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Introduction

The nucleon spin structure is one of the major unresolved puzzles in hadronic physics. The
sum of quark and antiquarks spin contribution to the nucleon spin, A, has been measured to
be about 30% [1], whereas the gluon spin contribution AG is still not constrained enough after
two decades of research. The framework of perturbative Quantum Chromodynamics (pQCD)
allows to study the gluon contributions through Deep Inelastic Scattering (DIS) only through
higher-order corrections to the cross section. The unpolarised gluon density g(x,), where z, is
the nucleon momentum fraction carried by the gluons, is well constrained by DIS experiments
with unpolarised beam and target thanks to their high statistics and large kinematic coverage,
but for polarised beam and target, the statistics is however lacking to sufficiently constrain the
gluon helicity distribution Ag(x4). This directly leads to a not well known contribution of the
gluon spin to the spin of the nucleon, AG = [ Ag(z4)dzy, and to a lesser extent to the one
of the quarks. In order to better constrain Ag(z,), one has to search for processes where the
contributions from the gluons appear at leading order. One of the most used is the leptopro-
duction of hadrons at high transverse momentum pr in the limit of collinear fragmentation.

The COMPASS collaboration has already studied the asymmetries for leading hadrons (in
the sense of the higher pr), in both the DIS and the quasi-real photoproduction regimes [2]
[B]. In terms of pQCD, it is difficult to define a leading hadron cross-section [4], and there-
fore a model is needed to interpret the results. Some Lund Monte Carlo simulations provide
the necessary information to interpret these measurements. Unfortunately such an analysis is
restricted to leading order (LO) in the strong coupling constant aig since there exists no next-
to-leading order (NLO) Monte Carlo simulation for leptoproduction yet. Due to the limitation
of neglecting gluon contributions at NLO, such results can not be used in recent global fits at
NLO of polarised Parton Distribution Functions (PDFs) [5].

The major part of this thesis concerns a new analysis of COMPASS data for single-inclusive
hadron quasi-real photoproduction at high pp, which differs from the previous analysis of COM-
PASS in that all measured hadrons are taken into account (and not only leading ones). The
interpretation is based on a collinear pQCD framework developed up to NLO [4], the the-
oretical calculations are based on the factorisation theorem to calculate the cross section of
single-inclusive hadron production. This method is sensitive to AG not only in terms of contri-
butions from “direct” photoabsorption on gluons, v*g — ¢¢ (Photon Gluon Fusion), but also
in terms of contributions from “resolved-photon” subprocesses, gg and gg, where the photon
acts as a source of partons. Similarly, the direct process 7*¢ — ¢qg (QCD Compton) as well
as resolved gq and gq subprocesses are taken into account in the theoretical calculations. The
same kind of analysis has already been applied to pp collisions at /s = 200 GeV for RHIC
measurements [6l, [7] and bring some interesting constraints on the Ag(z,) distribution [5]. Af-
ter comparing the prediction of this model to measurements with COMPASS unpolarised data
at /s = 18 GeV [8], the applicability of this framework brings some new theoretical challenges
with the accounting of “threshold resummation” at next-to-leading logarithm (NLL) [9].



Introduction

This thesis is organised as follows:

Chapter [1] deals with the theoretical framework needed to explain the analysis of asym-
metries for single-inclusive hadron quasi-real photoproduction at high pp. This includes
a brief description of SIDIS framework and variables and the definition of polarised and
unpolarised PDFs. The particular theoretical method is then described with a reminder
of the unpolarised study and of the expectations presented in [4].

Chapter[2 presents an overview of the experimental setup of COMPASS, with an emphasis
on the polarised beam and targets important for this analysis, as well as on the RICH
detector used for the particle identification.

Chapter [3]is a presentation of a particular tracking detector of COMPASS, the new pixel
Micromegas. This includes an overview of gaseous detector history and presentation of
former Micromegas. A study of the detector performances is also performed.

Chapter [4] deals with all the analysis performed to extract the asymmetries from COM-
PASS data. The calculations and the data selection are first explained, then an accurate
systematic study is performed. The results are then presented for unindentified hadrons
and then for identified hadrons with an explanation of how the identification is performed.

Chapter [5| presents the comparison of the experimental results with theoretical calcula-

tions, leading to an evaluation of fg 0275 drgAg(zy) from these measurements.



