unknown. Recalling that the expression for
the A transversity transmitted polarisation is:

¥, e2h(x)HM(2)

4.2)
¥, 2l (x)DM(2)

PA (x, Z) = fPTDNN

we see that, dividing for the factors f, Pr and Dyy, the remaining term only contain
distribution and fragmentation functions. Let’s indicate with P{ the corrected A polarisation,

also called spin transfer to transversely polarised As:

_ PR3 ¥, e2hd(x)HY(2)
TPy, e (D7 ()

Py (x,2) (4.3)

Assuming that the distribution functions are dominated by the u quark contribution, then

the sum over the quark flavors can be written as :

i ()HM )+ WHY (2) W) HY ()

4D @)+ DY) A D)

Py (x,2) = (4.4)

This is an important point, since (as explained in Sect. 1.4) the ratio 4% (x)/f{'(x) is by
now known.
In this framework, the observation of Py (x), implying an integration over z, gives direct

access to the ratio of the z-integrated fragmentation functions:

oy M) [dzHY (@)
FARD = ) [dzDM"(z) )

The measured values are shown in Fig. 4.12.

We have used the results shown in Fig. 1.7 for 4 (x) and the result of the CTEQS5D for
the unpolarised PDF f}'(x), obtaining the values of A{(x)/f}'(x) shown in Fig. 4.13.

By fitting those values with the function Ax(1 —x)? we obtained: A = 2.5240.70 and
B =2.5+1.5. The values of P{(x) have been fitted with the function:

kAx(1 —x)B (4.6)
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Figure 4.12 Corrected polarisations as function of x for As (all candidates)
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Figure 4.13 The ht(x)/f"(x) ratio, fitted with a function of the form Ax(1 —x)&. The central
line is the fitted curve, the two lateral ones fix a =10 interval.

with A =2.52, B = 2.5 and k free parameter. The result, shown in Fig. 4.14, gives the ratio
of the two z-integrated fragmentation functions:

JdzH" (2)
JdzDy'"(2)

The obtained value is small, in agreement with the predictions quoted in Sect. 4.1. The

k= = —-0.22+0.38. 4.7)

statistical error is large, as expected. It has to be stressed that this is the first measurement

of the unknown fragmentation function H 1[\/ 7 and we consider it an important result which

contributes to our knowledge of the A structure.
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Figure 4.14 Corrected polarisation (all candidates) with the fitted function (see text).
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4.5 Conclusions and outlook

In this thesis, the polarisation transfer from a transversely polarised proton target to A
hyperons in SIDIS has been measured using COMPASS data collected with a muon beam of
160 GeV/ec.

The A and A transversity transmitted polarisation has been measured along the axis given
by the outgoing quark spin vector. This observable gives access to the new transversity parton
distribution h? times the still completely unknown fragmentation function Hf\/ 1,

For the first time, both the 2007 and 2010 COMPASS data, collected with a transversely
polarised proton target, have been used. The selection of A and A candidates has been
performed in a number of steps. First of all, DIS events are selected. Then, background
events are removed with suitable kinematic cuts. The RICH detector has been used to reject
all the particles falsely assumed to be the A (A) decay proton (antiproton). The Armenteros
plot has allowed to identify the interesting V® candidates. A mass cut, to select all the
candidates inside the A invariant mass peak, has been the last step of the selection procedure.
The (small) background contribution has been evaluated with the sideband method.

The angular distribution of the decay p (p) has been measured in the A (A) rest frame. The
new method for the polarisation extraction has taken care of the possible systematic effects
due to spectrometer acceptance introducing a quantity, the double ratio, that analytically
removes them under minimal and reasonable assumptions on the spectrometer performance.

The polarisations, measured in seven kinematic regions, are generally compatible with
zero. Nevertheless, an interesting result has been obtained for the first time for the ratio of
the z-integrated fragmentation functions H f\/ 7 and Dll\/ 7, once the measured polarisations
had been corrected for the dilution factor, the polarisation of the target and the depolarisation
factor.

Despite the fact that all the COMPASS data, namely all the existing data in the world
suitable for this measurement, have been used, the statistical uncertainty on the measured
polarisations is still large. On the other hand, even if the transverse polarisation transfer from
the u-quark to the A has been measured to be too small to allow for a study of transversity in

this channel, its measurement will give relevant information on the hadron structure.
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Appendix A

2007/2010 results compatibility

A polarisation has been extracted using both 2007 and 2010 COMPASS proton data. Here
we report, for completeness, the comparison between the results obtained for 2007 and 2010
separately considered as a period ("second strategy"), that have been then combined in a
weighted mean to give the final results. 2010 results can be recognised by the smaller error
bars (only statistical uncertainty reported).

High 7 region
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Figure A.1 Comparison between 2007 and 2010 results. High z region considered.
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2007/2010 results compatibility

Low z region
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Figure A.2 Comparison between 2007 and 2010 results. Low z region considered.
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Figure A.3 Comparison between 2007 and 2010 results. High x region considered.
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Low x region
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Figure A.4 Comparison between 2007 and 2010 results. Low x region considered.
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Figure A.5 Comparison between 2007 and 2010 results. High p, region considered.
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Low p; region
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Figure A.6 Comparison between 2007 and 2010 results. High p; region considered.
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