Chapter 1

Theoretical Framework

In this chapter, we present the theoretical framework used in Chap. [5| for the interpretation of
the double longitudinal spin asymmetries for quasi-real photoproduction at high-pp.

We will first describe the different physical processes that come to play in Deeply Inelastic
Scattering (DIS) in the framework of collinear pQCD. Although the asymmetries measured
in quasi-real photoproduction regime do not fall per se in the DIS categorisation, the overall
pQCD framework still holds.

We will then detail the nucleon structure description and emphasise the importance of
constraining the quarks and especially the gluon helicity distributions.

Finally we describe theoretical calculations performed for the interpretation of the asym-
metries, as well as the checks performed on unpolarized data to verify the applicability of the
theory at low COMPASS center of mass energy.

1.1 Lepton-Nucleon Scattering at Hard Scales

1.1.1 Semi-Inclusive Deep Inelastic Scattering Framework and Variables

At COMPASS, we will study the lepton-nucleon scattering through the Deep Inelastic Scat-
tering (DIS) framework [10, [11], where a lepton beam scatters off a nucleon target: | + N —
" + X. By requiring to detect a hadron in the final state, one talks about Semi-Inclusive Deep
Inelastic Scattering (SIDIS) I + N — I’ + h + X, as opposed to inclusive scattering where
the hadronic final state is ignored.

The interaction between the lepton [ and the partons of the nucleon N takes place via a
virtual photon 7*. The simplified Feynman diagram of a SIDIS process is shown in Fig. [1.1]
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Figure 1.1: Feynman diagram of SIDIS

All the 4-momenta of the initial state and final state particles are known except for the par-
ticles comprised in X. Since COMPASS is a fixed target experiment the nucleon 4-momentum
can be written P = (M,0). All the common variables of DIS and SIDIS are summarised in

Tab.

variable expression signification
P (M, 0) nucleon 4-momentum
k (E, k) incoming lepton 4-momentum
K (E', k') scattered lepton 4-momentum
q k— K virtual photon 4-momentum
v E—-F energy loss of the lepton
Y v/E fractional energy loss of the lepton
Q? e “virtuality” of the photon
TBj Q?/2Mv Bjorken variable
w? (P +q)? squared invariant mass of the hadronic system
kp, (Ep, k_;;) final state hadron 4-momentum
pr lkn — @kn - )/ 113112 transverse momentum of the final state hadron
On final state hadron angle w.r.t. the virtual photon
Mh —log(tan(6,/2)) — 0.5log(2E /M) | final state hadron pseudorapidity in the c.m.s.
z E,/E fractional energy of the final state hadron

Table 1.1: Common variables of DIS and SIDIS (in the laboratory frame if not specified)

The virtuality of the photon @Q?, which is the negative of the four momentum transfer
squared of the virtual photon, characterises the domain separation between DIS regime (Q? > 1
GeV?) and the quasi-real photoproduction regime (Q? < 1 GeV?), which will be the domain
studied in the analysis of this thesis. The hard scale necessary in the factorisation and renor-
malisation schemes, which is provided by @2 in the DIS regime, is in this study given by the
transverse momentum of the final state hadron (pr > 1 GeV/c).

The Bjorken scaling variable xp;, comprised between 0 and 1, represents the elasticity of
the event. In the parton model it can be interpreted as the fraction of the nucleon momentum
carried by the parton responsible of the interaction.

The pseudo-rapidity 7, of the final state hadron plays also a particular role in this analysis.
It is comprised in this analysis between -0.1 and 2.4, the negative values correspond to large
angles of the hadrons, whereas the large positive values are for small angles.
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1.1.2 Wigner Distributions and Integrated Distributions

The study of the structure of the nucleon goes through the modelisation of his non-perturbative
structure. Partons inside the nucleon can have a specific momentum at a specific position, hence
their state can be described in six dimensions by the so called Wigner distributions W (7, k),
where 7 is the position vector and k is the 3-momentum vector. Heisenberg’s uncertaintiy rela-
tions prevent these distributions from being real probability distributions, they are only defined
as quasi-probability distributions since they are not positive definite. These distributions can
be reduced to a five dimensions distributions in the infinite momentum frame: W(x,k ,b,)
where z is the longitudinal momentum, k; the momentum in the transverse plane and b; the
position in the transverse plane (or impact parameter) [12]. Naturally the experiments cannot
probe the structure of the nucleon for all these dimensions at the same time. By integrat-
ing or projecting the Wigner distributions, like described in Fig. [[.2] one can obtain all the
distributions studied in actual experiments.

GTMD(r, k1. A)

TMD(x, k) GPD(z, )

TMSD(k, )

—— A=1
-»- Jdr
Charge et [ %k

Figure 1.2: Ilustration of the decomposition of the different distributions from the Wigner
distributions. A is the Fourier conjugate of b, and setting it to 0 amounts to the same thing
as integrating over b [12]

By integrating over the position or momentum variables, one can find back genuine proba-
bility distributions. One will just describe the four most famous ones:

Transverse Momentum-dependent Distributions (TMDs)

These TMDs can be obtained by integrating b,: f(x,k ). They can be interpreted as quark
densities in the 3-dimensional momentum space.

Generalised Parton Distributions (GPDs)

By integrating over k,, one obtains the GPDs: f(x,b,). These distributions can be studied
through Deeply Virtual Compton Scattering (DVCS) or Deeply Virtual Meson Production
(DVMP).
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Figure 1.3: Feynman diagram for DVCS (left) and DVMP (right) processes

Form Factors (FFs)

The form factor distributions F'(b, ) were the first one to be studied [I3], they can be interpreted
as electric charge and electric current distribution in space (for the electric Gg and magnetic
G form factor). They can also regrouped as structure functions Fy, Fy and Fj.

Parton Distribution Functions (PDFs)

Finally the one we need and the one we study, the PDFs can be extracted from the Wigner
distributions by integrating over k; and b;. As the form factors, it is a one dimensional
distribution. The experiment providing the data to extract these distributions will be more
detailed in the next section, as well as the final results of global fits.

1.1.3 Unpolarized PDFs

The PDFs represent the probability densities in the nucleon as function of the momentum
fraction for each quark f; (or ¢ to simplify) and antiquark f; (g) flavor and for the gluon f,
(9). These densities respect a simple 0'" moment sum rule:

A ( > o)+ o) +g<x>) dr=1 ()

g€{u,d,s,c}

The interactions between partons in the nucleon are mainly ruled by QCD (Quantum Chro-
modynamics), the main feature of these interactions being the asymptotic freedom discovered
in 1973 [14]. This property leads to the introduction of a hard scale u? for the non-perturbative
distributions (f(x, u?)), knowing that with u? — oo, these distributions should tend to the per-
turbative calculations. The evolution of these distributions with ;2 is governed by the DGLAP
equations [15].

The first parameterisation of these PDFs were computed around 1978 [16] for SLAC and
Fermilab data, as illustrated in Fig.
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Figure 1.4: First parameterisations of PDFs depending on § (quarks of proton, quarks of
neutron, non charmed sea quarks, charmed sea quarks, gluons) [10]

Nowadays the PDFs are determined by world data fits. The most famous ones are CTEQ),
MSTW and NNPDF, which use not only DIS data but also Drell Yan production, hadron-
electron collision (HERA), hadron-hadron collision (LHC). The range of 1% goes from 1 GeV?
to 10'° GeV?2. Fig. 1.5 shows the PDF for all partons for NNPDF2.3 fit.

1.1.4 Polarized PDFs and the Gluon Contribution to the Spin Crisis

In the same way as for the unpolarised PDFs, one can investigate the probability densities of
spin or helicities in the nucleon as function of the momentum fraction for each quark Af, (or
Aq to simplify) and antiquark Af; (Aq) flavor and for the gluon Af, (Ag), through what is

called polarised PDFs. Respecting the fermionic or bosonic property of the different particles,
the helicities follow the first moment rule:

1 | _
5 = [ den( X Mg+ Ag@) + Age) + Ly (12)
0 q€{u,d,s,c}
1
= SASHAGH Ly (1.3)
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Q2 =10 GeV?2/

xf(x,Q?)
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Figure 1.5: NNPDF2.3 PDFs set at u?> = 10 GeV? with error bands corresponding to a one
sigma interval

, where Lg4 is the relativistic contribution from the orbital momentum of quarks and anti-
quarks and gluons.

The first experiments to study nucleon spin structure were 130 at SLAC in the early 1980’s
followed by EMC at CERN. The latter experiment found out that the quark contribution were
lower than expected in the prediction of Ellis-Jaffe sum rule [I7]: AX ~ 0.12.

These results led to the “spin crisis”, and other experiments were planned to find out from
where this unexpected distribution of the nucleon spin comes from: gluons, strange quarks
or orbital momenta. Among these experiments one can cite HERMES, STAR, PHENIX and
COMPASS.

As showed in Fig. the quark contribution is now relatively well known and has been
evaluated as AY ~ 0.3 [I9]. However the contribution from the quarks of the sea: Au, Ad, As
and As are less constrained [I8] and one needs more results to separate for instance As from
As.

The gluon polarisation remains one of the major insufficiently constrained piece of the
nucleon puzzle. The most recent results from world data fits seem to tend to a positive AG
with the inclusion of new data from RHIC [5], but the uncertainties remain strong and the
possibility of a changing sign gluon helicity distribution is not yet ruled out [I§].

Fig. shows the current COMPASS results for the gluon polarisation AG/G at LO (high
pr analysis) and NLO (open charm analysis) compared to SMC and HERMES results and also
to DSSV08 and LSS10 world data fits.
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from open charm at COMPASS [23], compared to DSSV [19] and LSS [24] global fits
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1.2 Theoretical Framework for Double Spin Asymmetries at
high pr

1.2.1 Different Processes in the Photoproduction Regime

The studies of hadron-pair production I + N — I’ + hy + hs + X done at HERMES and
COMPASS focusing on the signatures of the Photon Gluon Fusion (PGF) (Fig. lead to
rather complex calculations which are still lacking at Next-to-Leading Order (NLO) in ag
(coupling constant of the strong interaction).

Figure 1.8: Feynman diagram of the Photon Gluon Fusion (PGF)

The regime of quasi-real photoproduction for single-inclusive hadrons allows calculations
at NLO and has the advantage of much higher rates than DIS electroproduction of hadrons.
Unfortunately this regime involves also the inclusion of other processes called resolved pro-
cesses (in opposition to direct processes) where the virtual (quasi-real) photon fluctuates into
a hadronic state as illustrated in Fig. (for review, see [25]). In the left figure (resolved
contribution), the a stands a parton.

Figure 1.9: Feynman diagrams for the direct (left) and resolved (right) processes

The calculation of resolved processes cross-sections requires the knowledge of parton density
f2" and helicity Af)" distributions. The parton density distributions are shown in Fig.
at a reference scale ;2> = 5 GeV2. The helicity distributions are unfortunately lacking at the
moment and one chose two different parameterisations to be used as uncertainties Af)" = 0
and Af) t = ff| One will later see that these uncertainties do not impact too much the
study on the nucleon helicity structure [4].
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Figure 1.10: Parton density functions of a virtual photon at u? = 5 GeV? originally performed
in DIS, scheme (left) and recalculated in M S scheme (right) from GRV analysis [26]

1.2.2 Details of Calculations of Cross-sections and Asymmetries
Calculation of Theoretical Cross-sections

Cross-sections of SIDIS processes depends on PDFs and one can express the first one with the
latter depending on the theoretical hypotheses we choose. In a reverse process, one can extract
the PDFs from the measurements of cross-section. These theoretical calculations are based on

the framework described in [4].

The choice of the quasi-real photoproduction regime for hadron at high transverse momen-
tum allows to theoretically calculate the partonic cross-sections at NLO and express the SIDIS
cross-sections as a function of pr and 7, using non-perturbative parameterisation for the de-
scription of the nucleon, the virtual photon in the resolved processes and the fragmentation of
the partons into hadrons Eq. [I.5}

SIDIS . s
do (pr,mn) = Y., . [ dvadzedzeft @anp) £ (@n)dEabsex (8,:2a,0ypnoze bt 1) Db (zeoiiy) (1.4)

Ao (pr,m) = D @ f) @ dbapex ® DI (1.5)

a,b,c

, where a is the virtual photon in direct processes and a parton from the virtual photon in
the resolved processes, b is the parton probed in the nucleon (and zj its fraction of the nucleon
momentum), ¢ is the parton coming from the partonic reaction a +b — ¢+ X (and z. the
fraction of parton ¢’s momentum taken by the hadron h), u corresponds to the incoming muon,
N is the nucleon, and h is the single inclusive hadron detected (and pp its momentum). s is
the c¢ms energy and ., py and ,u’f are the scales of the renormalisation, and the factorisation
of the different part of the processes. These factors are arbitrary but have to be of the order
of the hard scale. Here they are chosen to be equal: i, = py = ,u’f = pr.

The SIDIS cross-section is calculated as a convolution of dé or dé4p—cx (Fig.|1.11)) representing
the perturbative partonic cross-section with several non-perturbative distributions:

e the nucleon PDFs flfv already detailed in the previous sections Sec.

e the fragmentation functions (FFs) D" which describe the fragmentation of a parton c
into a hadron h

e the “muon PDFs” f¥ which can be described as the convolution of a Weizsacker-Williams
probability P,, to produce a virtual photon in a quasi-real photoproduction regime with
a photon-parton density fJ(zq,ps) ([27]):
Tq

1
fiten) = [ LPufie, =) (16)

a
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, with

Pyu(y) = %er ((1 +(1-y)’ ~ang”“x(1yQ_ y)> +2m2y ( 21 - 1_y>> (1.7)

2,2
Y my mazxr muy

The distribution f; differentiates between the direct and resolved processes:

— for the direct photon contribution, the parton a has to be identified with an elemen-
tary photon, so that x, must be identified with y. One gets:

7=0(1 ) (1.8)

— for the resolved photon contribution, f;) represents the parton densities of a circularly
polarised photon, as presented in Sec. These distributions are decomposed into
a photonic part perturbatively calculable and a hadronic non-perturbative part. The
photonic part dominates at large momentum fraction

The separation of these processes leads to express the measured cross-section as the sum
of a direct and resolved photon contributions:

SIDIS SIDIS SIDIS
do =doy, "~ +doy, (1.9)

All these notations are illustrated in the reminder figures Fig. [I.11]

Figure 1.11: Feynman diagrams for the direct (left) and resolved (right) processes

Calculation of Asymmetries

To describe the theoretical asymmetries calculations, one first needs to define the differential
polarised cross-sections dAc°TPTS  Using the same formalism as for the unpolarised cross-
sections, it can be expressed as:

dAJSIDIS(pT’ nh) = Z AfF® Af,fv ® dAGgp—sex @ Df (1.10)

a,b,c
For the nucleon part, the polarised parton distribution A fgv is defined as:

AfN (o, pp) = N (@, 10p) — (2, pip) (1.11)

, where the subscripts + and — indicate the helicity of the parton b in the nucleon N of positive
helicity. For the virtual photon part, the polarised Weiszacker-Williams probability AP,,, ([27])
is slightly different from the unpolarised one and is expressed as:

ae ((1—=(1—y)? a1 —9) 2.2 1 1—y
AP = — -l mazx 2 - — 1.12
oY) o << y n — +2myy 2e | ME (1.12)
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And as previously mentioned in Sec. [I.2.1] the helicity parton distribution of the virtual photon
is unknown, so that the polarized cross-sections are computed with two different parameteri-
sations taken at reference scale as Af) (z, u2) = 0 and AfY (z, ) = |2 (z, u3)| and evolved
with DGLAP equations. The difference between the asymmetries with these two distributions
is used as uncertainty.

Finally, one can compute the asymmetries:

sl | dAGSTPIS 3 AR AN @ dAGa—ex @ D)
LL\PT; h) = - 6
doSIDIS Yape i © [ © dbaysex ® DI

(1.13)

1.2.3 Benchmarking the Model on Unpolarised Cross-sections

Following the advice of the article [4] to verify the applicability of the this theoretical framework
to the COMPASS kinematic domain, a study on unpolarised cross-section was performed by
C. Hoppner and A. Morreale presented in [g].

Some different parameter were used for this study:

e Since it is an unpolarised study, the acceptance of the spectrometer limited by the aper-
ture of the polarised target could be expanded (one does not need the same acceptance
for the different cells of the target) to 0.01 < 6, < 0.12rad, which gives an integration
domain for n, of [-0.1,2.4].

e for analysis purposes which are explained in Sec. a selection on the hadron fractional
energy 0.2 < z < 0.8.

e finally since the statistics are not an issue for the measurement of unpolarised cross-
section, the previous cuts were made more strict: @? < 0.1 GeV2 and 0.2 < y < 0.8

Fig. shows the measurements of COMPASS cross-section for the reaction pud — p'hX
compared to three theoretical calculations at different order of corrections, whose uncertainties
come from varying the hard scale factor from p? = p2./4 to p? = 4p%. LO and NLO calculations
show to be significantly lower (by a factor 3-4 for the NLO) than the measured cross-section.
This issue which has an increasing impact when one goes to low center of mass energies had
already been see<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>